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Breeding Wheat for Biotic Stress
Resistance: Achievements,
Challenges and Prospects
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Abstract

Wheat (T. aestivum) is one of the key food grain crops and is a prominent source
of calories and proteins globally. In addition to mushrooming population and rising
abiotic stresses in this ongoing climate change era, biotic stresses pose a great threat
to wheat production over the globe. Fungal diseases such as rusts, mildew, along
with pests like aphid, hinder the potential yield performance of the elite wheat cul-
tivars to a huge extent. The complex nature of plant-parasite interactions is shown
to be the decisive factor for the ultimate resistance expression in wheat. However,
the advancement of molecular genetics and biotechnology enabled the replace-
ment of the tedious, time and resource consuming cytogenetic analyses of locating
APR and ASR genes using molecular mapping techniques. Continuous efforts have
been made to mine resistance genes from diverse genetic resources such as wild
relatives for combating these diseases and pests, which are repositories of R genes.
Additionally, they offer a promising source of genetic variation to be introgressed
and exploited for imparting biotic stress tolerance in cultivated wheat. Though just
a handful of R-genes are cloned and molecularly characterized in wheat so far, more
than 350 resistance genes for various diseases have been identified and successfully
introgressed into elite varieties around the globe. Modern genomics and phenomic
approaches coupled with next-generation sequencing techniques have facilitated
the fine-mapping as well as marker aided selection of resistance genes for biotic
stress resistance wheat breeding.

Keywords: Biotic stress, Durable resistance, Genomics, R-genes, Wheat rusts,
Wild relatives

1. Introduction

Wheat is one of the most important cereal staple food crops in the world, both
in terms of food production and for providing the total amount of food calories and
protein in the human diet [1]. It is believed that bread wheat originated in south
western Asia from where it spread to other regions of Asia, Europe, Africa and
America [2]. Wheat has adapted itself to diverse climatic conditions and, as such,
is grown over a range of altitudes and latitudes under irrigated, severe drought and
wet conditions. The global demand for wheat is projected to rise by 60% by 2050
because of the increase in the world’s human population and changing livelihoods.
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Wheat production has been threatened by unexpected abiotic and biotic stresses
due to abrupt environmental changes or movement of pathogens. The monoculture
of modern wheat cultivars with low genetic diversity has resulted in pathogen
resurgences, which threaten wheat supplies [3].

Biotic stress in plants is caused by several living organisms namely fungi, virus,
insects, nematodes, arachnids and weeds. Unlike the stresses caused by environ-
mental factors i.e. abiotic stresses (heat and drought), the biotic stress agents
directly affect the host growth and development by depriving them of nutrition
resulting into reduced plant vigor and in extreme cases, even death of the host.
From the agricultural context, biotic stress has major contribution in pre as well
postharvest losses. Of the nearly 200 diseases and pests that have been documented,
50 are considered economically important because of their potential to damage
crops and affect farmers’ incomes [4]. Among biotic stresses, pathogenic fungi
represent a significant challenge to wheat production globally. The major diseases
in wheat involves stripe rust, stem rust, leaf rust, powdery mildew, head blight etc.
Historically, yellow rust has caused and is presently causing significant and severe
losses in susceptible wheat cultivars worldwide [5]. The major insect-pests attacking
wheat are aphid, hessian fly, green bug and borers etc.

In this chapter, the major diseases and pests detrimental to wheat crop along with
the molecular basis of stress resistance will be discussed. Moreover, the remarkable
global milestones being achieved along with some important tools and prospects for
mitigating with these economically important diseases and pests will be focused.

2. Biotic stress resistance in wheat
2.1 Types of disease resistance

There are basically two types of genetic resistances as described by Vander
Plank [6] for the different diseases in wheat i.e. Qualitative/Vertical resistance and
Quantitative/Horizontal resistance.

2.1.1 Qualitative (vertical) vesistance

It is specified to pathogen races controlled by a single or few genes i.e. mono-
genic or oligogenic. Race-specific is used to describe resistance that interacts
differentially with different pathogenic racesi.e. it is applied both to complete
resistance and components of incomplete resistance that so interact [7]. This kind
of resistance is easily detectable with specific pathogenic races or pathotypes which
are controlled by genes with major effects. In wheat rust pathosystems, these resis-
tances are recognized by characteristic low infection types. Most of these genes can
be detected in seedling evaluations using specific pathotypes. For every resistance
gene in the host plant, there is a corresponding virulent gene in the pathogen as
stated by gene for gene hypothesis. However the ability of a virulent gene to mutate
to avirulent gene, no longer recognizable by the corresponding resistance gene,
implies a type of resistance termed race-specific resistance.

2.1.2 Quantitative (horizontal) resistance

This kind of resistance varies in continuous way among the different phenotypes
of the host population, ranging from almost imperceptible to quite strong resistance
response. The resistance expression depends upon the genotype and environment,
where pathogen is the part of that environment. The environment can considerably
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affect its durability also [7]. Partial resistance is supposed to be under polygenic
control and such resistance will be race-nonspecific. Being controlled by minor
genes, the quantitative resistance has complex genetic basis which operates against
all the pathotypes/races of that specific pathogen. Race-nonspecific resistance is
mainly effective at the post-seedling and adult plant stages and adult plant resis-
tance (APR) is often detected as field resistance [8]. The best known APR genes in
wheat are S72 (stem rust resistance gene) and Lr34, a gene that provides resistance
to leaf and stripe rust and powdery mildew. These genes have been used in com-
mercial wheat varieties for almost 100 years. Sr2 and Lr34 have provided partial
resistance for decades over large areas and under prolonged disease pressure in the
field, proving their durability. Adding to complexity, Ug99 had a very wide spec-
trum of virulence towards most of the commonly used R genes and rapidly evolved
virulence to the important R genes (5724 and Sr36) which has impeded the initial
emergency breeding response to incorporate resistance to this strain [9].

2.2 Types of insect resistance

Insect resistance on the other hand is typically governed by three main
mechanisms.

2.2.1 Single or oligogenic vesistance

Single or oligogenic resistance has been observed against some insects such as
Hessian fly in wheat. Such resistance is governed by a single or few major genes.
This type of resistance has also been reported against Russian wheat aphid and
green bug.

2.2.2 Polygenic resistance

Several genes with small additive effects govern the resistant response against
some insects. The resistance observed against cereal leaf beetle in wheat is of
this type.

2.2.3 Cytoplasmic resistance

Cytoplasmic resistance against insects has not been reported in case of wheat.
However, in maize resistance against European corn borer is governed by cytoplas-
mic genes. Another case of cytoplasmic resistance is observed in lettuce against
root aphid.

3. Major diseases of wheat

There are many diseases found in wheat caused by different microorganisms
from fungi to bacteria and viruses. But only a few of them caused by pathogenic
fungi are economically important with global implications. The major diseases in
wheat (Table 1) are stripe rust, leaf rust, stem rust, powdery mildew, loose smut,
Fusarium head blight (FHB) and more recently wheat blast (WB) also. Besides
Stem rust, which is under control to some extent, Leaf rust and yellow rust have the
potential to affect production levels up to 60 and 43 million hectares respectively in
Asia if susceptible cultivars were grown [10]. Though fungicidal applications offer
control, their use is an added cost to farmers besides being unsafe environmentally.
Hence growing resistant cultivars is the most effective and efficient control strategy
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Sno Disease Causal Pathogen Behavior No. of R-genes
identified
1. Stripe rust (yellow) Puccinia striiformis f. Biotrophic 95
sp. tritici
2. Leaf rust (brown) Puccinia triticina Biotrophic 80
3. Stem rust (black) Puccinia graminis f. sp. Biotrophic 67
tritici

4. Powdery mildew Blumeria graminis f. Biotrophic 70
(PM) sp. tritici

5. Karnal Bunt (KB) Tilletia indica Biotrophic 6

6. Fusarium head blight Fusarium graminearum Necrotrophic 7
(FHB)

7. Wheat blast (WB) Magnaporthe oryzae Necrotrophic 5

pathotype triticum
8. Loose Smut (LS) Ustilago tritici Biotrophic 10
Table 1.

Major diseases of wheat with their vespective behavior and number of vesistance genes identified for each
disease (up to 2020).

[11]. The rusts and mildew diseases are caused by biotrophic fungi (survive by
obtaining nutrients from living plant tissues). Among these, Puccinia rusts continue
to affect and threaten the world’s wheat production [12], although powdery mil-
dew has also emerged as an economically important disease. In case of stem rust,
the emergence of Ug99 group of stem rust races placed it among one of the most
significant threats to global wheat production [13].

The other diseases like FHB and WB are caused by necrotrophic fungi (faculta-
tive parasites feeding on dead tissue during unavailability of living plants). Wheat
blast was first identified in Parana, Brazil in 1985 [14]. It is also of utmost signifi-
cance as WB outbreaks in Bangladesh [15] and more recently in Africa [16] have
attracted immediate global attention from the wheat scientists.

Another economically significant disease, Karnal Bunt (KB) of wheat was
first reported in Karnal, India [17], soon extended to Northern and Central India.
Later, KB was found to occur in Nepal, Pakistan, Iraq, Afghanistan, South Africa,
Mexico and USA [18]. The pathogen is seed, soil and airborne in nature, there-
fore difficult to control after it is introduced and then established over a region.
Although host plant resistance is the most effective and economic method of its
management but development of KB resistance varieties is difficult task owing to
limited genetic variability in hexaploid wheat [19], quantitative inheritance and
considerable impact of environment on KB resistance screening [20].

4. Major insect-pests of wheat

Various insect pests delimit the yields of wheat crop in different agro-climatic
zones. Some of these insect pests are foliar aphid complex in irrigated wheat, root
aphids in loose soils, pink stem borers in fields having rice stubbles, cut worms in
residues, termites in raised beds and brown mites in rainfed conditions [21]. Six dif-
ferent species of aphids are reported to attack cereals. Out of these, Russian wheat
aphid and bird cherry-oat aphid are important pests of wheat. The Russian wheat
aphid (Diuraphic noxia) is a sucking pest of wheat. Aphid attack is characterized
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by leaf rolling which is the result of toxic injection by the aphid. The rolled leaves
serve as a protection site for the insects. Yield losses up to 40% have been reported
in case of aphid infection [22]. The bird cherry oat aphid (Rhopalosiphum padi)
has been reported to affect wheats all over the world. Feeding symptoms are
almost absent. Yield losses due to R. padi dependent upon the crop stage at which
insect attacks. High yield losses upto 24-65% have been reported in case the attack
occurs at seedling stage. Losses decrease if attack occurs at later stages [23]. The
aphid is also reported to cause significant indirect losses as it is a vector of Barley
Yellow Dwarf Virus (BYDV), which is the most important viral disease in cere-
als. Greenbug (Schizaphis graminum) is another sucking pest of the wheat aphid
complex. The green bug feeds on wheat leaves and stems, extracting sap from the
phloem. Injection of toxins concomitant with feeding further reduces the chloro-
phyll content thereby inversely affecting the carbon assimilation and overall plant
development [23-25].

Cephus spp., the wheat stem sawfly has also been reported to cause major losses
in wheat. The adult females oviposit into the young stems of wheat. Upon hatch-
ing within the stem, the larvae feed voraciously moving up and down in the stem.
When the plant attains maturity, larvae migrate to the basal portion of the stem and
build a hibernaculum. The stem above the hibernaculum weakens and breaks [26].
The Hessian fly (Mayetiola destructor) is another major pest of wheat crop. Larvae
damage stems of plants, thereby preventing internode elongation and disrupting
nutrient transport. Significant losses (upto 40%) have been reported upon sawfly
attack [27].

5. Molecular basis of disease resistance in wheat

Wheat is an allopolyploid, means a polyploid species that resulted from
interspecific or intergeneric hybridization of two or more genomes from differ-
ent species. Polyploidy, a common form of plant evolution, is associated with
promoting the genetic diversity that facilitates adaptation to a range of environ-
ments. Because wheat is a global crop, it is under continuous exposure to a large
variety of parasite species and strains, many of which have the ability to move
around the globe. Long-term co-evolution between plants and their pathogens
has equipped plants with a sophisticated multi-layered immune system to guard
themselves against pest and pathogens [28]. Specificity between pathogenic vari-
ants (races) and plant genotypes (cultivars) follows gene for gene-for-gene inter-
actions, whose outcome is conditioned by alleles of a gene regulating resistance
(R gene) in plant and alleles of its corresponding gene regulating avirulence
(Avr gene) in pathogen [29]. The plant immune system is typically described in
terms of two components: pattern triggered immunity (PTI) which is activated
by recognition of microbial or pathogen-associated molecular patterns (MAMPs
or PAMPs) and effector-triggered immunity (ETI) involving gene for gene kind
of resistance [30, 31]. ETI is often based on the recognition of cytosolic effectors
by immune receptors with a conserved nucleotide-binding domain (NBARC)
and a leucine-rich repeat domain (LRR) also called NLRs. This type of resistance
is usually associated with a hypersensitive response (HR) localized to infection
sites. To date, only a handful of these biotic stress resistance genes have been
isolated and cloned in wheat (T aestivum). Donors of the R genes are genetically
diverse, including species in the primary gene pool (Triticum spp.), secondary
gene pool (e.g. T timopheevii), and tertiary gene pool (e.g. Aegilops, Secale, and
Thinopyrum).
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5.1 NBS: LRR proteins - basis of race-specific/seedling/all stage resistance (ASR)

A few resistance genes have been cloned for race-specific resistance in wheat
so far, which belong to a conserved gene family encoding NBS-LRR (Nucleotide
binding site-leucine-rich repeat) proteins, also known as R-proteins (NLR) [30]. For
example, powdery mildew genes, Pm3 and Pm8 and leaf rust resistance genes Lr10
and L»21. These R-proteins impart complete but race specific resistance. NBS-LRR
proteins are a conserved class of immune receptors that directly or indirectly recog-
nize pathogen-specific effector proteins. These proteins are secreted by pathogens
into the host cell to suppress defense response and to establish infection. Recognition
of effectors by NBS-LRR proteins triggers a signaling cascade resulting in a strong
resistance response called hypersensitive reaction (HR) [31]. HR eventually leads
to death of the infected host cell by this means preventing further spread of the
pathogen [32]. Since this type of disease resistance depends on the recognition of
specific pathogen effectors, even point mutations within effector genes or their loss
can disrupt recognition by the corresponding NBS-LRR protein. Such mutations
in pathogen effectors result in the emergence of new virulent pathogen races and
breakdown of disease resistance. Mutated pathogen spores that avoid recognition
by the corresponding R gene will have a huge selective advantage facilitating their
rapid multiplication. Dispersal of fungal pathogens by wind over long distances adds
to the quick spread of newly evolved virulent pathogen strains. Ug99, for instance,
spread out from Kenya to South Africa and the Near East in less than a decade.

So far, only 31 genes have been cloned (Table 2) for biotic stress resistance (30
for disease resistance) from bread wheat and its wild relatives. Among these, most
of the genes impart race specific resistance to the plant. These R-genes encode pro-
teins with an NBS-LRR domain with a coiled-coil (CC) domain. This type of gene
typically shows a greater degree of variation in LRR-encoding sequences [60, 61].
This is consistent with the idea that the LRR-encoding sequence is important for
target specificity [61, 62]. The sequence variation in NBS-encoding region can
also play significant role in specificity. For powdery mildew resistance, Pm3 locus
encodes seven alleles (Pm3a—Pm3g) providing resistance to different races of
Blumeria graminis f. sp. tritici [63]. Sequence analysis indicated that the Pm3 alleles
evolved either by gene conversion/recombination or by single point mutations
within the NBS and LRR regions [61].

5.2 Transporter proteins: basis of durable/adult plant resistance (APR)

Due to rapid pathogen evolution, R gene resistance is often not durable. One
strategy to increase the longevity of disease resistance in wheat cultivars is to
pyramid several R genes in one cultivar. To overcome such resistance gene stacks,
simultaneous mutations in several effector genes would be required in one single
pathogen spore. Race-non-specific resistance is supposed to be more durable when
deployed in agriculture. Such kind of resistance mechanism sometimes may also
be effective against multiple pathogens. These are normally quantitative traits
conferring partial resistance that is able to slow down disease development. For
example Lr34, Yr36, and Pm21. Lr34 confers non-specific, partial, and slow rusting
resistance, and has been deployed worldwide, maintaining its effectiveness in
agriculture for decades. Due to its role in conferring resistance to pathogens other
than leaf rust, it is also known as Y718, Pm38, Sr57 and Bdv1 for resistance to stripe
rust, powdery mildew, stem rust, and barley yellow dwarf virus, respectively [64].
The successful cloning of Lr34, Y36, and Lr67 revealed these APRs encode an
ABC transporter, a kinase-START protein, and a hexose transporter, respectively
(Table 2). They appear to each have their own resistance mechanism, function
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S.no Gene Biotic stress Protein type Reference

1. Lv21 Leaf rust NLR [33]

2. Lr10 NLR [34]

3. Lr1 NLR [35]

4, Lr34/Yr18/Sr57/Pm38 ABC! transporter [36]

5 Lr67/Yr46/Sr55/Pm46 Hexose transporter [37]

6 Lr22a NLR [38]

7 Y136/ WKS1 Stripe/yellow rust Kinase-START” [39]

8 Y7 NLR [40]

9 Yr5a NLR (40]

10 Yr5h NLR [40]

11 Yri5 Tendem [41]

kinase-pseudokinase

12 YrAS2388 NLR [42]

13 Sr33 Stem rust NLR [43]

14 Sr35 NLR [44]

15 Sr50 NLR [45]

16 Sr22 NLR [46]

17 Sr45 NLR [46]

18 Sri13 NLR [47]

19 Sr21 NLR [48]

20 Sr46 NLR [49]

21 SrTA1662 NLR [49]

22 Sr60/WTK?2 Tendem kinase [50]

23 Sr26 NLR Zhang et
al. (under
review)

24 Sr61 NLR Zhang et
al. (under
review)

25 Pm3 Powdery Mildew NLR [51]

26 Pm8 NLR [52]

27 Pm2 NLR [53]

28 Pm21 serine/threonine [54, 55]

protein kinase

29 Pm60 NLR [56]

30 WFhb1-1 (Qfhb1) Fusarium head PFT>- chimeric [57, 58]

blight (FHB) lectin

31 Hi3 Hessian fly CC-NB-ARC-LRR [59]

'ABC- ATP binding cassette.

“START- Steroidogenic acute regulatory protein-velated lipid transfer domain.

3PFT- Pore-forming toxin.

Table 2.

List of magjor cloned resistance genes in wheat for different biotic stresses.
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constitutively and often increase the basal level of resistance of the host, which is
different from the recognition based NLRs.

6. Insect resistance in wheat
6.1 Resistance categories

Responses which govern insect resistance in plants can be classified into three
categories. Tolerance can be defined as the response of plant which allows the
plant to survive insect damage with low or no damage to the yield. Tolerance is
generally governed by a complex set of genetic traits. Tolerance does not affect the
overall survival of insects thereby poses no selection pressure. Tolerance has been
reported in a number of crops [65, 66]. The non-preference of a plant by insect
pest or antixenosis is another mechanism used by plants against insects. Generally,
antixenosis is manifested by some morphological or chemical factors which hinder
feeding of the pest and sometimes rejection as host. Antibiosis, the third category,
can be defined as the condition when pest health and reproduction are negatively
affected by the resistant plant. Most of the resistance observed in field (up to 90%)
is due to antibiosis.

6.2 Resistance mechanisms

Over the due course of evolution traits for direct and indirect defense
mechanisms against insect attacks have developed in plants. The classification
of these mechanisms has been further done as direct mechanisms and indirect
mechanisms. Structural barriers constitute the direct defenses. Tissue tough-
ness, glandular and non-glandular trichomes and plant pubescence are included
in these types of defenses. Allelochemicals in plant tissues are also included in
direct defenses. These exhibit toxic, anti-feedant, and repellent effects on the
attacking arthropods. The digestive enzyme inhibitors, cyanogenic glycosides,
glucosinolates, lectins, glucosinolates, terpenoids and alkaloids are involved in
this [67, 68]. An extensive review of constitutive & induced morphological &
chemical plant defenses has been done [65, 66, 69, 70]. These defenses mediate
antixenosis & antibiosis. Volatile organic compounds constitute the indirect
defenses. The plants which are damaged by pest arthropod release these com-
pounds. These compounds lead to attraction of arthropod predators & parasit-
oids or the ones that cause repelling of oviposition of pest arthropods [71]. The
specific plant indirect defense responses are represented by herbivore associated
molecular patterns (HAMPs). These are the responses to the specific herbivore
derived elicitors. This occurs in the in oral or ovipositor secretions. These facili-
tate indirect defenses against herbivores [72]. The widely researched HAMPs are
the insect fatty acid plant amino acid conjugates. These are obtained from the
lepidopterous larvae [71, 73].

6.3 Constitutive and induced resistance genes

The arthropod selects host plant tissue substrate based on well-coordinated
interactions occurring within evolutionarily conserved protein(s) which are
encoded by attacking arthropod & responding host plant. The arthropod success-
fully manipulates the host plant as a result of suitable arthropod-plant interactions.
When there is incompatibility in the arthropod-plant interaction, the arthropod
does not succeed resulting in the survival of the plants attacked [74]. The plant and
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fungal endophytic genes are expressed in both the interactions. These are expressed
constitutively or via induced defense responses. These occur following herbivory
and find involvement in arthropod resistance [75, 76].

Under field conditions, resistance has been explained more clearly by the effects
which are controlled by the constitutive genes. This is concluded based on the lim-
ited research done till date. The effects owing to the induced gene expression do not
contribute much in this [77, 78]. The generation of reactive oxygen species and the
signal cascades which involve salicylic acid (SA), jasmonic acid (JA), abscisic acid,
ethylene and gibberellic acid occurs in plants as a response to arthropod herbivory.
Direct and indirect defense proteins are resulted by the downstream production
[79-82]. The aphid bacterial endosymbionts could also lead to defense signals
[83]. Jasmonic acid based transcriptomes are elicited by the plant tissue damage
caused by arthropods with chewing mouthparts. On the contrary, arthropods with
piercing-sucking mouthparts induce the jasmonic acid- salicylic acid-based tran-
scriptomes [71]. Recent documentation has been done of the jasmonic acid- salicylic
acid signaling induced by both types of herbivory and jasmonic acid- salicylic acid
cross talk [68, 74, 84, 85]. The expression of several plant genes which are produced
in the initial responses to arthropod herbivory are controlled by the JA, 12- oxo-
phytodienoic acid, and jasmonoyl-amino acid conjugates (which are governed
by zinc finger protein expressed in inflorescence meristem) repressor proteins
[86]. Several defense allelochemicals are produced by the defense response gene
upregulation. This occurs via JA and some other pathways [69]. Scanty information
is available regarding the arthropod induced expression of the plant metabolism
genes. There are very few evidences indicating the down regulation of few of these
genes. This is reported to occur in the beginning just after the arthropod herbivory
sets in and later on upregulated in the ensuing days [84, 87].

The identification of arthropod pest elicitors of resistance genes is yet to done. An
undefined elicitor protein of Diuraphis noxia is recognized by the wheat plant receptors.
D. noxia is recognized by plant-signaling gene products feeding in incompatible interac-
tions [88]. Secondary metabolites possessing the Hydroxamic acids (Hx) (1,4-benzoxa-
zin-3-ones) group, find involvement in the resistance of certain cereals against bacteria,
fungi and several insects including aphids [89]. In the seed, Hydroxamic acids (Hx) are
absent. This increases after germination. The young seedlings exhibit the concentration
peak [90]. This is basically located in the mesophyll protoplasts, the vascular bundles
[91] and in the sieve elements [92]. In the mature plants, the Hx levels decline after the
seedling stage. Even then, the young tissue still exhibits a high concentration of Hx [90].
In the plants, the Hx compounds occur as 2--O-D-glucopyranosides [90]. When the
tissue is injured, these are enzymatically hydrolyzed by endo-f-glucosides to DIMBOA
(2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3- one) [92]. DIMBOA is the main Hx
aglucone in the wheat extracts. It leads to antibiosis, decreased performance, feeding
deterrence and reduced reproduction in aphids [93].

An enhancement in the overall activity of several enzymes was observed. All
the enzymes such as superoxide dismutase, phenylalanine ammonia lyase glutathi-
one reductase, and polyphenol oxidase have a major role in the defense of plants
towards the feeding of aphid [94]. An early defense strategy is mounted by the
Hessian fly-resistant Ae. tauschii. The production of anti-feedant proteins (lectins),
secondary metabolites and ROS radicals is involved in this strategy. These success-
fully counter the larval extra oral salivary plant cell degrading proteases, lead to
fortification of the cell wall and prevention of the Hessian fly larvae from establish-
ing permanent feeding sites [95].

There are different types of carbohydrate binding proteins known as lectins
which are present in tissues of plants. Resistance building potential is possessed
by these lectins for wheat against insects. To tackle HF, the identification of
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genes leading to production of this type of lectins seems a potential method.
The genes include Hfr-2 called as HF destructor. This is expressed in the leaf
sheaths of the resistance genotypes [96] On similar lines, the mannose binding
lectins serve as storage protein and accumulate in the phloem sap. This might
act against HF. Anti-insect properties are possessed by these lectins. This is
attributed to the accumulation of lectin in the midgut of insects, killing them
instantly. Another defensive mechanism present in resistant varieties of wheat
is the production of Wci-1 mRNAs and Hfr-1. This occurs in response to the
attack of HF larvae. The Hfr-1 gene is known as the defender gene against HF.
It has the ability to control crop from severe attack [97]. The identification of
arthropod pest elicitors of resistance genes is yet to done. An undefined elicitor
protein of Diuraphis noxia is recognized by the wheat plant receptors. D. noxia
is recognized by plant-signaling gene products feeding in incompatible interac-
tions [88]. An Avirulence (Avr) gene is there on the parasites side. This encodes
one of the several effector proteins that the parasite applies to the plant to help
in colonization. A Resistance (R) gene is there on the plant’s side. It mediates a
surveillance system which detects the Avr protein. The detection is done either
directly or indirectly. It triggers effector-triggered plant immunity. The arthro-
pods are responsible for a significant proportion of plant biotic stress but even
then they have not been integrated into important models of plant immunity
that arise from plant pathology. The absence of molecular evidence for arthro-
pod Avr effectors has been a limiting factor. This evidence was discovered in a
plant pathogen around thirty years back. Now, there is evidence for arthropods
with the cloning of the Hessian fly’s vH13 Avr gene. Resistance against RWA is
supposed to be induced by gene-for-gene model. The resistant gene produces a
protein in this mechanism. This protein contains nucleotide binding site-leucine
rich repeat (NBSLRR) domain [98, 99]. Firstly, this NBSLRR domain recognizes
and then interacts with cognate Avr protein which is produced by the respec-
tive insect [100]. It has been reported that another domain (serine/threonine-
protein kinases: STKs) is produced by Dz genes. This confers resistance against
the RWA [101].

7. Sources of biotic stress resistance in wheat

Wheat belongs to the kingdom Plantae and family Poaceae. It is a long
day and a self-pollinated crop. The bread wheat (Triticum aestivum) genome
is one of the most challenging plant genomes to study. It is highly repetitive
(~85%) and approximately 15.4-15.8 Gbp in size, which is five times larger
than the human genome [102]. The genus Triticum contains 10 species, out
of which six are cultivated and four are wild. Hexaploid wheat (T. aestivum)
genome (2n = 6x = 42) encompasses A, B and D sub-genomes which is advan-
tageous for providing useful genetic diversity for crop improvement. There
are three ploidy levels in Triticum and Aegilops (encompassing cultivated
wheats and their progenitors) genera with 2n chromosomes 14, 28, 42 and
the basic chromosome x = 7 in all the species. Other genera of Poaceae such as
Secale, Hordeum, Dasopyrum, Agropyron, Elymus, Leymus, Elytrigia, and
Thinopyrum are also important for introgression of useful variability into
cultivated wheats. On the basis of their genomic constitution, the wild rela-
tives of wheat can be classified into primary, secondary, and tertiary gene pools
[103, 104]. These gene pools are affluent source of genes for disease and pest
resistance, mitigating abiotic stresses and micronutrient enrichment in wheat.
These three gene pools of wheat as sources of resistance can be described as follows:
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1. The primary gene pool consists of species sharing homologous genomes with
cultivated wheat. This group includes land races of T. aestivum, T turgidum
and donor species of the A and D genomes of bread wheat-T. monococcum,

T. urartu, T boeoticum and Ae. tauschii. Gene transfer from these species can
be achieved by direct hybridization, backcrossing, and selection [104]. Just
embryo rescue in certain cases is necessary to produce F; hybrid. Many genes
conferring resistance to diseases and insect pests have been transferred using
this method and several of them are still being exploited in cultivar improve-
ment [105, 106]. Among genetic resources, landraces has been reported a
crucial germplasm pool contributing to the genes for grain yield [107, 108]
high protein content and tolerance to biotic/abiotic stresses [109]. The green
revolution semi-dwarfing genes (Rh¢- B1b and Rht-D1d) [110] and other semi-
dwarfing gene, Rht8c, has been a significant contribution of the landraces. The
Rht dwarfing gene that was available through the Japanese variety ‘Norin10’
originating from a Japanese landrace Shiro Daruma [111]. Later, these dwarf-
ing genes were utilized by Dr. Norman E. Borlaug to develop the high-yielding
semi-dwarf wheat varieties triggering the Green Revolution in late 1960s.At
Punjab Agricultural University (PAU), Ludhiana, India, an active collection
of 280 Ae. tauschii accessions is being maintained. These accessions have been
found to carry resistance genes for various biotic stresses including leaf rust,
stripe rust, powdery mildew, and Karnal bunt. Ae. tauschii has a very high
level of KB resistance.

2. The secondary gene pool of bread wheat includes the polyploid Triticum and
Aegilops species that have at least one genome in common with wheat. Gene
transfer from these species by homologous recombination is possible, if the
target gene is located on a homologous chromosome. However, if the genes are
present in a non-homologous genome, special cytogenetic manipulations are
required. These species have contributed many resistance genes that are being
used in cultivar development [103]. At PAU, the genes for disease resistance
and HMW glutenin subunits have been successfully transferred from several
Triticum and Aegilops species into wheat and durum cultivars with direct hy-
bridization and backcrossing [112, 113].

3.Species belonging to the tertiary gene pool are more distantly related. Their
chromosomes are not homologous to those of wheat. Gene transfer from
these species cannot be achieved by homologous recombination, chromo-
some pairing, and recombination between wheat chromosome and alien
chromosomes [103, 104]. Special cytogenetic techniques (in-situ hybridiza-
tion) are required to ensure compensating transfers with least linkage drag
for commercial exploitation of introgressed derivatives. Even though such
transfers may include an entire chromosome arm or part of an arm, these
have been successfully bred into commercial wheat cultivars because the
alien chromosome segment genetically compensates for the missing wheat
segment.

8. Major techniques for inducing biotic stress resistance
The route maps followed for a trait improvement particularly stress resistance,
both biotic and abiotic remain the same. The Figure 1 graphically depicts various

tools and techniques that can be utilized with efficient and effective manner for
tackling different biotic stresses in wheat.
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Major techniques used for biotic stress resistance in wheat

Conventional Marker assisted New Plant Breeding
breeding techniques breeding tools (NBPTs)

Marker assisted DNA sequencing technologies
selection (MAS), i.e. NGS
Marker assisted

backcross breeding
(MABS)

Pre breeding, direct
hybridization,
backcrossing,

selection

Omics tools i.e. genomics,
epigenomics, metabolomics,

Interspecific and f > S
transcriptomics and proteomics

intergeneric
hybridization for
alien introgressions
via bridging crosses

Mutagenesis and
transgenesis

Gene/QTL
mapping, Advanced
backcross QTL

Genome Editing technology i.e.
CRISPR-Cas9, Base editing

Genomic
selection

High throughput phenotyping,
artificial intelligence and big
data analysis

Allele mining

Association genetics (genome
wide association studies
(GWAS), Candidate gene
mapping, MutChromSeq,

TACCA, RenSeq, AgRenSeq)

Reverse Breeding, Cisgenesis,
Synthetic denomics
Figure 1.

Some major tools and techniques (both in use and under explovation) in wheat breeding for biotic stress
vesistance.

9. Present scenario
9.1 Fungal diseases

So far, more than 240 rust resistance genes have been characterized and formally
designated in wheat or its relatives; most being race-specific resistance genes. At
least 67 of these genes are designated as Sr resistance genes [105, 114, 115]. Sr31 was
one of the most widely utilized race-specific Sr resistance genes [116]; however, its
presence at the International Maize and Wheat Improvement Center (CIMMYT) has
been drastically reduced following testing against Ug99 races in Kenya. Evolution of
virulence against S¥31 with the emergence of Ug99 led to stem rust susceptibility in
most of the wheats grown around the globe. After its new races overcame a number
of resistance genes, the genes S12, S123, S125, Sr33, Sr35, Sr45, Sr47, and Sr50 are
presently the most efficient for protection against newly evolved races [117]. The
QTL-controlling stripe rust resistance in T monococcum was mapped on chromosome
2A (QYrtm.pau-2A), whereas the QTL from T boeoticum was mapped on 5A (QYrtm.
pau-5A). One stripe rust-resistant gene from T. boeoticum acc. pau5088 was con-
firmed to be introgressed in cultivated wheat which was indicated by co-introgression
of T boeoticum sequences linked to stripe rust-resistant QTL, QYrth.pau-5A [118].

For stripe (yellow) rust resistance, 95 genes have been characterized and
formally named [105, 114, 115]. However, most of these genes have been rendered
ineffective with emergence of virulent races around the globe with exception of a
few combinations, such as the combination of Yr5 and Y715 that remain effective
worldwide. At Punjab Agricultural University, Ludhiana, India, about 200 acces-
sions of T monococcum and T. boeoticum were screened for leaf rust and stripe rust
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resistance for several years and we found that all the T monococcum accessions, most
of the T. boeoticum and a few T. urartu accessions, were completely resistant to leaf
rust. However, a lot of variation was observed for stripe rust resistance. Leaf and
stripe rust resistance genes have also been introgressed from diploid species Ae.
umbellulata and Ae. caudata using T. durum as bridging species [118, 119].

Similarly, 80 Lr resistance genes have been genetically characterized and
documented [115]. Out of these, L1, L¥3, Lr10, and L»20 have been commonly
deployed in wheat cultivars [120]. Generally, ASR genes are rendered ineffective
with continual emergence of new virulent races of rust pathogens through mutation
and recombination [121]. It has been well documented through cloning of 11 race-
specific genes in wheat (S22, Sr33, S35, Sr45, Sr50, Yr5, Yr10, Lv1, Lr10, Ly21, and
Lr22) that these genes encode NLR proteins [122-126].

Till date, only seven race non-specific APR genes have been genetically charac-
terized and formally designated in wheat namely Sy2/Y30, Lv34/Yr18/Sr57/Pm38,
Lr46/Yr29/Sr58/Pm39, Lr67/Yr46/Sr55/Pm46, Lr68, Sr56, and Yr36 [127-133]. Cloning
of the APR genes Y36, Lr34/Yr18/Sr57/Pm38 and Lr67/Yr46/Sr55/Pm46 has revealed
the roles of cytoplasmic protein kinase, adenosine triphosphate (ATP)-binding cassette
transporter, and hexose transporter, respectively in mediating resistance [134-136].

Growing resistant cultivars is the most cost-effective strategy for tackling PM.
To date, 70 PM resistance genes have been formally cataloged; most of these provide
race-specific resistance in wheat [114, 115]. It is desirable to know the virulence
pattern of isolates to generate effective combinations of race-specific resistance
genes [137]. More effective method would be deployment of combinations of
race non-specific resistance genes is a promising method. As discussed above in
the section for rust resistance, only three race non-specific resistance genes have
been identified, out of which two pleiotropic genes (L34/Yr18/Sr57/Pm38 and
Lr67/Yr46/Sr55/Pm46) have been cloned [135, 136].

Genetic resistance to FHB is mainly quantitative and is controlled by multiple
moderate to minor genes [138]. Although genetic resistance is the most cost-
effective method, it is hard to accomplish in commercial cultivars due to its complex
behavior. This complexity is further enhanced by various resistance mechanisms,
e.g., invasion (type I), fungal spread (type II), toxin accumulation (type III), kernel
infection (type IV) and yield reduction (type V) [139]. FHB resistance also displays
significant correlations with heading, plant height, and anther extrusion of the
wheat plant [140]. To date, seven genetic loci designated as Fhb1, Fhb2, Fhb4 and
Fhb5 from wheat, and Fhb3, Fhb6 and Fhb7 from wild relatives, have been formally
named as FHB resistance genes [141]. The cultivars Sumai 3 from China and
Frontana from Brazil have been identified as sources of moderate resistance to FHB.

Karnal bunt is among the few quarantine diseases that restrict free trade among
countries due to quarantine regulations [142]). Resistance to Karnal bunt has been
reported in durum wheat (Triticum turgidum), common wheat, Aegilops, rye and
barley under artificial conditions [143, 144]. Susceptibility of T aestivum to Karnal
bunt might be due to presence of an additional D genome [145, 146]. Sharma et al.
[147] at PAU developed high yielding Karnal bunt resistant wheat lines by introgres-
sion of Karnal bunt resistance from KBRL 22 into the background of high yielding
PBW343. Studies on deciphering genetics of resistance have indicated the presence
of quantitative rather than qualitative resistance [145, 146, 148]. Fuentes-Davila
et al. [145] suggested six genes, designated Kbl, Kb2, Kb3, Kb4, Kb5, and Kb6, while
Villareal et al. [149] postulated a minimum of three genes for resistance. Studies on
deciphering genetics of resistance have indicated the presence of quantitative rather
than qualitative resistance [145, 148].

For loose smut, the majority of genetic studies carried out thus far have demon-
strated simple inheritance with one, two or three major genes in hexaploid wheat
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controlling resistance to several races of U. tritici. The first four loose smut resis-
tance genes Ut1 to Ut4 were named based on segregation of avirulence in U. tritici
[150, 151]. Genes Ut1 and Ut3 have no chromosome assignment. Based on pedigree,
the gene symbol Ut2 was assigned to the resistance gene on chromosome 6A to race
T19 [152]. Ut4 associated with the Thatcher derived differential line TD12A, was
located on chromosome 7B [153, 154]. Ut5 was located on chromosome 2BL [155],
Ut6 was initially reported on chromosome 5B by Kassa et al. [156] which was later
validated by Knox et al. [153]. A gene located to chromosome 7A by Dhitaphichit
etal. [157] was subsequently named Ut7 [153]. Knox et al. further identified genes
Ut8 on chromosome 3A, Ut9 on chromosome 6B and Ut10 on chromosome 6D.
Several studies revealed the additive nature of resistance genes, while in some cases,
duplicate complementary action of multiple genes was also implicated [158].

Finally, the genetic resistance to wheat blast at the seedling stage follows a gene-
for-gene interaction model [159] and five resistance genes namely Rmg2, Rmg3,
Rmg7, Rmg8, and RmgGR119 have been identified in wheat against the Magnaporthe
oryzae pathotype triticum [160-164].

Various molecular markers have been widely used to tag and map resistance genes
in wheat; however, SSRs have emerged as the choice of marker in gene-mapping stud-
ies. These markers can be strategically used for selection of desirable gene combina-
tions along with phenotypic assays. Wheat has more than 3000 SSR markers mapped
so far [165]. Molecular markers can be used for alien gene transfers and understand-
ing the mechanism of gene transfer. Such markers ensure selection of a target gene
based on the presence of the linked genotype. The success of selection depends on
the close genetic association and robustness of a given marker across different genetic
backgrounds. At PAU, a number of genes/QTLs have been mapped for different wheat
diseases including stripe rust, cereal cyst nematode, and Karnal bunt. Two QTLs, one
each in T monococcum acc. paul4087, and T boeoticum acc. pau5088, were detected
for resistance in the RIL population. The QTL in T monococcum mapped on 2A ina
3.6 cM interval between Xwmc407 and Xwmc170, whereas the QTL from T. boeoticum
mapped on 5A in 8.3 cM interval between Xbarc151 and Xcfd12 [166-168].

9.2 Insect-pests
In the last 50 years or so, the HPR concept has been extended to insect-host interac-

tions. As a result, insect resistant cultivars are now in the picture. The variables, both
biotic and abiotic which play a major role in deciding the plant reaction to pest, along

Insect-pest Order Gene(s) Category References

Aceriatosichella Acari Cmc(4) Ab [169]

Cephuscinctus Hymenoptera Qssmsub (2); Ab, Ax, Tol [170, 171]
QTL

Diuraphisnoxia Hemiptera Dn (10); QTL Ab, Ax, Tol [172,173]

Mayetiola Diptera H (>33) Ab [174]

destructor

Schizaphis Hemiptera Gb (>10); QTL Ab, Ax, Tol [175]

graminum

Sitodiplosis Diptera Sm (1); QTL Ab [176,177]

mosellana

Ab: antibiosis; Ax: antixenosis; QTL: quantitative trait loci; Tol: tolevance.

Table 3.
Genes identified for insect vesistance in wheat and their respective categories.
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with mechanisms and categories of resistance are now better understood. Drawing
analogy from plant-pathogen interactions, pest-host relationships are now being
viewed as (susceptible plant) and incompatible (resistant plant) interactions [74].

Deployment of insect resistance genes in wheat along with other field crops has
increased steadily over the years from mid 60s. Marker assisted selection (MAS)
and breeding has sped up the process of identification of resistance loci and QTLs
and understanding of the mechanisms governing the resistance. Table 3 depicts the
genes identified for insect resistance in wheat and their respective categories.

10. Key challenges

Wheat is an allopolyploid resulted from interspecific or intergeneric hybridization
of two or more genomes from different species. Being one of the most consumed and
cultivated crop globally, it is under continuous exposure to a large variety of parasite
species and strains, many of which have the ability to move around the globe. Long-
term co-evolution between plants and their pathogens has equipped plants with a
sophisticated multi-layered immune system to guard themselves against pest and
pathogens [178]. Despite this, there are a few important challenges which are required
to be addressed for effectively mitigating with different biotic stresses in wheat:

1. New strains of pathogens like the rusts continue to evolve rapidly. It is well
documented that the rust pathogens have great pathogenic variability and the
frequent emergence of new virulent strains that overcome resistance genes
present in cultivated wheat varieties has hindered efforts to achieve durable
resistance to these pathogens.

2.The complex nature of plant—parasite interactions can be overwhelming while
breeding for disease resistance in wheat. The standard models of plant pathol-
ogy i.e. gene for gene model and the expanded model of plant immunity do
not elucidate plant immunity and parasite adaptation explicitly in such natural
interactions.

3. The bread wheat (Triticum aestivum) genome is one of the most challeng-
ing plant genomes to study. It is highly repetitive (~85%) and approximately
15.4-15.8 Gbp in size [179]. Much of the desirable genetic diversity is present
in the wild relatives of wheat, both in progenitors and non-progenitor species.
The genomic complexity of bread wheat and various hybridization barriers
hinder the potential use of resistance alleles present in that germplasm.

4. Despite the versatility of transgenic technology with unlimited scope for
application in wheat resistance breeding, it has faced increasing public dissent
especially against its use in food crops. Other issues include rigorous risk assess-
ments of crop, which are time-consuming and cost-intensive. Such modifica-
tions lead to integration of transgenes randomly into plant genomes along with
their selection marker genes. Due to which, there is a possibility of pleiotropic
effects, potential silencing and varied gene expression in modified plants

5.Traditional map based/positional cloning is not viable for target genes derived
from wild relatives of wheat and which are located in introgressed genome
segments that do not recombine with wheat chromatin. Applying this strategy
on genes that are located in centromeric regions is also extremely challenging
(low recombination rates there).
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6. The foremost challenge in breeding against insect pests is finding sources with
reasonable levels of resistance against the pest. Secondly another major hurdle
is the difference between resistance at field and protected conditions, since
evaluation is carried out in protected conditions, results vary when evaluation is
carried out iz vivo. Lack of efficient evaluation and selection tools against insects
also hinders the insect resistance breeding. Finally, transfer of resistance is often
accompanied by linkage drag which sometimes becomes cumbersome to break.

11. Conclusion and future prospects

Genetic control is considered as the most effective and environmentally friendly
strategy to control rust disease and involves breeding effective disease resistance
genes into wheat cultivars. Many rust resistance genes have been identified geneti-
cally, and introgression into wheat lines is increasingly being facilitated by the
development of robust molecular markers. However, the massive and complex
genome of wheat poses major challenges for the isolation of individual genes. As
revealed by the increasing number of newly available whole genome sequences and
the more precise bioinformatic pipelines developed for identifying NLR genes, the
number of NLR genes varies greatly between species. Based on an analysis of the
IWGSC RefSeq v1.0 assembly, a total of 3,400 full-length NLR loci have been docu-
mented [180]. The approaches for identifying effective resistance genes therefore,
must consider both classical R-genes (immune receptor class genes) as well as other
novel classes that may operate via different mechanisms.

Cloning of the genes that controlling resistance to rust pathogens will signifi-
cantly advance our understanding of the molecular basis underlying expression
of disease resistance in wheat. Only a small number of rust resistance genes have
been cloned and had their molecular functions studied (Table 2). To overcome
the limitations of the map-based cloning strategy in the large genome of wheat,
alternative approaches were developed and validated by the rapid cloning of several
genes using Target-sequence Enrichment and Sequencing (TEnSeq) pipelines.
These include MutRenSeq (Mutagenesis and the Resistance gene Enrichment
and Sequencing), AgRenSeq (Association genetics with R gene enrichment
Sequencing), MutChromSeq (Mutgenesis Chromosome flow sorting and short-read
Sequencing), and TACCA (Targeted Chromosome based Cloning via long-range
Assembly). The common component among all these approaches is the intent
to reduce the genome complexity prior to the use of next generation sequencing
(NGS). Such insight into the molecular mechanisms will be the foremost step
towards the functional characterization of the wheat-rust interaction and allow
engineering of new resistance by exploiting novel techniques like allele mining and
genome editing. Also, approaches like TILLING (Targeting Induced Local Lesions
IN Genomes) can be adopted for more precise and efficient characterization of the
function of targeted wheat genes for different fungal and bacterial diseases.

The rich genetic diversity available in wheat is a source of numerous novel alleles
for both disease resistance and tolerance to abiotic stress. However, there is still a
huge gap in characterization of the available genetic resources and their utilization
in breeding programs. Over the years, traditional breeding strategies have success-
fully incorporated novel alleles into elite germplasm, which has significant impacts
on production globally. Use of advanced technologies, marker-assisted selection
(MAS), genomic selection, transgenics and genome editing will help to increase the
efficiency of wheat breeding for biotic stress resilience around the world.

To escape the boom and bust cycle, resistance gene stewardship and deployment
strategies such as gene pyramiding, gene stacking (transfer of gene cassettes) could
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prove to be effective against deadly diseases of wheat (rusts, blight). It is widely
reported and agreed upon fact that the most effective and durable means for genetic
control of wheat rusts is the use of combinations of multiple broadly effective ASR
and APR genes. Using this, the desirable combinations of effective resistance genes
can be combined and transformed into wheat as gene cassettes or stacks. This can
result in faster improvements in disease resistance of current high-yielding variet-
ies. Also, the advancements in R-gene cloning pipeline like TEnSeq will provide
many more tools for MAS in wheat breeding as well as the raw gene sequences to
pursue gene stacking (via transgenic gene cassettes). Combining with advances in
identifying genetic variation in rust Avr genes, these new tools will lead to more
effective deployment strategies to maximize resistance durability.

Genomic selection (GS) is considered one of the best strategies for selection of
multiple minor-effect loci in comparison with MAS. Using GS, a training popula-
tion (after phenotyping and genotyping) is used to standardize a prediction model,
which is further used to predict breeding values, thus enabling selection of candi-
dates prior to phenotyping [181]. Recent studies have reported that greater genetic
gains can be obtained by using genomic selection than by using MAS [182] and
phenotypic selection [183].

More recently, genome editing has emerged as a prominent new plant breeding
technique, which involves targeted modification of a native DNA sequence. For
instance, it has been observed that a single amino acid substitution (Arg144Gly) in
a hexose transporter in wheat results in the gene Lr67 conferring resistance. This
substitution evolved recently after common wheat polyploidization. Introduction
of the Lr67 transgene into barley conferred seedling and adult plant resistance to
the barley leaf rust pathogen [184, 185]. The orthologue sequence of Lr67 exists
in the barley genome; hence altering the Argl44Gly by genome editing would be
expected to produce resistance to rust in barley. Similarly, a number of homologs/
orthologues of the isolated genes exist in related species. Isolating a rust resistance
gene from other related species thus can provide deeper insight into rust resistance
in the wheat.

Therefore, under a changing global climate, it is of paramount importance to
breed for durable and broad-spectrum disease resistance in wheat at a faster pace
to reduce losses from attack by rapidly evolving new virulent pathogenic races.
Moreover, this would lead to reduction of the use of agrochemicals (fungicides),
escaping environmental and human health hazards, an essential component of
modern sustainable crop production systems.
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