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Preface

Wheat is an important crop and is a staple food in almost more than half of the
world. Currently, it feeds about 40% of the global population and contributes

20% in terms of total calories and protein intake. The present production does not
meet the demands of the growing population worldwide, especially in developing
countries. The alarming gap between increasing demand and current production is
a big challenge for scientists. To meet this challenge, either area under production
or yield per unit area or both need to be increased. The increasing area seems almost
impossible because of constraints like drought, salinity, water logging, and trends
in urbanization. Increasing yield, on the other hand, is a potential option that is
possible through adopting better management practices and advanced technologies.
This book discusses strategies to produce wheat under biotic and abiotic stress
conditions. Developing biotic and abiotic stress tolerant wheat plants may lead to
better production. Different sections of the book discuss diverse aspects of Current
Trends in Wheat Research with special reference to biotic and abiotic stresses. This
book contains three sections including an introductory chapter in the first section
that provides an overview of recent approaches for the improvement of wheat.

Section 2 discusses the status of innovations in biotic stress tolerance in wheat. It
contains chapters discussing various diseases of wheat as well as insect pests of
wheat crop. It also describes strategies to develop better plants having biotic stress
tolerance. Section 3 discusses the latest information regarding various approaches
to developing abiotic stress-tolerant wheat plants. The chapters in this section
contain useful information on the drought tolerance phenomenon and water use
efficiency in wheat plants. The information in this section is especially important
in the context of the current climate change scenario.

The information presented in this book is of great importance for research
scholars, researchers, academicians, and the general public as well as other
stakeholders. I would like to thank IntechOpen for giving me an opportunity to
edit this book. I am also thankful to Author Service Manager Mr. Josip Knapic

for his valuable help throughout the editing process. I must also thank my
research student Ms. Parwsha Zaib for her assistance in the preparation of the
introductory chapter. I am especially thankful to all the authors for their valuable
contributions.

Mahmood-ur-Rahman Ansari, Ph.D.
Department of Bioinformatics and Biotechnology,
Government College University,

Faisalabad, Pakistan
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Chapter1

Introductory Chapter: Current
Trends in Wheat Research

Nagzia Nahid, Parwsha Zaib, Tayyaba Shaheen,
Kanval Shaukat, Akmaral U. Issayeva
and Mahmood-ur-Rahman Ansari

1. Introduction

Wheat (Triticum aestivum) is known as one of the most important cereal crops
and is extensively grown worldwide [1]. Wheat contributes to 50% and 30% of the
global grain trade and production respectively [2]. Wheat is also known as a staple
food in more than 40 countries of the world. Wheat provides 82% of basic calories
and 85% of proteins to the world population [3, 4]. Wheat-based food is rich in
fiber contents than meat-based food. Dough produced from bread wheat flour has
different viscoelastic properties than other cereals. It is considered a higher fiber
food. Therefore, its positive effects on controlling cholesterol, glucose, and intestinal
functions in the body were observed [5]. Primarily, wheat is being used to make
Chapatti (Bread) but it also contributes to other bakery products. Wheat utility and
high nutritional value made it the staple food for more than 1/3rd population of the
world. Wheat grain is separated from the chaff and stalks after the harvesting of
wheat. Stalks of wheat are further used in animal bedding and construction mate-
rial. Globally, the need for wheat production is enhancing even in countries having
unfavorable climates for its production. Global climate changes are badly affecting
the production of wheat and it raised the concern for food security.

It is estimated that annual cereal production should be increased by 1 billion
tons to feed the expected population of 9.1 billion by 2050 [1]. The current scenario
demands an increase in crop productivity to meet the increased requirements of
food supply [6]. Wheat is grown in tropical and subtropical regions which experi-
ences a lot of stress. These stresses result in a reduction of yield [7]. Major envi-
ronmental stresses include cold, salinity, heat, and drought which are drastically
affecting its yield. However, water and heat are considered as the key environmental
stresses which caused in reduction of the wheat yield globally [8, 9]. So, genetic
improvements related to yield and stress tolerance are mandatory to enhance the
production of wheat [10, 11].

2. Genetically modified wheat plants

Genetically modified wheat plants have been produced by the use of bacteria.
Wheat plants were inoculated with the plant-growth-promoting bacteria (PGPB)
which resulted in the higher expression of abiotic stress (mainly drought and
salinity) tolerant genes [12]. PGPB inoculated wheat cultivars also showed the
higher expression of genes encoding antioxidant-enzymes, such as catalase (CAT),
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S. No. Gene Name Trait/Phenotype Reference
1 ZmDof1 Increased yield [14]
2. TaNFY-A-B1 Increased Nitrogen and Phosphorus uptake [15]
3. TaNF-YB4 More grain yield [16]
4, TaNAC2-5A More root growth [17]
5. OsSS-1 Increased heat tolerance [18]
6. TaGS2 More yield [19]
7. ZmAGPase More yield [20]
8. NtNR More yield, More seed protein contents [21]
9. TaVIT2 Iron biofortification [22]
10. HD-Zipl Drought and frost tolerance [23]
11. DREBI1A Drought tolerant [24]
12. CspA & CspB Drought-stress tolerance [25]
13. HaHB4 Abiotic-stress tolerance [26]
14. TuDREB3 Drought-stress tolerance [27]
Table 1.

Development of transgenic wheat having various traits/phenotypes.

peroxidase, ascorbate peroxidase (APX), and glutathione peroxidase (GPX). So, it
was concluded that PGPB used in wheat plants resulted in increased tolerance to
abiotic stresses [12]. Cold shock proteins increase the survival of bacteria in severe
environmental conditions. CspA and CspB genes from bacteria were transformed
into wheat. Transgenic wheat plants expressing SeCspA and SeCspB were observed
to have decreased water loss rate, increased proline and chlorophyll contents under
salinity, and less water-stress conditions [13]. It was further investigated that SeCsp
transgenic wheat plants resulted in enhanced weight and yield of grain than the
control plants. SeCspA transgenic wheat plants were observed to have an improved
water-stress tolerance than the control plants (Table 1, [13]).

Gluten is a protein comprised of gliadins found in wheat. Gluten is the main
cause of coeliac disease in individuals. Bread-making quality of wheat is determined
by the gluten proteins. Wheat varieties with less gliadin contents were produced
using gene-editing technologies and RNAi (RNA interference). Wheat lines lack-
ing immunogenic gluten were produced. Low immunogenic gluten and more
nutritional values were added in one wheat line named E82. A better microbiota
profile (protection microorganisms available in the gut) was observed in the NCWS
patients using the bread made with E82 [28]. Plant cuticle has a positive role in the
protection of plant against biotic and abiotic stresses. Wheat plants transformed
with TaSHNI resulted in increased water-stress tolerance by reducing the leaf
stomatal density and changing the composition of the cuticle [29].

3. Biotic stress tolerance in wheat

Wheat is considered an excessive contributor toward the human calorie intake
[30]. Pests and pathogens cause yield losses in wheat up to 21.5% of the total losses
and could be reached to 28.1% [31]. Wheat is affected by the fungal disease, pow-
dery mildew caused by Blumeria graminis f. sp. tritici (Bgt). Powdery mildew is a
damaging disease that resulted in greater loss of wheat [32]. Broad-spectrum resis-
tant genes (BSR) are considered to have the most significant role to control powdery
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mildew. CMPGI1-V gene was cloned from the Hynaldia villosa and it was observed
that higher expression of CMPGI-V gene resulted in the Broad-spectrum resistance
against powdery mildew [33, 34]. Barley chi26 gene could also be used to enhance
the resistance against powdery mildew and rust through genetic modification
[35]. Some epigenetic regulators were determined to have a role in wheat powdery
mildew resistance. TaHDT?701 is a histone deacetylase that was found as a nega-
tive regulator of wheat defense against powdery mildew. TaHDT701 was observed
to be associated with the one repeat protein (TaHOS15) and RPD3 type histone
deacetylase TaHDA6. Knockdown of this histone deacetylase complex (Tu HDT701,
TaHDA6, TaHOS15) in wheat resulted in increased powdery mildew tolerance [36].
Fusarium graminearum is a plant fungal pathogen that causes a devastating dis-
ease called Fusarium head blight in wheat. It results in the reduction of wheat pro-
duction. Genetic techniques were used to increase the FHB (Fusarium head blight)
resistance in wheat. Transgenic wheat plants expressing barley class II chitinase
gene 2 were observed to have a higher resistance against Fusarium graminearum
[37]. Lr10 and L¥21 were cloned and transformed into wheat. The transgenic plants
were reported to be resistant to leaf rust disease. Evolution and diversification of
HIPPs (heavy metal-associated isoprenylated plant proteins) genes were studied
in Triticeae [38]. HIPPs genes of Hynaldia villosa were cloned through homology-
based cloning. Transgenic wheat having HIPP1-V was developed and the role of
HIPP1-V in cadmium stress was characterized. It was observed that higher expres-
sion of this gene resulted in increased tolerance to cadmium stress. Therefore,
HIPP1-V could be used to increase the tolerance in wheat against cadmium [39].

4, Abiotic stress tolerance in wheat

Grain number, weight, and size are greatly reduced under the negative effects
of environmental stresses. However, the timing, duration, and intensity of stress
determine the severity of the negative effects [40, 41]. Wheat is a major source of
protein and calories for the human diet. High temperature is badly affecting the
yield of wheat which is a main concern worldwide. Drought and heat stresses are
the two main abiotic stresses which are playing a greater role in the reduction of
wheat yield. Reduction in starch contents, photosynthetic activity, grain number,
and chlorophyll contents in the endosperm is caused due to rise in temperature.
Heat stress results in the accumulation of reactive oxygen species (ROS) which is
the main reason for higher oxidative damage to the plant. Heat stress also results in
the variation of wheat biochemistry, morphology, and physiology. Tolerance, avoid-
ance, and escape are known as the three major mechanisms that support the plant
to grow in a heat-stress environment. Major heat tolerance mechanisms in wheat
are known as stay green, heat shock proteins, and antioxidant defense [42]. Protein
synthesis and folding were observed to be interrupted during heat stress. Heat stress
also resulted in the production of several stress agents badly affecting transcription,
translation, and DNA replication in plants [43]. Plants speed up the production of
heat shock proteins as a defense mechanism [44]. Higher activity of antioxidants,
such as peroxidases, catalase, and superoxide dismutase, was observed under heat
stress. Wheat cultivar showing greater tolerance to heat stress was observed to have
higher activity of catalase, ascorbate peroxidase, and S-transferase [45].

Salt stress greatly affects the growth of wheat plants. Salinity stress has a higher
impact on the morphology and physiology of wheat plants. Plants having less toler-
ance to salinity are not suitable for cropping. Potassium transporter (HKT) genes
have a greater role in achieving salinity tolerance in wheat. Sodium (Na") exclusion
through HKT genes is a major mechanism in wheat to have a salinity tolerance.
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OsMYBSs and AtAB14 are the transcription factors having a role in regulating HKT
genes, which are considered as the candidate targets for increasing salinity tolerance
in wheat [46]. Wheat transformed with a mutated transcription factor, HitHB4
showed higher water-use efficiency and was more yielding under drought stress
[26]. Transgenic wheat expressing GmDREBI gene from soybean was also observed
to have higher drought tolerance under water-stress conditions [47]. DREBIA gene
from Arvabidopsis thaliana was introduced to bread wheat and increased tolerance
against water stress in the transgenic wheat was observed. Bread wheat under
drought stress was observed to have a higher level of WRKY proteins [48]. Higher
expression of AtHDG11 gene in transgenic wheat resulted in increased water-stress
tolerance during drought-stress conditions. Enhanced TaNAC69 expression in root
and leaf of wheat during drought stress was observed [49]. Researchers are working
to develop transgenic wheat having various traits/phenotypes by using advanced
approaches of biotechnology for the last several decades (Table 1). Numbers

of transgenic wheat cultivars are being grown in the fields and several more are
under trial.

5. CRISPR/Cas9 system in wheat

Gliadins and glutenins are known as the gluten proteins and ingestion of these
proteins from barley, rye, and wheat could cause the disease called coeliac disease
in humans. The only remedy is to develop gluten-free food. Transgenic wheat which
retains baking quality and is safe for coeliac could not be produced using conven-
tional methods because of the complexity of the wheat genome. Coeliac disease
(CD) is activated by the immunogenic isotopes mainly gliadins. Gliadin families
were downregulated by the use of RNA interference. CRISPR/Cas9 is a targeted
gene manipulation tool considered to have a potential role in genetic modification
(Table 2, [60, 61]). CRISPR/Cas9 system was recently used for gene editing of
gliadins. Offsprings with deleted, edited, or silenced gliadins were produced by
CRISPR/Cas9. They helped to decrease the exposure of the patient to the CD epit-
opes [62]. This technology has been used to develop wheat cultivars having gluten
genes with inactivated CD epitopes [62, 63].

S. No. Gene Name Trait/Phenotype Reference
1 TaMLO Powdery mildew resistance [50]
2. TaPHO2-A1 Improved Phosphorus uptake [51]
3. TaGASR7 Improved yield [52]
4, TaEDR1 Powdery mildew resistance [53]
5. TaGW2 Improved yield [54]
6. TaMs1 Male sterility [55]
7. TaSBElla High amylase contents [56]
8. TaLOX2 Improved quality [57]
9. TaALS Herbicide tolerance [58]
10. TaACC Herbicide tolerance [59]
Table 2.

Genome edited wheat developed by CRISPR/Cas9 system.
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CRISPR/Cas9 system and TALENS (transcription activator-like effector nuclease)
were used in the bread wheat to generate the mutations in three homoeoalleles that
encode MLO locus proteins against mildew. Mutations in all three TaMLO were
generated by using TALENS which resulted in resistance against powdery mildew.
The MLO homoeoalleles (TaMLOA1, TaMLOBI1, and TuMLOD1) of bread wheat
contributed to the mildew infection. Mutation of MLO alleles resulted in powdery
mildew tolerance in wheat [50]. Genome editing was reported in which pds (phytoene
desaturase) and inox (inositol oxygenase) genes in the cell suspension-culture of
wheat were targeted. It was demonstrated that the genome-editing technique could
also be applied in the cell suspension of wheat [64]. Very recently, various research
groups are involved to develop transgenic wheat by using genome-editing technology.
Some of the experiments are listed in Table 2.

6. Wheat computational analysis

A comprehensive resource for wheat reference genome was developed by
International Wheat Genome Sequencing Consortium. The URGI portal (https://
wheat-urgiversailles.inra.fr/) was developed for the breeders and researchers to
access the genome sequence data of bread-wheat. InterMine tools, genome browser,
and BLAST were established for the exploration of genome sequences together
with the additional linked datasets, including gene expression, physical maps, and
sequence variation. Portal provided the higher browser and search features that
facilitated the use of the latest genomic resources required for the upgradation of
wheat [65].

DNA binding with one finger (Dof) transcription factors is known to have an
important role in abiotic stress tolerance as well as the growth of plants. Ninety-
six TaDof members of the gene family have been studied using computational
approaches. By qPCR analysis, it was revealed that TaDof genes were upregulated
under heavy metal and heat stress in wheat. Consequently, it could be concluded
that detection of amino acid sites, genome-wide analysis, and identification of the
Dof transcription factor family could provide us the new insight into the function,
structure, and evolution of the Dof gene family [66].
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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) resistance

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 races i.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) vesistance
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 S»2 (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. S¥2 and L34 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 resistance

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 vesistance

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 £. 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.

Mayjor diseases of wheat with their respective behavior and number of resistance 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 L721. 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 Bduv1 for resistance to stripe
rust, powdery mildew, stem rust, and barley yellow dwarf virus, respectively [64].
The successful cloning of Lr34, Y736, 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. Lr21 Leaf rust NLR [33]

2. Lr10 NLR [34]

3. Lv1 NLR [35]

4. Lv34/Yr18/Sr57/Pm38 ABC! transporter [36]

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

6 Lr22a NLR [38]

7 Yr36/WKS1 Stripe/yellow rust Kinase-START? [39]

8 Y7 NLR [40]

9 Yr5a NLR [40]

10 Y5h NLR [40]

11 Yr15 Tendem [41]

kinase-pseudokinase

12 YrAS2388 NLR [42]

13 Sr33 Stem rust NLR [43]

14 Sr35 NLR [44]

15 Sr50 NLR [45]

16 S22 NLR [46]

17 Sr45 NLR [46]

18 Sr13 NLR [47]

19 S21 NLR [48]

20 Sr46 NLR [49]

21 SrTA1662 NLR [49]

22 Sr60/WTK2 Tendem kinase [50]

23 Sr26 NLR Zhang et
al. (under
review)

24 Sré61 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 WFhbi-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- Stevoidogenic acute regulatory protein-related lipid transfer domain.
3PFT- Pore-forming toxin.

Table 2.
List of major cloned resistance genes in wheat for diffevent 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-f-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 (Rht- 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
breeding techniques

Pre breeding, direct
hybridization,
backcrossing,

selection

Interspecific and
intergeneric
hybridization for
alien introgressions
via bridging crosses

tagenesis and
transgenesis

L =

Marker assisted

breeding

Marker assisted
selection (MAS),
Marker assisted
backcross breeding
(MABS)

Gene/QTL
mapping, Advanced
backcross QTL

Genomic
selection

New Plant Breeding
tools (NBPTs)

DNA sequencing technologies
i.e. NGS

Omics tools i.e. genomics,
epigenomics, metabolomics,
transcriptomics and proteomics

Genome Editing technology i.e.
CRISPR-Cas8, Base editing

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 genomics

Figure 1.
Some magjor 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 Sr31 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 Sr2, Sr23, Sr25, 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 SA (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 Y5 and Y15 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, L¥1, L73, Lr10, and Lr20 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, Sr35, Sr45, Sr50, Yr5, Yr10, Lv1, Ly10, Lv21, and
Ly22) 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 Sr2/Y:30, Lr34/Yr18/Sr57/Pm38,
Lrd6/Yr29/Sr58/Pm39, Lv67/Yr46/Sr55/Pm46, Lr68, Sr56, and Yr36 [127-133]. Cloning
of the APR genes Y136, 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 (Lr34/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]. U4 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 U10 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 in a
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 aresult, 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: tolerance.

Table 3.
Genes identified for insect vesistance in wheat and their vespective 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 (Argl44Gly) 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 Arg144Gly 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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Abstract

Wheat Triticum aestivum L. is grown on broad range of climatic conditions
because of edible grains, cereal crop and stable food of about 2 Billion peoples
worldwide. Additionally, it is the rich source of carbohydrates (55-60%), vegetable
proteins and contributed 50-60% daily dietary requirement in Pakistan. Globally,
wheat crops is grown over 90% area of total cultivated area; facing devastating
biotic and abiotic factors. The estimated economic losses in wheat quantity and
quality are about 4 thousands per tonne per year including physical crop losses and
handling. Economic losses of about 80-90 million USD in Pakistan are recorded due
to inadequate production and handling losses. Wheat agro-ecosystem of the world
colonizes many herbivore insects which are abundant and causing significant losses.
The feeding style of the insects made them dispersive from one habitat to another
imposing significant crop loss. Areas of maximum wheat production are encoun-
tered with either insect which chew the vegetative as well as reproductive part or
stem and root feeders. This chapter provides the pest’s taxonomic rank, distribution
across the globe, biology and damage of chewing and sucking insect pest of wheat.
It is very important to study biology of the pest in accordance with crop cycle to
forecast which insect stage is economically important, what the proper time to man-
age pest is and what type of control is necessary to manage crop pest. The chapter
will provide management strategies well suited to pest stage and environment.

Keywords: Wheat crop, economic losses, biology, insect pests, management

1. Introduction

Wheat is undoubtedly one of the major cereal crop, staple food and rich portion
of daily intake for much of world’s population. With annual global production over
770 MT from 220 M hectares, it is a grain of life. The cultivation of wheat started
about 10,000 years ago as part of the Neolithic revolution which state a transition
from hunting and gathering of food to settle agriculture. Earlier cultivated forms
of wheat were diploid (einkorn) and tetraploid (emmer) with known initial origin
of the south-eastern part of Turkey. Hexaploid bread wheat that is currently widely
adapted in about 95% area of world.
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Though wheat was one of pesticide free crop in major areas of the world, how-
ever the things are not the same now. Today, all crop production practices are being
highly challenged by biotic and abiotic stresses. Biotic stresses especially insect pests
and diseases cause devastating damage in terms of yield and quality. On average
pests cause 20-37% yield losses worldwide which is translating to approximately
$70 billion annually.

Wheat is damaged by sucking and chewingtypes of pests. The list of insect pests
damaging different stages of wheat crop varies from region to region, however the
complete list of insect pests is around 100. It is therefore important to understand
biology of insect pest simultaneously with the crop biology to understand when,
where and what chemical should be used to control specific insect/pest more
effectively. In this review, we have outlined major insects of wheat along with their
biology and control strategies to minimize grain yield losses.

2. Chewing insects’ pests of wheat
2.1 Wheat termite Microtermes obesi Holm. (Termitidae: Blattodea)
2.2 Taxonomy

Wheat termites belong to order (Earlier Isoptera) Blattodea consisting of 9
families exists worldwide. The families of termites were further classified as mono-
generic families including Mastotermitidae (holotype Masotermes darwinensis in
Australia), Indotermitidae (holotype Indotermes in India), Stylotermitidae (holo-
type stylotermes in India), Serrtermitidae (holotype Serritermes serriferin Brazil).
The family Termitidae comprises 145 Genera and have 4 subfamilies [1, 2] along
with near about 3000 described species [3]. Termite fauna of the subcontinent
comprised 337 described species and subspecies of 54 genera. Among these, 16 spe-
cies found to be damaging to Wheat crops in Asia, of which dominant species are
Odentotermes obesus and Microtermes obesi [4]. However, Microtermes obesi is known
to be the most important pest of wheat. The taxonomic classification showed that
Microtermes obesi belongs to order Blattodea and family Termitidae.

2.2.1 Distribution

Termites found all over the world except the Antarctic region. Termites distrib-
uted to Tropical, subtropical and temperate regions Worldwide. Termite’s diversity
is found to be very high in the South American region compared to North America
and Europe. Out of 3000 known species of termites are extremely abundant if
African region. In Asia the main distribution is restricted to China, India, Pakistan,
Sri Lanka and Veitnam totaling 435 species. Microtermes obesi commonly known
as Wheat termite is a very small species of genus Microtermesobesi is restricted to
wheat habitats of south and Southeast Asian countries including India, Pakistan,
Sri Lanka, Thailand and Vietnam [5, 6].

2.2.2 Biology

Termites undergo a developmental process as in case of other insect species
known as incomplete metamorphosis with egg, nymph and adult stages [7].
Nymphs are small entities resembling adults, molts as they grow converted into
adult stage. A nymph usually undergoes 3 molts [8]. During the summer months
after monsoon, fertile reproductive caste of termites leaves its colony for nuptial
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flight. After successful fertilization the queen increased in size from 9 to 11 cm and
laid around 70,000 kidney shaped eggs that will hatch in nearly 30-90 days. Usually
in full reproductive colonies 80-90% individuals belong to the workers caste and
10% Soldier caste [9]. After sometimes they are produced into full adults with
wings and reproductive or fertile females which can fly for nuptial flight to repeat
cycle for new colony [10].

2.2.3 Damage

Under field conditions, the termites (M. obesi) are predominant insect pests
causing severe losses in irrigated areas to about 20-40% [11]. In severe conditions,
the yield losses might reach up to 40-80% due to this pest [4]. The termites infest
wheat crop in Rabi season most of the time soon after sowing to maturity stages
[12]. Young workers chew the young and tender part of the wheat plant resulting
in dislodgment of seedlings. The mature stage of the wheat plant is also damaged
by the workers of the termites causing the plant to dry and produce white ears at
earhead stage [13].

2.3 Wheat armyworm Mythimna separata Walk. (Noctuidae: Lepidoptera)
2.3.1Taxonomy

M. separate Walk. commonly known as Oriental armyworm is a minor insect
pest of wheat crop. The name was first described by Francis Walker in the 19th
century. The taxonomic classification showed that Wheat armyworm (Mythimna
separata W.) belongs to order lepidoptera and family Noctuidae that noxiously feed
on wheat.

Many synonyms of this name were used in the literature are Pseudaletia separata
Walk. Cirphis separate and Leucania separata.

2.3.2 Distribution

The wheat armyworm is present in various wheat growing agro-ecosystems from
Asia to Australian continent between 45 north and 45 south Latitude and 60 east to
far 170 West Longitude. It is found in 27 countries including China, Japan, Pakistan,
and India also in Pacific islands from tropics to temperate climatic regions [14].

2.3.3 Biology

The fertile females lay maximum eggs from 500 to 900, spherical and milky
white in color to approximately 2000 eggs. The eggs are laid in clusters on or
underside the young seedlings or in soil. The eggs will hatch in 2-7 days after that
larva emerges and lasts long for 14-22 days. The mature larva possesses green to
pink color having greenish to brownish black stripes on the entire body length [15].
Pupation is usually done in soil but can be done under dry leaves or fresh stubbles
or fresh tillers as well. The pupae are shiny brownish yellow in color and last uptol3
days. Thus, the whole span lasts in about 35-40 days which may repeat multiple
times in each year.

2.3.4 Damage

M. separata Walk. damages the yield losses as this is influenced by the environ-
mental conditions of the area and the stage of wheat crop. Innovations in farming
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systems such as introduction of high yielding cultivars, balanced fertilizer use and
crop rotation of wheat increased the chances of high yield loss by this pest [16]. Severe
attack must lead to decreased productivity by reduction of quantity as well as quality
of grains [17]. Due to its polyphagous nature, it causes severe economic losses in crop
production worldwide [18]. The young larvae feed on younger plants and due to its
short life cycle results in heavy infestations with much heavier loss to young tillers
[19]. In the past, loss due to M. separata Walkwas recorded as 10-30% in Wheat crop
[20]. With every increase of 1% in leaves consumed by the armyworm decrease the
yield by 0.07-0.88 g per plant from booting to panicle stage.

During the young vegetative stage of wheat plant, the damage is more prominent
with extensive defoliation. Young larvae may feed at lemma and palea of young
grain as well as male part anther of mature flowers. The larvae cut the young seed-
lings so often the damage is restricted to a single part of the field. During the grain
formation stage, the larvae feed upon the panicles from the basal part of the plant
causing it to bend downwards and sometimes the plant may fall down.

2.4 Wheat shoot fly Atherigona naqvi Steylskal (Muscidae: Diptera)
2.4.1 Taxonomy

The taxonomic classification was described by Steyskal in 1966. In Asia, it was
first reported in wheat agro-ecosystem by [21]. However, in the subcontinent, 5
different species from genus Atherigona were reported by [22] too. The taxonomy
of A. naqui Seyskal. showed that it belongs to order Diptera and family Muscidae
renowned for its damage to wheat crop.

2.4.2 Distvibution

The Genus Atherigona predominantly comprises species of shoot fly which
mostly affect maize crop only worldwide. However, this shoot fly species is respon-
sible for serious threats to wheat agro-ecosystems across the globe. Species from
genus Atherigona are mainly distributed in Pakistan [23], India [24], Thailand [25],
and Africa both in East and West African regions [26, 27], and Egypt [28].

2.4.3 Biology

A. naqui Steyskal adult shoot flies are grayish brown in color having relative
smaller size ranging 4-5 mm than common house fly species. Fertile female flies lay
eggs on the underside of the tender seedlings and near the base of the stem. Usually
15-25 elongated eggs, cylindrical like boat milky white along with projections
with usual longitudinal ridges are laid. Eggs hatched in just 1-3 days after that tiny
maggot emerged, starting to creep on to the leaf sheaths of the tillers. Larval period
lasts for 7-10 days along with 3—4 larval instars. Pupation usually takes place inside
the stem, making the barrel shape a darkish brown puparium. Adults who are free
living usually live for approximately 4 days and ultimately complete their short life
cycle in about 3—4 weeks.

2.4.4 Damage

The damage is usually done by the immature larvae of all instars. After the
emergence of young seedlings, usually 3-4-week-old young seedlings are targeted
by the maggots. After hatching, maggots feed the young growing tissues of the plant
resulting in drying of central shoot by chewing the central phloem tube produce
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white dry seedling known as dead hearts. Dead hearts due to dryness can be pulled
easily. Sever infestations resulted in bushy appearance of young tillers.

2.5 Surface grasshopper or cutworm Chrotogonous trachypterus Blanchard
2.5.1 Taxonomy

The name Chrotogonous trachypterus was given by Blanchard in 1836 to tribe
Chrotogonini Bolivar (1904) and family Pyrgomorphidae. Surface grasshoppers
are multivorous, stout, muddy in color, poly phagous insect feeding on almost
all the foliage and green tender shoots belonging to order orthoptera and family
Pyrgomorphhidae.

Infraspecies: Chrotogonous (trachypterus) trachypterus.

2.5.2 Distvibution

C. trachypterus is distributed to many countries worldwide. However, Asian
countries’ including Pakistan, India, Bangladesh and Nepal are known for their
maximum abundance. Iran and Afghanistan are also facing a serious problem
regarding this pest. Locally it is present in all across Pakistan including Province
Punjab, Balouchistan, Sindh, KPK and GB [29].

2.5.3 Biology

C. trachypterus deposits her eggs inside usually 4-5 cm deep in the soil with slight
moisture inside. Female digs a hole with the help of an ovipositor and by means of
collateral glands; eggs are deposited along with glutinous secretions in a waterproof
egg pod. The female covers her tiny yellowish eggs of 7-8 mm by pushing the
soil or sand by hind legs [30]. Eggs will hatch in 12-17 days and tiny nymphs of
Pale-yellow color which later turned dark brown undergo 5-6 instars. Nymphs are
wingless and smaller in size compared to adult. Nymphal period lasts for 13-17 days.

Adults are much larger than nymphs, have well developed mandibles and wings
too. Sexual dimorphism is present as a female has four ovipositors to lay eggs and is
usually bulky than males whereas males are smaller and rounded [31].

2.5.4 Damage

C. trachypterus is a polyphagous insect and usually present throughout the year. It
damages the seedling stage of a variety of crops growing worldwide. Both nymph and
adult feed on tillers of wheat plants. Severe attack results in repeated sowing of the
crop. Wheat crop is one of its host plants worldwide [32]. The initial development of
the seedling is the prime source of grain yield; so, seedling establishment is critical for
better productivity. Nymphs and adults feed on young tillers so that in severe attacks
the crop failed, and re-sowing had to be done [33]. Among different host plants,
wheat seedlings are the most preferred one for C. trachypterus [34].

2.6 Pink stem borer Sesamia inferens Walker
2.6.1 Taxonomy and nomenclature
Francis Walker in 1856 described Sesamia inferens (Noctuidae: Lepidoptera) for

the first time. Some common names of the Pink borer are Asian pink stem borer,
Graminous stem borer, Pink borer of rice and purple stem borer. Literature has been
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reported on the synonymy of S. inferens and the synonyms are Leucania inferens Walker,
1856, Leucania proscripta Walker, 1856, Sesamia tranquilaris Butler, 1880, Nonagria
innocens Butler, 1881, Sesamia corticoides Strand, 1920, Sesamia kosempoana Strand,
1920, Sesamia sokutsuana Strand, 1920, and Sesamia hivayamae Masturmura, 1929.

2.6.2 Worldwide distribution

According to CABI [35, 36], the current distribution of S. Inferensis Asia,
Pakistan, China, India, Japan, Vietnam, Singapore, Korea, Indonesia, Sabah,
Taiwan, Hong Kong, Ceylon, Burma and Thailand. Pink Stem Borer of wheat is also
reported in Australian and Pacific islands.

2.6.3 Biology

Life span of Sesamia inferens lasts in 40-50 days under favorable conditions
[37]. Adults lay globular and creamy white eggs at the base of the wheat plant [38]
which may range from 120 to 348 [39]. Egg color changes from creamy white to
brown before hatching [40]. Larvae emerge from the fertilized eggs within a week.
The newly hatched larvae are pinkish in color with a reddish-brown head [41].

Six instars of larvae take 23-39 days for entering into pupal stage [42]. Full grown
larvae measure 30 mm in length [37] and pupate in stem galleries. Adults have
straw-colored forewings with a trivial dark brown streak. Males have Pectinate
antennae while females have filiform [43]. Under tropical conditions Sesamia
inferens completes 4-5 generations in a year.

2.6.4 Damage

Pink stem borer Sesamia inferens became a key pest in recent time in cereals and
can-do considerable yield loss. Different crops of the family Graminae attacked
by this polyphagous pest including rice [44], wheat, pear]l millet, finger millet and
sorghum [45]. Yield losses caused by S. inferens in maize may reach from 25.7 to
78.9% [39].

2.7 Shield bug Eurygaster integriceps
2.7.1 Taxonomy and nomenclature

Shield bug of wheat is also known as Sunn pest. A total of fourteen species
has been reported so far, three of them are considered economically important;
E. integriceps (Scutelleridae: Hemiptera), E. mauru (L.) and E. austriaca Schrk. [46].
2.7.2 Worldwide distribution

Sunn pest has a cosmopolitan distribution in Asia: Pakistan, India, Afghanistan,
Armenia, Azerbaijan, Georgia, Iran, Israel, Jordan, Kazakhstan, Kyrgyzstan,
Lebanon, Syria, Tajikistan, Turkey, Turkmenistan, Iraq, Uzbekistan. Africa;
Algeria. Europe; Greece, Cyprus, Macedonia, Bulgaria, Moldova, Romania, Russia,
Serbia, Ukraine [35, 36, 47-49].
2.7.3 Biology

The eggs of the E. Integriceps are spherical and measure about 1 mm of diameter
[48]. At the time of oviposition, eggs look light green, which eventually turns
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dark as embryo matures [50]. E. integriceps has five nymphal instars [51-53]. First
instars measure 1.5 mm in diameter and light in color. Nymphs look similar to adults
except with 2-3 paired black dots in the midline between the lateral margins of the
abdomen. The nymphs cannot be illustrious from closely related spp. and must be
identified at adults [53].

Adults are elongated and elliptical, and their color varies from grayish to brown,
to red or black [54]. In this concern, Color of the E. Integriceps is extremely uneven
and has no worth for biosystematics identification [55]. Adult length and width
measures 10-12 mm and 6.1-7.1 mm respectively. There is only one generation per
year and an obligatory diapause in the adult stage [56-58].

2.7.4 Damage

E. integriceps is a destructive pest of wheat in the Middle East and Central Asia
[59, 60]. They do considerable damage to wheat crop from 25% to as much as 100%
[61]. Logothetis [62] have reported some severe outbreaks of this pest resulting in
complete losses of the crops over large areas. They can destroy all parts of the cereal
crops [63]. Nymphs preferably eat young leaves while adults are attracted toward
kernels and ears [63]. Symptoms of the damage are shown as a ‘deadheart’ and
withering of the leaves [46].

2.8 Loreyi Leafworm
2.8.1 Taxonomy and nomenclature

Current accepted scientific name ofLoreyi Leafworm is Leucania loveyi
(Scutelleridae:Hemiptera) although many synonyms has been reported and these
are; Mythimna loreyi Duponchel, 1827, Noctua caricis Treitschke, 1835, Leucania
curvula Walker, 1856, Leucania collecta Walker, 1856, Leucania exterior Walker,
1856, Leucania thoracica Walker, 1856, Leucania designata Walker, 1856, Leucania
denotata Walker, 1856, Acantho leucania loveyi Duponchel, Cirphis loreyi Duponchel,
Hyphilare loreyi Duponchel.

2.8.2 Worldwide distribution

Leucania loreyi has been reported in various subcontinents of the world
including Asia: Pakistan [64], Afghanistan [65], Lebanon, Azerbaijan [35, 36],
Georgia, Iran, Israel [47], Jordan, Kazakhstan, Lebanon, Syria, Tajikistan,
Turkey, Turkmenistan, Iraq, Uzbekistan [64]. Africa; Algeria. Europe;

Greece, Cyprus, Macedonia, Bulgaria [66], Moldova, Romania, Russia, Western
Siberia [67], and Ukraine [35, 36].

2.8.3 Biology

Leucania loreyi predominantly lay eggs in masses of 2-127 eggs but may lay
singly at the last part of the oviposition time [68]. Eggs are laid on the leaf-sheath
of the plants of Graminae. Eggs measure 0.5 mm diameter and are discoid in shape.
Color of the freshly laid eggs is ashen-yellow or cream colored. Number of eggs
laid decreases with increase in temperature above 30°C [69]. Mating starts after
two days of emergence [69]. L. loreyi has six larval instars at 29’ C and 70% relative
humidity [68]. First instar larvae are transparent, light green and have elongated
body. The color of the second and third instar larvae alters to pale green, dark-
green respectively. Fourth and fifth instar larvae have the same colouration except
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having two lateral pale-brown lines. Newly pupated larvae are of yellowish-cream
colored, which turns shiny brownish as pupae matures. Larvae pupate three inches
below soil surface and measure 17-23 mm long and 5 mm wide [70]. Adults measure
17 mm in length 35-38 mm along their wingspan. Female moths are comparatively
larger in size than males. Head and thorax covered with brownish-yellow scales.
Forewings are of a rusty-brown color [68].

2.8.4 Damage

Loreyi leafwormis a major pest of graminous crops including wheat and maize
[71]. Up till now, L. loreyi is not a major pest in Pakistan, but it has been reported to
repeatedly cause rigorous damage in China [72] and other Asian countries. L. loreyi
has been also known to cause damage in rice [73-78].

2.9 Black cutworm Agrotis ipsilon
2.9.1 Taxonomy and nomenclature

Ochsenheimer proposed the genus Agrotis in 1816. There are a number of syn-
onyms proposed for Agrotis ipsilon, some of these are Agrotis aureolum Schaus, 1898,
Agrotis bipars Walker, 1857, Agrotis frivola Wallengren, 1860, Agrotis pepoli Bertolini,
1974, Agrotis suffusa (Shiffermiller), Agrotis telifera Donzel, 1837, Bombyx idonea
Cramer, 1780, Bombyx spinulaEsper, 1786, Noctua amenituma Walker, 1865, Noctua
suffusa Denis & Schffermuller, 1775, Phalaena ipsilon Hufnagel, 1766, Phalaena
ypsilon (Cramer), Phalaena ypsilon Rottenberg, 1776, Rhyacia pernigrata Warren,
1912 and Scotia ypsilon (Hufnagel).

2.9.2 Worldwide distribution

Black cutworm is also scattered worldwide and causes a huge loss of crop yield.
They are distributed in Asia; Pakistan, Afghanistan, Armenia, Azerbaijan,
Bangladesh, Cambodia, China, India, Israel, Iran, Irag, Japan, Jordan, Lebanon,
Malaysia, Myanmar, North Korea, Philippines, Saudi Arabia, Singapore, South
Korea, Sri Lanka, Syria, Turkey, Thailand, Taiwan, United Arab Emirates and Vietnam.
Africa: Benin, Burkina Faso, Congo, Egypt, Kenya, Liberia, Libya, Madagascar,
Malawi, Mali, Mauritius, Morocco, Reunion, Saint Helena, Senegal, South
Africa, Sudan, Togo, Tunisia and Zimbabwe. Europe; Albania, Austria, Belgium,
Bulgaria, Croatia, Cyprus, Yugoslavia, Denmark, Estonia, Finland, France,
Germany, Greece, Hungary, Iceland, Ireland, Italy, Norway, Poland, Russia, Spain
and the United Kingdom. North America; Canada, Dominican Republic, Honduras,
Mexico and the United States. South America; Argentina, Bolivia, Brazil, Chile
Colombia and Piru [35, 36, 79-81].

2.9.3 Biology

Agrotis ipsilon completes its life cycle in 50-77 days at 22°C-25’C tempera-
ture and 69-77% relative humidity [82]. Adult female moths lay 145-200 eggs.
Egg laying goes on peak 5-6 days after mating [82]. They are 0.5 mm long
and 0.45 mm high, semi-circular and have erect and parallel patterned terns.
Recently laid eggs have milky color which turns grayish black at the time of
hatching [83]. There are six instars of larvae of A. ipsilon [82]. Larvae color is
grayish-black while ventral and sub-ventral abdominal sides are lighter in color.
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Third to sixth instar larvae are 7 mm, 10-20 mm, 20-30 and 37-47 mm long

[35, 36, 83]. Larvae of A. ipsilon can be distinguished from others with having
these diagnostic characters; Stigerous D, tubercle large, dorsal anterior tubercle
almost one third as long as posterior tubercle, pigmented black spiracles with
convex granules [35, 36]. Papae are brownish in color which turns blackish at
the time of adult emergence and measures 17-25 mm. Fifth and sixth abdominal
tergites have distinct punctures on pleural sides; hook-like spines are present

at the apex of the sixth abdominal segment [83]. Adults of the black cutworm
are 16-23 mm long, spreaded wingspan measures 35-54-mm [35, 36]. There are
three sections in the forewing internal transverse line, external transverse line
and some distinct spots: clavate spot, reniform spot, ring spot and sword spot.
Hindwings are grayish in color and do not have any markings. Males have feath-
ers type antennae while females have filiform [35, 36].

2.9.4 Damage

Black cutworm has a broad has range and feeds on all crops and pasture plants.
Newly emerged crop seedlings are attacked by the full-grown larvae migrated from
summer and autumn weeds. Species of the Agrotis are the worst destroyers that they
may attack on the whole fields of cereal crops. Early instars of larvae feed on the
tender tissues of the foliage, but as they grow, they suppose their classic cutworm
‘felling’ activity [84].

3. Management of chewing insect pests of wheat

Seed is the basic building block of a crop. As seed is healthy insect and
disease free more the yield is obtained. Insects are small creatures but are
highly reproductive in nature so that they compete with humans for resources.
Controlling of insects at appropriate time is the key point to obtained higher and
healthy yields.

3.1 Seed treatment

Seed treatment is one of most important control measures which reduce the
chances of insect’s pests attack because eggs of some insects are glued to seeds and
spores of different seed born diseases are attached so that seed treatment is neces-
sary to control the insect’s population at its initial stages. Different Insecticides
were used to treat seeds against different insects’ pests. Fall army worm Spodoptera

frugiperda, green bug a, hessein fly often present in wheat crop in numbers so that
they have a great impact to limit the yield of crop. In this case different measures
can be used to limit these pests’ infestations. Systemic seed treatment is which is an
effective method to control these pests’ infestations. Insecticides like imidacloprid
treatment of seeds reduce infestation of Russian wheat aphid 27-85 days in wheat
and barley crops [128, 139, 140].

3.2 Quarantine
A quarantine pest is “a pest of potential economic importance to that piece of
land where it is present but not widely distributed and controlled or the endan-

gered zone where pest does not presentyet. Chewing insect pests requires quar-
antine measures. Different chewing pests which were not reported or not widely
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distributed to wheat zone of Pakistan. Arecent exampleof it is fall armyworm that
were 1st reported in Nigeria in west Africa in 2016 and within a short duration of
time it was reported in 44 countries of Africa. In 2018 it was 1st reported in India
[85, 86] that moved to Bangladesh, China, Sri lanka, Thailand, Myanmar [87].
Suitable and perfect environmental conditions for fall armyworm reproduction and
wide range of host plants availability in Pakistan. corn and wheat zones are endan-
gered, and several articles were published in newspapers. The international maize
and wheat improvement center (CIMMYT) have cautioned Pakistan to make efforts
against fall armyworm a potential threat to maize and wheat in Pakistan.

World Trade Organization agreement on the application of sanitary and
phytosanitary measures and the international plant protection convention of the
food and agriculture organization of united nations and convention for biological
diversity all these organizations highly recommended that prevention is the most
effective control of invasive species within a minimum cost. It shows better and
cost-effective results where it is adopted. The IPCC released a summary of inter-
national standards and phytosanitary measureswhich includes all sanctions and
guidelines for whole trade processes. Economically harmful species of plants and
plants product are black-listed and banned from entering in the whole continent in
Europe. The most cost-effective control against invasive species of insect pests is to
inspect the incoming consignments with sanitary and phytosanitary inspections at
borders this is the last weapon of defense which can be used against invasive species
otherwise their control is very difficult.

3.3 Biological control

Biological control plays an important role in wheat crop pest management.
Negligible use of insecticidesprovides conducive environment for biological agents
to flourish and reproduce. Biological control is the most effective control method
when using with other compatible controlling techniques for example in IPM we
use biological control as an effective component of crop pest management with
other controlling practiceslike cultural control and planting resistive varieties
against insects’ pests. On the other hand, we use selective insecticides against pests
when other controlling method failsdue to some biotic or A-biotic factors to keep
the population below ETL.

3.3.1 Biological control managers

Biological control managers of insects are divided intopredators, parasites and
pathogens.

3.3.1.1 Predators

Predators are lions they kill and eat their host within few minutes for example
Convergent lady beetles.

3.3.1.2 Pavasites

Parasites are internal and external or attack to specific life stages of pests. The
most important parasites belong to parasitic Hymenoptera puncture the parasites
eggs with their sharp ovipositor and lay single egg eggs hatched in 6 to 7 days and
larvae feeds on these eggs. Some parasitoids lay eggs directly larvae after hatching
parasitoid larvae feed on internal parts of parasite and emerge dead larvae and their
mummies left and found in the fields.
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3.4 Physical control

physical control is also possible in some insects like larvae of some insects
identified and picked from plants individually it is also done with modified method
by rope dragging in wheat fields against different chewing insects’ pests like army
worm larvae feed on wheat fields and aphids and some other insects when.

3.5 MST and RIDL

Release of sterile male to reduce the population of an insect pest is a molecular
approach and it is also practically performed against different pests like lepidopter-
ans and dipterans. Male sterile techniques are used against chewing pests of wheat
is a good approach to reduce the population without affecting our biological fauna.

RIDL is defined as release of insect with dominant lethal gene this technique was
used against different pests like fruit flies and this control is also use against differ-
ent dipterans. RIDL approaches as an insect having a dominant gene surviveand
cause lethality in conditions when mating with a female. The survivors refer to a
carrier of set of genes and strategies having bisex lethal, flightless females and non-
sex specific late-acting lethal systems.

3.6 Legislative control

Wheat legislative control adds as timely sowing of wheat crop with good prac-
tices, recommended density of plants,

3.7 Push pull strategies

A behavior manipulation strategy known as Push Pull technique, which is
widely used against different insect pests. The term Push pull coined by Australians
to control the pests without use of hazardous insecticides. This strategy used
against different pests to reduce their abundance. Australians use this strategy
against different Helicoverpa species in cotton. Push pull technique combining with
other control methods like natural enemies gives good results [88].

3.8 GMOs

Genetically modified organisms are used to kill insect pests and also genetically
modified verities of different crops used to control the pests without using of any
chemicals. Bt corn and Bt cotton is one of most popular strategies which are cur-
rently use against pests [89].

4. Sucking insect pests of wheat
4.1 Chinch bug Blissus leucopterus
4.1.1 Taxonomy

Chinch word in Spanish means Pest. The family lygaeidae genus Blissus which
contain chinch bug species, yet the taxonomy of the genus is poorly understood.
Chinch bug, though native of tropical America but extended its range to the world.

It subdivided into two species Blissus leucopterus and subspecies B. leucopterus leu-
copterus which are known as Chinch bug and hairy chinch bug respectively. Before

57



Current Trends in Wheat Research

and in 1831, the original species combination was Lygaeus leucopterus Say [90]

The genus name was replaced in 1835 burmeister. The species name combination of
two word leuco which means lack of color and pterus means wings [91]. However,
it belongs to order hemiptera (suborder: Heteroptera) and family Lygaeidae. Sub
species are B. leucopterus leucopterus (Say), B. leucopterus hirtus (montandan).

4.1.2 Distribution

Chinch bug, B. leucopterus (say) native to the new world, found throughout
Americas south as well as the North America region. Chinch bug spread Virginia to
Georgia extending to south Dakota and Texas in east and west respectively [92].

4.1.3 Biology

B. leucopterus passes two generations per year, a complete life cycle occurs in
30-60 days. Eggs are elongate-oval and rounded at one end, truncate shape at the
other end. The eggs are whitish on the first days, turn yellowish after a few days
and become red at time of hatching. Female of chinch bug lays eggs in short rows
on root, stem, leaf sheath or on soil near the plant [92]. Eggs rate laying by females
are 15-20 per day over 2-3 week, producing upto 500 eggs a single female. Eggs are
hatching 16 days at 27°C and 8 days at 31°C [93].

There are five nymphal instars with 5, 6, 5, 4, and 6 intervals during each
instar when reared at 29°C, under field conditions, the development time may
be extended. The normal development time is 30-40 days in normal and may be
extended in 60 days. Identification of nymph in early stages, head and thorax are
brown, legs are yellowish. These colors are darker as the mature nymph, so the
mature nymphs are blackish in color. There are yellowish and whitish colors on the
first two segments of abdomen. Wing pads become visible in 3rd instars. Nymphs
prefer sheltered locations to feed and aggregate on the stem near the main stem of
the plant [92].

Adults are blackish in color; wings nearly attain the end of abdomen and are
white in color with blackish spots found near the center. Measurements of adults are
3.5 to 4.5 mm in length.

4.1.4 Damage

Host of chinch bugs consist solely of family gramineae, but also include other
grasses and plants. Chinch bug is a plant feeding insect, causing reddish color at
the site of feeding and death of the plant. Plant growth can be stunted, or dead by
a large number fed on plants. The losses by chinch bug were estimated at 19 million
dollars in 1989 [94].

4.2 Wheat aphid
4.2.1 Taxonomy

Aphids evolved in Carboniferous period about 280-300 million year ago [95, 96]
Many species of aphid attack on wheat crop, three major aphids pest are Myzus
persicae (Sulz.), Sitobion avenae (F.) and Schizaphis graminum (Rondani). Sulzer was
the first who described Myzus persicae in 1776 as Aphis persicae. Species have many
synonyms which are listed by Borner [97]. The Aphid genus of Myzus belongs to
the largest tribe of aphid Macrosiphini [98], which contains fifty five species. M.
persicae make a species complex which describes as a separate species M. nicotanae.
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Order: Hemiptera. Suborder: Sternorrhyncha, Family: Aphididae, Genus:
Myzus, Sitobion and Schizaphis, Species: M. persicae, S. avenae and S. graminum.

4.2.2 Distribution

Myzus persicae (Sulzer), green peach aphid is found throughout the world. The
green peach aphid probably belongs to Asian origin, Myzus persicae growth is not
acceptable when temperature and humidity are not bearable for aphids [99].

4.2.3 Biology

Aphids biology is quite complicated than other insects. In single colony, aphid

adults are present in wing form or wingless form. Aphids characters in life cycle

is continuous asexual production and of larvae by live birth, parthenogenesis and
viviparity respectively. In parthenogenesis, embryos arise from cells without reduc-
tion of chromosomal and individuals, so all females are genetically identical to their
parents. Sexual reproduction occurs in autumn, female of autumn season oviparous
results in the production of overwintering eggs. In the following growth season of
plant eggs hatch and produce a series of parthenogenetic generations [100, 101].

4.2.4 Damage

Aphids damage in stages of adults and nymphs. Nymph and adult suck the cell
sap of the plant part [102]. Aphids can attain very high populations on young plant
tissue, wilting and reducing the growth rate of plants. Losses due to aphid upto one
third crops yield [103].

4.3 Green stink bug
4.3.1 Taxonomy

The genus Nezara proposed by Amyot and Serville in a group ‘Rhaphigastrides’
with other spices in 1843. In the family Pentatomidae, Kirkaldy (1909) recognized
six subgenera in Nezara, now all of which are considered as genera. Nezara viridula
have color variability and wide distribution in the world, resulting in the form of
synonyms [104]. Most existing forms of species are two G-type and O-type, Nezara
viridula var. Smaragdula is G-type with complete green color and Nezara viridula
var. torquata is O-type with green body and anterior yellowish coloration [105]. It
belongs to Order: Hemiptera, Suborder: Hetroptera and Family: Pentatomidae.

4.3.2 Distribution

Nezara viridulais referred to as worldwide or cosmopolitan distributed as the
species and occurs throughout regions (Tropical, Subtropical and Temperate) Also in
Australia [106, 107]. The species Nezara viridula expands its range constantly, both in
Northern and Southern spheres, by natural dispersal and human translocation [108].

4.3.3 Biology
The development of life stages of this species has been described by Jones in
1918. Females lay eggs in clusters; each cluster contains 60-90 eggs [109]. Fresh

eggs are cream in color, and become dark after one day, eggs hatch in 3 days [110].
First instars of Nezara viridula are red in color and turn dark by the stadium on the
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second day [111]. Second to fourth instars are green in color, fourth and fifth instars
may be green/dark [112]. Development of insect adults from eggs is approximately
30 days but varies on time period. Female adults start mating in 5 days and male
take 6 days for mating. Female deposited the egg within 7 to 8 days after mating.
The diapausing of species occurs in adult form and insect diapauses before mating.

4.3.4 Damage

Nezara viridula species is a highly polyphagous insect, attacking both monocot
and dicots. Range of plants is 145 plant species which belong to 32 families as host
plants [113]. Different generations of species breed utilize and feed different plant
species during vegetative stages of host plant in a season. Damage come from feed-
ing of nymphs on podm fruits and seed which results in yield reductions and other
aspects like quality and germination of seeds.

4.4 Haplothrips
4.4.1 Taxonomy and nomenclature

Haplothrips was first described by Amyot & Serville in 1843. Synonyms of
the Haplothrips ganglbaueri Schmutz, 19136 are Haplothrips ganglbaueri Schmutz,
1913, Haplothrips angustus Hood, 1919, Haplothrips vernoniae Priesner, 1921, Zygothrips
andhra Ramakrishna, 1928, Haplothrips priesnerianus Bagnall, 1933, Haplothrips
themedae Priesner, 1933 and Haplothrips tolerabilis Priesner, 1936 [114]. Order:
Thysanoptera and Family: Phlaeothripidae.

4.4.2 Distribution

Haplothrips is widely distributed in Old world, Pakistan, China, Iran, Japan, Sri
Lanka, India, Indonesia, Egypt. New world; Central and South America, Australia
and New Zealand [115-117].

4.4.3 Biology

Eggs of Haplothrips are cylindrical, rounded from posterior, tapered anterior
end, which looks like a knoblike process. Eggs measure 433-500 p length and
137-150 p width. Nymphs at the time of egg hatching are microscopic, transparent
and amber in color. Color changes from amber to pink after considerable feeding.
The length of the first instar before eclosion measures 1100 p in length. The color of
the second instar nymph is glowing red except for the appendages which are dark
brownish to black. Second instar mature nymph measures about the same length
as that of the adult. The pre pupal stage of the Haplothrips ganglbaueri ischaracter-
ized by small antennal sheath, the glassy colored appendages and the lack of wing
sheaths. Overall pre-pupal stage is pale red. Adult color is pale red. They have a
transparent head, with a dorsal blotch. An occasional adult in the field may be dark
red. Length of the adult’s measure 1415-2268 p. Morphology of abdomen is com-
pressed and pointed toward its apex, fringed with setae. Head, thorax, and abdo-
men lack bristles. Seven to nine accessory cilia present on the wings [118].

4.4.4 Damage

Polyphagous pest Haplothrips ganglbaueri severely damage graminous crops
such as Oryza sativa, wheat Triticum vulgare, and Sorghum vulgare. It has been
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known for doing damage to fruiting parts such as inflorescence. Both adults and
nymphs preferably feed on inflorescence. Uneven oval and subtle brown patches on
the lemma, palea and ovarian tissues of rice were found by Ananthakrishnan and
Thangavelu [115].

5. Management of sucking insect pest of wheat
5.1 Cultural methods

Cultural control comprises the modification of regular farm operations that
destroy the insects or prevent them from causing injury. This control is to adjust the
time of sowing, plowing, irrigation, harvesting and improved farm management.
The opinion regarding aphids shows that it damages the wheat badly that is sown
earlier and if the cool weather remains until March [119]. Tabasum et al. [120]
reported that the crop sown earlier was least affected and the wheat crop can be set
aside by doing modification in sowing dates. The early sowing of the wheat crop is
the best way to minimize the risk of aphid attack [121]. The abundance of Coccinella
septempunctata was greater on late-planted wheat than the crop sown earlier [122].
Preferably wheat in Multan should be planted in the last week of November to avoid
heavy aphid attack [122].

Intercropping with different crops can increase the natural enemy population in
a wheat field for many reasons. The intercrop plants may release chemicals to attract
natural enemies and their early establishment in the field. Intercropping with non-
host plants seemed to be favorable for the parasitoid’s population [123]. The rye-
grass strips in wheat fields and wheat- oilseed rape intercropping is used to enhance
the number of natural enemies. The population density of ladybeetle and ratio of
ladybeetle to S. avenae was greater than in the wheat-oilseed rape intercropping
field. It is recommended that Bactris campestris intercropping with wheat should
be encouraged among farmers to maximize the wheat crop profit by reducing the
aphid population [124].

5.2 Seed treatment

Seed treatment is environment friendly and economical with excellent control.
The systematic and relatively low rate of the application makes it user-friendly
for seed dressing and it protects from sucking insect pests by eliminating the
repeated needs for sprays. Seed treatment by using neonicotinoid insecticides
against piercing-sucking insects, such as aphids is very effective. Ahmed et al. [125]
reported that when imidacloprid in combination with tebuconazole is used as seed
treatment against Schizaphis graminum can control aphids for 8 weeks. The mixture
of imidacloprid + Tebuconazle with a relatively low rate of application can make it
environment friendly and an effective option for seed dressing against Schizaphis
graminum [126]. It can be concluded that Actara® and Hombre® as seed treatment
could be efficiently utilized for controlling Sitobion avenae [127].

5.3 Biological control methods

Natural Biological control is the action of predators, parasitoids, pathogens and
plant extracts in maintaining pest density. The natural enemies may help to reduce
the sucking pest population from reaching the economic injury level in the Wheat.
The aphid parasitoids in Pakistan have been reported by [128, 129]. In Pakistan,
Aphidius sp. has been recorded parasitizing S. graminum attacking wheat crop [130].
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A. ervi and A. colemani are reported by against wheat aphid [131], while Diaeretiella
rapae reported by [126]. On wheat aphid parasitism rates started low, as the season
progressed, the mean rate of parasitism increased [132].

In wheat, sucking pest populations are effectively restricted by adults and larvae
of ladybird beetles, lacewing larvae and larvae of hoverflies. Predators are the para-
sitoids due to their broader host range and can feed on both egg and larvae stage
of pests and also [129]. Coccinellids are the most abundant predator on wheat and
cotton for the controlling of the aphid population [133]. Coccinella septempunctata
is one of the most efficient predators of immature and adult aphids on wheat [134].
As the biological control agents, syrphid flies against S. graminum may provide a
complementary management method [135]. One of the voracious predators of all
the aphids exposed eggs and small nymphs are Chrysoperla carnea [136].

There are several botanicals derived from plant oils extracted from leaf and
seeds have been used to control aphids in Pakistan. Moringa oleifera and Eucalyptus
oblique leaves showed higher mortality of S. avenae [137]. Azadirachta indica seed
kernel extracts to control S. avenae are effective as imidacloprid [138]. Abid [139]
concluded that tobacco caused maximum mortality against all instars of S. grami-
num and S. avenae followed by neem, dhatura and onion. Igbal et al. [140] treated
the aphid by different botanicals, Orange Peel extract exhibited the maximum
mortality of aphid followed by Garlic and Tobacco. Azadirachta indica and the
entomopathogenic fungi Beauveria bassiana or M. anisopliae exhibited efficacy
against S. avenae [126].

5.4 Host plant resistance

Plants can resist invading insects and diseases. The plants with this ability can be
attributed to their morphological and chemical characteristics. Moreover, resistant
plants can change their physiology in case of invasion and compensate for the
damage caused by the pests. Planting resistant cultivars is a simple and effective
method to reduce its damage. Shahzad et al. [121] proved that Galaxy 2013 gives
higher yield and can tolerate aphid damage. Wheat genotypes can play a vital role
to suppress the aphid population, Sarsabz, Kiran-96 and Khirman varieties were
shown to be resistant [141]. Results proved that 6309-2103 shows resistance among
other varieties and has the lowest Aphids population density [142]. Shafaq-06 is
more susceptible and 9114 is relatively more resistant wheat varieties lines against

the aphid population [134].
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Chapter 4

Xanthobacter autotrophicus an
Endophytic Beneficial Bacterium

for Wheat and Other Plants:
A Short Review

Juan Manuel Sanchez-Yariez

Abstract

The endophytic genus plant growth promoting bacteria (EPGPB) known as
Xanthobacter autrotrophicus is one of the most interesting option to apply on the
production of wheat (Triticum aestivum), and other domestic crops lettuce (Lactuca
sativa), tomato (Solanum lycopersicum) rice (Oriza sativa) maize (Zea mays): under
all types of agriculture systems: open field, protecting one or either organic sustain-
able type. The aims of this review is to analyze the qualities of X. autotrophicus as
useful EPGPB for sustainable production of wheat and other crops regarding its
capacity as able to fix molecular nitrogen (N,) as well as by transforming plant
metabolic compounds in phytohormons, including phosphatase enzyme for
solubilizing phosphate to solve different soil problems related with its fertility also
some phytopathological like to stop of growing weed as Arabidopsis thaliana which
are competing with health growth of domestic plants. Beside the potencial of X.
autotrophicus for bioremediation of environmental polluted by chemicals.

Keywords: soil proprieties, cereals, vegetables and green nitrogen fertilizer,
endophytic plant growth promoting bacteria, health

1. Introduction

The well know endophytic plant growth promoting bacterium Xanthobacter
autotrophicus, was described as Corynebacterium autotrophicus due its specific
genetic qualities to grow under chemolithoautotrophically and for being able to fix
molecular nitrogen (N,) as nitrogen source [1]: X. autotrophicus are rods, according
to growth condition show pleomorphism depends on the species and the carbon
and nitrogen source on which they are grown. X. autotrophicus is a Gram-type
negative rods with high concentrations of polyphosphate granule belongs phyloge-
netically to the family Hyphomicrobiaceae in the class Alphaproteobacterial, grow
heterotrophically under aerobic or microaerophilic conditions with acids, alcohols,
and selectively with some carbohydrates as energy and carbon source like: fructose,
galactose, mannose and sucrose [2-7].

The endophyte plant growth promoting bacteria: X. autotrophicus can fix
dinitrogen under heterotrophic and thioautotrophic conditions is able to grow with
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Biochemical characteristics 1. 2. 3.

Cell morphology: rods - - -

Morphology as rod on free carbon and nitrogen media + + +
Slime production + + +
Zeaxanthine dirhamnoside (yellow) + + +

Zeaxanthine (orange, pinkish) - - -

Motility under autotrophic growth conditions - 4 4
Vitamins required for growth + + +
Sensitivity to chloramphenicol - - -
Under autotrophic growth at 35°C + + +
Utilization of hexoses + + +
Growth on nutrient broth + + +
Growth on glutamine as carbon source + + +
Growth on citrate + + +
Degradation of aromatic compounds + + +
Degradation of cyclohexene (and derivatives) + + +
Utilization of methanol + + +
Utilization of hydrocarbons + + +

Symbols and abbreviations: +, positive; (+), positive except for some unusual strains; —, negative; (—), negative
except for some unusual strains; +/— not determined; TCA = tricarboxylic acid."1 = X. autotrophicus in the reference;
2 = X. autotrophicus; 3 = X. autotrophicus repetitions.

‘Lime production in glucose.

“Pale yellow indicating low concentration [6, 22-26].

Table 1.
Main biochemical charactevistics among some species of the genus Xanthobacter.”

H, plus O, or H; + Na,S,0; as energy source and with CO; as only inorganic carbon
source [8-10] at reduced O, tension [11, 12] in the absence of organic or inorganic
nitrogen (N) compounds as aminoamides, peptides, proteins, nucleotides, well
known sources as NH;" (ammonia) or NO;™ (nitrate) at the soil [13] and culture
artificial media [14]. On the basis of their numbers, X. autotrophicus should be
regarded as an associative symbiosis diazotroph due although entering roots of
wheat (Triticum aestivum), bean (Phaseolus vulgaris), root beet (Beta vulgaris), rice
(Oriza sativa) [15] tomato (Solanum lycopersicum), lettuce (Lactuca sativa)

[16, 17] does not form nodules the way do symbiotic N,-fixing bacteria in legume as
Bradyrhizobium japonicum does. The special position of X. autotrophicus among the
chemolithoautotrophic and other the N,-fixing aerobic bacteria [1, 11], X. autotro-
phicus is able to grow with H,/CO,/0O, or to have high hydrogenase activity [10, 18],
beside reaction of nitrogenase as the other well-known genera: Azotobacter, Derxia,
Bradyrhizobium and Rhizobium [19, 20]. Originally, one key taxonomic property for
discriminating X. autotrophicus from other genera yellow pigmented zeaxanthin
dirhamnoside bacteria, including diazotrophs [2]. Xanthobacter strains can be
isolated easily if certain conditions are applied: no other or very limiting sources of
nitrogen other than N, or H,/CO,/0,/N; [9, 11] as gas phase providing an electron
donor, a carbon source, electron acceptors, in liquid media; yellow colonies are
showed on nutrient agar plates [1, 6]. Because its metabolic diversity Xanthobacter
species are widespread in natural habitats [21] as is showed in Table 1.
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2. Phylogeny and taxonomy of Xanthobacter spp

The phylogenetic position of Xanthobacter based on 16S rRNA sequence
analysis published in Bergey’s Manual of Systematic Bacteriology, showed that
genus Xanthobacter is part of phylum Proteobacteria, class Alpha proteobacteria
order Rhizobiales family Xanthobacteraceae. However, using phylogenetic trees
constructed on the basis of 16S rRNA sequence comparisons, the type strains of
Aquabacter spiritensis and Azorhizobium caulinodans are intermingled with the
otherwise well-defined genus cluster Xanthobacter, Aquabacter and Azorhizobium
(both single species genera are recognized as separate genera V and VI within the
same family Hyphomicrobiaceae, some of the key properties described for the type
species X. autotrophicus it is suggested to keep the separate genera names despite
the 16S rRNA sequence similarity [22]. The 16S rRNA sequence is more than 98%

Figure 1.

Photographs of X. autotrophicus (a) macroscopic morphology in a mineral medium without sucrose either
ammonium nitrate (MMWSA) under autotrophic conditions after 30 h incubation at 35°C, (b) and (c)
microscopic morphology of X. autotrophicus according at Gram negative in MMWSA under the same
incubation condition (photos from Environmental Laboratory-UMSNH, Sdnchez-Yaiiez et al., 2020).
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similar to those of X. flavus and X. autotrophicus strains as is showed in Figure1 [2, 6,
8,23, 27]. The morphology and some of the physiological proprieties are different

to separate species, supported by the low below 50% DNA-DNA hybridization data
as well as tricarboxylic acid or TCA cycle intermediate; (1) synthesis of the water
insoluble zeaxanthin dirhamnoside, showed by the yellow colonies; (2) normally to
grow chemolithoautotrophically; and (3) able to fix dinitrogen under microaerophilic
chemolithoautotrophic or heterotrophic conditions [1, 28]. Other characteristics are
given in Table 1, Xanthobacter is free-living in soil and water as well as root-associated
but never noduling, exhibits acetylene reduction as an indirect technique for nitrogen
fixing capacity. Other features of Xanthobacter a are the high G+C related with some
flavobacteria and Cytophaga spp: (1) antibiotic pattern sensitivity [17] (2) positive
reaction for catalase, oxidase and phosphatase acid and alkaline types; (3) negative
reaction for methyl red, gas from carbohydrates, and the Voges-Proskauer test; and
(4) containing ubiquinones Q10 and Q8 like is in Beijerinckia, and Azotobacter, are
important for truly identification of these species, demonstration of the pigment
zeaxanthin dirhamnoside and acquisition of the 16S rDNA sequence are important
(2, 6, 21].

3. Taxonomy

The most identifications of environmental isolates are done by 16S rRNA
sequence analysis, in a first common identification step, diagnostic taxonomic
properties are: (1) yellow, “fried egg” shaped colonies with several amounts of
slime production under cultivation media specific conditions; (2) rods, some
species have strong polymorphic, branched, twisted cell morphology growing on
nutrient agar with larger amounts of polyphosphate granula, can lead to the false
impression of a Gram-positive staining reaction; however all Xanthobacter stain
are truly Gram negative when is using a counterstain in polyphosphate-free cells
of X. autotrophicus [2, 22, 24].

4, Isolation cultivation and axenic culture

Selective enrichment cultures. For isolation purposes, the use of free
carbon and nitrogen agar medium as a selective medium is recommended
for recovering Xanthobacter from; soil, upper layers of marine or freshwater
sediments, lake water, steam and root of aal types of plants. Because of slime
formation by X. autotrophicus of agar plates free carbon and nitrogen source.
Frequently, other oligotrophic organisms grow as contaminants in the slimy
colonies of Xanthobacter easy to separate in nutrient agar the following basal
medium can be used for autotrophic as well as heterotrophic growth except
when urea is used as nitrogen source. No vitamins or additions of yeast extract
as growth factor are required for most X. autotrophicus, enrichment 100 mg
of yeast extract per liter to the mineral medium can reduce an extended lag
time for autotrophic growth under free carbon and nitrogen-fixing. In order
to demostrate its capacity for fixing N2 is important not to add any inor-
ganic or organic nitrogen source. During isolation, a vitamin solution any
mixture containing biotin can enrichment to stimulate is growth, absence of
ammonium, or amino acids, peptide, protein as any organic nitrogen source
[29, 30]. For heterotrophic growth, common carbon sources are used: 0.5%
sugars, 0.3% (v/v) alcohols or 0.4-0.8% organic acids. For growth under non-
N,-fixing conditions, 0.1% of ammonium chloride or sulfate is common. The
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83 Xanthobacterflavus JW/KR-E1 (X94206)
100 Xanthobacter aminoxides ATCC BAA-299T (AF399969)

57 Xanthobacter flavus 301T (X94199)

Xanthobacter agilis SA 35T (X94198)
Azorhizobium caulinodans ORS 57171 (X94200)
100
Xanthobacter tageridis DSM 11105T (X99469)
4351 68 Xanthobacter polyaromatic varans’ (AB106864)
Aquabacter spiritensis SPL-1T

100 Xanthobacter autotrophicus 7TCT (X94201)
Xanthobacter viscosus 7DT (AF399970)

54

98 100 Angulomicrobium tetraedrate Z-2821T (AJ53708)

Thiobacacillus novellus ATCC 8093T(D32247)
Rhodopseudomonas viridis GT (D25314)

100 Defluvibacerlusatiensis S1T (AJ132378)

Sinorhizobium fredii PRC 205T(D14516)
Hyphomicrobium vulgare ATCC 27500NT (Y14302)

Figure 2.
Phylogeny and taxonomy of Xanthobacter spp.

exact composition of this medium is not critical, and good results have been
obtained with free sucrose and nitrogen agar medium, for storge sterile soil is
one the easy and best one to preserve viability for relative long period of time.
X. autotrophicus, studied in more detail, most of the strains tested grow at pH
5.0-8.5 while pH recommend is about 6.8-7.2 and its temperature 30-37°C. The
morphological features of Xanthobacter can be used initially for identification.
Colony morphology depends on the type of carbon and nitrogen source and
growth conditions. On most carbohydrates, the colonies of main species are
large from 1 to 5 mm in diameter, smooth, convex, circular, filiform, opaque,
and typically egg-yolk yellow color due to zeaxanthin dirhamnoside (see
Figure 2a). The colonies become less yellow and less opaque as the amount

of slime increases. The production of slime on nutrient agar plates frequently
results in colonies resembling fried eggs [15]. Zeaxanthin dirhamnoside is
water-insoluble, in contrast to the reddish/pinkish/brown pigment or to the
yellow-green diffusing pigments with fluorescence of Beijerinckia and Derxia
the other yellowish diazotroph isolated with well-known methods. The latter
fact also makes it easy to distinguish Xanthobacter from Derxia colonies, which
turn brown with age besides other morphological and biochemistry charac-
teristics [5, 31]. Xanthobacter strains are sensitive to wide range of antibiotics,
but the response depends on the method applied broth cultures or the use of
Difco (Dispense-O-Disk minifilters). X. autotrophicus was sensitive to ampicil-
lin, penicillin, chloramphenicol, erythromycin, novobiocin, and polymyxin B,
but they were resistant to erythromycin and bacitracin. Few strains can grow
on violet red-bile medium (Oxoid), deoxycholate medium (Oxoid), tellurate
agar (Difco), and mineral medium supplemented with crystal violet red
colonies [6, 32, 33].

77



Current Trends in Wheat Research

4.1 Methods of storage

Xanthobacter cultures are grown on chemolithoautotrophic agar slants stored
1.5 years at 4°C after sealing the tubes tightly with parafilm. Also, liquid cultures
grown under chemolithoautotrophic conditions mineral medium with 0.02%
(w/v) yeast extract have been kept for more than 15 months at 4°C and, of course
if glycerol is used as suspended solution at 40-60% (v/v) final, at -20°C and -75°C
for more than 8 years. For long-term storage, cultures should be lyophilized on skim
milk at 10% now sterile soil is an easy and safe technique [34, 35].

5. Autotrophy and nitrogen fixation capability

X. autotrophicus can use H, from thiosulfate as source of energy for CO, fixa-
tion, when grown heterotrophically in the presence of gas mixture, Xanthobacter
species fix CO, mainly via the ribulose-biphosphate pathway but phosphoenol-
pyruvate carboxylase activity also has been reported. Have shown that the fixation
of CO, plays an important role in the degradation of aliphatic epoxides and ketones
by novel carboxylases [5, 8, 10, 24]. X. autotrophicus fixes N, under heterotrophic
growth conditions with sucrose as a carbon source; however, N, fixation was
showed for several strains of X. autotrophicus with 15N, incorporation into cell
protein [12, 18]. The biochemical studies on the enzyme and its relationship to
oxygen have been restricted to X. autotrophicus. The nitrogenase in these two
strains is similar to that in other aerobic diazotrophs [2, 6, 36, 37]. There is strong
variation among the strains in respect to the optimal O, concentration for growth
under N,-fixing conditions, for X. autotrophicus. The optimal partial pressures of
O, for acetylene reduction are 5 and 2.5 kPa to 0.36 kPa. However, the alternative
vanadium nitrogenase system could not yet be shown through substantial ethane
synthesis or improving its growth when vanadium is added to molybdenum
deprived medium [1, 14, 38].

6. Natural habitats

The known habitats of Xanthobacter are depending on its physiological proper-
ties, underline its catabolic versatility [39]. The sources for isolated strains include
oil-contaminated soil and sludge from Japan [5], marine sediments, water and
sediment samples from fresh- water lakes, soil of flooded rice fields, rhizosphere
of wetland street ditches and wet meadow soil and garden soil from Europe,

South Africa, North America, and Asia, sewage samples [3, 13, 40] and tree leaves
[20, 41]. Xanthobacter is ubiquitous in microaerophilic environments with decaying
organic material or matter [19] containing sufficient concentrations of H, and CO,
and other metabolic compounds products of anaerobic microbial activity, such as
organic acids and alcohols. Xanthobacter species are important in the microaero-
philic interface between the anaerobic and aerobic habitats. Therefore, it is very
likely that Xanthobacter, and possibly also other N,-fixing Knallgas bacteria, can be
found in habitats other not yet known [42, 43]. According to literature, no thermo-
philic, psychrophilic, or halophilic strains have been isolated [44]. Furthermore, it
is not clear whether Xanthobacter contributes significantly as an associative bacte-
rium to the nitrogen cycle in agriculture issues, even though in greenhouse experi-
ments [17, 45, 46], X. autotrophicus strains isolated from several environmental
samples have been shown to stimulate and growth yields of rice, tomato and lettuce
at reduced dose of nitrogen or phosphate fertilizer [1, 17, 38, 47].
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6.1 Ecological interactions with other domestic plants

In Japan was reported a survey of N,-fixing bacteria from roots of rice, with
strains called group 2 were X. autotrophicus and other isolated Xanthobacter-like of
group 5, which could be a new genus [22, 31, 48, 49]. Some of these isolations were
identified as a X. flavus on the basis of morphological and physiological properties.
Up to 25% of the nitrogen fixed by soil bacteria was incorporated into rice plants
and other reported. In one soil like soils of Kasakh, Armenia Xanthobacter was up
40-70% were N,-fixing population they may contribute to N balance in the soil of
paddy rice. Also was demonstrated that strains close to X. autotrophicus could be
found in the sediment of patty rice fields in Arkansas, United States, with more
than 105 cells per g dry weight of roots in the rhizosphere of rice clearly as an endo-
phyte [50]. A positive interaction among Xanthobacter and some domestic crops
due to enhance biomass of plant as well as nitrogen content compared to those crops
without Xanthobacter at limited dose of nitrogen fertilizer [17, 40]. Therefore,
Xanthobacter can be classified as an associative diazotroph [19, 38, 44, 51, 52]. The
possible role of Xanthobacter as a contributor of fixed N, a growth factor stimulant
on bean [45] lettuce, tomato, rice, rootbeet, wheat, plants, and an associative
N, fixer through either the phyllosphere or even stems nodules if in the future
Agzorhizobium is incorporated into the genus Xanthobacter needs to be investigate
[20, 41, 53]. These studies should examine: (1) the role of the slime produced by
Xanthobacter in its adherence to the rhizosphere and phyllosphere an involvement
of slime in adherence processes was shown for various anaerobic bacteria; (2) the
possible role of the polyglutamine polymer produced under high-nitrogen condi-
tions directly after nitrogen fertilization [7, 38, 54] and (3) the role of plant growth
stimulant formation by root and stem-associated Xanthobacter cells [13, 28, 55-57].
It has been reported than cultures of X. autotrophicus are producing indoleacetic
acid when grown in medium with tryptophan [3]. Until now there are no reports
about Xanthobacter isolated associated with any plant disease [18].

6.2 Biofertilizer application of endophytic plant growth promoting bacteria in
modern sustainable agriculture

Biofertilizer is key action of organic farming and a main element for the economy
in general modern agricultural production on a world scale [55, 56, 58, 59]. The
biofertilizers play an important role in improving the fertility of the soil [60, 61]. In
addition, their application in soil improves the structure of the soil minimizes the
sole application of chemical fertilizer. Grain yield and harvest index also increase
with use of biofertilizers. Inoculation with Azotobacter + Rhizobium + mycorrhizae
gave the highest increase in straw and grain yield of wheat plants with rock phos-
phate as a P fertilizer. Azolla is inexpensive, economical, friendly, which provide
benefit in terms of carbon and nitrogen enrichment of soil [62]. Some commercially
available biofertilizers are also used for the crop. Raj [63] recorded that microorgan-
ism: B. subtilis, Thiobacillus thioxidans, and Saccharomyces) can be used as bio-fertil-
izers for solubilization of fixed micronutrients like Zn (zinc). As well for biological
control, a modern approach of disease management a key role in sustainable agricul-
ture [64-66]. Biofertilizers can be defined as carriers that contain living endophytic
plant growth promoting bacteria (EPGPB) and/or microorganisms (EPGPM);
when they are applied to seeds, plant surfaces, to soil, or to hydroponic agricultural
system, they colonize the root system or interior of the plant, and to stimulate plant
growth by increasing the demanding or availability of macro or micro minerals:
nitrogen (N), phosphorus (P), potassium (K), cupper (Cu), iron (Fe), etc., to the
host plant [67, 68]. According to Mishra et al. [69], biofertilizer could be mixture of

79



Current Trends in Wheat Research

active or latent microbial cell for several important mechanisms to improve plant
growth and yield as the well-known: nitrogen fixing, phosphate solubilizing, or cel-
lulolytic microorganisms for applications to soil, seed, roots, or composting involv-
ing any microbial process with the aims for enhancing plant growth, augment the
availability of nutrients that can then be easily absorbed by the plants, as well as for
biological control of plant pathogenic agents. Malusa and Vassilev [70] proposed that
a biofertilizer is the formulated product containing one or more microorganisms that
enhance the mineral availability for health growth and yield profitable performance
of the plants by either replacing soil nutrients and/or by making nutrients more
available to plants and/or by increasing plant availability to basic minerals [66, 71].

Biofertilizer products are usually based on the EPGPB or PGPM can be classified
into three main types of microorganisms: arbuscular mycorrhizal fungi or AMF
[72], plant growth promoting rhizobacteria or PGPR [73], and nitrogen fixing
rhizobia and free nitrogen fixing bacteria for non-leguminous plant [74, 75] which
are applied and approved as beneficial for domestic crops growth based in mineral
nutritional, underline reported that PGPR are recommend worldwide as biofertil-
izers, contributing to maintain profitable yield without soil deterioration and
preventing environmental pollution. Hence, with the potential contribution of the
PGPR, to sustainable agriculture and forestry when pandemic condition of COVID
19 caused economic world depress [76, 77]. Sufficient densities of PGPR and/or
EPGPB like X. autotrophicus in biofertilizer provide a beneficial role in creating a
proper rhizosphere for plant growth and converting nutritionally important ele-
ments through biological process, for example increasing the availability of N, P, K,
as well as inhibiting pathogens growth [67, 71].

The increasing availability of N, P, and K is enhancing soil fertility, to improve
antagonistic capacity of PGPR or EPGPB to biocontrol of plant pathogens agents
[58] as well as the survival time in all types of soil [78]. Previous studies show that a
biofertilizer prepared by mixing all types of PGPR with composts or carriers could
enhance growth- promoting effects and biocontrol of plants [79]. Bacillus spp [80]
and Pseudomonas spp [81] are two PGPR that have been reported to effective bio-
control agents. Among these bacteria species, Bacillus subtilis, B. amyloliquefacients,
and B. cereus are the most effective species for controlling plant diseases in domestic
crops by several mechanisms [82]. Due endospores of the genus and species of
Bacillus are tolerant to adverse environmental conditions allows PGPR, to survive
and even to grow in a wide range of soils, thus facilitating the effective formulation
of biofertilizer [83]. Based in this biochemicals qualities as well as the biorestaura-
tion of hyper fertilized or deteriorated soil [43, 74, 84, 85]. However, X. autotro-
phicus has many biological mechanisms to avoid environmental stress without any
specific resistance structure a quality of this genus and specie [3, 21, 35] that has
been useful to treat environments contaminated by chemical agents [86].

6.2.1 Biofertilizer (X. autotrophicus) for bioremediation of environment polluted
by chemical agents

In that sense EPGPB (likes PGPM or/and PGPR can be classified as biofertilizers
when they sustainable options to plant nourishment and enrichment source that
would useful for bioremediation and/or phytoremediation (double actions plants
and biofertilizer) for soil contaminated by chemical agents [87, 88]. There for X.
autotrophicus is has been applied in bioaugmentation trials for cleaning up any
environmental impacted by chemical agents [86] which due to powerful genetic
capacity is able to degradate a wide range of chemical agents under several envi-
ronmental conditions either soil and or water in that sense it been reported that X.
autotrophicus is able to biodegradate of 1,2- dichloroethane (DCE) one of the largest
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chlorinated industrial chemical, most of it being used for synthesis of vinyl chloride
and smaller amounts for ethylene diamine and other chemicals. It was also used

as a solvent. Groundwater contamination is mainly due to leakages and improper
waste disposal. X. autotrophicus can attack DCE by using some specific enzimes
under oxic conditions was investigated in the 1980s [89, 90] required for prolonged
groundwater bioremediation polluted by DCE. Such systems are operated under
non-sterile conditions, and long-term survival of enzymes would require separate
enzyme production and a process allowing for physical separation of the biocatalyst
from groundwater. There may be attractive application opportunities if biotrans-
formation of synthetic chemicals in waste streams leads to products that can be
recycled, e.g., when a wastewater product can cleaning up. This issue that received
attention during the development of strains of X. autotrophicus growing on 1,2,3-tri-
chloropropane (TCP) and another xenobiotic compound that polluted wastewater
(86, 90-92].

A bioformulation is not effective until it does not have an impact in field con-
ditions, market existence and reliability and cost effectiveness [93]. Production
of bioformulation is not only dependent on the detailed knowledge of micro-
bial as well as plant physiology, but a number of technological challenges are
also involved such as fermentation process, formulation type, population of
microbe, and delivery systems [94]. Barea [59] has published that in order to
get better bioformulation for any domestic crops is important to understand
the interaction among EPGPB or PGPM. To reproduce those microorganisms
is important the chemical composition of broth media as well as the main and
best conditions for each microorganisms need to get enough amount of them for
bioformulation applying in open agriculture [95]. Including legal and ecological
permission for safe crops production. A key quality of any bioformulation has to
be water soluble to make sure a positive effect on any domestic crop Himel et al.
[96] and Bateman [97] underline for those bioformulation which are applying
in in aerosol based on a droplet size that is sufficient to inoculate seeds and
plants with excellent results. For bioformulations applied foliarly, it is impor-
tant to consider all environmental factors: solar radiation, high temperatures,
ultraviolet light, etc. that limit the survival of beneficial plant microorganisms
[98]. In this sense, the type of bioformulations must be appropriate to the form
and vehicle that transport the beneficial plant microorganisms according to
the recommended application directly to the soil, to the seeds or plants so that
the forecast of the result favors agricultural production or control of some
disease or pest [99]. Therefore, it is important research for the innovation of
bioformulation suitable for agricultural crops [58] that comply with the qual-
ity and legality standards to satisfy the world market demand for safe food
without risk of environmental damage [100]. A fundamental aspect for the
world market of biological inoculants has been the necessary implementation
of microbiological quality controls with reliable protocols that are endorsed by
laws in the world that protect those farmers who, when applying them, have the
confidence that they will have positive results in production. agriculture, due in
part to the unfortunate experience of bioformulations without microbiological
or legal quality that have caused a rejection of some sectors involved in sustain-
able agricultural production, an aspect that has not yet been resolved in the
world [68]. In an integral sense that the biotechnology of the formulation of
inoculants requires solid research for the best selection of microorganisms that
promote plant growth, as well as the protocols of legal and ethical microbiologi-
cal quality in the generation of bioformulations that give confidence to be used
in the world for a sustainable and harmless agricultural production in harmony
with the environment [85].
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7. Effect of Xanthobacter autotrophicus on the growth of Triticum aestivum
and other domestic plants

Triticum aestivum is the main cereal consumed by the human population of the
world, around 51% of human demand intake of calories and proteins. The annual
production of this crop is ~630 million tons, being the major grown cereal worldwide
with ~740 million ha harvested annually [101]. It is reported that the dynamics of
colonization of endophytic genus plant growth promoting bacteria (EPGPB) like X.
autotrophicus on the sphermosphere/rhizosphere in gramineae is reported, based in
other genera and species different than Xanthobacter [49, 102, 103]. In that sense the
response of domestic plants to X. autotrophicus is scarce [18] so research in progress
indicates [16, 17, 45, 46] that it may be an excellent option for the sustainable pro-
duction of domestic crops [67, 104-106] however it is believed that it may be similar
to other genera and species of EPGB, of the known like Azospirillum, Azotobacter,
Bacillus which are able to move from outside to into the root system [18, 107]. In
the case of T aestivum has a positive response to X. autotrophicus since can invade
the interior of the root system where it transforms organic compounds derived
from photosynthesis into phytohormons, to optimize the reduced dose of nitrogen
fertilizer [46]. It has been showed that can invade the root of T. aestivum including
other types of domestic crops [17, 45, 60]. This biochemical characteristic of X.
autotrophicus was confirmed by its growth dependent on the nutritional richness
of the rhizosphere of T. aestivum, attributable to certain organic acids, amino acids
including other organic compounds from the photosynthesis in gramineae
[42, 108]. Hence, the importance of the chemical composition of root, sphermo-
sphere and rhizosphere, as inducers of colonization by X. autotrophycus in gramineae,
is key for other EPGPB to be closely associated with its root, sphermosphere, rhizo-
sphere system [60, 105, 109]; in part this also explains the nutritional requirement of
X. autotrophicus for wheat as a distinctive characteristic of this species, which is not
reported in X. autotrophicus this was verified when was inoculated in the soil without
roots, this coupled with the competition and predation of the native soil microorgan-
isms, antagonistic to the species of Xanthobacter, which prevented its persistence in
that environment [20, 47]. In the literature it is reported that the positive response
of T aestivum to inoculation with X. autotrophicus and fed with NH,NO; depends on
fast they colonized exclusively the germination zone of the seed, as well as to invade
inside the roots when they have developed [41, 109, 110]. This explains why, in the
case of the test described, X. autotrophicus was detected during seed germination, in
the period of root development, and even inside mature roots of wheat. This suggests
that X. autotrophicus was not dependent on wheat’s sphermosphere/rhizosphere
[17, 108, 109], it is reported that slowly used its energy reserve to prolong its persis-
tence in unsterilized soil, a physiological characteristic in X. autotrophicus [111, 112].
These results support that T aestivum were attractive for X. autotrophicus used accord-
ing to the type of root growth observed with T. aestivum, compared to the appearance
of the root system in the coronary part and by the density of secondary roots detected
uninoculated wheat [37, 46, 47, 113, 114].

Related to phosphorus a key mineral for plant nutrition as phosphates normally
applied to soil as fertilizer it is reported that concentration in average soils is about
0.05% (w/w) of which only 0.1% is available to plants [115]. There is evidence that
the phosphate fertilizer applied as phosphate has a limited impact on plant nutri-
tion, especially because, due to the solubilization constant (Ksp), of this phosphate
anion is generally little available for plant roots [116]. It is calculated in the soil the
concentration of phosphorus as phosphates is equal to or less than 0.02ppm, which
drastically limits plant growth [117, 118]. In nature, the strategy that plants use
for the absorption of the forms of phosphates necessary for plant metabolism are
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a
Figure 3.

Response of Triticum aestivum to Xanthobacter autotrophicus at different levels of nitrogen and phosphate
fertilizer at seedling stage 30 days after sowing. (a) Absolute control: T. aestivum not inoculated irrigated only
with water; (b) relative control: T. aestivum not inoculated fed at 100% nitrogen and phosphate fertilizer;

(c) T. aestivum with X. autotrophicus fed with 50% of nitrogen fertilizer and 100% phosphate fertilizer; (d) T.
aestivum with X. autotrophicus fed with 100% nitrogen fertilizer and 50% phosphate fertilizer; (e) T. aestivum
with X. autotrophicus fed with 50% nitrogen and phosphate fertilizer

the solubilization actions of phosphates by genera and species of microorganisms
that promote plant growth, such as mycorrhizae and bacteria that also mineralize
organic compounds containing phosphates [119, 120]. In the last few years, the
development of microbial inoculum containing phosphate-solubilizing microbes
(PSM) gained attention of agriculturists [17].

Figure 3 shows the positive response of T. aestivum to X. autotrophicus fed at
50% of NH4NO; and 100% phosphate fertilizer. Figure 3¢ shows that T. aestivum
reached a greater number of leaves and a dense root system, as well as T. aestivum
with X. autotrophicus fed with 100% nitrogen fertilizer and 50% phosphate fertil-
izer (Figure 3d) and T. aestivum with X. autotrophicus fed with 50% nitrogen and
phosphate fertilizer (Figure 3e), compared to T aestivum not inoculated irrigated
with water (Figure 3a) and T aestivum not inoculated fed with 100% nitrogen and
phosphate fertilizer (Figure 3b). These facts indicates that X. autotrophicus trans-
formed the organic compounds from photosynthesis of T aestivum into root system
to improve root absorption and optimize the reduced dose of nitrogen fertilizer
without risk to plant health growth [17, 18, 38, 42, 43, 121, 122]. At the same time
the synthesis of acid and mainly alkaline phosphatases improved the solubilization
and absorption of soil phosphates and phosphate fertilizer apply [17, 123, 124] to
enhance growth plant (data not showed). In Figure 1 it was evident that X. auto-
trophicus is an excellent option for the sustainable production of T. aestivum since it
is not only capable of optimizing nitrogen fertilizer to avoid soil deterioration and
environmental contamination due to nitrogen hyperfertilization [36, 54, 121, 125,
126]. While T aestivum inoculated with X. autotrophicus simultaneously absorbs
the immobilized phosphate from the soil and optimizes the effective application
from the inside of its roots by avoiding competition with the native microorgan-
isms [13, 40, 53] with a high prognosis of achieving healthy growth and profitable
yield [43, 122]. In that sense Khalid et al. [127] reported that seed inoculation with
30 bacterial strains isolated from rhizospheric soils of wheat plants cultivated at
different sites significantly increased length and weight of wheat roots and shoots.
Linear positive correlation between in vitro auxin production by these bacteria and
increases in the measured growth parameters was observed. Abd El-Azeem et al.
[128] reported a highly significant positive linear correlation between the in vitro
auxin production by the tested PGPR strains and each of grain yield, straw and total
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yield (grain plus straw) as well as the number of tillers of wheat plants. Auxin or
indole acetic acid (IAA) production is considered a way in which X. autotrophicus
promotes plant growth by stimulating enzymological reactions [125, 129]. IAA
influences plant processes, such as initiation of cell division and promotes vascular
differentiation [130, 131]. Besides its hormonal functions, IAA is involved in the
stimulation of ethylene synthesis, which is produced, by plants and microorganisms
[47]. Ethylene plays several active roles in plants including germination of root and
shoot and the response of plants to stress [43]. There is an evidence that X. autotro-
phicus that solubilize phosphate in soil and promote its uptake by plants are referred
as phosphate solubilizing bacteria (PSB) or phosphobacteria and are included
within EPGPB [132]. Plant growth promoting rhizobacteria increase the efficiency
of fertilizers while reducing nitrogen loss. Their counts in the rhizosphere comprise
a considerable share of the rhizospheric microorganisms and vary depending on the
soil location and type as well as the cultivated plants [133]. Inoculating the soil or
seeds with PSB individually or in combination with other microorganisms, espe-
cially the nitrogen-fixing bacteria increased the availability of P, Fe, Mn, Zn and Cu
for plants and consequently increased crop yield [114, 134, 135].

Figure 4 shows the positive response of Z. mays to X. autotrophicus fed with
50% nitrogen fertilizer and 100% phosphate fertilizer (Figure 4c), had the highest
number of leaves, plant height and the highest root density, as well as Z. mays with
X. autotrophicus fed with 100% nitrogen fertilizer and 50% phosphate fertilizer
(Figure 4d) and Z. mays with X. autotrophicus fed with 50% nitrogen and phosphate
fertilizer (Figure 4e), compared to Z. mays not inoculated irrigated only with water
(Figure 4a) and Z. mays not inoculated fed with 100% nitrogen and phosphate
fertilizer (Figure 4b). Figure 2 shows the effect of X. autotrophicus on the healthy
growth of Z. mays at different doses of nitrogen and phosphorous fertilizer, sup-
porting that X. autotrophicus from the interior of the root system of Z. mays had the
ability to convert compounds generated from photosynthesis in phytohormones for
the optimization of the fertilizer reduced to 50%, simultaneously with an increase
in the acid and alkaline phosphatase activity for the solubilization of the immobile
phosphates of the soil and the optimization of the phosphate fertilizer also reduced
50% [17, 44, 45, 47, 106, 131] compared to the limited growth of Z. mays without
inoculation with X. autotrophicus where the absence of this endophytic bacterium

Figure 4.

Response of Zea mays to Xanthobacter autotrophicus at different levels of nitrogen and phosphate fertilizer
at seedling stage 15 days after sowing. (a) absolute control: Z. mays not inoculated irrigated with water;

(b) relative control: Z. mays not inoculated fed with 100% nitrogen and phosphate fertilizer; (c) Z. mays
with X. autotrophicus fed with 50% nitrogen fertilizer and 100% phosphate fertilizer; (d) Z. mays

with X. autotrophicus fed with 100% nitrogen fertilizer and 50% phosphate fertilizer; (e) Z. mays with

X. autotrophicus fed with 50% nitrogen and phosphate fertilizer.
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Figure 5.

Po?itive response of Oryza sativa to Xanthobacter autotrophicus at different levels of nitrogen and phosphate
fertilizer at seedling stage 15 days after sowing. (a) Absolute control: O. sativa not inoculated irrigated with
water; (b) relative control: O. sativa not inoculated fed with 100% nitrogen and phosphate fertilizer;

(c) O. sativa with X. autotrophicus fed with 50% nitrogen fertilizer and 100% phosphate fertilizer;

(d) O. sativa with X. autotrophicus fed with 100% nitrogen fertilizer and 50% phosphate fertilizer; (e) O. sativa
with X. autotrophicus fed with 50% nitrogen and phosphate fertilizer.

that promotes plant growth shows that Z. mays that none of these fertilizers is
efficiently absorbed, causing loss of soil fertility and a possible environmental
contamination [43].

In Figure 5, showed the response of O. sativa to X. autotrophicus by the root
length and plant height of O. sativa at 50% nitrogen fertilizer as NH,NO; and 100%
phosphorous fertilizer as K,HPO,/KH,PO, (Figure 5c), in comparation to O. sativa
with the maximum dose of nitrogen and phosphorous fertilizer but without X.
autotrophicus (Figure 5b), as well as O. sativa with X. autotrophicus fed with 50%
nitrogen and phosphate fertilizer (Figure 5e). This support that X. autotrophicus h is
able to transform organic compounds from photosynthesis into phytohormons like
auxins to increase root soil exploration for optimizing uptake of nitrogen fertilizer
reduced to 50% [18, 45, 46, 106]. There is evidence that to support that X. autotro-
phicus in wheat, as well as in, oats, corn, sorghum, and other types of plants the
way do other genus and species of growth plant promoting bacteria. While inside
the roots of O. sativa; X. autotrophicus synthesizes acid and alkaline phosphatases
for the solubilization and absorption of insoluble phosphate from the soil, as well
as optimizing the phosphate fertilizer applied to the soil at a reduced dose without
affecting the healthy growth of O. sativa compared to the response of O. sativa with-
out inoculating with X. autotrophicus fed with the recommended dose of nitrogen
and phosphate fertilizer, which shows that without the help of X. autotrophicus, O.
sativa has growth limitations, therefore it is advisable to apply it to the sowing of the
seed [119, 120, 123, 124, 126]. While inside the roots of O. sativa; X. autotrophicus
synthesizes acid and alkaline phosphatases for the solubilization and absorption
of insoluble phosphate from the soil, as well as optimizing the phosphate fertilizer
applied to the soil at a reduced dose without affecting the healthy growth of O.
sativa compared to the response of O. sativa without inoculating with X. autotro-
phicus fed with the recommended dose of nitrogen and phosphate fertilizer, which
shows that without the help of X. autotrophicus; O. sativa has growth limitations,
therefore it is advisable to apply it to the sowing of the seed [46, 106, 136].

In Figure 6, L. sativa inoculated with X. autotrophicus fed with 25% nitrogen and
phosphate fertilizer (Figure 6e), as well as L. sativa with X. autotrophicus fed with
25% nitrogen fertilizer and 100% phosphate fertilizer (Figure 6d), had the highest
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Response of Lactuca sativa to Xanthobacter autotrophicus at different levels of nitrogen and phosphate
fertilizer at flowering stage 120 days after sowing. (a) Absolute control: L. sativa not inoculated irrigated with
water; (b) relative control: L. sativa not inoculated fed with 100% nitrogen and phosphate fertilizer; (c) L. sativa
with X. autotrophicus fed with 100% nitrogen fertilizer and 25% phosphate fertilizer; (d) L. sativa with

X. autotrophicus fed with 25% nitrogen fertilizer and 100% phosphate fertilizer; (e) L. sativa with

X. autotrophicus fed with 25% nitrogen and phosphate fertilizer; (f) L. sativa with X. autotrophicus fed
with 0% nitrogen and phosphate fertilizer.

number of leaves, plant height and the highest root density, compared with L. sativa
not inoculated fed with 100% nitrogen and phosphate fertilizer (Figure 6b). It is
reported that X. autotrophicus stimulated the proliferation of root hairs in wheat, as
has been observed in other plants [17, 41, 44, 137, 138] and this increased the area
of exploration of the root to capture the nitrogen and phosphate fertilizer [42], as
reported in other works on X. autotrophycus inoculation: in corn [46, 106], in wheat
and in rice [43, 139].

Figure 6 shows the effect of X. autotrophicus on the growth of L. sativa at differ-
ent doses of nitrogen and phosphate fertilizer, where it was evident that X. auto-
trophicus can optimize the reduced dose of both fertilizers, in relation to nitrogen
fertilizer by means of a conversion of metabolites released during photosynthesis
[10, 17, 138], that reach the root to maximize the absorption of NH,NO; while X.
autotrophicus from inside the roots generates acid and especially alkaline phospha-
tases to solubilize the immobile phosphate of the soil, as well as optimize phosphate
applied during the growth of L. sativa [140], in this trial it was demonstrated that
these were the main mechanisms of X. autotrophicus when both fertilizers were
applied in variable doses or in similar concentration, but not when in the absence of
both [18, 120, 123, 124].

The possible synthesis of phytohormons by X. autotrophicus was supported by
the test shown in Figure 7, in which it is evidenced by inoculation of S. lycopersicum
with X. autotrophicus fed with 25% nitrogen and phosphate fertilizer (Figure 7e),
had the highest number of leaves, fruits, plant height and the highest root density,
compared to S. lycopersicum not inoculated fed with 100% nitrogen and phosphate
fertilizer (Figure 7b). The positive growth of S. lycopersicum was due to the fact
that X. autotrophicus had a growth promoter effect, which was detected from the
beginning of wheat germination from its seed, reported to be maintained in the
early stages of wheat root development [20, 41, 50], as observed in this experiment
and which was similar to what was observed in root system when X. autotrophicus it
colonizes and influences the growth of roots of beans [45, 54]. In that sense Figure 7
shows the effect of X. autotrophicus on S. lycopersicum at different doses of nitrogen
(NH4NO3) and phosphate (KH,PO4/K,HPOy,) fertilizer, the growth of S. lycopersicum
shows that the ability of X. autotrophicus to invade the interior of the radical system
to transform compounds derived from photosynthesis into phytohormons improves
the absorption and optimization of the reduced doses of NH;NO; [13-15, 126] as well
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Figure 7.

Response of Solanum lycopersicum to Xanthobacter autotrophicus at different levels of nitrogen and
phosphate fertilizer at maturity stage 180 days after sowing. (a) Absolute control: S. lycopersicum not
inoculated irrigated with water; (b) Relative control: S. lycopersicum not inoculated fed with 100% nitrogen
and phosphate fertilizer; (c) S. lycopersicum with X. autotrophicus fed with 100% nitrogen fertilizer and
25% phosphate fertilizer; (d) S. lycopersicum with X. autotrophicus fed with 25% nitrogen fertilizer and
100% phosphate fertilizer; (e) S. lycopersicum with X. autotrophicus fed with 25% nitrogen and phosphate
fertilizer; (f) S. lycopersicum with X. autotrophicus fed with 0% nitrogen and phosphate fertilizer.

as of phosphorous fertilizer, and even when none of them were applied to the crop is
reported that N demand was supplied by biological N, fixation due to X. autotrophi-
cus [18, 36, 52] it was also detected that it synthesized acid and alkaline phosphatase
to solubilize the immobile of the soil, so that S. lycopersicum had a healthy growth
with early formation of fruits [16, 17, 120, 135, 140] compared to S. lycopersicum
without inoculating fed with the recommended doses both fertilizer.

Table 2 shows the acid and alkaline phosphatase activity of X. autotrophicus,
measured indirectly by the amount of p-nitrophenol generated when measured
in the stem and roots of S. lycopersicum (as it is a genus and endophytic growth
plant promoting species) with nitrogen and phosphorous fertilizers at 25%, of the
recommended dose, there it is observed that the values of the higher and lower acid

S. lycopersicum (tomato) p-nitrophenol released (jig/ mL)
Saline solution (absolute control) Acid —
Alkaline —
Without inoculating stem Acid 045"
Alkaline 013
Without inoculating root Acid 1.49°
Alkaline 0.16'
X. autotrophicus on the stem Acid 140.22°
Alkaline 102.66
X. autotrophicus on the root Acid 22248
Alkaline 170.52°
X. autotrophicus isolated from the stem Acid 139.77
Alkaline 102.53¢
n=3.

"Values with different letter ave stadistically distint according to ANOVA-Tukey (P < 0.05).

Table 2.
Activity of acid and alkaline phosphatases of Solanum lycopersicum at flowering stage 120 days after sowing at
25% of nitrogen and phosphate fertilizer with and without inoculating with Xanthobacter autotrophicus.
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phosphatase of the alkaline support that the healthy growth of the vegetable was
due to the activity of the phosphatases synthesized by X. autotrophicus not only the
interior of the stem and better in the root, also when this strain of X. autotrophicus
recovered from the stem as well as from the root results suggest the importance
of soil phosphorus availability in altering the interactions between leading to soil
invasion by S. lycopersicum by X. autotrophicus. Overall, applying high amounts
of available nutrients may reduce and increase the abundance plant-beneficial
microbes and pathobiome in soil, respectively, which in return, could affect soil
and plant health. This work greatly advances the mechanistic understanding why
X. autotrophicus is a genus with high competitive capacity within the broad group of
growth-promoting endophytes that synthesize acid and/or alkaline phosphatases
in the absence of available phosphates and even when soluble phosphates fertilizer
is applied to soil in agricultural production [141], that issue could be important for
researchers working in the field of environmental microbiology, microbial ecology,
plant-microbe interactions, soil health, and plant protection [16-18, 123, 142] in
comparison with the activity of both phosphatases of S. lycopersicum without inocu-
lation with X. autotrophicus, where the poor activity of both phosphatases explains
that the growth of this vegetable was not as vigorous as observed in S. lycopersicum
inoculated with X. autotrophicus [120, 136]. Similar results of a high acid and alka-
line phosphatase activity of X. autotrophcius inside the roots: Beta vulgaris, Hordeum
vulgare, Pinus leiophylla, T aestivum, Sorhgum bicolor. Z. mays, grown in soil with
insoluble phosphate problems [124, 135, 137, 143] or precipitation of the phosphate
fertilizer at a lower dose than recommended (data no shown).

Figure 8 shows that fruit of S. lycopersicum with X. autotrophicus fed with
100% nitrogen fertilizer and 25% phosphate fertilizer had the largest size and
red coloration (Figure 8) while S. lycopersicum not inoculated irrigated fed with
100% nitrogen and phosphate fertilizer had a smaller size, in addition to a green
coloration which means that vegetative life cycle was shorter than the fruit from not
inoculate S. lycopersicum (Figure 8a). These results demonstrate the importance of
X. autotrophicus for healthy growing plants, with a reduced dose of nitrogen and
phosphorous fertilizer [54, 120, 144, 145]. Figure 8 shows the effect of X. autotro-
phicus on the fruit of S. lycopersicum at a recommended dose of nitrogen fertilizer
such as NH,NO; with 25% of the phosphate fertilizer, in that sense X. autotrophicus
is able to solubilize phosphate in soil and promote its uptake by plants are referred
as phosphate solubilizing bacteria (PSB) or phosphobacteria and are included
within PGPR [143]. Their counts in the rhizosphere comprise a considerable share

Figure 8.

Fruit of Solanum lycopersicum with Xanthobacter autotrophicus at different levels of nitrogen and
phosphate fertilizer at maturity stage 180 days after sowing. (a) Relative control: S. lycopersicum not
inoculated fed with 100% nitrogen and phosphate fertilizer; (b) S. lycopersicum with X. autotrophicus fed
with 100% nitrogen fertilizer and 25% phosphate fertilizer.
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of the rhizospheric microorganisms and vary depending on the soil location and
type as well as the cultivated plants [133, 142, 146]. The results support that X.
autotrophicus transformed organic compounds derived from photosynthesis in the
inside the roots of S. lycopersicum in phytohormons for an efficient absorption of
NH4NO; while to optimize the phosphate fertilizer, X. autotrophicus by means of
acid phosphatases, mainly alkaline phosphates solubilized the soil phosphates
[123, 124, 142, 143, 145] and quickly absorbed the one applied consequently the
fruit of the S. lycopersicum reached a larger size and ripened earlier in comparison
with the size of the S. lycopersicum without inoculation fed with the recommended
dose of both fertilizers [14, 16, 17, 38, 43, 50, 144].

Figure 9 shows that A. thaliana with X. autotrophicus fed with 100%

NH4NO; (Figure 9d), as well as A. thaliana with X. autotrophicus fed with 50%
NH,NO;, (Figure 9h) and A. thaliana with X. autotrophicus irrigated with only
water (Figure 91) had root growth inhibition, its suggested due over synthesis of
phytohormons not depending of NH4NO; concentration [20, 79, 99, 131, 147] com-
pared to A. thaliana with B. vietnamiensis 2 fed with 100% NH,NO; (Figure 9c), as
well as A. thaliana not inoculated fed with 50% NH,NO; (Figure 9e)

and A. thaliana not inoculated irrigated with water (Figure 9i).

Figure 10 shows that A. thaliana with X. autotrophicus fed with 100%
NH,NO; (Figure 10d), as well as A. thaliana with X. autotrophicus fed with
50% NH4NO;, (Figure 8h) and A. thaliana with X. autotrophicus irrigated
with water (Figure 101) had root growth inhibition, compared to A. thaliana
with B. vietnamiensis 1 fed with 100% NH,NO; (Figure 10b), as well as A.
thaliana with B. vietnamiensis 1 fed with 50% NH4NO; (Figure 10f) and A.
thaliana with B. vietnamiensis 1 irrigated with water (Figure 10j). Figures 9
and 10 show the response of the seed and stem primordia and root of A. thalina
inoculated with B. vietnamiensis compared to X. autotrophicus at doses 100, 50
and 0% of the nitrogen fertilizer as NH;NO; where it was evident that while
a positive effect of B. vietnamiensis strains on A. thaliana was dependent on

Figure 9.

Refponse of Arabidopsis thaliana to Burkholderia vietnamiensis and Xanthobacter autotrophicus on the
germination of seed and first step of growth at seedlings stage at different dose of NH ,NO; under artificial
culture media. (a) A. thaliana not inoculated fed with 100% NH,NO;; (b) A. thaliana with B. vietnamiensis
1 fed with 100% NH,NO;; (c) A. thaliana with B. vietnamiensis 2 fed with 100% NH,NO;; (d) A. thaliana
with X. autotrophicus fed with 100% NH,NO;; (e) A. thaliana not inoculated fed with 50% NH,NO;; (f) A.
thaliana with B. vietnamiensis 1 fed with 50% NH,NO; (g) A. thaliana with B. vietnamiensis 2 fed with
50% NH,NO;; (h) A. thaliana with X. autotrophicus fed with 50% NH,NOy; (i) A. thaliana not inoculated
irrigated with water; (j) A. thaliana with B. vietnamiensis 1 irrigated with only water; (k) A. thaliana with
B. vietnamiensis 2 irrigated with water; (1) A. thaliana with X. autotrophicus irrigated with only water.

89



Current Trends in Wheat Research

Figure 10.

Ef]%elclt of Burkholderia vietnamiensis and Xanthobacter autotrophicus on the germination of seed and first
step of growth of Arabidopsis thaliana seeds directly sown in inoculated in artificial culture media at different
dose of nitrogen fertilizer as NH4NO3. (a) A. thaliana not inoculated fed with 100% NH4NQO3; (b) A. thaliana
with B. vietnamiensis 1 fed with 100% NH4NO3; (c) A. thaliana with B. vietnamiensis 2 fed with 100%
NH4NO3; (d) A. thaliana with X. autotrophicus fed with 100% NH4NO3; (e) A. thaliana not inoculated fed
with 50% NH4NO3; (f) A. thaliana with B. vietnamiensis 1 fed with 50% NH4NO3; (g) A. thaliana with B.
vietnamiensis 2 fed with 50% NH4NO3; (h) A. thaliana with X. autotrophicus fed with 50% NH4NO3;

(i) A. thaliana not inoculated irrigated with water; (j) A. thaliana with B. vietnamiensis 1 irrigated with
water; (k) A. thaliana with B. vietnamiensis 2 irrigated with water; (1) A. thaliana with

X. autotrophicus irrigated with water.

the concentration of NH,NO;3, [41, 110, 129, 148] X. autotrophicus inhibited
seed germination and practically stem and root primordium, both effects were
positive by B. vietnamiensis well-known plant beneficial bacteria for a domes-
tic vegetal [149]. In opposite way X. autotrophicus can distinguish between a
domestic plant and a weed planted in agricultural soil by stimulating the growth
of the former and inhibiting the germination and growth of the latter [150]. A
genetic capacity that few genera and species such as X. autotrophicus of growth-
promoting endophytic bacteria possess and can be used to improve the growth
of domestic plants and prevent the germination of weeds underline when they
are dependent on the synthesis of phytohormons from compounds releasing of
the seed and roots of A. thaliana [46, 47, 59, 79, 131, 147].

8. Conclusions

The plant growth promoting endophytic bacteria well known as X. autotro-
phicus is an exceptional genus and species of procaryote due to the ability it has to
simultaneously fix CO, and N, it can exist in water, soil and in association with
awide variety of plant species, specifically because by invading the root tissue it
influences positively in the absorbing both nitrogen and phosphorous regulated
forms of fertilization by the synthesis of acid and alkaline phosphatases in soil
with phosphate availability problems or where the application of the phosphate
fertilizer precipitates. Whereas by converting seed exudates and derivates and
photosynthesis inside the root’s plants in phytohormons have an interesting poten-
tial as a biofertilizer. As well as for the biological control of weeds that compete
with the cultivation of domestic plants, it can contribute to sustainable agricultural
production that reduces the effects of contamination by unregulated fertilization
and application of chemical herbicides. Besides that X. autotrophicus is has been
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reported as useful biological tool for bioremediation of water and soil polluted by
chemical agents. Easy to growth in simple culture media low cost to reproduce to
industrial level, a friendly genus and bacterial species for humans, animals, plants
and the environment.
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Chapter 5

Russian Wheat Aphid Distribution
in Wheat Production Areas:
Consequences of Management
Practices

Astrid Jankielsohn

Abstract

Russian wheat aphid (RWA) is an international pest on wheat and occurs in most
countries where large scale wheat cultivation is practiced. Consequently, consider-
able efforts have been made to manage RWA globally. The two management options
used currently are chemical control and breeding for deployment of resistant wheat
cultivars. There are however drawbacks to both of these management practices.
Chemical control has a negative impact on the environment, especially other insect
groups such as predators, pollinators and decomposers. With widespread and
continuous use of the same active ingredients, there is the possibility that RWA can
build up resistance against these specific active ingredients. The drawback with
resistance breeding is that certain RWA populations can overcome the resistance in
the wheat, resulting in new biotypes virulent to the resistant wheat cultivars.

Keywords: Russian wheat aphid, Diuraphis noxia, wheat, Triticum aestivum,
biotypes, insecticide resistance

1. Introduction

Establishment success and rate of spread will determine the invasive ability
of a specific organism [1]. The success of an invasive species will further be deter-
mined by both abiotic and biotic factors that will influence the adaptation and
spread within the geographic range of establishment [2]. Liu et al [3] believe that
Russian wheat aphid (RWA), Diuraphis noxia (Kurdjumov) possesses many of
the features that define a ‘good invader’ and as a result became a global threat to
wheat production. RWA has originally spread from central Asia [4] to other major
wheat (Triticum aestivum L.) producing countries in the world. It is considered a
primary pest of dryland winter wheat in North America [5] and South Africa [6].
RWA, like other exotic aphid species, is capable of surviving at low numbers for a
relatively long period and can have sudden population outbreaks in new areas [7].
The most recent record of this aphid invading a new area was in 2016 in Southern
Australia and RWA is consequently considered a major threat to cereal production
in Australia as well [8]. In an updated distribution model for predicting potential
spread of RWA, Avila et al. [9] suggested that RWA would be able to establish in all
major wheat- and barley-growing regions in New Zealand. The first record of RWA
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outside its original area of distribution was in South Africa in 1978. Initially the dis-
tribution was confined to the Bethlehem area in the Eastern Free State, but by 1979,
the RWA had spread to other wheat-producing areas in the country [6]. The first
record of RWA in the United States was in 1986 [5]. RWA invaded all the Central
European countries from the south-east [10] and was first detected in the Czech
Republic in 1993 [11, 12]. It was found that RWA expanded from its Mediterranean
distribution range to the northwest. It seems that the expansion route has covered
Serbia, Hungary and the Czech Republic [11]. Puterka et al. [13] determined that
the origin of populations distributed in South Africa, Central and North America
was in Turkey with an indication of random establishment by commerce rather
than through migration. Zhang et al. [14], however, found evidence of long-term
existence and expansion of RWA in China and speculate that RWA are not fre-
quently transported by human agricultural activities. With the expansion of wheat
fields it is possible that aphid populations may spread to areas via natural pathways
such as flight or wind currents. Once established in an area RWA is very adaptable
to changes in the environment. Because of its wide distribution, considerable effort
has gone into developing management strategies against this global wheat pest.
Currently there are two management options: breeding for deployment of resistant
wheat cultivars and chemical control.

RWA-resistant cultivars were released and deployed in South Africa during
1992, and more than 70% of the wheat production area in South Africa was planted
with Russian wheat aphid-resistant cultivars [15]. The durability of resistant culti-
vars was, however, challenged by the occurrence of RWA biotypes, first in Colorado
in 2003 [16], and in South Africa in 2006 [17]. Russian wheat aphid biotypic
variation was also found in Hungary [18] and Chile [19]. Since 2006, five distinct
RWA biotypes have been recorded in the wheat production areas of the Eastern Free
state (summer rainfall area), South Africa, RWASA?2 in 2006; RWASA3 in 2009;
RWASA4 in 2011 and most recently RWASA5 in 2018.

The second management option, chemical control, is also practiced in South
Africa, mainly in the Western Cape (winter rainfall area) and on irrigation wheat
in central and western Free State and Northern Cape. Chemical control has long
term, negative impacts on the environment, especially other insect groups such as
predators, pollinators, and decomposers. Hill, et al. [20] demonstrated that broad
spectrum pesticide application in grain crops can lead to secondary outbreaks
of pests due to alteration of natural enemy communities. The active ingredients
registered for RWA control on wheat in South Africa are limited and include acet-
amiprid, chlorpyrifos, chlorpyrifos + cypermethrin, demeton-S-methyl, dimetho-
ate, imidacloprid, parathion, prothiofos and thiamethoxam. With widespread and
continuous use of these active ingredients, there is the possibility that RWA can
build up resistance against these specific active ingredients. About 20 species in
the Aphididae have evolved resistance to insecticides [21] and can be associated
with detectable changes in reproductive rates [22]. Brewer and Kaltenbach [23]
demonstrated that there is detectable variation in RWA insecticide susceptibility
and reproductive rates after exposure to chlorpyrifos. Chlorpyrifos selection seen
in wheat production may result in large scale changes in susceptibility and control
failures. Russian wheat aphid variation in virulence to small grains occurs [24, 25]
as well as variation in fecundity [26, 27]. There is a possibility that RWA can also
evolve virulence to active ingredients in chemicals. In their recommendations for
managing RWA expansion into all major grain regions of Australia Ward et al. [28]
include sustainable management practices, given the somewhat indiscriminate use
of insecticides to control RWA to date. They also include regular testing of field
populations for evolution of insecticide resistance in their recommendations. To
determine how RWA populations change over time annual monitoring was done
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from 2010 to 2019 in the wheat production areas of South Africa. The most recent
observations is discussed here.

2. Material and methods
2.1 Survey and collection of RWA at landscape level

RWA samples were collected annually during the wheat growing season in
South Africa from 2010 to 2019. All main wheat production areas within the known
distribution of the RWA were sampled. The same areas were sampled each year
and where possible the same fields (Figures 1 and 2). There are two main dryland
wheat production areas in South Africa where RWA commonly occur, the Western
Cape (winter rainfall area) (Figure 1) and the Free State (a summer rainfall area)
(Figure 2), with irrigated wheat production areas in the Central and Western Free
State and Northern Cape (Figure 2). Sampling sites were selected off primary
or secondary roads that transected major wheat or barley production areas. Sites
were 10-20 km apart with distances depending on the continuity of wheat fields.

In the Western Cape an average of 32 fields were sampled (Figure 1) and in the

Free State an average of 61 fields were sampled (Figure 2). Samples were collected
from cultivated wheat, barley and oats as well as volunteer wheat, wild oats, rescue
grass and false barley in road reserves and around cultivated fields. Infested leaves
were placed in Petri dishes containing moist filter paper and stored in an icebox for
transportation to the glasshouse. The number of aphids per plant, percentage plants
infested, growth stage of the plants and damage on the plants were recorded. The
geographical co-ordinates and elevation where the samples were collected were also
captured on a GPS and all the information of each sample collected was entered into
a database (Windows Office —Excel).

2.2 Establishing clone colonies of collected RWA samples

A single female aphid from each sample collected in the field was transferred
to a wheat plant and caged (gauze size: 315micron) to produce a clone colony.
RWA clone colonies are kept in glasshouse cubicles at night/day temperatures of
16 °C/22 °C and maintained on various wheat cultivars to avoid pre-adaptation
to a specific cultivar until they multiplied sufficiently to be used for screening.
Each clone colony is cultured for an average period of two to three months before
screening.

2.3 Screening of clone colonies of collected RWA samples for determination of
potential biotypes

The biotype of each RWA clone was determined by screening its feeding damage
on 11 previously established plant resistant sources containing designated resistance
genes Dn1 to Dn9 and Dnx and Dny (Table 1). Infestations of RWASAL1 cause
susceptible damage symptoms on wheat entries containing the Dn2 and Dn3 gene
(Table 1). RWASA?2 cause susceptible damage symptoms on wheat entries contain-
ing Dn1, Dn2, Dn3, Dn8 and Dn9 resistance genes (Table 1). RWASA3 is distin-
guished from RWASA2 by its added virulence to Dn4 and RWASA4 is distinguished
from RWASA3 by its added virulence to Dn5 (Table 1). RWASAS is distinguished
from RWASA4 by its added virulence to Dn6 and Dnx (Table1).

Ten seeds of each plant entry were planted in a seedling tray filled with sterilized
sand in a randomized complete block design with four replications for each biotype
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Figure 1.
Sampling sites for Russian wheat aphid (RWA) in the Western cape (winter rainfall area), South Africa from
2010 10 2019.

Figure 2.
Sampling sites for Russian wheat aphid (RWA) in the Free State (summer rainfall area), South Africa from
2010 t0 2019.

determination. Plant entries were randomly assigned to rows and were separated by
border rows planted with RWA susceptible Tugela. Plants were kept in glasshouse
cubicles at night/day temperatures of 16 °C/22 °C, natural light. Inmediately after
planting, the seedling trays were placed in gauze (315micron) cages to avoid contami-
nation by secondary aphids. Plants were infested at the two-leaf stage with collected
RWA clone colonies. Plants were rated with a ten-point damage rating scale, which
included leaf chlorosis and leaf rolling [29]. A score from 1-4 describes leaf chlorosis,
5-6 striping on the leaves and 7-10 rolling. Once the susceptible wheat Tugela showed
susceptible damage symptoms, all plants were rated. RWA biotypes were classified
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Wheat DnR gene RWASA1 RWASA2 RWASA3 RWASA4 RWASA5
genotype gengene

C003797 Dni R S S S S
C0O03804 Dn2 S S S S S
CO03811 Dn3 S S S S S
Yumar Dn4 R R S S S
C09500043 Dn5 R R R S S
C0960223 Dn6 R R R R S
94 M370 Dn7 R R R R R
Karee-Dn8 Dn8 R S S S S
Betta-Dn9 Dn9 R S S S S
PI586955 Dnx R R R R S
Stanton Dny R R S S S

Table 1.

Comparison of plant reaction of the five Diuraphis noxia biotypes identified in South Africa.

by using damage ratings for each plant entry where the plant was considered resistant
(R) if the damage rating was 1-6.5 and susceptible (S) if the damage rating was above
6.5-10. Each clone was given a biotype designation based on the differential virulence
profile to the Dn1 to Dn9 and Dnx and Dny resistance genes (Table1).

Biotype (clones) groups across all plant differentials were analyzed using a
two-way (clone, plant entry) analysis of variance (ANOVA). Mean damage rate
entries with significant (P < 0.05) clone-by-plant interactions were separated
by Fisher’s protected least significant difference (LSD) test at the 5% level (SAS
Institute 2003).

3. Results and discussion

Representative samples of five RWA biotypes were collected in the different
wheat production areas in South Africa, with a range of different climatic condi-
tions and different host plants from 2010 to 2019 (Figures 1 and 2). The number of
samples collected in a specific area varied depending on the area planted with wheat
or barley or the availability of alternative hosts and the level of infestation. An
average of 32 fields were sampled in the Western Cape (Figure 1) and 61 in the Free
State (Figure 2). Environmental conditions, including temperature, humidity, rain-
fall, soil type and availability of host plants play an important role in the population
increase and distribution of different RWA biotypes. Because these variables change
from year to year and between different areas, the distribution of RWA biotypes
will vary over years and between different geographical areas.

Analysis of the main effects of damage rating for the five Russian wheat aphid
biotype colonies indicated a significant clone (F = 117.48; df = 3; P < 0.0001),
plant entry (F = 133.59; df = 11; P < 0.0001) and clone-by-plant entry interaction
(F =12.82; df = 33; P < 0.0001), suggesting that the plant entries responded differ-
ently to the different aphid clones. Biotypes are identified by the distinct feeding
damage responses they produce on wheat carrying different RWA resistance genes
from Dn1 to Dn9 [30]. Infestations of RWASA1 caused susceptible damage symp-
toms on the wheat entry containing the D»n2 and Dxn3 gene (Table 1). RWASA2
caused susceptible damage symptoms on wheat entries containing Dn1, Dn2, Dn3,
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Dn8 and Dn9 resistance genes (Table 1). RWASA3 is distinguished from RWASA2
by its added virulence to Dn4 and RWASAA4 is distinguished from RWASA3 by its
added virulence to Dn5 (Table 1). RWASAS5 was the most virulent biotype in South
Africa with susceptible responses to ten plant differentials containing ten different
Dn genes (Table 1). Randolph et al. [31] found the American RWA2 to be the most
virulent strain tested with susceptible responses to 12 plant differentials.

The concentration of RWA biotypes occurred mainly in the Eastern Free State
with very few wheat fields infested with RWASA1 (original biotype, reported in
1978). RWASA1 occurred mainly in the Western Free State and Northern Cape.
Since 2006, five distinct RWA biotypes have been recorded in the wheat produc-
tion areas of the Eastern Free State, RWASA2 in 2006; RWASA3 in 2009; RWASA4
in 2011 and RWASAS in 2018. The populations of RWA biotypes fluctuated over
the years with RWASA?2 being the dominant biotype from 2010 to 2011, RWASA3
dominating from 2012 to 2013 and RWASA4 from 2014 to 2016 (Figure 3). During
the 2018 season RWASAS, was recorded for the first time on 8 wheat fields in the
Lindley, Reitz and Danielsrus areas in the Eastern Free State. During 2019 this
biotype had increased and spread to other areas of the Eastern Free State and was
recorded on 12 wheat fields in the Eastern Free State. This biotype was dominant
from 2018 to 2019 (Figure 3). Merrill et al. [32] found, in a general survey of aphid
mixtures for virulence to resistant Yumar (with Dn4 gene) in Colorado from 2004
to 2008, that Dn4 virulence increased from 82% in 2005 to 98% in 2008. When
a new RWA biotype appear, this new biotype seem to be able to outcompete the
previous biotypes in the area and displace the other biotypes. Puterka et al. [33]
found, in an area-wide study in the USA during 2005, that RWA2 almost completely
displaced the original biotype. A survey from 2010 to 2013 revealed a change in bio-
typic diversity of RWA populations in the United States, with RWA 1,6 and 8 across
regions showing high percentages during 2011 (64-80%) and 2013 (69-90%) [34].
In South Africa RWA biotype with added virulence to genes used in resistant wheat
cultivars were recorded every 2 to 3 years in the Eastern Free State where RWA resis-
tant wheat cultivars were commonly deployed. These newly recorded RWA biotypes
became the dominant biotype in these areas until a more virulent RWA biotype was
recorded (Figure 3). The most recently recorded biotype during 2018, RWASAS5, is
virulent against all known D#x genes used in wheat except Dn7 (94 M370) (Table1).

60.00
50.00 T
40.00
30.00

20.00

ol ol Wl A

2010 2011 2012 2013 2014 2015 2016 2017 2018 @ 2019

-10.00
ORWASAL-biotype 1 O RWASA2-biotype2 E RWASA3-biotype 3
B RWASA4-biotype 4 B RWASAS-biotype5

Figure 3.
Russian wheat aphid (RWA) SA biotype distribution in the Free State, South Africa (summer rainfall area)
from 2010 to 2019 (average fields sampled: 61).
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With the increase and spread of more virulent RWA biotypes the use of insecticides
may again become the main management option in these areas. Merrill et al. [35]
found that even though resistant wheat cultivars historically provided excellent
management of RWA on wheat crops in Colorado, the increase of new RWA bio-
types resulted in all commercially available winter wheat cultivars being susceptible
to RWA feeding damage and associated yield losses. This led to insecticides once
again becoming the main management tactic used on Colorado wheat [35]. In the
Western Cape, where chemical control is the most common control measure for
RWA, RWASA1 remained the only biotype and the biotype diversity seen in the
Eastern Free State was not experienced in this area. There was however, an increase
in RWASAL1 incidence in the Western Cape from between 30 to 60% fields infested
from 2010 to 2016 to between 70 to 100% fields infested with RWA from 2017 to
2019 on the fields that were annually surveyed (Figure 4). In a survey of farmers in
the Western Cape during the 2017 wheat production season 75% of the respondents
observed RWA on their crops [36]. All these farmers use chemical control, in the
form of preventative spray, to control RWA, because it is cheap and effective [36].
The fact that RWASA1 became more widespread in the Western Cape and that in
some cases live populations were collected in fields recently sprayed with insecti-
cides may indicate insecticide resistance. The active ingredients registered for RWA
control on wheat in South Africa are limited and include acetamiprid, chlorpyrifos,
chlorpyrifos + cypermethrin, demeton-S-methyl, dimethoate, imidacloprid,
parathion, prothiofos and thiamethoxam. The most common active ingredients
used by producers in the Western Cape are chlorpyrifos, dimethoate, imidacloprid
and thiametoxam (Mr K. Naicker, Cape RnD, Meridian Agritech). In the Western
USA, chlorpyrifos was the predominantly used insecticide, with area-wide treat-
ment of wheat acreage in specific localities [37]. Puterka et al. [13] detected genetic
variation and potential for biotypic diversity in RWA among world-wide collections
of RWA from countries in Eurasia, South Africa and the United States in 1990. This
variation in other traits may be indictors of adaptations, which could confer RWA
resistance to chlorpyrifos [23]. Brewer and Kaltenbach [23] demonstrated that
variation in RWA susceptibility to chlorpyrifos and associated reproductive rates
occur in the small grains growing region of the USA. Furthermore, approximately
20 species in the Aphididae have evolved resistance to insecticides [21] that can be
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Figure 4.

Percentage of wheat fields surveyed in the Western cape, (winter rainfall avea), South Africa, infested with
Russian wheat aphid (RWA) SA biotype1 (average fields sampled: 32).
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associated with detectable changes in reproductive rates [22]. In South Africa RWA
showed considerable biotypic adaptation and change in reproductive rate to resis-
tant wheat [25, 27, 38], resulting in five RWA biotypes occurring in wheat produc-
tion areas where RWA resistant wheat were deployed in the Eastern Free State. This
may be an indication that RWA in South Africa have the adaptive ability to develop
resistance to active ingredients of insecticides used to control them in the Western
Cape. Large-scale changes in susceptibility were detected in other aphids in which
consistent and severe selection pressure occurred [21]. Brewer and Kaltenbach [23]
stated that even though control failure problems have not been reported, periodic
assessment of RWA populations of field derivation is necessary. Ward et al. [28]
also recommend regular testing of field populations to understand if insecticide
resistance is likely to evolve in Australia. According to Brewer and Elliott [39] better
understanding of the mediating effects of host plant and habitat manipulations may
accelerate our ability to plan cereal production systems with improved ability to
suppress cereal aphids, including future invading species.

4, Conclusion

Given the invasive ability, evolutionary adaptability to changing conditions, viru-
lence, and fecundity of RWA, it remains a threat to global wheat production and wheat
cultivation. RWA remain present in all the wheat production areas of South Africa
and these populations are becoming more virulent as indicated by the spread of the
recently recorded biotype, RWASAS, in the Eastern Free State. Management practices
in different regions of South Africa may cause increased virulence in RWA popula-
tions. Based on these observations testing of field populations to understand if insec-
ticide resistance is evolving in RWA populations in the Western Cape is warranted. It
is important that future management practices focus on sustainability instead of the
indiscriminate use of insecticides globally to control RWA to date. Increasing diversity
in fields through undersowing, reduced tillage, intercropping and incorporation of
cover crops will be an effective start to sustainable management practices. Vegetation
strips have favorable microclimate for survival of generalist predators, and alternative
prey and resources during winter, resulting in higher densities of generalist predators
in cereal fields [40, 41]. This together with minimal use of insecticides, only when
necessary, will increase the insects providing ecosystem services and predators,
parasitoids and pathogens that will keep RWA populations and economical damage
low. Management approaches against cereal aphid invasions differ depending on aphid
ecology, specific system influences, and local management practices [42]. Any practice
based on aphid population monitoring that facilitates threshold-based insecticide use
will be effective across agroecosystems, with area-wide management systems being
most appropriate to large-scale cereal production systems.
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Abstract

Silicon (Si) is a benefic element for higher plants such as wheat (Triticum aestivum)
in which it is accumulated in the shoot tissues. In this crop, leaf diseases and spike
diseases are the cause of yield losses, and therefore several studies had been conducted
under field and greenhouse conditions to demonstrate that plants supplied with Si
reduced most of the diseases damage due to the amelioration of the plant defenses.
However, the benefits of Si depend on its accumulation in the plant’s tissue, which is
influenced by the availability of the element in the soil as well as the up-take ability of
the wheat cultivar. In this chapter we present the current knowledge about the mecha-
nisms of Si absorption and its accumulation in different tissues of the wheat plant, the
most studied options for silicate fertilization, and the benefits of Si on grain yield. We
also present some insight of the effect of Si-supply in wheat on the reduction of main
leaf and ear diseases, bringing evidence and explanation of the defense mechanisms
involved. In addition, we provide an overview of the Si effect on the physiology (gas
exchange, chlorophyll 4 fluorescence and carbohydrate metabolism) of the wheat
plant. Finally, questions have been raised about the Si uses as fertilizer that still needs to
be answered. We recognized that some studies have enhanced our understanding of Si
providing evidence of the Si use as disease management strategy, but further research
is needed to make the Si uses a simple task for wheat growers under field condition.

Keywords: disease control, diseases management, silicate fertilization, sustainable
management, wheat diseases, wheat yield

1. Introduction

Wheat (Triticum aestivum L.) is the most cultivated crop on Earth [1, 2] being
a key cereal for global food security. Wheat provides calories to 85% of the world
population (contributing of 5 to 57% of daily consumed calories, depending of the
country) and proteins to more than 82% of the world population (contributing
of 6 to 60% of daily calories intake, depending of the country) [3]. Historically
(1961-2009) the increase in the world production of wheat occurred primarily due
to the increase in productivity which supplied the increase in the demand for this
cereal [4]. As the global population continues to increase, the world demand for
wheat is predicted to continue raising [2, 4], being forecast that in order to feed the
world population in 2050 it will be necessary to almost double the current wheat
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production [5]. The challenges to achieving this production target include abiotic
(drought, heat and salinity) and biotic (insects, pathogens and weeds) stresses that
can be enhanced by climate changes [5].

Pathogens are among the main threats to high yield of wheat and a threatening
to food security. Wheat is affected by many pathogens, however their occurrence
and yield loss, estimated for each disease, vary from country to country and season
to season. The main aboveground wheat diseases worldwide are rusts (Puccinia
spp.), septoria nodorum blotch (Parastagonospora nodorum), septoria tritici blotch
(Zymoseptoria tritici), tan spot (Pyrenophora tritici-repentis), fusarium head blight
(Fusarium graminearum species complex), powdery mildew (Blumeria graminis
f. sp. tritici) and wheat blast (Magnaporthe oryzae Pathotype Triticum).

The control of these diseases is carried out preferably through resistant cultivars.
However, for some of the diseases, there are no cultivars with sufficient resistance to
contain the damage in yield or the resistance is ephemeral, especially when governed
by race-specific resistance genes, due to the rapid evolution of the pathogen [6-9].

As aresult, the use of fungicides is common in wheat crops, but it raises the cost of
production and it does not always give the expected control for some diseases [10, 11];
furthermore there is risk of development of resistance in the fungal to fungicides [12].

In this scenario, silicon (Si) become as an attractive alternative to be included
in the management of wheat crop. Silicon is a mineral element considered benefic
to plants, however in many soils its concentration available for plants is low [13].

In these soils, fertilization with Si sources has shown positive results. Numerous
studies demonstrate the beneficial effect of Si in relieving abiotic stresses and in
the control of biotic diseases on Si-accumulator plants (reviewed by [14-17]).

This chapter presents the current knowledge on Si up take by the wheat plant, its
effects on grain productivity and wheat technological quality, physiological aspects,
and biochemical and histological defenses enhanced by the element, on several
wheat-pathogen interaction.

2. Silicon wheat absorption

The knowledge of Si absorption has been studied in different plants such as
monocotyledonous and dicotyledonous species providing evidence to explain the
process [18-21]. Initially was believed that the transpiration was the main factor
determining Si uptake in plants. New evidence confirmed that the Si absorption and
accumulation could be explained by the active transport mechanisms inherent to
the roots and the shoots.

In wheat, the first evidences of active transport mechanisms come with studies
showing that approximately 90% of the Si absorbed by the plant was transferred
to the shoots, maintaining the roots in a relatively low-Si status [22, 23]. Later,
Mayland et al. [24] reported that the amount of Si accumulated by the wheat plant
was higher than expected to occur only via transpiration providing data to support
the classification of wheat as a Si accumulator (accumulating Si in concentration
up to 20 g kg™ of dry weight). Advancing, Rafi and Epstein [25] reported that Si is
rapidly absorbed by wheat plants from solution containing Si at 0.5 mM, a concen-
tration near of that of the element in soil solutions, and the uptake rate were similar
between plants ‘preloaded’ with Si and plants grown previously in solutions without
Si addition. Further studies demonstrated that Si uptake by wheat is under meta-
bolic control due to the absorption of Si show a concentration dependence obeying
Michaelis—Menten kinetics and it is affected by metabolic inhibitors (dinitrophenol
and potassium cyanide) [26]. Later, Montpetit et al. [21] cloned and functional
characterized the TuLsi1, a wheat Si transporter gene, which is an ortholog of OsLsil
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from rice. The genes TaLsil and OsLsi1 belong to Nod26-like intrinsic proteins
(NIPs) IIT subgroup of the aquaporin membrane protein family.

Thus, the Si absorption is facilitated by specific NIPs with a distinct selectivity
that facilitate the passive transport of water and/or small uncharged solutes such as
monosilicic acid [Si(OH)4] [27]. According to Ma and Yamaji [19] specific NIPs as
Lsi1 (Siinflux transporter) facilitates the passive transport of Si across the plasma
membrane from the environment (external solution) to the plant cell in the form of
[Si(OH),], and efflux transporters known as Lsi2 mediate the loading of Si into the
xylem to facilitate root-to-shoot translocation, which, in turn, moves Si to the aerial
parts where it is deposit as amorphous Si (Si0,). According to the authors, these Si
transporters are localized to the plasma membrane, but, in different plant spe-
cies, show different expression patterns and tissue or cellular localizations that are
associated with different levels of Si accumulation [19]. In this context, the molecu-
lar characterization and phylogeny of the Si permeable channel, TaLsi1, which is
expressed only in the roots and independent from Si concentrations, can explain the
Si absorption by wheat plants [14, 21].

The concentration of Si on wheat tissue varies according to the soil and cultivar.
For example, a study conducted in two locations (Abed and Sejet, Denmark)
showed that Si concentration in the wheat straw ranged from 11.3 g kg™ t0 23.4 g
kg of dry weight. The study performed with 20 genotypes, showed that on aver-
age wheat grown in Abed contained 25% more Si than wheat grown in Sejet, which
as attributed to variation in edaphic factors such as soil pH or silicate mineral
composition which affect the Si availability to plants [28]. In regarding to wheat
genotypes, the difference between the lowest and highest Si concentration was 75%
at Abed and 44% at Sejet reflecting differences in the ability of roots to take up Si
from the soil solution [28]. Carter et al. [29] and Ranjbar et al. [30] also observed
difference among wheat cultivars regarding Si concentration in the shoot. Ranjbar
et al. [30] also showed that there is a relationship between shoot Si concentration
and Si acquisition efficiency. These studies clearly indicated that accumulation of Si
in the wheat shoot is variable among cultivars which may influenced by the cultivar
ability to absorption and also by the availability of Si in the soil.

After uptake by roots, Si follow the transpiration flow and it is accumulated
beneath cuticle forming a double layer Si-cuticle, associated to cell wall and in
Si-accumulating cells [31]. Furthermore, it was been previously reported that the
highest Si concentration was present in major transpiration parts of the plants fol-
lowed by the other parts of the plants [32]. In wheat, the highest silicified cells were
present in leaf blade followed by the awn, leaf sheath, lemma, rachilla and stem, thus
leaf blade contains the highest Si concentration [33]. In agreement, another study
showed that the accumulation of Si was highest in vegetative tissue (leaf blades > leaf
sheaths > stem) and lowest in grain followed by roots, increasing with increasing
stomata density in the tissues [34]. In awns, the number of silicified cells was linearly
correlated to Si concentration in dry weight which suggests cellular control over
silicification [35]. Using scanning electron microscopic, authors found a continuous
silica layer under the cuticle, extended silicification in the epidermis cell wall and in
sclerenchyma cells near the vascular bundles, but not in the stomata, suggesting that
an active process directs the soluble Si away from the water evaporation stream [35].
On the leaves, X-ray microanalysis revealed that Si was deposited in a linear pattern
that corresponded to the silica cells, being greater the amounts of Si in the linear areas
of silica cells from plants grown in soil supplied with silicate fertilizer [36, 37]. Another
study showed that Si was predominantly deposited in the epidermis cells of the leaves
and their cell walls [38].

As wheat is a Si-accumulating species, it may remove considerable amount of
Si if straw is removed from the field. In this context, a study considering long-term
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cultivated field analyzed the impact of Si accumulating plants on the biogeochemi-
cal cycle of Siand indicated that the concentration of amorphous silica is lower

in cultivated soils compared to natural ecosystems, due to the amorphous Si pool
decreases with time particularly in surface soil, contrary to natural ecosystems [39].
For instance, an estimation of shoot Si uptake by wheat based on 10-year average
of harvested area, production level, reported biomass/harvested portion ratio

and shoot Si content in United States indicated that the annual shoot Si uptake of
wheat is 2.144,278 tons and 108 kg ha™" [40]. In this sense, in crop systems in which
the straw is removed from the field, the available Si in soils do not sustain high Si
concentrations not only for wheat but also other crops in the long term [39]. Under
this condition, it is clear the concern on the Si reduction from field pointing out the
necessity of Si sources as fertilizers and eventually the management of the wheat
straw to obtain the benefits of Si to wheat plants.

2.1 Silicon fertilization

Orthosilicic is the second most abundant element in the earths crust and plays
a number of important roles in the plants. The silicic acid is present in the soil as an
uncharged monomeric molecule below pH 9 [19]; their concentration in soil vary-
ing between 0.1 to 0.6 mM [41]. In the past 20 years, the scientific documentation
on the benefits of Si to crops has helped establish Si fertilization as an agronomic
practice in many agricultural lands worldwide [40]. Thus, it is recognized that Si
fertilization confers benefits to wheat crop.

In this context, the most common Si fertilizers are wollastonite and slag (calcium
silicate). In the case of wollastonite which is a natural calcium silicate [42], that
contains higher fractions of easily soluble Si compared to slags [40]. It is considered
to be the most efficient Si fertilizer for soil application due to that it can release the
largest amount of plant available Si (2.31-3.6%) into soil solution [43, 44]; however,
its use is often limited because of its relatively high cost [45]. Calcium silicate slags
are by-products of the metallurgical smelting process, contain varying percentages
of Si [46], and have been observed positive effects on correcting soil acidity [47],
plant growth and alleviation of stresses [48-50]. Other commonly used Si fertilizers
are sodium metasilicate and potassium silicate. These Si fertilizers have been found
very helpful in improving growth parameters in biotic, drought and salt stress in
wheat [38, 51].

In the case of pyrolitic fine silica particles, sodium metasilicate or silica gel is
used for agricultural purposes. In soil, wheat plants grown under identical growing
conditions, the efficiency of the Si compounds to increase the Si concentration on
the plants increased in the order sodium metasilicate > silica gel >pyrolitic fine
silica particles and seemed to correlate with the ease of formation of orthosilicic
acid from these compounds [38]. For instance, the application of liquid and powder
silicate fertilizers in the soil contributed similarly to the concentration of Si to the
soil solution and doubled the Si concentration on wheat tissue [52]. Furthermore, Si
uptake by wheat plant as well as its growth is significantly affected by the type of Si
pool in the soil and factors controlling its solubility [53].

On the other hand, foliar application, mainly as sodium metasilicate and potas-
sium silicate, is cause of debate due to the major portion of the Si uptake come
from to the roots; however, some effects under biotic and abiotic stress have been
observed (see below).

The demand of Si fertilizer due to the necessity in different agricultural environ-
ments allow the introduction and application of nano-Si fertilizer with some kind
of efficient. The nano-Si is high bioavailability as smaller particle size that can be
rapidly and completely form to absorb by plants and form a thick silicated layer on
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leaf surface [54]. In this case a study showed that addition of potassium silicate or
nano-Si fertilizer in a Calcaric Cambisols increased the concentration of Si in wheat
tissue, mainly in the shoot, but there is a significant relationship between the Si
level/source and wheat cultivars [30].

3. Silicon and wheat yield

Silicon fertilization in the soil resulted in positive effect on grain yield and its
quality, mainly under stress. In China, a four-year field experiment in Calcareous
Paddy soils indicated that Si fertilization increased the wheat yield by 4.1 to 9.3%
under biotic stress [55], while other studies obtained increased in the grain yield
due to silicate slag fertilization ranging from 5 to 12% [55, 56].

In New Jersey, in a three consecutive years of field experiment, calcium silicate
(steel slag by-product) was added on a Quakertown Silt Loam soil increasing
yield up to 10%, but only under biotic stress imposed by powdery mildew [57]. A
two consecutive growing seasons experiment performed in Idaho evaluated the
application of Si in the form of amorphous volcanic tuff in the Greenleaf-Owyhee
Silt Loam soil indicated that there was no significant effect of Si on plant height,
nutrient uptake, grain yield and grain protein content of winter wheat grown in
non-stressed conditions [58]. A three site-years experiment was conducted on
the Alluvial Floodplain soils in Louisiana to evaluated silicate slag applications
on productivity of wheat under sufficient and high nitrogen application rates
showed a numerical trends of grain yield increase increasing silicate slag rate, but
significant increase was only observed in one site and year [59]. According authors,
the inconsistencies observed in responses to Si treatments could be due to varying
physicochemical properties of soils and more research is need to better understand
the effect of silicate slag use in wheat production in Louisiana.

In Brazil, calcium silicate was used as a source of soluble Si in a three-years field
experiment to control shoot diseases. The results showed that wheat plants grown in
soil fertilized with calcium silicate that received one application of fungicide at the
stem elongation stage showed a reduction on the biotic stress increasing grain yield
by1.0t ha! (Pazdiora, P. C. — unpublished data). Grains from these experiments
was used to determine the wheat technological quality through physicochemical
and rheological analyses. The data indicated that calcium silicate showed little
effect on the wheat technological quality under lower disease intensity, but under
higher disease intensity, it ameliorated the damage caused, keeping the technologi-
cal quality near the expected level of each cultivar (Dallagnol, L. J. — unpublished
data). Pot experiment evaluating three soils (Rhodic Acrudox, Rhodic Hapludox
and Arenic Hapludult) indicated that application of calcium/magnesium silicate in
an acid clayey Rhodic Hapludox improves the development and yield of wheat, but
the silicate application in soil with pH higher to 5.3 and high Si availability does not
affect the agronomic characteristics and grain yield of wheat [60].

In Poland, a two-year field experiment evaluated different methods of applica-
tion of powder (diatomaceous earth) and liquid (solution of monosilicic acid)
forms of Si to soil, leaves and combined methods of application (to soil and leaves)
on growth parameters and yielding [61]. Authors observed that the most efficient
form of Si was a liquid formulation, while powder was less effective and only in
combined application achieved similar effects such as liquid Si, increasing the
number of seedling emergence, the height of plants and density of spikes and
yield. Furthermore, according authors, soil and foliar Si application is more effec-
tive than soil or foliar application [61]. In Germany, an experiment performed
in substrate showed that Si applied in the form of an engineered nanomaterial
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(amorphous pyrogenic hydrophilic SiO,) was readily taken up by the wheat plants
increasing the aboveground biomass production at low (1 g SiO, pot™) to medium
(10 g SiO, pot™) supply levels of Si; and grain yield at medium Si supply, probably
due to increased plant phosphorus availability and nutrition [34].

Foliar Si treatment also provided some effect on wheat growth and/or yield. In
Canada, foliar application of potassium silicate increased the high of wheat plants,
compared to control plants, but only under biotic stress and variable according
Si-based product [62]. A study performed in Iran, under greenhouse, showed that
wheat plant grown in pots that received foliar application of 6 mM sodium meta-
silicate significantly increased biomass and grain yield, being the highest positive
effect of treatment observed with the application both at the tillering and anthesis
stages, especially under drought stress [63]. Also, field experiment conducted in
two seasons in Egypt to evaluate the effect of two nitrogen source combined with
foliar spray of Si (diatomite) indicated that organic nitrogen (farm yard manure)
combined to diatomite at rate of 0.4% produced the highest values of grain yield,
weight of 100 grains and straw yield [64]. In Brazil, foliar application of Si (0.8%
of soluble Si, as stabilized orthosilicic acid) increased mass of wheat seed without
effect on its germination or vigor [65].

The fertilization results with Si sources on the yield and quality of wheat indi-
cate that there is a trend of significant gains, especially under some kind of stress.
However, the results among different studies are variable due to the differences in
Si sources, the genetic variations of the wheat cultivars used and the stress levels
imposed on the plant.

4. Wheat diseases affected by silicon

The positive effect of Si fertilization on the control of diseases has been
reported for pathosystems, mainly involving fungi as pathogens, around the world
(Figure1).

For blast (Magnaporthe oryzae pathotype Triticum), greenhouse experiments
showed reduction of leaf blast severity up to 70% and up to 78% on the area
under diseases progress curve (AUDPC) on plants grown in media containing
2 mM of Si compared to plants grown in media without addition of Si source
[66, 67]. This effect of Si was associated to the increase in the incubation period
by 28% and reduction up to 45% for the number of lesions per cm® of leaf [37].
The reduction on blast severity by Si was also associated to the restriction on the
host cell colonization by the pathogen [68]. According to authors, in Si-supplied
plants the fungal hyphae was restrict to the first-invaded epidermal cell com-
pared to plants not amended with Si in which the fungal hyphae grew success-
fully and formed an extensive branched mycelium in the first-invaded epidermal
cell and several neighboring cells. Leaf application of potassium silicate reduced
blast severity, but the positive effect was variable among cultivars [51]. Another
study evaluating leaf application of potassium silicate indicated blast severity
reduction on the same proportion of fungicide treatment, but no additive or
synergistic effect was observed mixing fungicide and potassium silicate [69].
Two-years field experiment showed that Si, applied in the soil as calcium and
magnesium silicate in the furrow, and as potassium silicate applied on the leaves,
reduced the incidence and severity of blast in the spike, but it effect was variable
both with years and cultivars [70].

Powdery mildew (Blumeria graminis f. sp. tritici) was the first wheat disease
reported to be affected by Si [71]. In a three-years experiment evaluating the straw
incorporated in the soil conferred the reduction of several wheat disease including
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Figure 1.

Exgamples of the effect of silicon (Si) on wheat diseases through root or foliar application (Si supply) in
experiments conducted under greenhouse or field environments (Envivon.) in different vegions (Country)
through evaluating disease incidence (Inc.), disease severity (Sev.) or area under disease progress curve
(AUDPC) and the percentage of control obtained by silicon treatment. Credits of blast photos to Amanda
Baseggio.

powdery mildew [72]. Authors attributed this effect to the increase in the Si
availability in the soil conferred by the straw incorporated, being this effect of Si
increased in the soil confirmed under greenhouse experiment [72, 73]. Bélanger

et al. [74] reported that on wheat plants not supplied with Si the first signs of B.
graminis f. sp. tritici infection were observed at five days after inoculation developing
rapidly thereafter reaching to disease severity of up to 40% after five weeks, while
plants supplied with Si, colonies of B. graminis f. sp. tritici were reduced even after
five weeks with severity lesser than 5%, indicating very limited fungal colonization
on leaf tissue. Later, another study reported reduction on powdery mildew severity
up to 80% when Si was supplied via the roots, but leaf spray was less effective reduc-
ing the disease severity up to 40% [62]. Field experiment during three consecutive
years indicated that calcium silicate (steel slag by-product) reduced powdery mildew
severity, in all season that disease occurred, up to 44% [57]. Wheat plants grown in
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nutrient solution containing different doses of soluble sodium metasilicate showed
that the increase of Si concentration in plant showed inverse proportionality to
pathogen index indicating an effective action of Si against B. graminis f. sp. tritici
infection in the foliar surface [75].

For spot blotch (Bipolaris sorokiniana) the AUDPC was reduced by 59% due
soil fertilization with calcium silicate (wollastonite) [76]. The effect of Si on the
AUDPC of spot blotch was associated to an increase in the incubation period and
decrease in the number of lesions per cm? of leaf area and disease severity [77,

78]. This effect of Si on the infectious process of B. sorokiniana indicated a limited
fungal growth in tissue of Si-supplied plants because authors detected only a sparse
network of hypha colonizing the cells as well as a reduced number of epidermal
cells showing browning [79].

For tan spot (Pyrenophora tritici-vepentis), greenhouse experiment using calcium
and magnesium silicate (steel slag by-product) incorporated in the soil increased
leaf Si concentration which was correlated to longer incubation period and reduced
infection efficiency, final number of lesions per cm?, rate of lesion expansion, lesion
size, disease severity and AUDPC [80-82].

For fusarium head blight (Fusarium graminearum specie complex), greenhouse
experiment indicated that calcium and magnesium silicate incorporated in the soil
increased the incubation period in 15% and reduced up to 32% de disease severity
and up to 53% de concentration of deoxynivaleonol (a harmful mycotoxin produced
by Fusarium species) [83]. As the chemical control of fusarium head blight is closely
linked to the timing of fungicide application at spike and not all tillers start anthesis
at the same time, Si showed a potential to increase the time of fungicide application
and still providing a good control of the disease due a longer incubation period and
lower rate of colonization (Pazdiora, P. C. Unpublished data).

Field experiment during three years indicated that calcium and magnesium sili-
cate fertilization increased the Si concentration in the soil and wheat leaf and spike
tissues, which was associated to the reduction in the severity of both tan spot and
fusarium head blight. The reduction of disease severity conferred by Si was greater
for tan spot than to fusarium head blight. The greatest control of tan spot and
fusarium head blight was obtained with the moderately resistant cultivar treated
with two fungicide sprayings. On the other hand, wheat plants grown in soil fertil-
ized with calcium and magnesium silicate that received one application of fungicide
at the stem elongation stage showed a reduction up to 50% on tan spot severity and
an increase of grain yield by 1t ha™ compared to the same fungicide treatment on
plants grown on soil that received limestone (Pazdiora, P. C. — unpublished data).

Another wheat disease that was affected by Si are leaf blotch (Parastagnospora
nodorum) under both field and greenhouse trials [72, 73], septoria leaf blotch
(Zymoseptoria tritici) and eyespot (Oculimacula yallundae). However, the efficiency
of Si in reducing these diseases was variable and attributed to the type of grow-
ing substrate used in the experiments [73]. Furthermore, for bacterial leaf streak
(Xanthomonas translucens pv. undulosa), the Si treatment in the soil not affected the
incubation period, latent period, necrotic leaf area, and severity, but reduced up to
50% the chlorotic leaf area [84].

5. Defense responses of wheat activated against pathogens in the
presence of Silicon
Several researches have demonstrated the potential of Si in increasing the

resistance of wheat against a range of pathogens. Several diseases were reduced on
wheat plants supplied with Si through roots or foliar and the mechanism of defense

122



Silicon Use in the Integrated Disease Management of Wheat: Current Knowledge
DOI: http://dx.doi.org/10.5772/intechopen.95285

studied. The role of Si on wheat-pathogen interactions is related to its action to
increase the plant’s defense against to the stressor agent [85].

For blast, in which the pathogen infection leads to increase in the production of
reactive oxygen species (ROS) and damage to cell membranes [86], in Si-supplied
plants occurred lower concentrations of hydrogen peroxide (H,0,) and malondi-
aldehyde indicating, therefore, that the ROS generation and cellular damage were
greatly limited [87]. According to authors, the activities of enzymes superoxide
dismutase (SOD), catalase (CAT), peroxidase (POX), ascorbate peroxidase (APX)
and glutathione-S-transferase (GST) were higher in the leaves of the plants not
supplied with Si, while in leaves from Si-supplied plants the glutathione metabo-
lism seemed to play a role in such defense because glutathione reductase activity
was increased. In line with this hypothesis, the higher expression levels of the
defense-related genes pathogenesis-related 1, chitinase (CHI), POX and phenyl-
alanine ammonia-lyase (PAL), as well as the higher activities of CHI and POX at
intermediate and advanced stages of M. oryzae infection, respectively, associated to
an increase on the concentration of ligninthioglycolic acid derivatives was reported
contributing to defense against blast in Si-supplied plants [37, 88]. Cytological and
histochemical analysis revealed that in Si-supplied plants the pathogen hyphae
were restricted to in the invaded cells, delaying the colonization of the neighboring
cells and consequently reducing the progress of the disease [68]. In another study,
M. oryzae colonization was constrained in the cells on the leaves of Si-supplied
plants in association with intense deposition of phenolic-like compounds (fla-
vonoids) [36]. Phenolic-like material was also detected in the parenchyma cells
of spikes, and scanning electron micrographs showed that fungal hyphae were
scarcely observed in the epidermis, parenchyma and collenchyma cells indicating
that these tissues were less colonized by fungal in comparison to the plants not
supplied with Si [88].

In the wheat-B. graminis f. sp. tritici pathosystem, Si increased the resistance to
fungus infection by specific defense reactions including papilla formation, produc-
tion of callose, fungitoxic phenolic compounds and Si deposition at the site of infec-
tion [74]. The release of glycosilated phenolics along the cell wall and in association
with the compromised haustoria was associated to the degradation of B. graminis
haustoria [74, 89]. These defense responses potentiated by Si resulted in growth
restriction to 10% of epidermal cells and poorly development of haustoria contrast-
ing to leaves of wheat plants not treated with Si that had abundant hyphae of B.
graminis on epidermal surface and typical haustoria formation in 90% of epidermal
cells [74]. The study performed by Rémus-Borel et al. [89] verified that necrotic
zones were not detected on B. graminis infected tissue, indicating that the response
to infection potentiated by Si was not associated with a hypersensitive response, but
the newly produced compounds of phenolic-like material that were associated with
degraded B. graminis haustoria and collapsed conidial chains which interfered with
pathogen development. In addition, biochemical defense response to B. graminis
infection was reported to be associated to production of phytoalexins linked to
metabolism of aconitate, which limited the diseases development [90]. A transcrip-
tomic analysis revealed that wheat plants reacted to inoculation with B. graminis by
an upregulation of many genes linked to stress and metabolic processes and a down-
regulation of genes linked to photosynthesis, but in Si-supplied plants the disease
development is reduced fact that is translated into a nearly perfect reversal of genes
regulated by the effect of B. graminis [91]. Another study revealed that B. graminis
development established a close relationship with the antioxidant response of
wheat plants [75]. According authors, the activity of SOD, CAT and APX decreases
as Si doses increases indicating a relationship between the applied doses of Si and
decrease in B. graminis infection due to the reduction of basal antioxidant enzyme
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activity and ROS. Thus, the decrease of antioxidant enzymes influenced by Si could
generate ROS status for more efficient responses of defense to B. graminis [75].

On the spot blotch, Si-supply to wheat plants caused a reduction in the rate of
infection of B. sorokiniana in wheat epidermal cells, due to the physical barrier
formed by the cuticle-Si double layer [79]. According to authors, this physical bar-
rier may have reduced the diffusion of lytic enzymes and selective non-host toxins
released by the pathogen on the leaf surface, as shown by the reduction of the wax
layer degradation. However, even evident the potential of Si accumulated in the
plant tissue (cell wall, beneath the cuticle and cell cumulating Si) in inhibiting or
delaying the pathogen infection process, this deposition is not homogeneous in the
epidermal tissue, which allows the formation of successful infection sites. At this
infection sites, others defense potentiated by Si played an important role. Indeed,
the increase in the activity of the enzyme POX and increase on the concentration of
ligninthioglycolic acid derivatives were related as defense mechanisms, triggered
by Si, in the wheat - B. sorokiana pathosystem [76].

For tan spot, Si-supply to wheat plants increased biochemical defense
mechanisms and histo-cytological defense responses [80, 81]. The most promi-
nent responses from Si-supplied plants were: the accumulation of H,0, in the
epidermal cells that occurred early, more intensely and in more epidermal cells,
mainly at the beginning of pathogenesis; the alteration of enzyme activities such as
SOD, CAT, POX, CHI and PAL; and the accumulation of phenylpropanoid deriva-
tives at the infection site [80, 81]. Together, these defense responses restricted the
spread of the pathogen and the damage caused in the plant tissues resulting in a
reduction in cell death at P, tritici-repentis infection sites [80]. In regarding to the
fast and greater accumulation of H,O, in the epidermal cells of the Si-supplied
plants is important highlight that the accumulation of H,0, is known to be a
mechanism of pathogen attack inducing cell death through P, tritici-repentis toxins
[92]. However, the early (<12 hours after inoculation) accumulation of H,0, in the
epidermal cell of the Si-supplied plants of moderately resistant cultivar, compared
to late accumulation (>24 after inoculation) in the mesophyll and epidermal cells
of the non supplied plants, indicated that HO, was a defense mechanism. This
inference is because accumulation of H,O, occurred before pathogen penetration
into the leaf tissue and was related to lower infection efficiency (the ratio between
the number of conidia on the leaf surface and the number of lesions formed).
Furthermore, on the Si-supplied plants, early fluorescence in epidermal cells, in
neighboring cells and in the cell in which P, tritici-repentis attempted to penetrate,
indicated that phenylpropanoid derivative accumulation were also contributing to
disease resistance [81].

6. Physiological effects of silicon in wheat under pathogen stress

The photosynthesis is the major physiological process in plants; therefore, if
plants are infected by pathogens some process in their physiology can be negatively
affected. The pathogen infection can be responsible to decrease photosynthesis at
different levels [93], modification or damage of the photosynthetic apparatus [94]
and interfering with normal source-sink relationships in plants [95, 96].

In this sense exist a general consensus that Si improves the plant resistance to
various biotic and abiotic stresses. Thus, the effect of Si on plant physiology it
has been observed mainly when plant is under some kind of stress. For example,
under biotic stress imposed by B. graminis f. sp. tritici, an analysis of around 55,000
transcripts indicated that around 3000 genes were differentially expressed on
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pathogen-inoculated plants, but a nearly perfect reversal in the transcript profile of
downregulated stress-related genes occurred when Si was supplied [91]. This result
indicated that Si rather than being involved directly in the regulation of gene
expression, prevented or attenuated the effects on transcription imposed by patho-
gen [91]. Furthermore, several studies revealed that wheat plants supplied with Si
when challenged by pathogens showed lower affectation and/or ameliorative on
photosynthetic process as assessed via measurements of the leaf gas exchange and
the chlorophyll 4 (Chla) fluorescence kinetics.

In this regard, some studies showed that concentration of photosynthetic
pigments and structural and functional damage of chloroplasts produce altera-
tions on photochemical machinery with losses in the amount of chlorophylls and
carotenoids, as a result it has been observed decreased values for the net photosyn-
thesis rate [93]. In a study on wheat-Magnaporthe oryzae interaction, in Si-supplied
plants occurred a maintaining the concentration of photosynthetic pigments such
as total chlorophyll, violanxanthin + antheraxanthin + zeaxanthin, f-carotene and
a-carotene which helped to maintain the structural and functional viability of the
photosynthetic machinery minimizing, therefore, lipid peroxidation and the pro-
duction of ROS to ensure the integrity of the leaf cells [97]. In the same pathosys-
tem, photosynthetic performance was studied in Si-supplied plants which showed
higher values for net photosynthesis rate coupled with improved photochemistry
associated to Chla fluorescence parameters, and also increased concentrations of
total chlorophylls [66, 98]. Also, Si-supplied plant showed less functional damage
to the photosystem II (PSII) without reductions in the values of maximum quantum
quenching, photochemical yield of PSII and electron transport rate, but higher
values for quenching non-photochemical [97].

Likewise, the impairment caused by blast on the photosynthetic process,
primarily related to the F,/F, parameter, on wheat leaves, was in lesser extent on
the plants sprayed with potassium silicate [69]. Furthermore, authors did not detect
any significant alteration on the gas exchange and Chla fluorescence parameter
for plants sprayed three times (every 96 h interval) as the potassium silicate rates
increased from 2.5 to 12.5 g L™ indicating that potassium silicate do not cause
perturbation to the photosynthetic machinery of wheat plants.

In addition, the pathogen infection usually leads to the development of symp-
toms that result in a decrease on the photoassimilates production [99], resulting in
low performance of photochemical reactions associated to PSII, that mainly influ-
ence the reduction in CO, assimilation [93] producing alteration in some parameters
of leaf gas exchange. In this way, alterations with diffusional limitations and
significant losses both in the electron transport rate and biochemical capacity for
carboxylation associated with losses in ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco) activity have been measured on the leaves of wheat plants infected
with M. oryzae [87]. In this pathosystem, Aucique Perez [66] observed that these
dysfunctions could largely be avoided in the presence of Si, which might directly
be associated with lower blast symptoms on Si-supplied plants; in those plants net
CO, assimilation rate, stomatal conductance to water vapor, and transpiration rate
were significantly higher, showing that Si improving gas exchange performance.
Furthermore, Araujo et al. [95] measured several parameters of Chla fluorescence,
sugars (glucose, fructose and sucrose) and starch concentration, the activities
of enzymes acid invertase and sucrose phosphate synthase in leaves and spike of
wheat challenged by M. oryzae showing evidences of the beneficial effects of Si in
improving the source-sink relationship on infected leaves and spikes by preserving
the alteration in assimilates production and partitioning during the grains filling
process.
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Overall, in all the experiments the authors agreed that the effect of Si on photo-
synthesis process is major in plants challenged by the pathogen. Indeed, transcrip-
tomic studies performed on several plant species submitted to different types of biotic
stress showed a reduction in transcript levels of genes related to photochemistry,
Calvin cycle and the synthesis of chlorophylls [100]. Observations in non-inoculated
plants, in general, does no showed significant difference between the non-supplied
and Si-supplied plants for the values of leaf gas exchanges, photochemical parameters
associated with Chla fluorescence, soluble sugars and some enzymes of sucrose
metabolism [95]. These findings are in line with previous study in which was not
found any differences on the photosynthetic activity of rice plants with and without
Si supply [46]. In this context, Coskun et al. [14] pointing out to the question of Si’s
role in the absence of stress having little or no effect, however remains a contentious
issue. Probably Si is indirectly involved in the nutrition of the plant and it is undeni-
able that Si prevents or mitigates the strains imposed by stress, and this, ultimately, is
reflected in improvements in plant growth, function and metabolic activity.

7. Conclusion and perspectives

The importance of Si and Si fertilization for improving plant health are
recognized. Several studies clearly demonstrate that silicate fertilization for wheat
plants increases grain yield and its quality, especially under both biotic and abiotic
stress. In the case of biotic stress, the Si effect reduces the intensity of the diseases
due to the enhancement of the defense mechanisms that are earlier expressed and
better coordinated. In addition to the effect on defenses against the pathogen,
plants supplied with Si also show less physiological damage, in fact this is associated
with increased on the yield. These effects are clearly evident and largely accepted,
indicating that Si fertilization could be incorporated in the wheat management.

Nevertheless, for silicate fertilization to become widely used by wheat growers,
several issues still need to be clarified. Initially, an important point is that most of
the studies demonstrating the effect of Si on disease control and the reduction of
physiological damage was carried out in a controlled environment with only a single
stress imposed on the plant, and few studies were carried out in field conditions
with multiple stresses simultaneously. Therefore, more studies need to be carried
out under field conditions to obtain a greater amount of data of the silicate fertiliza-
tion effect and with all these data should be analyzed through meta-analyzes to
provide a holistic view of the effect.

Taking into account that we can mostly use two forms of Si application: leaf or
root, there are still many unanswered questions. For example, in soil fertilization
we can consider the following questions.

1. What is the best form of application? In this sense, we can consider situations
in which the farmer plows the soil and the silicate fertilizer can be incorporated
during this procedure. However, for wheat growers who use no-till, incorpo-
ration is not possible. In this case, the application of the Si source can be car-
ried out on the soil surface or in the sowing line. For application to the surface
without incorporation, we still do not know clearly how long it takes for Si to
be available in the soil solution in sufficient quantity to meet the demand of
the wheat plant. With respect to the application in the sowing line, there is still
not enough data to indicate which is the best source or dose of Si to supply to
the plant without interfering in the initial stages of seedling development, and
also is still unknown which is the amount to applied without compromising the
logistic yield of the sowing procedure to obtain the Si benefits as well as possible.
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2.How often should silicate fertilization be carried out? Evidently, this informa-

tion can be obtained by analyzing the amount of Si available in the soil. How-
ever, for the wheat growers to adopt silicate fertilization it will be necessary to
know the cost benefit of the application and the frequency of application. In
the case of fertilization in the sowing line, the financial impact for the produc-
er is easier to be determined. However, in surface or incorporated applications,
where specific activities are required for this procedure, more information is
needed. For example, how many crop cycles/years should the reapplication be
carried out? What dose should be applied and/or reapplied? What is the best
product for reapplication: soluble or powder? Can we make a basic application
to increase the Si pool in the soil and the reapplications be carried out via the
seeding line? Does crop rotation or succession affect the frequency and/or rate
that we should be used when reapplying silicate fertilization? These are ques-
tions that remain unanswered to wheat growers.

3.Considering the great variation in the ability of Si absorption among different

wheat cultivars, it is important that this factor to be considered in breeding
programs, aiming to obtain cultivars that present a higher efficiency Si
absorption for different soils and climates it will be expected. This is important
to maximize the use of silicate fertilization and consequently maximize the
economic return to the producer. Furthermore, according to Ranjbar et al.

[30] the selection and modification of silicon-efficient wheat cultivars can be

a successful and promising strategy to maintain production in low-input and
environmentally friendly agricultural systems.

4. With regard to foliar application, we agree with the consideration pointed

out by Puppe and Sommer [101] that, there is little knowledge on Si foliar
application and Si fertilizers for different purposes (biotic and abiotic
stress). The foliar application needs further detailed studies, especially on
the knowledge on concentrations of foliar Si fertilizers application, type of
fertilizers, frequency of application and the timing of spraying.

Further research should be done to answer these questions, even though we will

be closer to being able to clearly demonstrate to wheat growers the real benefit, in
economic terms, and the routinely adopt silicate fertilization for wheat crop.
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Abstract

Plants are subjected to a variety of environmental stresses, which reduces and limits
agricultural crop productivity. Environmental stresses that affect plants are of two
types: biotic and abiotic stresses. Abiotic stress includes temperature, ultraviolet radia-
tion, salinity, floods, drought, heavy metals, etc., which results in the loss of important
crop plants globally, while biotic stress refers to damage caused by insects, herbivores,
nematodes, fungi, bacteria, or weeds. Plants respond to all these environmental factors
because the pants are fixed in a particular place. To cope with these stresses, a number
of strategies have been developed by plants. They detect that the environmental
stresses become activated and then generate the necessary cellular responses. Several
investigations have been carried out to determine and understand plant assimilates
partitioning and stress-tolerance plant genotype necessary for the understanding of
the complexity of the response of a plant to biotic and abiotic stresses.

Keywords: biotic factors, environmental stresses, crop productivity, crop yield,
tolerance mechanism

1. Introduction

Stress can be defined as any external and internal constraints that limit the pho-
tosynthetic rate and reduces the energy conversion ability of a plant to biomass [1].
Respond of a plant to stress is in different ways, some of which include variation in gene
expression, cellular metabolism, growth rates, crop yields, and so on. Plant stress as a
result of its response to varying environmental conditions. However, exposure to a par-
ticular stress by stress-tolerant plant species leads to the development of resistance with
time to a particular stress [2]. The main types of stress that plants face are biotic and
abiotic stresses. Abiotic stress is an environmental factor that is placed on plants, asa
result of variation of physical or chemical stress [3], whereas biotic stress is a biological
unit such as illnesses, insects, and other pests that are exposed to crop plants [4]. Some
stresses cause injury in plants. These plants have a number of metabolic issues [5].

Plants can recover from injuries if the stress is light or only lasts a short time, as
the effect is just transient; however, extreme stress results in death. However, many
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plants like xerophytic plants (Ephemerals) can escape the stress altogether. Biotic
stress in plants is induced by living organisms, such as viruses, bacteria, fungus,
nematodes, insects, arachnids, and weeds [2]. The agents that cause biotic stress
deplete their hosts of nutrients, which can lead to plant mortality. Because of pre-
and postharvest losses, biotic stress might become severe. Despite the absence of an
adaptive immune system, plants have evolved sophisticated methods to deal with
biotic stresses [6]. These stresses are controlled by the plant’s genetic codes. Hence,
there is a need to combat resistant varieties of crops so as to ensure food security
and safety in subsequent growing seasons. Seed priming with growth and rooting
hormones should also be considered.

2. Abiotic stresses and crop plants

Plants are subjected to a variety of abiotic stresses, all of which have an impact
on crop yield around the world. The major biotic and abiotic stresses in plants are
described in Figure 1. These include drought, salt, cold, heat, and toxins.
2.1 Drought

Water scarcity is a significant environmental limitation on plant productiv-

ity. Drought-induced crop output losses are likely to outnumber losses from all
other sources because both the severity and duration of the stress are crucial [8].

Abiotic stress o Biotic stress
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Figure 1.
An overview of major abiotic and biotic stresses [7].
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The severity of the drought depends on the occurrence and distribution of rainfall,
evaporative demands, and moisture storing capacity of soils, all of which are
unpredictable [9]. Nowadays, climate has changed all around the globe by continu-
ously increasing in temperatures and atmospheric CO, levels. The distribution of
rainfall is unequal as a result of climate change, which functions as a major stress in
the form of drought. Due to extreme drought conditions, the amount of soil water
available to plants is steadily decreasing, causing plants to die prematurely. After
drought is imposed on crop plants, growth will be arrested. Drought circumstances
cause plants to lower their shoot growth, as well as their metabolic demands [7].

2.2 Salt

One of the most important limiting factors for crop growth and productivity
is salt stress. Soil salinity is a global danger to world agriculture because it reduces
crop yields and, as a result, crop productivity in salt-affected areas. Salinity is
caused by the accumulation of salts in the soil or groundwater over a lengthy period
of time as a result of natural processes or through human activities, for example,
wethering of rocks or as a result of irrigation schemes using salt-rich irrigation
water or having insufficient drainage [10]. There are several ways by which salt
stress reduces the growth and yield of crops. Salt stress has two main effects on crop
plants: osmotic stress and ion toxicity. These primary effects of salinity stress cause
some secondary effects such as assimilate production, reduced cell expansion, and
membrane function as well as decreased cytosolic metabolism [2].

2.3Cold

Cold stress, as an abiotic stress, has been shown to be one of the most important
abiotic stresses that reduce agricultural crop output by altering crop quality and
post-harvest life. Many crop plant species have been found to be substantially ham-
pered in their reproductive growth by chilling such as rice displaying sterility when
exposed to chilling temperatures during anthesis [11]. Plants are sessile in nature;
therefore, they have evolved unique ways to cope with temperature variations in
their habitat [12]. In temperate conditions, plants are encountered by chilling and
freezing conditions that are very harmful to plants as stress.

In order to adapt themselves, plants acquire chilling and freezing tolerance
against such lethal cold stresses by a process called acclimation [13]. However, many
important crops are still incompetent to the process of cold acclimation.

2.4 Heat

The temperature rises around the world have become a major problem, affecting
not only plant development but also plant productivity, particularly in agricultural
products. Heat stress has become the most important limiting factor to crop produc-
tivity and ultimately the food security [14]. When plants are subjected to heat stress,
their seed germination rate, photosynthetic efficiency, and yield all suffer. Under
heat stress, during the reproductive growth period, the function of a petal cell is lost,
and the anther is dysplastic. For example, maize yields decrease sharply when the
plants are exposed to temperatures greater than approximately 29-30°C [15].

2.5 Toxin

Toxic metals have been added to agriculture soils as a result of increased reli-
ance on chemical fertilizers and sewage wastewater irrigation, as well as increasing
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industrialization, having detrimental consequences on the soil-plant environment
system [16]. These metals bioaccumulate and slowly enter plants through air, water,
and progression of the food chain over a certain period of time [17].

3. Crop plants and biotic stresses

Plants are subjected to a variety of biotic stress caused by various living organ-
isms such as fungi, viruses, bacteria, nematodes, and insects [2]. These biotic stress
agents induce a variety of diseases, infections, and damage to crop plants, lowering
agricultural yields. However, different strategies for overcoming biotic stressors
have been created through research methodologies. The biotic stresses in plants can
be overcome by studying the genetic mechanism of the agents causing these stresses
[18]. Genetically modified plants have proven to be a great effort against biotic
stresses in plants by developing resistant varieties of crop plants.

Plant-parasitic nematodes feed on the contents of plant cells and can feed on all
sections of the plant, but they predominantly cause soil-borne illnesses and affect
the root system. They cause wilting and stunting, which are signs of nutritional
inadequacy. Viruses cause not only local but also systemic damage to plants, caus-
ing stunting, chlorosis, and deformities in many areas of the plant, despite the fact
that they rarely kill their hosts [19]. Plants are harmed when insects feed or lay eggs
on them. Viruses can be transmitted to plants by piercing-sucking insects via their
stylets. There are two types of fungus parasites: nectrotrophs, which use toxins to
kill host cells, and biotrophs, which do not. They induce vascular wilts, leaf spots,
and cankers, among other symptoms, and can infect different sections of the plant
when combined with bacteria [20].

4. Plant defenses against abiotic stresses

Plants use five general botanical defenses against abiotic stresses. These include
cuticle, unsaturated fatty acids, reactive species scavengers, molecular chaperones,
and compatible solute, which are also an economic important trait [21].

4.1 Cuticle

This is the exterior translucent lipid structure in land plants, which seals the
aerial surface of their organs. It is coated by cuticular waxes and is described as a
hydrophobic layer. As the primary interface between plant and environment, the
cuticle plays critical role in restricting liquid and gas fluxes, defending pathogen
and insect attacks, and resisting various abiotic stresses. It is an elegant innovation
of land plants to deploy an outermost shield derived from simple molecules, which
is fundamental to their success in terrestrial colonization [22]. Wax accumulation in
the cuticle is closely associated with multiple stress tolerance [23].

4.2 Unsaturated fatty acids

Unsaturated fatty acids containing 16 or 18 carbon atoms are the key ingredients
of the membrane and the prime stocks for the cuticle. The unsaturated nature
of fatty acids is a major determinant of membrane fluidity [21]. Dysfunction of
biomembrane due to protein deactivation and ion leakage are caused by cold-driven
rigidification and heat-driven fluidization, which makes membrane fluidity sus-
ceptible to various abiotic stresses, especially at high temperatures [24]. An increase
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in the level of normal alkanes with a decrease in the level of primary alcohols can
lead to cold susceptibility, which can cause growth retardation, while an increase in
the levels of both n-alkanes and primary alcohols resulted in better viability, where
drought and freezing will have no effect on plant growth [25]. When polyunsatu-
rated fatty acids are liberated by lipase form glycerolipids, they serve as raw materi-
als for the synthesis of oxylipins, a bioactive molecule that is involved in the diverse
physiological processes of stress resistance [26].

4.3 Reactive species scavengers

The reactive species scavengers include reactive carbonyl species (ROS) and
reactive oxygen species (RCS). The ROS and RCS are interwoven, due to the fact
that RCS can arise from ROS-induced lipid peroxidation, while ROS can be raised
by RCS activities the other way round. Abiotic stresses can trigger a burst in both
ROS and RCS thereby turning the two scavengers into a general defenses. Plants
utilize both enzymatic and non-enzymatic means to developed sophisticated ROS
scavenging system [21]. The application of excessive nitrogen fertilization in crop
cultivation depresses the ROS scavenging system causing the increase in stress
susceptibility [27].

4.4 Molecular chaperones

Molecular chaperones are induced to facilitate protein folding, assembly,
transport, and degradation. Heat shock protein (HSP), which are good examples
of molecular chaperon, is employed by all living organisms to counteract all
detrimental conditions that can induce protein damage, wherein they function
to prevent aggregation of denatured proteins, assist in their refolding, or pres-
ent them to lysosomes or proteasomes for proteolysis, thereby restoring cellular
homeostasis [28].

4.5 Compatible solutes

They are electrical neutral small organic compounds with high solubility and
low toxicity. The molecules include sugar, amino acids, and their derivatives [21].
In an abiotic stress, these metabolites may accrue to act as osmoprotectants against
dehydration, scavengers of RS, and/or stabilizers of proteins and membranes [29].

5. Conclusion

Plants are sessile organisms that are susceptible to environmental damages. In a
broad sense, both biotic (viruses, bacteria, insects) and abiotic (heat, drought, salt,
etc.) are adversaries facing world food production. Plants affected by these biotic
and abiotic stress factors surfers physiological and metabolism changes. Hormonal
and genetic defense mechanisms of the plant are also affected. Here, there is a need
for phytologist and plant Breeders to develop tolerant varieties so as to combat
these stresses to ensure good security. Plants will continue to be subjected to biotic
and abiotic stresses until responsive mechanisms are created, and this will pose a
significant threat to global agriculture. In plant cells, glycolysis operates as the prin-
cipal source of this cytotoxin, due to the non-enzymatic dephosphorylation of two
intermediates, glyceraldehyde 3-phosphate and dihydroxyacetone phosphate. Once
over accumulated, methylglyoxal can also damage various biomolecules, especially

with its aldehyde group.
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Abstract

Wheat is one of the major cereal crops in Bangladesh. Over the last two decades,
wheat consumption has passionately amplified in Bangladesh but its production
has declined due to various stress environments. Recurrent drought event due
to climate change that threatens the country’s food safety has become a serious
concern. To safeguard the food security, adopting suitable breeding strategies can
add momentum. Developing drought tolerant wheat varieties are the definitive
means of protecting the crop against hostile effects of drought. Plant breeders are
exploring various breeding strategies to breed for the varieties that can cope with
water deficient conditions well. Besides, breeders are consistently looking for new
prospects and strategies that can boost genetic gain in yield. To endorse drought
tolerance in wheat, understanding the physiological and genetic adaptation mecha-
nisms of wheat cultivars during drought stress would provide the estimated bench-
marks to adjust for suitable breeding programs. The efforts of developing drought
tolerant wheat genotypes could be supported by different breeding strategies
including in vitro haploid and double haploid protocols, polyploidization, develop-
ment of various types of hybrids and induced mutants by utilizing both classical
and molecular breeding techniques. The proposed book chapter shall discuss the
pattern of drought-stress in the wheat growing regions, effects of drought stress on
wheat production and suitable breeding strategies for developing drought tolerant
genotypes in Bangladesh.

Keywords: wheat breeding, drought stress, tolerance mechanisms,
breeding strategies
1. Introduction
Bangladesh is a small country geographically situated in between Himalaya and
Bay of Bengal. It is among the most vulnerable countries in world to future climate

change due to the flat deltaic topography, very low elevation (below 10 meters above
sea level) and high population density [1-3]. Eating a lot of rice is the primary food
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habit of Bangladeshi people. Next to rice, wheat is the second most important cereal
crops in Bangladesh for attaining food and nutritional security [4]. Although being
one of the major rice producers and consumers in world [5], consumption and
import of wheat in Bangladesh are growing significantly over the years [5, 6-9].

The speedy economic growth, swift urbanization, and the associated alterations in
lifestyle are accountable for the increased consumption of wheat which is not going
to change [8]. Instead the demand of wheat will be enhanced in near future [4].
Despite increasing yield, gradual decrease of wheat growing area make the domestic
wheat production curve more or less static [10]. At present, the domestic produc-
tion of the country can only encounter around 20% of total wheat consumption

[11, 12] and import is the only way for meeting her demand-supply gap [6]. Several
periodic natural calamities such as salinity, drought, high temperature stress, flash
floods and cyclones have been accelerated due to climate change in recent years

[4, 13]. Among the abiotic stresses, drought is the most prominent and prevalent
limiting factors of wheat production [14-16]. Rising temperature and changing in
precipitation pattern lead to increasing incidence and intensity of drought events

in country like Bangladesh [17-21]. Drought employs expressively adverse effects
on production of winter crop wheat in northern and central part of Bangladesh

[22, 23]. Around 3.5 million ha land are vulnerable to crop production due to
drought and wheat is one of the major cereal crops under the radar of this threat
[24]. Considering these facts, drought should be highly preferred in future wheat
improvement programs. For attaining self-sufficiency in wheat production, wheat
breeders of Bangladesh have no alternatives but to develop well adapted drought tol-
erant varieties [22]. In spite of the polygenic nature, there are ample opportunities
to increase drought tolerance of wheat through making some alterations in genetic
and molecular levels. Therefore recent wheat breeding programs for drought stress
should focus on utilization of both conventional as well as advanced molecular
techniques.

2. Pattern and distribution of drought stress in Bangladesh

In Bangladesh, drought is defined as the period when soil moisture content is
less than the required amount for satisfactory growth of a crop during a normal
crop growing season [25]. According to assessment of Intergovernmental Panel on
Climate Change (IPCC), by the year of 2050 about 8 million people of Bangladesh
will be affected by droughts [26]. Due to tropical humid type climate, Bangladesh
faces widely varying seasonal rainfall pattern, moderately warm temperatures and
high humidity [27]. Irregular and varying rainfall pattern due to climate change
and lack of surface water is the main reasons of recurrent devastating drought
events in many areas of Bangladesh [28, 29]. Among the meteorological droughts,
seasonal drought due to asymmetrical distribution of standard rainy and dry
season and contingent drought due to irregular rainfall are more predominant in
Bangladesh [25]. Due to high variability in pattern and distribution of rainfall, the
north-western part of Bangladesh become more susceptible to droughts [30, 31].
In addition, groundwater resources are continuously abused by the farming com-
munities causing scarcity in surface water [32, 33]. Over the last 2-3 decades, the
northwestern part of Bangladesh (Barind tract) has been more exposed to recurrent
drought events than the other parts [34]. Majority of the parts of greater Dinajpur,
Rangpur, Pabna, Rajshahi, Bogura, Naogaon and Joypurhat districts are included
in Barind Tract shown in Figure 1 characterized by relatively less rainfall (average
annual rainfall 1329 mm), shortage of surface water and high temperatures [25, 35].
One of the most vulnerable districts to droughts in Bangladesh is Rangpur [36].
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Figure 1.
Map of Bangladesh showing drought prone areas A. in kharif season B. in Rabi season [25].

Because of the extreme climate fluctuations mainly in the patterns of rainfall,
Bangladesh is predicted to face increased rainfall upto 5-6% by 2030 resulting
prolong flood during monsoon season and severe drought outside the monsoon
season [13, 34]. Inadequate pre-monsoon shower, a delay in inception of rainy
season or a quick advent of the monsoon season may accelerate the drought risk in
Bangladesh [37]. Bangladesh experienced 20 different drought events over the last
50 years and among them the droughts of 1973-1974, 1975, 1978-1979, 1981, 1982,
1989, 1994-1995, 2000 and 2006 are most hazardous [34, 38]. Effects of some major
historical drought events of Bangladesh are presented in Table 1.

In Bangladesh, the spatial pattern of pre-monsoon droughts are more recurrent
in northwestern part [39]. An analysis on monthly pattern drought from 1971 to
2010 has suggested that Dinajpur, Kushtia, Rajshahi, Rangpur and Bogura are the
highest drought-prone parts of the country [40]. Further drought trends investiga-
tion has revealed the declining trends in rainfall and increase in dryness at Ishurdi,
Bogura, Sayedpur and Rangpur [41]. Investigation on spatiotemporal drought

Happening year Drought impacts

1973-1974 One of the most severe drought events in the century that caused famine in 1974 in
northern part of Bangladesh

1975 Affected 47% of area and half of the total population of Bangladesh

1978-1979 Affected about 42% of the cultivated land and 44% of the total population. Caused
severe damage to crop production especially rice (reduced about 2 million tons
production)

1981 Adversely affected crop production

1982 Caused severe reduction in rice production (reduced about 53,000 tons production)

1989 Dried up most of the rivers in north-western regions of Bangladesh with dust storms in

Nawabganj, Naogaon, Nilpahamari and Thakurgaon districts

1994-1995 and Caused immense crop damage, especially to the main crops of northwest Bangladesh
1995-1996 like rice, jute and bamboo clumps. The most persistent droughts in recent times
Table 1.

Magor historical droughts and its impact in Bangladesh [28].
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patterns on a regional scale has exposed that higher intensities and frequencies of
drought events in the northwestern part make the area more vulnerable to both
drought severity and extremity [42]. Recent assessment of droughts from 1960 to
2011 in context of changing climate using drought hazard index (DHI) and drought
index (DI) has disclosed that the northern part of Bangladesh are more drought-
prone and there is a probability for the area of experiencing more extreme drought
events in near future [43]. The studies on changing pattern of meteorological
droughts indicates the rising trend of more extreme droughts in cropping season
and also reveals the possibility of changing the drought occurrence pattern in both
areas where it historically affected most (northwestern part) or the areas with
fewer droughts (other parts) [44, 45]. Huge uncertainties are noticed in the pos-
sible future changes in droughts and also that would expand from north-western to
central, western and south-western regions in Bangladesh [46, 47].

3. Cropping pattern in the drought-affected zones

Cropping pattern of an area is normally determined by its climatic parameters
related to a particular time of a year. Bangladesh is situated in subtropical region
giving it a suitable temperature range which makes it favorable for year round crop
cultivation. However, Bangladesh has a complex and intensively diverse crop-
ping pattern and that pattern is evolving and changing at a continuous basis [48].
Depending on cultural method, the whole crop-growing period of Bangladesh is
distributed into two major seasons i.e. Kharif season and Rabi season. Beside these
two, there is a transitional season named pre-kharif (shown in Table 2) [49]. Kharif
crops like rice, jute, maize, millets etc. are grown in Kharif season and Rabi crops
like wheat, mustard, chickpea, lentil etc. are grown during Rabi season [25].

In Bangladesh, all the cropping season are more or less affected by drought. But
pre-monsoon and post-monsoon period are mostly prone to drought events [25].
Kharif drought negatively affects the critical reproductive stage of transplanted
Aman rice where all of the Rabi crops are affected by pre-kharif/rabi droughts [4].
Assessment of drought in northern area of Bangladesh for the period between 1971
and 2008 reveals that most extreme drought conditions have been experienced in
Rabi season including pre-monsoon [24]. Increasing trend in precipitation change
in Bangladesh causes more rainfall in monsoon and less rainfall in winter resulting
in droughts in winter season. Thus yield of various crops like HYV boro rice, aus
rice, wheat, sugarcane, pulses and potatoes growing in Rabi and pre-kharif season
are badly affected by droughts [35, 50]. In recent decades, the drought condition in
northwestern Bangladesh severely affected the production of rice and all Rabi crops

Cropping season Occurring month Characteristics
Kharif or Monsoon (also June/July to September/ * High rainfall, temperature and humidity
known as kharif-2 or aman) October E N
* Enough moister in soil
* Rain-fed crops are grown
Rabi or Winter October/November to * Little or no rainfall during the season
February/March  Crops grown under irrigation
Pre-kharif or pre-monsoon March/April to May/June * Unreliable rainfall
or sp.rmg (alsoknown as * Intermittent moisture supply to crops
kharif-1)
Table 2.

Major cropping seasons in Bangladesh.
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(wheat, tobacco, sugarcane etc.) [25]. Rice-rice, rice-wheat and rice-maize are

the dominating cropping patterns in Bangladesh in the drought regions [51, 52].

In late October to early November, certain areas of lands in Bangladesh become
empty because of using short duration rice varieties which is appropriate for wheat
cultivation [4]. For decades, wheat is grown in wheat-fallow-T. aman rice cropping
pattern in north-western part of Bangladesh with some exceptions like wheat-jute-
T. aman rice cropping pattern [53].

4. Adverse effects of drought on wheat production

Drought is one of the most limiting stress factors for crop growth and develop-
ment, dry matter production and potential yield [15, 54]. The major processes
required for plant growth and development are hampered by the drought condition.
Water deficit conditions lessen the rate of photosynthesis by inhibiting chlorophyll
synthesis, impede cellular elongation and metabolism, decline the CO, assimila-
tion rates due to reduction in stomatal conductance and gaseous exchange, reduce
dry matter biomass production and alter root morphology [54, 55]. As a result leaf
size, stem elongation, root production and finally the rate of growth and yield are
affected by drought [54].

Drought is not a static stress, it can occur at any crop growing period, its severity
and frequency can vary and also it can recurrently happens in combination with
other abiotic stresses, such as salinity and heat [56]. Drought stress can fluctuate
diurnally (high during peak photosynthetic period and low overnight) and dif-
ferent organs of plants respond differently to drought stress [57]. Yield contribut-
ing traits vary according to growth stage of plant, so the level of seriousness of
drought stress eventually relies on the particular growth stages that are impacted by
drought. The nature of plants’ response also differ depending on whether the plant
is experiencing stress for the first time or after several exposures and whether they
are recovering from stress after a rainfall or irrigation event [58].

Water is needed for the entire growth period of wheat but some specific stages
are more sensitive to water limitations. Various morphological, physiological and
biochemical alterations are occurred in plants body under drought environment
(see Table 3). In case of wheat, the extent of drought stress may vary according
to different growth stages. Specific critical growth stages of wheat plants such
as germination and seedling stages [60]; tillering and stem elongation stages
[61, 62]; heading, anthesis and grain filling stages [16, 60] may be more vulnerable

Drought Morphological Limited plant size, ceased plant height, reduced leaf extension,
stress in alterations lessened leaf size and number of leaves, decreased leaf area,
wheat reduced leaf longevity, prompt maturity, augmented root-to-shoot

ratio, condensed total shoot length, lowered yield

Physiological Stomata closure, reduction in photosynthesis, swift in oxidative

alterations stress, alterations in cell wall integrity, decrease in leaf water
potential, lessen growth rates, reduced transpiration rates and
relative water content, developed water use efficiency

Biochemical Reduction in rubisco efficiency, decrease in photochemical

alterations efficiency, production of reactive oxygen species (ROS), increase in
oxidation damage, hampered antioxidant defense system, reduced
chlorophyll content

Table 3.
Effect of water-deficit stress on morphological, physiological and biochemical traits of wheat [59].
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to drought stress. Long term droughts (starting from stem elongation through

to maturity) cause more drastic yield reduction compared to those initiating at
later stages through to maturity [63]. Although the influence of drought stress on
heading and grain filling stages are more severe in terms of yield, drought can also
negatively affect the multiple growth stages of wheat comprising germination,
tillering, booting, heading, anthesis, and maturity [64].

5. Crop traits and mechanisms adaptive to drought stress

In drought condition, sometimes very swift growth responses are generated even
due to a little water pulse that can vigorously activate plant growth and safeguard
survival [65]. Constantly fluctuating nature of drought events makes it indispen-
sible to understand the plants’ aptitude to adapt and recover from the stress [66]. To
overcome the harmful effects of drought stress, naturally plants are well furnished
with various adaptive mechanisms. These adaptive mechanisms support plants
for an optimal maintenance of growth for metabolic regulation and survival [67].
The more the extent of these mechanisms, the more will be the plants’ capability to
overcome stress condition. But the adaptive mechanism is not as simple as it sounds;
it comprises diverse morphological, physiological and anatomical modifications in
plant under stress condition. Morphological and metabolic adaptation processes of
plants vary according to cultivars in response to water deficit condition. As, plants’
may have unique adaptation capabilities irrespective to cultivars [68]. Different
physiological processes in plant such as photosynthesis, heat dissipation and chlo-
rophyll fluorescence are occurred in rivalry with each other in response to drought
events i.e. any upsurge in the efficacy of one will bring diminution to others [69].
The normal fluctuation values of these physiological processes can denote plant
fitness with the magnitude of environmental stress [55].

Drought adaptation is complicated that experiences diverse anatomical and
morpho-physiological and biochemical amendments in plants such as alterations
in leaf traits or canopy cover, leaf water relations with modification of growth
rates, reduction of stomatal opening and associated components [70, 71]. The
plants’ response to water deficit condition has been extensively studied to recognize
tolerance mechanisms [72]. So, detailed knowledge about underlying behavior of
plants under drought stress is required to develop drought tolerant plants. Although
being complex, mainly three kinds of drought-resistance mechanisms are exhibited
by plants to evade the resulting devastating effects of droughts: (i) drought escape
(ii) drought avoidance and (iii) drought tolerance [73]. Drought escape happens
when plants grow quickly and reproduce before severe drought conditions. In this
mechanism, plants evades drought season by modifying flowering time thus they
try to complete their life cycle before drought condition. In drought avoidance
mechanism, plants avoid water-deficit situation by enhancing their water-use effi-
ciency (WUE) through closure of stomata, reduction of transpiration, limitation
of vegetative growth, or by increment in root growth. In case of drought tolerance,
drought stress is fought by plants at cellular level through osmotic adjustment by
developing antioxidants and production of molecules that stabilize proteins [73].

Wheat plants exhibit a tight network of morpho-physiological and photo-
protective mechanisms to alleviate the drought stress [66]. To escape reproductive
failure from severe drought stress, plants displayed phenological alterations of earlier
anthesis and maturity [66]. Previous literature revealed constitutive traits that confer
dehydration avoidance mechanisms in plants include leaf waxy layer, leaf rolling
and osmotic adjustment [74], high root length density [75] and high fine roots with
small diameters [76], a deep root system and the number of seminal roots [77-79],
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Figure 2.
Morpho-physiological and biochemical derivatives of drought tolerance in wheat.

high total root length and total root surface area [80, 81], root-to-shoot dry matter
ratio [82] and root partitioning of assimilates to shallow or depth roots in response
to drought [83]. There are range of morphological, physiological and biochemical
derivatives of drought tolerance in wheat [59] (shown in Figure 2). Water use, water
use efficiency, biomass yield and flag leaf relative water contents are the important
drought tolerance traits in wheat [84, 85]. Selection of wheat plant with high tran-
spiration efficiency, high percentage of relative water contents and cell membrane
thermo-stability and greater osmotic adjustment capacity leads to produce drought
tolerant plants [59, 86]. When drought stress is imposed on seedling stage of wheat,
cell membrane thermo-stability, fresh and dry weight of seedlings are considered
major traits to govern drought responses under stress conditions [87]. Therefore,
greater morphological adaptation with limited down-regulated physiological activi-
ties followed by high recovery in wheat cultivars designate its capability to effectively
endure drought events [66].

6. Prospects of breeding for drought tolerance in wheat

Plant breeders around the world have to deal with great challenges to work
with drought stress. Polygenic nature of drought makes the breeding efforts more
complicated than other abiotic stresses [88]. Global climate change will result in
frequent drought events as per predicted in country like Bangladesh [89]. So, for
improving wheat production in Bangladesh, research priority should be focused on
breeding new high yielding drought tolerant wheat varieties. Majority of the studies
under drought stress focus on the response of natural drought in field conditions
where drought events are ambiguous and irregular using conventional techniques.
Generally the conventional breeding techniques such as introduction, selection,
hybridization and mutation are being used by the breeders of Bangladesh. Whereas
throughout the globe, wheat breeders are now using different novel breeding
methods including iz situ and in vitro techniques. Under drought stress, several
morpho-physiological and biochemical mechanisms are activated in plant body to
withstand the stress. But poor conceptual knowledge about the developmental and
physiological basis of yield related traits under water-deficit environments make
the drought stress more complex [90]. Therefore, better understanding about the
detailed physiological and genetic adaptive strategies of wheat cultivars during
water-deficit stress would offer the appraised benchmarks of breeding methods
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for pursuing drought tolerance in wheat [59]. Hence, selection procedures based
on physiological traits have potentiality to improve the final productivity of wheat
under drought stress [66].

In recent times, as part of empirical breeding based programs, breeders have
been embracing replicated, multi-locational and multi-year variety testing for find-
ing out the best adaptive varieties to stress environments. Expanding grain yield
under drought stress can be performed to a limited extent through selection process
[91, 92]. For being recurrent and season indefinite stress event, trait evaluation
under drought condition may cause losing of potential genetic resources which
perform better in normal wheat-growing environments [89]. This may ultimately
hamper the variety development process. Therefore, evaluation including diverse
testing environments including both normal and stressed conditions will be more
suitable and competent for the development of high yielding, stable varieties
amended to water-deficit conditions [89].

7. Breeding strategies for drought tolerance in wheat

It is very challenging for the plant breeders of Bangladesh to develop drought-
tolerant wheat varieties [22]. For ensuring future food security of Bangladesh, the
scientists of Wheat Research Center (WRC) of Bangladesh Agricultural Research
Institution (BARI) are trying hard to develop wheat varieties that can be suited
well in abiotic stress environments [4]. But alongside using a range of conventional
breeding strategies for developing stress tolerant variety, breeders always search to
produce new genetic variant to increase of genetic gain through advanced molecular
approaches.

For maintaining the consistency of wheat production in Bangladesh adaptive
to future climate change, the wheat varieties of next generation should possess
high yield potentially even under stressed conditions. Yield potentiality can be
enhanced through strategic crosses depending upon pyramiding yield potential
traits and related physiological traits to stress tolerance in well adapted genotypes
[4]. Breeding for drought tolerance in wheat initially requires satisfactory amount
of variability among the source populations. Conventional hybridization is the
most widely used breeding procedure in wheat, where genetic variability is created
through combination and recombination of desirable genes in the background of
diverse adapted genotypes followed by a selection of desirable plants in subsequent
generations to develop improved varieties for the target environment [4]. Generally
grain yield is the primary basis for selection for drought tolerance but indirect selec-
tion based on related yield-contributing and physiological traits can be more effec-
tive for developing drought tolerant varieties [89, 93-95]. In this connection, several
wheat lines collected from various national and international sources especially
CIMMYT (International Maize and Wheat Improvement Center) are evaluated for
their performance in diverse growing environments of Bangladesh [4]. Screening of
drought tolerant wheat genotypes has been commenced at Barind area of Rajshahi
region of Bangladesh where incorporation of related traits to drought tolerance into
adapted varieties is also undergoing [4]. Although being the main breeding proce-
dures with some advantages, conventional techniques are slow, labour-intensive and
economically unfeasible [96].

In contrast to time-consuming conventional breeding methods for accomplish-
ing homozygous lines to develop wheat varieties, double haploid breeding instantly
enables development of homozygous lines from a crop plant. Hence, double
haploid breeding can be also an effective method in wheat breeding since selection
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efficiency relies on uniform homozygous line production. But, unwanted genetic
modifications due to gametoclonal variation negatively affect the selection of
population [97-99]. Interspecific crosses can also produce double haploids of wheat.
Recently, WRC of BARI (now, Bangladesh Wheat and Maize Research Institute)

has embraced the double haploid breeding technique through cross-pollinating
wheat and maize [4]. For speeding up the variety release process, scientists are
being trained for efficient targeted crosses to produce double haploid plants [4].
Mutation breeding offers another way to produce drought tolerant wheat varieties
in Bangladesh. Induced mutations by gamma-ray is very efficient in augment-

ing genetic variability which provide a great opportunity for the wheat breeders

to select for drought tolerance in M, (mutant generation 2) and next mutated
generations [100-102]. Recently, in bread wheat, drought tolerant mutants are
formed using gamma rays that lead to the release of 26 varieties worldwide [103].
Incorporating with several improved traits, these varieties can survive the stress
environments. Thus, high potentiality of developed wheat mutants for direct release
and inclusion in hybridization breeding programs is the major benefit of mutation
breeding [104].

Molecular mechanism of drought tolerance is very complicated to understand.
Numerous drought-responsive genes are involved in making plant drought toler-
ant, furthermore expressions of these genes also differ with various plant growth
stages [74, 105]. Various genes and their related enzymes and proteins including
late embryogenesis abundant (lea), responsive to abscisic acid (Rab), rubisco,
helicase, proline, dehydrins, vacuolar acid invertase, glutathione-S-transferase
(GST) and carbohydrates provide the molecular basis for drought tolerance in
wheat [59]. It points towards challenges and uncertainties remain in breeding for
drought tolerance. Hence, inclusion of innovative molecular and biotechnological
methods like molecular marker methods, quantitative trait loci (QTL) mapping
strategies, expression patterns of genes and genetic engineering should be prac-
ticed for the development of drought tolerant wheat genotypes. Currently, molec-
ular markers are extensively used for detecting the location of drought-induced
genes. Genome mapping and tagging of various traits aided by molecular markers
are utilized in Marker-assisted breeding in wheat for developing drought tolerance
[106]. Marker techniques allow indirect selection independent of crop develop-
mental stage specially when dealing with polygenic trait like drought tolerance.

In the previous few decades, molecular markers like isozymes, SDS-protein and
sequence based DNA markers are exploited in wheat breeding for assessing gene
diversities, precise mapping of their respective QTLs on chromosomes and finally
for selecting quantitative traits like drought tolerance [107-111]. Even though
large genome size of wheat, polygenic nature of the trait, instability of some QTL
ultimately make the mapping process very challenging to execute for drought
tolerance [106, 112, 113].

Now-a-days, modern biotechnological approaches have been involved in devel-
oping transgenic plants that can withstand the severity caused by drought. Since,
these biotechnological strategies enable more understanding about the drought
responses of crops at the entire plant and molecular levels [114]. It is evident from
previous study that in field conditions, genetically modified wheat exhibits high tol-
erance to drought [115]. Plant tissue culture, hydroponic culture, in situ techniques
and in vitro techniques such as somaclonal variants selection, protoplast culture
should be employed for breeding under drought stress [116]. Further novel tech-
nologies like genome editing [117], high throughput phenotyping (HTP) and next
generation sequencing (NGS) may be employed to explore innovative possibilities
for improving drought tolerance in wheat plants [89, 118-120].
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8. Conclusions

As it is an urgent call for upgrading wheat production under increasing poten-
tiality of drought events, wheat breeders of Bangladesh need to emphasize on
integrating more breeding techniques to make drought tolerant varieties. Majority
of the breeding approaches here are concentrating on conventional techniques.
So, it is high time to combine the conventional breeding methods with the modern
techniques to develop wheat genotypes for the next generation. New advanced
screening, hybridization and selection techniques shall need to be incorporated
with conventional techniques. To maximize the breeding efficiency for drought
tolerance in wheat, advanced precision phenotyping accompanied by genetic and
molecular approaches should be integrated in breeding programs.
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Chapter 9

Energy Use Efficiency in Irrigated
and Rainfed Wheat in Pakistan

Muhammad Imvan and Orhan Oz¢atalbas

Abstract

Wheat is an important staple food in Pakistan and is grown in both irrigated and
rainfed production systems. To meet increased demand, farmers have increased
the use of input energy in wheat production. The intensive use of energy has many
consequences for energy security and environmental sustainability. In this chapter,
we have analyzed the energy use efficiency of wheat crop grown in two different
production systems using data collected from wheat farmers of Punjab province of
Pakistan through face-to-face interviews. Energy input-output analysis revealed
that 49,079 MJ/ha input energy is used in irrigated wheat and 31,421 MJ/ha in
rainfed wheat. The main difference between both production systems is because
of irrigation water. Fertilizer has the highest share in total energy consumption
followed by diesel fuel. Energy consumed per kilogram of wheat produced is less in
rainfed wheat compared to irrigated. Similarly, energy efficiency values of rainfed
wheat are better than irrigated wheat. Results of data envelopment analysis reveal
that 38% of wheat farmers in rainfed systems and 62% in the irrigated system are
using energy efficiently. The substantial difference between the energy use of inef-
ficient and efficient indicates that there’s a significant potential to improve energy
use efficiency in both systems.

Keywords: energy use efficiency, input-output analysis, DEA, wheat, Pakistan

1. Introduction

Population growth and increased demand for food have led humanity to look
for new ways to increase food production. Energy, which is an essential input in
agriculture, has been considered as a feasible option to increase food productivity
and enhance food security. As a result, agriculture has become energy-intensive to
meet increased food and biofuel demand [1].

After the green revolution, the introduction of high yield varieties and intensive
crop management practices has increased the use of energy manifolds in both devel-
oping and developed countries [2, 3].

It is anticipated that energy input for crop production will increase further
mainly due to population and economic growth, climate change, degrading quality
of soils, and shortage of labor [4, 5]. On the other hand, intensive use of energy in
crop production is posing many threats to agriculture sustainability, human health,
and sustainability of the environment. Sometimes to get maximum returns farmers
make overuse of energy inputs. This has led to increased energy used in crop pro-
duction at a faster rate compared to other sectors. Escape of traditional practices in
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agriculture, technological advancements in Agri-machinery, and increased applica-
tion rate of fertilizer is also responsible for increased use of energy in crop produc-
tion. It is also ascribed to the introduction of high yielding varieties, and excessive
use of biocides and chemical fertilizer. In addition to this diesel fuel consumption
has also increased due to farm mechanization and pumping of underground water.
Finally, scarcity of cultivable lands and irrigation water increased the human
population, and the desire for improved living standards has also contributed to
the intensive use of energy in agriculture. Both agriculture and the environment
are dependent on each other and the efficient use of energy is a basic requirement
for sustainable agriculture [6, 7]. Sustainable development of agriculture is depen-
dent on high energy use efficiency with low energy use in crop production. Thus,
increasing energy use efficiency in crop production is important for food security
and environmental sustainability. Keeping in view the multiple interactions of
agriculture with the environment, analysis of the consumption of energy (both
operational and embodied) in the agriculture system is urgently needed to fight
both environmental issues stemming from agriculture and climate change impacts
on agriculture.

1.1 Environmental implications of input energy use in agriculture

Agriculture contributes 24% of global Greenhouse gases emission, and agricul-
tural activities are considered a significant source of pollution [8, 9]. It is estimated
that GHG emission from agriculture has doubled in the last 50 years, they could
increase by another 30% by 2050 [10]. Increasing use of energy inputs in agricul-
ture is associated with numerous environmental problems such as loss of biodiver-
sity, pollution of the aquatic environment by chemical fertilizers and pesticides,
and high consumption of non-renewable energy resources. Among all other energy
inputs used in crop production, diesel fuel and fertilizers have the highest share of
energy consumption [11, 12]. Studies have found that fertilizer and pesticides are
among the most substantial secondary sources of CO2 emissions [8]. According to
an intergovernmental panel on climate change [13]. Direct and indirect consump-
tion of fossil fuels for crop production leads to the emission of carbon dioxide
(C0O2), nitrous oxide (NO2), and methane (CH4). Climate Change resulting from
greenhouse gasses is the most important environmental challenges in today’s world
[13]. A significant portion of these greenhouse gases is produced by agriculture.
About 10-12% of all anthropogenic GHG emissions are contributed by agricultural
greenhouse gasses emission [14].

The major use of commercial energy in agriculture is during the production and
operation of agricultural machinery. Most of the agricultural operations like, land
preparation, irrigation, fertilization, spraying, and harvesting are performed using
fossil fuels. The combustion of fossil fuels in agricultural machinery releases CO2
into the atmosphere.

Excessive or over-use of fertilizers leads to loss of nutrient elements, which are
main contributors to non-point source pollution from agriculture, degradation of
water and soil quality, decrease in the quality of agricultural products, and increase
in air emissions. Due to losses incurred by pest attacks, the use of pesticides is
increasing at a higher rate. There is a 4.4% average annual growth in the use of
agrochemicals worldwide [15]. This increased use of pesticides is causing air, water,
and soil pollution. The increasing use of pesticides in agriculture is becoming
the main environmental hazard and a major contributor to agriculture pollution.
Additionally, agriculture is thought to be the major contributor of N20 by indirect
and direct sources [16]. The food production system is under increasing pressure
due to consistent population growth and climate change; by an increase in demand
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for food security while protecting the natural resources by minimizing the environ-
mental footprints [17].

Both sustainable environment and sustainable agriculture are dependent on each
other. Environmental factors have a significant contribution to agriculture; agricul-
ture, as compared to other sectors, is more dependent on the natural environment.
Agriculture is the source of food and fiber for the human being and vital for human
existence; as a result, sustainable agriculture development is not just related to
economic development but also human survival. Therefore, efficient use of energy
is one of the conditions for sustainable agriculture [18].

1.2 Energy efficiency in agriculture

Efficient use of energy inputs helps to increase production and productivity,
profitability and competitiveness of agriculture, and sustainable rural living.
Higher energy use efficiency will promote sustainable agriculture by minimizing
environmental problems and preventing the destruction of natural resources. The
use of renewable energy sources and increase in efficiency of energy can also make
a significant contribution in achieving sustainable energy development goals [19].
Currently, the world is focused to develop a production system that maintains high
levels of output while minimizing the input of fossil energy and as a result, helps
to reduce greenhouse gas emissions. To combat global warming, reducing emis-
sions of greenhouse gases by minimizing the direct and indirect use of fossil fuels
for crop production is a vital strategy. Energy efficiency is an essential element for
achieving sustainable agricultural development. This is also important for increas-
ing economic returns, preserving fossil fuel reserves, and sustainable agricultural
production. Therefore, environmental impact assessments, energy analysis, and
GHG emission assessments are important components.

2. Wheat production in Pakistan

Wheat (Triticum aestivum L.) is an important winter crop in Pakistan. Wheat
significantly contributes to the livelihood and food security of the population in
Pakistan, as well as at the global and regional levels. It meets about 1/5th of the
daily calorie and protein requirement of human beings [20] and it constitutes 65%
of staple food consumption in Pakistan. It contributes 1.7% to the national GDP
of Pakistan and 8,7% to agriculture value addition. Wheat was cultivated on 8,25
Million hectares in 2019-2020 and the area under wheat has slightly decreased in
the past five years. Over the years, wheat yield per acre has been stagnant or little
change has been seen due to declined under-ground water table, soil degradation,
environmental pollution, etc. delayed sowings, low germination rate, insect-pest
infestation, and low crop stand has lowered the production efficiency of wheat. A
further decline in wheat yield in recent years can be attributed to locust attacks.
Keeping in view increasing population and government policies (increased support
price from 1400/40 kg to 1650/40 kg before the wheat season in 2020), it is pro-
jected that farmer will divert their resource towards wheat to get maximum output
from a limited quantity of arable land. The limited supply of labor on one hand
and incentives for higher productivity on other hand will lead to increased use of
energy in wheat production. In Pakistan, winter wheat is grown both irrigated and
drylands. During winter availability of canal water is almost negligible and irrigated
wheat is irrigated with groundwater. However, sustainability productivity of wheat
crop is under threat due to over-exploitation of underground water. Moreover, a
substantial amount of diesel fuel is used to pump water from underground, leading
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to significant consumption of diesel fuel energy in wheat production. On the other
hand, water is a scarce resource and the water table is depleting rapidly in Pakistan.
These both issues are posing a great threat to the environmental sustainability of
Pakistan, as Pakistan is among the 10 most climate affected countries in the world.
The worsening energy and water issue in Pakistan needs the urgent attention of
policymakers.

2.1Input energy use in wheat production

There’s substantial use of energy in wheat production both directly and indi-
rectly. In operations like tillage, planting, and harvesting there’s a direct use of
energy, while energy is indirectly used in inputs such weedicides, fertilizers, and
agriculture machinery (Figure1).

2.1.1 Human labor
Human labor is the most important source of the energy in agriculture, although
the introduction of machines has reduced human labor in the industry in the

field activities, human labor is still playing its key role. In agricultural activities,
human labor is used almost at every step, from manual work on the farm, driving
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Figure 1.
System boundaries of wheat production system in Pakistan.
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Inputs Mean (S.E) Min. Max. Energy equivalents
Human Labor (hours) 178.45 (6.38) 3.89 391.82 1.96
Seed (kg) 134.19 (0.86) 123.5 148.50 157
Diesel fuel (liter) 139.98(3.94) 29.64 39767 56.31
Irrigation water (m®) 8483.07 (3887) 0 612,809 1.02
Fertilizer (all) 345.15 (10.52) 0 741
Nitrogen (kg) 17768 (7.39) 0 617.50 66.14
Phosphate (kg) 130.7 (4.160 0 370.50 1244
Potash (kg) 37.36 (5.36) 0 370.50 11.15
Herbicides (kg) 1.60 (0.10) 0 494 278
Farmyard manure (kg) 30,982.5 (2668) 0 180,000 0.3
Table 1.

Quantity of inputs used in wheat production in Pakistan and their energy equivalents.

agricultural machinery, maintenance, fertilizer and pesticide application, irriga-
tion, and harvesting to management. In developing countries, human power
constitutes 73% of the total energy use on farms [21]. Maybe in the future with
full mechanization of farms, the use of human labor will be reduced, but some
scientists believe that organic and modern agriculture needs more manual work
for weeding and harvesting [22, 23]. There are different estimates for the energy
output of human labor on farms. The main physical activities in wheat production
are driving a tractor, manual sowing, manual fertilization and spraying, harvest-
ing, and transportation. In this study, human labor work was calculated based on
the information provided by the wheat farmers on the number of hours spent in
each operation. The energy equivalent of human labor is muscle power used in

the field operations of crop production. The energy equivalent of human labor is
1.96 MJ/h determined from literature (Table 1). Labor energy consumption can be
determined by multiplying total hours of human activity by the energy coefficients
of workers. In Pakistan, where still mechanization of the farms is not so common,
there is ample use of human labor in the farm operations. On average 178.45 hours
of human labor is used in one hectare of wheat production.

2.1.2 Seed

Seed is mostly provided by seed producers and private seed companies; how-
ever, some farmers also use seeds from their farms. Wheat is planted either by seed
drill or manually by spreading, the amount of seed also varies according to the
sowing method. On average, 134.19 kg/ha wheat seed is used in Pakistan. Energy
equivalents of the seed are the energy used in the preparation of wheat seed. Energy
inputs of seed can be calculated by multiplying the quantity of seed used per
hectare with its energy equivalents (8.65 MJ/kg).

2.1.3 Farm machinery

The embedded energy necessary to manufacture machinery for crop production
is a tertiary input that typically has a minor impact on the total energy. Farrell et al.
[24] reported that machinery accounted for only 1.7% of the total energy associated
with corn production. Therefore, energy use in machinery is not included in the
estimation of energy used in wheat production.
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2.1.4 Fossil fuels

Diesel fuel is the main fuel used in farm machinery and water pump for different
crop operations. Consumption of the fuel is dependent on several factors like cli-
mate, crop, soil, rolling assistance, and speed. In dry and warm climate use of diesel
is more for irrigation than other operations, while in dry farming system diesel is
mainly used in tillage and sowing as compared to irrigation. The energy output of
diesel fuel was calculated by multiplying liter/ha with fuel equivalent of energy per
liter. Energy equivalents of diesel fuel are 44.83 MJ/L. The average diesel fuel use is
39.98 liter/ha in wheat production.

2.1.5 Fertilizer chemical and pesticides

Soil nutrients are the most important obstacle to crop productivity. Fertilizers
are used by farmers to increase soil nutrients and resultant growth. Chemical,
organic, and biological fertilizers are used in crop production, but just chemi-
cal fertilizers are believed to increase the yield more than any other fertilizer.
Nitrogen is the main mineral fertilizer being used in crop production. Nitrogen
fertilizer is energy-intensive, on the other hand, phosphate and potash do not
need high energy. Chemical and chemical fertilizers energy equivalents mean
the energy consumption for production, packing, and distribution of the mate-
rial. On average 177.68 kg per hectare of nitrogen nutrients, 130.17 kg phos-
phate nutrients, and 37.36 kg potash are used in wheat production in Pakistan.
Additionally, 1.60 kg per hectare of herbicides are used in wheat production for
weed management.

2.1.6 Water for irrigation

While dry-land wheat is dependent on rains, but irrigated wheat requires
irrigation water throughout the production process. On average 8483.07 m® of
irrigation water is used in one hectare of wheat. The energy equivalents of the
water for irrigation input is the indirect energy of irrigation consists of the energy
consumed for manufacturing the material for the dams, canals, pipes, pumps,
and equipment as well as the energy for constructing the walls and building the
on-farm irrigation system. The energy equivalent of the irrigation was estimated
to be 0.014 MJ/m’.

2.2 Energy balances in wheat production

Energy consumption in wheat production includes; labor, embodied energy
in seed, chemical and fertilizers, diesel, and water for irrigation. Except water for
irrigation all other input energies are same for rainfed (dry land) wheat. There’s a
wide variation of input energy (Table 2), which shows high level of mismanage-
ment in usage of energy resources among some wheat producers. This also indicates
that there is great scope for improving energy consumption efficiencies of wheat
producers in both farming systems. On average total input energy consumption in
irrigated wheat is 49,079.27 MJ ha™! and 31421.59 MJ ha™" for rainfed wheat. The
higher use of input energy use in irrigated wheat can be attributed to irrigation
energy. Highest share of energy consumption in irrigated wheat is from chemi-
cal fertilizer (31.33%), while farmyard manure contributes highest in total input
energy consumption in rainfed wheat.

In fertilizers, nitrogen constitutes the highest share, 80.39% and 82.31%, in irri-
gated and rain-fed wheat, respectively. Highest share of nitrogen in total fertilizer
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Energy Inputs Irrigated Rain-fed

Energy equivalents SD* Energy equivalents SD*

MJ ha’! MJ ha’

Human labor 402.07 166.78 259.45 163.12
Seed 2157.54 19391 201793 15772
Diesel fuel 9435.13 2697.53 5155.56 1835.76
Water for irrigation 13578.13 7578.43 — —
Chemicals 62710 358.56 129.87 324.53
Farmyard manure 7518.00 10767.05 1283732 12363.56
Nitrogen 13069.26 6998.60 943768 6374.82
Phosphate 1702.02 675.63 1474.07 1015.25
Potash 589.68 994.91 109.69 354.96
Yield (output) 50756.79 11715.46 3442732 20161.36

*Standavd Deviation.

Table 2.
Energy balance in both production systems.

consumption is also recorded in some other countries by [25-27]. Though, nitrogen
fertilizer has played key role in enhancing the food production, at the same time
excessive use of nitrogen has contributed to soil, water, and air pollution in many
parts of the world. Sustainability of crop production is threatened by overuse of
inorganic fertilizer which inflicts severely on soil health. The need for nitrogen can
be reduced by fertilization management and integrating a legume in crop rotation.
In order to reduce demand for inorganic fertilizer in medium term, soil fertility and
organic matter contents can be increased by applying composts, chopped residues
or other soil amendments. Almost, 55% of the farmers in Punjab (Pakistan) just

use inorganic fertilizers, and 30% use combination of both organic and inorganic.
Furthermore, farmers use more than recommended dose of fertilizer (Zulfiqar et al.
2017). So, adopting balanced use of fertilizer by wheat producers will reduce the use
of nitrogen, as nitrogen has been found to be main difference between conventional
and sustainable farming system (Pimentel et al. 2005). So, consumption of nitrogen
with organic fertilizer and balanced use of fertilizer will reduce energy consump-
tion in production system and improve its productivity.

Water for irrigation is the second largest consumer of energy in irrigated wheat.
Diesel fuel is used for operating machinery in wheat production, it constitutes
19.25% of the total input energy consumption in irrigated and 16.4% in rain-fed.
Bérjesson and Tufvesson [28] found diesel as the main energy input after fertilizer
in wheat, sugar beet, canola and maize. Particularly in irrigated land where diesel is
also used for ground water pumping its use is higher (9435.13 MJ ha™') than rain-fed
(1835.76 MJ ha™). Siddiqi and Wescoat [29] reported that ground water pumping
consumes 61% of direct energy in Punjab. Pumping systems are mostly dependent
on fossil fuels, almost 91% of the total installed pumps use diesel driven motors.

Furthermore, share of human labor (0.81%) with amount of 402.07 MJ ha-1
in the irrigated farming system is the least in total energy consumption, followed
by chemicals and seed. In rain-fed wheat share of chemical (0.4%) in total energy
consumption was negligible followed by human labor and seed. The average output
energy in irrigated wheat was calculated as 50756.79 MJ ha-1, and 3442732 MJ ha-1
for rain-fed wheat farming.
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2.3 Energy indices

Energy ratio which is a relationship between input and output energy is often
used as an index to measure energy efficiency in crop production. Energy ratio can
also be used to determine subsistence of the system in isolated societies. If ratio is
lower than one, it means system is losing energy and if it is higher than one it means
system is earning energy. Energy efficiency for irrigated and rain-fed wheat produc-
tion is estimated to be 1.03 and 1.09, respectively (Table 3). Irrigation can be the
reason for difference between two production system, higher energy efficiency for
rain-fed and comparatively low for irrigated. This suggests that an efficient irrigation
system will improve energy ratio in irrigated wheat. For comparisons between two
production system energy efficiency may not be very good approach, because dif-
ference in energy efficiency can be due to difference in energy input and yield. Ziaei
et al. [30] said that energy productivity is comparatively a better parameter to show
the difference between two production systems, as it calculates the ratio of produc-
tion yield per kg into consumer energy. Estimates of energy productivity shows that,
for each unit of input energy (MJ) consumed in wheat, 0.07 and 0.06 yield units
are achieved in rain-fed and irrigated wheat production, respectively (Table 3).

This again shows that, energy is more efficiently being used in rainfed production
system. Specific energy was estimated to be 12.70 and 14.49 MJ kg™ for rain-fed and
irrigated wheat production (Table 3). Lower value of specific energy shows that less
amount of energy is used for production of one yield unit, as it is reciprocation of
energy productivity. As a result, rain-fed is superior to irrigated wheat production
from specific energy perspective also. The net energy per hectare for rain-fed and
irrigated wheat production was 3005.73 and 1677.52 MJ, respectively.

The distribution of input energy according to renewable and non-renewable, direct
and indirect forms is important for energy analysis. In both production systems, ratios
of indirect and non-renewable energy are higher than direct and renewable energy.
Higher share of non-renewable energy in irrigated wheat production is due to high
dependence on fossil fuels. In other words, common use of diesel driven motor for
ground water pumping and higher use of chemical fertilizer is the reason for share of

Energy indices Unit Rainfed Irrigated Explanation of parameters
Energy use — 1.09 1.03 =Output energy/total input energy
efficiency (Ee)
Energy KgMJ™! 0.07 0.06 =Yield (kg)/ total input energy
Productivity (Ep)
Specific energy (S.) MJ kg™ 12.70 14.49 =Total input energy/yield (kg)
Net energy (N.) MJ ha™ 3005.73 1677.52 = Output energy-Total input energy
Direct energy (DE) MJ ha! 5415.01 23415.33 =Human labor + water for irrigation +
Diesel fuel
Indirect energy MJha™ 26006.56 25663.6 =Tractor + Harvester + Herbicides +
(IDE) Seed + Chemical fertilizers + Farmyard
manure
Renewable energy MJha™ 15114.7 23665.75 =Human Labor + Seed +Water for
(RE) irrigation + Farmyard manure
Non-renewable MJ ha™? 16306.67 25423.19 =Tractor + Harvester +Diesel Fuel +
energy (NRE) Herbicides + Chemical fertilizers
Total energy input MJ ha™ 31421.59 49079.27 =NRE + RE or = DE + IDE
Table 3.

Energy indices for wheat production in Pakistan.
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non-renewable energy. Penetration of electricity driven irrigation systems, efficient
water management, and balanced use of fertilizer will reduce share of the non-renew-
able energy in agricultural systems. Moreover, investment in renewable energy system
such as solar, wind etc. will improve the situation. According to [31] improvement in
energy efficiency and increase in amount of renewable energy in agricultural system is
very important to achieve sustainable system of food production.

3. Efficiency analysis

Traditionally input—output ratios have been used to determine efficiency.
Though, input-output ratios are also helpful in explaining efficiency of the system.
However recently, researchers have started applying Data Envelopment Analysis
(DEA) to analyze efficiency of farmers. DEA is generalization of single-input
single-output technical efficiency measure of Farrel (1957) and use multiple-input
multiple-output technique to evaluate the relative efficiency of peer units with
respect to multiple performance measures [32, 33]. A decision-making unit called
DMU are under evaluation in DEA. A DMU is considered as efficient when no other
DMU can produce more output using an equal or lesser amount of inputs [34].

3.1 Efficiency estimates

An input-oriented DEA approach was used to determine technical, pure techni-
cal and scale efficiencies of wheat farmers in both production systems. Technical
efficiency of all farmers was evaluated using CCR model, and BCC model was
used to determine pure technical (PTE) and scale efficiency (SE). The results from
CCR and BCC model for rain-fed wheat producers in Pakistan are presented in
Figure 2. It can be seen from the figure that only about 18% rainfed farmers are
technically efficient. This shows that there is a considerable inefficiency between
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Figure 2.

Peycentage distribution of TE, PTE, and SE scores of wheat producers in vainfed production system.

175



Current Trends in Wheat Research

® Technical Efficiency M Pure Technical Efficiency Scale Efficiency

PERCENTAGE OF FARMERS

o
S o - e
n ph i ]
s 3| ° 3
<0.5

0.5TO 0.6 TO 0.7 TO 0.8TO 0.9 TO <1 EFFICIENT
<0.6 <0.7 <0.8 <0.9 FARMERS

EFFICIENCY SCORES

Figure 3.
Percentage distribution of TE, PTE, and SE scores of wheat producers in irrigated production system.

wheat producers in the study area. From efficient farmers 17% are efficient in both
technical and pure technical efficiency score; this means that these farmers are
globally efficient and operating at most productive scale size, on the other hand the
22% farmers are only locally efficient farmers and they have disadvantageous scale
size. Additionally, 14% and 36% of the farmers have pure technical and technical
efficiency score less than 0.5.

Efficiency scores of irrigated wheat producers are demonstrated in Figure 3.
About 34% irrigated farmers are technically efficient and 42% are pure technically
efficient. Among efficient farmers 90% are globally efficient and 10% are locally
efficient due to scale problem. Considering CCR model 7% farmers have efficiency
scores between 0.9 to less than 1 and 19% have between 0.8 to less than 0.9. On the
other hand, in BCC model 13% had scores between O to less than 1 and 16% had
between 0.8 to less than 0.9. Less than one score of the pure technical efficiency
means that producer is using more energy from different sources than required [35].

Table 4 presents the summarized statistics for technical efficiency, pure tech-
nical efficiency and scale efficiency for wheat producer of Pakistan. The results
revealed that average technical efficiency of wheat producer in rain-fed production
system was 0.62 and in irrigated it was 0.82. The pure technical efficiency and scale
efficiency was 0.78 and 0.67, respectively in rain-fed, and 0.87 and 0.85 in irrigated
wheat production system. The technical efficiency of irrigated wheat farmers varied

Particular Rain-fed Irrigated
Mean SD Min Max Mean SD Min Max
Technical Efficiency 0.629 0.291 0.126 1 0.825 0179  0.224 1
Pure Technical Efficiency 0.782 0.222 0.35 1 0.879 0141 0420 1
Scale Efficiency 0.674 0.287 0.12 1 0.869 0161  0.230 1
Table 4.

Average efficiency of rain-fed and irrigated wheat production in Pakistan.
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Inputs/output Rainfed Irrigated

(unit) 10EF(1)  10IF(2)  Difference(%) 10EF(1) 10IF(2)  Difference (%)
(2-1) *100/2 (2-1)*100/2

A.Inputs

Human Labor 80.04 110.84 2778 184.65 25792 28.40

(h)

Seed (kg) 133.38 136 1.92 135.88 130.91 -3.79

Diesel (1) 89.16 65.94 -35.21 140.58 159.06 11.61

Farmyard 25,688 49,894 48.51 0 39,520

manure (kg)

Herbicide (kg) 0.12 0 -0.12 1.70 2.59 34.36

Nitrogen (kg) 102.91 98.84 —4.11 148.2 259.35 42.85

Phosphate (kg) 80.27 86.45 714 104.97 160.55 34.61

Potash (kg) 12.33 0 -12.33 49.35 123.31 59.97

Water for — — — 218743 3033.06 27.88

irrigation

B. Output

Wheat (kg) 4004.64 592.92 —575.40 3946.32 2041.20 -9333

*EF = Efficient Farmers.
*IF = Inefficient Farmers.

Table 5.
Amount of input and output for 10 efficient and inefficient wheat producers.

between 0.12 to 1 which shows that all farmers did not have knowledge of right
production techniques or they were not applying at the right time. The low average
values of scale efficiency in both production systems imply that the average size of
the wheat farms is not equal to optimal farm size. This mean if the inefficient wheat
farmers operate at optimal scale size considerable saving of energy from different
sources is possible without affecting the yield level.

3.2 Input use pattern of efficient and inefficient wheat producers

The amount of physical inputs and output for 10 efficient and inefficient farm-
ers based on CCR model in both rain-fed and irrigated wheat production system are
presented in Table 5. The efficient farmers use all inputs in less amount compared
to inefficient farmers in irrigated production system. While in rain-fed produc-
tion system except diesel and nitrogen use of all other inputs was low for efficient
farmers than inefficient. Inefficient farmers in rain-fed production system use more
human labor hours by 27.78%, seed by 1.92%, FYM by 48.5%, and phosphate by
7.14%. In irrigated production system, use of inputs by efficient farmers is lower
than inefficient farmers by, 28.40% for human labor hour, 11.61% for diesel fuel,
34% for chemicals, 42.85% for nitrogen, 34.6% for phosphate, 59.97% for potash
and 60% for water for irrigation. Looking at output it is evident that yield of
efficient farmers is higher than inefficient farmers in both production systems.

4, Conclusions

Energy security and environmental problems due to its use are the major concern
for most of the developing world. Agriculture is among the largest energy consuming

177



Current Trends in Wheat Research

sectors; this chapter was an effort to estimate energy use in wheat production which
is an important staple food in Pakistan. Data on quantity of different energy inputs
used in wheat production was collected through field surveys. Energy consump-
tion in wheat was calculated by multiplying amount of inputs with their energy
equivalents drawn from literature. Energy indices which are important to interpret
how energy is being used were also estimated. A non-parametric data envelopment
analysis technique was used to identify efficient and inefficient farmers.

In Pakistan two different wheat production systems prevail (rain-fed and irri-
gated). So, all estimations were performed separately for both production systems.
The results of the study showed that, FYM, fertilizer, and diesel fuel has the highest
share in total input energy consumption in rain-fed wheat, while in irrigated wheat
fertilizer, water for irrigation, and diesel were the main energy consuming inputs.
In both production systems consumption of indirect and non-renewable energy
resources was higher than direct and renewable energy resources. The results of
the DEA analysis revealed that, 85% of the farmers in rain-fed wheat production
and 65% in irrigated wheat production were technical efficient in Pakistan. Based
on BCC model the estimate of target energy use showed that there is a great scope
for energy savings from various input sources. If the optimum energy requirement
levels are adopted by farmers, then it would lead to increase in energy efficiency.
Comparison of 10 most efficient and no-efficient farmers revealed that input usage
of inefficient farmers is comparatively higher than efficient ones with no difference
in yield output and size. Based on result it could be said that there is dire need for
dissemination of information about best agricultural practices and economic ben-
efits of use of inputs at recommended levels. Adoption of better agriculture tech-
nologies is highly recommended as it will result in improvement in efficiency of use
of diesel and human labor. Most of the wheat is cultivated manually and majority of
the farmers apply flood irrigation leading to higher use of water and diesel fuel also.
Efficient management of water for irrigation would improve energy efficiency and
minimize environmental impacts.
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