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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
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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™!, 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).



3 Resistance to Biotic Stress: Theory and Applications ... 131

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 (Hiibner)] 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 (Hiibner), 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 8§18 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
leathopper [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. | Disease Causal agent Losses | Reference
No. (%)
1 Turcicum blight/Northern Helminthosporium 20-90 | Razzaq et al.
corn leaf blight turcicum (Exerohilum (2019)
turcicum)
2 Maydis blight/Southern corn | Bipolaris maydis 9.7- Manjunatha
leaf blight (Cochliobolus 11.7 et al. (2019)
heterotropus)
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 | Njuguna 2001
30
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 | Peronosclerospora sorghi | 30 Singh and
Rajasthan downy mildew and P. heteropogoni Kaur (2018)
13 | Banded leaf and sheath blight | Rhizoctonia cerealis or 10-90 | Sagar and
solani f. sp. sasakii Bhusal (2019)
14 | Various stalk rot Macrophomina phaseolina, |30-35 | Costa et al.
Pythium inflatum (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 | 0-90 Goldberg and
(MDMYV) Brakke (1987)
18 | Maize rough dwarf Maize rough dwarf virus 10-70 | Dovas et al.
(MRDV) 2004
19 | Bacterial stalk rot Dickeya zeae 85-90 | Kaur et al.
(2014)

Source Dey et al. (2015)
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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

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
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Fig. 3.2 Fungal disease of maize (Photo courtesy, Robin Gogoi, IARI, New Delhi). a Banded leaf
and sheath blight; b maydis leaf blight; ¢ turcicum leaf blight; d charcoal rot (Post flowering stalk
rot); e smut; f common rust

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
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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 7. 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 + 7. 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 Hr 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
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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 F; 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 Gpol 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 Gpol respectively by Scott
et al. 1982), Mp705, Mp706, and Mp707 (selfing selections from MpSWCB-4(1)
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
Jor 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 F; 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.



3 Resistance to Biotic Stress: Theory and Applications ...

145

Table 3.2 List of germplasm resources of maize with potential to improve biotic stress tolerance

S1. | Biotic stress Germplasm Reference
No.
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 | Palomero Toluqueno (Popcorn landrace) Arnason
weevil) et al. (1993)
5 Prostephanus truncates Caribbean land races Kumar
(Larger grain borer) (2002)
6 Northern leaf blight DMSC 16-1, Gen1858, HKI PC 4B-1, HKI | Hooda et al.
(inbred lines of maize) 141-1, HKI 141-2, CML141 (2012)
7 Southern leaf blight DMSC 16-2, V351-1, CM 114, CML 165,
(inbred lines of maize) CML 167, HKI-139
8 Brown stripe downy CUBA 380, DMSC36, HKI-PC-4B-1,
mildew (inbred lines of DTPYC9-F46-3-1, ESM-11-3, LM 6, LM
maize) 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, HK11040-5,
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 LMI11, 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 |LM11, LM 12, LM 16, V 335, V 341, V
(MDR) 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, | Viana and
Amarillo Cristalino, WP 1, RR 060, MG 05, | Guimaraes
Guatemala 786, NodzobPré, Puerto Rico 13 | (1997)
Secondary genepool
1 Corn Smut disease Teosinte Mammadov

2

H. turcicum

3

H. maydis

Z. diploperennis

et al. (2018)

(continued)
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Table 3.2 (continued)
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S1. | Biotic stress Germplasm Reference

No.

4 Maize chlorotic dwarf Z. diploperennis Findley et al.

virus (1982)

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

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

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

8 Asiatic corn borer Z. mays spp. mexicana, Ramirez

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

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 T. dactyloides Bergquist

graminicola (1979)

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

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

4 Helminthosporimturcicum | T. dactyloides Bergquist

5 H. maydis (1979)

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, RpI-D and Hml, and
four quantitative resistant genes with relatively large effects, ZmHtnl, ZmWAK,
ZmTrx, and Rcgl. 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 x 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 (Karakdy 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, rhml, 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, vhm1 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 (UMCS8S and p144). The gene Hm2 and
HmIA 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. 20006).

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. Hml 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 MAOOO3 (SNP) and bnlgl1782. This distance represented 1.3-Mb on
physical map which was sequenced in resistant parent RP4Htnl using a BAC
library. Further using sequence-based approaches narrowed down Htnl between
newly designed SNP markers MA0024 and MAOO13 representing a 131.7-kb
distance carrying three putative candidate genes ZmWAK-RLKI, ZmWAK-RLK?2
and ZmWAK-RLP]. Later, Jamann et al. (2016) fine mapped the maize remorin
(ZmREMG6.3) 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<1x107) 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 x 107 at chromosome 4 was present in second exon of the gene
GRMZM?2G109140. The gene was designated as ZmFBLA41 as the predicted F-box
protein (41 kDa) shares 79% sequence similarity with rice OsFBX61. Resequencing
of ZmFBLA41 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
(r* > 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 ZmFBLA41 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 ZmFBL4157* allele developed
longer lesions. Hence, ZmFBL41%" 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 Phenotype Population | Sample Number Reference
category size of
markers
Stress Disease IAP 1487 8.2 K Van Inghelandt et al.
resistance resistance (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 818 434 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 1IAP 302 246 K Samayoa et al. (2015)
resistance
Hyper IAP 231 47 K Olukolu et al. (2013)
sensitive USNAM 3381 26.5 M Olukolu et al. (2014)
response

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 F, (B73 x Mol7)
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
(ePAYV) 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 Mcchitl 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 ZmRACKI 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 y/ gene encoding a MYB
transcription factor yellow seedl (yl), an orthologue of the maize gene pericarp
colorl (pl). 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. o-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 amyl, aflR and afIM 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 Tachyplesinl-derived synthetic peptide AGM182
(Rajasekaran et al. 2018).

An hpRNA targeting P1 protein (protease) gene of Maize dwarf mosaic virus
(MDMYV) 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 MDMYV-A or MDMV-B and to mixed inoculations
of MDMYV 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 MDMYV 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 T, 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. CryIAb, CrylAh, 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 CrylAb 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 CrylAb also deployed com-
mercially for control of pyralid stem borers of maize (Baumgarte and Tebbe 2005).

The crylAh gene from B. thuringiensis isolate BT8 was cloned in two plant
expression vectors. In the first construct, intron of maize ubiqutinl gene was
inserted between the maize Ubiquitin promoter and cry/Ah gene (pUUOAH) and
the second construct contained Ubiquitin promoter and crylAh gene without intron
(pUOAH). Both the constructs were introduced into maize and stable transgenic
plants were obtained. The ELISA results of T; and T, generation plants exhibited
that the expression of CrylAh protein in the construct containing the ubil intron
(pUUOAH) was 20% higher than that of the intronless construct (pUOAH).
Bioassay results showed that the transgenic maize harbouring crylAh with ubil
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
Cry3Bbl, 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 Cry34/35AbI 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. | Name of resource Main features Primary developer/ | Reference/URL
No. host of database
1 Bacterial Pesticidal | Comprehensive University of https://www.
Protein Resource information on Bt/ Sussex, Cardiff bpprc.org/
Center non-Bt pesticidal University, and
proteins for University of
academics, regulators, | Florida
and research and
development
personnel
2 BtToxin_Digger A comprehensive and | Huazhong Liu et al. (2020)
high-throughput Agricultural
pipeline for mining University
toxin protein genes
from Bacillus
thuringiensis
3 CryProcessor Open source tool to All-Russia Shikov et al.
carry out massive Research Institute (2020)
screening for novel for Agricultural
3d-Cry toxins and Microbiology
obtain sequences of
specific domains for
further
comprehensive in
silico experiments in
constructing artificial
toxins
4 CryGetter A tool to automate Instituto Federal de | Buzatto et al.
retrieval and analysis | EducagdoCiéncia e | (2016)
of Cry protein data Tecnologia de Sao
Paulo
5 Insects in Indian A pictorial database ICAR-National https://www.
Agro-ecosystems of maize insect-pests | Bureau of nbair.res.in/
database in India Agricultural Insect | Databases/
Resources insectpests/
pestsearch.php?
cropname=Maize
6 USDA Ag Data Data from: Datasets United States Zhang et al.
Commons for transcriptomic Department of (2016)
analyses of maize Agriculture
leaves in response to
Asian corn borer
feeding and/or
jasmonic acid and
other genomic data
7 International Global and constantly | Global Herbicide http://www.
Herbicide-Resistant | updated database of Resistance Action weedscience.org/
Weed Database herbicide tolerant Committee and Home.aspx

(continued)
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S. | Name of resource Main features Primary developer/ | Reference/URL
No. host of database
weeds in maize and CropLife
other crops International
8 Maize Genetics and | Genome browser; United States Portwood et al.
Genomics Database | Genome and gene Department of (2019)
(MaizeGDB) annotation browser; Agriculture- https://www.
Nested Association Agricultural maizegdb.org/
Mapping Research Service
(NAM) founder lines | (USDA-ARS)
(25) genome browser;
qTeller: a
comparative
RNA-seq expression
platform; Metabolic
pathways; etc.
9 MaizeMine Gene, Gene University of Elsik et al. (2018)
expression, Proteins, Missouri http://maizemine.
Homology, rnet.missouri.edu:
Functions, Variations, 8080/maizemine/
etc. begin.do

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;
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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.

References

Acquaah G (2015) Conventional plant breeding principles and techniques. In: Acquaah G
(ed) Advances in plant breeding strategies: breeding, biotechnology and molecular tools.
Springer, Cham, Switzerland, pp 115-158



164 R. N. Gadag et al.

Akinbode OA (2010) Evaluation of antifungal efficacy of some plant extracts on Curvularia
lunata, the causal organism of maize leaf spot. African J Environ Sci Tech 4(11):797-800
Ako M, Schulthess F, Gumedzoe MY, Cardwell, KF (2003) The effect of Fusarium verticillioides
on oviposition behaviour and bionomics of lepidopteran and coleopteran pests attacking the
stem and cobs of maize in West Africa Entomologia Experimentalis et Applicata 106(3):201-
210

Al Eryan MA, EI Tabbakh SS (2004) Forecasting yield of corn, Zea mays infested with corn leaf
aphid, Rhopalosiphum maidis. J Appl Entomo 128(4):312-315

Aldrich HE, Fiol CM (1994) Fools rush in? The institutional context of industry creation. Acad
Manag Rev 19:645-670

Ali F, Yan J (2012) Disease resistance in maize and the role of molecular breeding in defending
against global threat. J Integrat Plant Bio 54(3):134-151

Ali Z, Abulfaraj A, Idris A, Ali S, Tashkandi M et al (2015) CRISPR/Cas9-mediated viral
interference in plants. Genome Bio 16(1):238-242

Allen A, Islamovic E, Kaur J, Gold S, Shah D et al (2011) Transgenic maize plants expressing the
Totivirus antifungal protein, KP4, are highly resistant to corn smut. Plant Biotech J 9(8):857—
864

Archana R, Lohithaswa HC, Pavan R (2019) Genetic analysis of Fusarium stalk rot resistance in
maize (Zea mays L.). J Pharmacog Phytochem 19:58-61

Arnason JT, Baum B, Gale J, Lambert JD, Bergvinson D et al (1993) Variation in resistance of
Mexican landraces of maize to maize weevil Sitophilus zeamais, in relation to taxonomic and
biochemical parameters. Euphytica 74(3):227-236

Awata LAO, Ifie BE, Tongoona P, Danquah E, Jumbo MB et al (2019) Maize lethal necrosis and
the molecular basis of variability in concentrations of the causal viruses in co-infected maize
plant. J Genet Mol Virol 9(1):1-19

Ayiga Aluba J, Edema R, Tusiime G, Asea G, Gibson P (2015) Response to two cycles of S1
recurrent selection for turcicum leaf blight in an open pollinated maize variety population. Adv
Appl Sci Res 6(12):4-12

Badu Apraku B, Fakorede MAB (2017) Breeding for disease resistance in maize. Advances in
genetic enhancement of early and extra-early maize for Sub-Saharan Africa. Springer, Cham,
Switzerland, pp 379-410

Balconi C, Stevanato P, Motto M, Biancardi E (2012) Breeding for biotic stress resistance/
tolerance in plants. In: Balconi C (eds) Crop production for agril improve. Springer, Dordrecht,
pp 57-114

Balint Kurti PJ, Carson ML (2006) Analysis of quantitative trait loci for resistance to southern leaf
blight in juvenile maize. Phytopathology 96(3):221-225

Balint Kurti PJ, Zwonitzer JC, Wisser RJ, Carson ML, Oropeza Rosas MA et al (2007) Precise
mapping of quantitative trait loci for resistance to southern leaf blight, caused by Cochliobolus
heterostrophus race O, and flowering time using advanced intercross maize lines. Genetics 176
(1):645-657

Balint Kurti GG, Zou S, Brown A (2008) Optimal control theory for manipulating molecular
processes. Adv Chem Phy 138:43-94

Balint Kurti PJ, Yang J, Van Esbroeck G, Jung J, Smith ME (2010) Use of a maize advanced
intercross line for mapping of QTL for northern leaf blight resistance and multiple disease
resistance. Crop Sci 50(2):458-466

Baumgarte S, Tebbe CC (2005) Field studies on the environmental fate of the CrylAb Bt-toxin
produced by transgenic maize (MONS810) and its effect on bacterial communities in the maize
rhizosphere. Mol Ecol 14(8):2539-2551

Berger HK (2001) The western corn rootworm (Diabrotica virgifera virgifera): a new maize pest
threatening Europe. EPPO Bull 31(3):411-414

Bergquist RR (1979) Selection for disease resistance in a maize breeding programme. II.
Introgression of an alien genome from Tripsacum dactyloides conditioning resistance in Zea
mays. In: Proceedings of the tenth meeting of the Maize and Sorghum Section of Eucarpia,
17-19 Sept 1979, Varna Bulgaria, pp 200-206



3 Resistance to Biotic Stress: Theory and Applications ... 165

Bergquist RR (1981) Transfer from Tripsacum dactyloides to corn of a major gene locus
conditioning resistance to Puccinia sorghi. Phytopathology 71(5):518-520

Bergvinson DJ, Arnason JT, Mihm JA, Jewell DC (1994) Phytochemical basis for multiple borer
resistance in maize. In: Mihm JA (ed) Insect resistant maize: recent advances and utilization;
Proceedings of an International Symposium Held at the International Maize and Wheat
Improvement Center (CIMMYT), 27 Nov-3 Dec 1994 CIMMYT27, pp 82-90

Bhat JS, Mukri G, Patil BS (2017) Turcicum leaf blight resistance in maize: field screening of new
inbreeds and hybrids. Int J Adv Res Sci Eng 6(9):141-149

Biffen RH (1905) Mendel’s laws of inheritance and wheat breeding. J Agril Sci 1(1):4-48

Bock CH, Jeger MJ, Mughogho LK, Cardwell KF, Mtisi E et al (2000) Variability of
Peronosclerospora sorghi isolates from different geographic locations and hosts in Africa.
Mycol Res 104(1):61-68

Bohn M, Kreps RC, Klein D, Melchinger AE (1999) Damage and grain yield losses caused by
European corn borer (Lepidoptera: Pyralidae) in early maturing European maize hybrids.
J Econ Entomol 92(3):723-731

Borel B (2017) When the pesticides run out. Nature 543:302-304

Botha AM, Venter E (2000) Molecular marker technology linked to pest and pathogen resistance
in wheat breeding. South African J Sci 96(5):233-240

Brooks TD, Shaun Bushman B, Paul Williams W, McMullen MD, Buckley PM (2007) Genetic
basis of resistance to fall armyworm (Lepidoptera: Noctuidae) and southwestern corn borer
(Lepidoptera: Crambidae) leaf-feeding damage in maize. J of Econ Entomol 100(4):1470-1475

Brutnell TP (2002) Transposon tagging in maize. Funct Integrat Genom 2(1-2):4-12

Buckler ES, Thornsberry JM, Kresovich S (2001) Molecular diversity, structure and domestication
of grasses. Genet Res 77(3):213-218

Bukowski R, Guo X, Lu Y, Zou C, He B et al (2018) Construction of the third-generation Zea
mays haplotype map. Gigascience 7(4):1-12

Buzatto D, de Castro Franga S, Zingaretti SM (2016) CryGetter: a tool to automate retrieval and
analysis of Cry protein data. BMC Bioinfo 17(1):1-14

Carson ML, Stuber CW, Senior ML (2004) Identification and mapping of quantitative trait loci
conditioning resistance to southern leaf blight of maize caused by Cochliobolus heterostrophus
race O. Phytopathology 94(8):862-867

Casela CR, Ferreira AS (2002) Variability in isolates of Puccinia polysora in Brazil. Fitopatologia
Brasileira 27(4):414-416

Castagnola AS, Jurat Fuentes JL (2012) Bt crops: past and future. In: Castagnola AS (ed) Bacillus
thuringiensis biotechnology. Springer, Dordrecht, pp 283-304

Chang MS, Hudon M, Devaux A (1990) Inheritance of resistance to Kabatielle eyespot of maize.
Phytoprotection 71(3):107-112

Chavan S, Smith SM (2014) A rapid and efficient method for assessing pathogenicity of Ustilago
maydis on maize and teosinte lines. J Visual Exp 83:

Chen G, Wang X, Hao J, Yan J, Ding J (2015) Genome-wide association implicates candidate
genes conferring resistance to maize rough dwarf disease in maize. PLoS ONE 10(11):

Chen J, Shrestha R, Ding J, Zheng H, Mu C et al (2016) Genome-wide association study and QTL
mapping reveal genomic loci associated with Fusarium ear rot resistance in tropical maize
germplasm. Genes, Genomes, Genet 6(12):3803-3815

Chiang HC, Hodson AC (1950) Stalk breakage caused by European corn borer and its effect on the
harvesting of field corn. J Econ Entomol 43(4):415-422

Collins N, Drake J, Ayliffe M, Sun Q, Ellis J et al (1999) Molecular characterization of the maize
Rp1-D rust resistance haplotype and its mutants. Plant Cell 11(7):1365-1376

Connors CH (1922) Inheritance of foliar glands of the peach. Proc Am Soc Hort Sci 18:20-26

Cordero MJ, Raventds D, San Segundo B (1994) Expression of a maize proteinase inhibitor gene
is induced in response to wounding and fungal infection: systemic wound-response of a
monocot gene. Plant J 6(2):141-150



166 R. N. Gadag et al.

Costa RV, Simon J, Cota LV, da Silva DD, de Almeida REM et al (2019) Perdas na produtividade
de milho safrinha em razdo de podriddes da base do colmo. Pesquisa Agropecuaria Brasileira
54(X):283-290

Crous PW, Liebenberg MM, Braun U, Groenewald JZ (2006) Re-evaluating the taxonomic status
of Phaeoisariopsis griseola, the causal agent of angular leaf spot of bean. Studies Mycol
55:163-173

Degani O, Dor S, Movshowitz D, Fraidman E, Rabinovitz O (2018) Effective chemical protection
against the maize late wilt causal agent, Harpophora maydis, in the field. PLoS ONE 13(12):

Devi B, Thakur BR (2018) Integrated management of banded leaf and sheath blight of maize
caused by Rhizoctonia solani f. sp. sasakii. Proc Natl Acad Sci, India Section B: Bio Sci 88
(2):769-777

Dey U, Harlapur SI, Dhutraj DN, Suryawanshi AP, Bhattacharjee R (2015) Integrated disease
management strategy of common rust of maize incited by Puccinia sorghi Schw. African J
Microbio Res 9(20):1345-1351

Dhami NB, Kim SK, Paudel A, Shrestha J, Rijal TR (2015) A review on threat of gray leaf spot
disease of maize in Asia. J Maize Res Dev 1(1):71-85

Dhillon BS, Vasal SK, Prasanna BM (2002) In: VL Chopra and Prakash S (eds) Evolution and
adaptation of cereal crops. Oxford & IBH, New Delhi, pp 99-133

Ding J, Ali F, Chen G, Li H, Mahuku G et al (2015) Genome-wide association mapping reveals
novel sources of resistance to northern corn leaf blight in maize. BMC Plant Bio 15(1):206

Doebley J, Wang RL (1997) Genetics and the evolution of plant form: an example from maize. In:
Doebley J (ed) Cold spring harbor symposia on quantitative biology. Cold Spring Harbor
Labor Press 62:361-367

Doudna JA, Charpentier E (2014) The new frontier of genome engineering with CRISPR-Cas9.
Science 346:6213

Dovas CI, Eythymiou K, Katis NI (2004) First report of maize rough dwarf virus (MRDV) on
maize crops in Greece. Plant Pathol 53(2):238

Dowd PF, Zuo WN, Gillikin JW, Johnson ET, Boston RS (2003) Enhanced resistance to
Helicoverpa zea in tobacco expressing an activated form of maize ribosome-inactivating
protein. J Agril Food Chem 51(12):3568-3574

Eagles HA, Bariana HS, Ogbonnaya FC, Rebetzke GJ, Hollamby GJ et al (2001) Implementation
of markers in Australian wheat breeding. Australian J Agril Res 52(12):1349-1356

Elsik CG, Tayal A, Unni DR, Nguyen HN, Gardiner J et al (2018) MaizeMine: a data mining
warehouse for MaizeGDB. In: Plant and animal genome XXVI conference, Jan 13-17

Ersoz ES, Yu J, Buckler ES (2009) Applications of linkage disequilibrium and association
mapping in maize. Molecular genetic approaches to maize improvement. Springer, Berlin,
Heidelberg, pp 173-195

Ertiro BT, Semagn K, Das B, Olsen M, Labuschagne M et al (2017) Genetic variation and
population structure of maize inbred lines adapted to the mid-altitude sub-humid maize
agro-ecology of Ethiopia using single nucleotide polymorphic (SNP) markers. BMC Genomics
18(1):1-11

Faluyi JO, Olorode O (1984) Inheritance of resistance to Helminthosporium maydis blight in maize
(Zea mays L.). Theor Appl Genet 67(4):341-344

FAO (2020) http://www.fao.org/3/ca8032en/ca8032en.pdf

Farfan IDB, Gerald N, Murray SC, Isakeit T, Huang PC et al (2015) Genome wide association
study for drought, aflatoxin resistance, and important agronomic traits of maize hybrids in the
sub-tropics. PLoS ONE 10(2):

Farias Rivera LA, Hernandez Mendoza JL, Molina Ochoa J, Pescador Rubio A (2003) Effect of
leaf extracts of teosinte, Zea diploperennis L., and a Mexican maize variety, criollo ‘uruapeio’,
on the growth and survival of the fall armyworm (Lepidoptera: Noctuidae). Florida Entomol 86
(3):239-243

Ferguson LM, Carson ML (2007) Temporal variation in Setosphaeria turcica between 1974 and
1994 and origin of races 1, 23, and 23 N in the United States. Phytopathology 97(11):1501—
1511


http://www.fao.org/3/ca8032en/ca8032en.pdf

3 Resistance to Biotic Stress: Theory and Applications ... 167

Findley WR, Nault LR, Styer WE, Gordon DT (1982) Inheritance of maize chlorotic dwarf virus
resistance in maize x Zeadiploperennis backcrosses. Maize News Lett 56:165-166

Flor HH (1946) Genetics of pathogenicity in Melampsora lini. J Agric Res 73:335-357

Frey TJ (2005) Fine-mapping, cloning, verification, and fitness evaluation of a QTL, Rcgl, which
confers resistance to Colletotrichum graminicola in maize. PhD dissertation, University of
Delaware

Fu D, Uauy C, Distelfeld A, Blechl A, Epstein L et al (2009) A kinase-START gene confers
temperature-dependent resistance to wheat stripe rust. Science 323(5919):1357-1360

Fu J, Cheng Y, Linghu J, Yang X, Kang L et al (2013) RNA sequencing reveals the complex
regulatory network in the maize kernel. Nature Commun 4(1):1-12

Gamliel A, Katan J (1993) Suppression of major and minor pathogens by fluorescent
pseudomonads. Phytopathology 83:68-75

Gao X, Brodhagen M, Isakeit T, Brown SH, Gobel C et al (2009) Inactivation of the lipoxygenase
ZmLOX3 increases susceptibility of maize to Aspergillus spp. Mol Plant Microbe Interact 22
(2):222-231

Gao M, Kawabe M, Tsukamoto T, Hanada H, Tao R (2010) Somatic embryogenesis and
Agrobacterium-mediated transformation of Japanese apricot (Prunus mume) using immature
cotyledons. Scientia Horti 124(3):360-367

Gassmann AJ, Shrestha RB, Kropf AL, St Clair CR, Brenizer BD (2020) Field-evolved resistance
by western corn rootworm to Cry34/35Ab1 and other Bacillus thuringiensis traits in transgenic
maize. Pest Manage Sci 76(1):268-276

Geiringer H (1944) On the probability theory of linkage in Mendelian heredity. Ann Math Stat 15
(1):25-57

Gilbert MK, Majumdar R, Rajasekaran K, Chen ZY, Wei Q et al (2018) RNA interference-based
silencing of the alpha-amylase (amy1) gene in Aspergillus flavus decreases fungal growth and
aflatoxin production in maize kernels. Planta 247(6):1465-1473

Gogoi R, Bisht S, Mathuria RC, Venkatesh I (2018) Biological control of maize diseases. In:
Singh D, Chakraborty BN, Pandey RN, Sharma P (eds) Biological control of crop diseases:
recent advances & perspectives, Part 2: Cereals, pulses, oilseeds and other crops. Indian
Phytopathological Society. Today & Tomorrow’s Printers and Publishers, New Delhi, pp 479—
499

Goldberg KB, Brakke MK (1987) Concentration of maize chlorotic mottle virus increased in
mixed infections with maize dwarf mosaic virus, strain B. Phytopathology 77(2):162-167

Gowda M, Das B, Makumbi D, Babu R, Semagn K et al (2015) Genome-wide association and
genomic prediction of resistance to maize lethal necrosis disease in tropical maize germplasm.
Theor Appl Genet 128(10):1957-1968

Gray SB, Brady SM (2016) Plant developmental responses to climate change. Dev Bio 419(1):64—
77

Groth JV, Zeyen RJ, Davis DW, Christ BJ (1983) Yield and quality losses caused by common rust
(Puccinia sorghi Schw.) in sweet corn (Zea mays) hybrids. Crop Protect 2(1):105-111

Guthrie WD (1989) Breeding for insect resistance in maize. Plant Breed Rev 6:209-243

Hall JK, Martin MJ (2005) Disruptive technologies, stakeholders and the innovation value-added
chain: a framework for evaluating radical technology development. R&D Manag 35(3):273—
284

Hamburger DJ (2018) Normative criteria and their inclusion in a regulatory framework for new
plant varieties derived from genome editing. Front Bioeng Biotechnol 6:176

Harlan JR, de Wet JM (1971) Toward a rational classification of cultivated plants. Taxon 20
(4):509-517

Hebbar KP, Davey AG, Merrin J, Dart PJ (1992) Rhizobacteria of maize antagonistic to Fusarium
moniliforme, a soil-borne fungal pathogen: colonization of rhizosphere and roots. Soil Bio
Biochem 24(10):989-997

Hedin PA, Davis FM, Williams WP (1993) 2-hydroxy-4, 7-dimethoxy-1, 4-benzoxazin-3-one
(N-O-Me-DIMBOA), a possible toxic factor in corn to the southwestern corn borer. J chem
Eco 19(3):531-542



168 R. N. Gadag et al.

Hellmich RL, Hellmich KA (2012) Use and impact of Bt maize. Nature Edu Knowl 3(10):4

Hibbard BE, Clark TL, Ellersieck MR, Meihls LN, El Khishen AA et al (2010) Mortality of
western corn rootworm larvae on MIR604 transgenic maize roots: field survivorship has no
significant impact on survivorship of F1 progeny on MIR604. J Econ Entomol 103(6):2187-
2196

Hirsch CN, Foerster JM, Johnson JM, Sekhon RS, Muttoni G et al (2014) Insights into the maize
pan-genome and pan-transcriptome. Plant Cell 26(1):121-135

Hirsch CN, Hirsch CD, Brohammer AB, Bowman MJ, Soifer I et al (2016) Draft assembly of elite
inbred line PH207 provides insights into genomic and transcriptome diversity in maize. Plant
Cell 28(11):2700-2714

Hoisington D, Khairallah M, Reeves T, Ribaut JM, Skovmand B et al (1999) Plant genetic
resources: what can they contribute toward increased crop productivity? Proc Nat Acad Sci 96
(11):5937-5943

Hooda KS, Sekhar JC, Chikkappa G, Kumar S, Pandurange KT et al (2012) Identifying sources of
multiple disease resistance in maize. Maize J 1:82-84

Hooda R, Bhardwaj NK, Singh P (2015) Screening and identification of ligninolytic bacteria for
the treatment of pulp and paper mill effluent. Water Air Soil Pollut 226(9):1-11

Hooker AL (1972) Southern leaf blight of corn—present status and future prospects. J Environ
Qual 1(3):244-249

Horn F, Habekuf3 A, Stich B (2014) Genes involved in barley yellow dwarf virus resistance of
maize. Theor Appl Genet 127(12):2575-2584

Hurni S, Scheuermann D, Krattinger SG, Kessel B, Wicker T et al (2015) The maize disease
resistance gene Htnl against northern corn leaf blight encodes a wall-associated receptor-like
kinase. Proc Nat Acad Sci 112(28):8780-8785

Hussain S, Ghaffar A, Aslam M (1990) Biological control of Macrophomina phaseolina charcoal
rot of sunflower and mung bean. J Phytopathol 130(2):157-160

Hutchison WD, Burkness EC, Mitchell PD, Moon RD, Leslie TW et al (2010) Areawide
suppression of European corn borer with Bt maize reaps savings to non-Bt maize growers.
Science 330(6001):222-225

Ibraheem F, Gaffoor I, Tan Q, Shyu CR, Chopra S (2015) A sorghum MYB transcription factor
induces 3-deoxyanthocyanidins and enhances resistance against leaf blights in maize.
Molecules 20(2):2388-2404

Igawa T, Takahashi Ando N, Ochiai N, Ohsato S, Shimizu T et al (2007) Reduced contamination
by the Fusarium mycotoxin zearalenone in maize kernels through genetic modification with a
detoxification gene. Appl Env Microbio 73(5):1622-1629

Isakeit T, Jaster J (2005) Texas has a new pathotype of Peronosclerospora sorghi, the cause of
sorghum downy mildew. Plant Dis 89(5):529-529

Jalali SK, Yadavalli L, Ojha R, Kumar P, Sulaikhabeevi SB et al (2014) Baseline sensitivity of
maize borers in India to the Bacillus thuringiensis insecticidal proteins CrylA.105 and
Cry2Ab2. Pest Manage Sci 71(8):1082-90

Jamann TM, Poland JA, Kolkman JM, Smith LG, Nelson RJ (2014) Unraveling genomic
complexity at a quantitative disease resistance locus in maize. Genetics 198(1):333-344

Jamann TM, Luo X, Morales L, Kolkman JM, Chung CL et al (2016) A remorin gene is
implicated in quantitative disease resistance in maize. Theor Appl Genet 129(3):591-602

Jampatong C, McMullen MD, Barry BD, Darrah LL, Byrne PF et al (2002) Quantitative trait loci
for first-and second-generation European corn borer resistance derived from the maize inbred
Mo47. Crop Sci 42(2):584-593

Jin M, Liu H, He C, Fu J, Xiao Y et al (2016) Maize pan-transcriptome provides novel insights
into genome complexity and quantitative trait variation. Sci Rep 6:18936

Johal GS, Briggs SP (1992) Reductase activity encoded by the HM1 disease resistance gene in
maize. Science 258(5084):985-987

Kamburova VS, Nikitina EV, Shermatov SE, Buriev ZT, Kumpatla SP et al (2017) Genome
editing in plants: an overview of tools and applications. Int J Agron



3 Resistance to Biotic Stress: Theory and Applications ... 169

Karakéy T, Baloch FS, Toklu F, Ozkan H (2014) Variation for selected morphological and
quality-related traits among 178 faba bean landraces collected from Turkey. Plant Genetic Res
12(1):5-11

Kaur H, Singh S, Grewal MS (2014) Effect of nitrogen levels on foliar and stalk rot diseases of
Kharif maize. J Res 51(2):142-145

Kaur H, Kumar S, Hooda KS, Gogoi R, Bagaria P et al (2020) Leaf stripping: an alternative
strategy to manage banded leaf and sheath blight of maize. Indian Phytopathol 73:203-211

Kenneth R (1970) Downy mildews of Gramineae in Israel. Indian Phytopathol 23:371-377

Kfir R, Overholt WA, Khan ZR, Polaszek A (2002) Biology and management of economically
important lepidopteran cereal stem borers in Africa. Ann Rev Entomol 47(1):701-731

Khatabi B, Gharechahi J, Ghaffari MR, Liu D, Haynes PA et al (2019) Plant-microbe symbiosis:
what has proteomics taught us? Proteomics 19(16):1800105

Khedekar SA, Harlapur SI, Shripad K, Benagi VI, Deshpande VK (2010) Integrated management
of turcicum leaf blight of maize caused by Exserohilum turcicum (Pass.) Leonard and Suggs.
Karnataka J Agril Sci 23(2):372-373

Khokhar MK, Sharma SS, Gupta R (2014) Integrated management of post flowering stalk rot of
maize caused by Fusarium verticillioides. Indian Phytopathol 67(3):228-233

Kim HC, Kim KH, Song K, Kim JY, Lee BM (2020) Identification and validation of candidate
genes conferring resistance to downy mildew in maize (Zea mays L.). Genes 11(2):1-20

Kloeppe JW, Rodriguez Kabana R, Zehnder AW, Murphy JF, Sikora E et al (1999) Plant
root-bacterial interactions in biological control of soilborne diseases and potential extension to
systemic and foliar diseases. Australasian Plant Pathol 28(1):21-26

Koziel MG, Beland GL, BowmanC Carozzi NB, Crenshaw R et al (1993) Field performance of
elite transgenic maize plants expressing an insecticidal protein derived from Bacillus
thuringiensis. Biotechnology 11(2):194-200

Kumar H (2002) Resistance in maize to the larger grain borer, Prostephanus truncatus (Horn)
(Coleoptera: Bostrichidae). J Stored Prod Res 38(3):267-280

Kumar S, Rani A, Jha MM (2009) Evaluation of plant extracts for management of maydis leaf
blight of maize. Ann Plant Protect Sci 17(1):130-132

Kump KL, Bradbury PJ, Wisser RJ, Buckler ES, Belcher AR et al (2011) Genome-wide
association study of quantitative resistance to southern leaf blight in the maize nested
association mapping population. Nat Genet 43(2):163—-168

Kurosawa RDNF, Vivas M, Amaral ATD, Ribeiro RM, Miranda SB et al (2018) Popcorn
germplasm resistance to fungal diseases caused by Exserohilum turcicum and Bipolaris
maydis. Bragantia 77(1):36-47

Lai J, Li R, Xu X, Jin W, Xu M et al (2010) Genome-wide patterns of genetic variation among
elite maize inbred lines. Nat Genet 42(11):1027-1030

Lal BB, Chakravarti BP (1976) Assessment of loss due to brown spot of maize caused by
Physoderma maydis. Indian Phytopathol 29(4):449-450

Lassoued R, Smyth SJ, Phillips PW, Hesseln H (2018) Regulatory uncertainty around new
breeding techniques. Front Plant Sci 9:1291

Lassoued R, Macall DM, Hesseln H, Phillips PW, Smyth SJ (2019) Benefits of genome-edited
crops: expert opinion. Transgen Res 28(2):247-256

Lee M, Sharopova N, Beavis WD, Grant D, Katt M et al (2002) Expanding the genetic map of
maize with the intermated B73 x Mol7 (IBM) population. Plant Mol Bio 48(5-6):453—461

Leonard KJ, Levy Y, Smith DR (1989) Proposed nomenclature for pathogenic races of
Exserohilum turcicum on corn. Plant Dis 73(9):776-777

Lewontin RC, Kojima KI (1960) The evolutionary dynamics of complex polymorphisms.
Evolution:458-472

Li H, Peng Z, Yang X, Wang W, Fu J et al (2013) Genome-wide association study dissects the
genetic architecture of oil biosynthesis in maize kernels. Nat Genet 45(1):43-50

Li N, Lin B, Wang H, Li X, Yang F et al (2019) Natural variation in Zm FBL41 confers banded
leaf and sheath blight resistance in maize. Nat Genet 51(10):1540-1548



170 R. N. Gadag et al.

Liu J, Jiang Y, Zeng J, Ji G, Liu L et al (2016) Analysis of the main occurrence characteristics and
causes of the southern corn rust in China in 2015. China Plant Prot 36:44-47

Liu Q, Liu H, Gong Y, Tao Y, Jiang L et al (2017) An atypical thioredoxin imparts early resistance
to Sugarcane mosaic virus in maize. Mol Plant 10(3):483—497

Liu H, Zheng J, Yu Y, Ye W, Peng D et al (2020) BtToxin_Digger: a comprehensive and
high-throughput pipeline for mining toxin protein genes from Bacillus thuringiensis. https://
doi.org/10.1101/2020.05.26.114520

Lu X, Liu J, Ren W, Yang Q, Chai Z et al (2018) Gene-indexed mutations in maize. Mol Plant 11
(3):496-504

Ott O (2009) The search for novel resistance alleles: screening teosinte-maize introgression lines
for resistance to northern leaf blight. PhD Thesis, CornellUniversity, NY, USA

Mahuku G, Chen J, Shrestha R, Narro LA, Guerrero KVO et al (2016) Combined linkage and
association mapping identifies a major QTL (qRtsc8-1), conferring tar spot complex resistance
in maize. Theor Appl Genet 129(6):1217-1229

Mammadov J, Sun X, Gao Y, Ochsenfeld C, Bakker E et al (2015) Combining powers of linkage
and association mapping for precise dissection of QTL controlling resistance to gray leaf spot
disease in maize (Zea mays L.). BMC Genomics 16(1):916

Mammadov J, Buyyarapu R, Guttikonda SK, Parliament K, Abdurakhmonov IY et al (2018) Wild
relatives of maize, rice, cotton, and soybean: treasure troves for tolerance to biotic and abiotic
stresses. Front Plant Sci 9:886-893

Manjunatha C, Gogoi R, Singh B, Jeevan B, Rai SN et al (2019) Phenotypic and physiological
characterization of maize inbred lines resistant and susceptible to maydis leaf blight. Indian
Phytopathol 72(2):217-224

Martins LB, Rucker E, Thomason W, Wisser RJ, Holland JB et al (2019) Validation and
characterization of maize multiple disease resistance QTL. Genes Genomes Genet 9(9):2905—
2912

Masanga JO, Matheka JM, Omer RA, Ommeh SC, Monda EO et al (2015) Downregulation of
transcription factor afiR in Aspergillus flavus confers reduction to aflatoxin accumulation in
transgenic maize with alteration of host plant architecture. Plant Cell Rep 34(8):1379-1387

Matsuoka Y, Mitchell SE, Kresovich S, Goodman M, Doebley J (2002) Microsatellites in Zea—
variability, patterns of mutations, and use for evolutionary studies. Theor Appl Genet 104(2—
3):436-450

McCarty DR, Mark Settles A, Suzuki M, Tan BC, Latshaw S et al (2005) Steady-state transposon
mutagenesis in inbred maize. Plant J 44(1):52-61

McMullen MD, Simcox KD (1995) Genomic organization of disease and insect resistance genes in
maize. Mol Plant Microbe Interact 8:811-815

McMullen MD, Kresovich S, Villeda HS, Bradbury P, Li H et al (2009) Genetic properties of the
maize nested association mapping population. Science 325(5941):737-740

Meena RL, Rathore RS, Mathur K (2003) Efficacy of biocontrol agents against Rhizoctonia solani
f. sp. sasakii causing banded leaf and sheath blight of maize. J] Mycol Plant Pathol 33(2):310-
312

Michelmore RW (2003) The impact zone: genomics and breeding for durable disease resistance.
Curr Opin Plant Bio 6(4):397-404

Mihm JA (1985) Breeding for host plant resistance to maize stem-borers. Int J Trop Insect Sci 6
(3):369-377

Mihm JA (1997) Insect resistant maize: recent advances and utilization. In: Proceedings of an
international symposium held at the international maize and wheat improvement center
(CIMMYT), 27 Nov-3 Dec CIMMYT

Mugo SN, Bergvinson D, Hoisington D (2001) Options in developing stemborer-resistant maize:
CIMMYT’s approaches and experiences. Int J Trop Insect Sci 21(4):409—415

Murenga M, Derera JD, Mugo S, Tongoona P (2018) A review of genetic analysis and response to
selection for resistance to Busseola fusca and Chilo partellus, stem borers in tropical maize
germplasm: a Kenyan perspective. Maydica 61(1):1-11


http://dx.doi.org/10.1101/2020.05.26.114520
http://dx.doi.org/10.1101/2020.05.26.114520

3 Resistance to Biotic Stress: Theory and Applications ... 171

Murry LE, Elliott LG, Capitant SA, West JA, Hanson KK et al (1993) Transgenic corn plants
expressing MDMV strain B coat protein are resistant to mixed infections of maize dwarf
mosaic virus and maize chlorotic mottle virus. Biotechnology 11(12):1559-1564

Nekrasov V, Wang C, Win J, Lanz C, Weigel D et al (2017) Rapid generation of a transgene-free
powdery mildew resistant tomato by genome deletion. Sci Rep 7(1):1-6

Njuguna JGM (2001) Combating head smut of maize caused by Sporisorium reilianum through
resistance breeding. In: Seventh Eastern and Southern Africa regional Maize conference,
pp 110-112

Olukolu BA, Negeri A, Dhawan R, Venkata BP, Sharma P et al (2013) A connected set of genes
associated with programmed cell death implicated in controlling the hypersensitive response in
maize. Genetics 193(2):609-620

Olukolu BA, Wang GF, Vontimitta V, Venkata BP, Marla S et al (2014) A genome-wide
association study of the maize hypersensitive defense response identifies genes that cluster in
related pathways. PLoS Genet 10(8):

Ordas B, Malvar RA, Santiago R, Sandoya G, Romay MC et al (2009) Mapping of QTL for
resistance to the Mediterranean corn borer attack using the intermated B73 x Mol7
(IBM) population of maize. Theor Appl Genet 119(8):1451-1459

Ortega A, de Leon C (1974) Maize insects and diseases. In: Proceedings World-wide maize
improvement in the 70’s and the role for CIMMYT, El Batan, Mexico, pp 7-1

Ortigosa A, Gimenez Ibanez S, Leonhardt N, Solano R (2019) Design of a bacterial speck resistant
tomato by CRISPR/Cas9-mediated editing of SI JAZ 2. Plant Biotech J 17(3):665-673

Paliwal RL, Granados G, Lafitte HR, Violic AD, Marathée J P (2000) In: Paliwal RL, Granados G,
Lafitte HR, Violic AD, Marathée JP (eds) Tropical maize: improvement and production. FAO,
Raom Italy, pp 363-374

Parlevliet JE (2002) Durability of resistance against fungal, bacterial and viral pathogens; present
situation. Euphytica 124(2):147-156

Pésztor K, Borsos O (1990) Inheritance and chemical composition in inbred maize (Zea mays
L.) x teosinte (Zea mays subsp. mexicana Schriader/Iltis) hybrids (Preliminary communica-
tion). Novénytermelés 39(3):193-213

Plank JE (1963) Plant diseases-epidemics and control. Academic Press, 111 Fifth Avenue New
York, p 10003

Poland JA, Bradbury PJ, Buckler ES, Nelson RJ (2011) Genome-wide nested association mapping
of quantitative resistance to northern leaf blight in maize. Proc Nat Acad Sci 108(17):6893—
6898

Pope DD, McCarter SM (1992) Evaluation of inoculation methods for inducing common smut on
corn ears. Phytopathology 82(9):950-955

Portwood JL, Woodhouse MR, Cannon EK, Gardiner JM, Harper LC et al (2019) MaizeGDB
2018: the maize multi-genome genetics and genomics database. Nucleic Acids Res 47(D1):
D1146-D1154

Prasanna BM, Sharma L (2005) The landraces of maize (Zea mays L.): diversity and utility.
Indian J Plant Genet Resour 18(2):155-168

Prasanna BM, Pixley K, Warburton ML, Xie CX (2010) Molecular marker-assisted breeding
options for maize improvement in Asia. Mol Breed 26(2):339-356

Prischmann DA, Dashiell KE, Schneider DJ, Eubanks MW (2009) Evaluating
Tripsacum-introgressed maize germplasm after infestation with western corn rootworms
(Coleoptera: Chrysomelidae). J Appl Entomol 133(1):10-20

Rajasekaran K, Sayler RJ, Sickler CM, Majumdar R, Jaynes JM et al (2018) Control of Aspergillus
flavus growth and aflatoxin production in transgenic maize kernels expressing a
tachyplesin-derived synthetic peptide, AGM182. Plant Sci 270:150-156

Rajasekaran K, Sayler RJ, Majumdar R, Sickler CM, Cary JW (2019) Inhibition of Aspergillus
Sflavus growth and aflatoxin production in transgenic maize expressing the o-amylase Inhibitor
from Lablab purpureus L. J Visual Exper 15(144):



172 R. N. Gadag et al.

Ramakrishna W, Emberton J, Ogden M, SanMiguel P, Bennetzen JL (2002) Structural analysis of
the maize Rpl complex reveals numerous sites and unexpected mechanisms of local
rearrangement. Plant Cell 14(12):3213-3223

Ramirez DA (1997) Gene introgression in maize (Zea mays ssp mays L.). Philippine J Crop Sci 22
(2):51-63

Raruang Y, Omolehin O, Hu D, Wei Q, Han ZQ et al (2020) Host induced gene silencing targeting
Aspergillus flavus aflM reduced aflatoxin contamination in transgenic maize under field
conditions. Front Microbio 11:754

Razzaq T, Khan MF, Awan SI (2019) Study of northern corn leaf blight (NCLB) on maize (Zea
mays L.) genotypes and its effect on yield. Sarhad J Agric 35(4):1166-1174

Robinson RW, Provvidenti R, Schroeder WT (1970) A marker gene for tobacco mosaic resistance.
Rep Tomato Genet Coop 20:55-56

Roca De Doyle MM, Autrey LJC (1992) Assessment of yield losses as a result of co-infection by
maize streak virus and maize stripe virus in Mauritius. Annals Appl Bio 120(3):443—450

Rojanaridpiched C, Gracen VE, Everett HL, Coors JF, Pugh BF et al (1984) Multiple factor
resistance in maize to European corn borer. Maydica (Italy) 29(3):305-315

Ryland AK, Storey HH (1955) Physiological races of Puccinia polysora Underw. Nature 176
(4483):655-656

Sagar GC, Bhusal K (2019) Banded leaf and sheath bight (BLSB) of maize, its introduction, losses
and management. Plant Physiol 1(2):106

Samayoa LF, Malvar RA, Olukolu BA, Holland JB, Butrén A (2015) Genome-wide association
study reveals a set of genes associated with resistance to the Mediterranean corn borer (Sesamia
nonagrioides L.) in a maize diversity panel. BMC Plant Bio 15(1):35

Saravanakumar K, Li Y, Yu C, Wang QQ, Wang M et al (2017) Effect of Trichoderma harzianum
on maize rhizosphere microbiome and biocontrol of Fusarium Stalk rot. Sci Rep 7(1):1-13

Saxena G, Verma PC, Rahman LU, Banerjee S, Shukla RS et al (2008) Selection of leaf
blight-resistant Pelargonium graveolens plants regenerated from callus resistant to a culture
filtrate of Alternaria alternata. Crop Protect 27(3-5):558-565

Schenke D, Cai D (2020) Applications of CRISPR/Cas to improve crop disease resistance—beyond
inactivation of susceptibility factors. Iscience 23:1-10

Schnable PS, Ware D, Fulton RS, Stein JC, Wei F et al (2009) The B73 maize genome:
complexity, diversity, and dynamics. Science 326(5956):1112-1115

Scott GE, Davis FM (1981) Registration of Mp496 Inbred of Maizel (Reg. No. PL 56). Crop Sci
21(2):353

Scott GE, Davis FM, Williams WP (1982) Registration of Mp701 and Mp702 germplasm lines of
maize. Crop Sci 22:1270

Semagn K, Magorokosho C, Vivek BS, Makumbi D, Beyene Y et al (2012) Molecular
characterization of diverse CIMMYT maize inbred lines from eastern and southern Africa
using single nucleotide polymorphic markers. BMC Genom 13(1):1-11

Sharma PN, Gautam P (2010) Assessment of yield loss in maize due to attack by the maize borer,
Chilo partellus (Swinhoe). Nepal J Sci Tech 11:25-30

Sharma RC, Hembram D (1990) Leaf stripping: a new method to control banded leaf and sheath
blight of maize. Curr Sci 59(15):745-746

Sharma RC, De Leon C, Payak MM (1993a) Diseases of maize in South and South-East Asia:
problems and progress. Crop Protect 12(6):414-422

Sharma RC, Payak MM, Mukherjee BK (1993b) Durable resistance in maize—a case study from
India. In: Durability of disease resistance. Springer, Berlin, Heidelberg, pp 227-229

Sharma S, Duveiller E, Basnet R, Karki CB, Sharma RC (2005) Effect of potash fertilization on
Helminthosporium leaf blight severity in wheat, and associated increases in grain yield and
kernel weight. Field Crops Res 93(2-3):142-150

Shekhar M, Kumar S (2010) Potential biocontrol agents for the management of Macrophomina
phaseolina, incitant of charcoal rot in maize. Arch Phytopathol Plant Protect 43(4):379-383



3 Resistance to Biotic Stress: Theory and Applications ... 173

Shepherd DN, Mangwende T, Martin DP, Bezuidenhout M, Thomson JA et al (2007) Inhibition of
maize streak virus (MSV) replication by transient and transgenic expression of MSV
replication-associated protein mutants. J Gen Virol 88(1):325-336

Shikov AE, Malovichko YV, Skitchenko RK, Nizhnikov AA, Antonets KS (2020) No more tears:
mining sequencing data for novel bt cry toxins with cryprocessor. Toxins 12(3):204

Simmons CR, Grant S, Altier DJ, Dowd PF, Crasta O et al (2001) Maize rhml resistance to
Bipolaris maydis is associated with few differences in pathogenesis-related proteins and global
mRNA profiles. Mol Plant-Microbe Interact 14(8):947-954

Singh RS, Kaur N (2018) Biochemical and molecular characterization of a new pullulan producer
Rhodosporidium paludigenum PUPY-06. J Appl Biol Biotech 6(1):28-37

Singh A, Shahi JP (2012) Banded leaf and sheath blight: an emerging disease of maize (Zea mays
L). Maydica 57(3):215-219

Sivakumar G, Sharma RC, Rai SN (2000) Biocontrol of banded leaf and sheath blight of maize by
peat based Pseudomonas fluorescens formulation. Indian Phytopathol 53(2):190-192

Smith DR (1975) Expression of monogenic chlorotic-lesion resistance to Helminthosporium
maydis in corn

Springer NM, Ying K, Fu Y, Ji T, Yeh CT et al (2009) Maize inbreds exhibit high levels of copy
number variation (CNV) and presence/absence variation (PAV) in genome content. PLoS
Genet 5(11):

Springer NM, Anderson SN, Andorf CM, Ahern KR, Bai F et al (2018) The maize W22 genome
provides a foundation for functional genomics and transposon biology. Nat Genet 50(9):1282—
1288

Sprink T, Wilhelm RA, Spok A, Robienski J, Schleissing S et al (2020) Plant genome
editing-policies and governance. Front Media SA 11:284

Stagnati L, Lanubile A, Samayoa LF, Bragalanti M, Giorni P et al (2019) A genome wide
association study reveals markers and genes associated with resistance to Fusarium
verticillioides infection of seedlings in a maize diversity panel. Genes Genomes Genet 9
(2):571-579

Subedi S, Subedi H, Neupane S (2016) Status of maize stalk rot complex in western belts of Nepal
and its integrated management. J] Maize Res Dev 2(1):30-42

Sun S, Zhou Y, Chen J, Shi J, Zhao H et al (2018) Extensive intraspecific gene order and gene
structural variations between Mol7 and other maize genomes. Nat Genet 50(9):1289-1295

Tang JD, Perkins A, Williams WP, Warburton ML (2015) Using genome-wide associations to
identify metabolic pathways involved in maize aflatoxin accumulation resistance. BMC Genom
16(1):673

Tefera T, Mugo S, Beyene Y (2016) Developing and deploying insect resistant maize varieties to
reduce pre-and post-harvest food losses in Africa. Food Security 8(1):211-220

Thompson CJ, Movva NR, Tizard R, Crameri R, Davies JE et al (1987) Characterization of the
herbicide-resistance gene bar from Streptomyces hygroscopicus. EMBO J 6(9):2519-2523

Till BJ, Reynolds SH, Weil C, Springer N, Burtner C et al (2004) Discovery of induced point
mutations in maize genes by TILLING. BMC Plant Bio 4(1):12

Tinsley NA, Estes RE, Gray ME (2013) Validation of a nested error component model to estimate
damage caused by corn rootworm larvae. J Appl Entomol 137(3):161-169

Tyagi S, Kesiraju K, Saakre M, Rathinam M, Raman V et al (2020) Genome editing for resistance
to insect pests: an emerging tool for crop improvement. ACS Omega 5(33):20674-20683

Ullstrup AJ (1972) The impacts of the southern corn leaf blight epidemics of 1970-1971. Ann Rev
Phytopathol 10(1):37-50

Van Inghelandt D, Melchinger AE, Martinant JP, Stich B (2012) Genome-wide association
mapping of flowering time and northern corn leaf blight (Setosphaeria turcica) resistance in a
vast commercial maize germplasm set. BMC Plant Bio 12(1):56

Viana PA, Guimardes PEO (1997) Maize resistance to the lesser cornstalk borer and fall
armyworm in Brazil. In Embrapa Milho e Sorgo-Artigo em anais de congresso (ALICE). In:
International symposium on insect resistant in maize: recent advances and utilization, 1994,
Mexico, Proceedings. CIMMYT, Mexico, pp 112-116



174 R. N. Gadag et al.

Vigouroux Y, Mitchell S, Matsuoka Y, Hamblin M, Kresovich S et al (2005) An analysis of
genetic diversity across the maize genome using microsatellites. Genetics 169(3):1617-1630

Vikal Y, Kaur A, Jindal J, Kaur K, Pathak D et al (2020) Identification of genomic regions
associated with shoot fly resistance in maize and their syntenic relationships in the sorghum
genome. PLoS ONE 15(6):

Wang B, Yu J, Zhu D, Chang Y, Zhao Q (2014a) Maize ZmRACKI1 is involved in the plant
response to fungal phytopathogens. Int J Mol Sci 15(6):9343-9359

Wang Y, Cheng X, Shan Q, Zhang Y, Liu J et al (2014b) Simultaneous editing of three
homoeoalleles in hexaploid bread wheat confers heritable resistance to powdery mildew. Nat
Biotech 32(9):947-951

Warburton ML, Tang JD, Windham GL, Hawkins LK, Murray SC et al (2015) Genome-wide
association mapping of Aspergillus flavus and aflatoxin accumulation resistance in maize. Crop
Sci 55(5):1857-1867

Ward JM, Stromberg EL, Nowell DC, Nutter FW Jr (1999) Gray leaf spot: a disease of global
importance in maize production. Plant Dis 83(10):884—-895

Wasala SK, Guleria SK, Sekhar JC, Mahajan V, Kalyani Srinivasan et al (2013) Analysis of yield
performance and genotype X environment effects on selected maize (Zea mays) landrace
accessions of India. Indian J Agril Sci 83(3):287-293

Wei JK, Liu KM, Chen JP, Luo PC, Stadelmann OYL (1988) Pathological and physiological
identification of race C of Bipolaris maydis in China. Phytopathology 78(5):550-554

Wei WH, Zhao WP, Song YC, Liu LH, Guo LQ et al (2003) Genomic in situ hybridization
analysis for identification of introgressed segments in alloplasmic lines from Zea mays x Zea
diploperennis. Hereditas 138(1):21-26

Welz HG, Geiger HH (2000) Genes for resistance to northern corn leaf blight in diverse maize
populations. Plant Breed 119(1):1-14

Widstrom NW, McMillian WW, Wiseman BR (1979) Ovipositional preference of the corn
earworm and the development of trichomes on two exotic corn selections. Env Entomol 8
(5):833-839

Williams WP, Davis FM (1980) Registration of Mp703 germplasm line of maize. Crop Sci 20:418

Williams WP, Davis FM (1982) Registration of Mp704 germplasm line of maize. Crop Sci
22:1269

Williams WP, Davis FM (1984) Registration of Mp705, Mp706, and Mp707 germplasm lines of
maize. Crop Sci 24(6):1217

Williams WP, Davis FM (2000) Registration of maize germplasms Mp713 and Mp714. Crop Sci
40(2):584

Williams WP, Davis FM (2002) Registration of maize germplasm line Mp716. Crop Sci 42
(2):671-672

Williams WP, Davis FM, Windham GL (1990) Registration of maize germplasm line Mp708.
Crop Sci 30:757

Wiseman BR, Davis FM (1990) Plant resistance to insects attacking corn and grain sorghum.
Florida Entomol 73(3):446-458

Wiseman BR, Widstrom NW, McMillian WW (1977) Ear characteristics and mechanisms of
resistance among selected corns to corn earworm. Florida Entomol:97-103

Wisser RJ, Sun Q, Hulbert SH, Kresovich S, Nelson RJ (2005) Identification and characterization
of regions of the rice genome associated with broad-spectrum, quantitative disease resistance.
Genetics 169(4):2277-2293

Wisser RJ, Balint Kurti PJ, Nelson RJ (2006) The genetic architecture of disease resistance in
maize: a synthesis of published studies. Phytopathology 96(2):120-129

Wisser RJ, Kolkman JM, Patzoldt ME, Holland JB, Yu J et al (2011) Multivariate analysis of
maize disease resistances suggests a pleiotropic genetic basis and implicates a GST gene. Proc
Nat Acad Sci 108(18):7339-7344

Xiao Y, Liu H, Wu L, Warburton M, Yan J (2017) Genome-wide association studies in maize:
praise and stargaze. Mol Plant 10(3):359-374



3 Resistance to Biotic Stress: Theory and Applications ... 175

Yadav OP, Hossain F, Karjagi CG, Kumar B, Zaidi PH et al (2015) Genetic improvement of maize
in India: retrospect and prospects. Agril Res 4(4):325-338

Yang G, Li C (2012) General description of Rhizoctonia species complex. In: Plant pathology.
Intech Open, p 362

Yang G, Wiseman BR, Isenhour DJ, Espelie KE (1993) Chemical and ultrastructural analysis of
corn cuticular lipids and their effect on feeding by fall armyworm larvae. J Chem Ecol 19
(9):2055-2074

Yang T, Stoopen G, Yalpani N, Vervoort J, de Vos R et al (2011) Metabolic engineering of
geranic acid in maize to achieve fungal resistance is compromised by novel glycosylation
patterns. Metabol Engin 13(4):414-425

Yang N, Xu XW, Wang RR, Peng WL, Cai L et al (2017a) Contributions of Zea mays subspecies
mexicana haplotypes to modern maize. Nat Commun 8(1):1-10

Yang Q, Balint Kurti P, Xu M (2017b) Quantitative disease resistance: dissection and adoption in
maize. Mol Plant 10(3):402-413

Yang N, Liu J, Gao Q, Gui S, Chen L et al (2019) Genome assembly of a tropical maize inbred
line provides insights into structural variation and crop improvement. Nat Genet 51(6):1052—
1059

Yobo KS, Laing MD, Hunter CH, Morris MJ (2004) Biological control of Rhizoctonia solani by
two Trichoderma species isolated from South African composted soil. South African J Plant
Soil 21(3):139-144

Young ND (1996) QTL mapping and quantitative disease resistance in plants. Ann Phytopathol 34
(1):479-501

Yu J, Holland JB, McMullen MD, Buckler ES (2008) Genetic design and statistical power of
nested association mapping in maize. Genetics 178(1):539-551

Zaitlin D, DeMars S, Ma Y (1993) Linkage of rthm, a recessive gene for resistance to southern corn
leaf blight, to RFLP marker loci in maize (Zea mays) seedlings. Genome 36(3):555-564

Zhang ZY, Fu FL, Gou L, Wang HG, Li WC (2010) RNA interference-based transgenic maize
resistant to maize dwarf mosaic virus. J Plant Bio 53(4):297-305

Zhang J, Zhao Y, Gan D (2011) Construction of marker-free siRNA complex expression vector
against MDMV and MRDV. J Anhui Agril Uni 38(2):232-237

Zhang Y, Huang Q, Pennerman KK, Yu J, Liu Z et al (2016) Datasets for transcriptomic analyses
of maize leaves in response to Asian corn borer feeding and/or jasmonic acid. Data Brief
7:1010-1014

Zhu Y, Zhao F, Zhao D (2011) Regeneration and transformation of a maize elite inbred line via
immature embryo culture and enhanced tolerance to a fungal pathogen Exserohilum turcicum
with a balsam pear class I chitinase gene. African J Agril Res 6(7):1923-1930

Zila CT, Samayoa LF, Santiago R, Butron A, Holland JB (2013) A genome-wide association study
reveals genes associated with Fusarium ear rot resistance in a maize core diversity panel. Genes
Genomes Genet 3(11):2095-2104

Zila CT, Ogut F, Romay MC, Gardner CA, Buckler ES et al (2014) Genome-wide association
study of Fusarium ear rot disease in the USA maize inbred line collection. BMC Plant Bio 14
(1):372

Zuo W, Chao Q, Zhang N, Ye J, Tan G et al (2015) A maize wall-associated kinase confers
quantitative resistance to head smut. Nat Genet 47(2):151-157



	3 Resistance to Biotic Stress: Theory and Applications in Maize Breeding
	Abstract
	3.1 Introduction
	3.2 Description on Different Biotic Stresses
	3.2.1 Maize Diseases
	3.2.2 Maize Insects

	3.3 Stages and Extent of Damage
	3.3.1 Disease Management
	3.3.2 Insect Management

	3.4 Traditional Breeding Approaches
	3.4.1 Conventional Approaches in Breeding for Disease Resistance
	3.4.2 Conventional Approaches in Breeding for Insect Resistance
	3.4.3 Limitations of Conventional Approaches in Breeding for Biotic Stress Resistance

	3.5 Genetic Resources of Resistant Genes
	3.5.1 Utilization of Identified Novel Genes in Maize Improvement

	3.6 Diversity Analysis
	3.7 Glimpse on Classical Mapping in Maize
	3.7.1 Map-Based Cloning of Genes for Resistance

	3.8 Association Studies in Maize
	3.9 Genomics-Aided Breeding for Traits Conferring Resistance
	3.9.1 Structural and Functional Genomic Resources
	3.9.2 Details of Genome Sequencing

	3.10 Genetic Engineering for Biotic Stress Resistance in Maize
	3.10.1 Disease Resistance
	3.10.2 Insect Resistance

	3.11 Bioinformatics as a Tool for Studying Biotic Stress Tolerance in Maize
	3.12 Rationale of Genome Designing, Limitations and Prospect of Genomic Designing
	3.13 Social, Political and Regulatory Issues
	3.14 Future Perspective
	References




