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Preface

Crop production is drastically affected due to external or environmental stresses.
The biotic stresses cause significant yield losses in the range of 31–42% together
with 6–20% loss during the post-harvest stage. The abiotic stresses also aggravate
the situation with crop damage in the range of 6–20%. Understanding the mech-
anisms of interaction of plants with the biotic stresses caused by insects, bacteria,
fungi, viruses, oomycetes, etc., and abiotic stresses due to heat, cold, drought,
flooding, submergence, salinity, acidity, etc., is critical to develop resilient crop
varieties. Global warming and climate change are also causing emergence of new
diseases and insects together with newer biotypes and physiological races of the
causal agents on the one hand and aggravating the abiotic stress problems with
additional extremes and unpredictability. Development of crop varieties resistant
and/or adaptive to these stresses is highly important. The future mission of crop
improvement should, therefore, lay emphasis on the development of crop varieties
with optimum genome plasticity by possessing resistance or tolerance to multiple
biotic and abiotic stresses simultaneously. A moderate estimation of world popu-
lation by 2050 is about 9.3 billion that would necessitate an increase of crop
production by about 70%. On the other hand, the additional losses due to climate
change and global warming somewhere in the range of 10–15% should be mini-
mized. Therefore, increase in the crop yield as well as minimization of its loss
should be practiced simultaneously focusing on both ‘adaptation’ and ‘mitigation.’

Traditional plant breeding practiced in the last century contributed a lot to the
science of crop genetic improvement. Classical plant breeding methods including
selection, hybridization, polyploidy and mutation effectively catered to the basic F5

needs—food, feed, fiber, fuel and furniture. The advent of molecular breeding and
genetic engineering in the latter part of twentieth century complimented classical
breeding that addressed the increasing needs of the world. The twenty-first century
came with a gift to the geneticists and plant breeders with the strategy of genome
sequencing in Arabidopsis and rice followed by the tools of genomics-aided
breeding. More recently, another revolutionary technique, genome or gene editing,
became available for genetic correction of crop genomes! The travel from ‘plant
breeding’ based on visual or perceivable selection to ‘molecular breeding’ assisted
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by linked markers to ‘transgenic breeding’ using genetic transformation with alien
genes to ‘genomics-aided breeding’ facilitated by known gene sequences has now
arrived at the age of ‘genetic rectification’ employing genome or gene editing.

Knowledge on the advanced genetic and genomic crop improvement strategies
including molecular breeding, transgenics, genomic-assisted breeding and the
recently emerged genome editing for developing resistant, tolerant and/or adaptive
crop varieties is useful to students, faculties and scientists in the public and private
universities and organizations. Whole-genome sequencing of most of the major
crop plants followed by genotyping-by-sequencing has facilitated identification of
exactly the genes conferring resistance, tolerance or adaptability leading to gene
discovery, allele mining and shuttle breeding which in turn opened up the scope for
‘designing’ or ‘tailoring’ crop genomes with resistance/tolerance to biotic and
abiotic stresses.

To my mind, the mission of agriculture in this century is FHNEE security
meaning food, health, nutrition, energy and environment security. Hence, genome
designing of crops should focus on breeding of varieties with higher yields and
improved qualities of the five basic F5 utilities; nutritional and neutraceutical
compounds; and other industrially and aesthetically important products and pos-
sibility of multiple utilities. For this purpose of ‘precise’ breeding, employment
of the genetic and genomic techniques individually or in combination as and when
required will play a crucial role.

The chapters of the 12 volumes of this twin book series entitled Genomic
Designing for Biotic Stress Resistant Crops and Genomic Designing for Abiotic
Stress Resistant Crops will deliberate on different types of biotic and abiotic
stresses and their effects on and interaction with crop plants; will enumerate the
available genetic diversity with regard to biotic or abiotic stress resistance among
cultivars; will illuminate on the potential gene pools for utilization in interspecific
gene transfer; will brief on the classical genetics of stress resistance and traditional
breeding for transferring them to their cultivated counterparts; will discuss on
molecular mapping of genes and QTLs underlying stress resistance and their
marker-assisted introgression into elite crop varieties; will enunciate different
emerging genomics-aided techniques including genomic selection, allele mining,
gene discovery and gene pyramiding for developing smart crop varieties with
genetic potential to produce F5 of higher quantity and quality; and also will elab-
orate the case studies on genome editing focusing on specific genes. Most of these
chapters will discuss on the success stories of genetic engineering in the relevant
crops specifically for generating crops with resistance and/or adaptability to dis-
eases, insects and abiotic stresses.

There are obviously a number of reviews and books on the individual aspects of
plant molecular breeding, genetic engineering and genomics-aided breeding on
crops or on agro-economic traits which includes the 100-plus books edited by me.
However, there is no comprehensive reviews or books available that has coverage
on crop commodity groups including cereals and millets, oilseeds, pulses, fruits and
nuts, vegetables and technical or industrial crops, and modern strategies in single
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volumes with precise focuses on biotic and abiotic stresses. The present volumes
will fill this gap with deliberations on about 120 important crops or their groups.

This volume on “Genomic Designing for Biotic Stress Resistant Cereal Crops”
includes eight chapters focused on Rice, Wheat, Maize, Barley, Sorghum, Pearl
Millet, Foxtail Millet and Finger Millet contributed by 64 scientists from five
countries including Egypt, India, Mexico, Turkey and USA. I remain immensely
thankful for their highly useful contributions.

I am indebted to my wife Phullara who as always has assisted me directly in
editing these books and indirectly through maintaining an academic ambience to
pursue my efforts for science and society pleasantly and peacefully.

New Delhi, India Chittaranjan Kole
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Chapter 1
Genomic Designing for Biotic Stress
Resistant Rice

Deepti B. Sagare, Nitika Sandhu, Shailesh Yadav,
Uma Maheshwar Singh, Shamshad Alam, Shilpi Dixit,
Vikas Kumar Singh, and Arvind Kumar

Abstract Among major cereal crops, rice plays an important role in global food
security as well as to the economic and social stability. Considering the impacts of
global warming on agriculture and alarming yield losses due to biotic and abiotic
stresses as well as the effect of the climate change on the future insect-pest scenario,
effective utilization of advanced tools and techniques of insect-disease biotype/
pathotype monitoring and surveillance, identification of stable resistance sources,
molecular plant pathology to understand the pathotype/biotype-gene interactions,
molecular biology and modern genomics tools to assist crop breeding develop
resistant/tolerant varieties shall help researchers find stable solutions. The losses
caused by biotic stresses are comparatively high and impart 37–70% yield losses or
complete crop failure in many cases. Keeping this in mind, the chapter discusses the
importance of rice in global food security, major and emerging biotic stresses in
rice, genetic resources of resistant/tolerant genes, map-based gene cloning, trait
mapping and major QTLs’ identification, conventional and genomic assisted
breeding strategies to develop multiple biotic stress resistant rice varieties. Further,
the chapter emphasizes on the efforts including genetic engineering, gene editing
and nanotechnological approaches in imparting stable resistance to biotic stresses.
The chapter also discusses about various available bioinformatics tools and brief
account on social, political and regulatory issues.

Keywords Rice � Biotic stresses � QTLs/genes � Genomic assisted breeding �
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1.1 Introduction

Rice (Oryza sativa L.), a ‘Global Grain’ is cultivated across the globe and con-
sumed by more than 50% of the world’s population (Chauhan et al. 2017). Rice
production is the prime source of employment and the basis of earning for almost
200 million households globally (Asibi et al. 2019). Rice provides more than 500
calories/person/day, and a substantial number of proteins (Muthayya et al. 2014).
Rice was grown in around 167.13 million hectares of cultivated area in 2018–19
compared to 161.7 million hectares in 2009–2010 worldwide. Almost 90% of the
world’s rice is produced in Asia, and China and India are the largest producers
(USDA 2018). In the 2018–2019 crop year, a total of 495.9 million metric tons
milled rice was produced worldwide, and highest production was reported china
(148.5 million metric tons) followed by India (116.42 million metric tons). The
world rice demand is expected to shoot up from 496.1 million metric tons (milled
rice) in 2019–2020 to 555 million metric tons in 2035 to feed the ever-growing
population (USDA 2018).

The rice yields are either stagnant or increasing with lower genetic gain post
green revolution era than required to meet the projected future demand to feed the
population. This is primarily happening due to climate change related effects and
uncertainties as well as lack of suitable rice genotypes adaptable to the changing
climate, and vis-a-vis upsurge of insect-pest and diseases occurrence on rice (Ray
et al. 2013; Ramegowda and Senthil-Kumar 2015). The crop yield and grain quality
losses caused by major biotic stresses (bacterial blight, blast disease, and insect
pests) are comparatively high and reported to impart 37–50% yield losses or can
cause complete crop failure (Hasan et al. 2015). Bacterial blight (Pseudomonas
syringae) and blast (Magnaporthe oryzae) are the major diseases and, yellow stem
borer (Scirpophaga incertulas), gall midge (Orseolia oryzae), and brown plan-
thopper (Nilaparvata lugens) are the major insect pests of rice causing heavy yield
losses. The false smut (Ustilaginoidea virens) and brown spot (Cochliobolus
miyabeanus) which were earlier considered as minor diseases are emerging as
major diseases causing severe yield losses and deteriorating grain quality (Nessa
et al. 2015). Though the biotic stress and plant species coexist together since their
evolution, the continuously changing dynamics make it challenging to manage
disease and insect-pests for worldwide farmers.

Global warming and its adverse effects make crops face both abiotic and biotic
stresses together in a combination, which affects rice yield and quality severely
(Suzuki et al. 2014; Ramegowda and Senthil-Kumar 2015). The ‘stress matrix’ that
explains the interaction and combined effect of multiple stress on plant productivity
can help to design strategies cope with climate change and minimize the yield
losses occurring from biotic and environmental stresses (Mittler 2006; Suzuki et al.
2014). The minor pathogens and pests are turning into a potential threat (e.g. false
smut, brown spot, sheath blight of rice) due to a cumulative effect of multiple
stresses (Spark et al. 2012). The emergence of potential pathogens and pests
necessitates novel approaches to enhance the biotic stress resistance/tolerance of
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various rice varieties that can withstand severe pathogens attack as well as unfa-
vourable climate without grain yield and quality penalty.

It is difficult and time-consuming to breed biotic stress-resistant/tolerant varieties
using conventional breeding strategies because the strains, races, and pathotypes
evolve and mutate rapidly to overcome resistance (Zhou et al. 2007). Moreover, the
vertical resistance is easily breakable, and developing horizontal resistance through
conventional breeding is difficult. In conventional breeding, linkage drag concerns
due to association of several unwanted genes with the desired genes, makes diffi-
culty in achieving yield potential along with stress tolerance (Wang et al. 2015).
Though, there are several limitations, conventional breeding approaches are very
much important for wild germplasm conservation, hybridization between con-
trasting parents, identification of novel genetic variants and mutants (Werner et al.
2005). Recent advances in molecular biology and genomics led to identifying major
resistant genes and quantitative trait loci (QTLs) for major biotic constraints and
subsequent developments in marker technologies pave the way to accelerate biotic
stress tolerant breeding.

1.2 Description of Different Biotic Stresses

The major biotic stresses in rice are, blast, bacterial leaf blight, brown spot, false
smut, sheath blight, gall midge, and brown planthopper, and the emergence of their
newer races/pathotype/biotypes with increased virulence is a threat to rice pro-
duction at the global level. Visible symptoms for different diseases’ and insects’
infestation are mentioned in Fig. 1.1.

1.2.1 Rice Blast (BB)

It is caused by ascomycetes fungus Magnaporthe oryzae (Couch and Kohn 2002),
and is a major constrain to rice production globally (Gladieux et al. 2018). It causes
10–30% of yield loss annually in different production zones and up to 80–100%
yield loss under favourable condition (Pagliaccia et al. 2018). Blast fungus develops
spindle to diamond-shaped lesion on leaves surface having an off-white to tan
center with a brown margin. At flowering stage, the pathogen infects the neck or
node of the rice plants resulting in a ‘neck blast’ or panicle bast. The pathogen
infects all stage of the rice plants but the infection at reproductive stage to neck or
node of the rice plant are the most damaging phases of the disease (Dean et al.
2005; Pagliaccia et al. 2018). Favorable conditions for disease development are
high humid, cloudy weather, prolong dew periods, frequent light rains. Late seeding
date is also one of the causes of increased blast infection. Blast fungus shows a high
degree of variability in the field leading to frequent emergence of new races/
pathotype knocking down prevalent resistant cultivars (Valent and Chumley 1991).
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Fig. 1.1 Symptoms of a leaf blast, b brown spot, c false smut, d bacterial leaf blight, Source
http://www.knowledgebank.irri.org/decision-tools/rice-doctor/rice-doctor-fact-sheets/item/bacter
ial-blight, e sheath blight, Source Uppala and Zhou (2018), f brown plant hopper, hopper burn,
yellowing and drying of plants, Source IRRI-Rice knowledge bank http://www.knowledgebank.
irri.org/training/fact-sheets/pest-management/insects/item/planthopper, g silver shoot induced by
gall midge insect, Source Miller and Raman (2019)

4 D. B. Sagare et al.

http://www.knowledgebank.irri.org/decision-tools/rice-doctor/rice-doctor-fact-sheets/item/bacterial-blight
http://www.knowledgebank.irri.org/decision-tools/rice-doctor/rice-doctor-fact-sheets/item/bacterial-blight
http://www.knowledgebank.irri.org/training/fact-sheets/pest-management/insects/item/planthopper
http://www.knowledgebank.irri.org/training/fact-sheets/pest-management/insects/item/planthopper


To develop durable resistance variety, knowledge of population structure and
effective resistance gene/QTLs are prerequisite for any geographical region (Wang
et al. 2017). Race/pathotype is conventionally classified based on its profile of
pathogenicity to a panel of cultivars having known resistance genes. In the case of
the rice-blast-pathosystem, ten different international differential sets are available
which are widely used to classify the M. oryzae population into races/pathotypes.
To identify the resistance spectra of resistant genes and race classification precisely,
a set of 26 differential varieties targeting 24 resistance genes in the genetic back-
ground of LTH were developed at IRRI in collaboration with JIRCAS (Kobayashi
et al. 2007). Several races/pathotypes of M. oryzae were identified from different
part of the world Viz., 267 races in Bangladesh (Khan et al. 2016), 39 races from
the United States (Wang et al. 2017), 23 pathotypes in Vietnam (Thuan et al. 2006),
nine pathotypes from Myanmar (Zaw et al. 2016).

The deployment of broad-spectrum resistance genes is one of the safest and
economically feasible ways for the management of blast disease (Deng et al. 2017).
Cultural practices such as early planting, field sanitation, crop rotation, nutrient and
water management influences the onset and development of rice blast disease. Crop
rotation and nutrient management plays a significant role in disease control. Heavy
use of nitrogen fertilizer increases susceptibility of rice plants to blast. Application
of silicon to soil results in localization in leaf surfaces which act as a physical
barrier against blast (Ishiguro 2001). For the better management of disease, two
techniques can be employed. First, seed treatments with systemic fungicides to
prevent infection at the seedlings stage and the second, foliar sprays of fungicides to
prevent infection of leaves and panicles (Chaudhary 1999). Several fungicides were
evaluated under field and laboratory conditions and found that
Fluopyram + tebuconazole, difenoconazole + propiconazole, flutriafol + azoxys-
trobin, Tricyclazole 22% + Hexaconazole were highly effective in reducing disease
severity (Kongcharoen et al. 2020). Other fungicide which can be used to control
blast disease are Benomyl, Carbendszim 12% + Mancozeb 63%, Iprobenfos,
Capropamid, Hexaconazole, Tebuconazole etc. (Magar et al. 2015). Seed treat-
ments with systemic fungicides, carbendazim or biocontrol agent T. viride or
Pseudomonas fluorescens, Bacillus subtilis, and Streptomyces sindeneusis have
shown their potential in reducing the blast disease (Yang et al. 2008).

1.2.2 Bacterial Leaf Blight (BLB)

It is caused by Xanthomonas oryzae pv. oryzae (Swings et al. 1990), and is major
foliage disease in rice resulting in 20–50% yield reductions in Asia, Latin America,
Australia, and Africa (Yasmin et al. 2017). BLB is a vascular disease thus, causes
systemic infection. Lesions on leaf increases in length and width and extend to leaf
sheath produces whitish and wavy margin. BLB may occur at all growth stages, but
the most common symptom occurs at maximum tillering to maturity stage. In
general, the favorable condition for disease development is temperatures ranged
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from 25–34 °C with relative humidity more than 70%. A small droplet of bacterial
ooze can be observed on the young lesion (Chukwu et al. 2019). The effectiveness
of any resistance gene depends on the races/pathotype structure of the pathogens.
30 races/pathotypes of Xoo have been reported all over the world (Noda et al.
2001). Pathogenicity and race/pathotype identification have been extensively
studied to understand the resistant mechanism, and reported several pathotypes/
races viz., six pathotypes/races from Philippine over 17 years, nine pathogenic
races from Nepal, 4 races/pathotypes in Iran, and 22 pathotypes in India (Yugander
et al. 2017).

A high mutation rate in pathogenic races hinders the development of durable
control (George et al. 1997). Because of the presence of toxic residues, the usage of
chemicals for the management of BLB has limitations (MacManus et al. 2002).
Therefore, host plant resistance is the most effective and environmentally safe way
to control the disease (Wang et al. 2009). Cultural practices like field sanitation,
judicious use of nitrogen, maintain shallow water in nursery can prevent the onset
of disease. Plant growth-promoting rhizobacteria, some strains of Pseudomonas
spp. and Bacillus spp. have been reported to reduce the BLB infection in rice and
help to increase the crop yield (Udayashankar et al. 2011; Yasmin et al. 2017).

1.2.3 Rice Brown Spot (BS)

It is caused by fungus Cochliobolus miyabeanus, anamorph Bipolaris oryzae, is a
chronic disease affecting yield and quality loss of rice worldwide every year (Zanao
Junior et al. 2009). Brown spot is one of the diseases which caused the Bengal
famine during 1942 when approximately two million people died from starvation in
India. Brown spot disease is prevalent is almost all rice growing region of India and
in the South and South-East Asian countries (Savary et al. 2000). The brown spot
causes 4–52% yield losses (Barnwal et al. 2013).

The symptom of brown spot disease appears on the areal part of the plants.
Initially small brown spots appear on the leaves, sheath, glumes, and grain, A fully
developed lesion is circular to oval in shape with brown margin and grey center.
Infection at seedling stage result in stunted plants growth and subsequently reduces
yield. The disease is primarily seed born in nature infecting at two crop stages,
primary infection at the seedling stage and secondary infection at tillering to
maturity stage (Barnwal et al. 2013). The favorable conditions for disease devel-
opment are high relative humidity (>80%) and temperature ranged from 16–36 °C
with leaf wetness (wet for 8–24 h). The disease is generally severe in nutrient
deficient soil having low pH with deficiency of essential elements. Due to the
increase in variability in rainfall, the incidence of brown spot disease has increased
because the disease is more common in field where water supply is scarce and
drought is more frequent (Savary et al. 2005). Brown spot is increasing over the
year particularly in rainfed areas and the higher incidence has been reported on
direct-seeded rice.
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Identification of resistance genes/QTLs and their deployment in local popular
variety is one of promising approach to manage BS disease. Several strategies such
as application of suitable cultural practices, use of resistant variety, improving soil
fertility, nutrient and fertilizer management, application of calcium silicate, bio-
control measures and fungicides are used to manage this disease. Primary infection
can be controlled through seed treatment with hot water (53–54 °C) for 10–12 min
before seeding, pre-soaking of seeds in cold water for 8 h, treatment with fungi-
cides is recommended. The fungicides, Propiconazole @ 1 ml/l and Hexaconazole
@ 2 ml/l are reported to reduce the disease severity from 37.26% to 5.19% and
increase the grain yield up to 55.49% (Gupta et al. 2013) Also, the benzoic acid/
salicylic acid and benzimidazoles/carbendazim are reported to inhibit the growth of
B. oryzae completely (Shabana et al. 2008). Whereas, in biological control, seed
treatment with Pseudomonas spp., Trichoderma viride, or T. harzianum alone or in
combination with fungicides (Propiconazole) was reported to reduce disease
severity up to 70% (Biswas et al. 2010).

1.2.4 Rice False Smut

Rice false smut, Ustilaginoidea virens Cooke (Takahashi) a grain quality and yield
deteriorating fungal disease is very difficult to forecast because the symptoms
appear after flowering when the fungus transforms infected spikletsinto smut ball.
Initially the symptom appears as smut balls are white, slightly flattened and covered
with thin membrane which gradually change to yellowish-orange, yellowish-green,
and finally to greenish-black (Ashizawa et al. 2012). Rice false smut has been
reported in several rice growing regions of the world such as India, China and USA.
In India, severe yield losses ranging from 7 to 75% due to false smut are reported
(Ladhalakshmi et al. 2012). The favorable condition for disease development is
average temperature range 25–30 °C, relative humidity >90% and rain at the time
of flowering. The fungus produces two toxins, rhizoxin, and ustiloxin (microtubule
inhibitor) which are very toxic to humans and animals feeding on rice grain.
Cultural management like early planting, recommended of nitrogen, suitable
planting space and healthy seed, has been found to reduce the false smut incidences.
To date, the control of this disease has relied on fungicide and the efficacy of
several fungicides to false smut is widely studied (Ladhalakshmi et al. 2012).
Fungicides like tebuconazole, difenoconazole, propiconazole and hexaconazole, are
effective to reduce RFS disease incidence (Zhou et al. 2014). In biological control
methods, the isolates of Trichoderma showing antagonistic activity against U.
virens have been used to control false smut (Kannahi et al. 2016).
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1.2.5 Sheath Blight

It is caused by necrotrophic fungus, Rhizoctonia solani Kuhn. Sheath blight was
first reported in Japan in 1910 and subsequently reported to be widespread. The
initial symptom of sheath blight appears on leaf sheath 1–3 cm above the water
level as oval or ellipsoidal greenish-graylesion. As the disease progress the lesions
coalesce with each other forming larger lesion which cover the entire tillers.
Infection to the inner sheath interrupt the movement of water and nutrient resulting
in the death of the entire plant. The fungus survives between crops as ‘sclerotia’ that
can remain dowarment in the soil for several years and can also survive in infected
rice straw (Singh and Singh 2015). High humidity (>95%), moderate temperature
(28–32 °C) and high N application favours the development of sheath blight dis-
ease. Sheath blight causes substantial losses in intensive rice production systems
worldwide, and its incidence during flowering or panicle initiation causes poor
grain quality (Savary et al. 2005). The use of resistant to moderately resistance
variety along with cultural practice and timely application of nitrogen is the most
effective and economic way to manage sheath blight disease (Singh et al. 2015).
However, there are no highly resistant varieties are known, but moderately resistant
varieties were identified such as Teqing, Tetep, Jasmine85, and Pecos. Crop rota-
tion is another sound strategy to manage diseases, as sclerotia survive in the soil for
several years, rotation may help to control sheath blight (Singh and Singh 2015).

The biocontrol agents such as Trichoderma, Gliocladium, Aspergillus, Bacillus
subtilis, B. cereus, Enterobacter sp., Pseudomonas fluorescens, P. putida, and
P. aureofaciens are reported as effective biocontrol agents in reducing the sheath
blight (Khan and Sinha 2005).

1.2.6 Brown Planthopper

Brown planthopper (BPH; Nilaparvata lugens Stal.) caused by sap sucking pest
Nilaparvata lugens, predominant in all rice-growing countries of Asia (Normile
2008). BPH serve as vector for grassy stunt virus (RGSV) and ragged stunt virus
(RRSV), that cause secondary damage to rice. Development of BPH and population
dynamics is affected by various climatic factors. Temperatures between 25 and 30 °
C and relative humidity more than 70% are optimum condition for egg and nym-
phal development and subsequent BPH outbreaks.

To date, four biotypes of BPH are known in rice, biotypes 1 and 2 predominant
in Southeast and East Asia), and biotype 3 and 4 occurs on the Indian subcontinent
and is thus referred to as the South Asian biotype) (Jena and Kim 2010). To reduce
the pest’s incidence, the most durable and environmentally safe strategy is the
identification of broad-spectrum resistant genes and their deployment in the resis-
tant breeding program for the target geographical region against the prevalent
biotype (Brar et al. 2009).
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1.2.7 Rice Gall Midge

Rice gall midge (GM) caused by Orseolia oryzae (Wood Mason), is a major insect
pest in Southern and South-East Asia. Two rice gall midge species have been
identified, the Asian rice gall midge, Orseolia oryzae, and the African rice gall
midge, O. oryzivora. The symptom of damage caused by gall midge appears at the
base of tillers as tubular gall, resulting in elongation of leaf sheaths called silver
shoot. The life cycle between oviposition and adult emergence takes about two to
three weeks. The Fly lays elongate, cylindrical, white, or red or pinkish eggs (2–6)
at the base of the leaf. After hatching, the larva or maggot is 1 mm long with a
pointed anterior end. It creeps down the sheath and form an oval chamber around
the feeding site. The pupa wriggles up the tube with the help of the antennal horn to
the tip of the silver shoot at the time of emergence and projects halfway out.

So far, seven distinct biotypes of Asian gall midge from India (Lakshmi et al.
2006), four biotypes from China, two biotypes from Sri Lanka, one biotype each
from Thailand, and Indonesia have been reported (Sardesai et al. 2001).
Mechanical, cultural, and chemical measures and the use of resistant varieties have
been recommended to manage gall midge infestation and to keep the pest popu-
lation below the economic injury level. Ploughing immediately after harvesting,
planting early maturing variety, avoiding staggered planting, field sanitation,
application of a split dose of nitrogen and potassium are the cultural practices
followed to reduce gall midge infestation. In biological control natural enemies of
GM viz., platygaster sp., eupelmidae and pteromalidae wasps which parasitize
thegall midge larvae, phytoseiid mites which feeds on eggs, and spidersfeeds on
adults) can be used to control GM infestation.

To control major diseases various cultural, mechanical, biological, and chemical
approaches are used. Cultural practices are more economical for resource-poor
farmers and are considered as the first line of defense. It involves various strategies
such as crop residues management, planting date manipulation, use of
recommended/modified dose of nitrogenous, the use of trap crop, establishment of
light trap/pheromone trap, and use of resistant varieties. In controlling the pest
population below the economic injury level, biological control method is very
important. It includes natural enemies such as predators, parasitoids, pathogens,
antagonists, or competitors’ population to reduce the pest population, rendering it
less abundant and less harmful. In the endemic areas where appropriate resistant
varieties are not available, use of insecticides is widespread. Breeding resistant
varieties is one of the promisingapproaches to manage biotic stresses in rice.
However, because of the evolution of virulent pathotypes/biotypes, knockdown of
resistance conferred by single gene has become a major setback to this approach.
Several genes/QTLs conferring biotic stress tolerance in rice has been reported and
employing novel approaches in molecular biology, breeding, genomics, etc.,
pyramiding multiple QTLs for single/multiple diseases/pest tolerance is a feasible
strategy (Sects. 1.6, 1.7, and 1.8).
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1.3 Genetic Resources of Resistance Genes

The wild relatives in rice serve as a great store of huge genetic variability and a
valuable resource of genes for the biotic stress’s resistance such as blast, brown
planthopper, bacterial late blight, and grassy stunt virus (Brar and Khush 1997,
2003) and genes for abiotic stress resistance. Harlan and de Wet (1971) proposed a
gene pool categorization of the cultivated crops based on the feasibility of gene
transfer/gene flow from those species to crop species. The categories defined were
primary, secondary, and tertiary gene pools. The primary gene pool comprises the
biological species that have no restrictions of gene exchange i.e. that can be
intercrossed very easily without any crossing barrier. This primary gene group may
contain both wild and progenitors cultivated of the crop species. The secondary
gene pool comprises both wild and cultivated relatives of the crop species having
crossability issues because of more distant relatedness. However, the hybrids pro-
duced are sufficiently fertile allowing successful gene transfer. The F1 produced
from the crossing of crop species from primary and secondary gene pool have
fertility issues with more difficulty in success. The tertiary gene pool involves the
outer limits of the potential genetic resources. Hybridization involving primary and
tertiary gene pools is very challenging, resulting in sterility, lethality, and other
abnormalities. The researchers suggested that the breeder should search for the
desired genes combination among the genetic materials in the primary gene pool/
related species then move to the secondary gene pool and, if required, the tertiary
gene pool. The genus Oryza constitute 24 species, two cultivated (O. sativa and O.
glaberrima), and the remaining 22 wild species.

The wild Oryza species were classified into three main groups/complexes based
on the possibility of gene transfer from the wild species into the cultivated rice.
These include O. sativa complex, O. officinalis complex, and the O. ridleyi and O.
meyeriana complex (Morishima and Oka 1960) which were later known as the
primary, secondary, and the tertiary gene pools of Oryza, respectively (Khush
1997). The O. sativa complex comprised of the two cultivated and six (O. rufi-
pogon, O. nivara, O. longistaminata, O. barthii, O. meridionalis, O. glumaepatula)
out of the 22 wild species with the AA genome (Zhu and Ge 2005). These primary
gene pool species are diploid in nature, show homologous chromosome pairing, and
cross-compatible. The secondary gene pool or O. officinalis complex comprised of
10 wild species (O. punctata, O. minuta, O. officinalis, O. rhizomatis, O. eichingeri,
O. latifolia, O. alta, O. grandiglumis, O. australiensis, O. brachyantha) having
diploid (BB, CC, EE, FF), and tetraploid (BBCC, CCDD) genomes and are cross
incompatible with the O. sativa. The O. meyeriana complex possessing GG gen-
ome comprises two diploid wild species, O. granulata and O. meyeriana having
cross incompatibility with O. sativa. Similarly, the O. ridleyi complex includes the
two tetraploids wild species, O. longiglumis and O. ridleyi with HHJJ genome and
highly cross-incompatible with the cultivated species, O. sativa. Further, two more
wild species, O. coarctata, O. schlechteri with the tetraploid genome (HHKK) are
similarly included in the tertiary gene pool (Ge et al. 1999). Some of the
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yield-enhancing traits/genes from AA genome wild species have been identified
and mapped with molecular markers for their integration into O. sativa genome
(Salgotra and Sajad 2020). Out of the more than 40 genes identified for bacterial
blight resistance, ten genes were identified from the wild rice species including
Xa21 from O. longistaminata (Song et al. 1995), Xa23 from O. rufipogon (Zhang
et al. 1998), Xa27 and Xa35 from O. minuta (Guo et al. 2010), Xa29 from O.
officinalis (Tan et al. 2004), Xa30, Xa33 and Xa38 from O. nivara (Natarajkumar
et al. 2010; Cheema et al. 2008), Xa32 from O. australianesis (Zheng et al. 2009)
and Xa41(t) from O. barthii and O. glaberrima (Hutin et al. 2015). Some important
blast resistance genes such as Pi40 from O. australiensis (Jena et al. 1991), Pi9
from O. minuta (Liu et al. 2002), and Pi54rh (Das et al. 2012) have been suc-
cessfully identified from the wild species and transferred into the elite cultivars.
Interestingly, approximately 19 brown planthopper resistance genes viz. bph11,
Bph10, bph12, Bph12(t), Bph13(t), Bph13, Bph14, Bph15, Bph18, bph20(t), Bph20
(t), bph21(t), Bph21(t), bph22(t), Bph23(t), bph23(t), bph24(t), Bph27 and Bph34
have been originated from seven wild rice species (O. officinalis, O. australiensis,
O. rufipogon, O. minuta, O. eichingeri, O. folia and O. nivara) (Yang et al. 2012;
Huang et al. 2013; Lv et al. 2014; Kumar et al. 2018).

1.4 Classical Genetics and Traditional Breeding for Biotic
Stress Resistance

Genetic resources are crucial for any plant breeding program and plant breeding
efforts in collection, induction, and rearrangement of genetic diversity followed by
selection will help achieve the desired breeding goals. Keeping a balance between
diversity enhancing and reducing forces determines either gain or loss of genetic
diversity in the process of breeding (Louwaars 2018). Plant breeding using artificial
selection develop plants with higher economical values from the last 10,000 years
(Moose and Mumm 2008). The positive selection is also called Darwinian selection
where, the variants with increase in desired alleles due to selective pressure had
been created until they fix in the relevant population. While applying a negative
selection (purifying selection) removes the unwanted/deleterious alleles from the
population. Traditional plant breeding was not enough to achieve the targeted traits
at the desired level; however, the recent scientific innovations provide an oppor-
tunity to achieve the desired phenotypes in plant breeding (Varshney et al. 2006).
Most of the food crops has been shown currently about 0.8–1.2% annual yield
enhancement rate and it must be doubled to feed the overgrowing population
sustainably (Li et al. 2018).
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1.4.1 Classical Markers in Plant Breeding

Initially, plant breeders had used classical markers for ease in the selection process
and later replaced them with molecular markers. The examples of classical markers
are morphological markers, cytological markers, and biochemical markers.

1.4.1.1 Morphological Markers

Breeders have used markers from many years ago as a selection tool in order to find
a plant having desired traits in a breeding program. These markers consist of visible
traits, like stem characters, leaf anatomy such as leaf shape, angle, color, pod color,
flower color, seed color, seed shape etc. during the initial period of plant breeding.
However, the following drawbacks of morphological markers such as (i) limited in
number and (ii) influenced by environment and crop growth stages (Eagles et al.
2001) makes it unfit to use in modern plant breeding.

1.4.1.2 Cytological Markers

The physical parameters of the chromosomes such as variations present in the size,
shape, numbers, banding patterns, order and position are known as cytological
markers. Cytological markers had been widely used in physical mapping and
linkage group identification (Jiang 2013).

1.4.1.3 Biochemical Markers

Biochemical markers which is also called as isozymes are structural variants of an
enzyme differ in their molecular weights or electrophoretic mobility. The utility of
biochemical markers has been demonstrated in exploring the genetic diversity,
population structure/distribution, and gene flow (Mateu-Andres and De Paco 2005).
However, limitations of biochemical markers are also there, such as; limited in
number, less polymorphic, and affected by spatial and temporal expression
(Mondini et al. 2009).

1.4.1.4 Limitations of Classical Markers

Nowadays, molecular markers have replaced the use of classical markers due to the
advantages over the classical markers such as, (a) highly polymorphic, (b) wide and
uniform distribution across the genome, (c) co-dominant, (d) clear allelic differ-
ences (e) single copy number and no pleiotropic effect, (f) cost effective (g) easy
detection and automation.
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1.4.2 Breeding Objectives and Important Traits

1.4.2.1 Higher Yield

The ultimate goal of plant breeding is to improve the grain yield of food crops and
other economical yield of various crops. It can be tuber yield, fiber yield or oil yield
depending upon the crop species. The goal can be achieved by involving the high
yielding diverse parents in crossing programme or through the development of
vigorous hybrids.

1.4.2.2 Improved Nutrition/Quality

Nutritional quality is also the most desirable trait in plant breeding. The quality
traits vary from crop to crop. For example, grain shape, size, cooking quality in rice,
malting quality in barley, oil content in oilseed crops, and protein content in pulses.

1.4.2.3 Abiotic Resistance

Crop improvement for abiotic stresses viz; soil salinity, drought, extreme temper-
atures such as heat, cold, wind speed and frost are must added traits in the plant
genotypes keeping in view the ongoing climate change.

1.4.2.4 Resistance to Diseases and Insect Pests

A tremendous yield loss in crop plants by various diseases and insects has prevailed
continuously due to current climate change. The use of genetic resources/resistance
genes is one of the cheapest and effective control methods of minimizing such
losses. Genetic variation is the prerequisite to implement any successful breeding
programme including disease and insect/pest resistance breeding. It is imperative to
continuously search for diverse sources of resistance including the wild/weedy
relatives and land races may be transferred for resistant genes through backcross
breeding approach.

1.4.2.5 Change in Maturity Duration

Development of varieties with shorter duration in plant breeding has several
advantages such as requiring less crop management period, less input use of water,
insecticide, and nutrients, etc.
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1.4.2.6 Desirable Agronomic Traits

The desired plant type which includes plant height, branching, tillering, growth
habit, etc. is required in order to release as a variety. Introduction of dwarfness in
cereals leads to lodging resistance and better fertilizer responsive varieties.

1.4.2.7 Elimination of Toxins

Crop varieties have been improved to make them free from toxic compounds in
order to make safer for human consumption. One of the potent examples for this is
the removal of neurotoxin in Khesari (Lathyruys sativus).

1.4.2.8 Non-shattering Characteristics

Seed shattering is also an important trait for breeding in cereal as well as pulses.

1.4.2.9 Photo and Thermo Insensitivity

Development of photo and thermo insensitive varieties helps in crossing and release
of the cultivars in new areas.

1.4.3 Selection Under G � E Interaction

Significant genotype by environment interaction (G � E) effects makes it difficult
to predict genotypic performance across changing environments and to explore
genotypic and environmental precisely (Allard and Bradshaw 1964). Strategies for
optimum selection in the presence of G � E were described successfully by
McKeand et al. (1997), and Lin and Togashi (2002). Through, conventional
breeding programs, superior plants carrying desired alleles must select from a large
segregating population in the field which is a very tedious job. Conventional
breeding procedures are laborious, difficult, and time-consuming; it may consist of
several crosses, several generations, several rounds of costly phenotyping, and
phenotypic selections. The linkage drag may also create further difficulty to achieve
the targeted trait at the expected level. Modern plant breeding programs have
engaged interdisciplinary teams with expertise in the fields of molecular biology,
statistics, biochemistry, physiology, bioinformatics, and agronomy. The current
DNA sequencing technologies have revolutionized crop breeding and research on
the advancement has now shifted in the modern ‘genomics era’ of plant breeding.
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1.5 Diversity Analysis

Rice accessions (representing rice diversity in terms of genetic groups—aus, indica,
tropical japonica, temperate japonica, and aromatic, and crop duration cycles of the
accessions) from IRRI’s (Oryza sativa) germplasm bank, assessed for their level of
susceptibility to sheath blight in a field experiment revealed a strong association
between morphological traits (Plant height in particular) and disease intensity, and
effect of morphological traits was larger than that of genetic groups, further, the
ranking of genetic groups with sheath blight susceptibility was observed as,
aus < indica < japonica (Willocquet et al. 2012). Similarly, many of the QTL
mapping studies have reported a strong correlation of plant height (PH) and heading
date (HD) traits with ShB resistance (Nelson et al. 2012; Eizenga et al. 2013; Liu
et al. 2014). There are few studies reporting no association of sheath blight resis-
tance with morphological traits (Taguchi-Shiobara et al. 2013; Zeng et al. 2014).
Increase in plant height can be correlated with sheath blight resistance as, disease
rating system is based on the lesion height. Similarly, plant height plant com-
pactness and leaf angle (Hossain et al. 2016) were found to be significantly cor-
related with sheath blight resistance. The false smut, indica type, and late-maturing
cultivars are more resistant than japonica type and early maturing cultivars. Singh
and Singh (2015) evaluated and screened 27 rice genotypes for their resistance to
false smut from 98 rice germplasm. Based on the false smut score, Lore et al.
(2013) classified 25 rice hybrids into five groups. There are several studies to
identify diversity among genotypes/hybrids for false smut resistance (Kaur et al.
2015). A subset of rice 2 K panel consisting of 216 diverse rice germplasm lines
(indica, tropical and temperate japonica, aromatic, aus and admixed) screened
against false smut at two different locations in Punjab, India, and was categorized as
resistant (112), moderately resistant (51), moderately susceptible (35) and suscep-
tible (18); further, the early flowering (70–90 days) was reported to be associated
with resistance against false smut (Hiremath 2018). Genetic diversity analysis of 28
yellow stem borer populations collected from different hotspots of India, carried out
using ISSR markers revealed no geographical bias to the clustering, and the gene
flow between populations was appeared to be relatively unrestricted.
Whole-genome sequencing of 100 Xoo strains collected from different states in
India was performed by Midha et al. (2017). To place Xoo from China into a global
context, a phylogenomic analysis was performed 167 on the core genome SNPs of
109 Xoo genomes available in Genbank (including 100 from India, 8 from the
Philippines, and 1 from Japan), and the 247 sequenced ones in 169 this study.
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1.6 Molecular Mapping of Resistance Genes and QTLs

In QTL mapping, the phenotypic data generated on mapping populations (devel-
oped using distinct parent for trait of interest), and genotypic data of the population
(generated using equally distributed genome-wide polymorphic markers) are ana-
lyzed to identify the association, if any exist, between these two. There are various
kinds of mapping populations used in QTL mapping studies viz., biparental map-
ping populations (F2, F2 derived F3 (F2:3), backcross (BC), doubled haploids (DHs),
recombinant inbred lines (RILs), near-isogenic lines (NILs), and chromosomal
segment substitution lines (CSSLs) (Collard and Mackill 2008). Also different
molecular markerssuch as, restriction fragment length polymorphism (RFLP),
amplified fragment length polymorphism (AFLP), simple sequence repeats (SSRs),
single-nucleotide polymorphism (SNP), and diversity arrays technology (DArT)
markers (Jiang 2013), and QTL mapping methods viz., (SMA (single marker
analysis), IM (Interval mapping), CIM (Composite interval mapping), ICIM
(Inclusive composite interval mapping), MIM (Multiple interval mapping), MQM
(Multiple QTL mapping), Bayesian mapping), along with several computer pack-
ages (JoinMap, MapMaker/QTL, Map Manager QTX, R/qtl, WinQTLCart) areused
for QTL mapping.

1.6.1 Resistant Genes and QTLs for Major Biotic Stresses
in Rice

Recent advances in genomic research advances have led to the identification of
potential donors’ QTLs, and genes for major biotic stresses in rice, and the imported
QTLs/genes to be targeted to develop multiple disease-resistant rice are depicted in
Fig. 1.2 and Table 1.1.

1.6.1.1 Blast Resistance

Rice blast (leaf, neck, or collar blast) is one of the major diseases affecting the yield
potentiality of the crop (Kreye et al. 2009). More than 100 major genes including
Pi36, Pib, Pi10, Pi21, Pi2, Pi9, Pi22, Pi25(t), Pi40(t), Pid2, pigm(t), Piz, Pi17(t),
Pi37, Pi5(t), Pi15, Pi28(t), Pi1(t), Pi44, Pi54, Pi60(t), Pil, Pik, Pilm2, Pikh, Pi6(t),
Pi39, Pi51(t), IPi(t), Pita, Pita2, and over 350 QTLs for blast resistance have been
identified (Chen et al. 2020). Total of 27 blast resistant genes (Pib, Pita, Pik-h, Pi9,
Pi2, Piz-t, Pid2, Pi36, Pi37, Pik-m, Pit, Pi5, Pi33, Pi-CO39, Pi64, Pid-A4, Pb1,
Pish, Pik, Pik-p, Pi1, Pi25, Pi54rh, Pi64, LABR_64-1, LABR_64-2 and Pigm) have
been cloned (Deng et al. 2017). The Pita and Pita2 genes are linked closely and
have broad resistance (Shikari et al. 2013). The indica landrace cultivars, Tadukan,
TeQing, and Tetep are the widely used sources of Pita gene to manage blast. The
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Pi9 gene is reported to have broad-spectrum resistance to blast races from 43
different countries and thus, most favoured in a blast-resistant breeding program
(Qu et al. 2006).

1.6.1.2 Bacterial Blight Resistance

Bacterial blight (BB) is one of the devastating diseases in rice-growing countries of
Asia and is caused by X. oryzae pv. oryzae (Xoo). So far more than 44 (dominant
and recessive) genes for BB resistance have been identified including, Xa1, Xa2,
xa3, Xa4, xa5, Xa6, Xa7, Xa8, Xa9, Xa10, Xa11, Xa12, xa13, Xa14, Xa15,
Xa16,Xa17,Xa18, Xa19, Xa20, Xa21, Xa22(t), Xa23, Xa25, Xa26, Xa27, Xa29(t),
Xa30(t), Xa31(t), Xa32(t), Xa33, Xa35(t), Xa38(t), Xa39, Xa40 (Kim and Reinke
2019). Seven dominant (Xa1, Xa3/Xa26, Xa4, Xa10, Xa21, Xa23, and Xa27) and
four recessive (xa5, xa13, xa25, and xa41) genes have been cloned. As the BB
resistant govern by single gene is easily breakable, pyramiding multiple BB
resistant genes in the background of high yielding popular varieties is a substantial
strategy. The Xa4/Xa7/Xa21 combinations in IRBB62 have shown high resistance,
followed by Xa4/xa5/xa13/Xa21 in IRBB60 (Loan et al. 2006).

Fig. 1.2 Genes/QTLs to be targeted to develop multiple disease resistance in rice
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1.6.1.3 Gall Midge Resistance

The rice pest gall midge (GM), Orseolia oryza (Asian GMs), and Orseolia oryzi-
vora (African GMs) have become prevalent in rice-growing countries. Many gall
midge resistance QTLs and 11 genes have been identified from different donors
including Gm1 (Samridhi and Asha); Gm2 (Phalguna); Gm4 (Abhaya); Gm6
(Duokang #1); Gm7 (RP2333-156-8); Gm8 (Jhitpiti and Aganni); Gm9 (Madhuri
line 9); Gm10 (BG380-2); and Gm11 (CR 57-MR1523). Few GM resistant genes

Table 1.1 Important QTLs/genes and donors for biotic stress tolerance in rice

Trait Gene/
QTL

Donor Chromosome References

Blast
resistance

Pi9 IRBL9 6 Qu et al. (2006)

Pita2 IRBLTA2-PI 12 Shikari et al. (2013)

Bacterial
blight
resistance

Xa4 IRBB60 11 Loan et al. (2006)

xa5 5

xa13 8

Xa21 11

Xa33 IRGC105710 7 Kumar et al. (2012)

Xa38 IRGC81825 4 Bhasin et al. (2012)

BPH
resistance

Bph3 Rathuheenati 6 Jairin et al. (2007)

Bph17 4 Sun et al. (2005)

Bph18 IR65482-7-216-1-2 12 Jena et al. (2006)

Bph20 IR71033-121-15 4 Rahman et al. (2009)

Bph21 12

Gall
midge
resistance

Gm4 Abhaya 12 Sama et al. (2014)

Gm8 Aganni 8

Brown
spot
resistance

qBS9 Tadukan 9 Sato et al. (2008, 2015)

qBS11 11

qBSR9-kc CH45 9 Matsumoto et al. (2017)

qBSR11-
kc

11

Sheath
blight
resistance

qShB9-2 Jasmine 85 and
Teqing

9 Liu et al. (2014), Silva
et al. (2012), Yadav
et al. (2015), Al-Bader
et al. (2019)

qShB1.1 CR1014 1 Bal et al. (2020)

qSBR11-1 Tetep 11 Channamallikarjuna
et al. (2010), Richa et al.
(2017)

False
smut
resistance

qFSR‐6‐7 Lemont 6 Zhou et al. (2014)

qRFSr-5.2 IR28 5 Andargie et al. (2018)
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have been mapped and tagged viz., Gm1, Gm2, Gm6 and Gm7, Gm4, Gm8,
and Gm11 (Zhou et al. 2020).

1.6.1.4 Brown Planthopper Resistance (BPH)

Several BPH resistant sources, genes, and number of QTLs have been identified.
A total of 31 genes have been genetically mapped including, Bph1,
bph2, Bph3, bph4, Bph6, Bph9, Bph10(t), bph11, bph12, Bph13, Bph14, Bph15,
bph16, Bph17, Bph18(t), bph19, Bph20(t), Bph21(t), Bph25(t), Bph26(t), Bph27
(t), Bph28(t) and Bph35. Through map-based cloning, Bph3, Bph17, Bph14,
Bph26, and bph29 have been cloned so far (Chen et al. 2020) The cultivar
RathuHeenati has the resistance for all four BPH biotypes, and it possesses major
resistant gene Bph17 and two minor genes, Qbph3 and Qbph10 (Sun et al. 2005).
The cluster loci of BPH resistant genes and the linked markers mapped on different
chromosomes are represented in Fig. 1.3 (Du et al. 2020).

1.6.1.5 Brown Spot Resistance

Rice brown spot (BS) is a chronic disease caused by Bipolaris oryzae and found in
association with physiological stresses. A total of 12 QTLs for BS resistance is
reported so far (Mizobuchi et al. 2016). The major effect QTL, qBS11 in cultivar
Tadukan has recently been reported for seedling stage BS resistance (Sato et al.
2008). Further, the QTL qBSfR11 for field resistance to BS has been found to
coincide with qBS11 (Sato et al. 2015).

1.6.1.6 False Smut Resistance

There are only a few studies on mapping for false smut resistance. A total of 24
QTLs includingqFsr1, qFsr2, qFsr4, qRFSr-5.2, qFSR-6-7,qFsr8, qFsr8-1,
qFsr10, qFsr10a, qFsr10b, qFSR-10-5, qFSR10-2, Fsr11, qFSR-11-2, and qFsr12
on chromosomes 1, 2, 4, 5, 6, 8, 10, 11 and 12 controlling false smut resistance are
reported (Andargie et al. 2018; Han et al. 2020). The expression of chitinase genes
was highly influenced after the infection by U. virens, and these genes were found
in close vicinity of the QTLs for false smut resistance (Han et al. 2015).

1.6.1.7 Sheath Blight Resistance

To date there are more than 50 QTLs reported for sheath blight resistance including
qShB-1.1, qSBR11-1, qshb7.1, qSBL7 (E2), qSBPL-7 (E2), qHZaLH3, qHZaLH6,
qHZaDR8, qSB-9, qRLL-4, qRLH-4, qSB-11(LE), qRTL6, qRTL3, qRTL6, qShB7,
qShB6, qShB6-mc, qsbr_12.1, qsbr_2.2, qsbr_2.1, qSBR1, qSBR11, qSBR2-2,
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qSBR4, qSBR5-2, qSBR7, qSBR8, qSBR9, qShB2-1, qSB5, qShB6, qShB9-2.
Among all the ShB QTLs identified, qShB9-2 and qSBR11-1 are the major loci
confirmed in several studies (Liu et al. 2013; Yadav et al. 2015; Zuo et al. 2014).
A physical map of sheath blight resistant QTLs presents on rice chromosomes along
with associated markers, and putative candidate genes to major QTLs are repre-
sented in Fig. 1.4 (Molla et al. 2020).

1.7 Association Mapping Studies

Association mapping (AM) dissects complex traits and identifies QTLs from
association panel/diversity panel consisting of varieties, landraces, breeding mate-
rial etc. (Zhu et al. 2008). In AM, QTL identification is performed based on the
marker-trait associations explained by linkage disequilibrium (LD) between marker
polymorphism across diverse panels, and the historical recombination events
between marker and QTL in a panel are considered (Nordborg and Tavare 2002).
The nested association mapping (NAM) population and multi-parent advanced
generation intercross (MAGIC) population possess abundant recombinations and
therefore can be used for AM studies. Once the location of QTL is identified, using
the BLUP (best linear unbiased prediction) effect of individual QTL is estimated, to
select the superior lines. The AM involves two categories candidate gene
(CG) analysis, and genome-wide association mapping (GWAS). CG analysis is
carried out using already studied genes that are related to the trait of interest,
whereas for GWAS any prior information about the genetic control of trait of
interest is not required and thus, it is a more comprehensive approach (Zhu et al.
2008). The Genotyping by sequencing (GBS) approach is used in GWAS for
genotyping and it can generate medium to high marker densities (He et al. 2014),
additionally genotyping can be done using SNP chips with different marker den-
sities (Singh et al. 2015). Linkage disequilibrium (LD) is the fundamental basis for
QTL detection in AM, and LD is a non-random association of alleles at two or more
loci in a diverse panel (Slatkin 2008). LD measures the correlation between markers
which is caused by the genetic history that they share (Bush and Moore 2012).
Higher mapping resolution is expected when LD decays in a short distance, but it
requires a greater number of markers. Whereas, when LD is extended over a long
distance, mapping resolution is low and requires less number of markers (Rafalski
2002). Mostly, closely linked, adjacent SNPs/haplotypes rather than single SNP, are
used to characterize the QTL region or allele of a gene (Rafalski 2002; Buntjer et al.
2005). In crops, 5-15 SNPs/locus are enough to characterize haplotype (Famoso
et al. 2011). The variations in SNP haplotype are used by breeders to identify
genomic regions under selection. In rice haplotype blocks (Yamamoto et al. 2010),
and SNP haplotype for genes/QTLs (Yonemaru et al. 2015; Abbai et al. 2019) have
been investigated recently. In the region around the xa5 gene in rice, an LD of
*100 kb was estimated (Garris et al. 2003). Similarly, from six genomic regions
on chromosome 1 and 4, and unlinked SNPs LD of 75 kb, *150 kb, and 500 kb
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in indica, tropical japonica, and temperate japonica, respectively were reported
(Mather et al. 2007). The genome-wide LD rates of *123 kb and *167 kb for
indica and japonica subspecies, respectively were estimated by Huang et al.
(2010), and these average rates of LD reflect several years of historical recombi-
nations. Based on LD estimated in rice, theoretically, a minimum of 5000 markers
are enough to cover the rice genome of 420 Mb as per the estimate of 75 kb
proposed by Courtois et al. (2013).

In rice AM studies various statistical methods were used viz., nucleotide diversity
measure, discriminant analysis, nested clade analysis, elliptic fourier analysis,
principal component analysis (PCA), generalized linear model (GLM), mixed linear
model (MLM), logistic regression (LR), and simple linear model (SLM) Yu and
Buckler (2006). MLM is one of the most appropriate and popular methods used for
AM, and it takes population structure (Q) and kinship (K) into account for the
reduction of false positives (Listgarten et al. 2012). A new statistical method, the
Anderson-Darling (A-D) test has been reported to control rare alleles in GWAS
(Yang et al. 2014). A stringent statistical significance level (P-value), and higher
marker density can avoid/minimize false positives. In the last decade several AM
studies have been reported in rice and associations with agronomic traits, morpho-
logical traits, yield-related traits were the focus of most of the studies. SSR markers
were used in most of the earliest AM studies in Rice (Borba et al. 2010). Now, SNPs
are being widely used for GWAS in rice (McCouch et al. 2010). The AM studies for
biotic stress in rice are summarized in Table 1.2. Many of the AM studies were
conducted for blast resistance (Mgonja et al. 2016, 2017; Lin et al. 2018; Liu et al.
2020). Also, studies on other biotic stresses are reported viz., sheath blight disease
resistance (Chen et al. 2019); Bakanae disease resistance (Chen et al. 2019a), rice
black-streaked dwarf virus resistance (Xiao et al. 2019), BPH resistance (Pan et al.
2019), and false smut resistance (Long et al. 2020). Several genetic signals associated
with biotic stress resistance in rice have been discovered through GWAS.

1.8 Marker-Assisted Breeding for Resistance Traits

For many centuries, the breeders have been putting efforts and are engaged in the
quest for beneficial traits to introduce into high yielding varieties from related
species using conventional breeding strategies. Inconventional breeding methods
selections are carried out based on phenotypic evaluations and are thus time con-
suming; also, it is very difficult to transfer polygenic traits using conventional
breeding methods (Crossa et al. 2017). Marker-assisted breeding (MAB) is an
alternate, faster, and accurate approach to overcome limitations of conventional
breeding and is being practiced to accelerate crop breeding (Balachiranjeevi et al.
2018). Recent advances in genomics, sequencing platforms, availability of genome
sequences, bioinformatics tools, and several online databases, are boosting MAB to
accelerate breeding efforts. In recent past MAB has transpired as promising and an
irreplaceable tool for improving yield stability, various traits such as biotic/abiotic
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stress tolerance, grain quality, and acceptance by farmers (Nelson et al. 2018;
Balachiranjeevi et al. 2018). In MAB, trait linked markers are used for methodical
phenotyping (Jiang 2013), and MAB can transfer complex polygenic traits,
accelerates backcross breeding, minimizes linkage drag, allows pyramiding multi-
ple traits together, and assembling of desired traits precisely in a single genotype
within less time (Crossa et al. 2017). This approach has been used widely in rice
breeding programs to breed the rice against various pathogens, and insect- pests
(Reinke et al. 2018; Li et al. 2019a, b; He et al. 2020), and due to pervasiveness of
mega varieties, it may persist as a prominent and sustained approach.

1.8.1 MAB for Rice Blast Disease Resistance

To enhance blast resistance, MAB approach was used very extensively (Reinke
et al. 2018). The first effort to combine three R genes, Pi1, Pita, and Piz-5 from
three different donors in the background of O39 to enhance blast disease tolerance
through MAB was carried out using STMS markers by Hittalmani et al. (2000).
Subsequently, Piz5, Piz54, Pid(t), Pita2, Pib, Pik, Pi2, Pi1, Pi5, Pi9, Pi40, Pi33,
Pi46, Pizt, Pish genes from different donors were successfully introgressed either
single or in combinations in various genetic backgrounds. Also, QTLs for blast
disease resistance were used in MAB to enhance disease resistance (Sreewongchai
et al. 2010) In several studies lines introgressed with Pi1, Pi2, Pi-9(t), and Pi54
genes showed blast disease resistance without yield penalty (Hua et al. 2015;
Kumar et al. 2016; Wu et al. 2016).

1.8.2 MAB for Bacterial Blight Disease Resistance

Many of the bacterial blight susceptible rice cultivars and landraces were pyramided
with resistant genes such as, Xa1, Xa4, xa5, xa13, Xa21, Xa26, Xa27 (Yap et al.
2016). In the early 1990s the transfer of resistance genes to improve BB tolerance in
rice was carried out for the first (Ronald et al. 1992). Several resistant genes were
subsequently used to introgress into the various genetic backgrounds resulted in
enhanced bacterial blight resistance. Breeding for bacterial blight resistance gene
through pyramiding approach has been taken up widelysuch as, xa5 + Xa21+ xa33
(Win et al. 2013), Xa4 + xa5 + xa13 + Xa21 (Guvvala et al. 2013), Xa4 + Xa21
(Luo et al. 2014), xa13 + xa21 (Ellur et al. 2016), Xa21 + Xa27 (Luo et al. 2017),
xa13 + Xa21 (Arunakumari et al. 2016), Xa7 + xa13 + Xa21 + Xa4 (Yap et al.
2016), xa5 + xa13 + Xa21 (Baliyan et al. 2018), Xa4 + Xa21 + xa5 + xa13
(Chukwu et al. 2019). In other instance, the introgression of other R genes viz.,
Xa23, Xa21, Xa33, Xa7, and Xa40 showed improved bacterial blight disease
resistance in different genetic backgrounds worldwide (Ni et al. 2015; Kumar et al.
2016; Nguyen et al. 2018; Reinke et al. 2018).
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1.8.3 MAB for Sheath Blight (ShB) Disease Resistance

To enhance ShB tolerance, QTLs/genes were transferred/pyramided in the genetic
background of elite cultivars. The transfer of QTLs, qSB-9Tq (donor-TeQing) into
the different japonica rice cultivars, qSB12-1 and qSB9-2 into the Lemont, qSB-7
and qSB-9 into the elite variety WLJ1, qSBR11-1, qSBR11-1, qSBR11-2, and
qSBR7-1 into the Improved Pusa Basmati and Pusa 6B, are reported to improve
ShB disease resistance (Zuo et al. 2008; Wang et al. 2012a, b; Chen et al. 2014).

1.8.4 MAB for Gall Midge (GM) Resistance

To develop gall midge resistance first attempt was made by Katiyar et al. (2001)
using RFLP and AFLP markers, where F3 populations developed by making a cross
between Duokang #1 (donor of Gm-6(t)) and Phalguna (donor of Gm2), and lines
possessing favorable alleles at both loci showed resistance against biotype 4, and
biotype 1. This was the first ever report on pyramiding two closely located gall
midge resistance loci having dissimilar effects. Further, using linked STS and SSR
markers, and functional markers Gm resistant genes viz., Gm3, Gm6, Gm8, Gm11t
were introgressed into the various genetic backgrounds and enhanced resistance to
GM biotype 1 and biotype 4 were observed (Himabindu et al. 2010; Sama et al.
2014). Divya et al. (2015) and Kumar et al. (2017) reported successfully pyra-
miding of GM resistant genes (Gm1 and Gm4) and (Gm4 and Gm8) into the
background of improved Samba Mahsuri and DRRH3 (elite rice hybrid),
respectively.

1.8.5 MAB for Brown Planthopper (BPH) Resistance

The BPH resistant genes Bph3 (donor-RathuHeenati), and Bph18 (donor-indica
line IR65482-7-216-1-2) were incorporated into the most popular Thai rice variety
Khao Dawk Mali 105 and Junambyeo, an elite japonica cultivar employing MAB
(Jairin et al. 2009; Suh et al. 2011). A series of NILs with a single BPH resistance
gene/QTL, Bph3, bph4, Bph6, Bph9, Bph10, Bph14, Bph15, Bph17, Bph18, Bph20,
Bph21, Bph24, Bph26, Bph32, qBph3, and qBph4 developed in the background of
BPH susceptible cultivars 9311 and IR24 showed enhanced resistance (Jena et al.
2017). Further, Pyramiding of Bph6 + Bph9 and Bph14 + Bph15 into the elite
cultivars resulted in enhanced resistance to BPH (He et al. 2019).
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1.8.6 Pyramiding Multiple Biotic Stress Resistance

With the precision in current era marker technology, developing varieties with
multiple biotic and abiotic stress tolerance along with other grain yield and quality
traits has become practically possible. And such varieties possessing superior
multi-traits can help farmers to minimize yield losses, produce quality grain, and
higher farm income under changing climatic conditions. Multiple trait breeding/
pyramiding scheme involves three main steps, assemble first, line fixation, and line
evaluation. In the first step, simple and complex crossing are involved to transfer
desirable traits/alleles from multiple parents and to accumulate all targeted genes/
QTLs in a single genetic background. In the fixation step, gene-based/linked/SSRs/
other markers are used in each generation from F2 to F6 generation to track the
desired allele of each gene/QTL for fixing the target genes into a homozygous state.
Also, gene pyramiding can be achieved through marker-assisted backcrossing
schemes namely, Stepwise transfer, Simultaneous transfer, and Simultaneous and
stepwise transfer. Recently, the pyramiding of Bph36, Bph3, Bph27,
and Bph29 into the elite cultivars 9311 and MH511 (harboring Xa23), exhibited
strong resistance to BPH and BLB (Li et al. 2019a, b). Similarly, Dixit et al. (2020)
pyramided biotic stress resistant genes viz., Gm4, Gm8, xa5, Xa21, Pi9 along with
submergence tolerance gene Sub1, and yield under drought QTLs, qDTY12.1 and
qDTY1.1 in the background of Swarna through marker-assisted forward breeding.
Some of the studies on gene/QTL pyramiding for biotic stress tolerant genes/QTLs
are summarized in Table 1.3.

1.8.7 Genomic Selection—A Scientific Advancement and Its
Role in Multiple Trait Breeding

Genomic selection (GS) is an approach of genomics-assisted breeding, enables the
meteoric selection of superior genotypes and accelerates breeding cycles for higher
genetic gain. In GS the genetic values of selected candidates are predicted based on
genomic estimated breeding values (GEBVs). In GEBV prediction model pheno-
typic data, marker data and pedigree data are combined to increase the prediction
accuracy. In GS, genome-wide markers are chosen and used appropriately to have
all QTLs in LD with minimum a single marker. The breeding lines with high
GEBVs could serve as potential material in breeding programs. A potential
application of GS to enhance the selection for yield and related traits has been
reported in many cereal crops (Michel et al. 2016; He et al. 2016). Using GS
parental combinations was predicted for the development of superior hybrids in rice
(Xu et al. 2018). Multi-trait GS can be implemented on phenotypic data of different
traits such as grain yield, quality, reactions to abiotic and biotic stresses. For
effective implementation of genomic prediction models, it is very much important
to exist favourable genetic correlations between traits (Schulthess et al. 2016). In
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Table 1.3 Marker assisted selection for pyramiding biotic stress tolerance in rice

Targeted traits QTL Combination in pyramided lines/NILs Reference

Rice blast resistance pi21 + Pi34 + qBR4-2 + qBR12-1 Fukuoka et al.
(2014)

Bacterial blight and
Rice blast resistance

Xa4 + xa5 + xa13 + Xa21 + Pi9 + Pi2 + Piz Chukwu et al.
(2019)

Brown plant hopper
resistance

Bph1 + Bph2 Sharma et al.
(2004)

Bacterial blight and
Rice blast resistance

Xa21 + xa13 + Pi54 + Pi1 Jamaloddin
et al. (2020)

Bacterial blight
resistance

xa5 + xa13 + Xa21 Pradhan et al.
(2015)

Bacterial blight
resistance

xa5 + xa13 + Xa21 Dokku et al.
(2013)

Bacterial blight and
Rice blast resistance

xa13 + Xa21 + Pi54 Arunakumari
et al. (2016)

Brown plant hopper
resistance

BPH15 + BPH26 Myint et al.
(2012)

Brown plant hopper
resistance

Bph14 + Bph15 + Bph18 Hu et al. (2012)

Rice blast resistance Pi9, Piztt, Pi54; and Pi9 + Pizt Xiao et al.
(2017)

Gall midge resistance Gm-2 + Gm-6(t) Katiyar et al.
(2001)

Rice blast resistance Pigm + Pi1, Pigm + Pi54 and Pigm + Pi33 Wu et al. (2019)

Brown plant hopper
resistance and Rice
stripe disease resistance

Bph14 + Bph15 + Stv-bi Xu (2013)

Brown plant hopper
resistance

Bph3 + Bph27 (t) Liu et al. (2016)

Rice blast, bacterial
blight and brown
planthopper resistance

Pita + Xa23 + Bph3; Pita + Xa23;
Pi1 + Pi2 + Xa23 + xa5; Pi1 + Pi2 + xa5

Ji et al. (2016)

Bacterial blight
resistance

Xa4 + xa5 + Xa4 + xa5 + Xa21 Sabar et al.
(2019)

Brown plant hopper
resistance

Bph3 + Bph14 + Bph18 + Bph32 He et al. (2020)

Bacterial blight
resistance

Xa21 + xa13 + xa5 Baliyan et al.
(2018)

Brown planthopper,
bacterial blight, rice
blast, and rice stripe
virus resistance

Bph18 + Xa40 + qSTV11SG + Pib + Pik Reinke et al.
(2018)

Bacterial blight and
brown planthopper
resistance

Xa21 + Bph14 + Bph15 He et al. (2019)

Bacterial blight
resistance

Xa21 + Xa33 Balachiranjeevi
et al. (2018)
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the current era of molecular breeding, with the available information from NGS,
genotyping with a huge number of markers can be done, and that will help more
efficiently to develop improved breeding lines with multiple traits with GS within a
short time with higher prediction accuracy compared to MAB approaches.

1.9 Map-Based Cloning of the Resistance Genes

Map-based cloning or positional cloning involves the following steps:

• Identification of a marker that is tightly linked to gene of interest in a ‘large’
mapping population of size 300–500 individuals.

• The next step would be a screening of a large insert genomic library (YAC or
BAC) to which the marker probe hybridizes.

• To develop new markers (that map near to the gene of interest or flank the gene)
from large-insert clone and to determine if they are co-segregating with the gene
of interest. The co-segregation means when one allele of the gene of interest is
expressed and the markers associated with that particular allele are always
present. It means that the recombination between the gene of interest and the
markers is not seen.

• If required meaning if the markers do not cosegregate, then re-screen
large-insert genomic library again for other clones and explore other
co-segregating markers. To accelerate the process of cloning, it is better, to
begin with, a marker that is in tight association with the gene of interest to avoid
the additional screening.

• To identify a candidate gene from the large insert clone, whose markers are
co-segregating with the gene of interest.

• To perform transformation/genetic complementation to rescue wild-type
phenotype.

• To sequence the gene and to determine if the function of the gene of interest is
known.

• Chromosomal landing is a genetic technique that is being used to identify and
isolate the clones in a genomic library.

Chromosome walking involves positional cloning to find, isolate, and clone a
specific allele in a genomic library. Chromosomal landing is advantageous over
chromosomal walking as it reduces the problem of analyzing large, and/or highly
repetitive genomes by minimizing the necessity for chromosome walking (Tanksley
et al. 1995). Chromosomal landing is based on the principle that the expected
average distance between the marker associated with the target trait can be lesser
than the average insert length of the clone library containing that gene of interest.
Chromosome landing has now become the key strategy to isolate genes underlying
the quantitative traits in plant species using map-based cloning.
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Map-based cloning and complementation test of the BPH18 gene for brown
planthopper resistance revealed that the BPH18 encodes CC-NBS-NBS-LRR pro-
tein. Out of these 34 genes identified for BPH resistance in rice, 20 genes were fine
mapped; only the 8 genes (Bph3, Bph18, Bph9, Bph14, Bph29, Bph17, Bph32and
Bph26S) have been cloned and also functionally characterized (Guo et al. 2018;
Ren et al. 2016; Zhao et al. 2016). The eight out of the eleven gall midge resistance
genes viz, Gm2, Gm1, Gm4, gm3, Gm6, Gm8, Gm11 and Gm7 have been mapped
successfully (Yasala et al. 2012; Sama et al. 2014). The four gall midge resistance
genes Gm2 (NB-ARC), (Gm1, gm3 (NB-ARC), and Gm4 (NB-LRR)) have been
successfully validated functionally and the linked markers can further be used in
marker-assisted introgression program (Bentur et al. 2016; Venkanna et al. 2018).
To date, more than 100 genes conferring rice blast resistance have been identified
and 30 of them have been successfully cloned and functionally characterized (Wang
et al. 2017; Zhao et al. 2018). Considering the success story of the mapping of BLB
resistance gene in rice, a total of 45 BLB resistant genes have been identified, and
11 of them have been fine mapped and cloned utilizing modern biotechnological
approaches (Zhao et al. 2018; Neelam et al. 2020).

1.10 Genomics-Aided Breeding for Resistance Traits

Genomics-assisted breeding is the application of biotechnological tools and tech-
niques in crop improvement. This has been considered as a collection of tools and
efforts improving trait phenotypes involving direct manipulation of genotype at the
DNA level (Varshney and Tuberosa 2007). Genomics-assisted breeding includes
genomic analysis, structural-functional genomics, proteomics, and metabolic pro-
filing (Tyagi et al. 2004). The availability of a high-quality genome sequence of
cereal crops has provided an important resource to mine the information about the
diversity of genes/alleles contributing to the improvement of valuable agronomic
traits (Agarwal et al. 2016). Among cereals, the rice genome with a 430 megabase
pairs (Mbp) size was reported as the smallest genome compared to other crops such
as sorghum (750 Mbp), maize (3000 Mbp), barley (5000 Mbp), and wheat (16,000
Mbp). The rice genome sequencing involving three BAC (EcoRI, HindIII, MboI),
one PAC (Sau3A1) and the two plasmid libraries (HaeIII, Sau3A1) (Baba et al.
2000; Chen et al. 2002; Yang et al. 2003) led to the generation of genetically
anchored sequence intending to provide the whole genome sequence in the public
domain with an accuracy of more than 99.9%. Following the participation in
IRGSP, India has continued the contribution in the areas of germplasm evaluation,
diversity analysis, improved donor identification, marker development, QTL
mapping, genomics assisted breeding, transcriptomics, and functional genomics
through various national and multi-national research programs (Huang and Han
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2014). These efforts have helped to generate resources improving rice resistance to
various abiotic and biotic stresses, rice production, and quality. The Genoplasmics
or GPGR (Genomics-based plant germplasm research) is a novel cross-disciplinary
research field seeking the application of the genomics principles and techniques to
germplasm research (Jia et al. 2017). GPGR can be divided into the identification of
existing genomic diversity in the germplasm, conservation, and protection of the
germplasm, designing of a representative core collection utilizing genetic diversity,
germplasm enhancement using the developed core collections, and discovery of
new genes/alleles in the core collection.

The techniques such as RNA sequencing, microarrays, microRNA sequencing,
and downstream analyses have been proven useful to study the transcriptomes, and
their regulation involves miRNA in diverse developmental and stress conditions
related to rice. The differentially regulated genes have been selected as an important
target for functional validation with the aim to raise improved rice plants (Agarwal
et al. 2014). Recently, the IRFGC (International Rice Functional Genomics
Consortium, http://www.iris.irri.org/IRFGC/) platform has provided potential
knowledge for sharing materials, seeking partnerships, database integration,
implementation of the cooperative initiatives, and fast-tracking delivery of the
research results to improve rice production. Various national programs have been
developed to extract the rice genome information (Tyagi and Khurana 2003).

Genomics/marker-assisted QTL/gene pyramiding reported as an effective
breeding strategy to transfer multiple genomic regions conferring tolerance/
resistance genes to various abiotic and biotic stresses into a single rice variety to
achieve broader and durable impact and high genetic gain (Collard and Mackill
2008; Sandhu et al. 2019; Sagare et al. 2020). Pyramiding of genes providing
resistance to BLB viz., Xa4 + xa5 + Xa21 (Suh et al. 2013), xa5
+ xa13 + Xa21 (Dokku et al. 2013; Pradhan et al. 2015), Xa4
+ xa5 + xa13 + Xa21 (Stahle et al. 2016), and blast viz., Pi9 + Pita has proven
very effective in combating the biotic stress incidence with improvement in the
durability of biotic stress resistance genes (Khanna et al. 2015). Multi-disease
resistance improved rice breeding lines conferring resistance to blast, BLB, and
brown planthopper (Pi40, Xa4, Xa21, xa5, and Bph18) have been developed (Suh
et al. 2013). Among abiotic stresses tolerance/resistance, recently, drought
(qDTY1.1 + qDTY2.1 + qDTY3.1) and flood tolerance (Sub1) QTLs were com-
bined in the popular rice variety, Swarna using genomics assisted breeding (Sandhu
et al. 2019). In recent years there has been a revolution in crop genomics.
International Rice Research Institute (IRRI) has re-sequenced 3000 rice accessions
in 2014, representing all 5 varietal groups, indica, aus/boro, basmati/sadri, tropi-
cal japonica, and temperate japonica (Alexandrov et al. 2015).
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1.11 Recent Concepts and Strategies Developed

1.11.1 Gene Editing

In rice, new breeding technologies have been established, including genome edit-
ing, expanding the potential for crop improvement. The TALENs (transcription
activator-like effector nucleases), SSNs (Sequence-specific nucleases), including
ZFNs (zinc finger nucleases), and the CRISPR (clustered regularly interspaced
short palindromic repeats) have been demonstrated to be very useful tools for the
plant genome editing (Baltes et al. 2015; Cohn et al. 2014; Wang et al. 2016a, b;
Antony et al. 2010; Li et al. 2012; Zhou et al. 2015; Blanvillain-Baufum et al. 2017;
Cai et al. 2017). Genome editing technology (GET) exploiting agrobacterium/
biolistic mediated transformation method and/or nanoparticles as carriers has
immense potential for crop improvement. The reverse genetics based CRISPR-Cas9
(Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated
Cas9 endonuclease) technology can be used as a powerful tool to understand the
role of wheat gene homoeologs in controlling tillering ability. Genome editing takes
full advantage of the accessible genomic information and help the researchers to
rapidly validate the candidate genes and their function. Use of nanoparticles for
delivery of CRISPR/CAS machinery in the cell can hasten the success rate of
genome editing of the target genes. Over the past few decades, remarkable progress
has been made in genome sequencing tools. Despite several advancements, most
plant species are still difficult to transform. The examples of the recent advance-
ments in developing targeted mutations in the genes of interest involving genome
editing technologies include anti-browning apples and mushrooms. CRISPR/CAS
based editing of tomato for polygalacturonase genefor shelf life has also been
attempted in different laboratories including PAU. In crops such as wheat delivery
of the CRISPR/cas-sgRNA cassette or RNP complex poses a major limitation as
genetic transformation is difficult. Nanoparticle based of delivery of CRISPR/Cas
cassette has been successfully accomplished in crops such as Nicotiana ben-
thamiana, arugula (Eruca sativa), wheat (Triticum aestivum), and cotton
(Gossypium hirsutum). Such delivery methods based on nanomaterial now have
tremendous potential for application of genome editing in complex crops such as
wheat. Genome editing has the potential to generate novel alleles as well as can be
applied for functional validation of the targeted genes/alleles. Gene identification
and cloning has progressed much faster in rice as compared to wheat due to smaller
genome size and availability of the whole genome sequence much earlier than
wheat. A number of genes for very important agronomically desirable traits such as
grain size, grain number/panicle, tiller number, etc. have been cloned and charac-
terized in rice.
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1.11.2 Nanotechnology

Several novel and highly potential concepts and products are developed in nan-
otechnology to manage the plant pest and pathogen threats in agriculture. Currently,
studies on applications of nanotechnology in agriculture are immensely being
carried out viz., to deliver plant hormone, to enhance seed germination ability, for
water management, precised transfer and tracking of genes, nanobarcoding,
nanosensors, and controlled release of agrichemicals (nanopesticides, nanofertiliz-
ers, nanoherbicides) for disease-pests and weed management (Hayles et al. 2017).
The nanoparticles act as carriers for pesticides, insecticides, fertilizers or other
components, such as double-stranded RNA (dsRNA), herbicides etc., and can be
applied as a spray or imbibed on seeds, leaves, and roots for protection against
insect-pests and pathogens (Yang et al. 2008a, b). Metal nanoparticles such as
silver, copper, zinc oxide, and titanium dioxide, etc., possess antibacterial, anti-
fungal, and antiviral properties (Kim et al. 2018). Chitosan is one of the popular
nanoparticles with favorable biological properties and has been extensively used for
controlling Phyricularia grisea in rice and root-knot nematodes (Meloidogyne
javanica) (Kashyap et al. 2015). Also, PEG nanoparticles were used to control red
flour beetles (Yang et al. 2009). Nanoparticles acting as carriers of RNAi-inducing
molecules have been targeted against viruses, and aphids. Li-Byarlay et al. (2013)
used the perfluorocarbon-siRNA nanoparticles to target get three different aphid
species; Aphis glycines, Acyrthosiphonpisum and Schizaphisgraminum, and
reported that the nanoparticle-loaded siRNA had a significantly higher gene
knockdown. There are very few reports on the delivery of nanoparticle coated
RNAi molecules into plant cells for crop protection, but considering its benefits and
precision over conventional methods, it has a potential to hold promise for crop
protection (Worrall et al. 2018).

1.12 Genetic Engineering for Resistance Traits

1.12.1 Target Traits and Alien Genes

The impact of climate change on plant growth and crop yield is significant and
poses a threat to overall food security. The climatic changes of extreme temperature
stress, salinity, drought, and flooding, as well as incidence and severity of biotic
stresses such as the emergence of new pests, diseases, and the invasion of alien
weed species, will also increase due to climate change. Development of crop
resilient through conventional breeding is difficult due to limited variability exists in
the crop germplasm for use in the breeding, however, the use of molecular markers
and biotechnological interventions along with good crop management may provide
solutions for these complex problems of crop plants.
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1.12.2 Genetic Engineering for Disease Resistance

Plant diseases have been a critical challenge to the farmers and have played a
significant negative impact in achieving sustainable crop yield. Global losses due to
various diseases in crop plants have been reported from 10 to 30% (Savary et al.
2019) and pose a significant impact on food security. Chemical control for diseases
has proven effective from long back in preventing the crop losses including use of
various fungicides. However, use of chemical pesticides is not environment friendly
and also losing its efficacy rapidly due to new emerging races of pathogens under
the ongoing climate change (Berger et al. 2017). In the recent past, use of transgenic
technology has been demonstrated as one of the most effective and sustainable way
of controlling various crop diseases caused by fungus, bacteria and viruses (van
Esse et al. 2019). Crop plants can be modified through genetic transformation to
synthesize antimicrobial peptides or compounds that directly restrict the coloniza-
tion of microbes (Osusky et al. 2000). Transgenes can also be introduced that can
inhibit the cell wall degrading enzymes, encode various proteins capable of
breaking various mycotoxins (Karlovsky 2011). RNAi approach can be deployed in
order to provide robust viral immunity by targeting viral RNA (Wang et al. 2012a).
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-associated
(Cas) technology has provided an excellent opportunity in recent years for engi-
neering resistance to deal the plant viruses (Wright et al. 2016).

1.12.3 Genetic Engineering for Insect Resistance

Genetically engineered inherent crop resistance to insect pests is one of the most
potent methods of crop protection to fulfill the demands of sustainable agriculture.
Chemical control of insect pests has proven harmful to human health and the
environment and needs to be replaced with safer methods of insect control. Genetic
transformation through Agrobacterium-mediated transformation or particle bom-
bardment to introduce specific DNA sequences or genes plays a significant role in
conferring resistance against insects/pests (Birkett and Pickett 2014). Bt endotoxin
lyses the midgut epithelial cells of the target insect by creating the pores in the
membrane of epithelial cells, resulting in the ion leakage and insect mortality
(Whalon and Wingerd 2003). Bt cotton (Bollgard I—BG I) expressing Cry1Ac was
first commercialized and released in 2002 in India and further Bollgard II
expressing Cry1Ac and Cry2Ab (MON15985 event) was developed and approved
in 2006, and, currently occupies most of them (95%) cotton growing area in India.
Pyramiding of Cry1Ac and Cry2Ab toxins together had shown broader and durable
resistance than the cotton expressing the single gene event with Cry1Ac. Transgenic
rice lines expressing Cry2A, the insecticidal protein, conferred 80% mortality
against the rice leaf folder (Gunasekara et al. 2017). Insect resistance through lectins
which are carbohydrate-binding proteins and have a high binding affinity for
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glycoproteins and glycolipids in cell membranes has shown effectiveness against
sucking pests. Transgenic rice line with GNA (Galanthus nivalis lectin), showed the
insect resistance against major sap-sucking pests including BPH (Bharathi et al.
2011). Through RNA interference (RNAi) approach, gene knockdown in piercing
and sucking insects including stem borers and high insect mortality rates has been
demonstrated in maize and rice.

1.12.4 Improving Crop Yield and Nutritional Value

Malnutrition is a serious health concern particularly among children and women in
developing and underdeveloped countries due to poor access to nutritious food. The
development of biofortified foods through genetic engineering of stable foods for
making it more nutritious is a strategic solution to malnutrition (Perez-Massot et al.
2013). Golden rice has been developed by inserting two beta-carotene synthesis
genes: phytoene synthase (psy) and lycopene b-cyclase (b-lcy) through the genetic
transformation to biosynthesize beta-carotene is a unique example of such effort
(Beyer et al. 2002).

1.12.5 Herbicide-Resistant Crops

Herbicide-resistant crops, particularly glyphosate-resistant had provided an effec-
tive approach incontrolling the weeds among the growers of various crops.
Transgenic lines with transgenes glyphosate-insensitive5-enolpyruvylsh
ikimate-3-phosphate synthase (EPSPS) the cp4 epsps gene from Agrobacterium
tumefaciens strain CP4 and herbicide resistance traits are used on more than 80% of
the total estimated area of transgenic crops grown annually in more than 25
countries (Dill et al. 2008).

1.12.6 Biofuel and Transgenic Plants as Bioreactors
for Recombinant Proteins

The application of the modern metabolic engineering tools in photosynthetic
microalgae has the great potential for enhanced biofuel production, an important
source of renewable fuel (Radakovits et al. 2010). Transgenic plants had been used
as a bioreactor to produce antibodies, metabolites, proteins, and vaccines through
recombinant DNA technology (Fischer et al. 2013).
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1.12.7 Methods to Transfer Transgenes into the Plants

First plant transformation was described in tobacco reported in 1984, Since then,
rapid development in transformation technology has happened in various crops.
The most preferred gene delivery system by plant biotechnologists is
Agrobacterium-mediated due to ease in transformation, the tendency to transfer
single copy number carrying the genes of interest at lower cost with minimal
rearrangement (Shibata and Liu 2000; Gelvin 2003). The other method frequently
used for transformation is the gene gun/particle bombardment technique (Sanford
et al. 1987) which has certain advantages over other techniques like rapid gene
transfer, efficient, non-specific to tissue, no-host limitations, and simultaneous
multiple gene transfer. The particle bombardment is also most widely used in
achieving plastid transformation in plants and is the only effective method in
achieving mitochondrial transformation (Johnston et al. 1988).

1.12.8 Plastid Transformation

Plastid transformation is a gene transfer technology where the chloroplast genome
was targeted instead of the nuclear genome. Foreign genes had been transformed
into chloroplast through biolistic approach or polyethylene glycol (PEG) method.
Maternal inheritance of genes and plants can stably produce protein without
transgene outcrossing via pollen as well as a high level of transgene expression
makes plastid transformation an efficient method of gene transfer.

1.12.9 Gene Stacking

The transfer of two or more transgenes of agronomic interest in the same plant
refers to Gene stacking. The multigene transfer technology allows researchers to
achieve an enhanced level of the phenotype through additive gene action, and
expressing entire multi-protein complexes that were impossible by incorporating a
single gene (Naqvi et al. 2010). There are two methods of gene stacking (1) si-
multaneous introduction; (2) sequential introduction. The simultaneous introduction
further divided into (a) co-transformation with single plasmid: all the transgenes are
present on the same plasmid and (b) co-transformation with multiple plasmids: all
the transgenes present on the separate plasmids (Francois 2002). The example of the
co-transformation strategy is golden rice, where two T-DNAseach harboring the
two genes, were introduced into cereal crop (rice), enabling endosperm to express
the carotenoid biosynthetic pathway leads to synthesis of b-carotene (Ye et al.
2000). The sequential introduction of the genes can be obtained by (a) by the sexual
crossing between two or more transgenic events or (b) re-transformation processes.
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1.12.10 Gene Silencing

A major concern in the development of transgenic events is undesired transgene
silencing. Gene silencing is the regulation of gene expression where interruption or
suppression of the expression of a transgene happened at the transcriptional or
translational level. The mechanism behind inactivation/silencing of transgene activity
at the transcriptional level was due to promoter methylation and chromatin con-
densation or transcript degradation (Fagard and Vaucheret 2000). Post-transcriptional
gene silencing is the inactivation of a transgene, where transcripts do not accumulate
despite continuous transcription (Vaucheret and Fagard 2001). Silencing can also
happen if transgenes and endogenous genes both are homologous. Strategies to avoid
transgene silencing (Depicker et al. 2005) are, (1) Selection of single-copy transgenic
line (2) chloroplast transformation, (3) Selection of the favorable/unique integration
sites, (4) Silent transgenes reactivation, (5) Use of SMAR (Scaffold Matrix
Attachment Regions) in silencing the mutant host system to prevent gene silencing.

1.12.11 Prospects of Cisgenics

Cisgenes from crossable sexually compatible plants are used in gene introduction
whereby the problem of linkage drag of other genes can be overcome. The gene
used in cisgenic technology is like the introduction of a gene through conventional
crossing used in classical breeding. The Cisgenesis a kind of genetic modification
with ‘natural genes’ that have been present in the species or in crossable relatives
can be transferred through traditional breeding approaches (Schouten et al. 2006).
Hence, the cisgenic plants should be treated as non-transgenic plants and exempt
from GMO regulations. Cisgenics can play a significant role in sustainable devel-
opment in the genetic improvement of crops (Schouten et al. 2006).

1.13 Role of Bioinformatics as a Tool

Bioinformatic platforms and their databases play a significant role in understanding the
biological processes. With the advance in the sequencing project of various crops,
bioinformatics continues to make significant progress in biology by providing the plant
breeders with access to genetic information linked with complex economically important
traits. Genome sequencing of crop plants has progressed significantly in the present era
of molecular biology and opened tremendous opportunities for crop improvement.
A high degree of synteny exists in cereal crops and the availability of sequence infor-
mation has enabled the discovery of various useful traits for crop improvement.
Comparative genomics and the availability of high resolution physical and genetic maps
of plants has been proven the great applications of bioinformatics tools.
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1.13.1 Biological Databases

Three kinds of biological databases have been established: (a) large scale public
repositories (b) community-specific databases, and (c) project-specific databases.
Most commonly used large-scale public repositories are usually developed and
maintained by several national/government agencies or international consortia such
as GenBank for sequences (Wheeler et al. 2005), UniProt (Schneider et al. 2005)
for protein information, Protein Data Bank (Deshpande et al. 2005) for protein
structure information, and ArrayExpress (Parkinson et al. 2005) and Gene
Expression Omnibus (GEO) (Edgar et al. 2002) for microarray data.

1.13.2 Sequence Analysis

Biological sequence such as DNA, RNA, and protein sequence are the most
desirable objects to understand any phenomena at the molecular, physiological and
biochemical level. Expressed sequence tags (ESTs) from many plants including
rice, soybean, cotton, wheat, and sorghum have been generated from sequencing
data of various plant genomes (http://www.ncbi.nlm.nih.gov/dbEST/). Numerous
software packages exist for sequence assembly (Gibbs and Weinstock 2003),
including Phred/Phrap/Consed (http://www.phrap.org), Arachne (http://www.
broad.mit.edu/wga/), and GAP4 (http://staden.sourceforge.net/overview.html).

1.13.3 Gene Finding and Genome Annotation

The prediction of total introns and exons in a stretch of the DNA sequence is gene
finding. Several computer programs are available for identifying protein-coding
genes such as Genscan (http://genes.mit.edu/GENSCAN.html), Genie (http://www.
fruitfly.org/seqtools/genie.html), and Glimmer (http://www.tigr.org/softlab/glimmer).

1.13.4 Computational Proteomics

Proteomics is the qualitative and quantitative characterization of proteins and their
interactions on a genome level. Proteomics leads to identification and quantification
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of all protein within a cell or tissue on a large scale, analysis of post-translational
modification and protein-protein interaction, and characterization of protein func-
tions and structure (Canovas et al. 2004). The various databases exist for studying
the proteomics such as SWISS-PROT-database of annotated protein sequences,
protein function, protein domains, post-translational modifications, Tr EMBL—a
computer-annotated supplement of Swiss-Prot that contains all the translations of
EMBL nucleotide sequence entries not yet integrated with Swiss-Prot. NCBInr—
translated GenBank DNA sequences, Swiss-Prot, PIR.

1.13.5 Metabolomics

The metabolome is the total metabolite content and identification and quantification
of metabolites responsible for the various biological processes of an organism are
called metabolomics (Deborde et al. 2017). It plays an important role in studying
gene-environment interactions, phenotyping, mutant characterization, identification
of various biomarkers, and drug discovery. Metabolome databases exists such as
METLIN, NIST, GOLM for the identification of metabolites (Johnson and Lange
2015). Further, by using statistical analysis tools and MetaboAnalyst, Cytoscape
software can be used to analyse the identified metabolites (Xie et al. 2015).

1.14 Brief Account on Social, Political and Regulatory
Issues

Safeguarding new inventions, ideas, pieces of knowledge or product from being
misused has been felt necessary for a long time. Law and order came into
enforcement as and when required for safeguarding social, political and regulatory
issues, to provide maximum benefit to inventor, designer, publisher etc.

1.14.1 Patent and IPR Issues

Innovation in the form of an idea, manuscript, design, composition of a product,
hardwares which might benefit the society as a product or application is known as
intellectual property. But with this comes the fear/risk of copying, imitating, or
reproducing the innovation. Therefore, in order to minimize this and give an eco-
nomic incentive to inventors, Intellectual property rights (IPR) came into existence.
IPR includes copyrights, trademarks, patents, geographical indications, trade
secrets, plant selection rights. Rights issued by the government over a period of
tenure provides protection in safeguarding invention from being misused by

40 D. B. Sagare et al.



copying or making commercial use of it. The basic requirement to grant a patent
includes four important features viz-novelty, distinctiveness, uniqueness, and sta-
bility. Indian Patent Act (1970) protects for 7–14 years, but this did not apply to
agrochemicals, foods, pharmaceuticals, Indian Patent (Amendment) Act (1999)
allows patent for all products except medicines/drugs. IPR although encourages and
safeguards artistic creation, it may harm a company for a firm who might approach
a firm for knowing trade secrets/patents, this could severely affect the person. Also,
since these rights are obtained by paying huge amount of money, this tends to
increase the price of objects, which makes it difficult for common people survival,
especially in developing countries. Because of monopoly this is a serious threat in
the food supply chain of agriculture.

1.14.2 Disclosure of Sources of GRs, Access,
and Benefit-Sharing

In order to get details for access of genetic resources (GRs), traditional knowledge
(TK) disclosure of the source through proper agreement is must, to avoid misuse of
information. Likewise, for knowing the geographic origin of any of the crop
accessions authorities following proper norms of a country to avoid violation of
resources, track of patent applications is must. Also, this would-be mutual benefit to
countries sharing GRs. Disclosure of the origin of GRs will also be beneficial in
tracking novelty and innovations on the other for TK disclosure of source will result
in direct interaction with people for practical knowledge with oral and artistic
knowledge rather than looking for it in databases at local or national level.

1.14.3 Farmer’s Rights (FR)

The Convention on Biological Diversity (CBD) and the International Treaty on
Plant Genetic Resources for Food and Agriculture (ITPGRFA) signed an interna-
tional treaty in 1986, this was a long-planned agenda to reward farmers for their
contribution to germplasm conservation, variety development. Plant Breeder Rights
is a right which benefits plant breeders in monetary terms for the variety developed
by breeders together with providing protection through IPR, however the farmers
involved in sharing genetic material are not given credit under this right. Farmer’s
right is a privilege given to farmers to traditionally maintain and develop their crop
genetic resources (GR’s) together with rewarding them from time to time for their
contribution to the GR. Collections from the farmer’s field possess vast diversity
which aids in food security, therefore to safeguard their varieties and resources FR
was felt like a great need of the hour. In 2001, for the first time in history, India
became the first country to get the benefit of ‘The Protection of Plant Varieties and
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Farmers Rights Act (PPVFRA)’ as a part of IPR. PPVFRA benefits both farmers
and breeders in use of variety for personal or non salable purpose variety regis-
tration, saving seed from previous harvest or either sharing it with their neighbour’s
has greatly helped breeders as well farmers.

1.14.4 Traditional Knowledge

Traditional knowledge (TK) is an indigenous knowledge gained through local
techniques and community which is preserved and passed from generation to
generation to form an identity of that community. Traditional knowledge can be
found in a variety of concepts such as calculation of time, food article, plant
properties, spice uses, yoga practices, etc. The essential ingredient of TK being
vocal in nature and traditionally developed, as a result suffers from bio-piracy in
some cases. Bio-piracy is commercial utilization of TK without seeking proper
authorization of indigenous or local people associated with it. Under the Copyright
Act, 1957, no specific guidelines for protecting traditional knowledge have been
mentioned; but under Sect. 1.31A protection for unpublished Indian work has been
included however this does not mention the time period for protection, therefore
protection of traditional knowledge doesn’t have much scope.

1.14.5 Participatory Breeding

Participatory plant breeding (PPB) allows farmers engagement in breeders program
at field level in observing plants at different crop stages throughout the crop cycle.
The basic idea being, divergent skills and knowledge of farmers and researchers
could be utilised in problem diagnosis and solving (Weltzien and Christinck 2008).
Combination of strengths and weaknesses of both groups could aid in better
research results through cooperation (Hoffmann 2007). Farmer’s role in PPB is
multidimensional which includes defining objectives of the study, choice of
breeding material, randomization and planning of experiment design, selection of
field, administrative approval etc. The main component of PPB being cooperation
between farmers and researchers, mutual sharing of local germplasm, variety test-
ing, seed production and distribution through seed system channel. PPB focuses
more on particular crops suited for a particular environment. PPB in comparison to
participatory varietal selection (PVS) has higher empowerment as here farmers are
involved in selection, also this has benefitted in empowering women and uplift of
traditionally backward society.
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1.15 Future Perspectives

The first-generation plant breeding methods for crop improvement such as cross-
breeding, mutation breeding is laborious and time-consuming, and the untargeted
breeding programs cannot fulfil the increasing global food demand for overgrowing
population of the world. The availability of modern technologies such as high
throughput phenotyping, use of molecular markers for ease of selection,
sequencing-based low cost genotyping, haplotype-based superior allele mining,
speed breeding for rapid generation advancement, genomic selection, easy acces-
sibility and analysis of big data, strong bioinformatics platforms and strategic
genome editing such as CRISPR/Cas9 has revolutionized modern plant breeding
and can play a significant role in achieving higher genetic gain targeted in various
crops.
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Globally Important Wheat Diseases:
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Abstract Wheat is an important source of dietary protein and daily calories for
majority of the world’s population. Although several pests and diseases affect yield
potential and quality, the three rusts and powdery mildew fungi have caused major
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epidemics in the past and continue to threaten wheat production despite the widespread
use of genetic resistance and fungicides. The evolution and migration of more virulent
and aggressive race lineages of rust fungi have rendered varieties vulnerable. Fusarium
head blight, leaf spotting diseases, root diseases and, more recently, wheat blast (in
South America, Bangladesh and more recently Zambia) have become increasingly
important owing to narrow options for resistance diversity. Race-specific and quanti-
tative resistance are well studied for most diseases; their selection and deployment as
combinations through phenotyping coupled with molecular strategies offer great pro-
mise in achieving resistance durability and enhancing global wheat productivity.
Advances in next-generation sequencing (NGS) technologies, functional genomics and
bioinformatics tools have revolutionized the area of wheat genomics. Recent advances
in sequencing an annotated wheat reference genome with a detailed analysis of gene
content among sub-genomes will not only accelerate our understanding of the genetic
basis of bread wheat, at the same time wheat breeders can now use this information to
identify genes conferring disease resistance. The sequence alignment of the wheat
genome has facilitated better identification of marker trait associations, candidate genes
and enhanced breeding values in genomic selection (GS) studies. High throughput
genotyping platforms have not only reduced the cost, but wider genome coverage and
density have enabled better estimation of genetic diversity, construction of the
high-density genetic maps, dissecting polygenic traits, understanding their interactions
through genome-wide association studies (GWAS), quantitative trait locus
(QTL) mapping and isolation of R-genes. Ease of deploying breeder’s friendly
Kompetitive allele specific polymerase chain reaction (KASP) markers in the recent
years has expedited the identification and pyramiding of resistance alleles/genes in elite
lines. This review provides the overview of important diseases affecting wheat pro-
ductivity, considering their geographical distribution, impacts, management strategies
and briefly addresses the new molecular/genomic tools in the current era to enhance
resistance breeding and deployment opportunities for wheat improvement.

Keywords Disease resistance � Race specific genes � Adult plant resistance
genes � Breeding approaches and genomic technologies

2.1 Introduction

Wheat (Triticum spp.) is globally the most important staple food of about 2.5 billion
people (33% of the world population) and provides nearly 20% of the daily proteins
and calories consumed globally (Breiman and Graur 1995). In terms of food security, it
is the second most important food crop in the developing world after rice, with an
estimated 80 million farmers relying on wheat for their livelihoods (Curtis et al. 2002).
It is globally the most traded export commodity estimated at US$38.8 billion in 2019
(www.worldstopexports.com). Currently, wheat is the most widely grown cereal crop
occupying more than 218 million ha. with a global production of 765 million tons,
worth approximately US$150 billion (https://www.statista.com/statistics/267268/
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production-of-wheat-worldwide-since-1990/). For future food security, wheat produc-
tion increase should target over one billion tons to cater to the needs of the rising
population of estimated 9.6 billion people by 2050. Increasing consumption of diver-
sified wheat products and quality profiles across countries will demand increased crop
production and productivity in different wheat growing environments (Shewry and
Tatham 2016). The continuous effort to increase genetic gains can only be possible by
overcoming several of the current barriers such as climate change coupled with a
variety of abiotic and biotic stresses that pose significant threat to wheat production
both locally and globally. Genetic uniformity in the quest of developing
high-performing cultivars has also contributed to vulnerability of rapidly evolving
pathogens to the point wherein diseases threaten global wheat production.

2.2 Impact of Biotic Stresses on Wheat Production

On average, about 20% of the wheat production globally is lost due to pests and
diseases every year (Anon 2014). Leaf rust became an increasingly important
disease after the wheat variety “Thatcher” became susceptible in 1938, destroying
millions of hectares in North America and since then it was considered as a
damaging disease in USA, former USSR, and China (Chester 1946). Modern wheat
cultivars continue to be affected by this disease worldwide. A cost benefit ratio of
1:27 was attributed for leaf rust resistant cultivar development at International
Maize and Wheat Improvement Center (CIMMYT) (Simmonds and Rajaram 1988).
The disease causes grain yield loss mainly by affecting both the number and weight
of wheat kernels (Huerta-Espino et al. 2011). Yield losses between 2000 and 2004
due to leaf rust was estimated at US$350 million in the USA alone. In Mexico,
yield losses to leaf rust accounted for US$32 million from 2000 to 2003, and
subsequently US$40 million from 2008 to 2009, In South America (Argentina,
Brazil, Chile, Paraguay, and Uruguay) between 1996 and 2003, the reported yield
loss amounted to US$172 million. The average annual yield loss of 3 million tons
was reported in China, whereas in Pakistan 10% yield loss to leaf rust were reported
in 1978, estimated at US$86 million. In Australia, potential yield losses annually to
leaf rust is estimated at AU$197 million under susceptible cultivars however, the
use of resistant cultivars can minimize the loss to about AU$12 million
(Huerta-Espino et al. 2011). In the first half of the 20th century, stem rust damaged
20% of wheat production in the USA with repeated epidemics between 1920 and
1960s. Yield loss ranging from 9% to 33% was recorded in Scandinavian countries
in 1951 and records of 5–20% loss in eastern and central Europe were reported in
1932. Severe stem rust epidemics were reported in spring wheat grown in northern
China and Inner Mongolia in the 1948, 1951, 1952, and 1956 cropping seasons
(Sharma 2012). In Australia, sporadic epidemics of stem rust caused losses of £2–
3 million (1889), £400,000 (1903), £2 million(1916), £7 million (1947), and the
most severe loss was reported in New South Wales with estimated losses of AU
$200–300 million (1973), which led to the establishment of the National Rust
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Control Program (Park 2007). A recent study estimated annual yield losses of wheat
due to stem rust could reach 6.2 million tons globally, equivalent to US$1.12 billion
(Pardey et al. 2013).

Chen (2005) reported 100% yield losses on stripe rust susceptible cultivars such
as “PS 279”, and yield losses can range from 10 to 70% depending on cultivar
susceptibility, time of the initial infection and degree of disease progress. In USA,
severe losses by yellow rust (YR) was reported in four years (1958–1961, 1974–
1978, 1980–1984, and 1999–2005) with significant damage in 2003 estimated at
US$300 million. In South Africa, US$2.25 million loss was reported in 1998 two
years post introduction. In 2002, China reported losses of 1.3 million tons of wheat
grain to stripe rust. Yield loss of 20–40% between 1990s and early 2000s was also
reported from Central Asian countries (Chen 2005). The 2003 epidemic of stripe
rust in Australia resulted in damage amounting to AU$40 million (Wellings 2011).
Fungal pathogens of diseases like rusts (Puccinia ssp.), powdery mildew (Blumeria
graminis), Septoria leaf blotch (Septoria spp.) and Fusarium species are ranked
among the most important fungal pathogens (Dean et al. 2012) in wheat growing
environments where conditions are favorable for pathogen buildup. In low wheat
production environments with lack of seed dressing treatments, diseases like smuts
and bunts are common (Oerke and Dehne 2004) and in specific wheat-growing
areas, fungal pathogens such as Pyrenophora tritici-repentis causing tan spot,
Oculimacula spp. causing eyespot of wheat and Cochliobolus sativus causing spot
blotchare of significant importance.

2.3 Implications of Climate Change

Climate change can create significant impact not only on the wheat production but
also on pathogen dynamics both at regional and global scale. In individual wheat
growing environments, shift towards warmer regimes and other climatic conditions
such as altered precipitation may result in resurgence and adaptation of older and
newer pathotypes of wheat diseases. These changes can also affect the seasonal
phenology (better synchronization of pathogen life-cycle events with their host
plants), the population dynamics (over-wintering and adaptation to warmer/cooler
conditions, and the geographic distribution (expansion or retreat of specific
pathogens with increased risk of pathogen incursion) (Chakraborty et al. 1998;
Chakraborty and Newton 2011). The impact of climate change on wheat diseases
has not yet been extensively studied. Some studies of potential impact of climate
change on wheat diseases have already been reported (Chakraborty et al. 1998;
Juroszek and von Tiedemann 2013). However, there is an increasing number of
studies focusing on specific wheat diseases in relation to climate change, e.g. future
changes of Fusarium foot rot in Australia (Backhouse and Burgess 2002), future
Karnal bunt risk in Europe (Dumalasová and Bartoš 2009), worldwide changes of
rust diseases in future (Chakraborty and Newton 2011), impact of climate change
on leaf rust in France (Caubel et al. 2017), stripe rust in central and eastern USA
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(Lyon and Broders 2017), and very recently with the emergence of new stem rust
races (Chakraborty et al. 2011; Juroszek and von Tiedemann 2013; Saunders et al.
2019) and Septoria tritici blotch risk in France (Gouache et al. 2013). These reports
suggest that climate change may modify the range of prevalent wheat diseases in
some regions that may turn, as a result currently economically less important wheat
pathogens into potential threats in the near future (Duveiller et al. 2007).

2.4 Important Biotic Stresses Limiting Wheat Production
in Different Environments

The following fungal pathogens are major biotic constraints in intensive wheat
production systems worldwide. First, there are the obligate fungal pathogens
(biotrophs); Blumeria graminis causing powdery mildew, Puccinia graminis tritici
causing stem rust, Puccinia recondita/Puccina triticina causing leaf rust, and
Puccinia striiformis causing stripe rust. Second, there are crop residue-borne
necrotrophic pathogens; Pyrenophora tritici-repentis causing tan spot,
Mycosphaerella graminicola causing Septoria tritici blotch, Phaeosphaeria nodo-
rum causing Septoria nodorum blotch, Cochliobolus sativus causing spot blotch,
and Fusarium graminearum and other Fusarium species causing Fusarium head
blight or scab. There are many more fungal pathogens which are causing wheat
diseases such as soil-borne root rots (Duveiller et al. 2007). In regions with low
productivity and without seed dressing, smuts (e.g. common bunt caused by Tilletia
caries) and bunts (e.g. Karnal bunt caused by Tilletiaindica) can be of significant
importance (Oerke 2006). More than 40 viral diseases of wheat Triticum species
have been documented; however, their significance is limited to specific geographic
regions causing substantial yield losses. Viruses belonging to the genus Bymovirus
(family Potyviridae) or the genus Furovirus (family Virgaviridae) are transmitted
by the root-infecting plasmodiophorid Polymyxa graminis Ledingham (Rao and
Brakke 1969) and some are insect-transmitted viruses. Insect transmitted viruses
belong to the family Luteoviridae causing Barley Yellow Dwarf (BYD) disease
transmitted by aphids, and the leafhopper-transmitted Wheat Dwarf Virus (WDV),
a member of the genus Mastrevirus within the family Geminiviridae. Furthermore,
the mite-transmitted Wheat Streak Mosaic Virus (WSMV) belonging to the genus
Tritimovirus within the family Potyviridae are important viral pathogens of wheat.
A comprehensive summary of wheat pathogens including fungi, viruses, and
bacteria (and economically important animal pests) is well documented (Bockus
et al. 2010). Economically important diseases in major wheat growing environ-
ments are discussed in detail below.
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2.4.1 Rust Diseases

Cereal rust fungi are ubiquitous pathogens, known to occur in most wheat pro-
duction environments causing substantial yield losses and very recently are con-
sidered a serious challenge to wheat production threatening the global wheat
supplies (Bhavani et al. 2019). It is estimated that average annual losses to wheat
rust pathogens range between US$4.3 to 5.0 billion globally (Beddow et al. 2015).
Documented evidence suggest rust diseases could be one of the earliest pathogens
wherein spores of stem rust dating back to 1300 BC were detected in Israel and also
reported as serious disease of cereals in Italy and Greece (Kislev 1982; McIntosh
et al. 1996). There are three wheat rust diseases, namely stem (black) rust, stripe
(yellow) rust and leaf (brown) rust, all belong to the family Basidiomycota, genus
Puccinia, and named P. graminis f. sp. tritici (Pgt), P. striiformis f. sp. tritici (Pst)
and P. triticina (Pt), respectively (McIntosh 1998).

2.4.1.1 Stem Rust

Stem rust (SR), or black rust is common in warmer environments usually detected
at later stages of crop growth (Roelfs et al. 1992). SR has the potential to com-
pletely destroy a healthy looking crop under epidemic situations and linear yield
losses have been observed, with early infections can result in shriveled or no grain
fill (Bhavani et al. 2019; Dean et al. 2012). SR epidemics have been significantly
curtailed worldwide using various approaches; through eradication of barberry
species between 1918 and 1980 in the USA (Singh et al. 2006) and in the UK, with
the deployment of wheat germplasm carrying broad effective SR resistance genes
and the use of fungicides. After effective control of SR for over three decades, the
recent emergence of SR race “Ug99” in East Africa posed a serious threat to global
wheat production (Bhavani et al. 2019; Singh 2006; Singh et al. 2015). The race
Ug99 (TTKSK) caused widespread damage in Kenya (Pretorius et al. 2000; Singh
et al. 2006, 2008a; Wanyera et al. 2006) carrying unique virulence as it was able to
overcome over 50% of the known SR resistance genes including widely deployed
genes Sr31, Sr38 and many other genes that were effective in different geographies
(Singh 2006; Singh et al. 2008a). Ug99 race TTKSK was first identified in Uganda
in 1999 and has spread through Africa and the middle east (Singh et al. 2015). The
origin of the TTKSK race is unknown, it is genetically distinct from other stem rust
races which indicate that this race did not evolve through mutations from other Pgt
races (Olivera Firpo et al. 2015; Pretorius et al. 2007; Singh et al. 2015; Visser et al.
2011, 2019). Detection of several new variants within the Ug99 race group with the
ability to overcome effective resistance genes substantially increased the vulnera-
bility of varieties not only in East Africa (Jin and Singh 2006; Singh et al. 2008a,
2015; Bhavani et al. 2019) but predicted migration paths threatened production in
other wheat growing environments (Singh et al. 2008a). In 2018, another new race
with virulence to Sr8155B gene was identified in Kenya (S. Bhavani unpublished
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data) and currently, seven of the 14 variants within the Ug99 race group have
evolved in Kenya, making it the hot spot for evolution of Ug99 race group (D.
Hodson pers. communication).

Ethiopia reported devastating localized epidemics of SR on variety “Digalu” in
2013caused byrace TKTTF, a SR race unrelated to the Ug99 race group (Olivera
Firpo et al. 2015), also previously reported in Turkey (Mert et al. 2012), Lebanon
and Iran (Singh et al. 2015). In addition to Digalu race group, diverse SR races with
rare combination of virulence to Sr9e and Sr13 have been found in the central
highlands of Ethiopia (Admassu et al. 2009; Olivera Firpo et al. 2012). Unusual SR
infections on winter and spring wheat were observed in 2013 season, which trig-
gered concerns if Ug99 had migrated to Europe. Race analyses found six SR races,
similar to variants of the Digalu race with additional virulence to Sr7a, Sr45, and
SrTt-3 were identified (Olivera Firpo et al. 2017). A race TKKTP with virulence
combination for Sr24, Sr36, Sr1A.1R and SrTmp genes has also been identified (Jin
and Singh 2006). This race and the TRTTF race (from Yemen and Pakistan) are the
only two known races that currently carry virulence to Sr1A.1R (Olivera Firpo et al.
2012). The re-emergence of common barberry has also accounted for SR epidemics
in oats in Sweden (Berlin et al. 2013). The race TKTTF has also been detected in
Germany, UK, Sweden and Denmark (Lewis et al. 2018). More recently the
Sicily SR epidemic of durum wheat was also caused by the race TTRTF
(Bhattacharya 2017) and recent studies reported its presence in Eritrea (Patpour
et al. 2020).

2.4.1.2 Stripe Rust

Stripe (yellow) rust (YR) is a common disease in almost all wheat-growing envi-
ronments. Even though YR is known to be well adapted to temperate areas with
humid and cool weather (Rapilly 1979), races that are more aggressive and adapted
to warmer temperatures have migrated and spread across geographies since 2000
(Ali et al. 2014; Hovmøller et al. 2010; Singh et al. 2015). Race shifts towards
higher rates of mutation for virulence within the Pst pathogen (Hovmøller and
Justesen 2007) has resulted in the vulnerability of widely deployed cultivars (Milus
et al. 2015). Global estimate of yield losses to YR alone is 5.5 million tons per year
(Beddow et al. 2015). Production losses in North America alone since 2000
exceeded over one million tons (Wellings 2011) and in China, over 1.8–6.0 million
tons yield losses were observed under epidemic conditions (Wan et al. 2007).
Similar reports of yield losses to YR in Europe in the recent decade have been
attributed largely to the race shifts derived from the Himalayan region (Hovmøller
et al. 2016). Historically, impact of newly evolved YR races on wheat productivity
have been occasional, however, new incursions have often resulted in widespread
damage, e.g. incursion of YR races from Europe into eastern Australia in 1978
(Wellings and McIntosh 1990) and western Australia in early 2002 (Hovmøller
et al. 2008; Wellings et al. 2003). Exotic incursions of YR races replaced the
existing populations in the USA since 2000 (Markell and Milus 2008; Milus et al.
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2009) and race shifts in the European Pst populations in 2011 and 2012 by races
from the Himalayan region (Hovmøller et al. 2016; Hubbard et al. 2015) are very
good examples of exotic races with different genetic Pst lineages causing significant
impact on host susceptibility. A recent study linking both virulence and race
structure with recent YR epidemics in different geographies (Ali et al. 2017) sug-
gested different Pst races in distinct genetic lineages, where aggressive strains
adapted across diverse environments were spreading across continents, including
the more recent outbreak of YR in Argentina (Hovmøller et al. 2008; Carmona et al.
2019).

2.4.1.3 Leaf Rust

Leaf (or brown) rust (LR), is the most common rust disease in both winter wheat
and spring wheat growing areas as well as in durum wheat. Yield losses due to LR
can be substantial if susceptible varieties are infected at early stages coupled with
favorable temperatures and moisture conditions resulting in rapid progress in short
time span. Yield losses are largely due to the reduction of kernels per spike and
lower kernel weights (Chester 1946). LR shows widespread adaptation from warm
to hot weather, such as the great plains of North America, southeast Asia, Russia
and central Asia to southeastern US, Mexico, Uruguay, Argentina, Turkey, China
and southern Europe. Populations of Pt are specifically adapted to either tetraploid
durum wheat or hexaploid common wheat (Anikster et al. 1997) and races con-
ferring virulence to several of the LR genes are prevalent throughout the world
(Roelfs et al. 1992). Since the early 2000s, races of Pt that are highly virulent on
durum wheat cultivars have spread across South America (Ordoñez and Kolmer
2007), Mexico (Singh et al. 2004a), Europe (Goyeau et al. 2006), the Mediterranean
basin, and the Middle East (Kolmer 2001).

On a global scale, most populations of Pt are unique in their virulence and
molecular genotypes. Even though the most common mode of evolution is through
mutation and selection in a given environment, there is evidence for recent
migration of Pt races between different continental regions. Since the mid-1990s,
isolates of Pt with virulence to Lr1, Lr3a, and Lr17a and avirulence to Lr28 have
increased and spread across the US and Canada (Kolmer 1998; Long et al. 2000).
These isolates also had a unique molecular genotype, which indicated that these
were likely recently introduced to North America (Kolmer and Anderson 2011).
Since the early 2000, these isolates with identical or highly similar virulence and
molecular genotypes have been found in Europe (Kolmer et al. 2013), South
America (Germán et al. 2007), Ethiopia (Kolmer and Acevedo 2016), Turkey
(Kolmer et al. 2013) and Pakistan (Kolmer et al. 2017). Similarly isolates of Pt with
virulence to durum wheat that also have identical or highly related molecular
genotypes have been found in the Middle East, South America, Europe, Ethiopia,
Tunisia, Mexico and the US (Ordoñez and Kolmer 2007).
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2.4.2 Non-rust Diseases

2.4.2.1 Powdery Mildew

In contrast to rusts, powdery mildew caused by B. graminis f. sp. tritici is more
common in humid rain-fed conditions or irrigated conditions, which favor suc-
cessful infection. The disease strongly influenced by the amount of nitrogen
application, large single doses or excessive multiple applications of N fertilizers can
result in serious outbreaks (Chen et al. 2007). Cooler and humid regions of Asia,
Japan and North and East Africa, Northern parts of Europe and America are regions
where powdery mildew is an important pathogen. Early infection of powdery
mildew stimulates non-productive tillers, which reduces food reserves affecting the
grain yield and low levels of disease in susceptible varieties can still reduce yield
significantly (Bowen 1991; Everts 1992). Reduction in yield was significant when
high disease severity was observed at Feekes stage 10 (booting stage) (Large 1954)
and at Feekes 9 (expanded flag leaf), susceptibility ratings of the Feekes 1 to 3
leaves were most useful yield predictions. Application of fungicide at Feekes 9 or
earlier stages is important if disease has been detected early with faster progress
(Royse et al. 1980). Yield losses up to 40% have been observed and losses are
related to the reduction in grain size and number per unit area, which largely depend
on host resistance/susceptibility (Bowen 1991; Royse et al. 1980). Impact of
powdery mildew can result in reduced flour protein but has no significant effect on
milling and baking quality (Johnson et al. 1979).

2.4.2.2 Fusarium Head Blight

Fusarium head blight (FHB) is one of the most devastating disease of wheat
globally, with major epidemic regions in North America, Europe, East Asia and the
Southern Cone of South America. Many species in the genus Fusarium cause FHB,
but it is F. graminearum species complex that has global importance and has been
found in all major epidemic regions. The disease is favored by warm and humid
environment around anthesis, leading to yield reduction and quality deterioration.
More importantly, the disease produces a range of mycotoxins, particularly
deoxynivalenol (DON, or vomitoxin), which are toxic to humans and animals,
raising a serious concern to food and feed safety (Buerstmayr et al. 2020). In many
countries, regulations on DON in wheat and its products have been set up, and the
market price of wheat grain may be significantly reduced if DON content exceeds a
certain threshold. In USA, losses attributable to FHB in wheat and barley between
1993 and 2001 were estimated at US$7.67 billion (McMullen et al. 2012). In China,
the epidemic has increased significantly in the last two decades, amounting on
average 5.3 Mha and reached 9.9 Mha in the 2012 great epidemic (Zhu et al. 2019).
Yield reductions can reach up to 50–70% in Europe and South America
(Buerstmayr et al. 2020).
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2.4.2.3 Wheat Blast

Wheat blast (WB) caused by the ascomycetes fungus Magnaporthe oryzae
pathotype triticum (MoT) is one of the devastating diseases in warm and humid
wheat growing regions. It can infect all the aerial parts of wheat, but completely or
partially bleached spike is the typical symptom. WB was initially identified in the
Parana state of Brazil in 1985; afterwards, its rapid widespread to the neighboring
states in Brazil and other countries of South America raising serious concerns. The
recent outbreak in Bangladesh in 2016 raised a major concern on wheat production
in South Asia (SA), as nearly 7 Mha of the wheat growing areas in SA are vul-
nerable to WB. More recently, occurrence of WB has been reported from Zambia
which can be a major threat for wheat production and trade in Africa (Tembo et al.
2020). Under favorable temperatures of 25–30 °C and high humidity, the disease
can cause high yield loss ranging from 10 to 100% depending upon the level of
infection (Ceresini et al. 2016).

The long-distance spread of the pathogen occurs through infected seeds, fol-
lowed by the air transmission; therefore, seed quarantine and chemical treatment
can effectively manage the primary inoculum load. For field WB management,
foliar fungicides application such as demethylation inhibitors (DMI), quinone
outside inhibitors (QoI) and succinate dehydrogenase inhibitors (SDHI) are sug-
gested to be used in combination/rotation so as to reduce the fungal resistance
against the fungicides (Cruz and Valent 2017). Various agronomic practices viz.
optimizing planting dates, weed management, crop rotation with non-hosts and
avoiding excessive nitrogen application are reported to be effective in WB control.
However, all these measures do not work well under high disease pressure, thus
they should be used in combination with genetic resistance to achieve a better
management.

2.4.2.4 Karnal Bunt

Tilletia indica (syn. Neovossiaindica) is a hemibiotrophic fungus which was first
described to cause disease in the Indian city of Karnal, hence called ‘Karnal bunt’
(KB). Currently the disease is distributed in parts of Asia (India, Nepal, Pakistan,
Iraq, Iran, Afghanistan), Africa (South Africa), and the Americas (USA, Mexico,
Brazil). Though the estimated average yield losses due to KB are as low as 0.01–
1%, it is an important disease from international trade perspective where many
member countries of WTO use it as a non-tariff barrier. KB significantly deterio-
rates the wheat quality in terms of reduced vitamins, amino acids, weakened dough,
and loss in flour recovery, ultimately affecting the human consumption negatively
(Bishnoi et al. 2020).

The conducive conditions for disease development are high humidity with cool
temperature (<20 °C) favoring teliospore germination. Infected spikes disperse
teliospores that become inoculum for the next season, and the teliospores are
reported to remain viable for long durations, indicating the spatial and temporal
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dispersal capability of the disease (Carris et al. 2006). Identifying the disease in
field is difficult due to confounding the symptoms with other bunts, thus, making
the laboratory and molecular confirmation essential. Laboratory confirmation
includes observing teliospores under the microscope for specific morphological
characteristics, and molecular characterization adds precision to teliospore mor-
phology with T. indica specific markers (Bishnoi et al. 2020; Kumar et al. 2021).

2.4.2.5 Tan Spot

Tan spot (TS) is caused by the necrotrophic fungus Pyrenophora tritici-repentis
(Died.) Drechs. The disease frequently appears in the warm and humid growing
regions of bread and durum wheat, especially Canada, Australia, USA and South
Africa. Yield and quality losses are common under high disease pressure. Reduced
or no-till approaches to prevent soil erosion are important reasons for increased
disease pressure. Residue from previous crop carrying pathogen inoculum is con-
sidered one of the main inoculum sources. Another major reason that corresponds
with increased pathogen virulence is acquisition of a host-selective toxin
(HST) PtrToxA by P. tritici-repentis from Stagonospora nodorum via horizontal
gene transfer which overcame the resistance of most cultivars carrying Tsn1 gene
(Friesen et al. 2007). Based on type of lesion (chlorosis or necrosis) and HSTs
produced, P. tritici-repentis is classified into eight races using six differential
genotypes (Table 2.1).

Table 2.1 Reaction of eight characterized races of Pyrenophora tritici-repentis on bread and
durum wheat differential lines. Resistance and susceptible response are indicated as R and S,
respectively

Race
information

Associated
toxins

Reaction of differential genotype set

Glenlea 6B662 6B365 Salamouni Coulter 4B1149

1 PtrToxA,
PtrToxC

S
(necrosis)

R S
(chlorosis)

R S
(necrosis)

R

2 PtrToxA S
(necrosis)

R R R S
(necrosis)

R

3 PtrToxC R R S
(chlorosis)

R S
(necrosis)

R

4 None R R R R R R

5 PtrToxB R S
(chlorosis)

R R S
(necrosis)

R

6 PtrToxB,
PtrToxC

R S
(chlorosis)

S
(chlorosis)

R S
(necrosis)

R

7 PtrToxA,
PtrToxB

S
(necrosis)

S
(chlorosis)

R R S
(necrosis)

R

8 PtrToxA,
PtrToxB,
PtrToxC

S
(necrosis)

S
(chlorosis)

S
(chlorosis)

R S
(necrosis)

R
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2.4.2.6 Septoria NodorumBlotch (SNB)

Stagonospora nodorum, a filamentous ascomycetes fungus, causes wheat leaf and
glume blotch and affects wheat yield and quality in the warm and humid areas
particularly in Australia, USA, parts of Europe and southern Brazil. Short incu-
bation period enables the pathogen for multiple infection cycles within a season.
The fungus can reproduce through asexual conidia and frequent sexual reproduction
due to availability of both mating types (MAT1-1 and MAT1-2). Sexual repro-
duction creates large genetic variability and best-fit strains multiply asexually,
having great potential to overcome the effects of resistance genes or fungicides.
Therefore, focus should be on the enhancement of quantitative/horizontal resistance
in the targeted wheat population, from a breeding perspective (Cowger et al. 2002).
SNB produces multiple HSTs, of which 15 have been identified so far. The HSTs
(e.g. SnToxA) interact with the corresponding host sensitivity genes (e.g. Tsn1) in
an ‘inverse gene-for-gene’ manner that causes infection in the host, just as in tan
spot. So far, nine necrotrophic effectors (NE) and sensitive gene interactions viz.
SnToxA-Tsn1, SnTox1-Snn1, SnTox2-Snn2, SnTox3-Snn3-B1, SnTox3-Snn3-D1,
SnTox4-Snn4, SnTox5-Snn5, SnTox6-Snn6, and SnTox7-Snn7 have been identified
in wheat. Three important NE genes in the pathogen viz. SnToxA, SnTox1, SnTox3
and one important host sensitivity gene in wheat viz. Tsn1 have been cloned which
has helped in the extensive study of three important interactions viz. SnToxA-Tsn1,
SnTox1-Snn1 and SnTox3-Snn3-B1 for better understanding the molecular basis of
SNB (Ruud et al. 2019). These studies have indicated that one interaction may
enhance or suppress the other interactions depending upon the genetic backgrounds
of pathogen/cultivar, which is important from a breeding perspective (Ruud et al.
2017). Tsn1 was identified on chromosome 5BL (Faris et al. 2010), whereas both
Snn1 and Snn3-B1 were mapped on 5BS (Ruud et al. 2017). Negative selection of
host sensitivity genes during the breeding program would accelerate the breeding
progress of resistant varieties.

2.4.2.7 Spot Blotch

Spot blotch (SB) caused by Bipolarissorokiana (telemorph Cochliobolus sativus) is
a destructive disease of wheat in the warm and humid growing regions, especially
South Asia, Latin America and Southern Africa. The pathogen causes average yield
loss of 15–20%, but under favorable environmental conditions yield loss of up to
87% has been detected on the susceptible varieties(Gupta et al. 2018). The pathogen
can infect all parts of the wheat plant, but leaf infection is the most typical where
infection starts from the older leaves and then progresses upward towards the
younger leaves. High temperature (18–32 °C) and humidity (>90%) favors the
disease establishment.
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2.4.2.8 Septoria Tritici Blotch

Septoria tritici blotch (STB) is caused by the fungal species Zymoseptoria tritici
(teleo. Mycosphaerella graminicola). The pathogen is heterothallic with two mating
types and thus has frequent sexual reproduction, resulting in a high level of genetic
variation (Cowger et al. 2002). Additionally, Z. tritici can make multiple infections
during a cropping season, greatly accelerating its evolving speed, leading to a series
of problems in STB management, such as break down or erosion of host resistance
and fungal resistance to fungicide. Losses to STB can range between 30 and 50%
only during severe epidemics in areas with extended periods of cool, wet weather,
particularly North America (USA, Canada, Mexico), East Africa (Ethiopia, Kenya),
South America (Brazil, Chile, Uruguay, Argentina) and the most damage occurs in
Europe and CWANA (Central and West Asia and North Africa) region (Van Ginkel
et al. 2002).

Because fungicides usually exhibited low efficiencies in STB control, multiple
fungicidal applications are often needed under high disease pressure, leading to
high costs to wheat farmers. In Europe, about 70% (US$1.2 billion) of the total
fungicide application in cereal crops were for controlling STB. Nevertheless, this
disease has been compromised by the emergence of fungicide resistance in Z. tritici,
and the new regulation in EU on reducing fungicide application favors the active
utilization of other STB management strategies such as host resistance (Torriani
et al. 2015).

2.4.2.9 Root Diseases

The healthy root system of a wheat plant is the key for the water and nutrient
uptake. Root rots are among the major diseases of wheat resulting in a significant
yield loss throughout the world and are found wherever cereal-based farming
system dominates (Cook 2001). Because the roots are not typically visible,
symptoms of root rot become apparent only when the disease is advanced. Root rot
pathogens in cereals include Heterodera species, cereal cyst nematode (CCN),
Pratylenchus species, root-lesion nematode (RLN) and many fungal species.
Among the latter are Gaeumannomyces, Pythium, Rhizoctonia, Fusarium, Bipolaris
genera, and different species of these genera are favored by different soil, cropping
system and climate (Cook 2001). The pathogens have a wide host range and can
survive in the soil/organic residue for many years. Root rot symptoms are difficult
to identify clearly but generally are characterized by discoloration of roots,
coleoptiles and stem bases of the infected seedling. Root rot fungi also may attack
the upper parts of plants which may result in foliage lesions, head and seedling
blight.

Take-all (Gaeumannomyces graminis) is the dominant root disease favored by
the moist and cool conditions in winter season followed by the moisture stress
during anthesis. There is often a build-up of antagonistic microorganisms following
one or two take-all outbreaks, turning soils to be suppressive and subsequently
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reducing the disease. Registered fungicides might be an option to control the dis-
ease (Cook 2001; James Cook 1992). Pythium is a pathogen having a wide host
range causing root rot and seedling damping off. Pythium infects root system via
root tips and root hairs and can also penetrate the embryo of germinated seed. Main
Pythium symptoms are stunting and yellowing of leaf tissue, which sometimes may
be misdiagnosed as nitrogen deficiency. Infected roots are stunted and light
brown-yellow coloration is seen near the tips. Infected plants develop poorly filled
heads and is often misdiagnosed as Rhizoctonia damage. Rhizoctonia disease can
prune off the root and causes water and nutrient stress which causes crop damage. It
survives in the top of the soil (0–10 cm) on organic matter (Cook et al. 2002).
Fusarium spp. especially F. culmorum and F. pseudograminearum cause root
diseases on cereals, including foot rot, root rot, and crown rot. Crown rot is the most
widely accepted name for this disease, which encompasses symptoms on the lower
part of the wheat plant, including the subcrown internode, crown, crown roots and
lower stem including nodes and internodes. Diseased plants are characterized by
fungal colonization on the wheat stems, crown and root tissues leading to a
honey-brown discoloration of the leaf sheaths and lower stem, and necrosis of the
crown region (Scherm et al. 2013). Bipolaris spp. especially B. sorokiniana cause
common root rot of wheat worldwide, which produces a brown to black discol-
oration of the sub-crown internode.

Three major species belonging to CCN viz. Heteroderaavenae, H. latipons, and
H. filipjevi, are distributed worldwide and cause severe damage in cereals. The
Pratylenchus species, especially P. thornei, P. crenatus, P. neglectus and
P. penetrans, are widely distributed pathogens for RLN (Dababat et al. 2014). CCN
is monocyclic as it completes only one cycle per season while RLN is polycyclic
due to a higher multiplication rate of three to five generations per year. RLN causes
stunted and poorly tillered plants. The badly damaged roots are thin and poorly
branched with short and knotted laterals. CCN can be identified easily through
patches and stunted plants. Below-ground symptoms are white females on roots
which can be seen with naked eyes in springtime. Identifying which root rot
pathogen is present in the field by classical and/or molecular tools is the most
important point to tackle the disease (Table 2.2).

2.5 Prospects of Genetic Control, Types of Resistance,
Strategies to Deploy Different Resistance Mechanisms
to Attain Resistance Durability

Even though numerous pests and diseases are known to reduce grain yield and
quality in wheat, the three rusts, powdery mildew fungi and other head, foliar and
root diseases, continue to be economically important in spite of the extensive use of
host resistance and fungicides. The evolution and spread of virulent and aggressive
race lineages of rust fungi threaten wheat production worldwide. Fusarium head
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blight, leaf-spotting diseases, including more recently, wheat blast (in South
America and Bangladesh) have become significantly important in recent years.
High diversity for race-specific and quantitative resistance is well known for most
diseases. Selection through field phenotyping coupled with complementing
molecular tools/strategies can offer great promise in achieving durable resistance
and enhancing wheat production and productivity. Disease resistance remains a
core trait for several plant-breeding programs, and a complete package of high
yield, disease resistance, agronomic performance and end-use quality is most pre-
ferred in varieties that are released globally.

Table 2.2 Characteristics of the root rot diseases

Disease Causal pathogen Symptoms Host(s) Survival

Take-all
(GGT)

Gaeumannomyces
graminis var. tritici

Patches, blackening of
roots, plant are easy to
pull from the soil

Wheat,
barley,
rye, oat,
grasses

Grass,
stubble

Pythium
root rot

Pythium spp. Patches yellow to
brown root system

Wheat,
barley,
triticale,
oats,
grasses

Resting
spores

Rhizoctonia
bare patch

Rhizoctonia solani Stunting of plants,
seedling rots, roots
stunted with spear
point

Wheat,
barley,
triticale,
grasses

Plant
residue,
hyphal
fragments

Crown Rot
(CR)

F.
pseudograminearum,
F. culmorum

Scattered plants,
browning of stem base,
crown, white heads,
pinched no grain, pink
lower nodes

Wheat,
barley,
triticale,
grasses

Volunteer
grass,
stubble
residue

Common
root rot
(CCR)

B. sorokiniana Patches, Dark brown
discoloration on
sub-crown internode

Cereals,
grasses

Spores in
soil,
stubble
residue

Cereal cyst
nematode
(CCN)

H. avenae, H.
filipjevi, H. latipons

Patches, stunted yellow
plants, multiple short,
branched roots, cysts
visible on roots in
spring

Wheat,
barley,
oat,
triticale,
and
grasses

Eggs,
cysts

Root-lesion
nematode
(RLN)

Pratylenchus spp. Patches, chlorosis of
lower leaves, stunting,
fewer tillers, and
delayed plant growth

Wheat,
grasses

Eggs,
nematodes
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2.5.1 Types of Resistance

There are two main ways to control diseases in wheat viz. incorporating genetic
resistance through breeding and chemical control using fungicides. Genetic control
has advantages for environmental and economic reasons, particularly for resource
poor farmers in the developing world and the possibility that rust pathogens
develop resistance to fungicides (Carmona et al. 2020). Genetic resistance deployed
by wheat breeders belong to two general classes of genes based on their phenotypic
effects, pathogen race-or strain-specific resistance (R-genes) and adult plant resis-
tance (APR) genes. R-genes mostly function at all growth stages whereas APR
genes function mainly at the adult stage. Wheat rust resistance genes of both R and
APR classes are designated Lr, Sr, and Yr for leaf, stem, and stripe or YR resis-
tance, respectively.

2.5.1.1 Race-Specific/Seedling Resistance

Race specific, or seedling resistance/all stage resistance/qualitative resistance is
effective at all growth stages and belongs to the “R-gene” class (Ellis et al. 2014).
R-genes are perceived to confer a major resistance effect/complete resistance,
However majority of the R-genes conferring rust resistance do not confer clean
phenotype (McIntosh et al. 1996) and some are influenced by varying temperature
and light regimes (Chen et al. 2015; Chen 2013; Forsyth 1956). The ease of
selecting these genes at both seedling and field stages has made it easier to
incorporate such resistance in several wheat breeding programs. However,
deployment of single R-genes has often resulted in pathogen acquiring virulence
post deployment as varieties in a short period leading to “boom and bust cycles”
e.g. widespread virulence for Yr9 and Yr27 genes (Hovmøller et al. 2008), virulence
for Sr31 gene and other important SR genes Sr24, Srtmp to the Ug99 race group
(Jin et al. 2008; Patpour et al. 2016; Pretorius et al. 2000) and ineffectiveness of LR
resistance genes in the United States (Kolmer and Hughes 2015). However,
deployment of genes in combination often referred as “pyramiding” can effectively
enhance durability of resistance and keep pathogen populations under check.

2.5.1.2 Adult-Plant Resistance (APR) Genes Conferring Pleiotropic
Effects

Race-nonspecific resistance often referred as adult plant resistance or partial
resistance is effective against wider races of a pathogen species and/or effective
against broad range of pathogens. APR is generally quantitative, exhibiting
incomplete resistance that is usually expressed at later stages of plant development.
These genes help slow the disease progress through increased latency period,
reduced infection frequency, reduced pustule size and thus resulting in lower spore
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production. The phenotypic effects of such genes is relatively minor or inadequate
when alone, however, additive effects of such minor APR genes (4–5) in combi-
nations (Knott 1988; Singh et al. 2004b, 2015) can result in enhanced levels of
resistance.

Lr34 was first reported in cultivar “Frontana” (Dyck et al. 1966), although it has
been a part of wheat improvement since the early 20th century. Wheat cultivars
containing Lr34 are widely present and occupy more than 25 million ha in
developing countries and is effective in reducing yield losses in epidemic years
(Marasas et al. 2003). The Lr34 gene has remained durable as virulence for this
gene has not been observed for more than 60 years. Lr34 is located on the short arm
of chromosome 7D (Dyck 1987). This gene confers modest levels of resistance and
has pleiotropic effects on resistance to multiple diseases such as YR, SR, powdery
mildew, barley-yellow dwarf virus and spot blotch (Lr34/Yr18, Sr57, Pm38, Bdv1
and Sb1), respectively (Krattinger et al. 2009b; Lagudah et al. 2006, 2009; Lillemo
et al. 2007). Lr34 is associated with a morphological marker expressed as leaf tip
necrosis (LTN) on the flag leaves, which can be used as a phenotypic marker (Singh
1992b). Lr34 was cloned and the gene encodes a full-size ATP-binding cassette
(ABC) transporter (Krattinger et al. 2009b). Based on the knowledge of the Lr34/
Yr18 gene sequence, gene-specific markers were developed and have proven to be
highly diagnostic for the Lr34 gene (Lagudah et al. 2009).

Lr46 was first described in 1998 in cultivar “Pavon 76” (Singh et al. 1998) and is
located on chromosome 1BL. The latency period of infected adult plants carrying
Lr46 was significantly lower compared to the controls without the gene (Martínez
et al. 2001). The resistance type conferred by Lr46 is similar to that of Lr34,
although smaller in effect and is also known to confer partial APR to YR, SR,
powdery mildew with corresponding designations Yr29, Sr58 and Pm39, respec-
tively (Singh et al. 2015; Bhavani et al. 2019). Lr46 is also associated withLTN and
is very common in both old and new wheat varieties including durum wheat (Lan
et al. 2017a).

The Lr67 gene was identified in the common wheat accession “PI250413”
(Dyck and Samborski 1979) and transferred into “Thatcher” to produce the isoline
“RL6077” (Thatcher*6/PI250413). Lr67 shows similar pleiotropic effect as Lr34
due to the association with resistance to SR (Dyck et al. 1994) and YR (Singh
1992a). However, Lr67 confers a lower level of LR resistance than that conferred
by Lr34 (Hiebert et al. 2010). It was earlier assumed that the gene in RL6077 could
be Lr34 translocated from chromosome 7D to a different chromosomal location,
however later studies showed that Lr34 is not present in RL6077 (Lagudah et al.
2009). Recent studies mapped Lr67/Yr46/Pm46 on chromosome arm 4DL (Hiebert
et al. 2010; Herrera-Foessel et al. 2014). Cloning elucidated that Lr67 gene encodes
a hexose transporter (Moore et al. 2015). Lr68 is another APR gene located on
chromosome arm 7BL, that confers slow rusting resistance to wheat LR
(Herrera-Foessel et al. 2012). This gene was first described in CIMMYT’s spring
bread wheat “Parula” (Pedigree: FKN/3/2*Frontana//Kenya 350 AD.9C.2/Gabo 55/
4/Bluebird/Chanate). Parula was developed by CIMMYT in 1981 and is also
known to carry Lr34 and Lr46 (William et al. 2007) and likely origin of Lr68 is the
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Brazilian cultivar “Frontana” (Herrera-Foessel et al. 2012). Lr68 showed a weaker
effect than Lr34, Lr46 and Lr67 but combined effect of Lr34, Lr46 and Lr68 in
Parula resulted in near immunity (Lillemo et al. 2011; Herrera-Foessel et al. 2012),
however its effect on other diseases could not be determined.

Stem rust gene Sr2 is one of the most important and widely used gene, confers
modest levels of resistance and has been effective until date (over 100 years) even
to the more recent and virulent Ug99 and Digalu race groups of SR in East Africa.
This gene was transferred from “Hope” and “H-44” into common cultivars
(McFadden 1930) and is derived from a tetraploid “Yaroslav” emmer. The Sr2 gene
is located on chromosome arm 3BS. This gene was widely used by Dr. N. E.
Borlaug when he initiated wheat breeding in 1944 in Mexico, which resulted in
varieties such as “Yaqui 50” and several high yielding semi dwarf varieties that
were deployed in different wheat programs (Singh et al. 2015). The Sr2 gene shows
pleiotropic effects with YR resistance gene Yr30 that also confers moderate resis-
tance. Sr2 gene is also associated with a morphological marker called pseudo-black
chaff (PBC) that is expressed as purplish pigmentation on the glumes, internodes
and peduncles under favorable conditions. Efforts to combine Sr2 with other minor
effect genes to enhance SR resistance in breeding materials at CIMMYT has
resulted in several resistant or moderately resistant varieties. Several new unchar-
acterized slow rusting genes, some potentially pleiotropic, have been identified in
the recent years (Rosewarne et al. 2013; Li et al. 2014; Yu et al. 2014) suggesting
diversity for APR QTL and their potential in breeding resistant varieties.

Other adult plant resistance genes reported to confer partial or slow rusting
include Lr74 (Kolmer et al. 2018b), Lr75 (Singla et al. 2017), Lr77 (Kolmer et al.
2018c), and Lr78 (Kolmer et al. 2018a) for LR, Yr11, Yr12, Yr13, Yr14, Yr16, Yr36,
Yr39, Yr52, Yr59, Yr62, Yr68, Yr71, Yr75, Yr77, Yr78, Yr79, Yr80 and Yr82 (Chen
and Kang 2017; Feng et al. 2018; McIntosh et al. 2017; Nsabiyera et al. 2018;
Pakeerathan et al. 2019) for YR and more recently Sr56 identified in cultivar
‘Arina’ for SR (Bansal et al. 2014).

Currently, over 220 rust resistance genes viz. 79 LR resistance genes (Qureshi
et al. 2018a), 82 YR resistance genes (Pakeerathan et al. 2019) and 72 SR genes
(Chen et al. 2020; McIntosh et al. 2017) have been formally cataloged and des-
ignated of which majority of them confer race specific resistance and only a few
genes confer slow rusting/partial adult plant resistance to the three rust diseases.

2.5.2 Enhancing Durable Rust Resistance in Wheat
Breeding Germplasm at CIMMYT

Wheat breeding at CIMMYT focuses on small-holder farmers across wheat
growing regions of Asia, Africa and Latin America, and strongly emphasizes
selecting high-yielding wheat germplasm that possesses good levels of rust resis-
tance based on diverse combinations of multiple pleiotropic resistance genes and
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other QTLs with significant progress made for all three rusts (Singh et al. 2015;
Bhavani et al. 2019). Breeding for rust resistance has been a rigorous exercise
owing to the continued evolution and selection of pathogen for new virulence to
previously effective resistance genes largely through mutation or sexual recombi-
nation, or transboundary migration of races to new wheat production environments.
In most developing countries, varieties with genetic resistance are preferred by
farmers; therefore, resistance is a required trait for release. Even though several
race-specific resistance genes have been identified only a handful of genes are used
actively in breeding as several genes are only effective in certain environments and
majority are easily overcome in few years of deployment, linkage drag associated
with genes transferred from secondary and tertiary gene pools or originating from
unadapted genetic backgrounds.

One of the best approaches to utilize these race-specific resistance genes is
through pyramiding combinations of multiple effective genes in varieties.
Molecular markers linked to some of the effective resistance genes have facilitated
the selection for multiple resistance genes and releases of varieties that carry them.
However, the lack of diagnostic markers to select genes in different genetic back-
grounds leaves no option but to use field-based selections under artificial epidemics,
which continues to be the most common practice in several breeding programs.

Other approach is to utilize quantitative APR in breeding, although the indi-
vidual effects of pleiotropic APR genes and other QTLs are small or moderate in
their effect when present alone; near-immune levels of resistance have been
achieved by combining 4 to 5 of these genes that often have additive effects (Singh
et al. 2008b, 2015). Incorporating such type of resistance has been found to enhance
durability and significant progress was made for LR resistance, and more recently
for resistance to Ug99 race group and stripe rust resistance in CIMMYT germplasm
using a single back cross selected bulk scheme (Singh et al. 2015, 2016). Although
breeding for APR is cumbersome initially, additive effect of multiple minor APR
genes enables combinations of high disease resistance, which can be simultaneously
selected together with high yields with appropriate agronomic traits and the fre-
quency of these genes can be increased within the breeding germplasm.
Comparison of grain yield performance of 697 EYT lines (Stage II) 2018–19
derived from Mexico Shuttle and Mexico Kenya Shuttle breeding schemes iden-
tified similar frequency of lines that combine high yield potential and SR resistance
(Fig. 2.1) and significant progress has been achieved in combining yield potential
and rust resistance in CIMMYT breeding lines.

One of the prerequisites for enhancing APR is the absence of epistatic
race-specific resistance gene interactions in breeding materials, which enables
selection of transgressive segregants with low disease severity under high disease
pressure to select for combinations of APR based on their additive effects. The
progress in breeding APR to the Ug99 race group was facilitated by extending
shuttle breeding scheme and testing between field sites in Mexico and Njoro,
Kenya. Combinations of diverse multiple minor genes based APR is especially
important to curtail the evolution of new virulent races in most wheat growing
environments. Majority of the race specific genes also condition intermediate
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resistance phenotype and interactions of these moderately effective genes in good
APR backgrounds have also enhanced the resistance to the rust diseases in
CIMMYT germplasm. We have shown that the success in achieving high levels of
complex APR to rusts in the CIMMYT high-yielding germplasm has enhanced
resistance durability, provide excellent yield protection, and free up resources to
focus on much needed, accelerated yield enhancement and make progress toward
resistance to other diseases that are gaining importance. Despite significant pro-
gress, incursion and evolution of new races in East African region both for SR and
YR has rendered some R-genes carrying varieties susceptible, favourable climatic
conditions and incursion of new YR races into Europe, Asia and the America’s has
further compounded the biotic stress constraints in the region especially with
dependence on R-genes based resistance (Hovmøller et al. 2008, 2016; Milus et al.
2009; Olivera Firpo et al. 2015; Singh et al. 2015; Ali et al. 2017; Lewis et al.
2018).

2.5.3 Genetics and Breeding of Other Wheat Foliar
and Root Diseases

Many race-specific resistance genes against powdery mildew are deployed in wheat
cultivars. Currently, 68 resistance genes conferring resistance to wheat powdery
mildew are known (He et al. 2020). However, cultivars in general carry only one or
very few resistance genes which results in selective pressure on the pathogen
population to acquire virulence and therefore, resistances are of low durability
(Parks et al. 2008; Shah et al. 2018). Several of these race-specific resistances have
been easily overcome by simple genetic changes in the pathogen, e.g. Pm8 and
Pm17 were overcome already in the 1980s. Pm4a was overcome in some areas of

Fig. 2.1 Performance of grain yield of 697 EYT lines (Stage II) 2018–19 derived from Mexico
Shuttle and Mexico Kenya Shuttle breeding schemes
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China and Pm21 was overcome after extensive use in Europe (Gao et al. 2012).
Therefore, deployment of race-nonspecific pleotropic resistances, such as Lr34
[Syn. = Yr18 = Sr57 = Pm38 = Sb1 = Bdv1 = Ltn1], Lr46 [Syn. = Yr29 =
Sr58 = Pm39 = Ltn2] and Lr67[Syn. = Yr46 = Sr55 = Pm46 = Ltn3], which is
also effective against powdery mildew in combination with other resistance genes,
can prevent the emergence of new virulent races and enhance durability. In addi-
tion, more than 100 QTLs have been identified and can be employed in
marker-based selection procedures (Keller et al. 1999; Marone et al. 2012; Asad
et al. 2014). Genome editing technology in the recent years has shown great
potential to surpass the bottlenecks of conventional resistance breeding. This
technology offers the modification of specific target genes in elite varieties, thus
bypassing the whole process of crossing. Recent advances in gene-editing tech-
nology can also offer avenues to building resistance durability. Genome editing was
found to be effective in improving powdery mildew resistance by editing Mlo
homologs in wheat to produce a triple knockout in hexaploid wheat (Wang et al.
2014c). As gene-editing technology develops, site-specific editing of alleles may
become practical in the future.

FHB resistance is a typical quantitative trait, conditioned by numerous genes of
minor effects. The complexity of FHB resistance also lies on the different resistance
mechanisms, e.g. resistance to initial infection (Type I), resistance to fungal spread
in the rachis (Type II), resistance to toxin accumulation (Type III), resistance to
kernel infection (Type IV) and resistance/tolerance to yield reduction (Type V).
Numerous sources of resistance were reported in literature but only a few have been
successfully utilized in breeding programs, such as ‘Sumai 3’, ‘Wuhan 1’,
‘Frontana’ etc. (Buerstmayr et al. 2020). Other than these accessions, many wheat
lines carrying so-called ‘native’ resistance have been reported and utilized in
regional breeding programs (Brar et al. 2019). FHB resistance genes/QTL have
been mapped on all the 21 wheat chromosomes, though, only seven QTL have
formally been designated as Mendelized genes, of which only Fhb1, Fhb2, Fhb4
and Fhb5 are from common wheat, whereas Fhb3, Fhb6 and Fhb7 are from wild
wheat relatives (Bai et al. 2018). So far, only Fhb1 and Fhb7 have been cloned, and
their functional markers have been developed for marker-assisted selection
(MAS) (Su et al. 2018; Wang et al. 2020).

Breeding for FHB resistance per se is not difficult and high level of resistance
comparable to the famous resistant source ‘Sumai 3’ is achievable. However, in
breeding practices, FHB resistance is often linked to unfavorable traits such as low
yielding, late maturity and high stature (Buerstmayr et al. 2020) and it is often
difficult to reconcile FHB resistance and other preferred traits. At CIMMYT, two
breeding strategies for FHB are being used, i.e. exploitation of native resistance and
introduction of exotic resistance. There is no strong FHB resistance available in the
current CIMMYT gene pool, though some moderately resistant lines have been
identified and a few QTL with major effects have been mapped. Among those lines
are ‘Shanghai3/Catbird’, ‘Mayoor’, ‘Soru#1’, ‘IAS20*5/H567.71’ etc. It is note-
worthy that a major QTL on chromosome 2DL has been consistently identified in
the first three genotypes and haplotype analysis of a few FHB Screening Nurseries
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of CIMMYT also demonstrated its high frequencies. Apart from this QTL, others
are either of low frequencies or of minor effects but higher level of resistance can
still be achieved via accumulating those QTL in elite breeding lines, similar to rust
resistance breeding (Singh et al. 2016). The limitation of using native resistance is,
however, a lack of QTL/gene with strong Type II resistance, which could be
compensated via introduction of exotic FHB resistance genes like Fhb1 and Fhb7.
The former is the most well-known FHB resistance gene and has been extensively
utilized in China, USA and Canada (Zhu et al. 2019), however, its repulsive linkage
with the SR gene Sr2 limited its application in the CIMMYT wheat breeding. To
address this problem, several recombinant lines with both Fhb1 and Sr2 were
introduced from Australia and included in various crosses with elite CIMMYT
breeding lines. Many of the progenies exhibited good agronomic traits as well as
promising resistance to FHB and other diseases (Xu et al. 2019).

Since no immunity to FHB has been found in wheat and high level of FHB
resistance is difficult to achieve, other disease management strategies are also
important in wheat production regions where FHB is a limiting factor. Removal of
crop residue and rotation with non-host crops are helpful in reducing inoculum
concentration. It is well known that maize-wheat rotation greatly increases the risk
of FHB and thus should be avoided, otherwise integrated disease management
including deep tillage, fungicide application and growing FHB resistant cultivars
are recommended (McMullen et al. 2012).

Genetic resistance to wheat blast involves both qualitative and quantitative loci,
with the former being reported under greenhouse experiments. Various major
resistance genes viz. Rmg2, Rmg 3, Rmg7, Rmg 8, and RmgGR119 are found to be
effective against MoT, whereas, several other resistance genes viz. Rmg1, Rmg4,
Rmg5, Rmg6, and RmgTd(t) are effective against non-MoT species (Ceresini et al.
2016; Kumar et al. 2020). Several avirulence (Avr) genes that interact with the host
R genes have been detected in non-MoT species, viz. PWT1 (MoO, Oryzae isolate),
PWT2 (MoS, Setaria isolate), PWT3 and PWT4 (MoA, Avena isolate). Loss of such
Avr genes in non-MoT isolates enables them to become virulent to wheat, just as
the case of PWT3, which was likely responsible for the emergence of WB in Brazil
(Inoue et al. 2017). It is important to mention that of the five MoT resistance genes,
Rmg2, Rmg3, and Rmg7 have been overcome by new MoT isolates, whereas Rmg8
and RmgGR119 exhibited effective resistance in greenhouse but need to be vali-
dated in large scale field trials. New technology like Clustered regularly interspaced
short palindromic repeats—CRISPR associated protein 9 (CRISPR-Cas9) can also
be used in future to silence susceptibility genes for WB when identified, which has
already been used in rice blast.

Apart from the Rmg genes, the 2NS/2AS translocation has been widely
acknowledged as a stable and effective resistance source, although virulent isolates
have emerged recently in South America (Ceresini et al. 2016). The translocation
was introduced from Ae. ventricosa and has been widely utilized in wheat breeding
due to its resistance against rusts (Yr17, Lr37, Sr38), nematodes (Cre5, Rkn3) and
WB. Most well-known WB resistant lines have the 2NS/2AS translocation, e.g.
‘Milan’ and ‘Borlaug #100’ in the CIMMYT germplasm, ‘Sausal CIAT’, ‘CD 116’,
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‘Caninde #1’ in South America, ‘BARI Gom33’ in Bangladesh, ‘HD2967’ and
‘DBW189’ in India (He et al. 2020). A recent GWAS involving 1,106 CIMMYT
breeding lines identified only one stable QTL on 2NS/2AS, whereas the remaining
QTL were of small effects and were detected in only some environments (Juliana
et al. 2020). Similar results have been obtained in other germplasm pools too (Singh
et al. unpublished data). This highlights the importance of identification and uti-
lization of new WB resistance genes for breeding use, which could alleviate the
selection pressure that is being applied to 2NS virulent isolates, to prolong the
lifespan of 2NS varieties.

Conventional breeding programs of different countries have succeeded in
identifying moderately resistant to resistant lines, but the bottle neck is the reliable
WB screening. Early WB resistance breeding in South America depended heavily
on natural infection, which was sporadic and unpredictable, with great variation in
disease pressure. As for countries being threatened by WB but still do not have the
disease (like India), or those have WB but do not have the screening capacity (like
Zambia), the request for an international precision phenotyping platform (PPP) is
very strong. In collaboration with its national partners, CIMMYT has established
three WB PPPs, with one in Jashore, Bangladesh, and two in Bolivia (Quirusillas
and Okinawa) to screen germplasm and advanced lines from across the globe
(Singh et al. 2016). High quality phenotypic data have been produced from the
three PPPs, which greatly facilitated the WB resistance breeding, germplasm
screening as well as genetic studies (Juliana et al. 2020). In the early days of KB
resistance breeding at CIMMYT, important genetic stocks used were ‘Aldan/
IAS58’ from Brazil, ‘Shanghai-7’ from China, and native CIMMYT lines ‘Roek//
Maya/Nac’, ‘Star’, ‘Vee#7/Bow’ and ‘Weaver’. To date, screening programs have
resulted in the identification of numerous resistant sources for bread wheat and
durum wheat from various countries (Bishnoi et al. 2020). Resistant sources have
been identified in primary to tertiary gene pools of wheat, durum and triticale,
including numerous dipoid, tetraploid and hexaploid species, especially T. urartu
(AA) and Ae. tauschii (DD) that have high degree of resistance.

Understanding the epidemiology and population dynamics of T. indica is
important for its effective management. Boot emergence to anthesis is the optimum
stage for a germinated teliospore to infect, however, an infection can happen as late
as at late dough stage (Carris et al. 2006). Treating seed with chlorothalonil or
mixture of carboxin and thiaram and foliar spray with propiconazole, triadimefon
and carbendazim are the suggested chemical control measures. The natural popu-
lations of T. indica have high genetic diversity owing to the sexual recombination
occurring between heterothallic fungi generating many recombinants. This results
in diversity for virulence of KB strains as well as diversity in the wheat genotypes
for resistant/susceptible reaction against the disease (Kumar et al. 2021). The use of
a mixture of pathogen isolates as present in the population is advocated as it
increases horizontal resistance in the population targeted for breeding resistance
(Bishnoi et al. 2020).

Some morphological features have been frequently associated with KB resis-
tance, including presence of pubescence, tight glumes, flat flag leaf angle, low
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stomata but high hair counts on rachis, high spike compactness and/or narrow
glume opening. These traits can be used in the phenotypic selection for KB
resistance, but it should be noted that some of the associations might be dependent
on genetic background and associated with disease escape rather than actual genetic
resistance (Bishnoi et al. 2020).

Currently, it is widely accepted that genetic resistance against KB is governed by
polygenes with quantitative inheritance, although gene for gene interaction may
exist to some extent. Many genes with small additive effects acting in an additive
and epistatic mode impart KB resistance. Since additive genes respond to selection,
stacking additive genes along with an eye for significant epistatic gene interactions
can enhance levels of KB resistance (Fuentes-Davila et al. 1995). In QTL mapping
studies, as expected, majority of the identified QTL had minor effects and only a
few major QTL have been identified on chromosomes 4B, 5B, 6B where the one on
4B associated with simple sequence repeat (SSR) marker Xgwm538 was the largest
one with phenotypic variation (R2) of 25% (Singh et al. 2007). A GWAS study on
339 accessions from Afghanistan led to the identification of a consistent QTL on
chromosome 2BL along with some other novel locations (Gupta et al. 2019).

Tan spot (P. tritici-repentis) is a necrotroph and follows inverse gene-for-gene
relationship where recognition of host sensitivity gene by pathogen produced HST
results in a compatible (susceptible) interaction, which is opposite to Flor’s classical
gene-for-gene model in biotrophic diseases such as mildews and rusts. High level of
resistance has been found in several wheat genotypes although immunity is not
reported (Faris et al. 2013). Host resistance in wheat against tan spot can be
qualitative or quantitative and major/qualitative genes responsive to tan spot are
designated as ‘Tsr’, ‘Tsc’, or ‘Tsn’ corresponding to identification of genes by
phenotyping assay with only fungal conidial cultures, HST containing fungal cul-
ture infiltrates inducing chlorosis and HST fungal culture infiltrate inducing
necrosis, respectively. Some of the most well-characterized genes are Tsn1 (inter-
acts with PtrToxA), Tsc2 (interacts with PtrToxB), and Tsc1 (interacts with
PtrToxC) (Faris et al. 2013). Tsn1 is the only cloned tan spot resistance gene, which
is located on chromosome 5BL and harbors serine/threonine protein kinase (S/
TPK), nucleotide binding (NB) and leucine-rich repeat (LRR) domains (Faris et al.
2010). Dominant functional marker Xfcp623 and co-dominant markers, Xfcp394
and Xfcp620 can be used for marker-assisted selection of the resistant allele at Tsn1
locus (Faris et al. 2010). Tsc1 is located on chromosome 1A, being surrounded by
markers Xhbd152, XksuM182, XksuM104, Xgwm136 in the distal side and XksuD14
in the proximal side. Tsc2 is located on chromosome 2BS and a PCR-based
diagnostic marker XBE444541 is available for MAS. In addition to these three
major genes, a recent meta-QTL study identified 19 QTL/loci for resistance to tan
spot which can be utilized in wheat breeding programs (Liu et al. 2020).

Resistance breakdown is a major concern in R-genes conferring resistance to
biotrophic pathogens as the pathogen Avr genes mutate rapidly. In case of tan spot
resistance, if sensitivity genes are knocked-out of mutated, the pathogen cannot
evolve as rapidly as biotrophs, so the resistance is more durable. Additionally, the
fungus is saprophytic in nature and selection pressure on host would not be as high
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as in mildews or rusts. Molecular markers associated with major loci conferring
susceptibility or resistance are very useful to select for tan spot resistant cultivars.
Stacking of multiple QTL (including race non-specific) for tan spot resistance is an
important and desirable strategy to manage the disease.

Managing root diseases in the modern farming system is a difficult task due to
their hidden nature and when compared to leaf diseases. A variety of management
strategies have been studied to control root rots (Cook 2001). Better understanding
of the pathogen biology is the first step to apply the best management strategy for
targeted root rot disease. Sowing healthy and high-quality seeds at the correct depth
and sowing time with adequate levels of nitrogen are main agronomy practices. As
these pathogens have a wide range of host crop, rotation with non-host crops may
help to reduce inoculum level in the soil (Cook et al. 2002). If there is a registered
fungicide, its seed treatment may support stand establishment. ‘Green bridge’ must
be broken off, since the volunteer plants or weeds helps the fungi/nematode to
survive during offseason, and control of “green bridge” at least four weeks before
the seeding can help to reduce the multiplication of the fungus and nematodes
(Cook 2001; Dababat et al. 2014).

Using resistant crops of high yield potential is the most efficient and economical
way to improve the productivity of the crop and manage root rot diseases, espe-
cially in dryland areas. The advantage of using a resistant variety is not only in
terms of gained crop yields, but also in reducing inoculum for the next season.
Tolerant varieties are also effective in reducing the yield losses; however, they may
conduce inoculum build-up/increase in the soil. Wheat and its wild relatives have
been screened for resistance against the soil-borne pathogens, and several Cre genes
(Cre1 to Cre9, CreX, CreY) against CCN have been identified, which are reported
to follow gene for gene hypothesis. The presence of resistance in wheat progenitors
has helped in synthesizing a few synthetic wheat derivatives resistant to a variety of
root pathogens including CCN and RLN. International collaborative efforts, viz.
distribution and utilization of CIMMYT’s International root disease resistance
nurseries in the respective national breeding programs, is important to achieve
desired resistance in locally adapted wheat varieties (Dababat et al. 2014).

In a nutshell, weakened plants are more vulnerable to infection by root rot fungi.
Recognizing the disease by a grower is the most important point to handle the
disease. Integrated disease management are likely to be effective for an extended
period. Pathologists and breeders should work synergistically to identify resistant
germplasm for specific pathogens and preferably sources with multiple diseases
resistant.

2.6 Molecular Mapping of Resistance Genes and QTL

In classical breeding programs, selection process is based on the observable phe-
notypes of the candidate lines but not much knowledge about which genes are
going to be selected for what trait. Whereas molecular plant breeding provides
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breeder with the opportunity to improve existing cultivars and to develop new
cultivars using MAS approach using advanced technologies (Moose and Mumm
2008). MAS involve use of molecular markers linked to specific trait of interest in
crops (He et al. 2014b).

2.6.1 Molecular Markers

Molecular markers are the specific DNA sequences present at definite locations of
the genome and are transferred from one generation to the other by law of inher-
itance. In contrast to the morphological markers (based on visible traits) and bio-
chemical markers (based on proteins produced by genes), molecular markers are
based on DNA assay (Choudhary et al. 2008). DNA markers have been used for the
characterization of various traits in wheat over the past two decades (Hoisington
et al. 2002).

First plant DNA markers were based on the restriction fragment detection that
includes restriction fragment length polymorphism (RFLP) (Botstein et al. 1980).
RFLPs were developed about 15 years ago and were used successfully for gener-
ating linkage maps of various species but are time consuming and have limited
available probes (Bernatzky and Tanksley 1986). With advances in technology,
development of PCR-based markers replaced RFLP markers (Collard et al. 2005;
Hoisington et al. 2002). Among them, SSR (Litt and Luty 1989; Salimath et al.
1995) were highly useful as genetic markers due to their co-dominant, highly
reproducible nature and huge abundance in the genome (Deschamps et al. 2012).
Other PCR-based markers included random amplified polymorphic DNA (RAPD)
(Williams et al. 1990), amplified fragment length polymorphism (AFLP) (Vos et al.
1995), sequence characterized amplified region (SCAR) (Paran and Michelmore
1993), cleaved amplified polymorphic sequences (CAPS) (Konieczny and Ausubel
1993), sequence tagged site (STS) (Schachermayr et al. 1994) and direct amplifi-
cation of length polymorphism (DALP) (Desmarais et al. 1998).

With further advancements in the marker technologies, diversity array technol-
ogy (DArT) and single nucleotide polymorphism (SNP) are considered as the new
generation molecular markers and have become main genotyping platforms. DArT
is a high-throughput technique with minimum DNA sample requirement that allows
the identification of hundreds of markers over the genome in one experiment
without any previous DNA sequence information (Jaccoud et al. 2001). SNPs are
basically the single base differences in DNA among individuals with alternate
nucleotides in a same position (Vignal et al. 2002). SNP loci are present in
abundance in the genome which makes it more convenient to develop genetic maps
of high density, required for identifying new genes for disease resistance and other
valuable traits. By using more modern DNA microarray techniques, thousands of
SNPs can be analyzed simultaneously and the analysis is much more effective than
any other DNA analysis (Khlestkina and Salina 2006).
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Despite some challenges, this high-throughput SNP genotyping platform has
been used in wheat research using the Illumina GoldenGate assay (Akhunov et al.
2009). The access to NGS and expressed sequence tags (ESTs) led to the devel-
opment of new high-throughput non-gel based genotyping methodology, the
KBioscience KASP assay (Allen et al. 2011). KASP assay is fast in genotyping a
huge set of genotypes for both alleles in a single reaction (He et al. 2014a). Several
sequencing platforms have been discovered based on continuous advancement in
high-throughput genomic technologies such as development of 90 K SNP iSelect
assay by Illumina.

The genome sequence information from other crops has also provided oppor-
tunities for comparative mapping. Brachypodium distachyon has replaced rice as a
model species due to its high level of collinearity and synteny to various cereal
genomes (Yu et al. 2009). The reference sequence of wheat is now available on
public domain (Mayer et al. 2014; Appels et al. 2018), thereby serving as an
important genomic tool for genetic studies. Another method to sequence specific
chromosomes using flow cytometry is becoming popular in allopolyploids due to
availability of all the genomic resources adding a new perspective to marker
development platforms (Doležel et al. 2012; Mourad et al. 2019a; Nsabiyera et al.
2020).

2.6.2 Mapping Populations

The mapping populations are assessed for variation for the target trait and are
developed by crossing resistant and susceptible lines. The size of the population
ranges between 50 and 250 lines across many studies depending on the target trait
(Mohan et al. 1997). The populations that are used for mapping in case of
self-pollinating crop species are F2 (selfed F1 progenies), single backcross (BC;
derived from crossing F1 hybrid to the recurrent parent), recombinant inbred lines
(RILs; produced through selfing of filial generation F6 or higher), doubled haploid
(DH; produced through doubling of F1 embryos of wheat/maize crosses), near
isogenic line (NILs). F2 and BC populations are quick to produce but have high
level of heterozygosity for segregating loci. In contrast, RIL and DH populations
consist of series of homozygous lines representing recombination events and par-
ental types. For mapping, generally F6 generation of RILs is considered good due to
attaining high level of homozygosity. NILs are traditionally developed through
backcross introgression method and can be used for validating a putative QTL
where there are large genomic intervals associated with QTLs. NIL only differs
from its parents in one genomic location, where there will be QTL.
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2.6.3 Mapping Software

Several mapping software have been used to determine genomic locations of rust
resistance genes in wheat such as Map manager QTXb20 (Manly et al. 2001),
JoinMap by Kyazma B.V.software from Wageningen University (https://www.
kyazma.nl/index.php/JoinMap/) (Van Ooijen 2006), MapDisto 2.0 (http://mapdisto.
free.fr/) (Heffelfinger et al. 2017), QTL Cartographer v2.5 (http://statgen.ncsu.edu/
qtlcart/WQTLCart.htm) (Wang et al. 2007), QTL IciMapping (http://www.
isbreeding.net/) (Meng et al. 2015), MapChart (https://www.wur.nl/en/Research-
Results/Research-Institutes/plantresearch/biometris/Software-Service/Download-
MapChart.htm) (Voorrips 2002) and Pretzel, a tool to compare genetic and physical
maps in wheat (http://plantinformatics.io) (Keeble-Gagnère et al. 2019).

2.6.4 Maps of Different Generations

Genetic linkage maps play vital role in any genomic and genetic studies and have
been widely used for the identification of trait specific genetic locus. They provide
exceptional framework for various studies including QTL localization, MAS and
map-based cloning. The developments in the various DNA marker systems over the
time has progressed construction of genetic maps in wheat. Efforts towards genetic
mapping in wheat started late 1980s with RFLPs (Chao et al. 1989) but more
systematic approach was followed during 1990 through coordination of ITMI.
Following the development of microsatellites markers map in wheat (Röder et al.
1995, 1998), many other marker technologies have been developed and employed
in molecular mapping (Liu et al. 2015) including integrated or composite maps
involving more than one type of molecular markers given by (Somers et al. 2004)
and International Triticeae Mapping Initiative (ITMI) maps by (Song et al. 2005).
Later, the consensus maps were developed where several different maps were
merged into single comprehensive such as map of synthetic W7984 (Syn) X
OpataM85 doubled haploid (DH) population produced by (Sorrells et al. 2011). The
wheat 9K SNP consensus genetic map based on seven mapping populations was
reported by (Cavanagh et al. 2013) using 7504 SNPs. (Saintenac et al. 2013)
validated available markers (9K Infinium SNP iSelect array, DArT, SSR and GBS
markers) on reconstructed Synthetic X Opata DH population. The development of
90K Infinium SNP iSelect array by Illumina allowed mapping of 40,267 SNPs on
combination of six hexaploid mapping populations (Wang et al. 2014b). A high
density tetraploid consensus genetic map was also released using both wheat 9K
and 90K Infinium arrays from 13 independent bi-parental mapping populations
(Maccaferri et al. 2015).

Molecular markers have also been used in the construction of physical maps in
wheat for developing a high-quality reference sequence for the wheat genome.
These maps allow comparisons between genetic and physical distances of marker in
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their respective chromosomes. Numerous methods such as deletion mapping (Endo
and Gill 1996; Sears 1954), radiation-hybrid mapping (Balcárková et al. 2017;
Kalavacharla et al. 2006), in silico (Parida et al. 2006) and bacterial artificial
chromosome (BAC) based physical maps have been utilized in wheat. The
International Wheat Genome Sequencing Consortium (IWGSC) along with the
collaborators have successfully used BAC-based sequencing for the construction of
physical maps of individual chromosomes in wheat for generating high quality
whole genome sequence of wheat (Appels et al. 2018). These physical maps are
providing vital information for improving various traits in wheat breeding programs
as well as providing a significant step forward towards cloning of genes.

2.6.5 QTL Mapping

Many genetic studies have showed that most of the important traits in cereals are
inherited quantitatively which makes them difficult to detect within the genome.
Now with the development of genetic linkage maps, it becomes easier to identify
and characterize such quantitative trait loci (QTLs) in many species. QTL mapping
is an approach for studying and dissecting quantitative traits that are of complex
inheritance i.e. involving minor genes with additive effects and does not follow
Mendelian inheritance (Lan et al. 2017b; Semagn et al. 2010). Various QTLs for
different traits including disease resistance, grain yield, winter hardiness etc. have
been described over the time (Börner et al. 2002). QTL analysis indicates the
number of genetic factors involved and their effect in controlling quantitative
resistance (Michelmore et al. 1991).

The primary objective of QTL analysis is to restrain quantitative trait loci to
narrow down the chromosomal locations as often chromosomal QTL regions are
large which may allow the transfer of other undesirable traits that are linked to the
desired QTL in plant breeding. QTL mapping requires biparental mapping popu-
lations to detect association between a phenotype and a genetic marker. It involves
three steps: (i) accessing the phenotypic data across various environments
(ii) construction of linkage maps consisting of genetic markers and (iii) to estimate
the loci effect affecting the targeted trait using statistical analysis. The linkage maps
can be constructed using various platforms i.e. MapMaker (Lander et al. 1987),
JoinMap (Van Ooijen 2006) or using the R package ASMap (Taylor and Butler
2017).

QTL analysis can be carried out using different statistical methods to detect
associations between phenotypic data and genetic markers. Single marker analysis
(SMA) (Soller et al. 1976) based on analysis of variance (ANOVA) was the first
simplest method of QTL mapping. Later on, more powerful method for detecting
QTL was developed based on maximum likelihood or regression known as interval
mapping (IM) or single interval mapping (SIM) (Lander and Botstein 1989).
Logarithm or likelihood of odd (LOD) rule was proposed by Lander and Botstein
(1989) for providing confidence intervals for QTL positions. SIM is based on the
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single QTL model and it can be biased in the presence of multiple QTLs (Haley and
Knott 1992). To overcome this problem of mapping multiple QTLs, Zeng (1994)
proposed a composite interval mapping (CIM) method where SIM was combined
with multiple marker regression analysis having control over QTL effects at various
genomic regions independently. CIM remains a method a choice for QTL mapping
since more than a decade due to its advantages over other methods for mapping
single QTLs significantly but the algorithm used in this method cannot ensure
epistatic effect of trait on QTL (Li et al. 2007). In order to map multiple QTLs and
to be able to study epistatic effect of QTL, multiple intervals needed to be per-
formed simultaneously (Zeng et al. 1999) and that led to the development of
multiple interval mapping (MIM) (Kao and Zeng 1997). Later on inclusive com-
posite interval mapping (ICIM) was developed by (Wang 2009) having all the
benefits of CIM and MIM without having any increased sampling variance and
background marker selection process (Meng et al. 2015). QTL Cartographer v2.5
(Wang et al. 2007), QTL IciMapping (Meng et al. 2015), R/qtl (Broman et al. 2003)
and plabqtl (Utz and Melchinger 1996) have been the most used programs for
conducting QTL mapping due to their free access.

The result of the QTL analysis is usually calculated using a test statistic score on
linkage map called as logarithms of odd (LOD). LOD signifies the likelihood of the
evidence for the presence of a QTL, with higher the LOD score, greater would be
the evidence that QTL is real. Various computer simulations estimated the mini-
mum LOD threshold of 3.0 to be considered significant in most cases (Lander and
Botstein 1989). To further establish the significant LOD score thresholds in a given
analysis, a permutation test is run by repeating the original data analysis e.g. up to
500 or 1,000 times by shuffling the phenotypic data across the genome while
leaving the genetic data unchanged to assess any false marker-trait associations
(Churchill and Doerge 1994).

Once the QTL is identified, it is characterized as major QTL i.e. environmentally
stable or minor QTL i.e. environment sensitive on the basis of its phenotypic
variation (R2). If a QTL accounts for >10% of a phenotypic variance, it is described
as major QTL and if it is less than 10%, it is called as minor QTL (Collard et al.
2005). QTLs can also be described in terms of their significance to ensure that no
QTL is missed and to decrease background effects (Lander and Kruglyak 1995).

Up to now, numerious QTLs have been reported for rust resistance in wheat.
There have been reports for more than 300 and 200 QTLs for stripe rust and LR
resistance, respectively (Wang and Chen 2017; Da Silva et al. 2018). Mendalization
and detailed characterization of these QTLs is an on going process for formal
naming and development of linked markers for their use in marker-assisted selec-
tion. Bansal et al. (2008) reported two major APR QTLs; QSr.Sun-5BL and QSr.
Sun-7DS explaining 12% and 26% of phenotypic variation, respectively in Arina/
Forno RIL population against SR along with some minor QTLs on chromosome
1AS and 7BL. Later on, a QTL found on chromosome 5BL, QSr.Sun-5BL was
mendalized and mapped using Arina/Yitpi RIL population and the locus was per-
manently named as Sr56 (Bansal et al. 2014).
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2.6.6 Marker-Assisted Breeding for Resistance Traits

Transfer and introgression of resistance genes in wheat cultivars is often limited by
the practical restrictions of selection methods in conventional breeding selection
programs (Bariana 2003; Bariana et al. 2007; Ellis et al. 2014). This limitation was
initially overcome by a thorough knowledge of host genetics and pathogen varia-
tion, a relatively tedious process for breeding programs, also assisted by the use of
morphological markers that were indicative of resistance genes and later the
development of DNA markers has facilitated selection of resistance genes known as
MAS. MAS provides breeders with the opportunity to select combinations of
resistance genes and once the DNA is isolated, markers linked with any other trait
can also be used to increase selection efficiency (Weeden et al. 1994; Ribaut and
Hoisington 1998; He et al. 2014b). Several approaches are currently being used for
application of DNA markers in selection procedures such as markers-assisted
backcrossing (MABC) and marker-assisted gene pyramiding (MAGP).

Backcrossing method has always been used in wheat breeding to transfer rust
resistance genes from a donor plant into an elite cultivar to capture recurrent par-
ental background, but it is a slow process. MABC has accelerated transfer of rust
resistance genes and resulted in rapid recovery of recurrent parental genome in as
short as 2–3 backcross generations (Ribaut et al. 2002). MAGP is a process where
several genes can be combined into a single genotype. The MAGP provides
breeders an efficient method to select multiple traits simultaneously in their
breeding programs. It has been used for pyramiding of multiple disease resistance
genes and/or along with other traits in wheat. Marker linked with many rust
resistance genes have been published in the last decade and are being used for
MAGP and MABC of rust resistance genes in the breeding programs for pyra-
miding of these genes in various combinations. Several breeder-friendly markers
linked to rust resistance genes are currently available to the wheat breeding pro-
grams such as Yr4 (Bansal et al. 2010), Yr15 (Ramirez-Gonzalez et al. 2015),Yr51
(Randhawa et al. 2014), Lr23 (Chhetri et al. 2017), Lr48 (Nsabiyera et al. 2016),
Lr49 (Nsabiyera et al. 2020), Sr2 (Mago et al. 2011), Sr26 (Qureshi et al. 2018c;
Zhang et al. 2019b), Yr34/Yr48 (Qureshi et al. 2018b), Lr34/Yr18/Sr57/Pm38
(Lagudah et al. 2009), Lr46/Yr29/Sr58/Pm39 (ES Lagudah unpublished), Lr67/
Yr46/Sr55/Pm46 (Moore et al. 2015), Yr47/Lr52 (Qureshi et al. 2017a), Lr24/Sr24
(Bariana et al. 2016) and many more are routinely used in the breeding programs
for pyramiding of these genes in various combinations.

Use of molecular markers in selection of rust resistance genes offers various
advantages in wheat breeding programs. As compared to the conventional breeding
strategies, MAS can increase selection efficiency through enrichment of positive
alleles in early generations of breeding (Ribaut and Hoisington 1998; Collard et al.
2005) allowing breeders to conduct series of selections in one year. The success
heavily relies on breeder-friendly markers. MAS, especially for disease resistance is
independent of time, environment and plant developmental stage making it much
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more feasible. Some of the breeder friendly KASP markers linked with rust
resistance genes in wheat are listed in Table 2.3.

But the value and use of such markers in MAS, MABC and MAGP heavily
depends upon the degree of linkage between markers and the target gene. The
process of validation of a marker across number of genotypes is always required to
access the reliability of that marker. In some cases, even the reliable marker cannot
be diagnostic because of varying level of polymorphisms in different genetic
backgrounds.

2.6.7 Map-Based Cloning of Resistance Genes

The developments in the NGS technologies and the availability of sequenced and
assembled genome have greatly improved marker development closely linked with
the targeted genes in wheat, a plant species with large, complex and polyploid
genome (Appels et al. 2018; Poland et al. 2012a). Many molecular markers linked to
rust resistance genes in wheat have been developed but they must be diagnostic and
proven to be efficient for their use in marker-assisted breeding. Cloning of the
targeted gene(s) allows development of diagnostic molecular markers by isolating
the resistance genes from the plants. Map-based cloning, also called as positional
cloning is one of the traditional gene cloning methods to clone targeted genes
without having any prior knowledge of the gene product. Map-based cloning works
best for the targeted genes in plants where phenotypes are easily identified such as
disease resistance. It requires various steps to enables us to narrow down to the
shortest possible genetic interval of targeted gene (fine genetic mapping) and then to
identify the candidate genes within corresponding interval on the DNA sequence
(physical mapping) (Salvi and Tuberosa 2005). For map-based cloning, a
high-resolution fine mapping population is a pre-requisite, which is used for phe-
notypic scoring and is genotyped with molecular markers developed using various
genomic resources that leads to the construction of precise genetic map signifying
targeted gene position (Krattinger et al. 2009a; Bettgenhaeuser and Krattinger 2019).

Positional cloning requires large-insert genomic DNA libraries and the vectors
and cloning systems associated with the construction of these libraries are
improving with time. The yeast artificial chromosome (YAC) cloning system was
the first one to be developed by (Burke et al. 1987) to clone larger DNA fragments
of up to 1 Mb. But there are several disadvantages of YAC cloning system such as
high level of chimerism (*40% of whole library) and instability in the yeast host
strain that limited its use (Shi et al. 2011; Umehara et al. 1995). In order to
overcome these disadvantages, various bacterial mediated cloning systems such as
BAC (Shizuya et al. 1992), transformation-competent artificial chromosome
(TAC) (Liu et al. 1999) and P1-derived artificial chromosome (PAC) (Loannou
et al. 1994) have been developed. BAC vectors were developed to clone DNA
sequences in bacterial cells. The BAC system has been widely used and being
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instrumental in constructing genomic libraries in plants due to its several advan-
tages such as stability with foreign DNA, cloning inserts of up to 300 kb, relatively
easier to purify the plasmid vector and insert DNA from the bacterial host DNA and
having higher cloning efficiency (Monaco and Shizuya et al. 1992; Monaco and
Larin 1994; Salimath and Bhattacharyya 1999; Ming et al. 2001). In wheat, due to
the presence of three highly related homoeologous genomes, chromosome specific
BAC library strategy has been successful in sequencing individual chromosomes
(Šafář et al. 2004; Paux et al. 2008; Appels et al. 2018).

Once the genomic libraries have been constructed using these vectors, they can
be used for chromosome walking or landing approaches. Chromosome walking
strategy relies on identifying tightly linked markers to the targeted gene and then
taking walking steps (*100–200 kb at a time) to get to the gene via a series of
overlapping clones (Han and Korban 2010). These closet flanking markers are used
to screen the BAC library and subclones of the identified BACs for positive clones
which are then used to isolate insert-ends (Periyannan 2018). These insert-ends are
used for screening additional overlapping clones until the contig spanning the target
gene is established and the candidate gene is identified (Krattinger et al. 2009a). On
the other hand, chromosome landing approach relies mainly on development of
molecular markers that are either tightly linked or co-segregating with the targeted
gene. In chromosome landing, the distance between the markers and the gene has to
be smaller than the average insert length of a genomic library used for gene iso-
lation (Tanksley et al. 1995). These markers are then used to screen the library and
isolate the clone carrying the targeted gene (Han and Korban 2010). For successful
cloning approaches, genetic complementation of the mutant phenotype with a wild
type allele is required. Agrobacterium-mediated genetic transformation and biolistic
transformation are the two widely used methods to introduce foreign targeted genes
into plant cells (Xia et al. 2012).

2.7 Enabling Genomic Tools in Wheat Breeding

2.7.1 Association Mapping Studies

The main objective of genetic mapping is to identify markers in close proximity of
genetic factors affecting quantitative traits usually governed by QTL. Genetic
mapping can be performed in two ways: (a) developing bi-parental populations, for
“QTL-mapping” or “gene tagging” and (b) using diverse panel of lines called
“genome-wide association mapping studies,” or “association mapping (AM)” or
“linkage disequilibrium (LD) mapping”. The traditional QTL mapping approach is
quite widely used however, it also has some limitations. First, allelic variation in
each cross is limited to just two parents used to generate a QTL mapping popu-
lation. Second, the number of recombination events per chromosome are small
when segregating or double haploid populations are used. Third, a typical QTL
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detected in a specific cross of few hundred inbred lines can range between a few to
tens of centimorgan (cM) interval covering several million basepairs. Such large
genome regions contain, typically, hundreds to thousands of genes, making gene
identification in a QTL region a tedious exercise through map-based cloning (Price
et al. 2006).

Association mapping has emerged as a powerful tool in determining the genetic
basis of complex traits where large populations are analyzed to determine
marker-trait associations using linkage disequilibrium. This approach has advan-
tages over traditional QTL mapping. Firstly, a larger and more representative
gene-pool can be examined. Second, overcomes the cost and time of developing
mapping populations and facilitates mapping of several traits on one panel of
genotypes. Third, a much finer resolution can be achieved, resulting in shorter
confidence intervals of the mapped loci compared to conventional mapping, which
also necessitates fine-mapping to develop diagnostic markers. Finally, in addition to
identifying and mapping QTL, it helps to identify causal polymorphism within a
gene that is responsible for the difference in two alternative phenotypes (Yu et al.
2013). However, AM also has challenges of false positives, especially if the
experimental design and quality control is not rigorously implemented. For
example, population structure has long been known to induce many false positives
and accounting for population structure has become one of the main issues when
implementing AM in plants (Breseghello et al. 2005). Also, with an increasing
number of genetic markers independent validation of identified associations helps
in discriminating false positives. With these limitations, AM still shows great
promise in understanding the genetic basis of polygenic traits of agronomic
importance.

To increase the power and mapping resolution of marker-trait associations, some
specialized populations have been developed using a combination of both QTL
mapping and AM. For example, NAM (Nested Association Mapping) populations
and MAGIC (Multiparent Advanced Generation Inter Cross) populations have been
developed in wheat and other crops (Kover et al. 2009; McMullen et al. 2009;
Huang et al. 2012; Cavanagh et al. 2013). NAM populations are generated by
crossing a set of diverse lines (5–25) to one reference line. F1’s of each cross-are
then selfed for multiple generations to develop RIL for each population. MAGIC
populations on the other hand are developed by intercrossing for several genera-
tions among multiple founder (4–8) lines. Multiple founders are similar to NAM
population, which enable capturing more allelic diversity than bi-parental popula-
tions, and repeated cycles of intercrossing give greater opportunity of recombina-
tion and hence greater precision of QTL mapping. However, generating such
specialized populations entails effort, time and investment.

2 Globally Important Wheat Diseases … 95



2.7.2 Genotyping/Marker Platforms for Genome-Wide
Studies

Most commonly used markers in genome wide association studies include AFLP,
DArT, SSR and SNP (Crossa et al. 2007; Honsdorf et al. 2010; Adhikari et al.
2012; Upadhyaya et al. 2013; Gupta et al. 2014). AFLP and DArT markers are
easily accessible for all organisms even those lacking genomic data. Similarly, the
highly polymorphic, multiallelic and co-dominant nature of SSR markers have
made them highly suitable for AM studies in many crops including wheat (Peng
et al. 2009; Yao et al. 2009; Liu et al. 2010; Reif et al. 2011; Zhang et al. 2011).
However, AFLP and DArT markers being dominant can be challenging especially
while estimating population structure or during mapping studies (Ritland 2005).
Moreover, the three marker platforms (AFLP, DArT and SSR) are rather expensive
and time- consuming technologies and the genomic coverage is also limited.

The rapid development of NGS technologies has allowed unprecedented geno-
typing capabilities, even for large complex polyploid genomes including wheat
(Poland et al. 2012b). The current NGS technologies are capable of analyzing tens
of millions of DNA molecules and allow the rapid identification of a large numbers
of genetic markers, mainly SNPs (Single Nucleotide Polymorphisms) (Imelfort
et al. 2009). SNPs are bi-allelic markers that’s whythe information content per
marker is much lower than SSR markers. This, however, is compensated for by a
higher genome coverage. Therefore, SNP markers rapidly becoming the marker of
choice for most AM studies. SNP markers are also amenable to high-throughput
genotyping enabling options of multiplexing or microarray. Several SNP marker
platforms have been established in wheat (Akhunov et al. 2009; Wang et al. 2014b)
and genotyping of wheat association panels with up to 90,000 SNP markers is now
available (Wang et al. 2014b). The potential of SNP markers in determining
marker-trait associations is now being widely used across crops including wheat
(Lopes et al. 2015).

With further developments in NGS technologies, sequencing today has extended
to entire populations enabling simultaneous genome-wide detection (Elshire et al.
2011). This new approach, called “genotyping-by-sequencing” (GBS), uses data
from the genotyped populations, thereby removing bias towards a particular pop-
ulation. GBS is a cost-effective technology producing up to a million SNPs per
genotype at a low cost. However, one of the challenges associated with GBS is
inadequate genome coverage and incomplete datasets (Fu 2014), sometimes with
up to 90% missing observations per line (Elshire et al. 2011; Fu and Peterson 2011).
Such data cannot be used for AM and filtration should be done to improve the
sequence data (Fu 2014). Several methods for imputation include regression-based
methods such as random forest (Stekhoven and Bühlmann 2012) and principal
component analysis (PCA)-based tools (Stacklies et al. 2007).
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2.7.3 Confounding Effects of Population Structure

One of the challenges in using AM to dissect the genetic architecture of complex
traits is the risk of detecting false positives due to population structure (Pritchard
et al. 2000). The problem of population structure can arise due to the correlation of
phenotypic trait with population structure at neutral loci, which can result in an
inflated number of false positive associations resulting in Type I errors. Among
several methods used to deal with this problem, the ‘genomic control’ (GC) method
could be considered useful (Devlin and Roeder 1999). GC estimates association
using large number of putative neutral markers or markers that are not thought to be
associated with the trait of interest. The distribution of the test statistic is then
calculated from these associations for trait of interest and a critical value for desired
Type I error rate is chosen from this distribution. Another commonly used method
is called structured associations (SA) (Pritchard et al. 2000). SA first queries
population for closely associated clusters/subdivisions using a Bayesian approach,
and then uses clustering matrices (Q) in AM (by a logistic regression) to correct for
false associations. Population structure and shared co-ancestry coefficients between
individuals of subdivisions of a population can be effectively estimated with the
STRUCTURE program (Pritchard et al. 2000) using several models for linked and
unlinked markers.

Principal component analysis (PCA) is widely used as a faster and effective way
to diagnose population structure (Chengsong and Jianming 2009). The PCA
method makes it computationally feasible to handle a large data sets (tens of
thousands of markers) and correct for population stratification. Most widely used
programs to calculate PCA are DARwin and EIGENSTRAT (Price et al. 2006).

A mixed linear model (MLM) combining both population structure information
(Q-matrix or PCA) and pairwise relatedness coefficients (kinship-matrix) can be
used in the analysis. While the Q-matrix explains the structure between groups in a
population, the kinship-matrix explains the structure within group. Although MLM
approach is computationally intensive, it is very effective in removing the con-
founding effects of the population in AM (Yu et al. 2006). However, in some cases
using MLM + kinship model may result in over correction of the population
structure. This could be identified from the QQ-plot when it skews below the
reference line. In this case, using generalized linear model and population structure
(GLM + PC) will be better in removing the population structure and identifying the
markers significantly associated with the studied traits. Similar cases were found in
studying disease resistance in wheat and barley indicating the importance of testing
both MLM + K and GLM + PC models (Turuspekov et al. 2016; Abou-Zeid and
Mourad 2021).
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2.7.4 Estimates of LD

Linkage Disequilibrium (LD) refers to the correlation between alleles in a popu-
lation (Flint-Garcia et al. 2003) and Linkage refers to the correlated inheritance of
loci through the physical association on a chromosome but not necessarily on the
same chromosome. For AM, it is important to understand the patterns of LD for
genomic regions of individual plants and the extent of LD among different popu-
lations or groups to design unbiased association mapping studies. Two most widely
used statistics to measure LD are r2 (square of the correlation coefficient) and D′
(disequilibrium coefficient). The r2and D′ statistics represent different aspects of LD
and perform differently under various conditions. The r2 is affected by both
mutation and recombination while D′ is affected by more mutational events of the
past.

There are several software programs such as GOLD (Abecasis and Cookson
2000), TASSEL (www.maizegenetics.net) or Powermarker (Liu and Muse 2005) to
represent the structure and pattern of LD. Average genome-wide decay of LD can
be estimated by plotting LD values (r2 values) obtained from a data set adequately
covering an entire genome against the genetic (or) physical distance between
markers. The decrease in LD within the genetic distance indicates the portion of LD
that is conserved with linkage and proportional to recombination events (Gupta
et al. 2014). The decay of LD over physical/genetic distance in a population is a
determinant of marker density and coverage needed to perform an association
analysis. If rapid LD decay is observed, then a higher marker density is needed to
capture markers closely linked to functional sites (Flint-Garcia et al. 2003; Gaut and
Long 2003). In wheat, depending on the populations used in study, LD decay have
been reported to vary from 0.5 to 40 cM (Chao et al. 2007; Crossa et al. 2007;
Somers et al. 2007; Tommasini et al. 2007; Yao et al. 2009; Dreisigacker et al.
2012). The higher distance of LD decay was found in wheat genome D followed by
genome A and B, respectively which indicated that lower number of markers are
required to identify targeted QTLs in genome D compared with genome A, and B
(Liu et al. 2017; Ayana et al. 2018; Mourad et al. 2020).

2.7.5 Association Analysis Programs

GWAS is a very helpful method in detecting QTLs responsible for different traits
(Alqudah et al. 2020). It has been used widely in wheat breeding for disease
resistance and helped breeders in identifying genes controlling resistance to dif-
ferent races. There are many softwares which could be used in GWAS analysis.
Publicly available software using mixed models for AM studies in plants include
TASSEL and EMMA/R. Both can analyze moderate to large datasets but only
allow single effects (samples or taxa) to be fit as a random effect and all other effects
treated as fixed. EMMA relies on the R for data management and visualization
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which is not limited with TASSEL functions. Other commercial software packages
for AM studies include ASREML, JMP Genomics, ASREML, SAS and GenStat.
General software such as SAS Proc Mixed and GenStat can perform AM analysis
requiring more expertise and programming by the user and JMP Genomics are
suited specifically for genetic analysis and can handle models that are more
complex.

TASSEL on the other hand uses both GUI (graphical user interface) and CLI
(command line interface) versions for detailed analysis and use versions depending
on their expertise and consistent results can be obtained independent of the inter-
face. In the latest version of TASSEL (TASSEL 5.0), a compressed MLM method
has been developed to compute large datasets. GAPIT-R package is also a very
useful software in AM and GWAS studies. It could be applied using different
methods such as GLM, MLM and Settlement of MLM Under Progressively
Exclusive Relationship (SUPER) (Wang et al. 2014a). For disease resistance,
SUPER has been reported as a very useful method in detecting the QTLs signifi-
cantly associated with the resistance of the targeted disease as it conducts GWAS
by extracting a small subset of markers and testing their association with resistance
by using Fast-LMM method. This method enables the identification of minor genes
controlling the resistance (Mourad et al. 2018a).

2.7.6 Significance Threshold

Significance threshold is set to declare associations as significant in a particular
study. Either FDR (false discovery rate) or ‘Bonferroni’ correction can be used to
correct for multiple comparisons. The correction factor is needed to test multiple
hypotheses simultaneously. FDR controls the proportion of false positives among
significant results by defining a threshold from the observed p-value distribution in
the data, whereas Bonferroni corrections detect and control false positives
(Benjamini and Hochberg 1995). Given the objective of the study, one may con-
sider a high FDR (e.g. dissection of genetic architecture of a trait) or low FDR (e.g.
identifying candidate loci for further characterization and validation).

2.7.7 Validation of Association Results

Validation of AM results is an important step before marker information is used for
selection decisions, or before identifying causal factors and gene cloning. One way
is to compare the AM results with previously published results for the trait; for
example, in bi-parental populations, markers in close proximity (<10 cM) to pre-
viously reported QTLs/genes, will not only increase the confidence but validate the
new genomic target identified for the trait. Secondly, validation can be performed
different panels/populations. This is more reliable as the probability of significant
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associations are confirmed and false positives discarded when validation is carried
in two or more populations. Third, AM results point to alleles with opposite effects
(favorable/unfavorable alleles) on a trait of interest, multiple F2 populations can be
generated from parents carrying contrasting alleles and determine whether pheno-
type differences co-segregate with the locus of interest.

In addition, testing the LD between the newly identified markers and previously
identified markers will give more power to the results obtained from the association
tests. For example, testing the LD between the identified SNP markers located on
the same chromosome will give an idea if they are controlling the same QTL or
different QTLs. If the studied trait or disease has a published accurate SSR marker,
the LD between the identified SNPs and the SSR marker will validate the associ-
ation between the SNP markers and the studied trait (Mourad et al. 2018b, 2019b).
Furthermore, gene models harboring the detected QTLs and their functional
annotations could be investigated using IWGSC dataset. If the identified marker is
located within or near gene model and annotated to improve the targeted trait, this
will give more power to the association results. Once tightly linked markers to the
target trait are validated, can enhance the speed and cost efficiency of selection in
breeding programs.

2.7.8 Genomic Selection in Breeding for Quantitative
Disease Resistance in Wheat

With rapid changes in pathogen races and breakdown of major resistance genes, the
benefits of marker-assisted selection in selecting for minor gene based quantitative
disease resistance in wheat is limited and hence, the focus has shifted to GS
(Rutkoski et al. 2011; Poland and Rutkoski 2016). In GS, dense genome-wide
markers and trait phenotypes (disease response in this case) are used to obtain the
genomic-estimated breeding values (GEBVs) of individuals for the trait, from
which selections are made (Heffner et al. 2009; Meuwissen et al. 2001). Since GS
models incorporate all the marker information across the genome to estimate
marker effects, they are expected to capture well the total additive genetic variance,
including the disease variation resulting from minor effect quantitative trait loci
(Heffner et al. 2009; Poland and Rutkoski 2016). The potential of GS for disease
resistance in wheat has been explored in several studies that have reported different
prediction accuracies (PAs, correlations between the predicted and the true breeding
values), some of which are discussed below.

The utility of GS for increasing the gains from selection per unit time (Heffner
et al. 2010) was first explored for quantitative APR to SR in wheat, where the
authors presented a recurrent GS-based breeding scheme including rounds of
intermating and GEBV-based selections, with simultaneous evaluation of lines and
model updating (Rutkoski et al. 2011). In 2012, a study by Ornella et al. evaluated
genomic predictions for stem and YR in five bi-parental populations from
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CIMMYT and observed maximum within-year CV PAs ranging from 0.56 to 0.75
for SR and from 0.63 for YR in the different populations (Ornella et al. 2012).
Genomic prediction for rust resistance was also evaluated in a set of landraces from
the Watkins collection and five-fold CV PAs of 0.35, 0.27 and 0.44 were obtained
for LR, SR and YR, respectively (Daetwyler et al. 2014).

One of the first studies on comparison of realized gains from GS and phenotypic
selection for quantitative SR resistance in wheat, indicated that while both lead to
equal rates of gain in the short-term, GS lead to a significantly greater loss in
genetic variance compared to phenotypic selection that could reduce the rates of
genetic gain in the long-term (Rutkoski et al. 2015). A comparison between
genomic prediction and pedigree-based prediction for rust resistance using
CIMMYT’s international bread wheat screening nurseries indicated similar accu-
racies with both the relationship matrices, and the CV genomic PAs ranged between
0.31 and 0.74 for LR seedling resistance, 0.12 and 0.56 for LR APR, 0.31 and 0.65
for SR APR, 0.70 and 0.78 for YR seedling resistance, and 0.34 and 0.71 for
YR APR (Juliana et al. 2017a).

Genomic prediction models for FHB resistance in wheat were evaluated using
the U.S. cooperative FHB wheat nurseries, and resulted in five-fold within-year
cross-validation (CV) PAs of 0.46 and 0.41 for Fusarium damaged kernels
(FDK) and deoxynivalenol (DON) content, respectively (Rutkoski et al. 2012).
Using a large panel of Central European elite winter wheat lines, Mirdita et al.
(2015), reported high five-fold CV PAs of 0.6 for FHB resistance and 0.5 for STB
resistance. In another FHB genomic prediction study using breeding lines, high
five-fold CV PAs of 0.82 for FDK and 0.64 for DON content were reported (Arruda
et al. 2015). A breeding population of spring wheat lines was used to evaluate
genomic prediction for FHB and the ten-fold CV PAs for FHB incidence, severity,
and DON content were 0.63, 0.43, and 0.42, respectively (Dong et al. 2018). In
another study, using elite spring wheat breeding lines from six breeding cycles, Liu
et al. (2019) reported genomic PAs ranging from 0.22 to 0.44 for FHB resistance.
Genomic prediction for FHB and STB in winter wheat lines indicated PAs of 0.72
and 0.15 for the two traits, respectively (Herter et al. 2019).

Evaluation of genomic prediction for STB, Stagonospora nodorum blotch and
tan spot in wheat using CIMMYT’s international bread wheat screening nurseries
indicated that the mean CV PAs for STB APR, Stagonospora nodorum blotch
seedling resistance, tan spot seedling resistance and tan spot APR were 0.45, 0.55,
0.66 and 0.48, respectively (Juliana et al. 2017b). Comparison of the two
whole-genome profiling approaches: genotyping-by-sequencing and diversity
arrays technology-sequencing identified that the genotyping-by-sequencing markers
performed slightly better than diversity arrays technology sequencing markers and
combining markers from the two platforms did not improve the PAs. Another study
for the genomic prediction of STB response using European winter wheat varieties,
reported a mean five-fold CV PA of 0.44 (Muqaddasi et al. 2019). In a large-scale
study involving genomic prediction for several traits, Juliana et al. (2019) reported
moderate to high within-panel mean CV PAs of 0.49, 0.5, 0.64 and 0.56 for field
resistance to STB, spot blotch, SR and stripe rust. However, when one nursery was
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predicted from all other panels, they obtained low mean genomic PAs of 0.28, 0.36
and 0.36 for STB, spot blotch and stripe rust, respectively, but a high genomic PA
of 0.61 for SR.

Given the promising PAs obtained from genomic prediction for disease resis-
tance in wheat in most of the aforementioned studies, breeding programs can
effectively integrate GS in breeding for resistant varieties. It can be especially useful
for traits that have a low heritability and are difficult to phenotype. In the case of
disease resistance traits that have a high heritability, where phenotypic selection
might be the best method to increase genetic gains, GS can be applied to increase
the selection intensity in early generations (Poland and Rutkoski 2016). Overall,
further research on developing GS-based breeding strategies for wheat disease
resistance and using it in combination with other strategies like rapid generation
advancement technologies, high-throughput phenotyping and gene editing are
important (Voss-Fels et al. 2019).

2.8 Integrating New Tools for Resistance Breeding
Presents Opportunities for Wheat Improvement

The proven approach to enhance durability of genetic resistance is the deployment
of combinations of multiple effective resistance genes often termed as “pyramid-
ing”. A limitation to stack multiple genes is their segregation when parents pos-
sessing different genes are crossed. This requires growing large populations to
identify multiple gene combinations and the need to have complementing diag-
nostic markers tagging the R-genes for ensuring that the desired gene combination
achieved. However, incomplete/moderate effect R-genes, race-nonspecific APR
genes, or their combinations confers enhanced resistance levels due to additive
effects, hence have been shown to be effectively selected in the field under high
disease pressures (Singh et al. 2008b, 2015, 2016). New research advances have
also facilitated options for combining multiple resistance genes in a single line/
variety thereby enhancing resistance durability.

In the last two decades several rust resistance genes have been cloned using
various approaches (Table 2.4) viz. eleven SR resistance genes: Sr13 (Zhang et al.
2017a), Sr21 (Marchal et al. 2018), Sr22 (Steuernagel et al. 2016), Sr33
(Periyannan et al. 2013), Sr35 (Saintenac et al. 2013), Sr45 (Steuernagel et al.
2016), Sr46 (Arora et al. 2019), Sr50 (Mago et al. 2015), Sr55 (pleiotropic with
Lr67) (Moore et al. 2015), Sr57 (pleiotropic with Lr34) (Krattinger et al. 2009b)
and more recently Sr60 (Chen et al. 2020); four LR resistance genes Lr1 (Cloutier
et al. 2007), Lr10 (Feuillet et al. 2003), Lr21 (Huang et al. 2003), Lr22a (Thind
et al. 2017) and six YR resistance genes Yr5 (Marchal et al. 2018), Yr7 (Marchal
et al. 2018), Yr10 (Liu et al. 2014), Yr15 (Klymiuk et al. 2018), YrAS2388R (Zhang
et al. 2019a) and Yr36 (Fu et al. 2009). In the last decade, R-gene enrichment
sequencing (Ren-Seq) approaches have been widely used to clone resistance genes.
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Resistance genes from wild relatives can be introgressed to engineer
broad-spectrum resistance in domesticated crop species using a combination of
association genetics with R-gene enrichment sequencing (AgRenSeq) to exploit
pan-genome variation in wild diploid wheat and such approach enabled rapid
cloning off our SR resistance genes (Arora et al. 2019) and a relatively new
approach called MutRenSeq that combines chemical mutagenesis with exome
capture and sequencing has been developed for rapid R-gene cloning and enabled
successful cloning of Sr22 and Sr45 from hexaploid bread wheat (Steuernagel et al.
2017). Despite these advances, the availability of the currently effective cloned
genes remains limited, therefore requiring a responsible strategy for their
deployment.

The availability of multiple cloned resistance genes opens the possibility to
transform wheat lines with a stack or cassette of multiple cloned effective resistance
genes. This transgenic approach can help combine multiple resistance genes in a
linkage block with one another on a single translocation thereby reducing the
chances of segregation upon further breeding processes and up to eleven cloned
genes can be stacked (Wulff and Moscou 2014). However, the current regulatory
framework in most countries does not allow the cultivation of transgenic, including
cisgenic wheat and if future policy decisions favor approval of transgenic-cassettes
such approach can be utilized to enhance durable resistance in wheat varieties.

2.9 Gene Editing

R-gene mediated resistance is race-specific though it remains effective in protecting
the plant throughout all growth stages. Additionally, mutation in the pathogen avr-
locus can also lead to break down of resistance. On the other hand, the APR loci
show only partial resistance in adult pants while allowing considerable disease
development (Ellis et al. 2014). Plant pathogens exploit host genes and machinery
such as sugar transporters to draw nutrient from the host plant or to replicate their
genome as in case of viruses. Mutations in some of these genes (susceptibility
factors) has no impact on the plantgrowth and phenotype but can restrict pathogen
growth (Moore et al. 2015).

Despite the tremendous success, marker-assisted breeding can exhaustively take
from 7 to 12 years to introduce a new trait and release an improved variety
(Acquaah 2007). Considering the recurrent resistance development against pesti-
cides by several pathogens, emergence of new virulent strains or races, and lack of
resistant germplasm against some pathogens, the current breeding methods are
unlikely to keep pace with the predicted demand for rapid development of improved
disease resistant varieties (Scheben et al. 2017). Redundancy of susceptibility
factors due to polyploidy in wheat makes it difficult to identify lines that have all
copies of these genes mutated. Breeders have been using chemical mutagenesis,
gamma irradiation, fast neutron bombardment, and T-DNA insertion to generate
artificial mutants. But low frequency, random and undirected nature of these
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Table 2.4 Cloned rust resistance genes in wheat

Cloned gene Chromosome
arm

Cloning
method

Type of
resistance

References

Yr5/YrSP 2BL MutRenSeq Race specific/
major

Marchal et al.
(2018)

Yr7 2BL MutRenSeq Race specific/
major

Marchal et al.
(2018)

Yr10 1BS Map based
cloning

Race specific/
major

Liu et al. (2014)

Yr15 1BS Map based
cloning

Race specific/
major

Klymiuk et al.
(2018)

YrAS2388R 4DS Map based
cloning

Race specific/
major

Zhang et al.
(2019a)

Lr1 5DL Map based
cloning

Race specific/
major

Cloutier et al.
(2007)

Lr10 1AS Map based
cloning

Race specific/
major

Feuillet et al.
(2003)

Lr21 1DS Map based
cloning

Race specific/
major

Huang et al. (2003)

Sr13 6AL Map based
cloning

Race specific/
major

Zhang et al.
(2017a)

Sr21 2AL Map based
cloning

Race specific/
major

Chen et al. (2018)

Sr22 7AL MutRenSeq Race specific/
major

Steuernagel et al.
(2016)

Sr33 1DL Map based
cloning

Race specific/
major

Periyannan et al.
(2013)

Sr35 3AL Map based
cloning

Race specific/
major

Saintenac et al.
(2013)

Sr45 1DS Mut-RenSeq Race specific/
major

Steuernagel et al.
(2016)

Sr46 2DS Ag-RenSeq Race specific/
major

Arora et al. (2019)

Sr50 1RS Map based
cloning

Race specific/
major

Mago et al. (2015)

Sr60 5AS Map based
cloning

Race specific/
major

Chen et al. (2020)

Yr36 6BS Map based
cloning

APR/partial Fu et al. (2009)

Lr22a 2DS TACCA APR/partial Thind et al. (2017)

Lr34/Yr18/
Sr57

7DS Map based
cloning

APR/partial Krattinger et al.
(2009b)

Lr67/Yr46/
Sr55

4DL Map based
cloning

APR/partial Moore et al. (2015)
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mutations has impeded its utility in wheat breeding for disease resistance.
Site-specific nuclease mediated editing of target genes offers an excellent alternative
to precisely mutate a target gene without disturbing rest of the genome.

Until 2013, the dominant genome editing tools were zinc finger nucleases and
transcription activator-like effector nucleases (TALENs) and they have been used
successfully in many organisms including plants such as wheat (Wang et al. 2014c).
The design of ZFNs is challenging due to the complex nature of the interaction
between zinc-fingers and DNA as well as limitations imposed by context-dependent
specificity. Though the design of TALEN is relatively simpler, the highly repetitive
sequences in the construct promote homologous recombination in vivo making it
difficult for wide adoption. The RNA-guided genome editing (RGE) using the
CRISPR-Cas9 technology has emerged as a simple, versatile and highly efficient
tool for editing of target genes in a wide variety of organisms including plants. The
CRISPR-Cas system relies on simple Watson–Crick base pairing of a chimeric
single guide RNA (sgRNA) that is partly complementary to the target DNA
sequence called proto-spacer element. Thus, only 20 nucleotides (nt) in the gRNA
need to be modified to recognize a different target. The target sequence must be
followed by a protospacer adjacent motif (PAM) such as NGG or NAG (N: any
nucleotide) for target recognition (Biswal et al. 2019). Once the target site is rec-
ognized, the Cas9 nuclease makes a double stranded break (DSB), three nucleotides
upstream of the PAM (Yin et al. 2017). The DSB is immediately repaired by the
host cell by the non-homologous end joining (NHEJ), which is erroneous.
The NHEJ may insert, remove or even substitute one or a few nucleotides. Removal
or insertion of non-triplets can lead to frameshift mutation that can either result in a
complete new protein or may introduce a stop codon downstream of the target site
resulting in a truncated protein that can be target of subsequent nonsense-mediated
decay of the transcript (Shaul 2015). Multiplexed targeting of two different regions
of the genome can result in removal of a chunk of DNA flanked by both targets.
The host cell can also follow a homology-directed repair (HDR) mechanism, when
a suitable template is supplied with homologous flanking arms. HDR method can
be applied to replace a faulty gene, to introduce desired mutations or even to
introduce a new coding sequence or promoter. Though the efficiency of HDR
method is relatively low, HDR enhancers have also been reported (Song et al.
2016). The CRISPR-Cas based prime editors can also be used to replace, delete or
introduce a fragment of DNA at the target site without the special supply of HDR
template. The prime editing complex uses a Cas9 nickase (nCas9) fused to a reverse
transcriptase and a prime editing guide RNA (pegRNA) that specifies the target site
as well as encodes the desired edit without introducing DSBs (Anzalone et al.
2019).

Base editing is a newer genome-editing approach that uses a catalytically
inactive Cas9 (dCas9) fused to a nucleotide deaminase enzyme (Gaudelli et al.
2017). Base editors can convert C�G to T�A or A�T to G�C in cellular DNA or RNA
without making double-stranded DNA breaks. As SNP is one of the most common
form of difference observed between resistant and susceptible alleles, base editors
can be of immense importance to wheat molecular breeders to directly improve the
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disease resistance in elite wheat lines. It can also be extended to generate artificial
alleles of a target gene.

The CRISPR-Cas mediated genome editing is precise, and modifications can be
done at specific locus. More importantly the meiotic segregation of the CRSPR
tools leaves final product free of transgenic traces that can be released to farmers
with minimum regulatory inhibition. Wheat powdery mildew an important wheat
disease, caused by an obligate biotrophic ascomycete fungus Blumeria graminis f.
sp. tritici, Bgt, which has a highly selective host range of single-plant genera (Singh
et al. 2016). Simultaneous editing of all three homoeoalleles of the MLO locus in
hexaploid bread wheat using TALEN and CRISPR-Cas9 has shown heritable
resistance to powdery mildew (Wang et al. 2014c). Similarly, simultaneous mod-
ification of all homoeologs of TaEDR1 gene by CRISPR-Cas9 technology gener-
ated wheat lines with enhanced resistance to powdery mildew (Zhang et al. 2017b).
FHB is another important disease of wheat caused by Fusarium graminearum
fungus. Deoxynivalenol (DON) is a mycotoxin virulence factor that induces the
expression of a transcription factor TaNFXL1, a repressor of F. graminearum
resistance. CRISPR-Cas9 mediated knocking out of TaNFXL1 demonstrated
increased FHB resistance (Brauer et al. 2020).

The CRISPR/Cas system to dissect the pathogen genetics and to diagnose the
disease. The lack of genetic tools to analyze and link the pathogen genes to the
disease phenotype and progression is a major impediment in developing disease
resistant crops. Recent progress in next generation sequencing has helped to predict
functions hundreds of pathogen genes that needs functional validation (Levy et al.
2018). The CRISPR-interference (CRISPRi) system uses a catalytically inactive
Cas9 protein (dCas9) and programmable single guide RNAs to modulate the
pathogen gene expression that can be employed to dissect the functions of essential
and non-essential genes in different pathogen species. Recently, a
‘Mobile-CRISPRi’ system has been developed to analyze antibiotic resistances and
host-microbe interactions that uses a modular system and can be transferred to
diverse bacterial species by conjugation (Peters et al. 2019). A similar system in
plants can be very useful to study plant-pathogen interaction as well as the
mechanism of resistance breakdown by new pathotypes.

Rapid and reliable detection of pathogens is important for taking curative
measures in order to minimize the crop loss. The CRISPR-Cas technology can
provide a versatile tool to detect the pathogen DNA/RNA in plant samples.
The SHERLOCK (specific high-sensitivity enzymatic reporter unlocking) system
can detect atto-molar concentration of nucleic acids in a solution (Abudayyeh et al.
2019; Gootenberg et al. 2018). The colorimetric lateral flow strips can also be
developed to detect certain plant or pathogen genes by using SHERLOCK platform
in the field without need of high end instruments or technical expertise (Abudayyeh
et al. 2019). The multiplexed SHERLOCK system can also be extended to detect
heterozygosity and trait stacking.
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2.10 Concluding Remarks

Wheat diseases continue to be a significant challenge in several wheat production
environments. Major threat is due to the extreme damage these diseases can cause
to susceptible varieties. Although severe epidemics have not been reported in the
last two decades, lack of genetic diversity in host and constantly evolving and
migrating pathogens can pose a significant risk. Genetic resistance through
deployment of both race specific genes and APR though quite widely used in
breeding programs, however, faster evolution of new races to overcome race
specific genes has resulted in wide spread vulnerability of cultivars, and the
increasing importance of some diseases due to changes in cropping systems and
crop intensification require reinforcing breeding strategies to develop adequate and
durable resistance to multiple diseases for enhancing wheat productivity and
farmers’ income worldwide by reducing crop losses. New genomic tools in con-
junction with phenotypic selection provides great promise for harnessing ample
genetic diversity for resistance that exists in wheat for a number of important
diseases. The impact of cost-effective NGS technologies coupled with new tools of
rapidly cloning of rust resistance genes alongside the availability of wheat reference
genomes can rapidly accelerate pyramiding strategies into desired wheat back-
grounds. Progress in genetic mapping techniques and wheat transformation meth-
ods can enhance cloning efforts with the possibility of stacking multiple genes or
gene cassettes using functional markers Future policy decisions will determine
whether transgenic cassettes can be utilized as a new strategy for durable resistance
in various countries.
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Chapter 3
Resistance to Biotic Stress: Theory
and Applications in Maize Breeding

R. N. Gadag, Jayant S. Bhat, Ganapati Mukri, Robin Gogoi,
S. B. Suby, Abhijit Kumar Das, Sarita Yadav, Pranjal Yadava,
M. L. Nithyashree, Gopalakrishna K. Naidu, Sunil Kumar Yadav,
and K. Shilpa

Abstract By virtue of its higher genetic diversity, maize has better adaptability to
various climatic situations and has high yield potential than other cereals. However,
the incidence of pests and diseases at different stages of the crop can reduce the
yield drastically. Several strategies have been adopted to manage biotic stresses in
maize to maintain the yielding ability. Apart from the chemical method of disease

R. N. Gadag � G. Mukri (&) � K. Shilpa
Division of Genetics, ICAR-Indian Agricultural Research Institute, PUSA Campus, New
Delhi 110012, India
e-mail: ganapati.mukri@icar.gov.in

J. S. Bhat
Regional Research Centre (ICAR-Indian Agricultural Research Institute), Dharwad,
Karnataka 580005, India

R. Gogoi
Division of Plant Pathology, ICAR-Indian Agricultural Research Institute, PUSA Campus,
New Delhi 110012, India

S. B. Suby � A. K. Das
ICAR-Indian Institute of Maize Research, PAU Campus, Ludhiana 141004, India

S. Yadav
ICAR-National Institute for Plant Biotechnology, PUSA Campus, New Delhi 110012, India

P. Yadava
Division of Plant Physiology, ICAR-Indian Agricultural Research Institute, PUSA Campus,
New Delhi 110012, India

M. L. Nithyashree
Division of Agricultural Economics, ICAR-Indian Agricultural Research Institute, PUSA
Campus, New Delhi 110012, India

G. K. Naidu
All India Coordinated Research Project on Maize, University of Agricultural Sciences,
Dharwad 580005, India

S. K. Yadav
Department of Biophysics, University of Delhi, South Campus, New Delhi 110012, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
C. Kole (ed.), Genomic Designing for Biotic Stress Resistant Cereal Crops,
https://doi.org/10.1007/978-3-030-75879-0_3

129

mailto:ganapati.mukri@icar.gov.in
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-75879-0_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-75879-0_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-75879-0_3&amp;domain=pdf
https://doi.org/10.1007/978-3-030-75879-0_3


management, improving the crop for natural resistance has paid much dividend for
sustainable maize production. With the advent of high throughput phenotyping
method followed by genotyping, targeted trait improvement has become easy.
Molecular marker technology—a non-destructive method—enables indirect selec-
tion of genotypes without exposing them to epiphytotic condition. This has been
found to be efficient over existing traditional methods of screening followed by
selection. The information on QTLs, novel genomic resources have provided bet-
ter understanding of tolerance traits. Although GE technologies have been suc-
cessful in development of genotypes to combat pathogens in important crops, they
are not yet fully exploited for the management of insect pests. The most important
limitation has been the lack availability of target genes at present against the insect
pests. Genome editing is becoming powerful tool which enables the possibilities of
developing resistant gene by targeted gene modification. Though maize is recal-
citrant to regeneration, protoplast transient assay made easy the utilization of
CRISPR technology in developing disease resistant maize. Institutional support
followed by policy intervention makes new technological interventions finding way
for improving crops. Social beliefs and ethical issues should be taken care while
targeting next generation breeding approaches to develop insect or disease resistant
maize.

Keywords Biotic stresses � Genetic diversity � Breeding approaches � Molecular
mapping � New biotechnological tools � Transgenics � Social issues

3.1 Introduction

Maize (Zea mays L.) is the most important cereal crop worldwide after wheat and
rice with the global production of 1147 Mt. Among the top corn producing
countries, United States hold the first position with the yield of 11.86 tha−1, fol-
lowed by European Union, Ukraine, China, Argentina and India. Generally, maize
is grown for grain or fodder and silage production. It is having direct economic
value on mankind as grain is primarily grown for human consumption, especially in
tropics. In Asia, compared to human food, the demand for maize as an animal feed
will have more impact on the production scenario. More than doubling of pro-
duction is expected from the present level of 165 Mt to almost 400 Mt in 2030
(Paliwal et al. 2000). The Food and Agriculture Organisation (FAO) predicts the
requirement of an additional 60 Mt of maize grain to meet the demand by 2030.
Maize is a versatile crop, having wider adaptability to different climatic situations,
from temperate to tropical conditions. Being a C4 crop, maize has the highest yield
potentiality compared to other cereals, but due to the damage by insect and pest
attack, global maize production is under threat. One of the main deterrents to
achieving grain yield in maize is its susceptibility to many pests and diseases (Devi
and Thakur 2018).
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3.2 Description on Different Biotic Stresses

3.2.1 Maize Diseases

Among the maize diseases caused by fungi, bacteria and viruses, fungal diseases
like banded leaf and sheath blight (BLSB), turcicum leaf blight (TLB), maydis leaf
blight (MLB), post-flowering stalk rots (PFSR) complex, downy mildews (DM),
rust, smut, seed rots and seedling blights, leaf spots and blights etc. are of major
concern (Saxena et al. 2008). Under favourable conditions, these diseases cause
immense losses to both quantity and quality of grain produced. World maize trade
in 2019–20 is now forecast to reach nearly 167 Mt, almost unchanged from the
previous season despite experiencing annual global yield loss recorded up to 20–
41% in maize (FAO 2020).

Maydis leaf blight (MLB) disease or southern corn leaf blight (SCLB), caused
by Bipolaris maydis (Nishik. and Miyake) Shoemaker [Cochliobolus heterostro-
phus (Drech.) Drech.] is one of the impending threats to global maize production.
The pathogen B. maydis possesses three physiological races viz. race O, race T
(Hooker 1972; Ullstrup 1972), and race C (Wei et al. 1988). The race-T is more
prevalent in the United States of America (USA). In USA, it resulted in an epidemic
during 1970 by the extensive usage of CMS-T cytoplasm based maize lines to
develop commercial maize hybrids. The race C is prevalent in China and is
pathogenic on maize inbred lines having CMS-C cytoplasm (Wei et al. 1988). On
the other hand, the race ‘O’ is predominantly prevalent in the southern Atlantic
coast of the USA, India, Africa, and Western Europe (Balint Kurti et al. 2007),
which can infect all types of susceptible maize cultivars, irrespective of the cyto-
plasm (Smith 1975) and can reduce the grain yield up to 41% (Sharma et al. 2005).

Banded leaf and sheath blight (BLSB) disease is caused by a versatile soil
borne fungus Rhizoctonia solani f. sp. sasakii (Kuhn) Exner [teleomorph:
Corticium sasakii, syn. Thanatephorus cucumeris Frank (Donk)] which is not
producing any spores. Generally, this pathogen is identified by characteristics of the
mycelium and sclerotia. The pathogen is an imperfect fungus (Deutermycetes)
belonging to AG 1-1A anastomosis group of R. solani isolates (Yang and Li 2012;
Hooda et al. 2015).

Post-flowering stalk rots (PFSR) are the world’s most destructive diseases of
corn. Diseases such as Fusarium Stalk Rot (Fusarium verticillioides (Sacc)
Nirenberg, Syn F. moniliformae), Charcoal Rot (Macrophomina phaseolina (Tassi)
Goid.) and Late Wilt (Cephalosporium maydis Samra, Sabet. and Hingorani) are
commonly associated with PFSR. Among them, charcoal rot (M. phaseolina) is
dominant one and occurs as a complex along with F. verticilloides in some loca-
tions. M. phaseolina is an anamorphic ascomycete of the family
Botryosphaeriaceae and causes the disease charcoal rot on a broad range of plants in
many areas of the world. The lack of a known teleomorph has hindered its proper
taxonomy (Crous et al. 2006).
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Turicum leaf blight (TLB) or northern corn leaf blight (NCLB) is another
important disease caused by an Ascomycete Exserohilum turcicum (Pass.) Leonard
and Suggs [Setosphaeria turcica (Luttr.) K. J. Leonard and Suggs, formerly known
as Helminthosporium turcicum] which belongs to family Pleosporacae (Leonard
et al. 1989). In the United States various races of the pathogen exist, of which race
‘O’ was predominant in the mid-1970s, Race 1 was the most prevalent race in the
region by the mid-1990s (Ferguson and Carson 2007). The Indian scenario of the
races of S. turcica is blurred so far.

Downy mildews (DM) are caused by a group of Oomycetes like
Perenosclerospora sorghi Weston &Uppal (Sorghum downy mildew),
Sclerophthora rayssiae Kenneth, Koltin & Wahl (Brown stripe downy mildew),
Peronosclerospora sacchari Miyake and Shaw (Sugarcane downy mildew) and
Pernosclespora heteropogoni (Rajashan downy mildew). All these genera cause
both external and systemic infection. As a result, the severely affected plants do not
produce any ear or tassel or in most cases deformed ears are developed that directly
affect the grain yield (Kenneth 1970; Bock et al. 2000; Isakeit and Jaster 2005).

Rusts in maize are of two types. The common rust is caused by Puccinia sorghi
Schwein (also known as Puccinia maydis). The second one is polysora rust or
tropical rust or southern rust caused by Puccinia polysora Underw. The physio-
logical races of P. polysora were reported long back by Ryland and Storey (1955).
Seventeen virulence patterns were identified among the 60 isolates tested (Casela
and Ferreira 2002). Puccinia sorghi can cause severe damage to susceptible maize
varieties and limit production mainly in tropical countries. However, the threat has
largely been overcome by resistant varieties. Puccinia sorghi is no longer a serious
problem on maize although late season plantings are severely affected. Commonly
the hosts of P. sorghi are maize and Oxalis species (wood sorrel). Different
spore-producing stages of P. sorghi occur on each host, but the sexual stages occur
on Oxalis.

3.2.2 Maize Insects

About two dozen insect species cause economic damage to maize globally (Ortega
and de Leon 1974; Guthrie 1989). The most damaging and difficult to manage
among them are the stalk borers. They feed on the foliage in the beginning and later
bore into the stalk, where it kills plants or drastically reduce the yield by stalk
tunneling which affects xylem and phloem transportation, leading to stunted plant
growth. Since maize has high foliage compensation ability, yield reduction is
mainly caused by stalk damage. The pests coming under this category are European
corn borer [Ostrinia nubilalis (Hübner)] in North America, Europe and North
Africa, Asian corn borer or Oriental corn borer [Ostrinia furnacalis (Guenee)],
spotted stemborer [Chilo partellus (Swinhoe)], Mediterranean corn borer or pink
stem borer [Sesamia nonagrioides (Lefebvre)] or pink borer [Sesamia cretica
(Led)], African maize borer [Sesamia calamistis (Hmps)], pink stem borer
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[Sesamia inferens (Walker)], African maize stalk borer [Busseola fusca (Fuller)],
African sugarcane borer [Eldana saccharina (Walker)], Southwestern corn borer
[Diatraea grandiosella (Dyar)], American sugarcane borer [Diatraea saccharalis
(Fabricius)], neotropical corn borer [Diatraea lineolata (Walker)].

The only foliage feeder which cause economic loss because of its voraceous
feeding habit is fall armyworm [Spodoptera frugiperda (J. E. Smith)]; causes direct
damage to corn ears too. This pest is currently posing a global challenge since its
invasion in Africa in 2016, Asia in 2018 and Australia in 2020. The pests directly
causing aesthetic and economic damage to corn ears are corn earworms
[Helicoverpa zea (Boddie)] and Helicoverpa armigera (Hübner), where the former
is more damaging and restricted to Americas. The economically damaging corn
rootworm complex, [Diabrotica spp. viz., the western corn rootworm (Diabrotica
virgifera virgifera LeConte), the northern corn rootworm (Diabrotica barberi
Smith and Lawrence) and the southern corn rootworm (Diabrotica undecimpunc-
tata howardi Barber)] cause damage to roots, where 15% yield loss per each
damaged node is predicted (Tinsley et al. 2013). Corn rootworm species are native
to the western hemisphere, however, WCR, the most damaging among all, invaded
Europe (Berger 2001).

Corn leaf aphid [Rhopalosiphum maidis (Fitch) is the globally distributed
sucking pest of maize, which usually attack pre-tasseling stage to grain filling stage
and occasionally cause economic damage. Average density of 818 aphids at V10–
VT stage corn can cause 28% yield reduction (Al Eryan and El Tabbakh 2004).
Plant hoppers Cicadulina mbila (Naude) and Peregrinus maidis (Ashmead), cause
damage primarily by acting as vector of viral diseases like maize streak virus
(MSV) and maize stripe virus (MStV) respectively in maize (Roca De Doyle and
Autrey 1992).

The main storage pests of maize, which cause loss of quality and quantity of
maize grains across the world, are maize weevil [Sitophilus zeamais
(Motschulsky)], angoumois grain moth, [Sitotroga cerealella (Olivier)], the lesser
grain weevil [Sitophilus oryzae (Linnaeus)] and the larger grain borer
[Prostephanus truncatus (Horn)]. P. truncatus the most damaging among all,
is restricted to Americas and Africa. Grain weight losses due to S. zeamais and
P. truncatus can go up to 20 and 35% respectively (Tefera et al. 2016). In addition,
several minor and potential pests attack maize around the world causing less fre-
quent economic damage.

Occurrence and severity of insect pests of maize vary by geographical location
and vary by season within a geographical area. Since insects are cold-blooded
animals, they generally prefer a temperature range of 25–35 °C. They undergo
diapause in harsh summer periods, influencing their number of generations pro-
duced in a year; so is the severity of damage. For example, two generations of ECB
are observed in maize crop of United States, whereas only one generation occurs in
central Europe (Bohn et al. 1999).

Similarly, C. partellus, the most destructive native pest of maize in India, is more
prevalent in kharif crop, where the extent of crop loss was about 27–80% (Jalali
et al. 2014). Whereas in Nepal, a country with less geographic and climatic
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variability, a narrow range of yield reduction (27–30%) was reported (Sharma and
Gautam 2010). Severity of infestation and yield losses caused by maize stemborers
varies in African continent, where geography, season, cultivars and cultivation
practices are the contributory variables. In East Africa, C. partellus, C. orichal-
cociliellus, E. saccharina, B. fusca, and S. calamistis are major maize stemborers
where, the later three occurs as major pests in West Africa also. In South Africa, B.
fusca and C. partellus are the only major pests (Kfir et al. 2002; Sharma and
Gautam 2010).

3.3 Stages and Extent of Damage

Among the various biotic factors causing damage to the maize crop, diseases viz.,
maydis leaf blight (MLB), banded leaf and sheath blight (BLSB), downy mildews
(DM), rust, smut, and post flowering stalk rots (PFSR) etc. are most important
(Singh and Shahi 2012). Under ideal circumstances, these diseases inflict immense
losses both in quantity and quality of grain produced (Yadav et al. 2015). Annually
around one percent of the total grain yield is reduced by BLSB alone in India
(Sharma et al. 2005). But premature death of plants by diseases can cause drastic
reduction in grain yield near to 97% (Sagar and Bhusal 2019). Similarly, MLB
causes considerable yield losses even up to 70% (Kumar et al. 2009). Losses due to
the downy mildews from India and several SE Asian countries have been accounted
as high as 40–60%. In southern India especially Tamil Nadu and Karnataka have
been reported downy mildew epidemics at various times. The projected losses
resulted by major diseases of maize in India is nearer to 13.2% of which foliar
diseases (5%), stalk rots, root rots and ear rots (5%) are accountable for substantial
yield reduction. A wide range of crop yield losses caused by maize diseases has
been tabulated in (Table 3.1). Similarly, occurrence and severity of insect pests of
maize vary by geographical location and season within a geographical area.

Most vulnerable stages of maize to these pests are three leaf stage to flowering
stages. However, European corn borer (ECB), the most destructive among all, also
damages at reproductive stage where stalk breakage; tassel, ear and kernel damage,
and ear/cob drop are common (Chiang and Hodson 1950). ECB had been causing
crop losses of about one billion US$ annually in United States alone prior to the
introduction of Bt corn hybrids (Hutchison et al. 2010). All hybrids were suscep-
tible to ECB in Europe, where 0.28% and 6.05% grain yield reduction with every
one percent damaged plant and one ECB larva per plant respectively was reported
(Bohn et al. 1999). The only foliage feeder which cause economic loss because of
its voracious feeding habit is fall armyworm [Spodoptera frugiperda (J. E. Smith)],
which cause direct damage to corn ears too. The pests directly causing aesthetic and
economic damage to corn ears are corn earworm [Helicoverpa zea (Boddie)], and
less frequently by Helicoverpa armigera. The sucking pests of maize viz., maize
leafhopper [Cicadulina mbila (Naude)], corn leaf aphid [Rhopalosiphum maidis
(Fitch)], cause more indirect damage by acting as vectors of viral diseases in maize.
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Table 3.1 Important maize diseases along with their causal agents and yield losses

S.
No.

Disease Causal agent Losses
(%)

Reference

1 Turcicum blight/Northern
corn leaf blight

Helminthosporium
turcicum (Exerohilum
turcicum)

20–90 Razzaq et al.
(2019)

2 Maydis blight/Southern corn
leaf blight

Bipolaris maydis
(Cochliobolus
heterotropus)

9.7–
11.7

Manjunatha
et al. (2019)

3 Gray leaf spot Cercospora zeae 5–30 Ward et al.
(1999)

4 Curvularia leaf spot Cochliobolus lunatus 10–60 Akinbode
2010

5 Brown spot Physoderma maydis 6–20 Lal and
Chakravarti
(1976)

6 Southern corn/Polysora rust Puccinia polysora 50–100 Liu et al.
(2016)

7 Common corn rust Puccinia sorghi 18–49 Groth et al.
(1983)

8 Eye spot Aureobasidium zeae 14–44 Chang et al.
(1990)

9 Head smut Sporisorium reilianum Up to
30

Njuguna 2001

10 Common smut Ustilago zeae 40–100 Pope and
McCarter
(1992)

11 Ear rot Fusarium verticillioides 5–15 Ako et al.
(2003)

12 Sorghum downy mildew and
Rajasthan downy mildew

Peronosclerospora sorghi
and P. heteropogoni

30 Singh and
Kaur (2018)

13 Banded leaf and sheath blight Rhizoctonia cerealis or
solani f. sp. sasakii

10–90 Sagar and
Bhusal (2019)

14 Various stalk rot Macrophomina phaseolina,
Pythium inflatum

30–35 Costa et al.
(2019)

15 Fusarium stalk rot Fusarium verticillioides 10 Archana et al.
(2019)

16 Root rot Fusarium graminearum 25–30 Hebbar et al.
(1992)

17 Maize dwarf mosaic Maize dwarf mosaic virus
(MDMV)

0–90 Goldberg and
Brakke (1987)

18 Maize rough dwarf Maize rough dwarf virus
(MRDV)

10–70 Dovas et al.
2004

19 Bacterial stalk rot Dickeya zeae 85–90 Kaur et al.
(2014)

Source Dey et al. (2015)
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The storage pests of maize which cause loss of quality and quantity of maize grains
across the worlds are, greater rice weevil or maize weevil [Sitophilus zeamais
(Motschulsky)], angoumois grain moth, [Sitotroga cerealella (Olivier)]. In addi-
tion to these, other insects also damage maize crop significantly under favourable
conditions (described in the previous section) (Figs. 3.1 and 3.2).

3.3.1 Disease Management

The disease management strategy by cultural methods is reported to be effective in
the major diseases. In case of BLSB, stripping of the lower leaves can restrict the
occurrence and spread of the disease (Sharma and Hembram 1990; Kaur et al.
2020). Management of crop debris, deep tillage, crop rotation with non-host spe-
cies, decreasing plant density and timely showing can help reduce the incidence of
MLB disease (Kaur et al. 2014). Ridge planting and paired row planting methods
were successful in minimizing MLB disease severity. The PFSR disease can also be
managed by crop rotation with non-cereal crops, deep summer ploughing in April
and May, burning of crop residues. In addition, avoidance of the water stress
condition at the time of flowering by providing irrigation till grain filling stage
significantly reduces PFSR disease occurrence. Various cultural practices such as
soil solarization, balanced soil fertility, crop rotation with non-host crop and
flooding as well as fallowing can reduce late wilt disease (Cephalosporium maydis
Samra, Sabet and Hingorani) severity and losses (Degani et al. 2018). However, all
these cultural practices will only be successful if all farmers in the vicinity har-
monize their activities.

Management of crop diseases using chemicals is the mainstay till date. The
wider use of chemical pesticides is due to their more effectiveness, ease of

A. Damage by Chilo partellus B. Damage by Fall armyworm 

Fig. 3.1 Insect damage in maize (Photo courtesy, Suby S. B, IIMR, New Delhi). a Damage by
Chilo partellus b damage by Fall armyworm
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application, availability and stability. Chemical pesticides are generally fast-acting,
may damage the crop less than those caused by the diseases. The fungicides have
long been recommended are Mancozeb @2.5 g/L against common rust, Polysora
rust, MLB and TLB; Propiconozole 25% EC (Tilt) @1 ml/Lagainst rusts;
Metalaxyl MZ @2 g/L against downy mildews; Carbendazim, Tebuconazole,
Hexaconazole @1 gm or ml/L, Azoxystrobin 18.2% + Difenconazole 11.4% w/w
SC against BLSB disease. The pre-flowering stalk rot disease can be minimized
using bleaching powder containing 33% chlorine @10 kg/ha as soil drench at
pre-flowering in standing crop. Foliar spray with the combination of Carbendazim
12% + Mancozeb 62.7% was reported to be as effective against Fusarium stalk rot
disease.

Biocontrol approach is an important measure for plant disease control without
posing adverse effect on the environment (Gogoi et al. 2018). Mechanisms such as
antibiosis, siderophore production, induced resistance, and competition are the
modes of action of the bioagents (Yobo et al. 2004). Several micro-organisms are
known to parasitize Rhizoctonia species and those are mainly fungi like

Fig. 3.2 Fungal disease of maize (Photo courtesy, Robin Gogoi, IARI, New Delhi). a Banded leaf
and sheath blight; b maydis leaf blight; c turcicum leaf blight; d charcoal rot (Post flowering stalk
rot); e smut; f common rust
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Trichoderma, Gliocladium, and Laetisaria, bacteria (Pseudomonas fluorescence)
and nematodes (Aphelenchus avenae) (Singh and Shahi 2012). BLSB disease
incidence could be drastically reduced by applying P. fluorescens and T. harzianum
in the field and it improves plant growth as well (Sivakumar et al. 2000; Meena
et al. 2003). Combined use of seed and foliar treatment with fluorescent
Pseudomonas from maize rhizoplane was most effective against BLSB (Gamliel
and Katan 1993) and the result was on par with the systemic fungicide carben-
dazim. In case of Fusarium stalk rot, seed treatment with T. harzianum (4 g/kg
seed) along with soil application of castor or neem cake (250 kg/ha), 15 days prior
to sowing helps in disease management (Saravanakumar et al. 2017). Application of
Trichoderma formulations in furrows after mixing with FYM @1 kg/100 kg FYM
at least 10 days before its use in the field in moist condition (Hussain et al. 1990)
and seed treatment with talc-based powder formulation of T. viride (T. asperellum)
@12 g/kg seed can check the appearance of charcoal rot disease (Shekhar and
Kumar 2010). Thus, the ultimate goal of reducing fungicide use in maize pro-
duction could be achieved by using different bio-origin fungicides in rotations with
traditional fungicides. But successful biological control of the diseases requires
more knowledge-intensive strategies.

Resistance of the host plant plays a significantly important role in integrated
disease management approach. Therefore, identification of resistance genes
against the aggressive pathogens and combining them with high grain yield is
a priority. Crop diseases, especially the BLSB of maize, can be managed by using
different management strategies at some level. It includes cultural practices,
chemical management, host resistance and biological control. But the studies
revealed that none of the disease managerial measures alone is absolutely effective.
Hence, identification of climate resilient components and their combination for
integrated disease management (IDM) modules development are expected to pro-
vide best management of the diseases like BLSB (Hooda et al. 2015). Use of
fungicides and bio-control agents viz., Trichoderma viride, Pseudomonas fluor-
escens and Bacillus subtilis as seed and soil treatment can also restrict the BLSB
disease to some extent. Seed treatment with Trichoderma harzianum (6 g/kg of
seeds) and 2 sprays of 0.25% Mancozeb at 40 and 50 DAS are found effective for
the management of turcicum leaf blight disease (Khedekar et al. 2010). Seed
treatment with a combination of carbendazim + T. viride revealed maximum
increase in seed germination (89.4%) followed by reduction in disease severity
(83.8%) of Fusarium stalk rot (F. verticillioides) in maize (Khokhar et al. 2014). In
Nepal, IDM approach was reported to be the most appropriate technology for
management of stalk rot complex which is an exclusively soil borne nature (Subedi
et al. 2016).
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3.3.2 Insect Management

The losses caused by the insect pests can be managed by adapting several strategies.
Among the various strategies, the use of chemical insecticides is the major one
across the globe, but, it has negative impacts viz., ecological damage, environ-
mental pollution, human health hazards and development of resistance in the insect
pests. The host plant resistance (HPR) is a most effective alternative and economical
approach to control insect pests. Breeding for resistant cultivar is a sustainable
approach. In USA, the efforts towards breeding insect resistant maize cultivars has
started after the discovery of European corn borer in 1917 (Guthrie 1989).

The success of breeding program to develop resistant cultivars depends on
availability of broad germplasm base, knowledge of resistance mechanism, effi-
cient and reliable screening techniques, mode of inheritance, selection of right
breeding procedure, etc. In the recent past, new molecular techniques have facili-
tated plant breeding and brought improvements in cultivars resistance against insect
pests (Guthrie 1989). Identification, development and utilization of sources of
resistance against different insect pests of maize play important role in designing
management strategies (Mihm 1997).

Historically, many cultivars with insect resistance have been developed utilizing
conventional breeding methods. In CIMMYT, sub-tropical source populations were
developed with multiple borer resistance (MBR population) by following recom-
bination and recurrent selection under artificial infestation with southwestern corn
borer (SWCB, Diatraea grandiosella), sugarcane borer (SCB, Diatraea sacchar-
alis), European corn borer (ECB, Ostrinia nubilalis) and fall armyworm (FAW,
Spodoptera frugiperda) (Mihm 1985). From the different organizations diverse
source populations were obtained and used for development of MBR population.

3.4 Traditional Breeding Approaches

Traditional breeding comprises all those breeding methods that have been devel-
oped since the origin of agriculture and are still commonly used even today.
Conventional breeding can be defined as the development or improvement of crop
cultivars with the help of natural processes and conservative tools for manipulating
plant genome within the natural genetic boundaries of the species (Acquaah 2015),
in contrast to molecular plant breeding, which utilizes modern, sophisticated and
sometimes radical tools.

In any breeding programme involving incorporation of a new a trait, including
disease resistance, breeder has to consider the phenomenon of ‘trait compensation’
by which the gains in other desired characters may suffer (like yield potential) due
to addition of a new trait (Badu Apraku and Fakorede 2017). Therefore, breeder has
to consider the economic sustainability of incorporation of biotic stress resistance.
For this, breeder has to consider the frequency and extent of biotic stress in the
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target area and extent of economic damage caused. Breeder may opt for major-gene
resistance (qualitative resistance conferred by R-genes) or minor gene resistance
(quantitative resistance conferred by QTLs). The major gene resistance has com-
plete expression with high levels of resistance, simple inheritance and is usually
race specific. But, this type of resistance may be quickly defeated by co-evolving
parasites. However, some cases of durable major-gene resistance have been
reported (Badu Apraku and Fakorede 2017). The durable resistance is defined as
“the resistance that remains effective when a cultivar is grown widely in environ-
ments favouring disease development” (review by Michelmore 2003). The concept
of durable resistance has proved a very useful concept in disease resistance
breeding. The example of such durable resistance has been seen in Indian inbreds.
The maize inbred lines CM104 and CM105 have shown resistance to turcicum leaf
blight (TLB) as well as maydis leaf blight (MLB) at 19 diverse locations in India for
more than 14 years. Furthermore, these lines registered resistant reaction also in
countries like Hawaii, Nigeria and Kenya for TLB, and Cameroon, Mexico, Hawaii
and Korea for MLB (Sharma et al. 1993a, b).

Quantitative resistance provides intermediate or partial resistance to the parasite
in contrast to qualitative resistance and is thought to be controlled by a set of genes
that are distinct from, or showing partial similarity with those involved in quali-
tative resistance (Wisser et al. 2005; Fu et al. 2009). Quantitative resistance is
expected to be more durable as many minor genes with small effects exert lower
selection pressure and presents greater hurdles to overcome by the parasite
(Parlevliet 2002). Even though a large number of quantitative resistance sources
have been reported, especially for disease resistance in plants (Young 1996), there
is no clear understanding of genetic basis or the mechanisms of defense involved in
quantitative resistance.

Once the decision on the type of resistance to be used in breeding is made, the
next step is to identify suitable sources of resistance. The resistance may be found
in the primary gene pool of the crop and often within the related species. Sources of
resistance have been reported in related taxonomic groups, viz., landraces, com-
mercial cultivars, wild progenitors, related species and genera. Further, breeder has
to bear in mind that use of germplasm with common genetic base should be
minimized or avoided in disease breeding programmes. Devastating epidemics have
been observed, as with the southern leaf blight in USA, when the genetic or
cytoplasmic homogeneity was achieved. In general, breeding for biotic stress
resistance in maize can be depicted as follows (Fig. 3.3).

Conventional approaches for biotic stress in brief are discussed for diseases and
insects separately in the following paragraphs.
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3.4.1 Conventional Approaches in Breeding for Disease
Resistance

The systematic efforts on conventional approaches for disease resistance began after
Biffen’s (1905) demonstration in wheat that disease resistance in plants is under
genetic control. This was further strengthened by works of Flor (1946) on flax rust
and understanding of the genetics of pathogenicity, and Van der Planck (Plank
1963), who suggested two types of resistance, viz., vertical (qualitative) and hor-
izontal (quantitative) resistance.

Breeding for disease resistance in maize, as in other crops, begins with the
screening germplasm to identify resistant sources (donors). Precision phenotyping
for disease resistance using disease hot spots or artificial epiphytotic or disease
screening hubs is the most important step into identify stable sources of resistance.
In the next step, backcross breeding scheme is used to introgress resistance gene
from the donor parent into an agronomically superior line or inbred (Fig. 3.3). To
achieve this, knowledge on the genetic architecture of disease resistance genes in
maize need to be explored to assess the nature of resistance (qualitative or quan-
titative) in the donor parent (Ali and Yan 2012).

In other major cereal crops like wheat and rice, qualitative disease resistance is
extensively used. In contrast, a few major resistance genes (R genes) have been
identified and utilized in maize (Ramakrishna et al. 2002), such as Ht genes against
northern leaf blight (Welz and Geiger 2000) and the Rp genes against common rust.
This is because, the majority of resistance available against diseases in maize is
quantitative disease resistance (QDR). The major reason for the predominance of
QDR in maize might be due to its outcrossing nature and hence, it is substantially
more genetically diverse than wheat or rice (Buckler et al. 2001). Maize breeders,
therefore, have more diversity available to them within adapted germplasm and
effective QDR to maize pathogens is available and widely utilized, compared with
wheat or rice breeders. This might also be due to the fact that maize is attacked by

Fig. 3.3 Flow diagram for
breeding for biotic stress
resistance in maize
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fewer commercially important biotrophic pathogens than that of wheat.
Furthermore, it is possible to bring together multiple small-effect QTLs to achieve
effective levels of QDR in maize through population improvement schemes. Hence,
population improvement approaches are more commonly used in maize for
improving both agronomic performance and disease resistance. Therefore, it is
important to collect and evaluate germplasm continuously to identify new sources
of disease-resistant genes, which in turn enables the breeder to incorporate multiple
disease resistance into breeding populations before deriving varieties from such
populations.

Resistance sources to foliar diseases of maize including maydis leaf blight
(MLB, southern corn leaf blight-SCLB), turcicum leaf blight (TLB), northern corn
leaf blight-NCLB) (Ayiga Aluba et al. 2015; Bhat et al. 2017; Kurosawa et al.
2018), gray leaf spot (GLS) (Dhami et al. 2015), polysora and common rust, downy
mildew (DM), some viral diseases, Aspergillus contamination (Hooda et al. 2012;
Badu Apraku and Fakorede 2017) have been identified and are incorporated suc-
cessfully through conventional breeding. In addition, multiple disease resistance
(MDR) in maize has been reported (Martins et al. 2019). MDR loci conferring
resistance to SCLB, GLS, and NCLB are believed to have relatively small effects
individually and the effects may be below the detection threshold to detect them as
individual loci (Balint Kurti et al. 2010; Martins et al. 2019). However, there has
been a very little progress in resistance against banded leaf and sheath blight, post
flowering stalk rots and ear rots (Ali and Yan 2012).

Gene pyramiding and multiline development are not popularly used as incor-
poration of multiple genes becomes a tedious and lengthy process. These strategies
are expected to become much more practical in future. Furthermore, many R genes
confer resistance against only one or few strains of pathogen and do not provide
broad-spectrum resistance as in case QDR. Nonetheless, understanding of the
function of R genes at molecular level and of downstream signal transduction
pathways might provide strategies to overcome these deficiencies (Balconi et al.
2012).

3.4.2 Conventional Approaches in Breeding for Insect
Resistance

Breeding for Insect resistance start with screening of a germplasm for variability in
the level of resistance of a genotype to target pest by quantifying the effect of insect
on plants and the effect of plants on insect (Mihm 1985). The most essential
components for successful screening programme for insect resistance are a broad
germplasm base, the established population of a target pest and its mass production.
Standardization of the most susceptible stage of plant, the dose of insect for
infesting plants, and an accurate phenotyping method are to be established before
screening. Once the resistance source is found, a suitable breeding scheme is
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followed. Compilation and reviews on mechanisms of resistance, its genetics,
sources of resistance and conventional breeding for insect resistance in maize for
Americas and Africa have been published (Mihm 1985, 1997; Guthrie 1989;
Wiseman and Davis 1990; Mugo et al. 2001; Kumar 2002; Brooks et al. 2007).

Breeding for insect resistance in corn began in 1920s for ECB resistance
(Guthrie 1989). International Maize and Wheat Improvement Center (CIMMYT)
derived a source population (sub-tropical) with multiple borer resistance (MBR) to
combat multiple pests in the area of release of a new cultivar and for increased
durability of resistance. MBR was developed from germplasm sources resistant to
SWCB, SCB, ECB and FAW, through conventional pedigree breeding using
resistant germplasm sources of Mississippi State University, CIMMYT population
47, Antigua populations, Cornell University and University of Missouri. MBR
population is characterized by tough and fibrous leaf tissue where the cell wall
components are reinforced with phenolic acids, which reduces digestibility and
nutritional value of the plants to the pests (Bergvinson et al. 1994). Later, MBR was
found to possess good amount of resistance to C. partellus and B. fusca and served
as stemborer resistance source around the world. Its success was attributed to
additive variation of the polygenes involved in resistance and the genotypes derived
from MBR showing general combining ability as the primary source of variation
among F1 for resistance and grain yield (Mugo et al. 2001).

Of this, the landmark populations like Antigua Gpo2 population served the basis
of insect resistant lines released around the world. Corn host plant research unit of
USDA-ARS extensively worked on this and other resistant sources to derive many
insect resistant lines, of which Mp496 (Scott and Davis 1981) was the pioneer,
derived from Antigua Gpo2 by direct selection. Subsequently, many superior lines
resistant to FAW, SWCB and P. rust such as Mp703 (eight generations of selection
by selfing resistant plants of Gpo2 population by Williams and Davis 1980), Mp704
(eight generations of selection by selfing the cross between Mp496 and an S2
population of Republica Dominica Gpo1 by Williams and Davis 1982), Mp701 and
Mp702 (selection from bulk populations derived from crosses involving Antigua
Gpo. 1 and Antigua Gpo. 2, and Republica Dominica Gpo1 respectively by Scott
et al. 1982), Mp705, Mp706, and Mp707 (selfing selections from MpSWCB-4(l)
for eight generations by Williams and Davis 1984), Mp708 (in addition to FAW
and SWCB this line is resistant to root knot nematode. developed by selfing
selections from a cross of Mp704 and Tx601 for eight generations by Williams
et al. 1990), Mp713 and Mp714 (Mp713 derived from MBR population and Mp714
from GT-DDSA, a corn earworm resistant population Williams and Davis 2000),
and Mp716 (derived from a cross between Mp708 and Mp78:518 by Williams and
Davis 2002).

HPR was explored for stored product pests at CIMMYT, where Caribbean
germplasm bank accessions like Guadeloupe and Cuba land races served as LGB
resistant source (Kumar 2002). Subsequently, “CubaGuard” was derived by
recurrent section and selfing under LBG pressure.

Generally, the lines resistant to one pest tended to be resistant to other pests and
diseases, indicative of a broad-spectrum resistance. This could be the result of
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co-evolution of maize pests with its host plant under different ecologies or man-
made evolution by accelerated resistance breeding efforts. For instance, the line
Mp496, released in 1981 has good resistance to FAW, and fairly good resistance to
ECB, sorghum downy mildew, maize chlorotic dwarf and moderate resistance to
maize dwarf mosaic and southern corn rust (Scott and Davis 1981). This suggests
that there might be few genetic regions operate in tandem to give broad-spectrum
resistance, as observed in the inbred lines, Mp704 and Mp708 with leaf feeding
resistance to FAW and SWCB (Brooks et al. 2007).

3.4.3 Limitations of Conventional Approaches in Breeding
for Biotic Stress Resistance

Although conventional breeding has achieved tremendous results for many traits
and since many years, it also has some serious limitations. First, it takes very long
time to achieve desired results. Second, breeding can only be done between two
sexually compatible lines. Third, when hybridization is done, many other traits are
transferred along with the trait/s of interest—both positive and negative traits
resulting in linkage drag. Fourth, the use of distant relative or tertiary gene pool in
breeding for resistance poses following problems. (i) failure to get F1 seed between
the crop and the donor species, (ii) sterile interspecific or intergeneric hybrid, and
(iii) poor recombination between the chromosomes of crop and the donor species
(Harlan and De Wet 1971). When distant hybridization is used, the resistance may
be realised after the removal of undesirable genes trough many generations of
backcrossing.

3.5 Genetic Resources of Resistant Genes

The array of genetic resources at our disposal, together with new biotechnology
techniques, gives us with a healthy measure of optimism for meeting the world’s
future food requirements (Hoisington et al. 1999). The genepool of maize consists
of two genera, Zea and Tripsacum, of family Poaceae. These species are housing
tremendous genetic diversity that is potentially useful in maize improvement either
through hybridization or through special techniques, such as embryo rescue. The
genepool classification is based on the ease of genetic exchange through sexual
reproduction (Harlan and de Wet 1971). The cultivated species of the genus Zea (Z.
mays ssp. mays) represents the primary genepool and all other taxa in the genus Zea
that are popularly known as “teosintes” form the secondary genepool. All the
species in the genus Tripsacum, not easily crossable with cultivated maize and
require special techniques, are classified as tertiary genepool. The genetic resources
with biotic stress resistance have been summarized below Table 3.2.
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Table 3.2 List of germplasm resources of maize with potential to improve biotic stress tolerance

Sl.
No.

Biotic stress Germplasm Reference

Primary genepool

1 Foliar diseases Tuxpeno crema-land race Kloeppe
et al. (1999)

2 Downy mildew Suwan-1 (OPV-Thailand) Dhillon et al.
(2002)

3 Multiple diseases Prabhat (OPV-India) Dhillon et al.
(2002)

4 Sitophilus zeamais (maize
weevil)

Palomero Toluqueno (Popcorn landrace) Arnason
et al. (1993)

5 Prostephanus truncates
(Larger grain borer)

Caribbean land races Kumar
(2002)

6 Northern leaf blight
(inbred lines of maize)

DMSC 16-1, Gen1858, HKI PC 4B-1, HKI
141-1, HKI 141-2, CML141

Hooda et al.
(2012)

7 Southern leaf blight
(inbred lines of maize)

DMSC 16-2, V351-1, CM 114, CML 165,
CML 167, HKI-139

8 Brown stripe downy
mildew (inbred lines of
maize)

CUBA 380, DMSC36, HKI-PC-4B-1,
DTPYC9-F46-3-1, ESM-11-3, LM 6, LM
12, LM 16, V 355, V 341-1, CM 123, CM
149, CM 500,

9 Post flowering stalk rot WINPOP-1, WINPOP-2, WINPOP-3,
WINPOP-21, WINPOP-21, WINPOP-43-1,
HKI-2-6-2-4(1-2)-4, HKI 226, HKI 1040-5,
CML 451(P2)

10 Polysora rust DMSC 16-1, DMSC 16-2, WINPOP-43-1,
WINPOP-43-2, HKI-2-6-2, HKI1040-5,
PFSR/51016-1, LM 16, CM 105, HKI
141-1,

11 Rajasthan downymildew LM15, CM114, HKI C 78, DMHOC 4,
PFSR- R9, PFSR-S3, PFSR- R10,
JCY3-7-1-2-1

12 Curvularia leaf spot LM11, LM 12, LM 16, V 335, V 341, V
351, CM121, CM 123, CM 144, CM 502,
HKI 141, CML384, CML 395

13 Multiple disease resistant
(MDR)

LM11, LM 12, LM 16, V 335, V 341, V
351, CM121, CM 123, CM 144, CM 502,
HKI 141, HKI 1352-5-8-9, CML384, CML
395

14 Fall army worm CMS 23, CMS 24, Zapalote Chico, CMS 45,
Amarillo Cristalino, WP 1, RR 060, MG 05,
Guatemala 786, NõdzobPrê, Puerto Rico 13

Viana and
Guimarães
(1997)

Secondary genepool

1 Corn Smut disease Teosinte Mammadov
et al. (2018)2 H. turcicum Z. diploperennis

3 H. maydis
(continued)
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Table 3.2 (continued)

Sl.
No.

Biotic stress Germplasm Reference

4 Maize chlorotic dwarf
virus

Z. diploperennis Findley et al.
(1982)

5 Fusarium spp. Z. spp. mexicana Pásztor and
Borsos
(1990)

6 Downey mildew Z. spp. mexicana Mammadov
et al. (2018)

7 Corn borer Z. mays spp. mexicana Pásztor and
Borsos
(1990)

8 Asiatic corn borer Z. mays spp. mexicana, Ramirez
(1997)9 Asiatic corn borer Z. mays spp. diploperennis,

10 Asiatic corn borer Z. mays spp. perennis

11 Corn rootworm T. dactyloides Prischmann
et al. 2009

12 S. frugiferda Z. diploperennis Farias
Rivera et al.
(2003)

13 H.turcicum, H.maydis Z. diploperennis Wei et al.
(2003)

14 Northern leaf blight Teosinte Ott (2009)

15 Ustilagomaydis Teosinte Chavan and
Smith
(2014)

Tertiary genepool

1 Colletotricum
graminicola

T. dactyloides Bergquist
(1979)

2 Rust disease T. dactyloides Mammadov
et al. (2018)

3 P. sorghi (RpTd gene) T. dactyloides Bergquist
(1981)

4 Helminthosporimturcicum T. dactyloides Bergquist
(1979)5 H. maydis

6 Erwinia stewartii

7 Puccinia sorghi
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3.5.1 Utilization of Identified Novel Genes in Maize
Improvement

Despite the importance of maize as a major staple crop globally, only a few biotic
stress resistance genes have been identified and validated through mutagenesis or
transgenic approaches. The resistance genes so far identified and cloned against
disease resistance include two qualitative resistance genes, Rp1-D and Hm1, and
four quantitative resistant genes with relatively large effects, ZmHtn1, ZmWAK,
ZmTrx, and Rcg1. Besides, some genes which are strongly implicated in disease
resistance and several QTLs against different diseases have been reported. Insect
resistance is largely quantitative in maize and few QTLs have been identified. In
addition, Cry protein genes have been used to develop maize transgenics resistant
against lepidopteran insects. These genes are summarized as follows (Table 3.3).

3.6 Diversity Analysis

The genetic diversity analysis in a crop germplasm provides breeders with valuable
information to select parents for hybridization and for diverse inbred development
(Ertiro et al. 2017). This in turn helps in classifying and describing inbreds into
distinct heterotic groups and help in determining the genetic variability in the
selected accessions/lines for target traits (Semagn et al. 2012). Several authors have
documented the extent of genetic diversity in maize. The genetic diversity analyses
in maize germplasm collection have been carried out in maize by both morpho-
logical and molecular approaches. Even though diversity analysis using morpho-
logical traits has many disadvantages (Botha and Venter 2000), it provides an
excellent analysis of variation at phenotypic level coupled with the information on
Genotype � Environment interaction. The characterization of accessions through
phenotypic descriptors is the first step to classify, describe and assess the potential
of available germplasm. Such an exercise will enhance the value of these germ-
plasm in maize breeding (Prasanna and Sharma 2005; Wasala et al. 2013). The
inbred lines of tropical and subtropical regions have more alleles and greater gene
diversity than temperate inbred lines. Hence, tropical germplasm may be useful in
temperate regions as well. It is observed that only 80% alleles present in land races
are present in improved inbred lines of maize, implying that substantial additional
genetic diversity can be found in landraces. Moreover, compared to the progenitor
(teosinte), maize has fewer alleles and hence alleles present in teosinte can provide
additional source of genetic diversity for use in maize improvement (Vigouroux
et al. 2005). In India, well characterized landraces through SSR marker analysis led
to the better understanding of population structure (Prasanna et al. 2010). Molecular
marker-based study involving progenitor and wild relatives provided insights into
the domestication events in maize (Matsuoka et al. 2002).
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3.7 Glimpse on Classical Mapping in Maize

The morphological marker is a genetic trait detectable by a naked eye and that aids
to identify, predict, or characterize the trait linked to it. For instance, the traits such
as seed colour, seed shape, flower colour, leaf pigmentation, leaf shape, flower
color, pubescence color, awn type and length, fruit shape, stem length, and such
other agronomic traits. These markers are easy to identify without any special
instrument or modern technique. Use of markers as an assisting tool to select the
plants with desired traits had started in breeding long time ago. Since ancient times,
various morphological markers have been used to investigate the variation for
utilization in plant breeding (Karaköy et al. 2014) and in construction of linkage
maps by classical two- and/or three-point tests. Some of these markers are linked
with other agronomic traits and thus can be used in indirect selection. Markers of
this type have been used in resistance breeding. For instance, the tomato Tm-2 gene
for resistance to tobacco mosaic virus (TMV) is linked to an anthocyaninless
seedling marker (Robinson et al. 1970) and a peach mildew resistance gene is
linked to the size of foliar glands (Connors 1922).

In maize, insect resistance is significantly correlated with morphological fea-
tures. For instance, dense waxes on stem and leaf surface against southwestern corn
borer (Hedin et al. 1993) and fall armyworm (Yang et al. 1993), low trichome
density against corn earworm (Widstrom et al. 1979), silica against European corn
borer (Rojanaridpiched et al. 1984), and tight husks against corn earworm
(Wiseman et al. 1977). These plant characteristics have been considered while
breeding for insect resistance in maize through conventional plant breeding
approaches. However main disadvantages of morphological markers are, they are
limited in number, influenced by the plant growth stages, various environmental
factors (Eagles et al. 2001), and some have deleterious effects, pleiotropy, epistasis,
and rare polymorphism.

Traditional method of identification of disease/insect resistance gene is time
consuming and affect much by environmental condition prevailed. Hence markers
linked to the trait of interest came as an improvement over traditional method of
identification and mapping of genes. Before mapping a gene of interest, under-
standing the inherence of particular trait is at most important. In maize, one
recessive major gene, rhm1, found to confers resistance to race O of Cochliobolus
heterostrophus (Zaitlin et al. 1993). Resistance is associated with relatively few
changes in gene expression or protein levels (Simmons et al. 2001). Monogenic
resistance was reported in case of MLB (Faluyi and Olorede 1984) initially fol-
lowed by the role of QTL in its expression later. It was established that in the adult
plant, rhm1 confers a level of quantitative resistance (Thompson et al. 1987) and
rhm was mapped to the short arm of chromosome 6 with two restriction fragment
length polymorphism (RFLP) marker loci (UMC85 and p144). The gene Hm2 and
Hm1A confer adult plant resistance to C. carbonum race (Balint Kurti et al. 2007,
2008). MLB resistance QTL are found in the same bin in populations derived from
two or more different crosses (McMullen and Simcox 1995; Wisser et al. 2006).
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Carson et al. (2004) identified a total of 11 QTLs governing resistance against
MLB. Another six significant QTLs (LOD > 3.1) were identified for resistance to
MLB which were located on the chromosome 1, 2, 3, 6, 7 and 8 (Balint Kurti and
Carson 2006). Seven potential QTLs, and the two strongest among them being
located on chromosome 3 (bin 3.04) and 9 (bin 9.04), were reported by recently,
Kump et al. (2011) identified 32 QTLs using nested association mapping popula-
tion. As pointed out earlier, disease resistance in maize is mostly quantitative in
nature. It can be noted that many dQTLs (disease QTLS) and only few R genes
(qualitative resistance) have been reported in maize. Wisser et al. (2006) compiled
the information from 50 publications on mapping of disease resistance pertaining to
11 different diseases in maize. In all, these papers reported the locations of 437
dQTLs, 17 R-genes, and 25 R gene analogs. The analysis of the distribution of
resistance loci indicated that the dQTLs are distributed over all 10 chromosomes
and covered 89% of the genetic map. Further, it indicated the presence of clusters of
dQTLs for multiple diseases. There is an evidence for the association of dQTL with
maturity related QTL. On the dQTL consensus map, each maize chromosome had
co-localizing dQTL for at least two different diseases. Also, MDR was found to be
associated with many common chromosomal segments. These distinct dQTL dis-
tributions for the different diseases imply that certain breeding schemes may be
more suitable for some diseases (Wisser et al. 2006).

3.7.1 Map-Based Cloning of Genes for Resistance

Northern corn leaf blight (NCLB) is one of the most devastating foliar diseases
caused by the fungus Exserohilum turcicum (teleomorph Setosphaeria turcica) and
result in huge economic loss in maize. Htn1 locus has been reported to confer
quantitative and partial resistance against NCLB (Gevers HO 1975) and mapped at
the locus to a 23.1-cM interval of chromosome 8. Inclusion of additional marker
within the interval narrowed down the interval to a 4.7-cM with the flanking
markers MA0003 (SNP) and bnlg1782. This distance represented 1.3-Mb on
physical map which was sequenced in resistant parent RP4Htn1 using a BAC
library. Further using sequence-based approaches narrowed down Htn1 between
newly designed SNP markers MA0024 and MA0013 representing a 131.7-kb
distance carrying three putative candidate genes ZmWAK-RLK1, ZmWAK-RLK2
and ZmWAK-RLP1. Later, Jamann et al. (2016) fine mapped the maize remorin
(ZmREM6.3) locus and demonstrated its role in conferring quantitative resistance
against NCLB.

Resistance to BLSB has been reported to be governed by multiple genes, and till
now genes with major effect has not been reported. Further, maize varieties with
complete resistance are not available. Hence, unravelling the genetic mechanisms
and mining resistance genes can be a boon for BLSB resistance breeding. Li et al.
(2019) performed GWAS for BLSB using 542,438 SNPs (MAF � 0.05) in the
association panel of 318 maize inbred lines consisted of 133 tropical or subtropical,
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78 temperate and 71 of mixed origin. Wide phenotypic variation for lesion length
was observed with average lesion length 0.8–14.13 cm in the panel. GWAS
analysis using the general linear model (GLM) could identify 28 SNPs
(P < 1 � 10−5) corresponding to nine loci and distributed on four (1, 4, 7 and 8)
linkage group. Out of 28 SNPs, the most significant SNP chr4.S_180199219
(P < 1.84 � 10−6) at chromosome 4 was present in second exon of the gene
GRMZM2G109140. The gene was designated as ZmFBL41 as the predicted F-box
protein (41 kDa) shares 79% sequence similarity with rice OsFBX61. Resequencing
of ZmFBL41 and comparative analysis of susceptible (28) and resistant (23) lines
identified four SNPs in the second exon in strong LD along with the lead SNP 2867
(r2 > 0.8). These five SNPs could be assigned to two haplotypes, viz., resistant
(haplotype 1) and susceptible (haplotype 2). However, these haplotypes did not
affect the ZmFBL41 expression level. To confirm the role of ZmFBL41 in BLSB
resistance, disease incidence and expression level of zmfbl41 carrying Mutator
insertion in the 5′ UTR was compared with inbred line W22 which showed 28%
reduced expression as well as disease index in zmfbl41. Further, transgenic rice
cultivar Zhonghua 11 overexpressing the susceptible ZmFBL41B73 allele developed
longer lesions. Hence, ZmFBL41B73 was found to be a negative regulator of BLSB
resistance and degrade a target protein, cinnamyl alcohol dehydrogenase (ZmCAD).

3.8 Association Studies in Maize

Importance of discovering durable pest and disease resistance necessitates addi-
tional genetic mapping of diseases tolerant genes. Genome wide association map-
ping identifies regions of the genome associated with different biotic stresses and
gives clue for directional selection to accelerated crop improvement. Majority of the
biotic stress resistance in maize are governed by many genes and its inheritance is
quantitative in nature. In order to analyse quantitative characteristics, association
mapping utilizes ancestral recombination and natural genetic variation within a
population and is based on the linkage disequilibrium principle (Geiringer 1944;
Lewontin and Kojima 1960). The non-random co-segregation of alleles into two
loci is one of the functional concepts of linkage disequilibrium.For association
mapping research design, this observation is important as it can be used to calculate
the marker density desired for scanning relatively undiscovered regions of the
genome as well as the maximum resolution that can be obtained in the target
population for genotype-phenotype associations (Ersoz et al. 2009).

The first association study at genome wide scale was reported in maize, in 2018,
in which 8590 loci, in 553 elite maize inbred lines were used. Large scale Genome
wide analysis provides new opportunity to understand the genetic architecture of
complex quantitative traits such as biotic stress tolerance. More than 40 QTLs map
for phenologic traits and kernel related traits in maize which are indirectly
responsible for stress tolerance (Li et al. 2013). There exist successful and practical
examples of association mapping in maize which give a new avenue for
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identification and/or introgression of rare alleles into elite maize germplasm via a
molecular marker assisted breeding. In a wide range of African agro-ecologies,
Genome wide association mapping (GWAS) was used in maize inbred and double
haploid lines to map several complex traits including disease and insect resistance,
for example, resistance to maize chlorotic mottle virus and response to the
Mediterranean corn borer (MCB) (Awata et al. 2019) (Table 3.4).

In the past few decades understanding of disease tolerance has been improved by
the inclusion of GWAS techniques in the identification of marker trait association
and trait specific identification of genotypes. However, relatively small portion of
phenotypic variation for a trait can be explained in any given GWAS. So further,
genomic studies to uncover this missing part can be explore in future.

Table 3.4 Some of the biotic stress tolerant traits dissected via a GWAS in maize are given below

Traits
category

Phenotype Population Sample
size

Number
of
markers

Reference

Stress
resistance

Disease
resistance

IAP 1487 8.2 K Van Inghelandt et al.
(2012)

IAP 527 557 K Chen et al. (2015)

IAP 1687 201 K Zila et al. (2014)

IAP 999 56 K Ding et al. (2015)

IAP 890 56 K Mahuku et al. (2016)

IAP 818 43.4 K Chen et al. (2016)

IAP 274 426 K Mammadov et al.
(2015)

IAP 287 461 K Tang et al. (2015),
Warburton et al.
(2015)

IAP 280 459 K Gowda et al. (2015)

IAP 267 47 K Zila et al. (2013)

IAP 346 60 K Farfan et al. (2015)

IAP 267 287 K Horn et al. (2014)

USNAM 4892 1.6 M Poland et al. (2011),
Kump et al. (2011)

Insect
resistance

IAP 302 246 K Samayoa et al. (2015)

Hyper
sensitive
response

IAP 231 47 K Olukolu et al. (2013)

USNAM 3381 26.5 M Olukolu et al. (2014)

Source Xiao et al. (2017)
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3.9 Genomics-Aided Breeding for Traits Conferring
Resistance

3.9.1 Structural and Functional Genomic Resources

Mutant Libraries

Mutants are one of the most important functional genomics resources in plants and
transposon tagging is the widely used approach for gene cloning in maize.
Transposon tagging has been used to clone many important genes in maize
including the well-known domestication gene (tb1) (Doebley and Wang 1997).
Maize genes have been tagged using active Mu in different research programmes
including Uniform Mu (McCarty et al. 2005) which is widely used by the maize
researchers and have uniform Mu-insertion for 30% of maize genes. Some of the
other programmes are Maize Targeted Mutagenesis database, Trait Utility System
for Corn, Mu array, RescueMu, Photosynthetic Mutant Screen (Brutnell 2002).
Maize mutant libraries have also been constructed through targeting induced local
lesions in genomes (TILLING) (Till et al. 2004; Lu et al. 2018) and much higher
number (80%) of genes have been reported to cover using this approach (Lu et al.
2018).

High Resolution Mapping Populations

Number of high-resolution mapping populations have been developed by maize
researchers and are freely available for genetic mapping (https://maizegdb.org/
stock_catalog). Intermated B73-Mo17 (IBM) is one of such intermated RIL (IRIL)
population which was derived through initial intermating among F2 (B73 � Mo17)
individuals for four generations and thereafter selfing through single-seed descent
(SSD) method. The additional four generation of recombination supported higher
(2.7-fold) recombination fraction and longer (3.86-fold) map length (Lee et al.
2002). The another most important available resource is nested association mapping
(NAM) population generated by crossing 25 founder lines with the common parent
(B73) (Yu et al. 2008). This population has the advantage of both linkage and
association mapping (McMullen et al. 2009) and captured approximately three
recombination event per gene including total *136,000 recombination events.
These populations have been used to dissect the genetic basis of different traits
including trait like disease resistance to southern leaf blight caused by Cochliobolus
heterostrophus (Balint Kurti et al. 2007; Kump et al. 2011). Further, the
‘‘Goodman’’ maize panel representing the diversity of public breeding programs
consists of 302 inbred lines have been characterized using high throughput
sequencing and used to dissect the genetic basis of different disease resistance traits
including resistance to ear rot resistance (Zila et al. 2013), aflatoxin (Farfan et al.
2015), Fusarium verticillioides infection (Stagnati et al. 2019) etc. MaizeGo panel
(http://www.maizego.org/Resources.html) consisting of 540 maize lines is another
association panel representing the largest AMP panel ever assembled for maize
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(Yang et al. 2011), which has also been used to explore disease resistance traits
including other traits (Ding et al. 2015; Li et al. 2019).

3.9.2 Details of Genome Sequencing

Schnable et al. (2009) released the first reference genome (B73 RefGen_v1) of
maize based on the sequencing of bacterial artificial chromosomes (BAC) and
phasmids. Subsequently, the reference genome has been improved (B73
RefGen_v4) using single-molecule real-time (SMRT) sequencing and
high-resolution optical mapping with rapid increase (52-fold) in contig length than
previous version with notable progresses in intergenic spaces and centromeres
assembly. Comparison of inbred lines with B73 reference genome revealed millions
of SNPs and InDels along with many presence/absence variation (PAV), structural
variations (SVs), copy-number variation expression presence/absence variation
(ePAV) etc. (Springer et al. 2009; Lai et al. 2010; Fu et al. 2013; Hirsch et al. 2014;
Jin et al. 2016; Bukowski et al. 2018; Sun et al. 2018). However, identification and
mapping of new SNPs has been limited by the use of single reference genome only,
which restrict the use of genome data, detection of SVs, and exploration of genetic
diversity in real sense. Since 2016, multiple genomes, viz., PH207 (Hirsch et al.
2016), mexicana (Yang et al. 2017a), Mo17 (Yang et al. 2017a, b; Sun et al. 2018),
W22 (Springer et al. 2018), HZS (Li et al. 2019), and SK (Yang et al. 2019) have
been sequenced, which can be used as representative genomes. Moreover, B73
Ref_V4, Mo17 and SK genome assemblies are of much high quality which can be
advantageous for genome annotation, identification of promoters and TEs (Yang
et al. 2019).

3.10 Genetic Engineering for Biotic Stress Resistance
in Maize

3.10.1 Disease Resistance

Over expression of Mcchit1 gene in maize significantly reduced frequency and size
of lesions compared to the control plants after 5 days inoculation of Exserohilum
turcicum (Zhu et al. 2011). Transgenic maize expressing an enhanced green
fluorescent protein fused to a ZEN-degrading enzyme (zhd101) was evaluated
against F. graminearum infection. When the seeds were artificially contaminated by
immersion in a ZEN solution for 48 h at 28 °C, the total amount of the mycotoxin
in the transgenic seeds was consistently reduced to less than 1/10 of that in the wild
type (Igawa et al. 2007). Overexpression of ZmRACK1 in maize enhanced the
expression levels of the pathogenesis-related protein genes, PR-1 and PR-5 by 2.5–
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3 folds, and production of reactive oxygen species production and reduced the
symptoms caused by Exserohilum turcicum (Wang et al. 2014a, b).Transgenic
maize developed by constitutively expressing the Totivirus antifungal protein KP4
exhibited the robust resistance to U. maydis and expressed high levels of KP4
without any apparent negative impact on plant development (Allen et al. 2011).
Transgenic maize developed by expressing the sorghum y1 gene encoding a MYB
transcription factor yellow seed1 (y1), an orthologue of the maize gene pericarp
color1 (p1). LC-MS profiling of fungus-challenged transgenic maize leaves
exhibited the increase in luteolinidin and flavonoids content in leaves which
facilitated resistance to Colletotrichum graminicola infection (Ibraheem et al.
2015). Heterologous expression (under control of the constitutive CaMV 35S
promoter) of a Lablab purpureus L. a-amylase inhibitor-like protein (AILP) in
maize was performed and tested against A. flavus. Fungal growth has been observed
to reduce from 35 to 72% in transgenic maize kernels which, in turn, facilitated into
a 62–88% reduction in aflatoxin content (Rajasekaran et al, 2019). Expression of
siRNAs (targeting amy1, aflR and aflM genes) in maize has been reported to pro-
vide excellent protection against A. flavus (Gilbert et al. 2018; Masanga et al. 2015
and Raruang et al. 2020). Up to 72% reduction in growth of A. flavus has been
reported in maize expressing Tachyplesin1-derived synthetic peptide AGM182
(Rajasekaran et al. 2018).

An hpRNA targeting P1 protein (protease) gene of Maize dwarf mosaic virus
(MDMV) was transformed in maize and the transgenic lines were showing excel-
lent protection against MDMV disease (Zhang et al. 2010). Transgenic maize
expressing Maize dwarf mosaic virus strain B (MDMV-B) coat protein provided
resistance to inoculations with MDMV-A or MDMV-B and to mixed inoculations
of MDMV and maize chlorotic mottle virus (Murry et al. 1993).To overcome the
low efficiency of agronomic protection from maize dwarf mosaic disease, suscep-
tible maize inbred line was transformed with Agrobacterium harbouring hpRNA
expression vectors containing inverted-repeat sequences of different lengths tar-
geting coat protein (cp) gene of MDMV. The MDMV resistance mediated by RNA
interference was observed to be relative to the length of the inverted-repeat
sequence, the copy number of T-DNA integration and the repeatability of inte-
gration sites. A longer hpRNA expression construct shows more efficiency than a
shorter one (Zhang et al. 2011). Transgenic maize expressing mutated Maize streak
virus replication-associated protein provided a higher survival rates than
non-transgenic control plants after MSV inoculation. Similar results exhibited by
transgenic hybrid developed by crossing T2 Hi-II with the widely grown, com-
mercial, highly MSV-susceptible, white maize genotype WM3 (Shepherd et al.
2007). Transgenic maize plants expressing dsRNAof Sugarcane mosaic virus
(SCMV)-NIb gene provided 60–85% resistance to SCMV inoculums in field. For
silencing of Rice black-streaked dwarf virus (RBSDV) coding gene with gene
silencing suppressor, amiRNA were constructed and transformed in maize inbred
lines Z31. The disease resistance of transgenic homozygous maize with the
anti-rough dwarf virus amiRNA has been enhanced as compared to wild type.
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3.10.2 Insect Resistance

Crystal toxin protein encoding genes i.e. Cry1Ab, Cry1Ah, mCry3A, etc. derived
from bacterium Bacillus thuringiensis have been cloned downstream to CMV35S
or maize ubiquitin promoter and transformed in maize individually or in combi-
nations through micro projectile bombardment or Agrobacterium mediated gene
transfer. Foreign genes integration into maize genome and their stability was
confirmed through PCR and Southern blot analysis. A synthetic gene encoding a
truncated version of the Cry1Ab protein was introduced into immature embryos of
an elite line of maize. Hybrid plants obtained through crossing of transgenic elite
inbred lines with commercial inbred lines were showing excellent resistance against
corn borer infestation (Koziel et al. 1993). The gene Cry1Ab also deployed com-
mercially for control of pyralid stem borers of maize (Baumgarte and Tebbe 2005).

The cry1Ah gene from B. thuringiensis isolate BT8 was cloned in two plant
expression vectors. In the first construct, intron of maize ubiqutin1 gene was
inserted between the maize Ubiquitin promoter and cry1Ah gene (pUUOAH) and
the second construct contained Ubiquitin promoter and cry1Ah gene without intron
(pUOAH). Both the constructs were introduced into maize and stable transgenic
plants were obtained. The ELISA results of T1 and T2 generation plants exhibited
that the expression of Cry1Ah protein in the construct containing the ubi1 intron
(pUUOAH) was 20% higher than that of the intronless construct (pUOAH).
Bioassay results showed that the transgenic maize harbouring cry1Ah with ubi1
intron had high resistance to the Asian corn borers than that of the harbouring
intronless construct. MIR604 transgenic corn, expressing them Cry3A protein were
evaluated for survivorship of western corn rootworm, Diabrotica virgifera virgifera
LeConte, larvae and compared with the isoline corn at three Missouri sites during
2005 and 2006. The mortality of D. v. virgifera due to the mCry3A protein was
recorded an average of 94.88% across all seasons. The emergence of beetles was
delayed 5.5 days by 50% (Hibbard et al. 2010). Transgenic crops producing
insecticidal toxins from the bacterium B. thuringiensis are widely planted to
manage agricultural insect pests. However, widespread adoption of Bt crops has led
to the evolution of Bt resistance among insects. The western corn rootworm,
Diabrotica v. virgifera, is among the most serious pests of maize in the mid-western
United States and is currently managing with Bt maize. While the genes such as
Cry3Bb1, and the closely related mCry3A and eCry3.1Ab conferring resistance
against western corn rootworm are widely distributed within the Midwest, fewer
cases of Cry34/35Ab1 resistance have been observed and planting of Cry34/35Ab1
maize is one of the methods used to manage Cry3-resistant rootworm. It has been
found that fields with high levels of root injury in Cry34/35Ab1 maize by western
corn rootworm were associated with Cry34/35Ab1-resistant western corn rootworm
(Gassmann et al. 2020).
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3.11 Bioinformatics as a Tool for Studying Biotic Stress
Tolerance in Maize

As whole genome information is rapidly becoming available for various pests and
pathogens afflicting maize crop, it has opened up a new avenue for designing
rational management strategies against these biotic stresses. The most successful
biotic stress resistance deployment in maize during last two decades has been that
of commercialization and widespread adoption of herbicide tolerance and insect
resistance transgenic traits in maize hybrids. The GM Approval Database developed
by International Service for the Acquisition of Agri-biotech Applications (ISAAA)
provides the most comprehensive and updated information on approved transgenic
events for managing biotic stresses. So far 108 herbicide tolerant events have been
approved for cultivation; while 117 events have been approved for insect resistance.
The initial sequencing of maize genome (Schnable et al. 2009) and subsequent
deluge in sequencing data for various maize inbred lines provided a new and
powerful tool for resistance breeding. Over last several years, extensive germplasm
screening work had been conducted to identify natural genetic variation in maize
germplasm for resistance against various biotic stresses. A number of unique
resistant lines have been reported. But, deployment of these resistance sources in
elite maize hybrids becomes difficult in absence of information on genomic regions
controlling those resistance phenotypes. To address this challenge and hasten the
mapping work of biotic stress tolerant genes, a number of bioinformatics resources
have been developed. Some of the bioinformatics resources relevant for biotic stress
research in maize are listed in Table 3.5. Extensive genomic, transcriptomic, pro-
teomic and metabolomic data of maize with respect to inoculation/infection/
infestation with various maize insect pests, pathogens etc. are available in general
bioinformatics resources, like National Centre for Biotechnology Information
(NCBI) portal. NCBI also hosts similar data for various maize insect pests,
pathogens species per se.

3.12 Rationale of Genome Designing, Limitations
and Prospect of Genomic Designing

The advent of genomics assisted breeding and genome manipulation techniques
promises a real revolution in plant breeding, biotechnology and genetic engineer-
ing. The use of molecular markers and genomic tools has accelerated the process of
plant breeding. The emergence of genome and gene editing tools aid in targeted
editing of the genomes and allows the investigations into fundamental basis of
biological systems and help achieve the goals of higher productivity and quality of
crops coupled with biotic and abiotic stress resistance/tolerance (Kamburova et al.
2017; Tyagi et al. 2020). In contrast to conventional plant breeding methods, these
enable greater precision with lesser population size to achieve targeted results
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Table 3.5 Bioinformatics resources relevant for biotic stress research in maize

S.
No.

Name of resource Main features Primary developer/
host of database

Reference/URL

1 Bacterial Pesticidal
Protein Resource
Center

Comprehensive
information on Bt/
non-Bt pesticidal
proteins for
academics, regulators,
and research and
development
personnel

University of
Sussex, Cardiff
University, and
University of
Florida

https://www.
bpprc.org/

2 BtToxin_Digger A comprehensive and
high-throughput
pipeline for mining
toxin protein genes
from Bacillus
thuringiensis

Huazhong
Agricultural
University

Liu et al. (2020)

3 CryProcessor Open source tool to
carry out massive
screening for novel
3d-Cry toxins and
obtain sequences of
specific domains for
further
comprehensive in
silico experiments in
constructing artificial
toxins

All-Russia
Research Institute
for Agricultural
Microbiology

Shikov et al.
(2020)

4 CryGetter A tool to automate
retrieval and analysis
of Cry protein data

Instituto Federal de
EducaçãoCiência e
Tecnologia de São
Paulo

Buzatto et al.
(2016)

5 Insects in Indian
Agro-ecosystems
database

A pictorial database
of maize insect-pests
in India

ICAR-National
Bureau of
Agricultural Insect
Resources

https://www.
nbair.res.in/
Databases/
insectpests/
pestsearch.php?
cropname=Maize

6 USDA Ag Data
Commons

Data from: Datasets
for transcriptomic
analyses of maize
leaves in response to
Asian corn borer
feeding and/or
jasmonic acid and
other genomic data

United States
Department of
Agriculture

Zhang et al.
(2016)

7 International
Herbicide-Resistant
Weed Database

Global and constantly
updated database of
herbicide tolerant

Global Herbicide
Resistance Action
Committee and

http://www.
weedscience.org/
Home.aspx

(continued)
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quickly. Mutagenesis can provide variations, but such as undirected mutagenesis
may result in unwanted off-target effects. With the genomic and genome editing
tools, it is possible to introduce mutations at specific target loci of interest, which
can be analysed and tested for resistance to stresses. Additionally, it also allows the
introduction of transgenes at a defined chromosomal location. These technologies
are powerful, versatile and will greatly facilitate efficient expression and avoid
negative side effects caused, usually by integration of transgene into a different
gene. These new tools are expected to facilitate breeding of stress-resistant trans-
genic or transgene free crops in relatively short time, (Borel 2017). The genome
editing (GE) with specialized nucleases will aid in introducing targeted and accurate
deletions, insertions, and replacement at site-specific genomic locations. Examples
of the use of specialized nucleases include, Zinc Finger Nucleases, CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats),
Oligonucleotide-directed mutagenesis, RNA-dependent DNA methylation, and
precision breeding for crop plant improvement (Doudna and Charpentier 2014;
Gray and Brady 2016).

The GE tools have been successfully used to control diseases caused by fungi,
bacteria, and viruses. In general, CRISPR/cas technique has been used in two ways
to control pathogens by editing the genes required for infection process; (i) modi-
fying pathogen genes (ii) modifying plant host genes. GE has been successful in
controlling the powdery mildew by editing the host susceptibility factor
(mildew-resistance locus-MLO) in wheat and tomato (Wang et al. 2014a, b;

Table 3.5 (continued)

S.
No.

Name of resource Main features Primary developer/
host of database

Reference/URL

weeds in maize and
other crops

CropLife
International

8 Maize Genetics and
Genomics Database
(MaizeGDB)

Genome browser;
Genome and gene
annotation browser;
Nested Association
Mapping
(NAM) founder lines
(25) genome browser;
qTeller: a
comparative
RNA-seq expression
platform; Metabolic
pathways; etc.

United States
Department of
Agriculture-
Agricultural
Research Service
(USDA-ARS)

Portwood et al.
(2019)
https://www.
maizegdb.org/

9 MaizeMine Gene, Gene
expression, Proteins,
Homology,
Functions, Variations,
etc.

University of
Missouri

Elsik et al. (2018)
http://maizemine.
rnet.missouri.edu:
8080/maizemine/
begin.do
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Nekrasov et al. 2017), developing resistance against rice blast (Magnaporthe ory-
zae) and bacterial blight (Xanthomonas oryzae pv. oryzae), and bacterial speck of
tomato (Ortigosa et al. 2019). Furthermore, GE has potential in controlling RNA
and DNA viruses of plants (Ali et al. 2015). The GE by CRISPR/cas is expected to
play important role in development of resistant genotypes in relatively short time
(Kamburova et al. 2017). For maize, which is recalcitrant to regeneration, protoplast
transient assay is becoming an efficient tool for testing CRISPR target before
starting the transformation of embryos or scutellum derived calli by Agrobacterium
or particle bombardment (Gao et al. 2010). The only report on development of GE
turcicum leaf blight resistant maize implied the potential of GE in maize for
development of disease resistant genotypes as well. The above information does not
imply that genome-editing technology is the substitute for conventional or GM or
molecular breeding techniques; most probably they have to coexist. However,
genome editing would apparently deliver certain benefits better, quickly and with
high precision (Lassoued et al. 2019).

Although GE technologies have been successful in development of genotypes to
combat pathogens in important crops, they are not yet fully exploited for the
management of insect pests. The most important limitation has been the lack
of availability of target genes at present against the insect pests. Once such genes
are available, targeted mutagenesis of host plants through GE will be able to
manage their respective pests (Tyagi et al. 2020).

Although the GE system looks straightforward, it too has limitations. It is dif-
ficult to practice gene insertion and in vitro regeneration in recalcitrant crops. There
is a need for optimization and development of protocols for plant genome editing
such as plant compatible set of vector systems, efficient plant transformation pro-
tocols and delivery systems, efficient screening of transformation events, which can
be streamlined to enable rapid product development (Schenke and Cai 2020). GE
requires implementation of proper bioinformatics specific pipelines, setting up
workflows and transformation efficiency. Moreover, mutating plant genes may
intervene with the normal cellular and development functions and may affect crop
performance. In addition, GE for improved disease resistance depends on
the availability of genome sequence information of both plant host and pathogen.
At present, information on genes involved in host/pathogen interactions is limited.
Also, targeting individual pathogen genes may not be efficient, due to the emer-
gence of new strains with altered virulence and host ranges. QTL analysis for
Mediterranean corn borer resistance revealed low percentage of phenotypic vari-
ance, which makes marker assisted selection for improving resistance less possible.
Pleiotropism or linkage between genes would also imbalance resistance and
agronomic traits (Ordas et al. 2009). Polygenic nature of maize resistance to
Busseolafusca and Chilopartellus, which involves additive, dominance, and epi-
static effects and its low to moderate heritability makes breeding for HPR difficult in
maize (Murenga et al. 2018). Thus, clearly quantitative nature of maize resistance to
insect pests which involves polygenes, often with low heritability that vary in
spatial and temporal expression makes conventional breeding a challenging task.
Since the genome diverts its energy for expressing many resistance traits at the cost
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of its yield, the negative relationship between insect resistance and yield is
the expected normal consequence. Thus, achieving desirable level of genetic gains
is nearly an impossible task. Thus, the application of genomic tools for improving
insect resistance in maize is not attempted at a practical level. There is also concern
regarding the biosafety and regulatory issues on products developed through GE
technologies (Khatabi et al. 2019). Hence, forthcoming regulatory protocols will
play role in deciding the mode of testing and commercialization of Genome Edited
crop varieties.

3.13 Social, Political and Regulatory Issues

In contrast to traditional plant breeding, new biotechnological tools have both pros
and cons in crop improvement. Acceptance of the tools and products obtained
by new biotechnological tools are debatable. Always there is a counterargument for
utilization of NBT in agriculture. Though NBT has scientific potential, they have
been, and are being considered as a fundamentally controversial invention in some
countries. Any technology will be successful only after its wide acceptance by
consumers, regulators, and non-governmental organizations (NGOs) (Hall and
Martin 2005). The acceptance of innovation depends on its extent of socio-political
legitimacy, where political influences and cultural aspects matter (Aldrich and Fiol
1994).

To develop insect and pest resistant maize genotypes, genetic engineering played
major role in recent years. The genetic engineering in maize has provided economic
advantages to some marginal farmers/adopters in the early years. Sustained gains
will typically be expected in those situations in which farmers are economically
able with the institutional support, such as access to credit, extension services,
affordable inputs, and markets.

Institutional factor favours economic benefits to small-scale farmers. Yield can
be enhanced and stabilized by improving germplasm, environmental conditions,
management practices, and socioeconomic and physical infrastructure for which
investments in GE crop R&D may be just one potential strategy to solve
agricultural-production and food-security problems. Decision of policy-makers
determines much and the ways in which resources are distributed among the dif-
ferent categories of farmers to improve production depends on agricultural policies.
Though scientist says genetically engineered crops are economically viable option,
but because of credit constraints and the money and time spent on redundant
insecticide applications especially by small scale farmers made them
apparently non-viable at least in some cases. These outcomes indicated an initial
lack of familiarity with genetic-engineering technology and strongly suggested the
need for extension services for small-scale farmers, especially during initial
deployment (Hamburger 2018).

Precision plant breeding plays an important role in accelerated crop improve-
ment. Genome editing enabled next generation biotechnological tools made
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breeding/improving crops with site-specific genetic modification a reality.
Mutation/change in the DNA sequence leading to the novel genetic architecture is a
natural phenomenon that takes several years, but CRISPR technology based base
editing techniques can lead to novel beneficial alterations in plants in quick time.
However, controversial debate whether at all and how to regulate genome edited
plants has essentially led to the formation of two contrasting schools of thought.
Possibility of generation of off targets that would lead to abnormal changes in the
ecology/plant system needs attention and gained importance as a matter of dis-
cussion (Lassoued et al. 2018). There is differential opinion across different
countries. New Policy under the single umbrella is required to facilitate the uti-
lization of novel, fast track breeding systems. Institution support for scientific
community as well as farming community will make proper utilization of novel
ideas, which support targeted breeding to achieve expected goals in plant breeding
(Sprink et al. 2020).

3.14 Future Perspective

Maize is a crop of future of the world; having highest yield potential and provid-
ing raw material for many agro-based industries. It is having higher adaptability to
various agro-climatic conditions than any other cereal crop. However, insect
pests and diseases are affecting maize crop. Integration of different breeding
methods along with biotechnological tools is must to develop sustainable resistance
breeding mechanism against biotic stresses. Application of New Breeding Tools
enables breeding against disease and pest in crop in general and maize in particular.
Genomic resources developed in maize play important role in identification of
novel genes for pest and disease resistance and understanding on their tolerance
mechanism. Sequencing and re-sequencing approaches made genomic assisted
maize improvement possible. Utilization of next generation tools and techniques
surely finds answer to emerging biotic threats to maize in years to come. Although
genome editing is one of the potential novel technologies, recalcitrant nature of
maize to transformation and/or availability of little information on maize trans-
formation protocols are responsible for slower pace in its successful utilization in
maize. Hence, research efforts on these aspects and related to transgenics followed
by application of CRISPR technology may provide answer to biotic stress tolerance
in maize.
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Chapter 4
Molecular Strategies for Managing
Disease Resistance in Barley

Rekha Malik, Pawan Kumar, RPS Verma, Sonia Sheoran,
Dinesh Kumar, Lokendra Kumar, Sanjaya Gyawali, and G. P. Singh

Abstract Barley is one of the oldest cultivated crops in world that has been cul-
tivated across diverse ecological regions since centuries. This varied agro-climatic
cultivation of barley makes it vulnerable to various biotic stresses like fungal, viral,
bacterial diseases and insect pest infestations. In order to reduce yield losses due to
biotic stresses, breeding for disease resistance became most important in barley
improvement. Disease resistance breeding has been successfully implemented in
barley with release of disease resistant and insect-pest tolerant varieties using
conventional breeding methods in past. With the advancement of molecular tech-
nologies like, QTL mapping, genome wide association mapping, gene editing,
genomic selection and embryo rescue, identification of resistant gene from
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wild-type/secondary gene pool and their incorporation in cultivated barley has
become an achievable target in recent years. More than hundred major genes and
QTLs have been identified against wide range of pathogens and insect-pests.
Recently available high-throughput genotyping platforms have promoted devel-
opment of high-density genetic maps that will further support marker assisted
selection with refined disease breeding strategies in barley. This chapter reviews the
biotic stresses, germplasm variability and traditional disease breeding in past and
the status and scope of present day molecular marker and next generation tech-
nologies for developing biotic stress resistance in barley.

Keywords Barley � Biotic stresses � Disease resistance genes � Molecular
approaches

4.1 Introduction

Barley is one of the ancient crops domesticated around 8000 BC that is cultivated
and used across the world. In terms of total production, barley ranks fourth in the
world among cereals after wheat, maize, and rice. It is grown by nearly 100
countries on about 50 million hectares (ha) with around 145 m tones production
(FAOSTAT 2020). Amongst different continents, Europe is the largest in terms of
barley area (49.8%) and production (61.1%) followed by Asia and Africa. In terms
of productivity also Europe is highest with 3.4 t/ha amongst all continents to clo-
sely followed by America (3.3 t/ha). The largest barley-producing countries in the
world are Russian Federation, Germany, France, Canada, Spain, and Turkey, while
in terms of area cultivated Russian Federation, Ukraine, Australia, Spain, Turkey,
and Canada are major countries (FAOSTAT 2020). In terms of yield, European
countries Ireland, Germany, France, UK, Denmark, Austria, and Sweden are having
more than 5.0 t/ha, while Argentina, Canada, USA, China, and Brazil are countries
outside Europe with more than 3.5 t/ha yield levels, which is well above the world
average of 2.77 t/ha. The major barley importing countries include Saudi Arabia
followed by China, Iran, Japan, Algeria, Jordan, Libya, Morocco, and Tunisia
(FAOSTAT 2020). Barley is the most widely grown cereal in the world that is well
adapted to different global climates ranging from temperate to arctic and subarctic
regions due to its genetic evolution and wider genetic diversity (Kendal 2016).
Barley is often considered the only possible rainfed cereal crop under low input and
stressful environments, like drought, heat, and cold. This adaptability to extreme
and marginal conditions has led to widespread cultivation of this cereal throughout
the world (Bothmer et al. 1995). The range of barley cultivation is from the tropics
to high latitudes (>600 N) in Iceland and Scandinavia as well as in high altitudes up
to 4500 m above sea level in the Himalayas (Bothmer et al. 2003; Ceccarelli et al.
2008). Historically, owing to its rich dietary fiber and readily available energy,
barley was utilized by the Roman gladiators, who were also called “hordearii”
(Curry 2008). The wide adaptability of barley is supported by the availability of
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early spring varieties suitable for long cold weather-short summer, winter varieties
for temperate weather and varieties with drought tolerance for dry hot regions (Van
Oosterom and Acevedo 1992). Barley has a versatile end-use purpose and caters to
different economic sectors such as animal feed, food, alcoholic beverage, medici-
nes, and restricted use in biofuels production (Baik and Ullrich 2008). Globally,
around 55–60% of barley production is used for feed, 30–40% for malt, 2–3% for
food, and 5% for seed (Ullrich 2010). In dry regions of West Asia and North Africa,
it is mainly used for grazing by sheep and goats, which in turn comes to human
food chain (Ceccarelli et al. 2008). Some amount of barley is also utilized for
producing alcohol for the renewable energy source. In addition to brewing and
distillation, barley malt is prominently used in healthy food drinks and medicines as
a diuretic, an excellent source of dietary fiber and functional food ingredient (Zhou
2009). Barley is categorized as hulled and hulless type due to morphological
appearance of its grain (Ullrich 2010). In hulled barley, the lemma and palea are
fused to the pericarp while in hulless the chaff is easily separated from grain.
Hulless barley is mainly used for food consumption and beverage production and
hulled is grown for feed and fodder purposes (Ullrich 2010). The cultivated barley
is a diploid species with 2n = 14 chromosomes and large genome size (>5.1 gi-
gabases) consisting of highly repetitive sequences, almost 12 times the size of the
rice genome (Bennett and Smith 1976, IBGSC 2012). It is self-pollinating and can
either be cross-pollinated or self-incompatible with some wild species like
Hordeum bulbosum.

It is grown across wider agroclimatic regions and is commonly affected by
various diseases and insect pests. These biological factors have a drastic effect
during the germination, development, ripening, and subsequently in the storage on
the quantity and quality of barley crop and produce (Kiesling 1985). There are four
major groups of pathogens—bacteria, fungi, viruses, and nematodes affecting the
yield and quality of barley grains causing widespread substantial economic losses to
producers and industries (Kerr et al. 2019). Most of the diseases and insects
affecting barley crops are effectively contained using approaches like integrated
insect pest management, developing resistant varieties, and new molecular tools for
studying and identifying new resistant genes and technologies.

4.2 Description of Different Biotic Stresses

Barley is one of the most widely adopted crops and cultivated from tropical to
subarctic regions of the world. Major barley growing areas of the world are from
European Union (France, Germany, UK, and Demark) to Russia, Australia, and
North America to China and Middle East countries (Iran, Iran, Kazakhstan). With
this much wider area of cultivation, numerous biotic stresses (diseases and pests)
affect crop production at a severe to moderate rate. More than 100 pathotypes/races/
biotypes have been identified in barley for fungal, bacterial, viral, and nematodes
diseases as listed in Tables 4.1. The fungal diseases can be managed by cultural
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practices like crop rotation, removal of weeds, and alternate host from the field and
border of the field. In the initial stage of the disease uprooting and burning of
infected plants is effective. Cultural methods of control are effective to manage the
disease only in the initial stage. If a disease crosses the economic threshold level
(ETL) in a crop then chemical methods should be used to eradicate the disease from
the field. Integrated disease management (IDM) and integrated pest management
(IPM) are the most common practices by farmers to control the economic loss of
barley yield. All these integrated practices are labor, time, and money consuming
which increase the cost of crop production. The intensive spray of fungicides or
pesticides for diseases and insects had reported residual effects on humans and
cattle feed, degradation of soil health, and loss of biodiversity in the agricultural
area. Monotonous cropping and frequent spray of chemicals have developed
resistance in the pathogens and insects (Castro et al. 2012). Conventional breeding
has been used successfully to develop resistant varieties for different diseases using
primary and secondary gene pools (Pickering et al. 1995, 2000, 2004). Primary
introduction, pedigree method, and backcross breeding are the most common
methods used for the development of disease-resistant varieties through conven-
tional methods of breeding. CI 4196, Zhedar 2, Svanhals, Imperia, Chevron, and
NDB112 are some of the best line varieties identified by conventional breeding and
have been used in disease-resistant varieties development programs throughout the
world for decades (Steffenson et al. 1996; Bai and Shaner 2004). But evolution in
the pathogens and identification of new biotypes or races of pathogens with time,
continuous use of the same genotypes/parents in breeding programs made the crop
susceptible to diseases. For long-term and stable resistance to new races of
pathogens identification of new resistance genes is mandatory and needs time.
Exploring the secondary and tertiary gene pools for resistance could be a good
source of resistance for biotic stresses. The secondary gene pool has also been
identified as a resistance source for many diseases (Pickering et al. 1995).

4.3 Genetic Resources of Resistance Genes

The genetic variation available in a population of a crop is the first and most
important requirement for a breeding program of any specific goal (yield
improvement, quality improvement, abiotic and biotic stress tolerance, or resistance
development). Variation present not only in cultivars or varieties but also in close
wild relative species can be used for resistance development in plants depending
upon the liability and feasibility of successful crossing and fertile progenies of
hybrids. Harlan and Jan (1971) proposed the concept of gene pool beyond its
original definition (based on the origin of the population) and defined the gene pool
for plants depending upon the difficulty and compatibility of crossing over between
the species or wild relatives. So, according to Harlan and De Wet concept barley
species are divided into three major gene pools:
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Table 4.1 List of diseases reported in barley with their causal organism effected plant part and
symptoms (modified from Paulitz and Steffenson 2011 and Gangwar et al. 2018)

Sensitive
plant part/
stage

Disease Causal organism Symptoms

Ear head Ergot Claviceps purpurea Flowers oozing sticky
substance; Dirty ear-head
appearance; Diseased kernels
turn to black mass of fungal
mycelia

False loose
smut

Ustilago avenae (U. nigra) Olive brown spore masses on
the head with reduced bracts

Loose smut Ustilago tritici (U. nuda) Early emergence of heads; Dark
green or black masses in place
of kernels

Scab
(Fusarium
Head
Blight,
FHB)

Fusarium graminearum Initial bleaching on some of the
florets in the spike. Under
favorable conditions, premature
blight of whole spike may
occur. As the disease progress
head discoloration occur.
Kernels become shriveled,
white, and chalky

Covered
smut

Ustilago hordei Stunted growth; late emergence
of heads; Kernels replaced with
grey fungal masses

Leaves
and awns

Leaf
(brown) rust

Puccinia hordei Small orange-brown circular
spore masses on the upper
surface of leaves

Leaves,
tiller and
ear head

Downy
mildew
(Crazy top)

Sclerophthora rayssiae Dwarfed and/or deformed
plants; Flag leaves yellow;
Leathery leaves; Heads
distorted; No seed formation

Leaves
and tillers

Powdery
mildew

Blumeria graminis f.
sp. hordei

Initially the lower leaf surface
shows white, cottony patches of
fungal growth with chlorotic
spots on the upper surface of
these patches. As disease
progress, cottony patches
become dull gray- brown in
color due to development of
fruiting bodies (cleistothecia)

Leaves
and
glumes

Basal glume
rot

Pseudomonas syringae pv.
atrofaciens

Brown discoloration at base of
the glume; Dark line where
glume attaches to spike;
Water-soaked spots on leaves;
Yellow and necrotic spots on
leaves

(continued)
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Table 4.1 (continued)

Sensitive
plant part/
stage

Disease Causal organism Symptoms

Black chaff
and
bacterial
streak

Xanthomonas translucens
pv. translucens

Dark red-brown transparent
water-soaked lesions on leaves
with the browning of glumes

Spot blotch/
leaf blight

Bipolaris sorokiniana
(Drechslera sorokiniana),
Cochliobolus sativus
(Teleomorph)

Dark brown round spots that
join to make irregular patches
with yellowing around the net

Leaves Barley
mosaic

Barley mosaic virus (BMV) Irregular chlorotic streaks or
necrotic patches on leaves with
upward rolling of leaf margins
and yellow discoloration

Barley
stripe
mosaic

Barley stripe mosaic virus
(BSMV)

White mottling with mild
stripes; Mosaic on leaves, and
lethal necrosis on stunted plants

Barley
yellow
dwarf

Barley yellow dwarf virus
(BYDV)

Stunted growth of plants;
Yellow green blotches at leaf
tip, leaf margin or leaf blade;
Leaves turning bright yellow,
red or purple

Barley
yellow
streak
mosaic

Barley yellow streak mosaic
virus (BYSMV)

Pale yellow streaks and stripes
parallel to the mid-rib leading
to mosaic pattern and stunting
plant growth

Bacterial
stripe

Pseudomonas syringae pv.
striafaciens

Small, water-soaked coalescing
lesions with expanded narrow,
yellowish margins

Scald Rhynchosporium secalis Appearance of dark, pale or
bluish gray lesions on leaves.
As the disease progress, these
spots enlarge into oval lesions
with bluish gray centers and
dark brown margins

Net Type
Net Blotch
(NTNB)

Pyrenophora teres f. teres Dark green water-soaked spots;
Narrow brown blotches with
netted appearance, surrounding
tissue yellow; Stripes running
the length of leaf

Seedling,
leaves

Stripe
disease

Drechslera (Pyrenophora)
graminea

Small yellow spots on seedling
leaves; Yellow to tan stripes
along leaf blade before heading;
red margins on stripes; Death of
diseased tissue; Stunted plants

Stem,
leaves,

Pyrenophora teres f.
maculata

Chocolate brown like-patterns
on leaves, leaf sheaths, and

(continued)
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4:3:1 Primary gene pool: includes all cultivars/varieties/genotypes, landraces of
cultivated barley of species Hordeum vulgare ssp. vulgare and wild relative H.
vulgare ssp. spontaneous (K. Koch.). All varieties or cultivars of the primary
gene pool can be crossed to each other easily to get a fertile progeny.

4:3:2 Secondary gene pool: includes single species Hordeum bulbosum L.,
responsible for sharing basic Hordeum genome. Hordeum bulbosum L. is a
valuable genetic resource for the improvement of barley crop by introgression
of biotic stress resistance from it (Pickering et al. 1995, 2000, 2004).
Genotypes of this species can be crossed with primary gene pool species but
with some difficulties like less fertile progeny, deletion of few or more
chromosomes, etc. It has been reported that crossing H. bulbosum with H.
vulgare results in the development of haploid plants by the elimination of
chromosomes form H. bulbosum (Pickering et al. 1995).

4:3:3 Tertiary gene pool: The tertiary gene pool of barley is very outsized and
comprises all other remaining wild species (Von Bothmer et al. 2003). The
tertiary gene pool for barley involved more than 30 species of barley (H.
glaucum, H. marinum, and H. murinum, etc.). Crossing between these species
and cultivated barley is very difficult. To obtain the seed from the cross the
tertiary gene pool with the primary gene pool special techniques like embryo
rescue, protoplast fusion, doubling of the chromosome, etc. are required as
some tertiary gene pool have tetraploid and hexaploid species too. Because of
all these difficulties, tertiary gene pool has been used very less in barley crop
improvement and no successful cross has been reported to date.

Table 4.1 (continued)

Sensitive
plant part/
stage

Disease Causal organism Symptoms

glumes
and seeds

Spot Type
Net Blotch
(STNB)

glumes with yellowing around
the net

Leaf and
stem

Anthracnose Colletotrichum cereale Dark, yellow water-soaked
lesions on stems and leaves

Collar
stem,
roots,
lower
leaves

Common
root rot and
seedling
blight

Cochliobolus sativus
(Bipolaris sorokiniana)

Brown lesions on leaves near
soil extending to stem;
resembles drought; Death of
lower leaves; Rotting roots

Roots Molya
disease

Heterodera avenae,
Heterodera filipjevi

Knots in roots, stunting, early
senescence, and uneven
appearance of infected plants
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4.4 Genetic Variability and Traditional Breeding
for Disease Resistance

As one of the oldest crops and the fourth major cereal crop in the world breeding
work in barley also started very early. Use of barley as human food in areas where
other cereal crops were not grown and industrial use for bear production made it a
crop of interest for researchers too. In early 1900s, plant breeding started for barley
as pure line selections (Ramage 1987) in Europe and USA from cultivated barley
which were mixture of landraces. The varieties “Atlas”, “O.A.C.21”, “Chevallier”,
“Svahals”, “Hannchen” were developed from the landraces and introduction and
have dominated the crop cultivated area for long periods (Ramage 1987). Pedigree
and bulk methods have also been used in barley for the development of the barley
varieties for specific desired traits like malting and yield improvement, these two
methods are still popular among the conventional breeders for variety development
(Swanston 1997). Even for biotic stresses like rust a few of the earliest studies in
cereal crops were conducted in a barley crop. Backcross breeding is a widely used
breeding method for resistance transfer in crops and had been used in barley too for
the transfer of resistant gene to high yielding but susceptible cultivars. Earlier,
crossing for the resistant varieties development were made using resistant resource/
cultivar available in primary gene pool i.e. cultivated barley (H. vulgare). Steptoe x
Morex doubled haploid barley mapping population was the first product of the
North American Barley Genome Mapping Project. Before the development of
mapping population in barley, Tsuchiya and Singh mapped the barley chromo-
somes by telotrisomic analysis in (1982). Graner et al. constructed the restriction
fragment length polymorphism (RFLP) map for barley map 1991.

Phenotypic diversity of barley germplasm had been studied to large extent since
1970s. It is estimated that more than 4,00,000 accessions of barley have been
conserved worldwide in different gene banks. ICARDA barley germplasm has been
assessed for diversity assessment in various studies up to different extents. Tolbert
et al. (1979) analyzed the 1700 accessions collected from different parts of the
world. While, Kumar et al. (2018a) studied the agro-morphological diversity of 310
barley accessions in Indian conditions introduced from ICARDA. USDA-ARS
National Small Grains Collection (NSGC) is one of the world’s largest barley
germplasm collections. Its core collection is a subset having *10% of the entire
collection and is being assessed for various agronomic traits, resistance to diseases
and pests (Kumar et al. 2020). Agro-morphological diversity of barley germplasm
has been studied in several studies but the set of germplasm was even smaller than
200 genotypes (Jain et al. 2014; Yadav et al. 2015; Kumar et al. 2017; Banjarey
et al. 2017; Yadav et al. 2018).

With the advancement in biotechnology and availability of molecular markers,
PCRs, and next-generation sequencing (NGS), genotyping of large germplasm has
become feasible and a large number of studies have been performed for genetic
diversity of available germplasm region wise or location wise for quality traits,
biotic and abiotic stresses (Sallam et al. 2018; Verma et al. 2020). In the last 2–3
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decades various markers have been used in barley for genotyping of germplasm for
various traits viz. inter-simple sequence repeat (ISSR) and random amplified
polymorphic DNA (RAPD) (Fernandez et al. 2002; Giancarla et al. 2012), simple
sequence repeat (SSR, Hamza et al. 2004). A total of 953 cultivated barley
accessions collected from different parts of the world were analyzed for agronomic
and genetic diversity by Malysheva-Otto et al. (2006). Milner et al. (2019) analyzed
the genetic diversity of 21,405 barley accessions by collecting DNA samples from
different gene banks of the world using single nucleotide polymorphism (SNP)s.
NGS has made it possible to sequence the whole genome of barley of about haploid
genome of size *5.3 Gb in seven chromosomes (International Barley Genome
Sequencing Consortium). Various studies have been reported for biotic stress
resistance using genetic variability of barley germplasm. About 40,000 barley
accessions which include breeding lines, cultivars, landraces, and genetic stocks
from more than 100 countries were screened for stripe rust reaction on barley at the
mature plants and some promising resistance sources were identified (Brown et al.
2001). Several genes have shown resistance to stripe rust even at the seedling stage
of barley (Chen and Line 1999; Brown et al. 2001). Chen and Line (2003) identified
26 different genes conferring resistance to stripe rust in 18 barley lines. Unlike other
cereals, most of the stripe rust resistance genes in barley have recessive gene action
(Chen and Line 1999, 2003). For Fusarium head blight (FHB) CI 4196, Zhedar 2,
Svanhals, and Imperia (Bai and Shaner 2004) were identified as the resistant source
and among these CI 4196 has been considered as the best source of FHB resistance.
Surprisingly, all the reported resistant cultivars for FHB are two-rowed barley
except Chevron (an old Switzerland cultivar) which is the best FHB resistant source
among six-rowed and good for malting, it has been used in many breeding pro-
grammes across the world. In USA, large germplasm of six-rowed barley (about
8200 accessions from across the world) were screened for FHB resistance in the
field, and only 13 showed resistance similar to that of Chevron (Steffenson 2003;
Bai and Shaner 2004). In Japan and China, over 10,000 barley accessions from
different countries have been screened for FHB resistance, but only several dozen
accessions had a low level of FHB (Zhou et al. 1991; Steffenson 2003). Results of
all these studies showed that two-rowed barley had better resistance as compare to
six-rowed barley and among the two-rowed barley hulled barley reported higher
resistance to FHB (Steffenson 2003; Legge et al. 2004).

The stem rust resistance genes Rpg1, Rpg4, and Rpg5 in barley have been
cloned and molecular studies have been advanced to understand the basis of their
resistance (Kleinhofs et al. 2009). Several of the early studies for rust resistance in
cereal crops were initiated with barley leaf rust and slow-rusting cv. Vada
(Parlevliet 1976). Many different alleles for powdery mildew resistance were
identified in both cultivated (Jørgensen 1994) and wild barley (Dreiseitl and Dinoor
2004). The effectiveness of these alleles used in resistant varieties has been pro-
longed in the cultivated fields due to the appearance of a new type of virulence.

For spot blotch resistance several sources have been identified in both cultivated
and wild barley (Arabi 2005; Bilgic et al. 2006), but the one that has proved widely
effective resistance for many years in commercial six-rowed malting cultivars is line
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NDB112 (Steffenson et al. 1996). The durable resistance contributed by NDB112 is
controlled chiefly by a major effect quantitative trait locus (QTL) on chromosome
1H (Steffenson et al. 1996). Verma et al. (2011) studied the regulation of corn leaf
aphid resistance in barley and reported monogenic or oligogenic regulation of trait.
Genetic diversity for reaction to RLS has been reported in both winter and spring
barley cultivars (Pinnschmidt and Hovmøller 2004; Leistrumaite and Liatukas
2006; Manninger et al. 2008; Pinnschmidt and Jørgensen 2009). Resistant cultivars
are being recommended for growers in RLS-prone areas. Additionally, research is
being advanced to breed cultivars with higher levels of resistance to RLS. Four
barley yellow dwarf virus genetic studies have identified several genes for resis-
tance, but the one used most commonly inbreeding is Ryd2 or Yd2 because of its
uniformly effective in all genetic backgrounds and effectiveness against various
BYDV strains.

4.5 Association Mapping Studies

For the development of resistance for any biotic stress the first important key is to
understand the molecular mechanisms of concerned the disease or insect pest. Gene
for gene hypothesis proposed by Flor (1971) opened up a wide area of research and
opportunity for researchers in the development of resistant varieties for plant dis-
eases. The Flor hypothesis depicted that there is virulent or avirulent gene in plant
which triggered the result of action of pathogen on plant whether the plant will be
susceptible or resistant to the disease. The finding of these resistant alleles has
helped the conventional plant breeding for resistant varieties’ development for
barley against fungal, viral, and bacterial diseases. Molecular markers had been
used in barley crop also for resistant genes’ identification in several studies since the
mapping populations were developed in barley. Linkage disequilibrium (LD) is
defined as the nonrandom association of alleles at different loci (Slatkin 2008).
Apart from the major genes, a number of unexploited minor alleles could be
identified using LD based association mapping. A number of resistant alleles have
been identified using molecular markers in various cereal crops (Gyawali et al.
2018; Shrestha et al. 2019; Tessmann et al. 2019; Singh et al. 2020).

QTL mapping is a “classical approach” and will continue to be the main tool for
gene tagging in crops The major drawback of QTL linkage mapping is that it is
deficient in fine mapping, as only a few available meiotic events are used in the
mapping (Jannink and Walsh 2002) and its very expensive (Stich et al. 2006).
Association mapping is based on nonrandom association of alleles at different loci
among phenotype and marker [i.e. Linkage disequilibrium (LD)] overcome the
drawback of bi-parental QTL mapping. Association mapping uses natural popu-
lations for mapping purposes, thus it provide higher mapping resolution due to a
number of recombination events that occurred over a long development history of
population. LD can be caused by many underlying factors i.e. including mutation,
genetic drift, founder effects, selection, and inbreeding level plants. LD decay is
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faster outcrossing crops compared to inbreeding plants. Apart from higher resolu-
tion of mapping and multiple allele evaluation, association study has advantages
over bi-parental traditional QTL-mapping as it same precious time of plant scientist
and cost-effective as the development of bi-parental population is a long, tedious
and costly approach (Hansen et al. 2001; Kraakman et al. 2006).

The genome-wide association study (GWAS) approach is being used success-
fully to identify and position stem rust resistance genes in both wild and cultivated
barley germplasm (Steffenson et al. 2007). Tsai et al. (2020) used 1317 advanced
breeding lines of spring barley for genome-wide association mapping and identified
two markers on chromosome 4H and one marker in an unknown region signifi-
cantly associated with ramularia leaf spot disease caused by the fungus Ramularia
collocygni, and these three markers were also identified in powdery mildew
resistance by using multivariate GWAS. Gyawali et al. (2018) used 336 genotypes
of barley and identified about 10 QTLs for spot blotch resistance at the seedling and
adult plant stage. Kraakman et al. (2006) used 148 cultivars of spring barley for
GWAS and identified about five QTLs for barley yellow dwarf virus resistance.
Adhikari et al. (2020) reported association mapping of 3490 elite barley breeding
lines and identified 12 QTLs for resistance/susceptibility for net form of net blotch.

4.6 Molecular Mapping of Resistance Genes and QTLs

Barley crop in field can be damaged by fungal, bacterial and viral pathogens and
insect-pests. Resistance against biotic stresses in barley is regulated by both mono-
and polygenic traits. Developing disease resistant varieties has remained the major
goal in barley breeding to avoid yield losses and provide environment sustainable
production (Kiesling 1985). Chemical applications as insecticides and pesticides
have supported in minimizing yield loss due to biotic stresses but they affected cost
of cultivation as well as posed health hazards. In general, traditional breeding
methods are used to develop disease resistant genotypes with high yield and
superior grain quality to minimize yield losses. Breeding for developing biotic
stress resistance has remained successful and many disease resistant high yielding
varieties has been developed by breeders. Still this classical approach of developing
disease resistance was tedious and time consuming with short and narrow resistance
against pathogens (Ali et al. 2019). Meanwhile, development of molecular markers
led exponential use of DNA based technologies in crop improvement including
barley. The first molecular marker system reported was restriction fragment length
polymorphism (RFLP, Botstein et al. 1980) and first RFLP based genetic map in
barley was reported by Graner et al. (1991). Over the time, PCR based molecular
markers became dominant in evaluation of different traits at DNA level with the
availability of SSR based high density maps in barley (Varshney et al. 2007). This
application enabled easy application of molecular marker technology in identifi-
cation of genes/QTLs and their use in marker assisted selection (MAS) and marker
assisted breeding (MAB) for disease resistance in barley (Hudcovicova et al. 2008;

4 Molecular Strategies for Managing Disease Resistance in Barley 187



Harwood 2016; Sayed and Baum 2018; Yu et al. 2018; Kis et al. 2019; Wang et al.
2019). In gene mapping approach, bi-parental population developed from con-
trasting parents i.e. one carrying resistance for specific pathogenic virulence and
other with complete susceptibility, was developed. This population is then mapped
to identify the co-segregation of resistance with respect to specific locus of a gene
(Drader and Kleinhofs 2010; Hamwieh et al. 2018). The first report of resistance
gene mapping was given by Graner et al. (2000) for Rph7 gene conferring resis-
tance for leaf rust. This was followed by identification and localization of many
resistance genes in the last two decades for most of prevailing diseases in barley
(Table 4.2). These new genes/loci identified in landraces, old cultivars, wild types
can be mapped and targeted for introgression in elite cultivars for improved
resistance against pathogens using molecular breeding approaches.

Apart from major resistance genes, minor genes/QTLs are also considered
promising to develop durable resistance per se. In earlier time, epidemiological and
biometric studies were used to identify minor resistance genes in crops including
barley. With the evolution of marker systems and user friendly statistical analysis in
the last two decades, identification of QTLs has resulted in hundreds of reports on
molecular linkage mapping for both biotic and abiotic stress resistance (Graner
et al. 2000; Varshney et al. 2004). In addition, high throughput technologies further
provided better insight on germplasm variability for new genes through genome-
wide association studies. QTL mapping in plants mainly involved biparental pop-
ulation developed mostly from two parents, resistant and susceptible, for desirable
trait. Fixed progeny lines (F6-F8) are then phenotyped in field conditions under
natural hot-spots or epiphytotic conditions to generate disease data. This informa-
tion along with genotypic data of fixed population is then analyzed statistically
facilitating the dissection of quantitative resistance into individual Mendelian loci.
For the first time in barley, Heun (1992) reported QTLs on 5H and 7H chromo-
somes for powdery mildew (Blumeria graminis). Since then QTL mapping has
become the most studied area of barley research for disease resistance to identify
QTLs conferring durable adult plant resistance for most of the diseases in barley
(Toojinda et al. 2000; Li et al. 2006; Castro et al 2012; Grewal et al. 2012; Hickey
et al. 2012; Jain et al. 2013; Esvelt Klos et al. 2016; Romero et al. 2018). Important
QTLs identified and reported in different genotypic backgrounds over the last two
decades are in barley listed in Table 4.3.

4.7 Marker-Assisted Strategies for Transferring Genes/
QTLs Against Diseases

The availability of mapped major genes and QTLs for disease resistance in barley
facilitated their utilization through marker assisted selection (MAS), backcross
breeding (MAB) and gene pyramiding for developing disease resistance in barley
(Hudcovicova et al. 2008; Sayed and Baum 2018; Singh et al. 2019). MAS involves
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Table 4.2 List of resistance genes mapped and localized in barley for barley diseases

Disease/Pathogen Gene Chromosome
location

Marker type/linked
marker

Reference

Leaf rust
Puccinia hordei

Rph27 4H DArT-Seq Rothwell
et al. (2020)

Rph26 1H CM_1194 Yu et al.
(2018)

Rph24 6H 3,999,875,
3,265,068,
3,272,559, and
3,272,930

Ziems et al.
(2017)

Rph23 7H bPb-8660 and
bPb-9601;
Ebmac0603

Singh et al.
(2015)

Rph22 2H H35_26334 &
H35_45139

Johnston
et al. (2013)

Rph21 4H GBM1044 &
GBM1220

Sandhu et al.
(2012)

Rph16 2H GBR 1185 Perovic
et al. (2004)

Rph13 3H HvKASP_Rph13plus Jost et al.
(2020)

Rph7 3H TC2863-12.4 and
ABG70

Mammadov
et al. (2007)Rph5 3H

Rph6 3H MWG2021 & BCD
907

Zhong et al
(2003)

Rph3 7H EBmac755 Park et al
(2003)

RphMBR1012 1H GMS021 & GBS546 Konig et al.
(2012)

RphC 5H DART4872 and
DART7508

Dracatos
et al. (2014)

Stripe rust
Puccinia
striiformis

Rdg2a 7H MWG2018 Arru et al.
(2003)
Tacconi
et al. (2001)

Puccinia
graminis
Stem rust

Rpg1 7H ABG704-MWG036B Kilian et al.
(1994)

Rpg4 5H ABG391 Kilian et al.
(1997)

Erysiphe
graminis f.
sp. hordei
(powdery
mildew)

6H DArT markers
(4,793,171,
3,258,880
3,264,002&
3,432,488)

Piechota
et al. (2020)

Mla 7H GBM1126
&GBM1060

Soldanova
et al. (2013)
(continued)
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indirect selection of phenotype carrying desirable trait at allele level using gene
specific or closely linked markers. Ordon et al. (1995) were the first group to report
marker assisted introgression of ym4 gene from Frankainto Igri background for
barley yellow mosaic disease. This was followed by many studies on resistance
genes introgression for viral diseases (BaMMV/BaYMV and BYDY) in elite barley
background using MAS (Schiemann and Backers 2000; Ovesna et al. 2000;
Jefferies et al. 2003). Grewal et al. (2008b) reported transfer of loose smut resis-
tance gene Run8 and covered smut resistance gene Ruhq in barley line CDC
McGwire using the SCAR marker Un8-700R for loose smut and combination of
RAPD (OPO6780) and STS (Hor2) markers, respectively. Similarly, SCAR marker
E-ACT/M-CAA-170a was used to introgress the resistance gene Rsp2 for Septoria
speckled leaf blotch (SSLB) in recurrent lines M110 and M96-46 (Zhong et al.
2006). Resistance for Scald (Rhynchosporim commune) was developed in barley
elite lines Arta and Tadmor by marker-assisted transfer of Rrs1 gene using SSR
markers Bmac209, Bmac67, EBmac871, Bmag6 and HVS3 (Sayed and Baum
2018). Richardson et al. (2006) reported introgression of three QTLs using closely
linked SSR markers viz. 1H (GMS021, Bmac203 & Bmac399), 4H (EBmac679,
EBmac788 & HvMLO3) and 5H (Bmag337 and GBM1039) providing resistance
against Puccinia striiformis f.sp. hordei in barley cultivar Baronesse.

Table 4.2 (continued)

Disease/Pathogen Gene Chromosome
location

Marker type/linked
marker

Reference

GBMS192
&GBM1060

Leaf scald
Rhynchosporium
secalis

Rrs1 3H 11_0010 and
11_0823

Hofmann
et al. (2013)

Yellow mosaic
virus
Polymyxa
graminis

Rym17 3H ABG070 Kai et al.
(2012)

Rym 18 4H Bmag0490 Kai et al.
(2012)

Rym13 4H HVM67& GBM1015 Humbroich
et al. (2010)

Loose smut
Ustilago nuda

Un8 Un8 SNP4; 0498L15
F8/R8

Zang et al.
(2015)

Wheat stripe rust Rps6 7H FPC 320 Dawson
et al. (2016)

Spot blotch
Cochliobolus
sativus

Scs6 1H Bc183711 and
Bc13291

Leng et al.
(2018)

Spot blotch
Bipolaris
sorokiniana

Rbs7 6H M13.06 and M13.37 Wang et al.
(2019)
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The shelf-life of varieties carrying single major gene against particular pathogen
is short due to evolution and development of new pathogen race over time to adapt
already available resistance genes in these varieties. Nelson (1978) suggested gene
pyramiding aiming at horizontal resistance system to increase resistance spectrum
(Nelson 1978). In barley also, gene pyramiding was attempted for major and minor
gene (QTLs) pyramiding especially for stripe rusts and viral diseases (Castro et al.
2003; Werner et al. 2005; Richardson et al. 2006). Pyramids of stripe rust resistance
QTLs were developed to study the level of stripe rust resistance in relation to
combined QTLs and lesser disease susceptibility was observed in lines carrying
more number of loci on 1H, 4H and 5H chromosomes (Castro et al. 2003). Werner
et al. (2005) reported gene pyramiding of resistance genes (rym4, rym5, rym9 and
rym11) against barley yellow mosaic virus complex. Although ample number of
genes/QTLs have been mapped and reported in barley using molecular tools still the
reports of marker assisted transfer of these is few over the last two decades. The
reason behind lesser reports of MAS and MABC in barley might be because
resistance conferred by major gene (mongenic) are easy to handle without inter-
vention of molecular technology and most of the economic viable QTLs are not
manageable at molecular level due to too many minor genes (QTLs) involvement.

4.8 Transgenic Approaches for Developing Disease
Resistance

Transgenesis is another technology established, validated and utilized to transfer
new candidate gene of interest in crop plants. Flor (1971) reported gene for gene
theory stating that outcome of plant pathogen interaction is mainly regulated by
resistance locus (R) present in plant and avirulence locus (avr) of pathogen. If both
are present then plant shows resistance towards that particular pathogen. This
information led to transfer of genes for disease resistance within species, across
species and across genera (Dong and Ronald 2019). In barley, Ritala et al. (1994)
were the first group to report development of fertile barley from particle bom-
bardment of immature embryo. Since then numerous studies were reported using
biolistic transformation method for successful transfer of desirable genes in barley
as shown in Table 4.4.

These efforts resulted in well-established Agrobacterium mediated transforma-
tion system in barley using androgenic pollens and immature embryo for intro-
ducing transgene (Kumlehn et al. 2006; Hensel et al. 2008). The cultivar Golden
Promise was proved to be most promising genotype for genetic transformation
studies in barley especially for Agrobacterim mediated approach as summarized in
Table 4.5. Other cultivars amenable for developing transgenics are Igri, Harrington,
Clipper, Sloop, Galena and Tafeno (Goedeke et al. 2007). As a result a number of
genes have been transferred in barley for developing resistance against diseases like
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Rpg1 (Horvarth et al. 2003), wheat Lr34 (Risk et al. 2013), Sr22 (Hatta et al. 2020,
and Lr67res (Milne et al. 2019).

After successful transformation and integration of a new gene in host genotype
different methods are used for regeneration of transgenic plant. At present genetic
transformation method is not difficult to implement successfully but the in-depth
knowledge of cellular regulation and predictable transient expression of trans-
formed gene is much required for successful generation of transgenic plants.

4.9 Genomic-Aided Breeding for Resistance in Traits

4.9.1 Barley Genome Sequencing

Barley is a diploid plant species with seven chromosomes consisting a huge gen-
ome of size nearly 5.1 gigabases (Gb). Of the total 5100 Mbp genome more than
80% is repetitive DNA. To decode the barley genome the International Barely
Genome Sequencing Consortium (IBGSC) was established in the year 2006
(Schulte et al. 2009). Two heuristic approaches have been used to decode the barely
genome viz. (1) BAC-by-BAC approach and (2) shot-gun whole genome
sequencing. Till date ca. 550 K BAC (bacterial artificial chromosome) clones have
been fingerprinted and assembled to contig. In further efforts a robust consensus
physical map will be developed by combining contigs of ca. 350 K sequenced BAC
clones and SNP based genetic map. On the other hand, IBSC has successfully
developed a physical map of 4.98 Gbp (98% of total genome) of which 3.90 Gbp is
anchored to high resolution genetic map. The structurally and functionally anno-
tated barley genome is available on a public domain database called EnsmblePlants,
(https://plants.ensembl.org/Hordeum_vulgare/Info/Index). This framework supports
structural and functional information on more than 26,159 high-confidence barley
genes which includes BLAST facility, homology details with other decoded plant
species, transcript details, information on functional proteins and transcriptome
data. Additionally, efforts have been made to high-resolution genome assembly at
chromosome scale. For this purpose, BAC clones with minimum tiling path were
sequenced by Illumina short read sequencing using population sequencing
methodology. Followed to this a BAC-based super scaffold was constructed by
combining high-resolution genetic map and a highly contiguous optical map. This
super scaffold was then re-ordered and re-oriented with chromosome conformation
capture sequencing (Hi–C) to develop a final chromosome-scale assembly repre-
senting 4.97 Gbp of 5.10 Gbp barley genome and 39,734 high-confidence genes.
Both, chloroplast and mitochondrial genomes of barley have also been decoded
(Middleton et al. 2014; Hisano et al. 2016). Deep sequencing of the transcriptome
(RNA-seq) from the cultivar Morex and FL-cDNAs from the cultivar Haruna Nijo
helped to annotate the reference genome of the cultivar Morex. A de novo
RNA-seq-based genotyping procedure for barley strains used in breeding programs
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has been implemented. Using 150 samples from 108 strains, de novo
RNA-seq-based genotyping detected 181,567 SNPs and 45,135 indels, located in
28,939 transcribed regions distributed throughout the Morex genome (Mascher
et al. 2017). Automated gene annotation of the barley reference sequence assembly
was based on four datasets providing independent gene evidence information. This
included (1) RNA sequencing (RNA-seq) data; (2) reference protein predictions
from barley, rice, B. distachyon and S. bicolor; (3) published barley full-length
complementary DNA (fl-cDNA) sequences; and (4) newly generated barley PacBio
Iso-Seq data. This identified 83,105 putative gene loci including protein-coding
genes, noncoding RNAs, pseudogenes and transcribed transposons. Recently, Liu
et al. (2020) reported a high-quality draft assembly of wild barley accession
(AWCS276; henceforth named as WB1), which consists of 4.28 Gb genome and
36 395 high-confidence protein-coding genes. It is inferred that the WB1 genome
contains more genes involved in resistance and tolerance to biotic and abiotic
stresses by comparing with the genome of the cultivated genotype Morex.

EnsemblPlants provides easy access to the most updated barley genome
assembly, including chromosome sequences, genes, transcripts, and predicted
proteins. Additional annotation can be done with a number database available in
public domain using variety of bioinformatic techniques. GSDS server helps in
studying gene structure with interactive graphical outputs. A variety of sequence
statistics and multiple sequence alignment can be obtained from MEGA tool for
evolutionary and phylogenetic studies. ProtParm from ExPasy provides physical
and structural information with on proteins using amino acid sequences. Web-based
serves like ARGOT and AgriGo provide information on gene ontology in very
user-friendly manners. Protein domains can be studied using CDD search whereas,
structural information of these domains can be retrieved from MEME suites.
The KEGG web server further allows identifying enzymatic roles of functional
protein in various metabolic pathways in plants. STICH and STRING servers
finally help to identify chemical-protein and protein-protein interactions from the
amino acid sequences.

4.10 Structural and Functional Genomics Resources

Multiple genomic resources (Table 4.6) for barley have been developed to
empower genomic assisted barley improvement programs. These genomic resour-
ces are available in public domain and are useful for structural and functional
annotation of putative genes of agronomic importance. These resources mainly
include large array of expressed sequence tags (ESTs), SSR markers, cDNA library,
BAC cloning library, gene expression database, SNP database, proteome, tran-
scriptome database, complete genome sequence assembly and high-density linkage
maps.
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4.11 Genome Editing

CRISPR/Cas9 based genome editing system offers many avenues to scientists to
that can efficiently produce mutations in desired genes. Lawrenson et al. (2015)
exploited the wheat promoter of the TaU6 snRNA gene for SpCas9-mediated
gene-editing of barley HvPM19, which encodes an ABA-inducible plasma mem-
brane protein. Holme et al. (2020) edited HvPAPhy, a barley phytase gene using a
similar construct. Kapusi et al. (2017) used the SpCas9 system to disrupt a barley
Endo-N-acetyl-b-D-glucosaminidase (ENGase) gene by employing the rice OsU6
promoter to drive the sgRNA, reaching a SpCas9-induced mutation frequency of
78%. In barley MORC1 (Microrchidia proteins) was further analyzed by Kumar
et al. (2018b) using a highly efficient RNA-guided Cas9 gene-editing system. Kis
et al. (2019) created a highly efficient resistance against wheat dwarf virus (inhibit
an economically important, phloem-limited, insect transmitted virus) in barley by
employing CRISPER/Cas9 system. Recently Garcia-Gimenez et al. (2020) per-
formed targeted mutation of barley using CRISPR to generate mutations in
members of the gene superfamily responsible for making (1,3;1,4)-b-D-Glucan led

Table 4.6 Barley genomic and functional resources available on public domain

Name Use URL

Barley DB Seed collection, cDNA
sequence

http://www.shigen.nig.ac.jp/barley/

barleyGenes RNA-seq data https://ics.hutton.ac.uk/
barleyGenes/

bex-db cDNA, gene expression https://barleyflc.dna.affrc.go.jp/
bexdb/

EnsemblPlants Browser, BLAST http://plants.ensembl.org/
Hordeum_vulgare

GrainGenes Markers, maps, mutants,
etc.

http://www.graingenes.org

HarvEST cDNA sequence http://harvest.ucr.edu/

IPK (IBSC) barley
BLAST server

BLAST https://webblast.ipkgatersleben.de/
barley_ibsc/

PLEXdb Gene expression analysis http://www.plantgdb.org/prj/
PLEXdb/

STITCH Chemical protein
interaction

http://stitch.embl.de/

STRING` Protein protein interaction
database

https://string-db.org/

eFP expression browser Visual assessment of
expression data

http://bar.utoronto.ca/efpbarley/cgi-
bin/efpWeb.cgi

BarleyNet Functional gene network http://www.inetbio.org/barleynet

Phytozome v13 Plant comparative
genomics resource

https://phytozome.jgi.doe.gov/pz/
portal.html
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to specific differences in grain quality, composition and content of this compound.
in case of lacking natural resistance resources, the CRISPR/Cas9 system can be
utilized to establish extremely efficient resistance in monocotyledonary plants to
combat an economically important, insect vector-transmitted, destructive DNA
virus. However, the selection of potent sgRNAs and ensuring their proper
expression are prerequisites of the optimal result. However, transformation and
genome-editing experiments may suffer from some limitations resulting from the
low transformation potential of some accessions. Hisano and Sato (2016) identified
loci controlling transformation amenability in the regions of chromosomes 2H and
3H in an F2 population derived from a cross between the cultivars Golden Promise
and Haruna Nijo. Introducing these genomic regions in target haplotypes may
increase their transformation efficiency and genome-editing capabilities.

Advancements in molecular biology and barely genomics have enabled plants
scientists to improve their efficiency in genetic characterization of barely germ-
plasm and identification of agronomically important genes. In recent years, avail-
ability of high throughput genotyping techniques such as
genotyping-by-sequencing, SNP arrays and KASP markers have not only
allowed barley breeders to identify genetic diversity at single nucleotide level but
also the effect of single nucleotide polymorphisms on various phenotypes. With the
help of these techniques, breeders are now able to identify population structure and
to develop core collections. Precision in gene discovery has also improved due to
availability these markers. Availability of reference genome and several other
genomic resources allows a scientist to functionally annotate the significant geno-
mic regions using various web-based tools before going on the sophisticated wet
lab methods. Furthermore, survey of literature reveals that since the availability of
reference barley genome and high throughput genotyping techniques number of
studies in reference to characterization of germplasm, gene identification, and
high-density QTL mapping have increased by nearly 70% however, most of these
studies are aimed to genomewide association mapping for grain quality traits and
various stress tolerance in barley.

4.12 Future Perspectives

Barley as crop has gained importance due to its commercial and versatile end use in
distillation, brewing, food and feed sector. As an agriculture crop, barley has got
attention of researchers because of its wide cultivation from temperate to tropical
regions. The traditional breeding approach of hybridization and selection was
majorly used in the last century to enhance biotic stress resistance in barley. Later
development and implementation of molecular markers system motivated
researchers to map various major genes and QTLs for disease resistance against
major pathogens. With the onset of high throughput techniques and information
generated in International Barley Genome Sequencing Consortium, research in
barley is gaining momentum in important research areas like yield, disease
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resistance and quality. Support of genomic assisted technologies like GWAS,
genome editing, CRISPER, gene cloning and numerous genotypic platforms like
SNP genotyping, microrray, DArT etc. and well established doubled haplod method
have led to generate precise information of host (R) and pathogen genes (Avr) to
understand their interaction and regulation at cellular level. In future also, a number
of untapped gees/QTLs will be identified and introgressed in the elite barley cul-
tivars as well as resistance genes will be cloned and transferred. The near future is
promising with the availability of powerful game changing tools like DH and
CRISPER mediated gene editing which will definitely going to impact barley
research in developing robust resistance against the major pathogens.
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Chapter 5
Genomic Designing for Biotic Stress
Resistance in Sorghum

B. Fakrudin, T. N. Lakshmidevamma, J. Ugalat,
Raghavendra Gunnaiah, J. Khan, S. P. Gautham Suresh,
K. A. Apoorva, M. Doddamani, S. Kadam, K. Rashmi,
M. N. Mamathashree, K. Omkar Babu, A. Hadimani, M. Faizan,
Gopalareddy Prakash, and Anurag Gowda

Abstract Sorghum (Sorghum bicolor (L.) Moench) is an immensely valuable
staple cereal crop across semi-arid tropical regions of the world and is regarded as a
nutritionally potential crop compared to other cereals with high fibre content,
minerals and slow digestibility. A multitude of bacterial, fungal and viral pathogens
and several insect pests cause significant losses in yield and quality of sorghum.
Management of these biotic stresses using chemicals is quite expensive and envi-
ronmentally not sustainable. Developing host-plant resistance and use of resistant
cultivars has great promise in this direction. Repository of genetic resources and the
wild gene pool in sorghum that harbor many biotic resistant genes serve as a rich
source to develop resistant cultivars. Crossing programs involving several resis-
tance sources resulted in many resistant varieties, hybrids and parents. The genetic
barriers between wild and cultivated sorghum species are still challenging to
transfer resistant genes. However, with the recent advances in genomic tools, next
generation sequencing/re-sequencing technologies, genetic engineering, more
genomic data is being utilized in the sorghum breeding programs. These advanced
molecular tools have helped to unravel the genetic architecture and provide a deeper
understanding of the marker-trait associations. A maximum number of individuals
in the mapping population coupled with large-scale genotyping with markers like
SNPs would capture more recombination events, leading to high resolution of QTL
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mapping. Marker-assisted selection can now be efficiently used for pyramiding
multiple resistance genes/QTLs which can accelerate the varietal development
process, resulting in durable resistance with great impact on the sorghum yield
stability and sustainability. This chapter provides an overview of biotic stresses in
sorghum, their impact, various breeding strategies and genomics assisted tools in
prospecting sorghum biotic stress resistance besides highlighting the recent con-
cepts and future perspectives for genomic designing.

Keywords Sorghum � Biotic stresses � Nutritionally potential � Host-plant resis-
tance � GWAS � QTL

5.1 Introduction

Sorghum (Sorghum bicolor (L.) Moench), the fifth major cereal crop of the world
with a small genome size of 750 Mbp, is a native of Africa and possesses enormous
genetic potential as a food crop, especially in disadvantaged marginal situations of
the world human habitats (Paterson et al. 2009; Zhang et al. 2017b). It is known to
be grown since five thousand years and as a crop of the semi-arid regions, it is being
utilized as food and forage for the cattle. Much recently this crop has sustainably
prospected for biofuel manufacturing (Calvino and Messing 2012). The food
security necessitates a deeper understanding of the food production dynamics in the
environmentally challenging situations where sorghum is being cultivated (Mundia
et al. 2019). The factors that significantly limit sorghum production comprise
adverse weather, poor soil fertility and most importantly the pests and diseases.
Insect pests and diseases significantly affect crop yields, grain quality, marketability
and its utilization as food and fodder (Savary et al. 2012) which in turn influence the
food supply, if measures are not taken (Reynolds et al. 2016). The yield loss in
sorghum due to biotic stresses covering all stages is anywhere between 30 and
100 % (Singh and Bandyopadhyay 2000). Global sorghum production at about
57.50 million tons during 2019–20 is expected to increase by 3.94% to meet the
demand (Miller magazine 2020). Developing sorghum cultivars resistant to various
biotic stresses is critical to sustaining its production to meet the present food, fodder
and industrial requirements. Deployment of resistant cultivars to overcome biotic
stresses can augment the solution for low productivity of cultivars. Knowledge of
the genetic resources/gene pool of sorghum as the source of genes for stresses is
crucial to develop biotic resistant cultivars (Kumar et al. 2014). Owing to the faster
evolution and development of counter-resistance genes in pathogens and
insect-pests to evade the host resistance, it is highly challenging to develop durable,
long-lasting resistance through conventional approaches (Witcombe and Hash
2000). An integrated approach involving plant breeding and genomics tools could
increase the efficiency and precision of resistance breeding, this has to happen on
sustainable pace across different tropical and sub-tropical situations
(Perez-de-Castro et al. 2012). The availability of mapping populations, molecular
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markers and genetic maps in sorghum over the last two decades offered ample
opportunities for the identification of genomic regions/quantitative trait loci (QTLs)
associated with traits of interest, especially those associated with biotic stresses.
The modern molecular tools can achieve introgression of several resistant genes/
QTLs into a single cultivar through molecular breeding strategies. Marker assisted
selection (MAS) has enhanced the selection efficiency in some of the important
traits related to resistance against insect pests and pathogens (Dormatey et al. 2020).

Functional genomics tools coupled with diverse genetic backgrounds having
broad resistance can be used to provide critical insights into the biotic stress
responses (Cuevas et al. 2019). Indeed, the relevance of the sorghum functional
genomics is increased with the advent of next-generation sequencing techniques
(Paterson et al. 2009). Functional genomics along with the developments in genome
sequencing, QTL mapping, RNA-sequencing, and bioinformatics allow a deeper
understanding of the genetics of resistance both in plant and pathogen as well as
insect pests (Andersen et al. 2018). The RNA-interference (RNAi) in imparting
resistance to biotic stresses is becoming practically relevant in sorghum and other
millets due to affordability of the technology (Banerjee et al. 2017; Majumdar et al.
2017; Zhang et al. 2017a). Transcription factors (TF), the proteins crucial in gov-
erning transcriptional regulation during the entire crop period, can function as
switches to control the expression of genes involved in mediating biotic stress
resistance. Characterization of transcription factor genes critically involved in plant
stress responses and their introgression is vital for enhanced biotic stress resistance
in sorghum.

The biotic stress management systems depend on various control approaches
such as genetic, physical, chemical, cultural and biological, among others.
However, the use of stress-resistant varieties can lead to enhanced ecological fit-
ness, reduced pesticide usage and sustainable production system, resulting in
increased yields and grain quality/end-use traits (Singh et al. 2004a).
A multidisciplinary and multipronged approach with synergistic integration of
morphological and molecular approaches i.e., plant breeding in combination with
genomics tools would accelerate and maximize the efficiency of breeding programs
for developing biotic stress resistance in sorghum (Dormatey et al. 2020).

5.2 Different Biotic Stresses

Sorghum is affected by various biotic factors including multiple insect-pests, dis-
eases and parasitic weeds that cause significant economic losses.
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5.2.1 Major Diseases of Sorghum

Major diseases of sorghum are grain mold, anthracnose (Colletotrichum subline-
olum), ergot (Claviceps sorghi and C. africana), downy mildew
(Peronosclerospora sorghi), sorghum rust (Puccinia purpurea), charcoal rot/stalk
rot (Macrophomina phaseolina), bacterial leaf spot (Pseudomonas syringae pv.
syringae), leaf blight (Helminthosporium turcicum) and head smut (Sporisorium
reilianum). Striga spp., a parasitic weed is one of the most devastating constraints
that can cause a cent per cent yield loss under severe infestation (Esele 1995).

5.2.1.1 Grain Mold

Grain mold is the most devastating disease of sorghum with global distribution.
More severe in the kharif season, especially, in white-grain sorghum, which is
being grown widely in Asia and Africa for food. Grain mold is less severe on
colored grain sorghum being grown widely in United States of America (USA),
Argentina, Australia and Mexico for feed purpose. It is a complex disease caused by
more than 40 pathogenic and opportunistic fungi from several genera, including the
most common species Fusarium thapsinum (Klittich et al. 1997; Cuevas et al.
2019). Fusarium spp., Alternaria spp., Curvularia spp. and Colletotrichum
spp. were the most principal fungi reported in grain mold (Williams and Rao 1981;
Navi et al. 2005). The disease develops with the infection and colonization of
spikelet followed by grain colonization leading to the deterioration of seed
(Bandyopadhyay et al. 2000). Fungi secrete enzymes that degrade starch in endo-
sperm and germ tissues (Hodges et al. 2000). A devastating effect of grain mold on
grain yield, quality, market value and eventually on the grain-based products with
an annual loss of US$ 50–80 million was estimated in India (Das 2019).

5.2.1.2 Anthracnose

Anthracnose caused by Colletotrichum sublineolum Henn. is one among the most
economically damaging sorghum diseases that affect leaves, stems and grain, with
significant grain yield reduction over 50–86% (Cota et al. 2017). An estimated grain
yield loss of more than 50% was observed in susceptible sorghum cultivars under
severe anthracnose epiphytotic in Georgia (Harris et al. 1964). The disease gets
aggravated under warm and humid conditions (Tsedaley et al. 2016). Symptoms
include the development of small spherical spots on leaves and leaf midribs with
red, orange, purple or tan colored wide margins having straw-colored centers. In
case of disease severity, the spots increase in number and conjoin covering the
entire leaf surface and stem leading to premature plant death. In the centers of the
spots, small black fruiting bodies (acervuli) develop (Tesso et al. 2012). A direct
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negative impact on grain yield can be envisaged as the infection in later stages of
development, is seen on the rachis, panicle branches and seeds.

5.2.1.3 Ergot or Sugary Disease

Ergot is caused by the fungi of the genus Claviceps, i.e., Claviceps sorghi or
Sphacelia sorghi. Over 40 species of Claviceps have been reported, major include
C. sorghicola, C. africana and C. purpurea (Pazoutova and Frederickson 2005).
The infection starts with the sclerotium production within the floret and only the
ovaries are infected. Ergot infects unfertilized ovaries individually within a panicle.
Male sterile lines are highly susceptible. Severe infection is seen under high rainfall,
high humidity, cloudy weather during anthesis and in cool night temperature
conditions. The two noticeable signs of the disease are droplets of honeydew oozing
from infected florets and the growth of fungal sclerotia. The hard textured sclerotia
developed from sphacelia protrude few millimeters outside the glumes. The major
threat from ergot is the infection and contamination of the harvested grains by toxic
alkaloids present in the sclerotia (Wegulo and Carlson 2011). Major types of ergot
alkaloids produced are clavine alkaloids, D-lysergic acid and its derivatives, and
ergopeptines which cause a group of symptoms called “ergotism” (Hulvova et al.
2013).

5.2.1.4 Downy Mildew

Downy mildew of sorghum is caused by Peronosclerospora sorghi. The disease is
manifested as downy whitish growth on the lower leaf surface followed by whitish
streaks on both the leaf surfaces. Tissues alongside the white streaks slit later
resulting in leaf shredding. Primary infection of the disease is through oospores
present in the soil, mycelium in seeds and secondary infection is through air-borne
sporangia. Crop rotation with other crops viz., pulses and oilseeds and removal of
the infected plants can prevent the secondary spread of the disease (Tesso et al.
2012).

5.2.1.5 Rust

Sorghum rust caused by Puccinia purpurea, is of significance as it predisposes
sorghum to other diseases such as stalk rot. The disease is manifested as small
reddish-brown specks on the lower leaf surface and pustules (uredospori) on both
the leaf surfaces as purplish spots which later rupture to release a reddish powdery
mass of uredospores. Primary infection is through long cycled rust and secondary
infection is by wind-born uridospores. Infection can be minimized through the
destruction of the alternate host, Oxalis corniculata and spray of mancozeb (Hooker
1985).
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5.2.1.6 Charcoal Rot or Stalk Rot

Charcoal rot caused by a soil-borne fungus, Macrophomina phaseolina, is a major
fungal disease of sorghum worldwide with great destructive potential causing
substantial losses in economic yield levels ranging between 14.2 and 46.6%
(Mughogho and Pande 1983). After infection, the infected stalk will split open and
consequently results in longitudinal shredding of the pith tissue into fibers and
disintegration. The stem breaks down to the ground resulting in premature stem
lodging that negatively affects the grain and fodder quality. The disease is primarily
infected from the soil, weed hosts and can be aggravated by rain or irrigated water
(Ghosh et al. 2018).

5.2.1.7 Bacterial Leaf Spot

Bacterial leaf spot is caused by Pseudomonas syringae pv. syringae. Symptoms
include initial water-soaked lesion on the lower leaves which grow and mature, and
become elliptical to circular developing red or brown margins. As lesions dry, the
centers become light-colored. Most commonly found in the spring season since it is
dispersed by rain and wind and becomes insignificant in summer seasons (Te-Beest
et al. 2004).

5.2.1.8 Leaf Blight

Causal organism of this disease is Helminthosporium turcicum (Syn. Exserhilum
turcicum). Yield losses can approach 50%. Symptoms of the disease are manifested
as small reddish or tan spots that can enlarge to long elliptical reddish-purple or tan
lesions of 12 mm wide and 2.5–15 cm long. Sporulation of the fungus on lesions
often gives them a dark grey or olive appearance on the surface. The fungus can
survive on grasses, on residue and seeds (Lu et al. 2018).

5.2.2 Insect Pests of Sorghum

More than 150 species of insect pests infest sorghum. The key pests are shoot-fly
(Atherigona soccata), sorghum gall midge (Stenodiplosis sorghicola), stem borer
(Chilo partellus), aphids (Rhopalosiphum maidis and Melanaphis sacchari), jowar
ear head bug (Calocoris angustatus), shoot bug (Peregrinus maidis), red-headed
hairy caterpillar (Amsacta albistriga) and ear head caterpillar (Helicoverpa armi-
gera) causing significant damage to the crop (Sharma et al. 2006).
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5.2.2.1 Shoot-Fly

The shoot-fly (Atherigona soccata Rondani) is one of the prominent threats for
sorghum production in Asia, Africa and American continent (Sharma et al. 2003).
Sorghum shoot-fly, the most devastating pest, alone is responsible for 5% loss out of
12% total insect losses. Grain yield reduction of about 50% (Jotwani et al. 1979) and
a still more devastating damage with loss up to 90% was reported (Jotwani et al.
1970). High susceptibility is seen in the early stages of crop growth (5–25 days),
especially in the late sown crop during rainy season, whereas, the early-sown crop is
more affected during the post-rainy season (Mohammed et al. 2016). Female
shoot-fly lays eggs singly on the surface of the leaf, parallel to the mid-rib. The larvae
cut the growing point of the apical shoot resulting in a dead heart symptom. Larvae
feed on the decaying tissue which may lead to seedling mortality and the crop gets
damaged within 1–4 weeks after seedling emergence, present a rosette appearance
and fail to produce any grain (Mohammed et al. 2016). Pesticides are being used to
control shoot infestation in sorghum crop (Sharma et al. 2007).

5.2.2.2 Sorghum Gall Midge

Sorghum gall midge (Stenodiplosis sorghicola Coquillett) is an ubiquitous dam-
aging pest of grain sorghum all over the globe (Young and Teetes 1977). A crop
loss of 10–15% was reported and in severity, this can cause cent per cent damage to
developing kernels in all the sorghum growing areas (Sharma and Teetes 1995).
Eggs hatch and feed on the ovaries resulting in chaffy grains. Certain varieties may
be particularly susceptible to egg lay in pre-flowering spikelets (Franzmann and
Vaschina 1989). Sorghum midge can be managed by uniform regional planting,
such that, all sorghum varieties flower within 7–14 days or through insecticide
spray at anthesis. Genetic resistance mechanism that increases non-preference of
florets for sorghum midge is eco-friendly and a durable approach.

5.2.2.3 Sorghum Stem Borer

Sorghum stem borer (Chilo partellus Swinehoe) infestation begins from over a
month after sowing. The larvae feed on the surface of leaf sheath and leaf whorls,
bore into the midrib and the shoot which later feed on the internal tissues causing
extensive tunnelling and results in ‘dead heart’ formation and consequent killing of
young plants. Larvae also infest ear heads and cause tunneling leading to chaffy ear
heads and poor grain development. Chemical control includes soil application of
phorate or carbofuran at the time of sowing. Many parasitoids viz., green lacewing,
ladybird beetle, spider, fire ant, reduviid bug, robber fly, black drongo, big-eyed
bug, earwig, ground beetle, pentatomid bug, praying mantis, Dicyphus hesperus
etc. are effective against stem borer. Greenleaf desmodium can also be used as a
control strategy against stem borers in sorghum (Khan et al. 2006).
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5.2.2.4 Aphid

Both sorghum aphid (Rhopalosiphum maidis Fitch) and sugarcane aphid
(Melanaphis sacchari) are common in several sorghum growing countries (Singh
et al. 2004a). The severity of aphid damage is up to 77% reduction in grain yields
(Van Rensburg and Hamburg 1975). Aphids usually attack newly emerged leaves,
wherein, the adult and nymphs cause the damage throughout the growing period by
piercing and sucking sorghum juice which eventually slows down plant growth
leading to plant death. Sorghum is reported to be a preferred host for sugarcane
aphid (Bowling et al. 2016). Aphids produce honeydew in plenty on which sooty
molds grow, which further hinder grain harvesting and grain quality (Wang et al.
2013). Leaf extracts from neem seed or dursban found to be effective in controlling
aphids (Diarisso et al. 2005). Insecticides viz., dimethoate 30 EC and imidacloprid
formulations are reported to be most effective in reducing the aphid population.

5.2.2.5 Jowar Ear Head Bug

Jowar ear head bug (Calocoris angustatus) is a vigorous, small yellowish-green bug
that infests the crop from ear head emergence to dough stage and causes about 54–
89% reduction in grain yield levels. During ear head formation, ear head bugs are
usually seen covering over the ear heads. Both nymphs as well as adults suck the
milky juice from ear heads or developing grains, as a consequence the grains shrink
and turn black color leading to chaffy or crinkled grains. Older grains show distinct
feeding punctures that reduce grain quality (Sharma 1985).

5.2.2.6 Shoot Bug

Shoot bug (Peregrinus maidis) is a sporadic pest of sorghum that can cause heavy
damage under favorable conditions. Nymphs and adults suck the sap from young
leaves and leaf sheath resulting in unhealthy plants, with reduced plant vigor and
yellowing. Under severe infestation, the leaves wither from top-down and later turn
reddish finally leading to plant death. The infestation generally leads to twisting of
leaves and seldom of panicles emergence—collectively results in over 41% yield
toll in India (Subbarayudu 2002). Deep summer ploughing, collection and
destruction of larvae, crop rotation with non-host crops, timely sowing, destruction
of alternate host plants, field sanitation, rogueing, early uprooting and burning of
infested plants can reduce the incidence of pest.

5.2.2.7 Red Headed Hairy Caterpillar

Red headed hairy caterpillar (Amsacta albistriga, A. moorei), a polyphagous pest is
highly injurious to young sorghum seedlings. Caterpillars are voracious feeders
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which feed on leaves by scrapping the under surface of tender leaflets besides
flowers and main stem in later stages independently, they spread across fields,
which lead to severe crop damage and yield loss (Nagarajan et al. 1957). Use of
light traps and digging trenches around the infested field and dusting with insec-
ticide can reduce the pest infestation.

5.2.2.8 Ear Head Caterpillar

The adult ear head caterpillar (Helicoverpa armigera) is a medium-sized moth.
Caterpillars feed till grain hardening stage and are covered in the inner branches of
the ear. Compact panicles are more prone to heavy damage and damaged ears could
be easily spotted in the field by their chalky appearance (Bora et al. 1994).

5.3 Genetic Resources of Resistance Genes

The sorghum germplasm resources can stand rounds of intense selection to meet
diverse requirements of plant breeding due to its rich genetic diversity that stems
from five basic races - Bicolor, Guinea, Caudatum, Kafir, Durra and 10 interme-
diate races that include -Guinea-bicolor, Durra-bicolor, Caudatum-bicolor,
Guinea-caudatum, Kafir-bicolor, Guinea-kafir, Guinea-durra, Durra-caudatum,
Kafir-caudatum, Kafir-durra (Harlan and de Wet 1972; Venkateswaran et al. 2019).
The rich genetic diversity in the gene pool 1 (GP-1) and gene pool 2 (GP-2) and
their cross-compatibility with Sorghum bicolor have led to the development of
successful hybrids. Most significantly, S. bicolor subspp. verticilliflorum and S.
propinquum have contributed for yield per se and S. halepense has contributed
genes for crop duration (Dweikat 2005; Aruna and Cheruku 2019). Wild species,
harbouring genes, which are resistant against striga are arundinaceum, virgatum
and verticilliflorum (Cox et al. 1984; Bramel-Cox and Cox 1988). Other potentially
useful traits in sorghum’s GP-1 and GP-2 include S. bicolor subspp. drummondii
for allelopathic properties and resistance to ergot and nematodes, and S. halepense
conferring resistance to multiple pests (Dweikat 2005; Baerson et al. 2008). Further,
the gene pool 3 (GP-3) of sorghum has enormous potential in gaining grain yield
advantage through introgression of specific genes and it is envisaged that the
diversity in GP-3 would be of particular use in breeding sorghum for climate
change eventualities and dreaded insect pests of sorghum (Venkateswaran 2003;
Kamala et al. 2009) (Fig. 1).

The concept of core collection facilitates thorough characterization of accessions
for various traits of interest and thereby maximizing the use of the germplasm. The
core collection consists of a subset of accessions from the entire collection, cap-
turing most of the species diversity. Further, Upadhyaya and Ortiz (2001) postu-
lated the concept of mini core collection with 10% core collection accessions.
Repeated evaluation of the reference collection, core collection and mini-core
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Fig. 5.1 Resistance to biotic stress from wild sorghum species. The genus Sorghum consists of
25 diverse species, among which few wild species confer resistance to major pests and diseases of
sorghum. S. bicolor subsp. verticiliflorum gives high yield along with tolerance to drought
conditions and high temperatures (Bramel-Cox and Cox 1998; Rich et al. 2004). S. bicolor
subsp. drummandii has allelopathic properties to ergot disease and nematodes (Mojtahedi et al.
1993; Tsukiboshi et al. 1998). The species S. amplum, S. angustum, and S. bulbosum are a source
of resistance sorghum midge (Sharma and Franzman 2001). S. dimidiatum, S. extans, S.
stipoideum, and S. matarankense are a source of resistance to major pest of sorghum, shoot fly
(Nwanze et al. 1995; Kamala et al. 2009). S. perpureosereceum confers resistance to downey
mildew (Sharma 2010). S. halepnse is resistant to shoot fly, green bug and chinch bug (Nwanze
et al. 1995; Dweikat 2005). S. aurundinaceum is resistant to and grain mold and downey mildew
(Mohan et al. 2008). S. macrospermum has resistance to many pests and diseases along with
higher growth rate and significant aboveground Dhurrin content under drought conditions
(Kuhlman et al. 2008; Cowan et al. 2020)
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collections of sorghum germplasm resulted in the identification of accessions useful
in breeding for various biotic stresses. These include, Grain mold: White-grained
four guinea race accessions and a set of 50 sorghum mini core accessions have been
reported to be resistant to grain mold (Sharma et al. 2010). Anthracnose: a set of 13
accessions including IS10302, IS19153, IS20956 and IS24218, recorded minimal
mean disease scores (Sharma et al. 2012). Leaf blight: IS2906, IS18417, IS18425,
IS18758, IS19667 and IS19669 (Reddy et al. 2004); besides a set of 27 accessions
of mini core recorded resistance with a mean disease score of 2 (Sharma et al.
2012); Rust: IS3413, IS13896, IS18417, IS21454 and IS29016; IS473, IS23521,
IS23684, IS24503, IS26737 and IS33023 with mean disease severity of 3.8%
(Reddy et al. 2004; Sharma et al. 2012); Downy mildew: IS3547, IS20450,
IS23992, IS27697, IS28449, IS28747, IS30400 and IS31714, (Reddy et al. 2004;
Sharma et al. 2012); Potyvirus spp.: IS7679 and IS20740 (Seifers et al. 2012);
Further, accessions such as IS2058, IS18758, IS3547, IS14332, IS17141, IS2333,
IS14387, IS3413, IS14390, IS21454 have shown multiple disease resistance
(Reddy et al. 2008; Sharma et al. 2010, 2012).

5.4 Traditional Breeding for Disease and Pest Resistance

Insect pests and diseases cause considerable loss in grain and fodder yield levels
besides the quality of produce. Resistant cultivars that are genetically superior form
the cheapest method for minimizing the yield toll. Breeding for host plant genetic
resistance is a continuous process in terms of searching for source accessions that
are resistant to ever-evolving new races of the pathogens (Singh and
Bandyopadhyay 2000; Mohammed et al. 2016). Classical breeding methods such as
introduction, selection, backcrossing, pedigree method, recurrent selection schemes
continue to play vital roles in evolving resistant cultivars. All through the history of
the plant breeding, the crop wild relatives have been the sources of resistance genes
(Hariprasanna and Rakshit 2016). However, a multidisciplinary approach to utilize
these crop wild relatives is critical in achieving success (Kamala et al. 2016;
Ananda et al. 2020). Sorghum germplasm with rich and diverse crop wild relatives
offers an excellent opportunity to improve the deficient agronomically superior
cultivars/hybrids. In sorghum, wild relatives such as chaeto, hetero, stipo, and
parasorghum have been potential sources of biotic stress tolerant genes (Kamala
et al. 2002).
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5.4.1 Traditional Breeding Research for Diseases
Resistance

5.4.1.1 Grain Mold

Grain mold being a disease complex, its development mechanisms are fairly
described (Waniska et al. 2001). Both major and minor genes with additive and
epistatic effects coupled with significant genotype X environment
(GXE) interaction have been reported (Stenhouse et al. 1997; Rodriguez-Herrera
et al. 2000). Limited success in resistant cultivar development to this disease could
be attributed to complex genetics, mechanisms governing resistance and high
influence of the environment (Audilakshmi et al. 2011). The conventional breeding
prospected ‘grain hardness’ to improve grain mold resistance in white-grained
sorghum used for human consumption in Asian and African counties (Das et al.
2020) and this approach has been successful in developing cultivars with high yield
and resistance to grain mold through an expanded systematic screening and
selection in segregating progenies of specifically planned crosses (Reddy et al.
2000). The resistant sorghums belonging to the guinea race with open panicles,
large glume coverage along with grain hardness need to be involved in the crosses
(Reddy et al. 2000). Germplasm from Sudan and Ethiopia which possessed desir-
able quality with white grains as well as less susceptibility to grain mold under
natural conditions was utilized in the development of variety CSV 4, which further
served as restorer parent for several hybrids viz., CSH 5, CSH 6 and CSH 9 in India
(Ashok Kumar et al. 2011b). Accessions such as E 35-1, CS 3541, SC 108-3, SC
108-4-8 and SC 120 continue to be parents of choice in widening the genetic base
of grain mold resistance in sorghum improvement programs of India and Africa
(Reddy et al. 2000; Ashok Kumar et al. 2011b).

Pedigree breeding followed by multi location testing led to the identification of
many advanced breeding lines which were used to develop high yielding grain
mold resistant varieties and hybrids, such as SEPON 77, M 90038 and SEPON
82 � S 34. Many grain mold resistant lines with dwarf and earliness sorghum
segments, grain and glumes traits from guinea along with semi-compact heads were
developed through pedigree breeding (Stenhouse et al. 1997). A grain mold
resistant population was developed with white-grained, color-grained lines coupled
with higher grain yielding ability into genetic male-sterility (ms3) background.
Repeated half-sib family selections and cycles of random mating resulted in pinning
down of several superior lines with resistance, which eventually contributed to the
release of grain mold resistant varieties and hybrids in India (Ashok Kumar et al.
2011a). Germplasm sources with wide adaptability and high grain quality along
with the grain mold resistance are available. Resistant lines viz., ICSB392,
ICSB403, ICSB383, IS13817, IS8614, IS10646, IS25060, IS21599 and IS23585
have been used extensively in the breeding programmes (Reddy et al. 2005).
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5.4.1.2 Ergot

Ergot resistant trials, with susceptible A-lines and R-lines, concerning to incidence
and severity of the disease revealed Tx2737 as a popular R-line. A male-fertile
accession from Ethiopia, IS8525 with high levels of resistance was considered as a
potential source for host-plant resistance strategies. Five CMS-lines were crossed
with five pollinator lines without fertility restorer genes, wherein, the pollinator
lines on an average had low (7–10%) and the CMS female lines had very high (62–
82%) ergot severities (Reed et al. 2002). Further, pollen traits such as genetic
architecture, pollen quantity and pollen viability have significant correlations with
the ergot resistance. The genetic correlations studied among different traits have
also have pointed at possibilities of common genetic factors controlling these traits
(Parh et al. 2008). Three male-sterile lines in sorghum exhibited noteworthy dif-
ferences in ovary colonization rates after inoculation (Komolong et al. 2003).
Further, ergot severity with high heritability behaved quantitatively and the possible
effect of floral traits need to be understood, as the resistance donor was having a
short, narrow stigma, least or no stigma.

5.4.1.3 Charcoal Rot or Stalk Rot

Stalk rot resistance in sorghum is associated with a delay in leaf and plant death.
Different genetic control mechanisms within SC599-11E for non-senescence and
charcoal rot resistance envisaged that these two forms of resistance are not different
pointers of the same trait (Tenkouano et al. 1993). The component traits—internode
number was associated with two QTLs on linkage group B, the length of infection
associated QTL on linkage group D and two QTLs associated with per cent lodging
on linkage group I (Reddy et al. 2008; Patil 2011). Stalk rot-resistant sorghum
genotypes were unaffected by the pathogen-mediated yield retardation (Bandara
et al. 2019). High-temperature stress decreased chlorophyll and Fv/Fm. Genotypes
PI533946, IS26749, IS23992, RTx7000, and SC35 had the maximum Fv/Fm and
the genotypes IS19262, SC35, PI576380 and IS27912 had resistance to both
pathogens (Perumal et al. 2020).

5.4.1.4 Downy Mildew

Concerted efforts to search and characterize the resistant sources for downy mildew
by using the dual approach of sandwich inoculation technique and green-house
screening revealed high-level resistance to the disease in a set of six accessions viz.,
IS28747, IS27697, IS31714, IS28449, IS23992 and IS30400 out of 242 germplasm
accessions of sorghum mini-core collection from diverse geographies (Sharma et al.
2010; Rashid et al. 2018).
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5.4.1.5 Rust

Eight loci with a significant effect on rust resistance with a total phenotypic vari-
ation explained (PVE), varied from 6.8 to 42.6% (Tao et al. 1998). Of the 12
sorghum varieties screened, a local cultivar ‘Tetron’ was reported to be highly
resistant with zero yield loss compared to 40% yield reduction in 97 MW 6129
(NVT11 4). Impact of this disease on seed germination was also observed (Abera
and Alemayehu 2012). A set of 13 advanced breeding lines generated from a cross
between UPCA-S1 and Numbu revealed significant G � E interaction on leaf rust
disease severity.

5.4.1.6 Multiple Disease Resistance

Field studies have revealed that an effective screening strategy can identify resis-
tance sources to multiple pathogens in sorghum germplasm as vast genetic diversity
to individual component traits exist across its species and subspecies (Prom et al.
2012). The development of several diseases simultaneously on a susceptible sor-
ghum grown as a mixed stand with either maize or resistant sorghum found to be a
good strategy (Ngugi et al. 2001). Over 242 sorghum mini-core collection evaluated
to identify resistant ones for anthracnose and leaf-blight diseases resulted in 13
accessions resistant to anthracnose and 27 to leaf blight (Kimball et al. 2019). These
accessions with resistance to multiple diseases would be potential sources for
sorghum disease resistance breeding programs (Upadhyaya et al. 2013a). Parental
genotypes such as 234112, Bt-623, 226057 and 210903 with positive genetic
combining ability (GCA) effects -Bt-623 � Gemedi, 210903 � 234112,
210903 � 71708, 74222 � 234112, 74222 � 226057, 234112 � 71708,
226057 � 214852 and 226057 � 214852 with positive specific combining ability
(SCA) effects for grain yield and the desirable families: 174222 � 234112,
Gemedi � 71708, Bt-623 � 234112, Bt-623 � Gemedi, 226057 � 71708,
Chemeda � 71708, and Gemedi � 71708 with negative SCA effect and low
anthracnose severity were forwarded as promising populations for resistance
breeding (Mengistu et al. 2019).

5.4.2 Traditional Breeding Research for Resistance
to Insect Pests

5.4.2.1 Shoot-Fly

Shoot-fly resistance is a complex trait, that depends on the interplay of many
component traits of plant, insect and environment. Developing genetically superior
resistant cultivars offers a sustainable pest management system with enhanced grain
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quality (Sharma et al. 2005; Mohammed et al. 2016). Resistance is manifested in
the form of non-preference for oviposition (Dhillon et al. 2006). Systematic
screening and further evaluation of sorghum germplasm led to identification of
resistant accessions (Sharma et al. 2014a). Use of these resistant accessions in
crossing programs led to the development of several shoot-fly resistant
(SFR) varieties and hybrids (Kumar et al. 2014). Shoot-fly resistant superior
advanced breeding lines such as IS2122, IS18551, IS2146, IS1054, IS2312,
SFCR151, ICSV705 and SFCR125 were derived from germplasm (Riyazaddin
et al. 2015). Rigorous breeding efforts have evolved cultivars that are significantly
tolerant to shoot-fly incidence. Germplasm after infestation by the shoot-fly
recovered in varying proportions. The accessions, CSV 22 and RSV 1093 revealed
high grain yield potential in addition to shoot-fly resistance, while Phule Yashoda,
RSV 1235, IS 2312, and ICSV 574 were high yielding with moderate resistance
(Sharma et al. 2015). Similarly, another set with 10 parents, 45 F1’s along with their
reciprocals screened for shoot-fly resistance and inferred that the genotypes ICSV
700, ICSV 25019 were useful (Mohammed et al. 2016).

The morphological traits allied with an expression of resistance/susceptibility to
shoot-fly exhibited significant GCA effects. The interlard-fishmeal technique used
to increase shoot-fly abundance at seedling stage of susceptible cultivars such as
Swarna was effective and successful (Chamarthi et al. 2011). In a successful effort,
a trait-based pedigree breeding approach was used to develop kharif and rabi
sorghum grain types in both agronomically superior genotypes and genotypes with
specific traits of importance. New sources of resistance such as IS923, IS5072,
IS1057, IS1071, IS4664, IS1082, IS4663, IS1096, IS2394, IS5636, IS5470 and
IS18369 have been mined to infuse and breed for shoot-fly resistance in sorghums
(Kumar et al. 2014). A comparative study indicated that upregulation of total
soluble sugar, total phenol, prussic acid and chlorophyll play a dominant role to
impart resistance in the susceptible sorghum genotypes (Kumari et al. 2020; Salama
et al. 2020).

5.4.2.2 Sorghum Gall Midge

Sorghum gall midge was first reported in 1953 in ‘Nunaba’ varieties from West
Africa (Bowden and Neve 1953). Efficient management requires combining several
strategies that suppress midge damage and abundance in the field. Resistance to this
pest has been attributed to the traits long glumes and non-anthesis. Field tests have
suggested that ‘Nunaba’ varieties were resistant under choice conditions in the
presence of an alternative host, but susceptible in the absence of a more favorable
host (Passlow 1965). Spikelet flowering time and morphology have a direct
influence on the per se resistance. Genotypes that displayed resistance under
no-choice conditions in glasshouse and field trials were reported to deploy an
antixenosis resistance mechanism (Franzmann 1988). The mechanism of resistance
to midge has been recognized as reduced egg-lay (Franzmann 1988; Sharma and
Vidyasagar 1994). Midge resistant sorghum hybrids gave higher yields and greater
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returns than susceptible hybrids under the same insecticidal spray regime (Teetes
et al. 1986). There is little clear evidence on the exact chemical or physical com-
ponents that affect the antibiosis mechanism of resistance in sorghum. Association
between tannins and midge resistance is also noted (Santos and Carmo 1974;
Sharma 1985, 1993). The hybrid breeding approach has been successful to achieve
resistance (Boozaya-Angoon et al. 1984).

5.4.2.3 Sorghum Stem Borer

Larva of stem borer crawls and feeds on tender leaves that become folded, causing
typical “shot hole” symptom. Sorghum genotype IS18573 displayed antibiosis to
stem borer in terms of reduced survival and development (Kumar et al. 2006).
Induced resistance in sorghum genotypes against stem borer infestation included
elevated expression of peroxidase (POD), polyphenol oxidase (PPO), hydrogen
peroxide (H2O2) and malondialdehyde (MDA) (Hussain et al. 2014).

5.4.2.4 Aphid

Aphid has emerged as a potential threat to sorghum. Resistance to this pest was
assessed by testing 23 genotypes for tolerance to antixenosis and antibiosis and was
compared with the known resistant cultivar ‘TX 2783’ and the susceptible ‘KS
585’. The entries viz., AG1201, AG1301, W844-E, and DKS 37-07 expressed all
three forms of resistance to aphids, while H13073 exhibited antibiosis and tolerance
(Paudyal et al. 2019). Screening of a diverse set of sorghum genotypes resulted in
the identification of several lines with moderate levels of resistance to aphid
damage.

5.4.3 Traditional Breeding for Resistance to Striga

Witchweed (Striga spp.) infestation is an obstacle to sorghum cultivation and it
inflicts both grain and biomass production. Over 20–100% yield reduction has been
recorded in Asian and African countries (Ejeta and Gressel 2007; Parker 2009).
Co-evolution of sorghum with striga in Africa might have resulted in inherent
resistance, which is of scope as a breeding strategy (Shayanowako et al. 2018).
Complex interactions between host, parasite and the physical environment have
restricted the exploitation of resistance to striga (Ejeta and Gressel 2007). Several
novel techniques have been employed to identify unique resistance sources to striga
followed by introgression of these genes into selected cultivars with multiple
resistance mechanisms. Several high yielding cultivars with striga resistance have
been deployed in many African countries (Ejeta and Gressel 2007; Mbuvi et al.
2017). Over 25 sorghum accessions screened for Striga hermonthica were shown
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resistance along with yield in Nigeria, identified SRN39, Sepon82, Danyana and
SAMSORG40 as the top four resistant accessions to S. hermonthica (Afolayan
et al. 2020). Seeds of acetolactate synthase herbicide-tolerant mutant recorded
fewest Striga attachments (Tuinstra et al. 2009). Introgression of major quantitative
trait loci (QTLs) governing resistance to striga or major genes/transcription factor
genes involved are identified, and genetic engineering approach is an effective way
forward for their effective transfer and integration (Gressel 2010). Such resistance is
difficult to overcome by the parasitic weeds and could be easily backcrossed into
local varieties (Wang et al. 2009).

5.4.4 Morphological and Biochemical Markers in Disease
and Insect Pest Resistance

Effective screening techniques and availability of biochemical, morphological or
DNA markers associated or genetically linked to a specific disease or pest resis-
tance, or at least to the specific component traits, would go a long way in sorghum
breeding. Morphological and biochemical markers play a crucial role in the diag-
nosis and management of various biotic stresses in sorghum. Several phenolic
compounds viz., allelochemicals like p-coumarates, p-hydroxybenzoates, flavanols
and phytoalexins (3-deoxyanthocyanidins) have a key role in biotic stress resistance
(Weir et al. 2004). Higher contents of proanthocyanidins, flavan-4-ols and
3-deoxyanthocyanidins (3-DAs) are involved in host plant resistance. 3-DAs are
considered as better markers for resistance to biotic stresses as they associate with
resistance to all biotic stresses (Dicko et al. 2005). The peroxidases (POXs) play a
vital role against biotic and abiotic stress resistance by forming physical barriers
through the synthesis of cell-wall polymers (lignin and suberin) (Cui et al. 1996).

5.4.4.1 Diseases

Antifungal proteins viz., chitinases, glucanases, sormatin and ribosome-inhibiting
proteins play a significant role in imparting resistance to grain mold
(Rodríguez-Herrera et al. 1999; Bueso et al. 2000). Further, traits like kernel
hardness and pericarp color were found to be associated with grain mold resistance
(Menkir et al. 1996). Traits such as kernel hardness with red pericarp, tan plant
color kernels, high tannins along with a pigmented testa, as well as the pericarp
intensifier (I) gene can enhance grain mold resistance (Esele 1995; Waniska et al.
2001). Involvement of peroxidases in fungal resistance was also inferred (Luthra
et al. 1988).
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5.4.4.2 Insect Pests

Insect/pest infestation in sorghum produces prussic acid or hydrocyanide (HCN), a
toxic chemical which shows fatal response to herbivores. Two enzymes viz., gly-
cosidase and hydroxynitrile lyases produce HCN from cyanogenic glycosides after
mechanical stress or insect feeding (Freeman and Beattie 2008). Salicylic acid,
jasmonic acid and abscisic acid, auxin and gibberellic acid are envisaged as defense
responses to greenbug feeding (Park et al. 2006). Increased secondary metabolites
also take part in shoot-fly resistance mechanism (Sharma et al. 2007). Biotic stress
resistance in sorghum shoot-fly infestation is attributed in the form of tolerance,
antixenosis (non-preference) and antibiosis which make them repellent to insects
for feeding, shelter, egg laying and survival (Chamarthi et al. 2011; Mohammed
et al. 2016). Biochemical factors like p-hydroxy benzaldehyde, luteolin, cinnamic
acid and apigenin were connected with expression of shoot-fly resistance
(Chamarthi et al. 2012). Further, polyphenol oxidase and peroxidase activities were
upregulated in resistant genotypes which might have helped plants to tolerate
infestation by shoot-fly (Padmaja et al. 2014). The pivotal role of total chlorophyll
content, peroxidase and polyphenol activity in imparting resistance to shoot-fly was
also noted (Singh et al. 2004b).

Shoot-fly resistance is associated with leaf glossiness and trichomes besides
pigmentation and epicuticular wax (Dhillon et al. 2006; Kumar et al. 2014;
Kiranmayee et al. 2015). The associated traits include reduced dead hearts inci-
dence, improved leaf glossiness and reduced oviposition incidence (Anandan et al.
2009). Flies are reflected by the glossiness of leaves, larval movement on the
surface of leaves is inhibited by dense trichomes, in turn acting as a physical barrier
between the leaf and fly to prevent egg deposition (antixenosis). High seedling
vigor leads to rapid growth of seedlings which hinder the larvae movement to the
central leaf whorl thereby, reducing the frequency of dead hearts (Satish et al.
2009). Glumes of spikelets of gall midge resistant varieties are more tightly closed
than those in susceptible varieties. A correlation between tannins and midge
resistance was also noted (Santos and Carmo 1974; Sharma 1985, 1993). Spikelet
morphology might be associated with antixenosis resistance mechanism (Henzell
et al. 1994). A positive association between midge resistance and small glume size
has been observed in sorghum (Jadhav and Jadhav 1978).

5.5 A Brief Account of Molecular Mapping of Resistance
Genes and QTLs

Identification and mapping of major QTLs associated with disease resistance in
sorghum pave way for the transfer of QTLs to varieties or parental lines to be used
in breeding. Fine mapping of the QTLs would be revamped through the estab-
lishment of highly saturated genetic maps, restriction-site associated DNA
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sequencing (RAD-seq) and single nucleotide polymorphisms (SNPs) (Zou et al.
2012). Six collinear independent component maps of sorghum were created and
integrated into a single resource through the amalgamation of the component maps
(Mace et al. 2009). A set of five genetic linkage maps based on RFLP markers were
integrated to 10 linkage groups (Xu et al. 1994; Subudhi and Nguyen 2000).
Thereafter, various research groups saturated the linkage maps with amplified
fragment length polymorphism (AFLP) markers (Ramu et al. 2009). Over 323
RFLPs and 143 simple sequence repeats (SSRs) were utilized for the construction
of high-density linkage map (Bhattramakki et al. 2000; Bowers et al. 2003). Later,
AFLPs, SSRs and RFLPs markers constituting 2926 markers were further used to
saturate the former map (Menz et al. 2002). EST-SSRs and candidate genes-based
SSR markers have been used in constructing linkage maps (Ramu et al. 2009;
Reddy et al. 2012; Zou et al. 2012).

5.5.1 Mapping Populations

Different research groups across the globe have developed specific bi-parental
mapping populations that have paved the way for the identification and mapping of
QTLs associated with resistance to several pests and diseases in sorghum. In
general cross between two, sometimes more parents are involved in obtaining
mapping populations. The parents selected and the mating design for the devel-
opment of the mapping populations largely depend on the purpose of the study. F2,
F2-derived F3 (F2:F3), recombinant inbred lines (RILs), backcross inbred lines
(BILs), near-isogenic lines (NILs), doubled haploids (DHs), multi-parent advanced
generation intercross (MAGIC), chromosomal segment substitution lines (CSSLs),
nested association mapping (NAM) population etc. are the several types of mapping
populations being used for QTL mapping (Singh and Singh 2015). For biotic stress
resistance BILs, RILs and populations derived from multi-parental lines such as
MAGIC and NAMs are more specifically used (Arrones et al. 2020). Identification
and mapping of important QTLs for pest and disease resistance in sorghum has
enhanced with the use of genomic tools and mapping populations.

5.5.2 QTLs Mapped Using Different Mapping Populations

5.5.2.1 QTLs Associated with Diseases

The SNP markers linked to rust resistance have been identified and studied in detail
(Upadhyaya et al. 2013b). The GWAS approach elucidated over 64 significant
QTLs for rust including the earlier reported ones (Tao et al. 1998; Mohan et al.
2010; Upadhyaya et al. 2013b). Besides, a major QTL of the genome SC414-12E
on chromosome 5 explained 20–39% of PVE in four environments (Kimball et al.
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2019). Anthracnose resistance gene was identified by a closely linked RAPD
marker OPJ 011437 through bulk segregant analysis of derived RILs. QTLs for
anthracnose on chromosome 9 found to be consistent across all the environments
tested. The genomic regions reported earlier by Tao et al. (1998) and Klein et al.
(2001) for rust and grain mold resistance, were found relevant to ergot disease
resistance. Further, the presence of additive and non-additive gene actions for
charcoal rot resistance has been noticed (Rao et al. 1993). Three traits, number of
internodes crossed by the rot, crop lodging and length of infection conferred genetic
basis to charcoal rot (Reddy et al. 2008). Haussmann et al. (2004) revealed five
QTLs related to striga resistance in two RIL and were common across two mapping
populations.

5.5.2.2 QTLs Associated with Insect Pests

Four major QTLs on chromosome 9 from PI 607900 resistant to greenbug biotype I
were identified. Two major QTLs—sbi09ii and sbi09iii described up to 39.8 and
34.7 per cent variability for greenbug infestation (Punnuri et al. 2013). Three QTLs
located on LG-A, LG-G and LG-J, respectively, explained 8.8%, 15% and 33.9%,
phenotypic variation for gall midge resistance (Tao et al. 2003). Some shoot fly
resistance (SFR) sources identified after evaluating the marker traits in sorghum
germplasm have been exploited in breeding programs (Chamarthi et al. 2011;
Kumar et al. 2014). Using crosses 296B (susceptible) � IS18551 (resistant) (Satish
et al. 2012b) and cross 27B (susceptible) � IS2122 (resistant), SFR QTLs were
mapped (Aruna et al. 2011). Four SFR QTLs were introgressed and the progenies
harboring different combinations of major QTLs showed resistance which was
evidenced by the fewer number of shoot flies (Abinaya et al. 2019). A set of 19
putative QTLs associated with resistance to shoot-fly including qDH9.1 (dead
heart) and qEC9.1 (oviposition) explaining 15.03 and 18.89% phenotypic variance
have been reported (Vikal et al. 2020). The genes producing allelochemicals,
receptor kinases, and ubiquitin-proteasome degradation in the pathways as well as
the candidate genes, like cysteine protease and cytochrome P450 were identified
within the predicted QTL regions (Vikal et al. 2020).

5.6 Marker-Assisted Breeding for Biotic Stress
Management in Sorghum

With the availability of large-scale sorghum genomic resources and use of DNA
markers, breeding for desired agronomic traits and biotic stress resistance is
becoming increasingly relevant. Affordable high-throughput genotyping coupled
with throughput genome sequencing is rendering the use of molecular markers in
germplasm diversity assessment, QTL mapping facilitating MAS. Resistance to
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major pests and diseases is governed by multiple genes, which are seldom amenable
to achieve an appreciable increase in resistance due to their strong influence by the
environment (Tao et al. 2003; Mohammed et al. 2016). The molecular breeding
approaches have been deployed in many crop species including sorghum to achieve
delivery of results quickly with much greater precision (Kiranmayee et al. 2015).

5.6.1 Germplasm Characterization

Genetic resources as classified based on morphological characteristics, divided
Sorghum bicolour into five major races: bicolor, guinea, caudatum, kafir, and durra
and over ten possible hybrid groups (Harlan and de Wet 1972; Harlan and Stemler
1976; De Wet 1978). There are several ‘wild’ species and sub-species within S.
bicolor and races within each subspecies (Snowden 1955). Sorghum has over 3475
accessions with over 242 mini core collection that include all five races and rep-
resentation of geographic regions (Prasada Rao and Ramanatha Rao 1995;
Upadhyaya et al. 2009; Dahlberg et al. 2012). Association mapping in mini-core
collection for grain mold resistance using 14,739 SNP markers led to the identifi-
cation of two linked marker to rust resistance (Upadhyaya et al. 2013b). Over 3367
accessions involving cultivated and wild relatives were genotyped using 41 SSR
markers in which 78.3% of the SSR alleles were detected with a mean of 14.9
alleles per marker, comparable to the original allelic richness (Billot et al. 2013).
Further, in an another attempt, a genome-wide association analysis using 268,289
SNPs, two loci linked to low seed deterioration and seedling emergence rate was
identified (Cuevas et al. 2019).

5.6.2 Marker-Assisted Gene Introgression

Both the efficiency and precision of crop breeding can be achieved with the use of
DNA markers. Molecular mapping of major QTLs for disease and pest resistance
has facilitated the transfer of QTLs to the agronomically superior varieties in the
shortest possible time using MAS strategies (Dormatey et al. 2020).
Marker-assisted gene pyramiding (MAGP) can pyramid disease/pest resistance
genes into single cultivar (Sanchez et al. 2000). Marker-assisted recurrent selection
(MARS) is a strategy to accumulate favorable alleles i.e., multiple QTLs controlling
resistance through genotypic selection and inter-crossing in repeated cycles of
selection resulting in enhanced efficiency of recurrent selection and accelerated
breeding (Ribaut et al. 2010; Dormatey et al. 2020). The process of stacking of
genes/QTLs into a single elite cultivar background can now be efficiently per-
formed using backcrossing or pedigree approaches with molecular markers thus
eliminating the elaborate and costly process other ways (Kole 2006). Pyramiding of
multiple genes/QTLs can lead to improved resistance (Werner et al. 2005).
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Molecular breeding tools enable tracking the introgression of several R-genes from
various sources into a single cultivar (Witcombe and Hash 2000). Three breeding
strategies viz., stepwise transfer, simultaneous/synchronized, and convergent
backcrossing are being employed for marker-assisted gene pyramiding (MAGP).
MAS is needed to select pyramided resistance genes in the segregating progeny
generation (Werner et al. 2005).

As many as five putative SFR QTLs for the component traits from IS18551 were
introgressed through marker assisted back-cross breeding (MABCB) (Mehtre 2006;
Jyothi et al. 2010). SFR QTLs were introgressed into 296B backgrounds and
introgression lines (ILs) from 296B � IS18551 and BTx623 � IS18551
(Deshpande et al. 2010; Jyothi et al. 2010; Satish et al. 2012a) were field evaluated
for the traits (Reddy et al. 2012). A total 136 BC3 and 30 BC4 plant progenies from
crosses BC2 X AKSV 13 R and BC3 X AKSV 13 R, respectively, were screened
for the recovery of donor alleles in the elite background (Wagh et al. 2016). In
addition, three QTLs associated with shoot-fly resistance were also introgressed
into an elite cultivar ICSB 29004 and Parbhani Moti, all the derived introgression
lines had higher shoot-fly resistance levels (Gorthy et al. 2017).

A gene associated with leaf blight resistance from G-118 was introgressed into
the susceptible cultivar HC-136, using linked DNA marker (Mittal and Boora
2005). RILs with both resistant and susceptible reaction were screened individually
with marker Xtxp 309, which produced amplification in 23 of the 26 resistant RILs,
but no amplification in 25 susceptible RILs. This indicated the potential application
of this marker in MAS for gene introgression (Mittal and Boora 2005). Further,
eight putative QTLs were detected for resistance to sorghum downy mildew in a set
of 50 inbred lines derived from the cross CML153 (susceptible) X CML226 (re-
sistant) using 128 SSRs and 191 SNPs, introgression effort developed 33 resistant
lines (Nagabhushan 2014). In a separate effort of using DNA markers for striga
resistance, markers spanning through the QTLs conferring resistance to striga
parasite were identified and the same markers were used in introgression to make
headway towards developing resistant lines (Haussmann et al. 2004; Satish et al.
2012a; Mohamed et al. 2014; Yohannes et al. 2015). The QTLs of striga resistance
in N13 were transferred to a farmer-preferred sorghum variety through MABCB
using flanking SSR markers (Yohannes et al. 2016; Afolayan et al. 2019).

5.6.3 Limitations and Prospects of MAS and MABCB

MAS and MABCB approaches, even though adopted to breed resistance against
biotic stresses, the complex quantitative traits have recorded marginal success as the
QTLs for such traits partially explain the phenotype. The impact and application of
MAS in plant breeding are still below the hypothetical possibilities. This could be
attributed majorly due to the difficulty in identifying major QTLs with an adequate
stable effect across environments and genetic backgrounds. The limited number of
polymorphic markers in the breeding material and diverse mapping populations is
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difficult to compare, assessment of QTL x environment interaction effect pose a
complicate interpretation (Collard and Mackill 2008; Ribaut et al. 2010; Delannay
et al. 2012). Further, genomic selection is a hope to solve this problem, where
unmapped QTLs of small individual effects selected together by the plant breeders
(Tuberosa 2012; Sakiyama et al. 2014). High throughput genotyping, phenotyping
and more automatic ways would enhance the use of MAS in plant breeding (Gorthy
et al. 2017).

5.7 Brief on Genetic Engineering for Resistance Traits

Conventional plant breeding methods used to develop cultivars resistant to multiple
pests and diseases in sorghum are inadequate when the desirable genes are limited
in the gene pool of cross-compatible species or when such genes restricted
linkage-drag (Crews and Cattani 2018). Genetic transformation and genome editing
enable incorporation of beneficial genes across genera into sorghum with limited
genetic diversity in the desired traits (Liu et al. 2014). Insect pests with wide host
range, evolving races of pathogens and low level of resistance in the cultivated
sorghum germplasm have made molecular plant breeding approaches as highly
desirable (Madhusudhana 2015). Insecticidal crystal proteins (CRY) from Bacillus
thuringiensis (Bt) are very effective against the lepidopterans and dipterans. Bt and
other genes including protease inhibitors, enzymes, secondary plant metabolites and
plant lectins are being evaluated to reduce losses due to insect pests (Sharma et al.
2004; Visarada and Kishore 2007). Progress in sorghum transformation has been
hindered by the challenges associated with recalcitrance to genetic transformation
(Jeoung et al. 2002; Girijashankar et al. 2007). Different gene transfer methods are
being used in sorghum so far, which include, Agrobacterium-mediated indirect
gene transfer; electroporation and particle bombardment (Ahmed et al. 2018).
Agrobacterium-mediated transformation is simple and precise in the integration of
the transgene. However, monocotyledons such as sorghum are less responsive to
agrobacterium infection. PR genes for fusarium stalk rot disease resistance were
introduced into sorghum genotypes through Agrobacterium-mediated gene transfer.
Despite the basic research, sorghum is still one of the most recalcitrant crops to
transformation and regeneration (Raghuwanshi and Birch 2010).

5.7.1 Transgenic Resistance to Fungal Diseases

Sorghum is highly vulnerable to multiple fungal diseases causing decreased grain
quality and yield loss. Genes encoding fungal cell wall hydrolyzing enzymes such
as glucanases, chitinases and chitosanases are potential transgene candidates for
developing fungal disease resistance in sorghum (Muthukrishnan et al. 2001).
Chitinases and chitosanases degrade the components of fungal cell walls i.e., chitin
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and chitosan and lyse the fungi. The first fungal resistance gene -rice chitinase
(G11) was introduced into the sorghum inbred ‘Tx430’ along with bar gene and a
plasmid DNA into the calli of immature zygotic embryos (Zhu et al. 1998).
Thaumatin-like proteins (TLPs) are one more class of pathogenesis-related
(PR) proteins that have shown antifungal activity and have been used as transge-
nes for enhancing fungal resistance (Mahdavi et al. 2012). Two PR genes viz.,
rice chitinase (G11) and tlp (Thaumatin-like protein) were introduced into three
different sorghum inbred lines (Jeoung et al. 2002). Chitinase gene, OschiII fused
with CaMV 35S promoter prospected for stalk rot resistance (Muthukrishnan et al.
2001). Transformation of sorghum with tlp gene along with green fluorescent
protein (gfp) under the maize ubi1 promoter exhibited enhanced resistance to fungal
diseases. Expression of gfp was highly correlated with the expression of tlp, which
was further confirmed by western blot analysis (Gao et al. 2005a). In planta and
ex planta anthracnose infection assays revealed transgenic line KOSA-1 to be more
resistant to anthracnose in comparison to its non-transgenic wild type AT412 (Ayoo
2008; Anami et al. 2016).

5.7.2 Transgenic Resistance to Insect Pests

Insecticidal crystal proteins are potential candidates for insect resistance in many
crop plants (Roh et al. 2007; Jain et al. 2016). Many Bt toxin genes have been
transferred into sorghum to attain resistance against insect pests. Stem borer is an
important pest in sorghum. Sorghum genotype BT � 623 was transformed with the
cry1Ac gene under the control of a wound-inducible promoter from the maize
protease inhibitor gene (mpiC1) via particle bombardment of shoot apices.
Transgenic lines showed up to 60% reduction in leaf damage, 40% larval mortality
and 36% weight loss in the survived larvae of stem borer. However, Bt protein
accumulation under the inducible promoter was very low at 1–8 ng/g of fresh
tissue, which led to partial resistance (Girijashankar et al. 2005). Sorghum varieties
115, ICS21B and 5–27 were transformed with the cry1Ab gene and the transgenic
lines showed high resistance levels to pink rice borer (Liu et al. 2015). Sweet
sorghum varieties ‘BABUSH’ and ‘MN-3025’ transformed with cry1Ah using
Agrobacterium-mediated transformation have shown high insect-resistance to
Asian corn borer (Ostrinia furnacalis) (Zhao et al. 2011). Enhanced accumulation
of the Bt protein in leaves by 30 to 50-fold (35–500 ng/g fresh leaf) by expression
of cry1Aa and cry1B genes under the influence of maize ubiquitin-1 promoter was
reported during the susceptible plant growth period. Leaf consumption by the stem
borer in the transgenic sorghum leaves was significantly lower (20–30%) compared
to their feeding on non-transgenic lines (77–80%). Transgenic lines also showed a
significant reduction in the leaf damage (55–78%) over their non-transgenic con-
trols. Where, the larval mortality was appreciably high (60–90%) in transgenic lines
as compared to (14–24%) non-transgenic control (Visarada et al. 2014). Higher
expression of Bt protein is crucial for achieving superior insect control, which may
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be achieved by placing the Bt genes under suitable promoters such as maize
ubiquitin.

Transgenic glyphosate-resistant crops overexpressing 5-enolpyruvylshikimate-3-
phosphate synthase (cp4 epsps) gene accelerated widespread use of glyphosate
(Duke and Powles 2008) in controlling recalcitrant weeds such as Johnsongrass.
RNAi is one of the most successful strategy in target trait improvement apart from
its role in identifying gene function by silencing different pathogens/pests as well as
plant genes (Stach and Good 2011; Banerjee et al. 2017; Majumdar et al. 2017;
Zhang et al. 2017a). Virus-induced gene silencing (VIGS) efficiency in sorghum
was significantly enhanced with an antisense strand of a gene in Brome mosaic
virus (BMV) (Singh et al. 2018) (Table 5.1).

5.8 Brief Account on Bioinformatics as a Tool for Biotic
Stress Resistance Breeding

Advances in disciplines that are contributing to the generation of genomic resources
and data analytics have made a significant impact for structural and functional
genomics of sorghum in the past decade. The next-generation sequencing platforms
have greatly facilitated advanced assessment of sorghum genome, variety of tran-
scriptome profiling attempts with deep insights into the structural organization of
the genome; gene prediction; gene annotation and response of genes in variable
biotic and abiotic conditions. The developed bioinformatics tools assist in filtering
of data sets of various types, the correct interpretation of specific outcomes of in
silico analytics of the data and its targeted views to elucidate the candidate gene sets
that have potential applications in the breeding of sorghum for various biotic stress
resistances (López de Maturana et al. 2019). The use of publicly available genomic
data sets has helped the researchers to annotate key genes for their target traits in
sorghum. Since the genome of sorghum is sequenced and high throughput datasets
are publicly available, the bioinformatics pipelines can effectively identify putative
candidate genes for various biotic stress responses. These potential candidate genes
would be useful to develop the markers for the genotyping of breeding populations
for the identification of a superior lines (de Oliveira et al. 2018). Databases in
sorghum include; SorGSD: Web-portal with a comprehensive database of genomic
variation across all types of cultivated and wild sorghums (Luo et al. 2016) and
SorghumFDB covering transcription factors, regulators, protein kinases, ubiquitin,
monolignol biosynthesis-related enzymes, carbohydrate-active enzymes, cyto-
chrome P450, organelle-genes and R-genes. It acts as a genome browser for
comprehensive coverage of gene annotations, miRNA information, gene loci
conversions, orthologues in model plants like arabidopsis, maize and rice (Tian
et al. 2016).

Through genomics, identified genomic regions could be incorporated to impart
resistance to sorghum midge (Yazawa et al. 2013). Transcriptomic analysis of Cv.
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SIL-05 and Bipolaris sorghicola led to the identification of genes in host-pathogen
interaction (Mizuno et al. 2012). The genes encoding hyphae related proteins and
enzymes involved in plant cell wall degradation elucidated from pathogen tran-
scriptome data sets besides genes encoding WRKY, receptors of LLR domain and
class III peroxidase are relevant for functional genomics analysis in sorghum
(Yazawa et al. 2013). Molecular interpretation of charcoal rot defense mechanism
was unraveled by expression profiling of genes in resistant and susceptible cultivars
(Sharma et al. 2014b). A major QTL on linkage group 5 in the cross of BTx623/
SC748-5 for anthracnose resistance analyzed by sequencing genomic DNA of
SC748-5 and compared to BTx623 genome sequence (Burrell et al. 2015; Poloni
and Schirawski 2016). Transcriptional changes and network analysis were decoded
in a resistant and a susceptible genotype of sorghum to sugarcane aphids. A suite of
abundantly expressed genes were recovered across genotypes and
nucleotide-binding-site -leucine-rich repeat (NBS-LRR) and disease resistance
genes were recognized (Kiani and Szczepaniec 2018; Tetreault et al. 2019).
Correlation-based network analyses vis-a-vis metabolic pathway analysis revealed
that multi-component defense response characterized by a functional
defense-related molecular cues are involved in pathogen invasion (Tugizimana
et al. 2019). Metabolomics of white sorghum-isolated Burkholderia andropogonis
interaction revealed the alterations in the levels of phytohormones that marked the
onset of defense in sorghum (Mareya et al. 2019, 2020).

5.9 Recent Concepts and Strategies Developed

5.9.1 Genome Editing

A multitude of pathogens and insect pests comprising viruses, bacteria, fungi,
insects and even parasitic plants affect sorghum globally with significant yield
losses which in turn influence the food supply (Mushtaq et al. 2019; Yin and Qiu
2019). The strategy to control various diseases and pests involve widespread use of
hazardous pesticides, which can be directly or indirectly deleterious to nature
(Tyagi et al. 2020). Developing disease and insect pest resistant crops through
various breeding approaches are sustainable and ecofriendly. In addition to the
conventional transgenic approach, recent genome editing for biotic stress has
greater potential in breeding programs. The biotic stress resistance being complex
in nature is governed by several genes each with small effect. Some of these key
genes could be potentially edited to create new alleles that can produce a larger
desirable effect, thus re-orienting the process of breeding. More recently, genome
editing technologies have emerged and evolved to enable rapid and precise
manipulation of specific DNA sequences for developing biotic stress-resistant
germplasm (Shi et al. 2017; Gao 2018; Yin et al. 2018). Genome editing involves
engineered nucleases containing a non-specific nuclease domain fused with a
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sequence-specific DNA binding domain, which can cleave the targeted gene pre-
cisely that can be repaired through specific genetics approaches. Zinc finger nucleases
(ZFN), the first-generation editing technology are the chimeric proteins that consist of
Fok1 cleavage domain and non-specific DNA cleavage domain (Fiaz et al. 2019;
Ansari et al. 2020). Transcription activator-like effectors nucleases (TALENs) dis-
covered in Xanthomonas consists of the amino acid repeats in the central DNA
binding domain that recognizes one nucleotide in the target sequence. The repeat
variable di-residue (RVD) which is located at 12 and 13 positions determines the
specificity of TALEN. Once TALENS are translocated to the nucleus, they bind to the
target DNA strand in an opposite orientation. The FokI gets dimerized and cleaves at
the spacer region resulting in double-strand breaks (DSB) in the target region
(Jaganathan et al. 2018; Li et al. 2018). CRISPR/Cas System: clustered regularly
interspaced short palindromic repeats (CRISPR), is a prokaryotic system observed for
the first time in Escherichia coli that contains short repeated sequences separated by
spacers with unique sequences (Ishino et al. 1987; Rath et al. 2015). A large
recognition (REC) lobe determines the Cas9-specific function, whereas the small
nuclease (NUC) incorporates two nuclease domains, RuvC and HNH, and a proto-
spacer adjacent motif (PAM)-interacting domain (PI). The Cas9/single guide RNA
(Cas9-sgRNA) complex probes a DNA sequence for rigorous protospacer adjacent
motif (PAMs) using the Watson–Crick pairing principle (Song et al. 2016).

5.9.1.1 Genome Editing in Sorghum

The type II CRISPR/Cas, Cas9-sgRNA system was employed in sorghum as well
as in arabidopsis and tobacco. Agrobacterium tumefaciens mediated method for
green fluorescent protein-coding gene transfer was used and mutagenic effects of
the Cas9/sgRNA system in immature sorghum embryos were observed (Jiang et al.
2013). CRISPR/Cas9 system has been investigated by targeted editing of cinnamyl
alcohol dehydrogenase (CAD) and phytoene desaturase. Genotype TX430 was
edited successfully with effective biolistic bombardment (Li et al. 2018). CRISPR/
Cas9 approach was applied to edit the chlorophyll-a oxidase (CAO) gene in sor-
ghum protoplasts (Meng et al. 2020). Fourteen protoplasts showed precise editing
in target gene region which could be a possible model for precise editing study in
sorghum for improvement concerning agronomically important traits. Although, till
date, there is no study reported concerning the use of genome editing for biotic
stress resistance in sorghum, the use of the conventional transgenic approach for
improving resistance is reported by a number of studies. Transformation of sor-
ghum with rice chitinase for resistance against stalk rot, expression of the cry1Ac
gene against sorghum spotted stem borer, chitinase & chitosanase genes against
anthracnose, expression of Bt cry1Ah gene (Zhu et al. 1998; Muthukrishnan et al.
2001; Girijashankar et al. 2005; Akosambo-Ayoo et al. 2011; Liu and Godwin
2012) envisages that the model transgenic studies in sorghum will pave the path for
precise breeding and may facilitate the development of product germplasm gov-
erning biotic resistance through the editing of same genes.
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5.9.2 Nanotechnology

Nanotechnology is currently being explored for agricultural applications, including,
finding solutions for yield loss due to insect pests and diseases (Balaure et al. 2017;
Sinha et al. 2017). Current pest management relies on the use of chemicals with all
their side effects and environmental concern (Ghormade et al. 2011; Worrall et al.
2018). The nanoparticles, besides other ways, aid enhanced solubility of pesticides,
increased shelf life and these protect plants from target pest (Hayles et al. 2017).
Nanoparticles of Ag, Cu and Zn could be utilized as a potential method for sup-
pressing diseases in crop plants (Elmer and White 2018; Malandrakis et al. 2019;
Vanti et al. 2019). The application of nanotechnology with the use of emerged
nanomaterials may heighten the sustainable productivity through effective insect
pest and disease management (Giannousi et al. 2013; Imada et al. 2016).

5.10 Conclusion and Future Perspectives

Sorghum being an important cereal crop for low endowed and climatically chal-
lenging situations of the world, to achieve the sustainability for food and fodder in
such regions, the development of biotic stress-resistant cultivars coupled with
drought stress tolerance is crucial. As such, yield stability and grain quality are
severely affected by various biotic stresses including insect pests, diseases and
parasitic weeds, which hamper this crop at all stages including storage. Biotic
stresses pose daunting challenges to the realization of its yield potential, and
development of resistant cultivars through host plant resistance is most opted, as a
great deal of germplasm diversity exists and serves as a source of resistant genes.
However, on practical scale, attempts to increase the production of sorghum with
the introduction of new high yielding varieties and hybrids have been largely
unsuccessful because of their susceptibility to various biotic stresses (Kishore 2001;
Kiranmayee et al. 2015). The limited number of resistant accessions and their
overall phenotype may constrain the development of new varieties. The wide host
range for many of the insect pests and low level of resistance in the cultivated
germplasm necessities the use of wild relatives and new parental lines having the
potential genes for various biotic stress resistance to mitigate the negative effect.
Advent of molecular tools has great scope in accelerating the process of breeding,
and in turn resulting the enhanced resistance in the form of horizontal as well as
vertical resistance. Besides, the conventional process of breeding is highly
labour-intensive and time-consuming (Sharma et al. 2005) and the resistance being
highly complex, it is essential to deploy molecular markers linked to QTLs or any
gene and these QTLs/genes are to be introgressed to increase the efficiency of
conventional breeding (Kumar et al. 2014; Kiranmayee et al. 2015).

Fine mapping of the mapped QTL regions and significant maker trait associa-
tions through GWAS is needed. Further validation of QTLs provides great promise
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for employing MAS in sorghum improvement. Genes responsible for resistance
such as leaf blade glossiness and trichome density and other associated genomic
regions need to be cloned and their introgression and expression level studies
should be made to enhance the resistance related genetic architecture.
Combinatorial approaches with conventional plant resistance along with novel
genes such as Bt gene for increased resistance is highly desirable. An integrated
synergistic system involving plant breeding and genomics research using advanced
molecular tools such as high-throughput sequencing and large-scale genotyping
technologies followed with MAS is a way forward to improve sorghum biotic stress
resistance. Advances in new genomic tools such as genome sequencing, DNA
microarrays, RNA-sequencing, real-time PCR, protein expression profiling, meta-
bolomics strategies and bioinformatics allow more in-depth knowledge about the
genetics of host defense and host-plant resistance mechanisms to biotic stresses
(Kumar et al. 2014). In addition, sequencing of sorghum whole genome and its
availability on publically available data sets of genomic resources of various types
is expected to accelerate for rapid trait discovery and introgression (McCormick
et al. 2018).

Transcription factors are candidates of choice to alter the agronomically relevant
traits and to boost the resistance to biotic stresses and several transcription factors
families, such as WRKY, NAC, MYB, DREB, and bZIP, in response to biotic
stresses have been identified and characterized in sorghum. As such transcription
factor responses to biotic stresses are highly complex with larger effects and
complex cross-talk between different signal transduction pathways (Baillo et al.
2019). The findings from previous reports indicate the potential application of TF
genes to enhance stress resistance in important crops, however, extensive studies
for understanding the mechanisms of these TFs are required. Studies involving
combinatorial approaches of TFs and small RNAs are expected to unravel the
pathways and key genes for biotic stress resistance, such genes will be of key in
utilizing the upcoming opportunities such as genome editing and genomics assisted
breeding. The availability of complete genome sequences in sorghum and break-
throughs in sequencing technology have facilitated the identification and charac-
terization of TFs (McCormick et al. 2018).

In future, it is crucial to pyramid multiple genes to achieve multiple resistant
varieties through MABCB. So far, no QTL has been found to regulate multiple
pest/disease resistance in sorghum (Romana et al. 2018). Hence, future research
efforts should focus on identifying genetic loci responsible for multiple disease
resistance, new sources of resistance, characterization of resistance genes, and
dissecting the network of resistance gene regulation (Dormatey et al. 2020).
Genomic selection has great promise in exploiting unmapped QTLs of small
individual effects at the whole plant level which could be deployed in plant
breeding endeavors, this approach expected to be relevant in sorghum as it has great
genetic diversity (Yano and Tuberosa 2009). The newly developed genomic
approaches would rapidly accelerate applications to many different research areas
ranging from marker discovery; genetic diversity; and linkage/association mapping
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to the genomic selection, physical mapping, gene discovery and genomic-assisted
breeding to improve biotic stress resistance in sorghum.
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Chapter 6
Genomic Designing for Biotic Stress
Resistance in Pearl Millet [Pennisetum
glaucum (L.) R. Br.]

C. Tara Satyavathi, Supriya Ambawat, Subaran Singh, Charu Lata,
Shalini Tiwari, and Chandra Nayaka Siddaiah

Abstract Pearl millet [Pennisetum glaucum (L.) R. Br.] is a major staple crop of
90 million poor people and is grown on 27 million ha area in arid and semi-arid
tropics of Asia and Africa. It is a mutipurpose crop with excellent nutritional and
medicinal values. It is a rich source of energy and micronutrients like iron, zinc and
vitamins and gluten free with low glycemic index. Pearl millet is affected by different
biotic stresses such as fungal, bacterial and viral diseases as well as attack by major
insects like shoot fly, stem borer, grasshopper, termite, white grub, grey weevil, cut
worm etc. like other cereals resulting in yield losses to the tune of 10–60%. Thus, it
is necessary to understand genetics of host plant resistance, pathogen variability and
its mechanism of action using advanced tools. Further, there is a need to develop new
insect and disease resistant genotypes using genomic tools there by reducing cost of
cultivation, environmental pollution and reducing yield losses. There has been a lot
of progress in pearl millet genetic improvement using genetic resource conservation
and evaluation along with conventional and modern approaches to overcome biotic
and abiotic stresses which helped in achieving high level of productivity, quality and
profitability. Recently reported genome sequence information and several genomic
studies signify the need to further exploit its beneficial attributes. Hence, use of
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modern genomic tools and genomic designing approaches including, transcrip-
tomics, proteomics, metabolomics, genome editing etc. is very much desired for
gene identification, trait mapping to understand several complicated gene pathways
and their interactions in order to better identify different genes governing biotic
stresses.

Keywords Pearl millet � Biotic stress � Disease resistance � Downy mildew �
Blast � Genomic designing

6.1 Introduction

Pearl millet [Pennisetum glaucum (L.) R. Br.] is the 6th most important and
potential cereal to ensure food security for around 90 million poor people living in
arid and semi-arid tropics of Asia and Africa. It is a dual purpose crop extensively
used for food, bird feed, silage, hay, building material and fuel (Shivhare and Lata
2017). It has a very good nutritional profile as well as is a rich source of energy
(361 kcal/100 g) and neutraceutical properties. It has 5–6% oil and possess high
contents of micronutrients such as iron, zinc and vitamins (Malik 2015). It is gluten
free with low glycemic index and thus extremely useful for persons suffering from
celiac disease or diabetes.

Biotic stresses caused by organisms like virus, bacteria, fungi, insects, pest,
birds, weeds are major constraints to agricultural production worldwide (Mishra
et al. 2017). Pearl millet is also susceptible to these biotic stresses like other cereals.
Since millets are primarily grown in dry climates, hence millets comparatively have
a lower risk of biotic stress than other crops. However, estimated loss of grains in
millets is enormous. Generally, in comparison to other infections, millets suffer
more from fungal diseases (Das and Rakshit 2016). Different fungal infections like
downy mildew, blast, rust, ergot and smut are believed to have a more serious effect
on growth and yield of pearl millet in comparison to other pathogens (Sharma et al.
2020a; Shivhare and Lata 2017). Genetic resource conservation and evaluation
along with conventional and modern approaches are used for national pearl millet
improvement programme to overcome abiotic and biotic stresses to maintain higher
productivity, quality and profitability. Like other cereals, pearl millet also is affected
by various biotic stresses like fungal, bacterial and viral diseases as well as attack
by major insects like shoot fly, stem borer, grasshopper, termite, white grub, grey
weevil, cut worm etc. Worldwide, around 100 diseases have been accounted in
pearl millet which are mainly caused by fungi, bacteria, viruses and nematodes
leading to major loss to yield potential and quality reducing the market value.
Downy mildew (Sclerospora graminicola), blast (Magnoporthe grisea), smut
(Moesziomyces penicillariae), rust (Puccinia substriata var. indica) and ergot
(Claviceps fusiformis) are major diseases of economic importance in pearl millet
(Raj et al. 2014). Out of these, downy mildew or ‘green ear’ which is caused by
Sclerospora graminicola (Sacc. Schroet.) is a major distressing disease resulting
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into maximum yield losses of 10–60% (Kumar et al. 2012). Since few years, blast
disease is also reported in many states of India making it a major disease affecting
economic yield in Pearl millet.

With increasing environmental awareness, various viable and sustainable alter-
natives have been used to manage different plant diseases and insects (Kumar
2008). Use of resistant varieties is the most preferred strategy to increase and
disease management in almost all crops. Extensive series of strategies are used for
resistance to infection and diseases against different pathogenic organisms while
several integrated pest management (IPM) modules are used to control insects.
Effective screening methods, use of diverse germplasm, identification of resistant
sources, understanding of genetics of resistance, knowledge of virulence variability,
use of effective resistance breeding and monitoring of performance of cultivars at
field level are some of the effective strategies used in resistance breeding to conquer
the biotic stresses. Different breeding methods i.e. recombination/backcross,
mutation as well as modern biotechnological approaches can prove useful for
integration of resistance/tolerance genes and to obtain a number of inter specific
crosses and identification of genomic regions. Conventional breeding has played a
major role in gaining extensive success towards improvement of biotic stress
resistance in pearl millet. In the past few years, molecular breeding and functional
genomics were used in pearl millet to enhance yield in adverse conditions but still
there are several possibilities to further improve this crop by using advanced
genomic tools and approaches. Hence, it is necessary to understand genetics of host
plant resistance, pathogen variability and the mechanism of action using genomic
designing approaches to combat different biotic stresses.

6.2 Major Biotic Stresses in Pearl Millet

6.2.1 Major Diseases of Pearl Millet

In Pearl millet, about 50 diseases caused by various biotic factors are accounted in
India but very few are significant. These include downy mildew, blast, rust, ergot
and smut which reduce grain yield leading to severe yield losses. In addition, ergot
affects grain quality. Using resistant cultivars is the major cost-effective way to
control diseases in pearl millet. Understanding epidemiology of diseases, screening
techniques have been designed to easily discriminate between resistant and sus-
ceptible genotypes. Several selections from germplasm accessions have shown a
high degree of stability for resistance over the years for various diseases in pearl
millet.
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6.2.1.1 Downy Mildew

Downy mildew is an important disease of pearl millet caused by Sclerospora
graminicola. Sclerospora spp. is originated in Africa (Brunken et al. 1977). It is
supposed that area of origin of the host and the pathogen are same. Hence, downy
mildew pathogen was linked to pearl millet since around 3500 BC which was also
proved as the majority of recurrent sources of downy mildew resistance belong to
Africa. There is also a possibility that this pathogen originated in indigenous Indian
grasses and shifted to pearl millet at the time of its initiation from Africa. Shaw
(1981) recommended a temperate origin for S. graminicola due to its circumpolar
with Setaria species and thus it became adapted for plants thriving in tropical
habitats, specifically for pearl millet. He preached that S. graminicola is primitive,
but was circumpolar with Paniceae from Pleistocene times as it would have
co-evolved at many places along with species of Setaria, Chaetochloa, Pennisetum
and Panicum. Plants infected with S. graminicola are generally stunted and often
undergo a transformation of flower organs into leaves (phyllody or witches’ broom),
resulting in serious yield loss.

Symptoms

The disease is known by two names, ‘downy mildew’ and ‘green year’ due to two
types of symptoms that develop during systemic infection. The symptoms generally
appear on the second leaf and subsequently all leaves and panicles also develop
symptoms. Leaf symptoms first appear as chlorosis (yellowing) at the base of the
leaf lamina and successively younger leaves show a progression of greater leaf area
coverage by symptoms. Half-leaf symptoms characterized by a distinct margin
between the diseased and non-diseased area towards the tip occur in pearl millet.
Under conditions of high (>95%) relative humidity (RH) and moderate temperature
(20–22°C), massive asexual sporulation occurs on infected chlorotic areas, gener-
ally on the abaxial surface of leaves, giving them a downy appearance.Severley
infected plants are generally stunted and donot produce panicles. Green ear
symptoms become visible at panicle emergence. Green ears develop because floral
parts are transformed into leafy structures, which may vary in shape and size.The
transformation may be partial or total, dependingon when the panicle is colonized
by the pathogen. The leafy structure are chlorotic, and sometimes produce sporu-
altion. In latent infections, green ear is the only manifestaion of the disease. The
oospores can remain viable in the soil for 8 months to 10 years or more causing
primary infection in host plants. Sporangia are responsible for secondary spread of
disease by producing both asexual (sporangia, zoospores) and sexual spores (oos-
pores). Haustoria of the pathogen take nutrition from the host cell. The hyphae are
developed in the tissues which can later produce numerous asexual spores on the
lower surface of leaves. The pathogen starts sexual reproduction for producing
oospores once the sporulation is over.
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Extent of Damage

Downy mildew or green ear disease is linked with pearl millet since long time
(Butler 1907). Initially, the disease was limited only to the local cultivars and
landraces. It was not epidemic until the introduction of F1 hybrids. Later in 1970s
and 1980s, downy mildew epidemics caused extensive yield losses in India and
grain yield losses of up to 10–60% were reported. It can reduce yield up to a large
extent and this was proved when grain production of pearl millet was reduced from
8 mt in 1970–71 to 5.3 mt in 1971–72 in India after cultivating popular hybrid HB
3. This reduction was very large and yield was even reduced by 60–70% in some
fields. Genetically uniform single-cross F1 hybrids become easily susceptible in
comparison to heterogeneous open-pollinated varieties causing severe losses
(Thakur et al. 2006).

Chemical Control

Use of fungicides is not very popular in pearl millet as it is mainly cultivated in
marginal conditions by resource poor farmers. Downy mildew pathogen is an
oomycete organism and cannot be controlled by using normally recommended
fungicides like other fungal diseases. Instead, treatment of seed with fungicide is
more effective as it is possible to apply it easily before sowing. Thiram and Captan
are the common fungicides used in pearl millet for seed treatment as they also act as
seed protectants. Metalaxyl, a systemic fungicide, is very effective for downy
mildew and has unique combinations of residual and systematic properties but it is a
narrow range oomyceticide. This is extremely vigorous under both in vitro and
in vivo for downy mildew pathogen in case of pearl millet. It acts by inhibiting

Symptoms of downy mildew
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protein and ergosterol synthesis by interfering rRNA synthesis. It is systemic in
nature and has defensive and remedial action and taken up through the stems, leaves
and roots. It is accessible in form of Ridomil MZ 72, Apron 35 SD, Master 72%
WP (Metalaxyl 8% + Mancozeb 64%). Upon treating seeds with Metalaxyl (35%
WS) at 6 g/kg, disease is controlled effectively for first 35 DAS. Further, it was also
observed that chitosan nanoparticles have higher degree of acetylation and induce
resistance against pearl millet downy mildew (Siddaiah et al. 2018).

Biological Control

Bioagents such as Trichoderma harzianum, Pseudomonas fluorescens and Bacillus
species can be used to control downy mildew in an effective way. Bacillus pumilus
INR 7, Pseudomonas fluorescens UOM SAR14, Trichoderma harzianum Th UOM
1and Bacillus pumilus SE 34 are some of the potential bioagents. Bioagents of
Trichoderma harzianum (20 g/kg seeds) and Pseudomonas fluorescens and
Bacillus species (10 g/kg seeds) were used for seed treatment as talc formulation
(www.aicpmip.res.in, www.aicrp.icar.gov.in/pearl).

Integrated Disease Management

Integrated disease management (IDM) has become popular and implemented in
many crops and it can be also useful for pearl millet. Thus, genetically uniform
hybrids having plant resistance should be controlled using suitable management
practices like crop rotation, prophylactic seed dressing chemicals which can
broaden the economic value of hybrids (Hash et al. 1997, 1999; Witcombe and
Hash 2000; Hash and Witcombe 2002). This strategy is also being followed by
ICAR-AICRP on Pearl millet. IDM module having half dose of metalaxyl (3 g/kg
seed), host plant resistance (moderate level), Chitosan (2.5 g/kg seed) and PGPR
strain of Bacillus pumilus INR7 (8 g/kg seed) is being used or recommended for
the management of this disease.

6.2.1.2 Blast

Blast disease caused by Magnaporthe grisea is prevalent in pearl millet growing
states of India since 1970. The disease incidence data from 2002–2016 shows that
blast has become more widespread (www.aicpmip.res.in, www.aicrp.icar.gov.in/
pearl) and its incidence increased in almost all pearl millet growing states like
Rajasthan, Gujarat, Uttar Pradesh, Madhya Pradesh, Maharashtra, Delhi,
Karnataka, Andhra Pradesh, Telangana and Tamil Nadu. The disease is reported
by various testing centres of ICAR-AICRP on Pearl millet for over a decade and is
observed on most of the entries evaluated in pathological trials. During 2016,
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Magnaporthe blast incidence became very severe in the states of Rajasthan, Uttar
Pradesh, Delhi and Maharashtra. Seed treatment with Carbendazim combined with
Metalaxyl was recommended (Nayaka et al. 2017a). The disease becomes more
severe under humid and warm conditions.

Extensive yield losses in pearl millet grain and forage were reported due to
Magnaporthe blast and productivity and quality of the pearl millet crop was found
to be negatively correlated with grain-plot yield, dry matter yield and digestive dry
matter (Wilson and Hanna 1992; Wilson and Gates 1993; Timper et al. 2002). The
data on evaluation of disease incidence, disease rating scale, severity, grain yield
and fodder loss, photosynthetic efficiency of foliage, crop loss in terms of grain
yield, effect on the metabolic activities, dry matter content loss etc. is also acces-
sible (Satyavathi et al. 2019, 2020; Satyavathi 2020).

Symptoms

Magnaporthe blast symptoms in pearl millet begin with tiny specks or lesions
which broaden and turn necrotic, leading to widespread chlorosis and untimely
drying of young leaves. Initially, lesions appear near the leaf tips or leaf margins or
both and extend down towards the outer edges. Young lesions are usually pale
green to greyish green and later turns yellow to grey. Foliage lesions are elliptical or
diamond-shaped; approximately 2.5–3.5 � 1.5–2.5 mm. Centers of lesion are grey
and water-soaked initially when fresh but later becomes brown surrounded by a
chlorotic halo and ultimately turn necrotic appearing like concentric rings (Kato
2001). These symptoms appear from seedling to flowering stage on leaf, boot-leaf
and stem.

Symptoms of blast
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Chemical Control

Magnaporthe blast disease can be controlled by several fungicides and large scale
foliar application is generally used at field level. Two sprays of carbendazim 0.05%
(ICBR 1:3.85) or 1 g/l at 15 days intervals from the initiation of the disease are
recommended to control the disease (Singh and Pavgi 1974). Many fungicides like
benomyl, diclocymet, felimzone, metominostrobin, pyroquilon, carpropamid and
iprobenfos are used against blast disease (Kato 2001). Tricyclazole
(5-methyl-1,2,4-triazolo [3,4-b] [1,3] benzothiazole) which is target specific to
Magnaporthe blast has been widely tested and recommended. It inhibits the
biosynthetic pathway of melanin compound present in M. grisea conidia
(Kurahashi 2001). Probenazole (3-allyloxy-1,2-benzothiazole1,1-dioxideor,
3-allyloxy-1,2-benz[d]isothiazole) is also useful in controlling blast disease as it
activates plant defense system (Iwata 2001). Isoprothiolane (di-isopropyl 1,
3-dithiolan-2-ylidenemalonate) (Choline biosynthesis fungicides) is also recom-
mended for blast disease and it acts by targeting fungal membrane phosphatidyl-
choline synthesis (Uesugi 2001). Azoxystrobin, a strobilurin fungicide inhibits
fungal respiration by binding to the cytochrome b complex III at the Q0 site in
mitochondrial respiration and provides protection against blast. In an experiment
conducted in ICAR-AICRP on Pearl millet pathology trials, efficacy of different
fungicides against blast in pearl millet revealed that spray application of
Trifloxystrobin + Tebuconazole75WG @ 0.05% first at initiation of disease and
2nd spray at 15 days interval significantly reduced the blast incidence in grain and
fodder pearl millet (www.aicpmip.res.in, www.aicrp.icar.gov.in/pearl).

Biological Control

Biocontrol agents such as Trichoderma harzianum and Pseudomonas fluorescens
were used to control Pyricularia blast disease (Krishnamurthy and Gnanamanickam
1998), Bacillus subtilis, Bacillus pumilus also proved promising in controlling blast
pathogen via biocontrol and induction of resistance (Yoshihiro et al. 2003). In
addition, Streptomyces species were also found to be effective for blast disease
management (Zarandi et al. 2009). Studies have also indicated that biological
control agents like T. harzianum, P. fluorescens, B. Subtilis and B. pumilus could be
quite useful in management of Pyricularia blast (www.aicpmip.res.in, www.aicrp.
icar.gov.in/pearl).

6.2.1.3 Rust

Rust in pearl millet is caused by Puccinia substriata var. penicillariae. (Zimm.). It
is usually believed to be a less important disease in many pearl millet growing
regions as compared to downy mildew, blast, smut and ergot as it appears subse-
quent to the grain-filling stage, leading to very less or no loss to the grain yield. It is
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of key significance worldwide in forage hybrids as high rust severities may also
lead to substantial losses of forage quality by reducing digestible dry matter yield.
Symptoms of rust firstly come into sight on lower side of leaves in form of typical
pustules of reddish brown powder (uredospores). Afterwards, dark brown telios-
pores are formed. Symptoms generally appear on upper surface of leaves and stem
as well but they can also appear on both sides of the leaves. Large pustules are
developed on leaf blades and sheaths of highly susceptible cultivars. Screening for
rust is done by spraying uredospores collected from infector rows on 25–30 days
old crop, at 25 and 35 DAS and extending of uredinia-containing leaves among test
plants 25–30 days old.

Disease Management

Resistant hybrids/varieties should be cultivated and sowing must be done when
monsoon starts. Demolition of collateral hosts such as Ischaemum pretosum and
Panicum maximum on the field bunds were also quite useful. Further, dusting with
fine sulphur @ 17 kg as well as two sprays of 0.2% Mancozeb at the interval of
15 days is the useful strategy for disease control.

6.2.1.4 Smut

Smut disease in pearl millet is caused by Moesziomyces penicillariae (Bref.).
Economic yield losses to an extent of a 5–20% grain yield are reported. The disease
ocurs during September/October and the early sown crop is usually escaped by this
infection. Oval to conical sori of bright green colour are produced initially by the
infected florets which later change to brown/black.

Symptoms of rust
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Disease screening is based on inoculation of panicles by injecting aqueous
suspension of sporidia (1 � 106/ml) in boot, covering the inoculated panicles with
parchment paper/selfing bags. Providing high humidity (>80% RH) with the use of
an overhead sprinkler, normally two times in a day, 30 min each at 10 am and 5 pm
during normal days and removal of bags 15–20 days subsequent to inoculation and
scoring of panicles for smut severity with the help of a standard smut severity
assessment key are the steps followed during screening.

Disease Management

Resistant hybrids/varieties must be cultivated. Spraying of panicle at boot leaf
stage using Captafol followed by Zineb can reduce infection and helpful in disease
management. In addition, smutted ears must be removed from the field to prevent
proliferation of infection.

6.2.1.5 Ergot

Ergot in pearl millet is caused by Claviceps fusiformis (Loveless). This disease is
simply recognized as a honeydew material of creamish to light pink color oozing
from infected florets having several conidia. The droplets get dried out in form of
hard dark black structures after two weeks and protrude out from the florets instead
of grain are known as sclerotia. Loss in grain yield depends on severity of infection
because infected seed is completely altered into sclerotium. Conditions of weather
during the flowering time determine the disease occurrence and its spread.

Symptoms of smut
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Disease screening is done by putting selfing bag on panicles at the boot-leaf
stage which is a good practice. Further, inoculation with an aqueous conidial
suspension (1 � 106 conidia ml−1) generated from honey dew of infected panicles
should be done after 3–4 days by opening the bags slightly and spraying the
panicles at full protogynous stage. In addition, overhead sprinklers must be used
twice a day for 30 min each at 10 am and 5 pm for providing high humidity on
normal days can be very effective and after two weeks of inoculation the bags are
removed and ergot severity is scored with the help of a standard key.

Disease Management

Washing of seed in 2% salt water along with mechanical removal of sclerotia from
seed are quite effective to manage the disease. Adjustment of sowing dates is
important to prevent coincidence of ear emergence and more rainy days.
Three foliar applications of Thiram 0.2% or Copper Oxychloride 0.25% or Ziram
@ 0.2% are effective in disease management.

6.2.2 Major Insect Pests of Pearl Millet

Shoot fly, grey weevil and white grub are some of the major pearl millet insect
pests. Insect pest incidence is relatively lesser in most pearl millet growing regions
in India. Thus, formal breeding programs targeting resistance to insects are not
yet available. The cultivars in the advanced stage of testing are screened against
important insect pests. The cultural control measures have been worked and several
recommendations have been generated to minimize the insect damage (www.
aicpmip.res.in, www.aicrp.icar.gov.in/pearl).

Symptoms of ergot
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6.2.2.1 White Grub (Holotrichia consanguinea)

White grub is seen in pearl millet cultivating regions of Gujarat and Rajasthan
states. Roots of the growing seedlings are attacked by the grubs and lead to
shrinkage of the whole plants. Patchy gaps are created resulting into poor or uneven
plant stand. Adults emerge from May to July with pre-monsoon/monsoon shower
and feed on pearl millet flowers and grains in the milky stage. It causes mainly
5–25% damage in Rajasthan.
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Incidence of white grub can be reduced by using pigeon pea and sunflower for
inter-cropping. Collecting and destroying adults just after first showers at the time
of their visit to Neem/Acacia trees before mating is quite helpful. Carbofuran 3 G @
12 kg/ha should be applied to seed furrows during sowing to control this insect. At
the onset of monsoon or within 2–3 days of receiving first monsoon showers,
the host trees should be sprayed with Carbaryl 0.2% or Chlorpyriphos 0.2%, which
proved to be very useful (www.aicpmip.res.in, www.aicrp.icar.gov.in/pearl).

6.2.2.2 Shoot Fly (Atherigona approximata)

Pearl millet shoot fly is seen in Tamilnadu and Gujarat. Larvae cause “dead heart”
by cutting the growing point during seedling stage whereas they attack ear heads
and cut down panicles during advanced stage. Late sown crop faces more infes-
tation. Sowing the crop early with start of monsoon or generally within first
10–15 days of first showers, avoiding staggered sowing in the close proximity—are
some of the good strategies to control this insect. Transplanting must be preferred
for late sown crop but if direct seeding is taken up, 4 kg seed/ha along with thinning
of affected seedlings must be followed up. The crop should be sprayed with 0.07%
Endosulfan at 10 and 20 days after germination if incidence of shoot fly is heavy in
endemic areas. 4% dust of Endosulfan is sufficient in areas with water scarcity
(www.aicpmip.res.in, www.aicrp.icar.gov.in/pearl).

6.2.2.3 Grass Hoppers [Hieroglyphus nigrorepletus (Bolivar)]

The grass hoppers lay eggs at a depth of 75–200 mm in the soil. Adults and hoppers
attack the foliage leading severe damage to the crop. Adults have short wings and
are able to fly only to short distances. For pest management, weed free farming
along with deep ploughing to expose “egg pods” are very effective. Crumbing of
bunds, clean farming and dusting the field by 4% Endosulfan or Fenvalerate dust @
25 kg/ha or 0.07% of Endosulfan are quite useful.

6.2.2.4 Termites (Odentotermes obesus)

It is a social insect which flourishes in colonies in ground. It attacks young seed-
lings and mature plants. Infected plants shrivel and eventually die. After harvesting
of the crop, deep ploughing along with collection and burning of plant refuge
should be practiced to minimize termite effect. Well decomposed FYM and
timely irrigation of the crop are very useful for termite management. Application
of Chloropyriphos 20 EC @ 1.25 l/Endosulfan 35 EC @ 2.5 l in standing crop
besides irrigation water is also recommended to manage termites (www.aicpmip.
res.in, www.aicrp.icar.gov.in/pearl).
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6.2.2.5 Grey Weevil (Myllocerus spp.)

This insect is polyphagous in nature. Adult beetles eat green leaves and
cause severe harm during infestation on seedlings. Malathion (5%), Methyl
Parathion (2%) or Quinalphos (1.5%) @ 25 kg/ha should be dusted at the time of
emergence for effective pest management.

6.2.2.6 Ear Head Bug (Calocoris angustatus)

It is generally found in South India. Sap of tender grains is sucked by nymphs and
adult bugs during milking stage making the seeds withery. Infestation of the pest
can be controlled by early planting. Use of Endosulfan 4D @ 20 kg/ha or Carbaryl
50 SP @ 3 kg in 500 l of water/ha on pearl millet panicles has proven to be very
useful against ear head bug.

6.2.2.7 Stem Borers (Chilo partellus)

It is a nocturnal moth having dirty brown colour. Foliage is attacked by caterpillars
and later they bore into the stem to cause “Dead heart” ultimately boring into ear
heads.

6.2.2.8 Hairy Caterpillar (Amsacta moorei)

This pest is normally found in Gujarat and semi-arid regions of Rajasthan. It attacks
the crop in an intermittent way. Heavy defoliation of the plants is usually done by
the larvae. Spraying of Endosulfan (35 EC @ 0.1%) and treatment with
Trichogramma chilonis @ 75,000/ha/week are very useful to manage caterpillars.

6.2.2.9 Blister Beetle (Mylabris postulate)

It mainly attacks different parts of plants. Grain formation is usually affected by the
attack of adult beetle on flowers and tender panicles. Spraying the panicles with
Endosulfan 4D @ 20 kg/ha or Carbaryl 50 SP @ 3 kg in 500 l of water/ha are quite
effective to control beetles.

6.2.2.10 Chaffer Beetle

Using light trap (200 W electric bulb/ha or petromax) up to 15 days at the time of
50% flowering stage or during the emergence of pest can be highly helpful.
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6.2.2.11 Cut Worm (Agrotis ipsilon)

Caterpillars usually attack the seedlings/cut seedlings on soil level. In case of severe
attack, re-sowing is done. Spraying of Endosulfan (35 EC @ 0.1%) and dusting
with Trichogramma chilonis @ 75,000 per ha/week are very effective.

The following recommendations are obtained from different entomological
experiments conducted over years in ICAR-AICRP on Pearl millet against various
pests (www.aicpmip.res.in, www.aicrp.icar.gov.in/pearl):

• Treatment of seed with imidacloprid 600 FS @ 8.75 ml/kg seed followed by
dusting with fenvalerate 0.4% @ 20 kg/ha or spray of 5% NSKE after 35 days
of germination was found to be economically viable and most effective for the
management of shoot fly and stem borer in pearl millet. (Based on three years
of testing in ICAR-AICRP on Pearl millet entomology experiments of 2009–
2011)

• Treatment of seed with imidacloprid 600 FS @ 8.75 ml/kg seed followed by
spraying with imidacloprid 17.8 SL 0.009% at 35 DAG was effective to control
shoot fly and stem borer. Insecticide residues were also found to be beneath the
detectable limit at 42 days after spraying. (Based on three years of testing
in ICAR-AICRP on Pearl millet entomology experiments of 2012–14)

• Seeds of pearl millet can be stored for 6 months after mixing them with neem
leaf powder @ 10 g/kg. With this treatment, lowest grain damage and lowest
adult population of Tribolium spp. was observed. Viability of the seed was
above MSCS level of 75%. (Based on three years of testing in ICAR-AICRP on
Pearl millet entomology experiments of 2012–14)

• IPM module-III consisting of seed treatment with Imidacloprid 600 FS @
8.75 ml/kg, installation of fish meal trap @ 10/ha and spraying of neem seed
kernel extract 5% at ear head stage is recommended for the management of pest
complex in pearl millet. (Based on three years of testing in ICAR-AICRP on
Pearl millet entomology experiments of 2012–15)

• Seed treatment with Imidacloprid 600 FS @ 8.75 ml or Clothianidin 50 WDG
@ 7.5 g/kg seed with sufficient quantity of water effectively controls the soil
insect-pests (white grub and termite) infesting pearl millet. Treated seed should
be sown within 2 h of treatment. (Based on three years of testing in
ICAR-AICRP on Pearl millet entomology experiments of 2013–16)

• Use of diverse insecticides in pearl millet against shoot fly and stem borer
revealed that seed treatment with clothianidin 50 WDG @ 7.5 g/kg seed along
with spraying of fipronil 5 SC @ 0.01%, at 35 days after germination of crop,
recorded lowest shoot fly incidence, highest grain and fodder yield. (Based on
three years of testing in ICAR-AICRP on Pearl millet entomology experiments
of 2015–18)

• Treatment of seed with imidacloprid 600 FS @ 8.75 ml/kg, fish meal trap @ 10/
ha, removal of shoot fly dead hearts, spraying of dimethoate 30 EC 0.03% at 35
DAG exhibited lowest shoot fly % during ear head stage along with highest
grain and fodder yield. It also depicted lowest white grub and termite % damage.
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(Based on three years of testing in ICAR-AICRP on Pearl millet entomology
experiments of 2016–18)

• Treatment of seed with imidacloprid 600 FS @ 8.75 ml/kg, fish meal trap @ 10/
ha, spraying of novaluron 10 EC 0.01%, removal of shoot fly dead hearts at 35
DAG exhibited lowest stem borer % incidence and lowest Helicoverpa larval
population during ear head stage. (Based on three years of testing in
ICAR-AICRP on Pearl millet entomology experiments of 2016–18)

6.3 Genetic Resources of Resistance Genes

Researchers have gained success in identifying stable sources of germplasm of pearl
millet for disease resistance including downy mildew, blast, rust, smut, ergot and a
few of them were used in disease resistance breeding programs. Exploitation of
germplasm of pearl millet for various biotic stresses is listed in Table 6.1. Pearl
millet germplasm is available in ICRISAT, NBPGR and mini-core collection is
also developed at ICRISAT. The 238 germplasm accessions of pearl millet
mini-core of ICRISAT were screened under greenhouse conditions against five
M. grisea pathotype-isolates (Pg118, Pg119, Pg56, Pg53 and Pg45). Resistance to
multiple pathotypes (two or more) was recorded in several accessions, while three
accessions (IP 7846, IP 11036, and IP 21187) exhibited resistance to four of the five
blast isolates used for screening (Sharma et al. 2013). For blast and rust, the 305
P. violaceum accessions conserved in the genebank were assessed and resistant
accessions were identified (Sharma et al. 2020b).

There is a need to explore additional sources of resistance through screening the
pearl millet collections maintained at different breeding centres of pearl mil-
let against major isolates/pathotypes.

In addition, genomic and genetic resources are also highly desired for mapping
and mining of the blast resistance quantitative trait loci (QTLs) or genes. A pearl
millet inbred germplasm association panel (PMiGAP) has been developed at
ICRISAT from pearl millet core collection of over 2,000 accessions, breeding lines,
cultivars and landraces representing main global diversity of pearl millet. It has
been also sequenced recently using whole-genome re-sequencing (WGRS) strategy,
generating over 25 million single nucleotide polymorphisms (SNPs). Phenotyping
of the association mapping panel will be useful for precise genome-wide associa-
tion mapping study (GWAS) and mining novel alleles for blast resistance at the
blast hot-spot locations. Biparental and multiparental QTL mapping of the blast
resistance genes can also be done for improvement. These available genetic and
genomic resources can be further increased and utilized for mapping, mining and
deployment of effective blast resistance (Sehgal et al. 2015). In addition, wild
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Table 6.1 Biotic stress resistant genotypes available in pearl millet

Biotic stress Genotypes References

Downy mildew
(Sclerospora
graminicola)

ICML 1, 2, 3, 4, 5, 6, 7, 8, 9, 10
ICMPE 13-6-30, 134-6-9,
134-6-34, 13-6-27, 37, 71; ICMA
92666, ICMB 92666, ICMA
91333, 91444, 91555 (resistant to
downy mildew, smut and ergot),
WGI 52, WGI 148, ICMR09999,
ICMB 89111-P6 � ICMB
90111-P6

Thakur et al. (1982), Willingale
et al. (1986), Thakur and King
(1988a, b), Thakur et al. (1992),
Rai et al. (1998a), Khairwal and
Yadav (2005), Satyavathi et al.
(2016), Chelpuri et al. (2019)

Blast
(Magnaporthe
grisea)

IP 7846, IP 11036, IP 21187, IP
4291, IP 15256, IP 22449, IP 5964,
IP 11010, IP 13636, IP 20577, IP
5964, IP 11010, IP 13636, IP
21525, IP 21531, 21536, 21540,
21594, 21610, 21640, 21706,
21711, 21716, 21719, 21720,
21721, 21724, 21987, 21988,
22160, IP 21544, IP 21720, IP
22269, IP 21544, ICMV
05555 � IP 21720, ICMB 94555,
IP 21544, ICMB 97111, IP 21720;
ICMB 02444, ICMB 02777, ICMB
06444, ICMB 93333, ICMB
96666, ICMB 97222, ICMB
99444, 863B, ICMR 06222, ICMB
95444

Sharma et al. (2013, 2020b, c)

Rust (Puccinia
spp.)

IP 16438, IP16762; P310-17,
P1449-3; IP18292, IP18293,
IP700651; ICML 12 to 16, 22;
ICMP 312, 423, 85410; 7042S;
841A; IP 9, 55, 104, 262, 253, 346,
336, 498, 545, 558; landraces like
Desi Bajri-Chomu, Dhodsar local,
Ardi-Beniya Ka Bas, 81B-P6,
ICMP 451-P8, IP 21629, 21645,
21658, 21660, 21662, 21711,
21974, 21975, and 22038

Singh et al. (1997), Khairwal and
Yadav (2005), Thakur et al. (2006),
Sharma et al. (2007), Ambawat
et al. (2016), Sharma et al. (2020b)

Smut
(Moesziomyces
penicillariae)

ICML 5 to 10; ICML 17 to 21; Tif
leaf 3; Tift 3 (PI 547035) and Tift 4
(PI 547036); Tift 65 (resistant to
leaf spot and rust)

Bourland (1987), Thakur and King
(1988a), Wilson and Burton
(1991), Burton and Wilson (1995),
Hanna et al. (1997)

Ergot
(Claviceps
fusiformis)

ExB 46-1-2-S-2, ExB 112-1-S-1-1,
ICMV 8282, 8283; ICMA 88006A
and 88006B (resistant to downy
mildew and smut); ICMA 91333 to
91555; ICML 5 to 10; SSC FS
252-S-4, ICMPS 100-5-1,

Thakur and King (1988c), Yadav
and Duhan (1996), Rai et al.
(1998b), Khairwal and Yadav
(2005)

(continued)
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relatives of pearl millet germplasm can also be harnessed for germplasm
enhancement and improving biotic stress tolerance in pearl millet (Sharma et al.
2020a, c).

6.4 Classical Genetics and Traditional Breeding

Plant pathological research in pearl millet started in India, when F1 hybrids
developed for commercial cultivation became susceptible for downy mildew in
early 1970s. Hybrids are superior in comparison to open pollinated varieties in
terms of uniformity in growth, short duration and grain yield leading to increased
area under hybrid cultivation consequently favoring incidence of diseases. Downy
mildew (DM) caused by an obligate parasite, Sclerospora graminicola, is eco-
nomically most important disease of pearl millet in India and was first recorded by
Butler in 1907. During 1971, popular hybrid HB 3 was widely affected by downy
mildew epidemic and pathogenic variability for downy mildew was observed in
1973 when pearl millet hybrid NHB 3 was reported to be susceptible at Gulbarga
and found to be resistant at Mysore (Bhat 1973; Shetty and Ahmad 1981). DM
incidence is considered to vary in diverse hybrids and around 90% incidence was
documented in farmers’ fields (Thakur et al. 2003; Rao et al. 2007). A well defined
program was started in the 1990s after observing increased incidences of patho-
genic variability in S.graminicola and effect of downy mildew on hybrids.

During the past four decades, there has been lot of progress in development of
extremely efficient lab and field screening techniques, development and identifi-
cation of various downy mildew resistant cultivars including HHB 94, HHB 67
(improved), HHB 117, HHB 68, HHB 197, HHB 223, HC 4, HHB 256, HC 20,
HC10 etc. Both conventional and molecular breeding approaches have been used
successfully for DM resistance breeding program (Hash et al. 1999; Hash and
Witcombe 2002). Three types of resistance to DM have been reported in pearl
millet: complete resistance (Singh 1995), incomplete resistance (Singh et al. 1988)
and recovery resistance (Singh and King 1988).

Conventional methods of breeding uses field screening or greenhouse proce-
dures to integrate endurable levels of downy mildew resistance in parental lines,
populations and open pollinated varieties having superior performance and quality

Table 6.1 (continued)

Biotic stress Genotypes References

700-1-5-4, 900-1-4-1, 900-3-1,
900-9-3, 1300-2-1-2, 1400-1-6-2,
1500-7-3-2, 1600-2-4, 1800-3-1-2,
2000-5-2; ICI 7517-S-1, ExB
132-2-S-5-2-DM-1, P-489-S-3;
SSC 46-2-2-1, SC 77-7-2-3-1, SSC
18-7-3-1
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(Raj et al. 2014). Field screening relies on disease sick-plot, infector rows or
perfo-irrigation system to create high humidity. It is refined time and again and is
very effective if performed under appropriate management conditions. On the
contrary, greenhouse screening method is independent of the season and thus can be
operated throughout the year. It is also reproducible, easy, reliable, time-efficient
and cost-effective. The entire procedure of maintenance of isolates, inoculation and
incubation, inoculum multiplication has been refined very well and proved to be
extremely useful to screen numerous breeding lines in shorter duration (Singh et al.
1993; Thakur et al. 2006).

Various methods like pure-line selection, pedigree selection, recurrent selection
and backcrossing are used in breeding for resistance against various diseases.
Breeding with downy mildew resistant seed parents like MS 5054A and MS
5141A was attained using backcrossing in the elite background of Tift 23 by IARI,
New Delhi. On the other hand, induced mutations produced MS 5071 B from Tift
23 B while NHB series of hybrids having downy mildew resistance were produced
using MS 5071 A (Kumar et al. 2012). Several effective resources and phenotypic
screening techniques were developed and improved for screening and identification
of virulence of downy mildew in pearl millet (Singh et al. 1997; Jones et al. 2002;
Thakur et al. 2008), rust (Singh et al. 1997), smut (Thakur and King 1988b), ergot
(Thakur et al. 1982) at ICRISAT and national research institutes like IARI, New
Delhi and University of Mysore. A number of efforts have been put for identifi-
cation of resistant local landraces and germplasm lines against the diseases using
artificial epiphytotic conditions.

The importance of biological control for managing downy mildew disease has
also been studied. Due to existence of pathogenic variability, concerns about
fungicide resistance and lack of durable resistance, alternative and eco-friendly
methods of DM control were searched. Activating plant’s own defense mechanisms
by specific biotic or abiotic elicitors was considered as a major step toward this. The
effectiveness of cerebrosides (glycosphingolipids derived from different plant
pathogens) against DM as resistance elicitors has been reported in pearl millet
(Deepak et al. 2003). Further, detection of biochemical pathways and characteri-
zation of genes underlying resistance against different pathogens led to develop-
ment of induced resistance (Shetty and Kumar 2000; Raj et al. 2005). In vitro
culture techniques were also used for inducing desirable characterstics, genetic
transformation and regeneration via embryogenesis (Srivastava and Kothari 2003;
O’Kennedy et al. 2004).

Downy mildew resistance exhibits dominance over susceptible, additive or
recessive traits but partial host plant resistance is governed by one or more genes as
well as some modifiers (Hash and Witcombe 2001; Breese et al. 2002; Dwivedi
et al. 2012). A total of 6 major pathotypes were accounted for downy mildew in
India (Thakur et al. 2006). Several resistance genes have been successfully
deployed to bestow near-complete resistance against specific races of pathogens
using conventional breeding (Hovmøller et al. 1997; McDonald and Linde 2003;
Hovmøller 2007). Significant success in breeding for DM resistance have been
developed and exhibited by conventional pedigree breeding and several disease
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resistant hybrids which have helped in controlling the widespread DM epidemics
since 1990s (Khairwal et al. 2004; Thakur et al. 2006). Breeding for DM resistant
pearl millet hybrids is one of the most cost effective disease management strategies
and identification and use of new avirulence genes and their markers to develop
biotic resistant varieties is quite essential. In addition, various advanced genomic
and biotechnological tools have been used to identify resistant sources, QTLs and
genes etc. for different biotic stresses (Shivhare and Lata 2017). Similarly, resis-
tance to smut shows dominance and simple inheritance. Backcross breeding has
been used to incorporate ergot resistant in both parent and pollinators. Thus, dif-
ferent combinations of practices of disease management proved useful in devel-
oping resistance against various diseases including host-plant resistance, chemical
methods and cultural methods (Williams et al. 1981; Singh and Gopinath 1985).

6.5 Genetic Diversity Analysis

Development and use of various molecular markers like restriction fragment length
polymorphism (RFLP), expressed sequence tag- simple sequence repeats
(EST-SSRs), amplified fragment length polymorphism (AFLP), single strand
conformational polymorphism-single nucleotide polymorphism (SSCP-SNP),
conserved intron spanning primer (CISP) and diversity arrays technology (DArT)
were used in pearl millet for genetic diversity, population structure analysis along
with designing strategies for crop improvement with disease resistance at a faster
rate and great precision (Hash et al. 2006; Jogaiah et al. 2014; Ambawat et al.
2016). However, few reports exist in pearl millet for identification and utilization of
prospective genes against biotic stress resistance (Latha et al. 2006; Girgi et al.
2006). DNA marker-based genetic linkage mapping and detection of genomic
regions will facilitate in identifying resistant sources and thus accelerate develop-
ment of resistant sources. In addition to genetic markers, reference collections,
minicore or core collections can be also very useful in pearl millet for identification
of new resources for biotic stress resistance.

Genetic diversity and pathogen variability in isolates of S. graminicola were also
studied with different molecular markers such as random amplified polymorphic
DNAs (RAPDs) (Zahid 1997; Jogaiah et al. 2008), amplified fragment length
polymorphism (AFLP) (Sivaramakrishnan et al. 2003; Pushpavathi et al. 2006),
inter-simple sequence repeat (ISSR) (Jogaiah et al. 2008; Sudisha et al. 2009).
Inter-simple sequence repeat (ISSR) primers were used by Sudisha et al. (2009) to
illustrate pathogen variability; while 20 rapid amplified polymorphic DNA (RAPD)
and 19 ISSR markers characterized 27 downy mildew isolates into 6 major
pathotypes (Jogaiah et al. 2008). Likewise, 46 downy mildew isolates were grouped
into 21 pathotypes based on latent period, disease incidence, virulence index and
among these pathotype P11 was reported as the most virulent (Sharma et al. 2010).
Similarly, after assessing 48 pearl millet inbred lines against nine diverse S.
graminicola isolates collected from 5 diverse geographical locations of India, it was
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established that gene pyramiding can increase resistance against different downy
mildew isolates (Hash et al. 2006). Similarly, 39 native endophytic actinomycetes
isolates from pearl millet roots were analyzed for their proteolytic action against
downy mildew and it was proved that seven strains were able to repress sporangium
formation in S. graminicola directly defining to be prospective and potential bio-
control agents (Jogaiah et al. 2016). Recently, 305 accessions of Pennisetum vio-
laceum, a wild relative of pearl millet, were screened under greenhouse conditions
against five pathotype-isolates of M. grisea and a local isolate of P. substriata var.
indica to identify diverse sources of blast and rust resistance and based on the mean
blast score (1–9 scale), 17 accessions (IP 21525, 21531, 21536, 21540, 21594,
21610, 21640, 21706, 21711, 21716, 21719, 21720, 21721, 21724, 21987, 21988,
and 22160) were found resistant (score� 3.0) to all five pathotypes and 24
accessions were resistant to four pathotypes of M. grisea (Sharma et al. 2013,
2020b).

6.6 Association Mapping Studies

Association mapping which is also called linkage disequilibrium (LD) mapping is
a useful novel platform for allele mining. It can use different ancestral recombi-
nation events among germplasm collections or natural populations to trace
marker-phenotype associations useful for crop improvement. It is less time con-
suming, efficient, less laborious and generates 1000s of recombinants giving rise to
a diverse and large gene pool making it more useful as compared to QTL associated
linkage mapping. It has been used in pearl millet as well as many other crops for
detection of useful markers or genes related to biotic stress resistance (Senthilvel
et al. 2010; Rajaram et al. 2013; Jogaiah et al. 2014). A PMiGAP comprising 346
lines was developed from 1000 landraces, parents of mapping population, diverse
cultivars from different regions of Asia and Africa that can provide new insights for
allele mining of favorable genes along with fine mapping of QTLs for important
agronomic traits (Sehgal et al. 2015). Recently, a diversity panel consisting of 250
accessions collected from over 20 different countries was screened under natural
epiphytotic conditions in five environments and a total of 43 resistant genotypes
were found to have high and stable resistance against foliar blast disease of pearl
millet (Sankar SM et al. 2021).

6.7 Molecular Mapping of Resistance Genes and QTLs

Numerous reports on DNA-marker based genetic linkage maps have been
accounted in pearl millet which facilitated gene manipulation of disease resistance
(Liu et al. 1994; Hash et al. 1995; Jones et al. 1995, 2002; Breese et al. 2002; Hash
and Witcombe 2002; Ambawat et al. 2016). DNA markers have been established
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for around 60 different putative DM resistance QTLs in pearl millet (Jones et al.
1995, 2002; Hash et al. 1999; Breese et al. 2002; Hash and Witcombe 2002; Breese
et al. 2002; Gulia et al. 2007) rust and blast resistance (Morgan et al. 1998).
Numerous mapped QTLs were found to be transmitted to backgrounds of elite
inbred parental lines derived from a very well known single-cross hybrid HHB 67
(843A � H77/833-2) via RFLP-based MABC method. Different QTLs were
identified for resistance against downy mildew in pearl millet (Jones et al. 2002;
Breese et al. 2002; Gulia et al. 2007), rust and blast resistance (Morgan et al. 1998;
Ambawat et al. 2016). The mapping population of the parents WGI 52 and WGI
148 developed for Delhi isolate (Sg 561) revealed seven linkage groups during
linkage analysis and mapped 51 SSR loci at a minimum LOD score of 2.5 and a
maximum recombination fraction of 0.5. The linkage map covered a map distance
of 418.43 cM on the basis of Kosambi function with an average adjacent-marker
interval length of 8.205 cM and two QTLs were identified. Further, a linkage map
was also developed using the parents WGI 148 X ICMR09999 against the
Rajasthan isolate (Sg 384) and the linkage analysis revealed seven linkage groups
that mapped 48 SSR loci. The genetic linkage map of Pearl millet constructed using
48 SSR loci covered 228.2 cM of map distance with a marker density of 4.754 cM
at a minimum LOD score of 2.5 and a maximum recombination fraction of 0.5 and
four QTLs were identified. Using Gujarat Banaskanta isolate (Sg445), two QTLs
identified for imparting resistance against Rajasthan isolate (Sg 384) using SSR
markers (Satyavathi et al., unpublished data in DBT report 2016). Recently
developed pearl millet whole genome sequence can provide several opportunities
for crop improvement programs as it can be used to exploit various functional genes
and assist in molecular breeding approaches (Varshney et al. 2017). Further, con-
tinued research is highly desired for pearl millet to map the different QTLs iden-
tified currently. A draft genome sequence of S. graminicola pathotype1 of
299,901,251 bp length was assembled having N of 17,909 bp with minimum of 1
Kb scaffold size and overall coverage of 40� (Nayaka et al. 2017b). It had 47.2%
GC content with 26,786 scaffolds and scaffold size of 238,843 bp was found to be
longest among these. Similarly, Prakash et al. ( 2019) sequenced genome of
Magnaporthe grisea strain PMg_Dl and generated 13.1 Gb PE reads (number of
reads, 43,962,401), 3.4 Gb mate-paired reads (number of reads, 17,160,010), and
1.1 Gb PacBio reads (number of reads, 148,768). Morgan et al. (1998) identified
molecular markers for three rust loci and one Magnaporthe resistance locus in pearl
millet. Further, RAPDs and RFLPs were used to screen three segregating popula-
tions and only one RAPD marker (OP-D11700, 5.6 cM) was found to be linked to
Magnaporthe leaf spot resistance. Three molecular markers (SCAR-G8, OP-K19,
and OPD11) were used to identify a plant carrying the Rr1 resistance gene from Tift
89D2, and Pyricularia resistance from P. glaucum sp. Monodii. This can be further
used to develop more efficient markers for QTL locus, establish Magnaporthe
resistance gene to a linkage group and identify Magnaporthe resistance loci.
Advanced backcross QTL approach can be very helpful to incorporate quantitative
blast resistance to popular hybrids to develop biotic stress resistant hybrids.
Chelpuri et al. (2019) constructed a genetic linkage map comprised of 53 loci on 7
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linkage groups (LGs) spanning 903.8 cM length and 18.1 cM as average adjacent
marker distance. It was used further to identify 5 QTLs contributed by the resistant
parent ICMB 90111-P6 showing large effect for resistance against 3 diverse
pathotype isolates of S. graminicola collected from Haryana (Sg519), Rajasthan
(Sg526) and Gujarat (Sg445). Isolate Sg445 gave one QTL while 4 QTLs were
detected 2 each from Sg519 and Sg526 on LG4 with LOD scores varying from 5.1
to 16.0, elucidating a huge range (16.7–78.0%) of the phenotypic variation (R2).
Table 6.2 depicts details of various QTLs linked with disease resistance in pearl
millet.

Table 6.2 QTLs associated with important traits under different diseases in pearl millet

QTLs Linkage group Associated
trait

References

Downy mildew
(DM-QTL)

Linkage
Group-1 and 4

Downy
mildew

Jones et al. (1995)

Downy mildew
(DM-QTL)

Linkage
Group-4

Downy
mildew

Gulia et al. (2007)

Downy mildew
(DM-QTL)

Linkage
Group-1, 2 and 3

Downy
mildew

Satyavathi et al. unpublished data in
DBT report 2016

Downy mildew
(DM-QTL)

Linkage
Group-1, 3 and 4

Downy
mildew

Chelpuri et al. (2019)

QTL Linkage
Group-1

Rust Ambawat et al. (2016)

QTL – Blast and
rust

Morgan et al. (1998)
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Logarithm of odds (LOD) profiles for LG1 for rust resistance QTLs segregating in the (81B-P6 X
ICMP 451-P8)-based pearl millet RIL population (Adapted from Ambawat et al. 2016)
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6.8 Marker-Assisted Breeding for Resistance Traits

Marker-assisted backcross breeding was used to improve the capability and efficacy
of breeding for downy mildew resistance (Hospital et al. 1992; Hash et al. 1999).
Marker -assisted backcrossing was used first time to develop and commercialize
downy mildew resistant version of HHB67 in field crops in public domain in India
(Hash et al. 2006). Resistant donors can be crossed with a popular pearl millet
variety and BC2F3 backcross lines can be analyzed for disease resistance, candidate
defense genes and association mapping etc. Selections can be done on the basis of
partial resistance at disease hotspots and genotyping for candidate defense genes
bestowing partial resistance and gene pyramiding may be done for major genes for
resistance. Previously, DArT platform has been developed using 95 different
genotypes by following PstI/BanII complexity reduction which can be effectively
used for genome organization and comparative genomic studies as cost of
marker-assisted backcrossing (MABC) using these markers is lower in comparison
to other markers (Supriya et al. 2011).

Seven QTLs for Downy mildew resistance for Rajasthan isolate detected by interval mapping on
pearl millet chromosome 1, chromosome 3 and chromosome 5 in the BC2F2 population of the
cross WGI 148 � ICMR 09999 [Adapted from Satyavathi et al. 2016]

280 C. Tara Satyavathi et al.



6.9 Map-Based Cloning of Resistance Genes

Various biotechnological tools for breeding have been developed and used during
the last 10–15 years for pearl millet improvement as described by Bollam et al.
(2018) and Ambawat et al. (2020). Several molecular maps, DArT libraries
(Supriya et al. 2011; Ambawat et al. 2016), EST libraries (Senthilvel et al. 2008;
Rajaram et al. 2013), bacterial artificial chromosome (BACs) library (Allouis et al.
2001), are now available and using these numerous quantitative trait loci (QTLs)
linked to different diseases were identified as mentioned in Table 6.2 which may
further be used in crop improvement programs.

6.10 Genomics-Aided Breeding for Resistance Traits

Sequence characterized amplified region (SCAR) markers derived from ISSRs were
developed and pearl millet genotypes namely ICMR-01007 (P1) and ICMR-01004
(P2) and their population were screened for downy mildew resistance (Jogaiah et al.
2014). All these efforts would be highly useful to understand the genetics underlying
resistance and efficacy of specificQTLs among diverse resistant lines andwill be quite
useful for resistance breeding. Transcriptomic analysis using NGS tool was also
performed in pearl millet in order to discover the mechanisms underlying downy
mildew resistance (Kulkarni et al. 2016). In this study, a total of 1000 and 1591
transcripts were found in inoculated/susceptible control, respectively. Further, 1396

HHB 67-improved: a downy mildew resistant version of HHB67 developed by MAS

6 Genomic Designing for Biotic Stress Resistance … 281



up regulated and 936 down regulated transcripts were also identified among resistant
inoculated/resistant control. This study revealed that in resistant genotypes in pearl
millet, the up-regulation of genes of phenylpropanoid pathway along with induced
impending hypersensitive response and systemic acquired resistance are the
promising defense mechanisms against downy mildew infection. QTLs were iden-
tified for resistance to Pyricularia leaf spot disease using Genotyping by sequencing
(GBS). A GBS platform having 83,875 SNP markers was deployed using 500
genotypes of pearl millet with PstI-MspI reduced representation libraries (Hu et al.
2015). Similarly, GBS platform was used and 333,567 sequence tags and 16,650
SNPs across the 7 chromosomes have been identified for leaf spot resistance
(Punnauri et al. 2016). GBS was also used for identification of genomic regions
associated with striga resistance (Moumouni et al. 2015). Other advanced tech-
nologies including high throughput sequencing, genome editing, gene silencing,
insertional mutagenesis, targeted induced local lesion in genomes (TILLING) and
transgenics can be crucial to improve our knowledge on complex disease resistance
mechanisms.

6.11 Recent Concepts and Strategies Developed

Stress biology, genomics and bioinformatics collectively can help to develop stress
resistant crops. For the production of superior crop varieties with stress tolerance
and yield, various crop improvement strategies such as genetic maps, NGS,
GWAS, GBS, expression profiling, synteny studies, QTL mapping, candidate gene
identification and genetic engineering technologies have been used (Tiwari and
Lata 2019). Genome editing has emerged as a very powerful instrument of func-
tional genomics.

Globally researchers are working towards improving biotic stress resistance in
peal millet through various approaches. The positive impacts of gene editing and
nanotechnology on the improvement of biotic stress resistance in pearl millet are
listed briefly below.

6.11.1 Genome Editing

Recently, genome editing using targeted nucleases has been used as an important
approach for improving various crops, promising major yield increases in the near
future. In gene editing, techniques like clustered regularly interspaced short
palindromic repeat (CRISPR)/CRISPR associated protein (Cas), zinc finger
nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs)
successfully revolutionized the gene alteration method via adding important traits or
by eliminating undesirable traits, in plants for functional studies of genes and crop
improvement (Tiwari and Lata 2019). These targeted nucleases open up new
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prospects to develop improved crop varieties including pearl millet. Chanwala et al.
(2020) conducted genome-wide study of WRKY transcription factors in pearl
millet and speculated that PgWRKYs can be used to strengthen crops traits including
biotic stress resistance using genome editing tools for improved production and
future food safety. Gene editing technology definitely is a very promising tech-
nology for improving stress resistance in pearl millet.

6.11.2 Nanotechnology

Besides gene editing, nanotechnology-based approaches for better crop growth and
yield have also gained attention. Among various applications of nanotechnology,
use of nanofertilizers plays an important role for precision farming. In pearl millet,
chitosan nanoparticles (CNP) have been tested for their efficacy via nitric oxide
generation against downy mildew disease (Siddaiah et al. 2018). Besides synthetic
nanoparticles, usage of biogenic or green synthesized nanoparticles in pearl millet
exists. The seed priming and foliar application of green synthesized zinc oxide
(ZnO) nanoparticles (ZnNP) extracted from Eclipta alba decreases the incidence of
downy mildew in pearl millet (Pennisetum glaucum) by inhibiting Sclerospora
graminicola zoospore germination (Nandhini et al. 2019). In an earlier investiga-
tion, Nandini et al. (2017) controlled the extent of downy mildew disease in
P. glaucum by applying the Trichoderma-mediated selenium nanoparticles (SeNP).
Recently Nandini et al. (2020) also formulated trichogenic-lipid nanoemulsion and
used it against pearl millet downy mildew disease that offers a newer way to
manage biotrophic pathogens.

6.12 Genetic Engineering for Biotic Stress Resistance
in Pearl millet

Downy mildew is one of the most devastating pearl millet diseases caused by
Sclerospora graminicola, that attacks panicles causing extreme yield losses in
Africa and India (Kumar et al. 2012). In a study, 529 accessions of wild Pennisetum
species investigated in greenhouse and field-disease nurseries for downy mildew
resistance, out of which 223 accessions were found disease free (Singh and Navi
2000). Recently, two downy mildew resistant varieties namely, SOSAT-C88
(LCICMV1) and SUPER SOSAT (LCICMV3) were released for North Eastern
Nigeria (Ajeigbe et al. 2020). Researchers also successfully developed the trans-
genic lines of pearl millet to combat the adverse effect of downy mildew. A study
documented the established transgenic pearl millet lines expressing pin gene,
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exhibits high resistance towards downy mildew pathogen (Latha et al. 2006).
Similarly, Veena et al. (2016) generated transgenic via overexpressing
coiled-coil-nucleotide-binding-site-leucine rich repeat (CC-NBS-LRR) gene from
P. glaucumin response to downy mildew pathogen. In order to develop downy
mildew resistant pearl millet crop researchers overexpressed AFP and NPR1 gene
from heterologous system Aspergillus giganteus and Brassica juncea, respectively
(Ramineni et al. 2014; Girgi et al. 2006). Nowadays, blast has increased alarmingly
in pearl millet (Nagaraja and Das 2016). Rapid spreading of this disease might be
due to the reason that the initial infection most probably derives from weeds or
other collateral hosts and also due to the rapid change in the pathogenicity of this
fungus. Rust is another common leaf disease that decreases grain yield and
adversely affects the biomass and quality of pearl millet (Sharma et al. 2020a).
Apart from these foliar diseases, ergot (Claviceps sp.) and smut (Moesziomyces
penicillariae) that are tissue-specific diseases (especially ovary), also infect pearl
millet (Shivhare and Lata 2017). Efficient field screening methods are already
available with ICRISAT (Das and Rajendrakumar 2016). Table 6.3 gives details of
the genes involved in downy mildew resistance in pearl millet.

6.13 Role of Bioinformatics as a Tool

The availability of vast datasets through various ‘omics’ technologies can be
effectively used to classify and functionally characterize candidate genes to be used
for biotic stress resistance in genomics-assisted breeding or transgenic technology.
After the whole genome sequencing of the pearl millet genome (Varshney et al.
2017), the task remains to classify thousands of genes crucial for the response and
tolerance against both abiotic and biotic stresses. Additionally, for a better under-
standing of the population structure, genetic diversity, evolution, domestication and
stress resistance of this essential crop, 994 pearl millet genotypes that included 963
inbred lines and single plants of 31 wild accessions were also resequenced. Other
than the whole genome sequencing, transcript profiling through high throughput

Table 6.3 Functional validation of biotic stress (downy mildew) responsive genes in pearl millet

Gene Gene function Source References

afp Synthesis of antifungal
protein AFP

Aspergillus
giganteus

Girgi et al.
(2006)

NPR1 Non-expresser
pathogenesis related gene

Brassica
juncea

Ramineni
et al. (2014)

CC-NBS-LRR Plant disease resistance Pennisetum
glaucum

Veena et al.
(2016)

EIRE, ELI-Box 3, BoxW1,
WUN motif, WRKY

Biotic stress resistance Pennisetum
glaucum

Chanwala
et al. (2020)
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NGS approaches and several bioinformatics approaches to understand various gene
families were also taken up. De novo transcriptome sequencing was performed to
explore the candidate genes involved in interaction between pearl millet and downy
mildew pathogen (Sclerospora graminicola Sacc.) (Kulkarni et al. 2016). Further,
comparative transcriptome analysis of a tolerant pearl millet genotype at two
development stages and between two contrasting genotypes for terminal drought
tolerance also led to the identification of several differentially expressed genes
involved in salicylic and jasmonic acid pathways as well as flavonoid pathway
which are well known to be associated with biotic stress resistance (Shivhare et al.
2020a, b). Zala et al. (2017) developed EST-SSR markers associated with resistance
of downy mildew in P. glaucum and added them to the repository of molecular
markers for pearl millet that can be employed for downy mildew resistance
breeding. Details of all DNA-based molecular markers associated with biotic stress
resistance in pearl millet are listed in Table 6.4. Genome-wide profiling of cytosine
DNA methylation showed that salicylic acid induces defense pathways over
seedling development in pearl millet (Ngom et al. 2017). Further, genome-wide
identification and expression analysis of WRKY gene family in pearl millet led to
the identification of various cis elements associated with biotic stress response such
as EIRE, ELI-Box 3, BoxW1, WUN motif in the promoter regions of several
WRKY genes highlighting the important role of WRKY genes in imparting biotic
stress resistance to the crop (Chanwala et al. 2020). In addition, a compound
called G_app7, purified from Ganoderma applanatum was found to be effective in

Table 6.4 Summary of DNA based markers developed in pearl millet for biotic stress tolerance

DNA markers References

53 SSRs loci were mapped on 7 LGs spanning 903.8 cM length with
18.1 cM as average adjacent marker distance; 5 co-localized QTLs were
identified on LG 4 for DM resistance

Chelpuri et al.
(2019)

SSRs were developed against DM resistance in P. glaucum and QTLs
were mapped on LG 1 covering a total length of 101.1 cM and on LG 4
with a length of 91.4 cM

Taunk et al.
(2018)

2419 EST-SSRs markers were developed and 230 markers based on their
function in downy mildew-pearl millet interaction were validated in 12
pearl millet genotypes which are parents of mapping population

Zala et al. (2017)

229 DArT markers were developed and QTL linked with rust was
identified on LG 1 in pearl millet

Ambawat et al.
(2016)

51 SSR loci were mapped and QTLs linked to downy mildew were
identified

Satyavathi et al.
(2016)

333,567 sequence tags and 16,650 SNPs were identified across all 7
chromosomes for leaf spot resistance using GBS platform

Punnauri et al.
(2016)

GBS has been also used for identification of genomic regions associated
with striga resistance

Moumouni et al.
(2015)

SCAR markers derived from ISSRs were developed for downy mildew
resistance in pearl millet and used for QTL mapping

Jogaiah et al.
(2014)
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inhibition of S. graminicola, as well as the seed treatment with G_app7 protects
P. glaucum from downy mildew (Jogaiah et al. 2016). Overall, bioinformatics tools
and softwares help us to identify genes, proteins and metabolites involved in dif-
ferent molecular and signaling network and also helps to decipher the molecular
networking among them to reveal the possible mechanism within the cell.

6.14 Social, Political and Regulatory Issues

Pearl millet is a highly nutritious dual purpose cereal with several advantages. In
spite of the inherent advantages, it has been paid little attention in comparison to
other cereals. Changing climatic scenario, drudgery, market policy, rancidity,
drought, diseases and insects are some of major key constraints for pearl millet
production and promotion. A rapid advancement in the development of hybrids and
varieties addressing these constraints is required taking into consideration farmer’s
practices and market acceptability. Host resistance against different diseases has
been exploited to a large extent and presently the farmers’ use resistant varieties.
However, the shift in virulence pattern of the pathogen, especially in endemic areas
is causing concern and need to be addressed. The long-lasting success and use-
fulness of disease resistance breeding depends on various factors such as avail-
ability and type of pathogen, virulence diversity, genetic resistance types, methods
of screening, selection environment, utilization and deployment and monitoring
resistance/virulence. Numerous factors such as inadequate accessibility of desired
genes in cultivated gene pool, incompatibility barriers among different crosses of
wild species and pearl millet, sterility among hybrids, lesser number of mapping
reports on identification of avirulence genes, initiation of polyploidy to lessen the
differences at ploidy level in order to obtain interspecific hybrids are some of the
hindrances towards development of resistant hybrids.

Thus, there is a need to accelerate the development of a combination of pearl
millet innovations to put into farmers hands that at finite will result in sustainable
productivity enhancement of pearl millet for food security and future generation.

6.15 Future Perspectives

Substantial research has been done to understand host-pathogen relations,
improving methods of disease screening, identification and use of sources of
resistance and breeding for development of adequate parental lines and hybrids
which are resistant to different diseases. Even then, biotic stresses are the main
challenge for gaining high yield potential of hybrids and thus efforts are needed to
develop breeding programs to deliver high yielding pearl millet cultivars resistant to
diseases and insect pests with adapted and resilient farmer’s practices and crop
management strategies. Studying and transferring of different characters like
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apomixis and perenniality for improving quality of fodder should be highly focused.
Diversification of gene pools to reduce genetic vulnerability, identification of dis-
ease resistance genes/QTLs against specific isolates, developing near isogenic lines
as host-differentials, exploiting wild germplam using pre-breeding and identifica-
tion of genetic markers for avirulence are some of the other areas need to be
focused. Further, gene pyramiding, molecular tagging of disease resistant genes,
marker-assisted breeding, trait genetics, association mapping, transcriptomics and
proteomics, high throughput assays and NGS techniques are some of the advanced
tools and strategies highly desired to develop resistant varieties.

In addition, tissue culture technique and doubled-haploid breeding technology
could also be helpful for studying genetic diversity and inheritance of resistance
among hybrid parental lines to develop isolate specific resistant inbreds in a shorter
duration. It is also necessary to identify and utilize sources of multiple disease
resistance, collecting and characterizing different isolates, monitoring virulence and
pathogen variability through on-farm surveys and virulence nurseries at different
locations to overcome the biotic stresses. Use of recent phenotyping and geno-
typing approaches will be highly useful to exploit and evaluate natural genetic
variations in the germplasm to identify/validate major quantitative traits loci (QTLs)
to understand pathogen variability and development of resistance to major biotic
stresses.
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Chapter 7
Genomic Designing for Biotic Stress
Tolerance in Foxtail Millet (Setaria
italica L.)

Sumi Rana, Lydia Pramitha, Pooja Rani Aggarwal,
and Mehanathan Muthamilarasan

Abstract Global food insecurity has become one of the significant issues in recent
years. The research community has begun to rely on nutritionally rich millets to
resolve the issue since they are considered hardy crops and have a higher potential
to cope with biotic and abiotic stresses. Foxtail millet (Setaria italica) has gained
popularity as a model crop due to its small diploid genome, short life-cycle,
in-breeding nature, and resilience to various climatic conditions. Domestication of
foxtail millet took place about 8,000 years ago. It is known as the oldest cultivated
crop in the world. Because of its climate resilience feature, foxtail millet is con-
sidered tolerant to most of the biotic and abiotic stresses. However, the cultivated
foxtail millet does encounter several pathogens in the natural conditions, fungi and
virus in particular, which causes significant yield losses in foxtail millet production
worldwide. With the availability of genome sequence information, research in
foxtail millet has accelerated, as many genes responsible for better agronomic traits
have been identified. In this regard, genes and molecular pathways underlying
abiotic stress response have been studied extensively in foxtail millet. However, the
investigation of biotic stress response in foxtail millet is still at an early stage. Given
this, the chapter briefs the patho-stresses known to affect foxtail millet yield and
genes identified from the crops to understand the biotic stress-induced response.
Further, the chapter highlights the use of genome editing tools like TALENs, ZFNs,
CRISPR/Cas9, etc., that could be used to enhance the agronomic traits of the crop.
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7.1 Introduction

Disease incidence is among the most significant features that limit the productive
potential of crop plants. Fungal pathogens incite the majority of plant diseases.
Fungi affect a broad spectrum of plants, which also includes cereal plants. Disease
response to the pathogen varies among individuals of the same species, owing to
their genetic makeup and adaptability. Plant immunity and vulnerability are mod-
ulated by the interaction between host and pathogen, consequently activating a
cascade of signaling responses during certain stress conditions. Activation of these
responses regulates the expression of genes specific to the stresses condition. Study
of the molecular mechanisms and the underlying genetic determinants are of utmost
importance to unravel the genes and pathways targeted for combating the disease.

Millets are annual crops known for bearing small seeds with high nutrition
content and their climate-resilient nature. It is believed that their domestication took
place in Asia, mainly in China and a few other parts of the globe. They could be
easily grown in semi-arid and warm areas with minimal nutrient requirements and
are consumed as food and fodder. These are considered as nutri-cereals that are
from the family Poaceae and include millets, namely pearl millet (Pennisetum
glaucum), finger millet (Eleusine coracana), foxtail millet (Setaria italica), little
millet (Panicum sumatrense), tef (Eragrostis tef), guinea millet (Brachiaria
deflexa), Proso millet (Panicum miliaceum) and so on (Dwivedi et al. 2012).
Fluctuating climatic conditions and burgeoning population have already raised the
concern of food security. Besides, plants cannot move and are constantly exposed to
the numerous biotic and abiotic stresses present in nature that eventually led to
productivity loss. Abiotic stresses include salinity, heat, cold, drought, etc., whereas
biotic stresses include living organisms like bacteria, viruses, pests, insects, fungi,
and other predators of plants. These biotic stresses have become a serious threat not
only for the yield of crops but also for the security of global food availability.
Researchers are looking up to the orphaned crops like millets, owing to their
climatic resilient nature, to cope with global food security issues.

Foxtail millet holds the second position among the major millets, wherein pearl
millet holds the first position with respect to global productivity. Domestication of
foxtail millet took place in China about 8,700 years ago. It is included in the “Five
grains of China” due to its significant impact on Chinese civilization and is con-
sidered one of the major staple crops for a long time (Austin 2006). It is cultivated
worldwide in semi-arid, dry, tropical, and subtropical sections for grains and forage.
Currently, India is among the major producers of millets globally, followed by
Niger and China (FAOSTAT 2018). Foxtail millet has a diploid genome
(2n = 2x = 18) of about 423 Mb with a low amount of repetitive DNA. It under-
goes self-pollination and has a very rapid life-cycle. Being a C4 crop, it has
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excellent photosynthetic efficiency and produces high yield even in minimal
nutrient containing soil and low precipitation. Foxtail millet also has high water use
efficiency (WUE) and exhibits remarkable tolerance against abiotic stresses. Owing
to these properties and their relatedness to the C4 grasses, foxtail millet is regarded
as a model to study other C4 biofuel grasses (Muthamilarasan and Prasad 2015). It
is rich in nutritional content from other cereals as it has a higher content of
antioxidants, proteins, crude fat, dietary fibers, and minerals with a significantly less
glycemic index (Muthamilarasan et al. 2016). Therefore, it has gained popularity
among plant researches around the globe other than China due to its agricultural and
economic importance.

Foxtail millet has received major attention for research due to its potential to
withstand most of the biotic and abiotic stresses and has been acknowledged as a
climate-resilient crop as well (Lata et al. 2010; Muthamilarasan and Prasad 2015).
However, the production of cultivated foxtail millet is limited by few pathogens. In
brief, diseases like blast (Pyricularia setariae), rust (Uromyces setaria), smut
(Ustilago crameri), udbatta (Ephelis oryzae) and downey mildew (Sclerospora
graminicola) are reported rarely in foxtail millet. These diseases are not prevalent in
larger zones, whereas they emerge in particular locations due to the conducive
environment, season, and excessive fertilizer application. However, they are easily
managed by cultural and chemical measures (http://www.aicrpsm.res.in/).
Regarding pests, foxtail millet has an inherent non-preference stature as its
host-plant resistance. Thus, not much yield is affected due to pests in foxtail millet.
The predominant pests in foxtail millet include shoot fly (Atherigona athripalpis),
flea beetle (Chaetocnema basalis, Baly. Madurasia sp.), armyworm (Mythimna
separata. Wlk), leaf roller (Marasmia trapezalis. Wlk.), stem borer (Chilo partel-
lus, Swim.), surface grasshopper (Chrotogonus sp.), ant and leaf minor. Among
these pests, flea beetle has a moderate effect in reducing the yield. These can be
effectively controlled by utilizing the existing variability in the gene pools (http://
www.aicrpsm.res.in/). Here, we summarize the biotic stresses affecting foxtail
millet growth and productivity. Further, genomics and genetic analysis, expression
studies to identify genes related to stress response are outlined. Also, the impor-
tance of genome editing tools has been highlighted that might be useful in the future
for crop improvement.

7.2 Biotic Stresses Affecting Foxtail Millet Cultivation

Foxtail millet is a crop with wild behavioral traits and is less prone to diseases and
pests. However, this has originated from Setaria viridis, a wild green foxtail millet
with weedy features. This has minimized seed shattering and higher-yielding
ability. The hairy leaves, spined stem, bristled inflorescence, tillering nature and
shorter duration creates a persistent natural barrier for the infestation of pests and
diseases.
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Currently, one of the significant constraints in foxtail millet yield is blast disease
caused by Pyricularia grisea. The infected plant develops disease symptoms such
as circular spots of about 2–5 mm with a dark brown perimeter on the leaf along
with a straw-colored leaf blade center. The disease is at its peak during increased
moisture content affecting the plant’s growth and development at all the develop-
mental stages, thereby affecting both the grains and forage production of foxtail
millet (Gaikwad and D’Souza 1986). Other than blast, the common disease
affecting foxtail millet crop is the bacterial blight caused by Xanthomonas sp. The
pathogen also carries wheat curl mite and wheat streak mosaic virus (Baltensperger
2002). In 2010, Mirzaee et al. reported for the first time that foxtail millet is infected
by the fungus Bipolaris australiensis, which causes brown spots in leaf and sheath,
leading to severe lodging in the plants. In China, sheath blight caused by Waitea
cicinata was detrimental for foxtail millet, leading to severe yield loss. Infected
plants tend to lodge when the disease is at the peak (Li et al. 2014). Rust is also a
common disease in foxtail millet, where the causative agent is Uromyces setaria
italica. The symptoms include the appearance of tiny uredosori on either face of the
leaf. During acute infection, leaves exhibit premature drying leading to about 10–
30% yield loss (Li et al. 2015). In addition, oomycetes, commonly known as water
molds, are filamentous eukaryotic microorganisms that infect Gramineae crops and
cause downy mildew disease. Further, Sclerospora graminicola (Sacc.) is also
known to infect foxtail millet, causing vein chlorosis. Accumulation of the
pathogen in the panicle shows a peculiar behavior wherein a leafy structure is
observed in the floral organs, commonly termed as witche’s brooms. The process is
called phyllody (Jegera et al. 1998; Das et al. 2016). One of the seed borne panicle
disease named udbatta caused by the fungus Ephelis oryzae has been observed to
affect foxtail millet productivity. The infected panicle appears like an incense stick
as the spike becomes cylindrical, compact, and silver in color (Nagaraja and Das
2016). In Korea, it has been reported that foxtail millet is infected by Rice stripe
virus (RSV) and Rice black-streaked dwarf virus (RBSDV). In 2017, the first report
was published on Barley virus G (BVG) infecting foxtail millet in Korea that
showed symptoms of yellow stripes and the formation of mosaic pattern (Oh et al.
2017). In 2020, Dwarf disease caused by Barley yellow striate mosaic virus was
reported for the first time in China. The infection showed high head sterility with
about a 10% reduction in the yield (Shen et al. 2020). A list of microorganisms
infecting foxtail millet is given in Table 7.1.

Few pests can infect foxtail millet periodically and cause significant damage.
Atherigona atripalpis, a shoot fly, is one of the major pests that infect foxtail millet
and produces symptoms of dead heart. During dry states, Agrotis ipsilon, a cut-
worm, can cause acute damage by cutting the seedlings of foxtail millet that appears
like ruminant grazing (Das and Rakshit 2016). At the age of a month, foxtail millet
plants can be occasionally invaded by stem borers like Chilo partellus and pink
borers like Sesamia inferens (Kundu and Kishore 1971). Along with a rapid life
cycle that aids in escaping from biotic stress, Foxtail millet also has a very diverse
collection of germplasm. Thus, cultivars showing natural resistance to these biotic
stresses can be selected using proper screening methods.
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7.3 Molecular Mapping of Resistance Genes and QTLs
for Biotic Stress

The genus Setaria comprises 125 species, of which five species are categorized in
the primary and secondary gene pool. The remaining species are yet to be studied
for their key traits (Lata et al. 2013). Foxtail millet contains the highest phenol
content in most of the accessions. The phytochemical compositions of foxtail
cultivars also presented a higher chlorogenic acid, catechin, naringenin, hesperetin,
and quercetin (Ghimire et al. 2019). These components have an essential role in
developing resistance towards biotic stresses. Molecular characterization of these
compounds in foxtail millet in the future will revolutionize the breeding program in
millet crops. The genetic diversity of resistance (R) genes in the foxtail millet
revealed 242 CNL genes, which is thrice the number of R genes present in other
cereals (Andersen and Nepal 2017) and mapped on chromosome 8. These gene
products are known as effector molecules. The phylogeny-based comparison
between foxtail millet and rice revealed the similarity of this region with Os11. To
date, there is no study available for mapping the tolerant/resistant genes in foxtail
millet, highlighting the importance of exploring this particular area of millet
research in the near future.

Foxtail millet is a well-known crop for its phenomic diversity and morphological
characters. The advent of markers led to establishing the correlation between these
phenotypic variations to the geographical locations. Restriction fragment length
polymorphism (RFLP) markers were used to generate the first linkage map with

Table 7.1 List of pathogens that interact with foxtail millet to develop diseases

Causative agent Symptoms in foxtail millet Reference

Bipolaris australiensis Brown spots on leaves and sheath Mirzaee et al. (1998)

Pyricularia grisea (Blast
fungus)

Circular spot with dark brown
periphery

Gaikwad and
D’Souza (1986)

Xanthomonas sp (Bacterial
blight)

Necrotic lesions on plant Baltensperger (2002)

Waitea cicinata Sheath blight Li et al. (2014)

Uromyces setaria italic
(Rust)

Tiny uredosori on leaves Li et al. (2015)

Sclerospora graminicola
(Sacc.) (Downy mildew)

Vein sclerosis, Witch’s broom Jegera et al. (1998),
Das et al. (2016)

Ephelis oryzae (Udbatta) Spike takes a cylindrical shape and
appears silver coloured

Nagaraja and Das
(2016)

Barley virus G Yellow stripes and mosaic pattern Oh et al. (2017)

Barley yellow striate mosaic
virus (Dwarfing)

Dwarfing and head sterility Shen et al. (2020)

Ustilago crameri (Smut) Appearance of black colored spore
balls in ear

Kumar (2011)
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markers signifying agronomical features in foxtail millet (Botstein et al. 1980).
Preceding these studies, simple sequence repeat (SSR) and expressed sequence tag
(EST) markers were predominantly used for grouping the germplasm accessions to
clusters for diversity (Chander et al. 2017). Recent techniques of genotyping by
sequencing (GBS) using single nucleotide polymorphisms (SNPs) were used to
dissect the nucleotide variations for chlorophyll pigmentation (Jaiswal et al. 2019).
Further, these techniques have to be employed to identify the molecular phe-
nomenon behind the biotic stress tolerance in foxtail millet.

Recombinant inbred lines and F2 populations are the major mapping populations
developed in foxtail millet to identify the quantitative trait loci (QTLs) linked to
agronomic parameters. These populations were used to improve the yield plateau of
foxtail millet successfully. The sets of mapping populations could further be
developed for studying the QTLs linked to major biotic stresses in foxtail millet
(Fang et al. 2016; Wang et al. 2019).

7.4 Marker-Assisted Breeding for Resistance Traits

Marker-assisted breeding techniques are empowering tools to improve the crops in
a short breeding cycle. These markers could be developed from identifying
marker-trait association from an association mapping technique. These techniques
were utilized to understand the linkage disequilibrium (LD) values for morpho-
logical variations in core collections and germplasms of foxtail millet (Jia et al.
2013). Formulated core and reference set populations for foxtail millet could be
later characterized to identify key traits responsible for biotic stress tolerance. The
major races, viz. indica, maxima, and moharia were studied for their variations in
abiotic stress conditions (Krishnamurthy et al. 2007, 2016) and could be further
characterized for their biotic stress resistance. No such studies linked to patho-stress
was performed in India. However, the Chinese cultivars for rust tolerance, cate-
gorized by Diao and Jia (2017) could be used as effective donors to develop rust
resistant lines in endemic regions. The distinctness, uniformity and stability
(DUS) descriptors used as screening traits by Banu et al. (2018) could be further
stratified to accomplish indicator traits required for biotic tolerance in foxtail millet
cultivation.

Foxtail millet is a model crop due to its lesser genomic complexities and hardy
stature, which imparts biotic stress tolerance to the crop. The key traits linked to
biotic stress tolerance has to be characterized to accelerate the gene introgression
and pyramiding studies in other related cereals and millets. This could also intro-
duce resistant cultivars to the endemic regions that induces pest and disease attacks
in the future (Fig. 7.1).
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7.5 Genomics-Aided Breeding for Resistance Traits

7.5.1 Details of Genome Sequencing

Draft genome sequence of foxtail millet cv. ‘Yugu1’ and ‘Zhang gu’ were decoded
by two independent research groups (Bennetzen et al. 2012; Zhang et al. 2012),
which paved the way to explore the determinants of stress response at the genomics
level. Bennetzen et al. (2012) generated *400 Mb assembly (396.7 Mb of
sequence in nine chromosomes and about 4.2 Mb in 327 scaffolds), representing
*80% of the genome. Further, the genetic basis of foxtail millet adaptation to
various stresses was investigated. Several genes belonging to various classes of
stress-responsive proteins such as AMP-dependent synthetase/ligase, NADH oxi-
dase, lipid transfer protein, multi-antimicrobial extrusion protein, aldo/keto reduc-
tase and glutathione S-transferase were identified in the study. These genes may
have a potential role in the abiotic as well as biotic stress response in foxtail millet.
In parallel, the draft genome of cv. ‘Zhang gu’ have been sequenced with
whole-genome shotgun combined cum next-generation sequencing (NGS).
Approximately 423 Mb assembly representing *86% of genome size, with repeat
sequence comprising *46% were reported in the study (Zhang et al. 2012).
Annotation was done using gene ontology that revealed that many genes related to
stress response were identified that might have involvement in foxtail millet
adaptation to a myriad of biotic stresses.

Fig. 7.1 Schematic illustration of marker assisted selection for biotic stress tolerance in foxtail
millet
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7.5.2 Gene Annotation

Following genome sequencing, gene annotation is imperative to provide researchers
tools for biological research. Approximately 40% of the ‘Yugu1’ genome was
found to be composed of transposable elements. In addition, 48 families of miRNA
transcripts were also discovered in the ‘Yugu1’ genome. Whole-genome annotation
precited 24,000–29,000 protein-coding genes, of which 10,059 were single intron
genes. Further, a comparison of homologous gene sets and alignment of ESTs
between Setaria and switchgrass revealed that both were diverged around 3–7 Myr
ago (Bennetzen et al. 2012). In ‘Zhang gu’ assembly, approximately 46% of the
genome was composed of transposable elements. Of these, both class I (31.6%) and
class II (9.4%) transposable elements were identified. A total of 38,801 genes were
predicted in the ‘Zhang gu’ genome with an average transcript length of
2,522 bp. Further, 1,367 pseudogenes were also identified in the study. In addition,
several non-protein coding genes such as 99 rRNA genes, 704 tRNA genes, 159
miRNA genes, and 99 snRNA genes were also predicted in ‘Zhang gu’ genome
(Zhang et al. 2012). Functional annotation of both foxtail millet strains was per-
formed for further gene discovery and pathway identification, which in turn high-
lighted the set of genes that might have a role in stress adaptation.

7.5.3 Impact on Germplasm Characterization and Gene
Discovery

The molecular basis of genetic adaptation and genes having a potential role in
abiotic stress response has been studied extensively in foxtail millet. However,
germplasm characterization for identifying foxtail millet genotypes/cultivars
exhibiting differential response to very few pathogens has been performed in the
past. Earlier, 20 cultivars of foxtail millet were tested for blast resistance against 11
Japanese Setaria isolates of blast fungus (Nakayama et al. 2005). Further, evalu-
ation of resistance against blast among 155 accessions of foxtail millet has been
performed at ICRISAT, Patancheru, India against Magnaporthe grisea Patancheru
isolate (Sharma et al. 2014). Bioagents such as Bacillus cereus and B. subtilis, and
fungicides such as mancozeb, combinations of carbendazim + mancozeb, car-
boxin + thiram, tebuconazole + trifloxystrobin have used to inhibit the growth of
leaf blast pathogen, P. grisea in vitro (Konda et al. 2016).

After the accessibility of genome annotation, gene family analysis is one the
most informative approach for gene discovery within the species or in comparison
with other species. Several studies reported the genome-wide identification of gene
families involved in multiple biological processes in foxtail millet, including
transcription factors. In brief, 147 NAC (Puranik et al. 2013), 171 AP2/ERF (Lata
et al. 2014), 209 MYB, 149 bHLH (Wang et al. 2018a, b), 124 C2H2-ZF
(Muthamilarasan et al. 2014), 110 WRKY (Muthamilarasan et al. 2015), 44 SCL
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(Liu et al. 2017), 35 Dof (Zhang et al. 2017), 47 HD-ZIP (Chai et al. 2018) and 27
Trihelix transcription factors (Wang et al. 2018a, b). In addition, RNA silencing
complex proteins viz. Dicer-like (8), Argonaute (19), and RNA-dependent RNA
polymerase (11) have also been identified (Yadav et al. 2015). Of these, few genes
have shown altered expression in response to abiotic stress. Also, heat shock
proteins, such as HSP100, HSP90, HSP70, HSP60 and sHSP, were found to be
responsive during abiotic stress (Singh et al. 2016). Future investigation of these
gene families might provide an idea about their involvement during the biotic stress
response. Smut disease causes severe yield loss in foxtail millet. Jigu20 is one of the
cultivars resistant to smut, and Chanhnong35 is a susceptible one. Hao et al. studied
the RNA-seq of these cultivars to identify the differentially expressed genes post
smut infection. In the infected resistant cultivar (Jigu20), an upregulation was
observed in the SiRPM1 resistant gene (R gene) along with SiHSP and SiSGT1
(signaling molecules). The study also identified few putative genes that might
confer resistance against smut viz SiCDPK, SiCHI, SiBGL, SiHSP, SiRbohF,
SiPAL, and SiRPM1 (Hao et al. 2020). Zhu et al. performed in silico genomic study
of foxtail millet cv. Yugu1 and Zhang gu to identify the nucleotide-binding site
(NBS) disease resistance gene wherein they observed 281 NBS coding genes in
Zhang gu and 269 in Yugu1. Out of the total sequences identified, 72 were iden-
tical, while the rest 164 showed a similarity of 90% (Zhu et al. 2014).

7.5.4 Application of Structural and Functional Genomics
in Genomics-Assisted Breeding

Several transcriptomics-based studies have been performed in the post-genome era
in foxtail millet at different developmental stages and/or during abiotic stress
response. Based on the genomics and expression-based studies, advances were
made to generate large-scale genomic resources in foxtail millet. The research
community is using these resources to decipher physiological and molecular causes
of tolerance against abiotic stress factors, namely drought, heat, and salinity.
Evaluation of differential responsive cultivars during stress and identification of
stress-linked QTLs is followed by NGS based genomics-assisted breeding
(GAB) for developing stress-tolerant cultivars. This strategy has to be utilized in
foxtail millet to develop biotic stress-resistant cultivars by genomics-assisted
breeding in the future.

7 Genomic Designing for Biotic Stress Tolerance … 303



7.6 Gene Editing Strategies Developed in Foxtail Millet

Genetic manipulation has received attention in the past decade with the advance-
ment in genome editing tools and technologies. The liberty to add, subtract, replace
or even delete single or multiple bases has become possible with programmable
nucleases. Clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated 9 (Cas9) nucleases are among the most advanced and robust
tools based on nucleases. In addition, meganucleases (MN), transcription
activator-like effector nucleases (TALENs), and zinc finger nucleases have also
gained significant importance in the past. These nucleases basically introduce a
double-stranded break in the DNA followed by repair using non-homologous end
joining or microhomology-mediated end joining methods. Although the CRISPR/
cas9 technique has become very popular these days, its efficiency entirely depends
on the optimization when used for a particular crop system. The efficiency also
depends on the nuclease design and features, target site chromatin state, transfor-
mation strategy, target site repair, and outcome. Genome editing in foxtail millet
using CRISPR/Cas9 and other tools is still at the budding. Editing a particular gene
or genomic region to provide resistance against biotic stress has not been reported
in foxtail millet yet. Lin et al. (2018) have mutated the PDS gene using CRISPR/
Cas9 that showed about 10% mutagenesis with 51% transfection efficiency (Lin
et al. 2018). In Setaria viridis (Green foxtail), CRISPR/Cas9 was used to knock out
SvLES1 (Less Shattering 1), Drm1a, and Drm1b (Domain rearrange methylase)
genes (Huang et al. 2019; Weiss et al. 2020). The use of editing tools, including
CRISPR/Cas9 is yet to be done in foxtail millet for studying genes involved in
biotic stress resistance.

7.7 Brief on Genetic Engineering for Resistance Traits

7.7.1 Biotic Stress Resistance

Puranik et al. (2013) have reported that the NAC gene family can provide resistance
against biotic and abiotic stress and shows a crucial role in development, secondary
cell wall formation, cell cycle control, and senescence in plants. At various
developmental stages in foxtail millet, expression of LEA (late embryogenesis
abundant) (Wang et al. 2014), LTP (lipid transfer protein) (Pan et al. 2016) and
HSP (heat shock proteins) (Singh et al. 2016) was observed in different tissues
including inflorescence, seeds, leaves, stem and roots indicating towards their
involvement in several biotic and abiotic stress response. ADP-ribosylation factors
(ARFs) also play a crucial role in conferring tolerance to biotic and abiotic stress. In
2015, Li et al. studied the differentially expressed genes in contrasting cultivars of
foxtail millet, cv. Shilixiang (resistant) and c. Yugu-1, against Uromyces setariae-
italica. WRKY70, PER, PAL, SGT, and MKK1/2 showed higher expression levels
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in the resistant cultivar. Post 24 h of infection, increased expression of GLU, GST,
HSP90 and RPM1/RPS2 were observed in the cv. Shilixiang (Li et al. 2015).
Further, microRNAs are known to play a significant part in conferring stress
response in various crops. Several miRNAs were found to be upregulated in wheat
leaves during powdery mildew disease, such as miR393, miR827, and miR444 (Xin
et al. 2010). In brinjal, miRNAs, namely m0001 and m0002 provide resistance
against Verticillium dahlia infection (Yang et al. 2013). Exserohilum turcicum
infection in maize leads to upregulation of miR811 and miR845 in the resistant
cultivar (Wu et al. 2014). Similar studies can be performed to ascertain the role of
different genes and miRNAs in providing biotic stress resistance in foxtail millet.

7.7.2 Achievements of Transgenic Research in Foxtail
Millet

Studies conducted in response to multiple stresses have identified few candidate
genes in foxtail millet so far. The development of an efficient transformation
method is imperative for the generation of transgenics with an enhanced or silenced
expression of the selected candidate genes. Few studies have reported the method
for stable transformation of Setaria in the past decade (Martins et al. 2015; Saha
and Blumwald 2016; Van Eck 2018; Rathinapriya et al. 2019; Nguyen et al. 2020;
Santos et al. 2020; Sood et al. 2020). In addition to these transformation methods,
the foxtail mosaic virus (FoMV)-induced gene silencing (VIGS) and virus-mediated
overexpression (VOX) vector based on Foxtail mosaic virus (genus Potexvirus) has
also been developed in Setaria (Liu et al. 2016; Bouton et al. 2018). Using these
protocols, the generation of transgenic plants has been performed if foxtail millet,
mainly to study genes identified during the abiotic stress response. For example,
overexpression of SiASR4 showed drought and salt tolerance via the
ABA-dependent pathway in foxtail millet (Li et al. 2017). In another study, plants
overexpressing SiLTP showed increased resistance while RNAi plants exhibited
sensitivity to drought and salt stress (Pan et al. 2016). An in-depth analysis of genes
involved in biotic stress response is achievable by utilizing these methods in the
future.

7.8 Role of Bioinformatics as a Tool

7.8.1 Databases

Following genome and transcriptome-based studies, several databases have been
developed to serve as valuable resources for foxtail millet research. The Foxtail
millet Marker Database (FmMDb; http://www.nipgr.res.in/foxtail.html) provides
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access to genomic-, genic-SSRs, and ILP markers linking basic and applied sci-
ences in foxtail millet (Bonthala et al. 2013). Foxtail millet microRNA Database
(FmMiRNADb: http://59.163.192.91/FmMiRNADb/index.html) provided markers,
secondary structure, and putative targets information for 355 mature miRNAs
(Khan et al. 2014). Foxtail millet transcription factor database FmTFDb (http://59.
163.192.91/FmTFDb/index.html) comprises 2,297 putative TFs belonging to 55
families (Bonthala et al. 2014). In 2015, SIFGD (http://structuralbiology.cau.edu.
cn/SIFGD/) was established, combining the information from various data sources
for functional analysis of foxtail millet genes (You et al. 2015). Further, Yadav et al.
(2015) developed Foxtail millet Transposable Element-based Marker Database
(FmTEMDb; http://59.163.192.83/ltrdb/index.html) from 30,706 TEs and 20,278
TE-based markers.

7.8.2 Integration of Different Datasets

In addition to the databases designed for Setaria, other data sources such as
Plantgbd, Phytozome, and Gramene also provide integrated information related to
foxtail millet (Duvick et al. 2008; Goodstein et al. 2012; Gupta et al. 2016). Also,
SIFGD (http://structuralbiology.cau.edu.cn/SIFGD/) was developed in 2015 by
combining the information from various data sources, viz. Beijing Genomics
Institute, NCBI, and Phytozome (You et al. 2015). Few of the studies have
investigated differentially expressed genes and stress-responsive pathways during
biotic stress in foxtail millet. For example, identification of DEGs during Uromyces
setariae-italicae infection in foxtail millet to understand rust response (Li et al.
2015), and S. graminicola infection (Li et al. 2020). However, no databases are
available until date, highlighting the genes or pathways linked to biotic stress
response in foxtail millet. Though, information available in the above-mentioned
databases can be translated to study molecular mechanism underlying biotic
stress-induced response in Setaria.

7.9 Conclusions and Future Perspectives

It is evident that the screening and identification of genotypes exhibiting tolerance
and susceptibility to various pathogens in foxtail millet has just begun in the past
few years. Elucidation of genetic determinants underlying the contrasting disease
responses in foxtail millet is at a nascent stage now. Thus, identifying marker gene/s
associated with biotic stress could be a primary step for future breeding programs in
foxtail millet. Genetic approaches targeting the candidate gene offer a powerful
alternative to facilitate crop improvement by providing effective biotic stress
resistance. Different omics technologies can be integrated to develop elite cultivars
tolerant against biotic stress (Fig. 7.2). Thus, this chapter aims to brief the research
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work done to understand biotic stress response in foxtail millet and identify genetic
determinants underlying the trait. Furthermore, the identification of selected can-
didate genes, followed by their targeted sequencing, may provide information
regarding the SNPs linked to tolerance trait. Identified SNPs (allele-specific) will
serve as diagnostic markers or selectable markers for marker-assisted breeding
(MAS) to generate patho-stress-tolerant varieties. Functional characterization of
selected candidate genes would be the next step to determine their precise role in
stress response and improved tolerance.
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Fig. 7.2 Strategies to incorporate biotic stress tolerance using the germplasm available for foxtail
millet
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Chapter 8
Genomic Designing for Biotic Stress
Resistance in Finger Millet

B. Kalyana Babu and Rashmi Chauhan

Abstract Finger millet is highly nutra-cereal crop having rich sources of fiber,
calcium, and proteins. In India, crop is grown mainly as rainfed crop which is
known as poor man’s crop. Till recently, very less genomic information is available,
however which was filled with recent whole genome sequence of finger millet. The
crop finger millet is widely adapted to harsh climatic conditions which are also a
drought tolerant crop. Despite its well-known use as key cereal crop, mainly for
deprived persons in the dry climatic areas, it is ignored in genetic enhancement
programmes. Genomic studies revealed several significant QTLs for blast resis-
tance, drought tolerance, and other quality parameters. The present chapter
described in brief on the genomics improvement of finger millet for various biotic,
abiotic and nutritional parameters. Comparative genomics also studied in brief in
comparison with related crops like pearl millet and rice to identify the key homolog
and orthologous genes. Genetic engineering approaches were mainly targeted for
improvement of drought tolerance and blast resistance which are major factors in
finger millet improvement. The present chapter gives a clear picture on various
aspects of phylogeny, origin, genetics, molecular and genetic engineering approa-
ches for finger millet genetic enhancement.
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8.1 Introduction

Finger millet, is from the genus Eleusine, subspecies coracana, family Poaceae
belongs to Eragrostideae tribe. Once, it was thought that Uganda and its neigh-
bouring part was origin of Eleusine coracana and brought to India, most likely
around 3,000 years ago (FAO 2007). Finger millet also called as Ragi in India. Ragi
also grown in some regions of Tibet, Burma, Nepal, Sumatra, Malaysia,
Philippines, Java, Iran, and Afghanistan. Due to continuous natural and forcible
selection by the human beings, the secondary origin of center was developed which
presently being called as India.

The inflorescence is called as digitate or sub digitate, where as spikes are stout
and having curved. The grain is in globose structure where its colour generally in
reddish, blackish or sometimes whitish also (Phillips 1972). The grain of finger
millet is mostly black in colour. The inflorescence branches are long slender,
outward curve nature exists mostly in the maturity times. The recluse has open
fingers with short length, but no curves observed in the branches of finger millet.
The laxa race long fingers which are open in nature, where spikelets are settled on
shallow portions of inflorescence.

The primary, secondary and tertiary centres of origin were not clearly demar-
cated in oil palm due to insufficient data. The phylogenetic and systematic relations
also not clearly determined. However, the germplasm of finger millet divided into
three categories. The secondary gene pool consisted of diploid genomes, whereas
tertiary gene pool having Eleusine. The literature clearly indicated that variation
persisted in cultivated germplasm of finger millet in Africa (Primary center) and
also in secondary center of origin (India). The high amount of genetic variation is
important for germplasm collection, preservation and for exploration studies. For
this purpose wild and cultivated finger millet are important which may be efficiently
used for these purposes. The wild millet migrated from Africa to other regions of
the world like American continent and Asian sub continents. In Africa, weeds
similar to finger millet were emerged due to natural pollination occurred between
wild and cultivated millet. This hybrid was almost similar to the E. coracana,
however it is a weed with no productivity. This has paved the way for generating
new forms which are intermediate in nature. These are very restricted to the
strongly related cereal crop. The secondary gene pool consists of indica, floccifolia
and tristachya species, whereas intermedia, kigeziensis belongs to tertiary gene
pool.

8.2 Biotic Stresses in Finger Millet

The interaction of avirelence (Avr) genes and resistance (R) genes will determine
the resistance mechanism of disease in most of the crop plants. This type of
resistance mechanism is mostly supported by hypersensitive response which is key
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to the control of the growth and wide spread of the pathogen (Carine et al. 2008).
Panwar et al. (2010) identified the relationship of Magnaporthe grisea NBS
sequences through functional molecular markers. These markers are part of the
genes related to the NBS-LRR proteins in finger millet. These genes are large
diverse gene family which are having distinctive N-terminal domain. They con-
ducted this study in a large sample of finger millet for unravelling the genetic
relationship of disease resistance genes. The results showed that these NBS-LRR
sequences are highly conserved among the related germplasm which helped in
molecular dissection of germplasm of finger millet. Like this few reports are sup-
ported this evidence where RAPD markers were used on forty five blast pathogen
isolates. They found that finger print profile was produced for nearly 25–30%
linkage distance. This resulted in forming two major clusters based on RAPD
molecular classification. From crops like rice, Arabidopsis and wheat, nearly 48–50
resistance (R) genes were isolated and cloned through transposon tagging as
reported by Okuyama et al. (2011). The amino acid motifs are highly conserved
among these species have been studied widely and used to characterize NBS-LRR
connected genes (Meyers et al. 2003). The amount of polymorphism was observed
between 71.4 and 85%. With an aim to conserve the NBS-LRR regions of cloned
resistance genes, Reddy et al. (2011) secluded these R gene homologous genes in
finger millet. These were isolated using EST based primers which amplify the
conserved NBS regions. They cloned nearly 107 NBS-LRR sequences. Out of the
107, high amount of similarity was found for 41 known R genes which they named
as EcRGHs (Eleusine coracana resistance gene homologs). However, nearly 10
cloned sequences showed similarity to pollen related proteins which were named as
EcPSiPs (Eleusine coracana pollen signalling proteins).

8.3 Genetic Resources of Resistance Genes

In India, the main organization conserving the crop germplasm or gene pool is
ICAR-National Bureau of Plant Genetic Resources (NBPGR), New Delhi. It is a
repository source of all crop germplasm including finger millet. It is estimated that
nearly 10,507 germplasm is under long term conservation to cater the needs of the
finger millet breeding programmes. Out of these 10,507 gene pool, nearly 4,500 are
of exotic origin and non-Indian origin. This shows the importance of gene pool in
the ongoing research activities. Most of these collections are from locally collected
sources however included 117 accessions belong to exotic origin. Sood et al. (2016)
observed that these collections were having mostly wild species belonging to in-
termedia, kigeziensis, semisterlis and jaegeri. Along with this wild species, 154
advanced varieties, and 64 pre breeding material also included. Some of these
germplasm also being maintained at AICSMIP center at Bangalore as a short and
medium term storage which is being used in research purposes of the needs of
India. It also helping the research needs of most of the national scholars for their
post graduate studies. Along with NBPGR, ICRISAT also maintaining the genetic
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resources of finger millet in a large scale. The ICRISAT is having a global
depository of nearly 6,000 accessions belongs to different origin of countries
(mainly exotic origin) having 105 wild one, 5,600 land races, 140 advanced
breeding materials and 50 pre breeding germplasm (Sood et al. 2016). All these
collections throughout the world makes a rich source of finger millet germplasm
which provides long term storage. These collections are a major source of gene pool
across the world. At global level, other than ICRISAT, USDA-ARS in Griffn,
Georgia also maintaining finger millet core germplasm of 770 accessions which
consists of around 20 wild species. Other countries like Zimbabwe, Uganda,
Bhutan, Srilanka and Kenya also maintaining 1,158, 1,155, 84, 393 and 1,902 gene
pool respectively (The Global Crop Diversity Trust 2012). All these germplasm
collections lead to development of core collections which captured the maximum
genetic diversity which is nearly representing 10% of the whole germplasm
(Upadhyaya et al. 2006). This core collection is presently being used by several
researchers in all the breeding and molecular breeding programmes.

8.4 Classical Genetics and Traditional Breeding for Biotic
Stress Resistance

Finger millet is known as poor man’s crop which serves the needs of underprivi-
leged persons of most of the Asian countries. Since long time, it is ignored from the
main research activities as compared to rice, and maize (Upadhyaya et al. 2006).
Because of its nutritional properties, wide acceptance has been taken place now a
days in the developing and under developed countries where developed countries
already utilizing its sources. However, till 2010, less work in the improvement of
finger millet using conventional and molecular breeding approaches. The pheno-
typic characterization of finger millet like other crops also faced some restrictions
for improving the complex quantitative traits. The phenotypic traits are highly
influence by environmental conditions and conventional breeding offer limited
success to improve those traits. In such cases, conventional breeding together
molecular techniques will help in improving the finger millet improvement in a
short time, precisely.

After the availability of Sanger sequencing on a commercial scale, the molecular
biology lead to whole genome sequencing (WGS) in essential crops where it is
economically feasible. These techniques surpass the disadvantages of biochemical
and morphological markers like environmental factor influence, developmental
stages and inadequate number (Winter and Kahl 1995). These modern biological
tools like molecular markers are more stable and are large number. The finger millet
DNA content was determined using Feulgen micro-spectrophotometry technique by
Hiremath and Salimath (1991). Later in 1997, Mysore and Baird found the 2C value
of finger millet as 3.36–3.87 pg (1 pg = 980 Mbp) which is more than the genome
size of rice. Several works found that near about 45% of the finger millet genome
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had repeated sequences in DNA which also having 18% with single copy (Gupta
and Ranjekar 1981). Out of the total repetitive sequences, 20% were belonged to
long-range interspersion pattern, whereas short-period interspersion patterns rep-
resent 60%. They proposed based on the evidences that, crops having more than
2.5 pg of DNA content responsible for short-period interspersion pattern, while less
than 2.5 pg of DNA content responsible for diverse genome organization.

8.5 Marker-Assisted Breeding for Resistance Traits
in Finger Millet

Disease resistance mechanism of any species like finger millet need to be studied
thoroughly at molecular level for identifying the genes linked to those traits. The
modern tools like molecular markers offers a vast range of applications and tools to
dissect the loci involved in disease or pest resistance. The DNA based markers are
presently being widely used in marker assisted breeding programmes to improve
the traits (Babu et al. 2007). This gives more accuracy towards tracking the sig-
nificant QTLs in comparison to conventional breeding (Ceasar et al. 2018).
Research work done for the investigation of genetic diversity and quantitative trait
loci mapping in finger millet are discussed below.

8.5.1 Genetic Diversity Analysis

The whole living organisms are made up of infinite genetic diversity (Narain 2000).
As we know that in the earth, no two sexually reproducing organisms are similar.
This is due to changes occurred in the hereditary mechanism while reproduction.
The high amount of heterozygosity is the major driving factor in creating large
genetic divergence in several populations which is a basic determinant of breeding
knowledge and programmes (Durand et al. 2010). Earlier, assessment of variations
at genetic level was done at morphological basis and also by biochemical param-
eters. However, these were inhibited due to several factors which were discussed in
the above section. These were undergone by using modern molecular tools like
genomics and transcriptomes for the evaluation of genetic variation. To induce the
desirable variations in the economic traits, different genetic resources and tech-
nologies were used. A pervasive investigation of feasible genetic materials and
utilization of naturally occurring changes can establish to be a helpful basis of
genomic information. As per the collections made at several institutes, this rich
gene pool present in the wild species and land races can be used in essential traits
like blast resistance to develop the high yielding and blast resistance cultivars. Very
less research has been done at molecular level for diversity studies and mapping
studies using several molecular markers like RAPD, RFLP (Salimath et al. 1995),
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micro satellite markers (Dida et al. 2007; Babu et al. 2014a, b, c, d), and bio-
chemical markers (Hilu 1995). Recently, little work was done on several aspects of
finger millet improvement using molecular techniques (Kumar et al. 2012; Panwar
et al. 2010; Babu et al. 2007; Dida et al. 2007). In comparison to other major crops
like rice, wheat and maize, scanty of genome information available for finger millet
crop.

8.5.2 Association Mapping Studies

Worldwide, plant breeders are aiming to create and make use of natural variation by
the way of changing the genetic code in DNA sequences. Since long back, linkage
based mapping is the most widely used methodology using F2:3, RIL, BC popu-
lations by crossing diverse parents for a trait with known relation. However, later in
the animal sciences, linkage disequilibrium (LD) and association mapping (AM) are
being popular for gene identification because of their alternate advantages in
addition to the linkage based mapping. Association mapping detects significant loci
by combination of genotypic and phenotypic data using linkage disequilibrium in
the population estimated. The concept of AM was first developed for human
genetics which is now extended to animals and plants. It is useful for detection of
new loci or QTLs based on the lineage, strength of correlation between genetic
markers and traits of interest. This is particularly useful where highly dense markers
are available like SNP markers. Through parental linkage mapping studies, one can
depend only on recombination events which were come across throughout the
mapping populations under study. The main advantage of association mapping is
the much higher mapping resolution, and it will also consider the evolutionary
history of the population in comparison with family mapping. In addition, it also
has advantage of identifying unlimited QTLs for any quantitative trait. The
advantages of association mapping over traditional QTL mapping are broader
genetically different reference population, higher resolution mapping, utilization of
ancestral origin data, and it is cheaper and saves time (Sood et al. 2016). There is a
report on identifying major QTLs for important economic traits in finger millet.
They used genomic SSRs which identified five SSRs linked to some traits at a p
value of less than 0.001 (Babu et al. 2014b). Out of these QTLs, the one linked to
basal tiller number was linked tightly by the UGEP81 marker at p of 0.001 which
explained 10.8% of phenotypic variance. Likewise 50% flowering trait was asso-
ciated with UGEP77 and UGEP90 markers by explaining phenotypic variance of
10 and 8.7% respectively. Flag leaf width and height of the plant were found to
linked to FM9 genic SSR marker.
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8.5.3 Molecular Mapping of Resistance Genes and QTLs

The major disease leaf blast, in finger millet is caused by Pyricularia grisea (Cke.)
Sacc. affects yield loss to a great extent and also other biotic factors like Striga also
causes yield loss. These two are major biotic factors causing reduction in pro-
duction and productivity varies from 25 to 90% in severe cases. Several workers
made for identifying resistance genes for leaf blast by comparative genomic
approaches using genic or functional EST based markers (Sood et al. 2016).
Seventy percent of the R genes (transcription factors) consist of NBS-LLR domain
proteins. In few reports, these NBS regions showed maximum similarity with rice
blast resistance genes like PiKh and Pi21. From these reports, it may be evident that
blast resistance genes of rice might be having similarity with finger millet NBS
genes might be playing vital role in marker assisted selection of blast resistant
cultivars (Babu et al. 2014c; Kumar et al. 2016). Some SSR markers (EST-SSR4,
FMBLEST5) which were found to be potential were designed in the conserved
region of NBS-LRR and EST sequences (Babu et al. 2014a; Sood et al. 2016). It is
also found that blast resistant Pi genes showed similarity In silico level by com-
paring the finger millet NBS-LRR and Pi gene sequences (Babu et al. 2014c).
Several workers (Saha and Rana 2016) isolated R gene homologs from the con-
served regions of cloned R genes (Babu et al. 2014a; Reddy et al. 2011). Then they
developed flanking SSR markers for the resistant genes. These markers were used
for delineation of susceptible and resistant genotypes (Saha and Rana 2016) which
were called EcRGHs.

The other major biotic constraint is Striga spp. In African countries, where finger
millet is a major staple crop. It affects almost 25–85% yield losses (Atera and Itoh
2011; Sood et al. 2016). Even in severity, it was reports that 100% crop damage by
the Striga (Haussmann et al. 2000). Development of Striga resistant cultivars is the
most possible objective of the breeders and researchers throughout the world.
Development of genetic resistance to the Striga is the only feasible method to
restrict it which is also eco friendly technique. Searching of the potential candidate
genes for Striga resistance also may be useful, may sometimes available in the wild
finger millet crops. This type of resistance to Striga also reported in other crops like
rice and other millets (Oswald 2005; Harahap et al. 1993; Ejeta and Gressel 2007).
Taking lead from these crops may help in developing the Striga resistant finger
millet crop. Association mapping studies were available for identifying QTLs for
traits like morphological traits like days to flowering, plant height and flag leaf
blade width. Four significant SSR marker associations were found out of 100 SSR
markers using core collection of finger millet germplasm (Babu et al. 2014b, d).
They also rice markers which were reported to be linked for blast resistance in
rice (Babu et al. 2014e, 2016). The genic marker FMBLEST32 and RM 262 were
found to be associated with blast disease resistance of finger millet at a p-value of
0.007 and R2 of 10 and 8%, respectively. Finger blast was associated with UGEP81
at p of 0.009 and with 7.5% of phenotypic variance. However, same trait was linked
with multi markers like UGEP56, UGEP8, UGEP65, and UGEP31 (Bharathi 2011).
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So, the notable use of mapping populations for the benefit of getting better idea on
marker association and broad revision of these allied QTL would be useful for
authentication of the multi-trait QTLs which were found till now.

8.6 Genetic Engineering for Resistance Traits
in Finger Millet

Though some work was done on the linkage and association mapping, considerably
genetic engineering works were initiated in finger millet well before the genomics
(Gupta et al. 2011). They used GUS reporter gene for genetic engineering and
transformation work using five promoters of genes like uql, Actl, RbcS via (Ft) gene
promoter. They observed efficient GUS expression under Rbc S and CaMV35S
promoters (Gupta et al. 2011). This work will be very much useful for beginners
who can directly use these promoters for efficient GUS expression in finger millet
transformation studies. The first report of Latha et al. (2005) in finger millet used
pin gene encoding for fungicidal PIN protein of prawn for leaf blast resistance.
These are basic requirements for efficient transgenic development and transfor-
mation protocol which are involved in cisgenics development for improvement of
yield and nutritional parameters. Lot of progress also had been made using bom-
bardment of callus and Agrobacterium approaches (Ceasar and Ignacimuthu 2009,
2011; Kothari et al. 2005). Along with transformation works, genomics may play a
significant role in resistance development of finger millet.

8.7 Brief Account on Social, Political and Regulatory
Issues

Millets are facing a lot of social and regulatory issues in developing countries like
India, due to more urbanization. In the last 40 years (1960–2010), millets faced a
bad situation in terms of decreasing area and also production. Small millets area
decreased nearly 80%, whereas 23% decrease in area was observed for pearl millet.
Also there is steep decreasing trend in overall utilization of consumption of millets
for household and other purposes. There are very limited schemes available for
encouraging the millets area and production which are not well reached to the
farmers (Dhan Foundation 2012). They were became eye wash to the poor farmers.
Of course, from government side, no major policies or schemes were initiated, not
as like mission mode on oil seed crops. By looking at all these things, more
awareness, and funding for research need to be allotted for millets development.
The important and notable schemes for millet crop improvement are Rashtriya
Krishi Vikas Yojana, Coarse Cereals based Cropping Systems Areas, Macro
Management of Agriculture, and Integrated Cereals Development Programmes
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(Dhan Foundation 2012). A large variation also persisted between states to utilize
these funds. Some states like Karnataka utilized the benefits of these schemes,
however other could not utilize them properly and diverted for other uses. Though
there are number of policy initiative as mentioned above, full fledge efforts were not
done by the government organization, NGOs or any other societies for millets
improvement. It also emphasized that the involvement of public also matters a lot
for promoting the consumption of millet. Only cardiac and sugar patients con-
suming in one other form due to compulsion or else its consumption is almost less.
The still most awaited pending bill called National Food Security Bill may give
better results in changing the current scenario to a maximum extent (Dhan
Foundation 2012).

8.8 Future Perspectives

Though recently, the draft genome sequence of finger millet available, genomics
has not been fully explored in finger millet to the extent to use in marker assisted
breeding programmes and also for introgression of desirable genes. So, the genome
of finger millet may be used as a basic platform for comparative genomics and to
identify significant genes for economic traits. Computational genomics also plays
important role in improving the oil palm genomic information. Along with this
basic research focused policies need to put forth for upliftment of finger millet area
and consumption. Awareness need to be brought out on the nutrional importance of
millets especially finger millet.
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