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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.
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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

2 D. B. Sagare et al.



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)
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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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