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Preface

“Improvement of Crops in the Era of Climatic 
Changes” Volume 2

Climate change is an unprecedented threat to the food security for hundreds of mil-
lions of people who depend on small-scale agriculture for their livelihoods. Abiotic 
stress is the prime cause for deteriorating the average yield of major crops by more 
than 50 %, which cause losses worth hundreds of millions of dollars each year. 
Plants are exposed to rapid, unpredicted, and diverse environmental disturbances, 
resulting in stressful conditions. Stress signal is first perceived by the receptors 
present on the membrane of plant cells. The signal information is then transduced 
downstream, resulting in an activation of various stress-responsive genes. The prod-
ucts of these stress genes, ultimately lead to stress tolerance response and enable the 
plant to survive and surpass the unfavourable conditions. Recent trends in popula-
tion growth suggest that global food production is unlikely to gratify the future de-
mands under predicted climate change scenarios, unless rates of crop improvement 
are accelerated or sweeping changes occur in patterns of human food consumption. 
The situation is generally more staid in less developed countries, where agro-eco-
systems are already fragile, investment in agriculture is limited, and climate change 
is predicted to have its most devastating effects. Global climate change is likely to 
increase the problems of food insecurity, hunger and malnutrition for millions of 
people, particularly in south Asia and sub-Saharan Africa, and further exacerbate 
the problem by remarkably restricting the plant growth and development.

The potential yield of economically important crops is drastically coming down 
every year just because of abiotic stresses. It has been projected that global food 
production must increase by 70 % by 2050 to meet the ever-increasing demand 
caused by burgeoning human population, increasing incomes and consumption. 
Several factors are contributing to high plant performance under different environ-
mental conditions, therefore an effective and complementary use of all the available 
technological tools and resources is needed to meet the challenge. The mechanisms 
underlying endurance to environmental stress factors have long been the focus of 
intense research. The progress in biotechnology, genomic research, and molecular 
marker applications have brought to the forefront an interdisciplinary science that 
is revolutionizing twenty-first century crop improvement. Many novel genomics 
technologies like next generation sequencing and omics have emerged as power-
ful tools for understanding the genomic variation among crop species at different 
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molecular levels. Climate change is no more an illusion, its ruinous impact is glob-
ally witnessed and interventions must be highly addressed at international, regional 
and national levels. In this context, the book “Improvement of Crops in the Era of 
Climatic Changes” Volume 2 will serve as avant-garde resource for researchers and 
students who are immersed in developing the improved crop cultivars and manage-
ment methods. Written by a varied group of internationally distinguished experts, 
“Improvement of Crops in the Era of Climatic Changes” Volume 2 is a concise, 
yet comprehensive resource for researchers, students and others seeking knowledge 
expansion in this burning area of research and will lead them to new pondering on 
the subjects of climate changes and crop improvement.

In this book, we present a collection of 14 chapters written by 51 reputed ex-
perts in the fields of plant abiotic stress tolerance, induced mutagenesis and crop 
improvement. It is a well-timed and painstakingly compiled contribution of the top-
ics that are of vast scientific eminence. Chapter one (1) throws light on Brassicas: 
responses and tolerance to heavy metal stress. In this chapter, the authors stated that 
there is a great scope for understanding methodically the genetics and genomics 
of Brassica species and the mechanisms of actions underlying the metal-induced 
toxicities and the tolerances developed therein. Chapter two (2) addresses the recent 
advances in rapid and sensitive screening for abiotic stress tolerance, wherein the 
authors have elaborated the development and identification of molecular markers 
associated with tolerance response and their value in sensitive indirect selection 
among few crop species. Chapter three (3) is about transcriptomics of heat stress 
in plants. This chapter primarily provides the current understanding on the role of 
regulatory genes (transcription factors), heat shock protein genes, metabolic genes, 
signaling compounds, osmolytes, reactive oxygen species and role of miRNAs as 
well as small RNAs of plants under high temperature. In addition, it gives a brief 
account of various transcriptome approaches to study the expression profiling of 
genes during the heat stress. Chapter four (4) is about biotic stress and crop im-
provement, wherein the authors fussily tried to identify the most widespread plant 
viruses in Azerbaijan, using different molecular techniques and precisely evaluated 
some characteristics of plant responses to viral stress. Chapter five (5) is regarding 
the salt stress and sugar beet improvement: challenges and opportunities. In this 
chapter, the authors present the comprehensive discussion on the challenges and 
opportunities for improvement of salt tolerance in sugar beet and emphasized that 
future research should chiefly focus on physiological, molecular and metabolic di-
mensions to facilitate the development of such crops with inherent stress tolerance 
capacity.

Chapter six (6) describes the genotypic variation for drought tolerance in wheat 
plants. In this chapter, a rich gene pool, comprising of thousands of wheat geno-
types with contrasting photosynthetic traits, productivity and tolerance to drought 
stress, and introduced from world gene pool, particularly, CIMMYT and ICARDA 
was created in Azerbaijan which could be of great help for monitoring the environ-
mental stresses in field grown plants and in the selection of stress-resistant varieties. 
Chapter seven (7) deals with soil contaminants: sources, effects and approaches for 
remediation. Here, the authors authoritatively stated that the remediation of heavy 
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metal contaminated soils is necessary to reduce the associated risks, make the land 
resource available for agricultural production, enhance the food security, and scale 
down the land tenure problems arising from the changes in land use pattern. Chapter 
eight (8) describes the role of macronutrients in plant growth and acclimation: recent 
advances and future prospective. This chapter deals with the recent progress made 
in finding out the roles of macronutrients in plant growth and acclimation processes 
as well as future prospective of elemental research in plants. Chapter nine (9) is con-
cerned with mutation breeding: a novel technique for genetic improvement of pulse 
crops particularly chickpea ( Cicer arietinum L.). This chapter compresses various 
facets of contemporary knowledge for pulse crop varietal improvement, particularly 
chickpea, through induced mutagenesis with special thrust on qualitative as well as 
yield attributing traits. Chapter ten (10) deals with organic farming: the return to na-
ture. In this chapter, the authors enumerated that organic foods have more plant sec-
ondary metabolites, higher micronutrient content and more conjugated fatty acids 
for better human health, including lower incidences of non-communicable diseases. 
Additionally, they stated that organic agriculture merges modernism, custom and 
science to manage the shared surroundings by encouraging the fair relationship and 
high quality of life for everyone involved. Chapter eleven (11) is about the role of 
cytological aberrations in crop improvement through induced mutagenesis. In this 
chapter, the authors scrupulously revealed the impact of mutagens on cytological 
behaviour and their overall role in crop improvement. Chapter twelve (12) deals 
with the wheat improvement: historical perspective and mutational approach-a re-
view. This review enfolds various historical aspects, in addition to contemporary 
knowledge of wheat crop improvement programs through induced mutagenesis. 
Chapter thirteen (13) is about the cotton leaf curl virus disease predictive model 
based on environmental variables. This chapter was initiated to develop a disease 
predictive model to characterize the epidemiological factors conducive for disease 
spread and severity. The authors also envisaged that such models would be highly 
helpful in forecasting the diseases and subsequently help to decide the correct tim-
ing of pesticide applications.

Chapter fourteen (14) deals with transcription factors in abiotic stress responses 
-their potentials in crop improvement. In this chapter, the authors summarized con-
temporary understanding about TF activities in plants under adverse stress condi-
tions and their use in crop improvement.

Chapters contributed in this book have been published keeping intact author’s 
justifications, however suitable editorial changes were made, wherever considered 
necessary. In spite of our best efforts, there is a chance of some errors still creeping 
in the book, for which we seek reader’s feedback. We wish to express abstemious 
appreciation to our well versed contributors, who readily accepted our invitation to 
write their chapters. Moreover, we would like to thank Springer Science+Business 
Media, LLC, New York, particularly Eric Stannard (Editor Botany, Springer), Andy 
Kwan (Assistant Editor, Springer), Kevin Wright (Developmental Editor, Springer), 
Flora Kim (Developmental Editor, Springer) and all the other staff members of 
Springer, New York who were directly or indirectly associated with us in the current 
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Chapter 1
Brassicas: Responses and Tolerance to Heavy 
Metal Stress
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Wani, Mirza Hasannuzaman, Alvina Gul Kazi and Parvaiz Ahmad
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Abstract Brassica is considered as an important crop all over the world owing to 
its economically important products. B.juncea and B.napus are cultivated as oilseed 
crops globally. Heavy metal (HM) stress is one of the abiotic stresses that limit 
plant growth and development. Root and shoot lengths and fresh and dry weights 
have been observed to act as accumulators as well as indicators of metal toxicity in 
crops. Brassica has a potential to combat the metal-induced stress, thereby reducing 
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the damage by undergoing various types of adaptations. However,  cost-effective 
techniques are available in order to minimize the toxicity and to protect the sur-
roundings from HM stress. Decrease in chlorophyll content confers to weak uptake 
of mineral ions due to the interference of HMs in plants. Nevertheless, low con-
centrations of some HMs demonstrate an efficient yield in some species. HMs dis-
turb the composition of fatty acids and as a result lead to tremendous changes in 
lipid membrane that may ultimately cause lipid peroxidation. Proline accumulation 
enhances the tolerance level under osmotic stress and is known to regulate the water 
balance in crop plants. Increased glutathione (GSH) in B. napusand B. juncea, on 
exposure to HMs, has shown its active involvement in detoxification of free radicals 
either directly or through certain enzymes. Phytochelations are one of the impor-
tant methods to reduce the phytotoxicity by binding complexes with high-affinity 
ligands in the vacuole, thereby keeping the released toxins away from the metal-
sensitive metabolic centers in the cytoplasm. Ascorbate–GSH cycle plays an effi-
cient role in reactive oxygen species (ROS) detoxification released through abiotic 
stress. Besides, ROS shows release of new isozymes of peroxidases. Genetic engi-
neering has been established to enhance the plant’s ability to endure and mitigate 
the environmental stress. This involves the insertion of foreign DNA into nuclear 
genome and genomic chloroplast. However, gene expression can be regulated by 
various promoters. Several transgenic approaches have been carried out success-
fully with enhanced accumulation of HMs in B. juncea cultivars. There is lot of 
scope to understand the mechanism of HM uptake as well as the capacity of plants 
to withstand the environmental stresses.

Keywords Brassica · Heavy metals · Growth · Osmotic stress · Oxidative stress · 
Antioxidants · Oil content · Metal uptake

1  Introduction

Brassica is an important genus of the family Brassicaceae, also called as mustard 
family. The family includes 375 genera and 3,200 species, along with a large num-
ber of cultivars and hybrids of cultivated origin. It is widely distributed throughout 
the world. Most species of the genus originated in Western Europe, the Mediter-
ranean, and temperate regions of Asia. Brassica species are broadly considered as 
valuable source of dietary fiber. The oileferous Brassicas are found within the spe-
cies like B. juncea, B. carinata, B. rapa, B. campestris, and B. napus, and are jointly 
called as rapeseed–mustard oil. The plant is thus associated with great agricultural 
and horticultural importance because of the economically important products which 
the genus provides in the form of edible roots, leaves, stems, buds, flowers, seed, 
and oil (Hasanuzzaman 2008).

Among the family Brassicaceae, several wild relatives of Brassica, includ-
ing B. adpressa, B. fruticulosa, B. pinescens, B. oxyrrhina, B. barrelieri,and B. 
tournefortii,are collectively referred as Brassicacoenospecies. These have useful 
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agronomic traits that can be introgressed into the cultivated Brassicas using the 
wide hybridization programs (Warwick 1993). In fact, Brassicashave been success-
fully crossed with members of Brassicacoenospecies and other wild relatives like 
Sinapsis, Diplotaxis, Erucastrum, and Raphanus to obtain the wide hybrids (Nan-
dakumar et al. 1988). There are mainly six species of Brassica that merit attention 
for their economic importance. Among the six species, three are diploid: B. camp-
estris (AA, 2n = 20), B. nigra (BB, 2n = 16), and B. oleracea (CC, 2n = 18),and the 
other three are amphidiploids: B. juncea (AABB, 2n = 4x = 36), B. napus (AACC, 
2n = 4x = 34),and B. carinata (BBCC, 2n = 4x = 34). The amphidiploid species likely 
originated in nature from diploid ancestors through unidirectional hybridization 
followed by spontaneous chromosome doubling (Murphy 1994). The botanical or 
genomic relationship between these six species was established by UN (1935) and 
is represented in the form of a triangle, usually known as U’s triangle. Three diploid 
species are orientated at the corners of the triangle. In the world, India ranks fourth 
in oil seeds economy. Mustard contributes 28.6 % to the total oil seed production 
in India (Shekhawat et al. 2012). Heavy metal (HM) causes many direct and indi-
rect effects on plants and animals. Exposure to HM stress leads to decrease in crop 
yield worldwide (Ahmad K et al. 2011; Ahmad et al. 2011a, 2012; Hasanuzzaman 
and Fujita 2012; Hasanuzzaman et al. 2013). Excessive amount of HMs causes 
disturbances in the mineral nutrition and carbohydrate metabolism of plants, thus 
strongly reducing the biomass production (John et al. 2009). HMs are reported to 
inhibit the metabolic processes such as nitrogen assimilation, photosynthesis, res-
piration, water uptake, and transcription (Boussama et al. 1999; John et al. 2009). 
HMs are responsible for oxidative stress in Brassica sp. because: (1) they generate 
reactive oxygen species (ROS), (2) they inhibit or stimulate the activities of antioxi-
dant enzymes, and (3) HM stress also leads to lipid peroxidation (John et al. 2009; 
Ahmad et al. 2011a, 2012). This chapter focuses on the effect of HMs on growth, 
physiological, and biochemical aspects of B. juncea, besides discussing the metal 
tolerance through transgenic approaches.

2  Production in India

India is one of the major rapeseed–mustard-growing countries in the world, hold-
ing the top position in area under cultivation and second in production after China. 
From the past several decades, there has been a continuous increasing demand for 
edible oilseeds and other by-products in India as well as in other countries, because 
of which there has been a rapid increase in its production. Brassica contributes to 
28.6 % of the total oilseed crops in India, and occupies the second place among the 
most important edible oils after groundnut. The rapeseed/mustard oil has the low-
est amount of saturated fatty acids as compared to other edible oils. However, the 
two essential fatty acids linoleic and linolenic acids are present in adequate amount 
as compared to other edible oils. Globally, 59.93 million t of Brassica oilseeds are 
produced from an area of 30.74 ha with an average yield of 1.9 t ha−1 (USDA 2010). 
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However, India accounts for 10.7 and 21.7 % of the yield and area, respectively. 
Owing to extensive population growth rate, the percapita oil expenditure is expect-
ed to increase from the present 13.4 to 23.1 kg/annum by 2030. This may be due 
to the change in the way of living, and around 102.3 mt of oil seeds will be needed 
to fulfill this demand. Regarding the present scenario of the rapeseed–mustard as 
compared to oilseed production in India, it has been predicted that more rapeseed–
mustard need to be produced to fill the gap between demand and supply.

3  Effects of HMs on Brassica

HM toxicity is one of the major environmental health problems in modern era 
(Hasan et al. 2009; Alvarez-Ayuso 2008; Suzukiet al. 2001; Ahmad et al. 2011a, 
2012). The term HMs is usually used for any element that has metallic properties 
(ductility, conductivity, density, stability,ligand specificity, etc.), atomic number 
greater than 20, and density five times higher than water. The release of HMs in 
nature is a consequence of anthropogenic activities, including industrial processes 
and damages to both man-made and natural ecosystems (Karimi and Zulkifili 2010; 
Nagajyoti et al. 2008; Tyler et al. 1989; Hasanuzzaman and Fujita 2012). These 
HMs do not vanish but in turn get accumulated in soil (Gisbert et al. 2003; Tangahu 
et al. 2011), which acts as a sink (Karami and Zulkifili 2010). Although a few of 
them have nutritional importance, e.g., iron and copper, most of them are cyto-
toxic. Some are toxic even at very low concentrations (Pehlivan et al. 2009; John 
et al. 2009; Ahmad et al. 2011a, 2012), while all are toxic at higher concentrations 
(Wuana and Okieimen 2010) and posea threat to plants as well as human beings 
(Rauser and Meuwly 1995). As the concentration of metals is increasing day by day, 
techniques are required to reduce the release of toxins into the soil and water bod-
ies. The HMs have great impact on morphological, physiological, and biochemical 
aspects of Brassica and are discussed below.

3.1  Growth

Plants, being essential component of our ecosystem, have contributed a lot for serv-
ing as biological monitors at the cost of forest dieback and decline, and have thus 
have become a debatable topic. Deficiencies as well as surplus accessibility of 
an element also exhibit its negative effects. Exposure to HMs results in so many 
physiological breakdowns that it becomes nearly impossible to determine which 
effects are primary and which are secondary (Prasad 1995). Despite recent progress 
in understanding the individual aspects of metal toxicity and resistance mecha-
nisms, little is known about the coordination of cellular sequestration mechanisms 
with adaptation of plant growth. Plant uptake of metals is dependent on a sys-
tem that is metabolically mediated and also competitive with Zn and other  metals. 
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 Development of plant is considered as an essential mechanism that is formed as a 
result of coordination of the main processes (Vassilev et al. 1998). During this pro-
cess, they are not found resistant to various stresses including those of HMs. These 
metals adversely affect the overall plant development, among which the most com-
mon are stunted growth (Fariduddin et al. 2009), leaf chlorosis, and variations in 
the activity of several essential enzymes of various metabolic pathways (Arduini 
et al.1996; Godbold and Hutterman 1985). Parameters such as fresh weight, dry 
weight, and shoot as well as root lengths have been used as indicators of metal 
toxicity in plants (Baker and Walker 1989; Ahmad et al. 2011a, 2012; Mohamed 
et al. 2012; Shanmugaraj et al. 2013). The HMs obstruct the various plant physi-
ological and growth processes.This association of HMs with different developmen-
tal processes of plant represents a dose–response curve. Various plants have been 
observed to act in different ways such as excluders, indicators, and accumulators 
(Ouzounidou et al. 1998). The same HM, if excessively present, demonstrates the 
decline in growth and yield (Raziuddin et al. 2011; Shafiq and Iqbal 2005; Shafi 
et al. 2009, 2010), blocks cell division and development and eventually causes 
death of the plant.

Raziuddin et al. (2011) observed a significant decrease in all growth parameters 
of B. juncea cv. NIFA-Raya and B. napus cv.Abasin on exposure to metal stress, 
although the former was less susceptible to toxic effects. Similarly, lead (Pb), one 
of the most important HMs, is frequently available in the environment (Shahid 
et al. 2011; Grover et al. 2010) and its most common sources are vehicles and au-
tomobiles (Wierzbicka and Antosiewiez 1993; Nicholson et al. 2003; Sezgin et al. 
2003). This metal accumulates in the roots, stems, leaves, and seeds of the plant 
(Singh et al. 1998; Sekara et al. 2005; Yilmaz et al. 2009; John et al. 2009) and 
damages whole uptake system including chlorophyll formation and cell division 
(Gupta et al. 2010; Krzesłowska et al. 2010; Liu et al. 2008; Sharma and Dubey 
2005a; John et al. 2009; Ahmad et al. 2011a, 2012). The severe reduction in root 
growth among Brassica (Canola) cultivars was attributed to Pb-induced impaired 
nutrient uptake and altered metabolism in plants (Ashraf et al. 2011). The trans-
port of various ions like N, P, K, Ca, Mg, Zn,etc. was reported to get reduced in 
both roots and shoots of all the cultivars of Brassica due to the influence of Pb 
(Wensheng et al. 1997; Panda and Choudhary 2005; Fodor et al. 1998; Sinha et al. 
2006; Gopal and Rizvi 2008), thereby hampering the various physiological pro-
cesses. The reduction in absorption of nutrients in the presence of lead may result 
from their competition (e.g., those with atomic size similar to lead). According 
to Sharma and Dubey (2005a), the strong interaction of K+ ions with Pb could 
result from their similar radii (Pb2+ = 1.29 Å and K+ = 1.33 Å). These two ions may 
compete for entry into the plant through the same potassium channels. Similarly, 
lead affects K+ -ATPase and -SH groups of cell membrane proteins and causes 
an efflux of K+ from roots. However, lead does not cause nitrogen efflux. Nitrate 
reductase acts as the rate-limiting step in the overall assimilation of nitrate (Xiong 
et al. 2006; Sengar et al. 2009). Xiong et al. (2006) demonstrated that lead induces 
a significant reduction in shoot nitrate content (70 and 80 %), nitrate reductase ac-
tivity (100 and 50 %), and free amino acid content (81 and 82 %) in B. pekinensis. 
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Lead also decreases the concentration of divalent cations (Zn, Mn, Mg, Ca, and Fe) 
and has been reported in B. oleracea (Sinha et al. 2006). Peško et al. (2011) also 
investigated the effect of seven HM ions (Cd(II), Cr(VI), Cu(II), Hg(II), Ni(II), 
Pb(II), and Zn(II)) on root growth of five cultivars of B. napusand observed that the 
toxicity of metal ions decreased in the following order Cu > Cr > Hg > Cd > Pb > Ni 
> Zn. Prasad et al. (1999) observed curtailed growth in B. juncea under Zn stress.

Mercury, another HM of concern, exhibits significant phytotoxicity in two 
cultivars of Indian mustard at elevated concentrations, and its uptake induces a 
significant reduction in both biomass and leaf relative water content (Shiyab et al. 
2009). Different concentrations of HMs also influence the root volume. For ex-
ample, in response to 20 ppm CdCl2 in sand cultures, roots of saplings were 50 % 
smaller in volume (Smith and Brennan 1984). Maize seedlings were found to be 
decreased at 25 μg Cd/g (Hasset et al. 1976). Root growth and weight also show a 
considerable reduction in American sycamore by Cd treatment (Carlsson and Baz-
zaz 1977). Sandalio et al. (2001) observed 20 and 90 % decrease in growth rates 
on exposure to 5 and 50 μM Cd concentration, respectively. Root elongation has 
been observed to be totally stopped after 5 days of Cd treatment in Platanus oc-
cidentalis (Kahle 1993). Shoot growth, leaf length, as well as leaf area also reveal 
the same results against the stress except low doses of cadmium that show com-
paratively better growth and development of plant (Setia et al. 1993; John et al. 
2009). Setia et al. (1993) demonstrated that 8 mM Cd2+ stress is responsible for 
decrease in diameter of new stems by 23 % in wheat. Carlson and Bazaaz (1977) 
also reported reduced growth in American sycamore ( P. occidentalis) on exposure 
to Pb–Cd interaction.

A gradual decrease of plant dry matter has been observed in response to HMs. 
Reduction of plant dry matter (root) was 10–30 % in seedlings of American syca-
more ( P. occidentalis) at 10–100 ppm Cd in the nutrient media (Kahle 1993). 
Likewise, shoot dry weight shows 37–48 % decrease with increasing concentra-
tionsof Cd and Pb in soybean (Haung et al. 1974). Bhattacharya and Choudhuri 
(1994) also demonstrated a marked 33.6 % reduction in biomass of Vigna seed-
lings with Cd concentration of 10−5 M. Vassilev et al. (1998) observed a decrease 
in dry mass accumulation in barley plants grown in pots. The inhibitory effect 
was 32–35 % at the first harvest (the stage of tillering in control), decreasing to 
10–73 % at the fourth harvest (the stage of full ripeness in control), with 45 mg 
Cd/Kg soil. Malan and Farrant (1998) observed a significant decrease in number 
of pods (83 %) and seed mass (16 %) with 0.05 mg/L Cd in soybean. HMs (Cd, 
Zn, and Hg) have been found to reduce the root and shoot lengths of B. oleracea 
var. Botrytis (Theriappan et al. 2011) and 10 different cultivars of B. juncea grown 
under different concentrations of Cd (Qadir 2003). The overall decrease arises due 
to the suppression of growth of plants owing to an irreversible inhibition by Cd 
on proton pump responsible for the process (Aidid and Okamotto 1993, 1992). 
Nevertheless, low concentration of Cd shows a good yield in tomato and eggplants 
(Khan and Khan 1983), tobacco cells (Hirt et al. 1989), and seedlings of alfalfa 
(Peralta et al. 2000).
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3.2  Yield

The productivity of any crop is dependent on its inherent capacity for photo-
synthesis, photosynthetic area developed, and availability of photosynthetically 
active radiations within the canopy. Reduction in photosynthesis accompanied 
by biomass decrease against the metal stress appears to be an almost universal 
finding (Piotrowska et al. 2009; Islam et al. 2008; Ouzounidou et al. 1997; Dudka 
et al. 1996; John et al. 2009). While few studies report yield enhancement with 
very low concentration of metals (Breckle et al. 1991), a significant decrease in 
biomass after exposure to metal stress was observed by Anjum et al. (2008) in 
B. napus (rapeseed) and B. juncea (John et al. 2009) plants at different stages 
of growth. A marked reduction was observedin the number of siliquae per plant, 
number of seeds per siliqua, seeds per plant, and seed weight per plant in B. na-
pus due to sewage water treatment containing Pb, Cd, and Cr (Ahmad K et al. 
2011). Similar findings have been reported earlier by different workers (Bazai 
and Achakzai 2006; Farid 2006; Kang et al. 2007; Khan et al. 2009). Tamout-
sidis et al. (2002) reported that the application of increasing doses of municipal 
wastewater reduces the overall yield of some vegetable crops, e.g., lettuce, en-
dive, spinach, radish, carrot, and sugar beet. Sharma and Dubey (2005b) reported 
flower and pod senescence as a consequence of metal toxicity, which leads to the 
production of less number of viable pods and seeds and reduced yield under metal 
stress in rice crop. Kakar et al. (2010) and Raziuddin et al. (2011) reported that B. 
napus grown under the influence of HMs turns the soil saline, and as a result of 
which the plants are unable to take essential elements needed for their vegetative 
growth, which ultimately results in yield reduction. Ahmad K et al. (2011) proved 
that the wastewater having higher concentrations of HMs adversely affects the 
plant growth and development as well as yield. Prins et al. (2011) observed that 
B. juncea growing on seleniferous soils shows decreases in biomass, pollen ger-
mination, individual seed and total seed weight, number of seeds produced, and 
seed germination.

3.3  Photosynthesis

Photosynthetic inhibition is a well-known HM toxicity and has been reported by 
a number of workers (Xiong et al. 2006; Cenkci et al. 2010; Singh et al. 2010; 
Touiserkani and Haddad 2012). The decrease in photosynthetic rate may be ex-
plained on the basis of number of changes that occur in normal metabolic path-
way on exposure to HMs. HMs have been found to inactivate the Photosystem 
II (PSII) activity along with gradual loss of granal stacks, thereby damaging the 
thylakoid acyl lipids, with subsequent formation of some polypeptides associated 
with oxygen-evolving complex and disorganization of light-harvesting complex II 
(LHC II) antenna system (Islam et al. 2007; Tukendorf and Baszynski 1991). PSII 
regulates the process of photosynthesis, because it  undergoes water oxidation and 
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sustains the process of electron transport. It is formed of three parts, i.e., a core 
composed of reaction center proteins D1 and D2, cytochrome CP47, and 33-kDa 
Mn stabilizers, including various low molecular weight proteins, with an oxygen-
evolving system (Barber et al. 1997). Chlorophyll as well as prosthetic groups are 
essential for charge separation and stabilization of proteins (i.e., both D1 and D2) 
(Nanba and Satoh 1987). HM involves the breakdown of PSII core proteins like 
D1 (Oquist and Hunner 1993). The root problem may be that the photosynthesis 
is coupled with a series of electron transport systems (ETS), and metal ions are 
suggested to block the electron transport pathway (Qufei and Fashui 2009), thus 
causing inactivation of PSII as a result of metal instability involved in sequences 
of reactions. Photosynthetic carbon fixation is the primary target of metal toxic-
ity. Most of the products of this fixation produced by primary light reaction are 
utilized by carbon metabolism. Oxidized nicotinamide adenine dinucleotide phos-
phate (NADPH) constantly reinstates the terminal electron acceptor in order to 
balance the photochemical reaction centers. This also provides the coupling of 
electron transport withadenosine triphosphate (ATP) synthesis where proton mo-
tive forces carry out the feedback inhibition of electron flow,therebyproviding a 
dissipation mechanism for excessive excitation energy, as the products of primary 
light reaction exceed its synthesis and simultaneously modify the rate of elec-
tron transport through PSII. It also affects the quantum yield of linear electron 
transport. Further, HM tends to accumulate in the chloroplastsand substitutes for 
essential divalent ions (Cenkci et al. 2010; Gupta et al. 2009) leading to ion imbal-
ance, thereby affecting the chloroplast activity which is believed to be the cause of 
PSII disassembly (Geiken et al. 1998). Decreased photosynthetic rate in B. juncea 
cv. NIFA-Raya and B. napus cv.Abasin, under the influence of HMs, can also be 
due to the interaction of metal ions with pigment systems of the plants (Raziuddin 
et al. 2011).

3.3.1  Influence on Pigments

Pigments are the most important part in plants (Hall and Rao 1999), and nutri-
ent efficiency, plant development, and yield are the result of these pigments 
(Seyyedi et al. 1999). The chlorophyll consists of tetrapyrrole ring with Mg2+ as 
the central atom. Mn is a key element for photosynthesis as well as for regulation 
of enzyme synthesis (Doganlar et al. 2012). A decrease in chlorophyll as a mark 
of metal toxicity has been reported by many workers (Kang et al. 2007; Sepehr 
and Ghorbanli 2006; Larsson et al. 1998; Skorzynska-Polit and Baszynski 1997; 
Rascio et al. 1993; Schlegel et al. 1987; John et al. 2009; Ahmad K et al. 2011; 
Ahmad et al. 2011a, 2012). Touiserkani and Haddad (2012) reported that the 
concentration of chlorophyll shows a gradual decrease on exposure to HMs, fol-
lowed by chlorosis and necrosis (Skorzynska-Polit and Baszynski 1997). A sig-
nificant decrease in chlorophyll content in B. chinensis and B. pekinensis (Liu 
et al. 2004), B. juncea cv. Vitasso and B. napus cv. Atlantic (Vatehova et al. 
2012), and B. juncea (Mohamed et al. 2012) was also reported in response to 
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HM stress. Similarly, Raziuddin et al. (2011) observed a significant decrease 
in chlorophyll content of B. juncea cv. NIFA-Raya and B. napus cv. Abasin on 
exposure to metal stress. Touiserkani and Haddad (2012) observed a significant 
decrease in chlorophyll content of different B. napus cultivars grown under the 
influence of HMs.

δ-Aminolevulinic acid (ALA) is the first specific precursor in chlorophyll syn-
thesis for ALA-dehydratase (a metal-sensitive enzyme) that is directly affected 
by HMs (Sasa and Sugahara 1976). The enzyme for the condensation of two 
molecules of ALA involves the presence of thiol group at the binding sites for 
both biosynthesis (Nandi and Shamim 1968) and formation of tetrapyrrole pro-
tochlorophyllide, and hence prevents the production of chlorophyll (Dahlin et al. 
2000; Boddi et al. 1996; Masuda et al. 1996; McEven et al. 1996). The HM 
stresses have been reported to increase the chlorophyllase activity and subsequent 
enzymatic degradation, which leads to the deletion of chlorophyll molecules. Re-
duction may also confer to poor uptake of mineral ions owing to the presence 
of HM in growth medium. Horvath et al. (1996) reported a reduction in chloro-
phyll content on exposure to Cd. Ouzounidou et al. (1997) observed the same in 
leaves of wheat when subjected to 1 mM Cd, which reflects the indirect effect 
of cadmium on the content of essential nutrients. Erdei et al. (2002) also dem-
onstrated a gradual reduction in barley seedlings against varying concentrations 
of cadmium. Chatterjee and Chatterjee (2000) reported a decline in chlorophyll 
content in B. oleracea var. Botrytis and cv. Maghi on exposure to copper, cobalt. 
and chromium.

Apart from inhibition of biosynthetic enzymes for chlorophyll formation, the 
increased levels of free radicals of fatty acids produced from polyunsaturated fatty 
acids due to the higher activity of lipoxygenase may also contribute to the decreased 
level of chlorophyll with HM treatments (Somashekaraiah et al. 1992; Klein et al. 
1984; Hildebrand and Hymowitz 1982). The decrease in chlorophyll content may 
also be correlated with the adverse toxicity of metals on their uptake and accumula-
tion of essential nutrients in plants, viz., Fe, Mg, Ca, and K as reported in wheat 
(Ouzounidou et al. 1997; Greger and Ogrer 1991; Greger and Lindberg 1987). Ear-
lier reports suggest that the change in Fe to Zn ratio may be responsible for the 
reduced chlorophyll content in plants (Root et al. 1975). Recent studies, however, 
suggest that the formation of LHC is disturbed in HM-treated leaves (Horvath et al. 
1996), and as a result, the LHC protein synthesis stops at the transcriptional level 
(Tzivelka et al. 1999). The product formed during stress also causes photoxida-
tive breakdown, as demonstrated in barley/oat leaves (Luna et al. 1994). Similar 
results were reported by Hegedus et al. (2001) in barley, where the high quantity 
of chlorophyll was disintegrated after the initial Cd treatment. Mg, being an impor-
tant component of chlorophyll molecule, gets removed by an enzyme called Mg 
dechelatase; subsequently, a ring opens, and as a result of dioxygenase activity, the 
binding protein is set free for degradation. The rest of the chlorophyll catabolites 
are carried to the vacuole where further metabolism occurs (Buchanan-Wollaston 
1997). Liu et al. (2008) reported an increase in chlorophyllase activity upon Pb 
stress in Sedum alfredii.
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3.3.2  Carotenoids

Carotenoids (accessory pigments) are present in the thylakoid membrane of chlo-
roplasts (Collins 2001). They form the diverse set of pigments found in nature 
and are produced by all photosynthetic and many non-photosynthetic organisms 
(Nishio 2000). Due to chlorophyll degradation, leaves appear yellow, but this is 
seen merely when the plant reaches to senescence naturally or under the stress 
conditions. Carotenoids have an essential role in photoprotection and in scaveng-
ing ROS (Young and Britton 1990). During this mechanism, the transfer of excited 
chlorophyll and singlet oxygen to carotenoid takes place,which quenches as well 
as dissipates them without undergoing any chemical change (Young and Britton 
1990; Bartley and Scolnik 1994). They accumulate primarily in photosynthetic 
membranes in association with LHC and reaction center complex. Carotenoid con-
tent is least affected (Clijsters and Van Assche 1985) or usually enhanced under 
the stress conditions (Ralph and Burchelt 1998; Foyer and Harbinson 1994). The 
plant’s potential to adjust the levels of accessory pigments is significantly essential 
to endure the abiotic stress and, thereby, enhance the tolerance, as they shield the 
photosynthetic tissues against photosensitization. The carotenoids are responsible 
for de-epoxidation of singlet oxygen and oxygenated state of carotenoids. The xan-
thophylls undergo interconversion from one form to another in a cyclic way, lead-
ing to the non-photochemical quenching of the excessive excitation energy (Dem-
ming-Adams and Adams III 1992). While an enhancement in non-photochemical 
absorption of this excitation energy has been observed in land plants against HMs 
(Krupa et al. 1993a), the use of xanthophyll cycle in such dissipation has not been 
reported so far. The ability of HMs to stimulate the production of carotenoids is 
supposed to restore the damaged pigments during their interaction with excited 
chlorophyll molecules.

3.4  Oil Content

In the global oilseeds context, rapeseed–mustard occupies an important place, and 
in India these are next to groundnut, contributing about 32 % of the total oilseed 
production. Rapeseed–mustard showed a remarkable progress in terms of produc-
tion and productivity during the last decade, but the data from National Productivity 
reflect that despite a major gain in realized yield, substantial breakthrough in terms 
of potential yield remains to be achieved. Abiotic stresses, including drought, heat, 
cold, salinity, and HMs, are the increasing problems not only affecting the plant 
yield but also altering the composition of fatty acids of membrane lipids.

Fatty acids are free carboxylic groups with a biological chain of commonly oc-
curring 16–18 carbon atoms. Some of the chains are either saturated or unbranched 
and few are unsaturated and branched containing three carbon rings or hydroxyl 
groups. Components of phospholipids, glycolipids, hormones, and intracellular 
messengers are essential groups of fatty acids synthesized in cytosol. Synthe-
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sis and breakdown of citrate carrying an acetyl group occur from mitochondria 
to cytoplasm. NADPH is required for this process, which is produced by pentose 
phosphate pathway as well as during the movement of reducing equivalents from 
mitochondria by malate–pyruvate shuttle. Fatty acids are triacylglycerols (neutral 
fat) present in adipose tissue, which can be activated to acyl CoA by the hydroxylic 
action of lipases.They are then translocated to inner mitochondrial membrane by 
carnitinine, and simultaneously destroyed in the mitochondrial matrix. They are 
elongated and desaturated by enzyme systems in the endoplasmic reticulum mem-
brane. Besides nicotinamide adenine dinucleotide (NADH) and O2, the complex 
consists of a flavoprotein, a cytochrome, and a nonheme iron protein required for 
carrying out this process.

Sinha et al. (2010) showed that Brassica juncea cultivated on Cu, Cr (VI), 
As(VIII), As(V) contaminated soils, non-significant decrease in oil yield was ob-
served, except for Cr and higher concentrations of As(V). Both As (V) and Cr 
showed a decrease in oil content, but the maximum reduction has been found in 
Cr-treated plants (Sinha et al. 2010). Adverse climatic changes like temperature 
(Pleines et al.1987; Tremolieras et al. 1982), salinity (Allakhverdiev et al. 1999; 
Elenkov et al. 1996), and HMs (Howlett and Avery 1997; Fodor et al. 1995; Frost-
egard et al. 1993; Krupa and Baszynski 1989; Hameed et al. 2012) change the com-
position of fatty acids in plants. High temperature leads to tremendous enhance-
ment of C18:1 content and a decrease in C18:3 content. Low temperature increases 
C18:1 and C18:2 desaturation, resulting in higher C18:3 content (Pleines et al. 1987; 
Tremolieres et al. 1982). In a study carried out by Ouarti et al. (1997), cadmium 
enhances the proportion of C16:0 and lowers the proportion of C18:2 and C18:3 in 
17-day-old tomato seedlings. The result of this study suggests that metal stress in-
duces changes in the unsaturated fatty acids. In addition, the buildup of C16:0 rather 
than C18:0 signifies a change in the ratio of products from fatty acid synthase. Like-
wise, Krupa and Baszynski (1989) reported the similar findings with thylakoids 
and demonstrated the lowering of all individual glycolipids and phospholipids, and 
the maximum reduction was found in phosphatidylcholine content. Composition 
of acyl lipids removed from thylakoids was illustrated by a considerable decrease 
in the trans-δ-3-hexadecanoic acid with an exception of linolenic acid that tends to 
fall among all lipids.

4  Responses of Brassica Towards HM Stress

4.1  Osmotic Stress

Water is considered as a major factor in the regulation of plant growth. Plant wa-
ter relation is strongly disrupted by metal ion toxicity (Brunet et al. 2009). This 
effect is primarily dependent on the chemical property of metals like its valence 
state, ionic radii, and potential of forming organic system. Beyond the limits, all 



12 S. Qadir et al.

metal ions in plants cause alteration of water relations (Haug and Caldwell 1985), 
alteration in turgor pressure (Qureshi et al. 2007), and alteration in plasma mem-
brane properties, along with inhibition of root growth (Hagemeyer and Breckle 
2002). These actions in turn give rise to secondary impacts like hormonal imbal-
ances, deficiency of essential nutrients, changes in photoassimilate translocation, 
and alteration of water relations. Increased interest in plant water relations under 
metal toxicity stress also derives from the fact that plants in metal-enriched soil fre-
quently suffer from osmotic stress, mainly because of poor physical soil conditions 
as well as shallow root system. Osmotic stress involves some alterations in the 
solute concentration around a cell, causing rapid modifications in the water across 
its cell membrane. When the concentration of salts is high outside the cell, exos-
mosis of water takes place. Salt stress also prevents the mobilization of essential 
ions, substrates, and cofactors from the cell and results in “cell shock.” Likewise, 
at low concentrations, water is drawn into the cell in greater quantity, thus caus-
ing it to enlarge, rupture, or undergo apoptosis. HM-induced drought conditions 
threaten the cells with dehydration, and the productivity and quality of many com-
mercially grown agronomical and horticultural crops are often adversely affected. 
To overcome this stress, plants are equipped with many beneficial molecules like 
osmolytes and osmoprotectants.

4.2  Osmolytes and Osmoprotectants

4.2.1  Proline

For a long time, proline was considered as an inert compatible osmolyte that protects 
the subcellular structures and macromolecules under osmotic stress (Mehta and Gaur 
1999; Kavi-Kishor et al. 2005; Ahmad et al. 2008, 2010c, 2011a, 2014a, b;  Rasool 
et al. 2013; Katare et al. 2012). However, proline accumulation can influence the 
stress tolerance in multiple ways (Szabados and Savoure 2010). Other than plants, 
proline accumulations have been widely distributed in eubacteria, protozoa, and 
algae (Rasool et al. 2013). A common response of plants to HM stress is the ac-
cumulation of proline (Muneer et al. 2011; John et al. 2009; Qureshi et al. 2007; 
Ahmad et al. 2011a, 2012; Parmar et al. 2013), other organic acids, etc. So far, 
research has been carried out to study the impact of HM-induced ion toxicities 
on different plants (Zhang et al. 2000; Schat et al. 1997; Bassi and Sharma 1993), 
including cultivars of B. juncea (Buddh and Singh 2012; Sharma et al. 2010; Qa-
dir 2003; Saradhi et al. 1993; Ahmad et al. 2011a, 2012), and maximum stud-
ies revealed the accumulation of proline contents under HM stress. An experi-
ment conducted on B. oleraceavar. Botrytis under the influence of Cd, Zn, and 
Hg reported an increase in proline content (Theriappan et al. 2011). Proline gets 
accumulated in plants under different stresses like mineral nutrient deficiencies 
(Possingharri 1956; Ahmad et al. 2014a), high salinity (Arshi et al. 2002; Thomas 
and Bohnert 1993; Katare et al. 2012; Rasool et al. 2013), osmotic stress (Voet-
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berg and Sharp 1991), and oxidative stress (Ahmad et al. 2010b, 2011b; Ahmad 
and Umar 2011; Ahmad 2014). Proline accumulation has been shown to increase 
the resistance of plants to various stresses (Aspinall and Paleg 1981) by acting 
as a solute that protects them against enzyme denaturation (Sharma and Dubey  
(2005a, b); Paleg et al. 1984, 1981; Nikolopoulos and Manettas 1991), a reservoir 
of energy sources like carbon (C) and nitrogen (N), a solute that alleviates the 
protein synthesis mechanism, a means of reducing the cell acidity, a sink for en-
ergy to regulate the redox potentials, and a shuttle for reducing the power among 
cell components (Forlani et al. 2000). Kishor et al. (1995) also demonstrated that 
accumulated proline showed the tolerance capacity against the osmotic stress. Ac-
cumulation of proline played a great role in maintenance of water balance in plant 
tissues (Costa and Morel 1994) and scavenging of free radicals from the cells 
(Smirnoff and Cumbes 1989). It also acts as a part of nonenzymatic free radical 
detoxification similar to the mechanism of glutathione (GSH), α-tocopherol, and 
glucose (Alia et al. 1995). It is very difficult to speculate the mechanism that ac-
counts for the accumulation of proline under extremely varying conditions (Bassi 
and Sharma 1993; Alia and Saradhi 1991; Saradhi and Saradhi 1991). The move-
ment of ETS has been reported to reduce in plants or its parts against the stress. As 
a result, there is a buildup of NADH+H+. In addition, the enhancement of NADH 
to NAD+ ratio under water stress has been already demonstrated. Such an increase 
in NADH might affect the substrate despite metabolic reactions requiring NAD+. 
Furthermore, buildup of organic acids causes a reduction in cytosolic pH. The ac-
cumulation of citrate is attributed to declining NAD+ as well as synthesis of malate 
and lactate (by oxidizing NADH). Hence, proline synthesis from glutamic acid 
is regarded as an adaptive mechanism in order to decrease the buildup of NADH 
and also to lessen the acidity, whereby two of NADH+2H+ are used for combining 
each molecule of proline with glutamic acid. Boussama et al. (1999) suggested 
that the induction of NADH glutamate-dehydrogenase activity under Cd stress 
might provide the glutamate required for enhancing the synthesis of proline. These 
findings strikingly show that proline has a key role in nonenzymatic free radical 
detoxification processes.

4.3  Oxidative Stress and Antioxidants

Aerobic metabolism provides marvelous energy benefits to the organisms, but at the 
same time a constant hazard is the oxidative damage arising from by-products of 
respiration and photosynthesis, such as superoxide and hydrogen peroxidetocellular 
macromolecules such as proteins, lipids, and DNA. The phenomenon is known as 
oxidative stress. HMs were found to induce oxidative stress in plants (Yadav 2010; 
Singh et al. 2010; Grover et al. 2010; Liu et al. 2008; Pourret et al. 2008; Oka-
moto et al. 2001; Piqueras et al. 1999; Hendry et al. 1992; Somashekaraiah et al. 
1992; John et al. 2009; Ahmad et al. 2011a, 2012; Shanmugaraj et al. 2013; Par-
mar et al. 2013). Oxidative stress is induced by the generation of ROS in the cells 
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against the environmental stress (Ahmad et al. 2010a, b, 2011a, b, 2012; Ahmad 
and Umar 2011). These ROSs are deleterious to plants, especially for biomolecules 
like proteins, nucleic acids, carbohydrates, lipids, etc. ROS formed as a result of 
HMs (Foyer et al. 1997) reveals the new isozymes of peroxidases in roots as well 
as leaves of Phaseolusvulgaris (Van Assche and Clijsters 1990). Further, evidence 
of the metal-induced oxidative stress comes from the detection of lipid peroxida-
tion, increased lipogenase activity, chlorophyll breakdown, as well as various an-
tioxidant activities, both nonenzymatic and enzymatic, viz., superoxide dismutase 
(SOD), glutathione reductase (GR), dehydroascorbate reductase (DHAR), catalase 
(CAT), ascorbate peroxidase (APX), and guaiacol peroxidase (GP; Schutzendubel 
et al. 2001; Dalurzo et al. 1997; Chaoui et al. 1997; Lozano-Rodriguez et al. 1997; 
Gallego et al. 1996; Ahmad et al. 2011a, 2012). Antioxidant enzymes are good indi-
cators of metal stress, and enhancement of their activities could be of great help for 
immediate remediation (Morsy et al. 2012).

4.4  Nonenzymatic Antioxidants

4.4.1  Ascorbic Acid

Ascorbic acid (AsA) is a water-soluble nonenzymatic antioxidant and a defense 
component present in plants, where it can accumulate to millimolar concentrations 
in both photosynthetic and non-photosynthetic tissues (Foyer et al. 1983). Its ability 
to show antioxidant properties is related to the fact that the dehydrogenase radical 
is much less reactive than other radicals (Rose and Bode 1993). Enzymatic systems 
exist in vivo to reduce this radical to ascorbate using NADH or GSH as a source of 
reducing power. Leaves frequently consist of about 10 % of soluble carbohydrates 
of ascorbate. AsA, being the key antioxidant (Nijs and Kelley 1991), reacts with 
reactive oxygen radicals (Buettner and Jurkiewiez 1996),besidessignifying the role 
in photoprotection and regulation of photosynthesis (Forti and Elli 1995; Foyer and 
Harbinson 1994). Ascorbate plays a key role in the protection of enzymes con-
taining prosthetic transition metal ions (Padh 1990). Also, AsA is considered as a 
powerful antioxidant derivative that reduces α-tocopherol (oxidized) in an aqueous 
phase (Padh 1990).

Recent years have witnessed a large number of reports correlating increase in 
one or more of antioxidant systems while combating with HM stress. Several work-
ers have observed the fate of AsA under HM stress, and differential responses have 
frequently been observed (Gupta et al. 2009; Qureshi et al. 2007; Zengin and Mun-
zuroglu 2005; Qadir et al. 2004; Schutzendubel et al. 2001; Prasad et al. 1999; Kubo 
et al. 1995; Malan et al. 1990). When B. juncea L. cultivars were exposed to toxic 
concentration of Zn (Prasad et al. 1999) and Cd (Qadir et al. 2004), a significant 
increase in accumulation of AsA occurs. Schutzendubel et al. (2001) observed that 
the total ascorbate increased significantly after 12 h when root tip was treated with 
5 and 50 μM of Cd in scots pine roots.

S. Qadir et al.
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4.4.2  Glutathione

GSH is a widely distributed cellular tripeptide that plays an important role in scav-
enging cellular ROS by providing reducing equivalents for antioxidant enzyme 
defense systems such as APX and glutathione peroxidases (GPXs). Among the re-
sponses of plants to HM stress, the GSH enhancement plays an important role in 
conferring the metaltolerance to B. juncea (Szollosi et al. 2009; Qadir et al. 2004; 
Bogs et al. 2003) and other plant species (Qureshi et al. 2007). Concerted efforts 
in recent years have given indications of physiological significance of HMs in 
exerting variations in the magnitude of GSH and mechanisms of GSH functions 
that help in balancing of redox potential during the stress. Increasing GSH levels 
have also been found in extracts of pea, tobacco, maize, and tomato treated with 
Cd (Ruegsegger and Brunold 1992; Ruegsegger et al. 1990). Haribabu and Sudha 
(2011) observed an increase in GSH content in B. juncea after exposure to copper 
and cadmium.

Enhanced levels of GSH in B. napus (Mendoza-Cozatl et al. 2008), B. juncea 
genotypes (Seth et al. 2012; Mobin and Khan 2007; Qadir et al. 2004 under Cd and 
Zn toxicity (Prasad et al. 1999) suggest its active participation in detoxification 
of oxygen species and free radicals directly as well as through certain enzymes 
(Asada and Takahashi 1987). It is presumed that GSH (Wingate et al. 1988) or 
glutathione disulfide (GSSG; Wingsle and Karpinski 1996) or variations among 
GSH and GSSG (Foyer et al. 1997) may serve as signals for gene expression to get 
adjusted to stress. The demand-driven increase in cellular GSH levels shows its 
implications in stress sensors and signal transduction systems that stimulate GSH 
biosynthesis pathway. Boussama et al. (1999) also observed an increase in GSH 
under metal-enriched conditions required for the biosynthesis of HM-binding pep-
tides. Zhu et al. (1999a) reported a fivefold increase in GSH levels in roots of Cd-
treated transgenic plants as compared to control. Both the GSH- and Cd-induced 
production of phytochelatins (PCs) for metal-sensitive genotypes is low, suggest-
ing a lower capacity of Cd-sensitive genotypes forthe synthesis of GSH to com-
pensate for the metal-induced stress. PCs and GSH play a major role in mitigating 
the toxicity of plants against HMs (Jozefizak et al. 2012).

4.4.3  Tocopherol

The tocopherols, specifically α-tocopherol (vitamin E),area well-established part 
of chloroplastic membrane present in photosynthetic as well as non-photosynthet-
ic tissues, and act as a membrane-stabilizing agent. Essential features of tocoph-
erols is to protect the important components (biomolecules) from ROS damage. 
At the same time, the product α-tocopherolquinone formed during quenching is 
helpful in cyclic electron transport and, hence, provides photoprotection for chlo-
roplasts (Zengin and Munzuroglu 2005). α-Tocopherol maintains the fluidity to 
regulate the membrane function (Munné-Bosch and Alegre 2002). Furthermore, 
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α-tocopherol balances the oxygen radicals as well as hormones like jasmonic 
acid within the cell that helps in the normal functioning of plants by inducing 
responses against the stress (Munné-Bosch and Alegre 2002). The α-tocopherol 
levels have been shown to increase under various stressful conditions including 
HMs (Artetxe et al. 2002) in duckweed and B. juncea (Yousuf et al. 2010; Kumar 
et al. 2013). α-Tocopherol and AsA content was increased in primary leaves of 
P. vulgaris when exposed to Cd, Cu, Pb, and Hg stresses after 10 days of growth 
(Zengin and Munzuroglu 2005). Overexpression of γ-tocopherol methyl trans-
ferase (γ-TMT) gene from Arabidopsis thaliana in transgenic B. juncea shows 
manyfold increase in α-tocopherol.

4.4.4  Nonprotein Thiols

Nonprotein thiols (NP-SH) are important antioxidant components whose level 
increases under the metal stress (Seth et al. 2012; Mendoza-Cozatl et al. 2008; 
Leustek et al. 2000; Heiss et al. 1999). Vogeli-Lange and Wagner (1990) observed 
a marked increase in the total NP-SH contents from 0.19 to 1.23 μmol SHg−1 fw 
in the leaves of tobacco seedlings treated with 20 μM CdCl2 for 1 week. Cadmium 
with thiol group-induced enhancement results from de novo synthesis (Howe and 
Merchant 1992). The increase in NP-SH is accompanied by the increase in PCs con-
tent. This increase is important because PCs undergo detoxification not only due to 
their function as chelators but also because they act as transporters from cytoplasm 
to the vacuole. Heiss et al. (1999) also observed 8.4-fold increases of thiol groups 
in leaves and 6.5-fold increases in roots under the stressed conditions. Zhu et al. 
(1999a) observed a twofold increase in thiol levels in roots of Cd-treated transgenic 
plants than the wild types.

The increased level of NP-SH under HM (Cd) is particularly obvious because 
HMs stimulate the various levels in biosynthetic pathway of thiol (cys), together 
with adenosine triphosphatesulfurylase (APS)-sulfotransferase (Leustek et al. 2000; 
Heiss et al. 1999; Leustek and Saito 1999; Lee and Leustek 1998) and O-acetyl-
serlyase (Schäfer et al. 1998). An increase in NP-SH content under Cd stress in 
B. juncea (Seth et al. 2012) and B. napus (Mendoza-Cozatl et al. 2008) could be 
attributed to an increased level of γ-glutamyl-cysteine (γ-EC) synthetase proteins 
that lead to cys formation. In the resistant varieties, the activity of γ-EC synthetase 
may be high, thus resulting in an increased γ-EC formation. Increased γ-EC levels 
among the resistant plants result in high NP-SH as well as GSH content when com-
pared with those found in sensitive plants.

4.4.5  Phytochelatins

No doubt the HMs exert adverse effects on all living cells, but at the same time, they 
are also essential for the normal growth and development. The excess of metal ions 
causes death of cells, and thus can be overcome by homeostasis (regulate the metals 
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within the cell). Plant cells have developed one general mechanism to achieve this 
goal, i.e., through synthesis of PCs. The process involves the chelation of metal ions 
by specifichigh-affinity ligands that reduce the concentration of free metal ions, 
and consequently decrease their phytotoxicity. A number of metal binding ligands 
have now been recognized in plants (Mejare and Bulow 2001; Cobbett 2000). PC 
formation is selected as biomarkers for cellular metal sequestration (Sylwia et al. 
2010; Jiang and Liu 2010; Yadav 2010; Brunet et al. 2009), because the genetic 
analysis has provided the direct evidence for PC involvement in metal detoxifica-
tion (Pal and Rai 2010: Ha et al. 1999; Cobbett et al. 1998). PCs found in cyto-
sol possess great affinity for binding with different metals, especially Cd. These 
complexes formed in the vacuole undergo sequestration, i.e.,they keep the metals 
away from enzymes that are susceptible (Rauser 1990). This system provides an 
environmentally well-conserved mechanism to deal with metal toxicity (Cobbett 
2000). The major detoxification mechanism(s) in plants is based on vacuolar com-
partmentalization and ligand complexation. Prolonged cadmium exposures cause a 
significant increase in PC synthetase (enzyme for synthesis of PC in leaves of B. 
juncea) (Heiss et al. 2003). High levels of PCs were identified in the phloem sap 
of B. napus within 24h of Cd exposure using combined mass spectrometry and 
fluorescencehigh-performance liquid chromatography (HPLC) analysis (Mendoza-
Cozatl et al. 2008).

In general, while vacuolar compartmentalization keeps HMs away from metal-
sensitive metabolic centers in the cytoplasm, sequestration ligands seem to safe-
guard them from readily moving by reducing their chemical selectivity. For an ef-
fective and efficient internal metal tolerance, both roles are important. While the 
mechanism of low molecular weight endogenous or induced organic acids, par-
ticularly citrate, may be employed by plants as a strategy to detoxify the low-level 
exposure of HMs, an additional mechanism of producing large molecules and more 
specific compounds such as PCs may be employed by plants to combat high-level 
exposure to HMs. Although production of PCs may be a mechanism that plants 
employ in internal detoxification of HM, yet it is unlikely that such is the only 
mechanism in HM tolerance. This is because induction of PCs is associated with 
exposure to high external metal concentrations. Apparently, at relatively low metal 
exposure, plants employ mechanism(s) other than PC production to tolerate the 
metal stress internally.

4.4.6  Metallothioneins

Metallothioneins (MTs) were first discovered in horse (equine) kidney and have 
since been broadly studied among the animals, eukaryotic microorganisms, cer-
tain prokaryotes, and plants (Kawashima et al. 1992, 1991; Lane et al. 1987). 
These are small gene-coded cys-rich polypeptides, generally lacking aromatic 
amino acids (Kagi 1991) and have a high metal content in coordination with 
metal thiolate clusters. Their molecular weight varies from 8 to14 kDa (Robinson 
et al. 1993) and is thought to be the aggregates of PCs. MTs behave similarly as 
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PCs and oftenmetal complexation duties are shared between MTs and PCs, as 
seen in Datura and Zea mays (Rivai et al. 1990). In fact, PCs were originally 
classified as class III MTs, until they were deemed sufficiently different in struc-
ture and synthesis pathway to be classified as PCs. The classification of MTs 
places all animal MTs into class I and all other MTs (including plants) into class 
II. Class II MTs, those identified in plants, are further classified into two types. 
Both types of MTs are characterized by having patterns of 12 cysteine residues, 
but the amino acid composition and the arrangement of cysteine residues varied 
among the proteins.

Type I MTs have 12 cysteine residues, and they are arranged in such a way in 
the protein that there is 6cys–Xaa–6cys, with Xaa comprising about 40 amino acids. 
Type II MTs are configured either as 6cys–6cys or 6cys–Xaa–Xaa–6cys (Murphy 
et al. 1997). It is thought that these variations lying in their sequences tell us the 
feature of MT, i.e., whether it provides the power of tolerance or is able to detoxify 
the toxicity of various metals. MTs have highest affinity for Cu and are induced by 
exposure to it (Murphy et al. 1997). Various MT genes, Mouse MT I, Human MTIA, 
MT II, Chinese hamster MTII, yeast cupI, and pea PsMTA, have been transferred 
to Nicotiana spp., Brassica spp., and A. thaliana (Hasegawa et al. 1997; Hattori 
et al. 1994; Maiti et al. 1989; Misra and Gedamu 1989; Lefebvre et al. 1987) and 
have shown to exhibit high capability to endure stress and show 20-fold greater 
enhancement against control, thereby revealing that the MT geneis an essential tool 
to improve the resistance (Kärenlampi et al. 2000). The actual function of MTs is il-
lustrated through various theories and thoughts. Onetheory states that MTs provide 
a reservoir for essential metal ions that undergo chelation till plants utilize them 
when needed. A second school of thought is that MTs are carriers (mobile proteins) 
that are supposed to move excess HMs from the point where they get accumulated 
to toxic levels to such areas of the plant wherever needed, or at least where the ion 
levels are not toxic.

4.5  Enzymatic Antioxidants

Plants are armed with a defensive mechanism that helps them to scavenge the ROS 
that are generated in different cellular compartments (Singh et al. 2010; Gupta et al. 
2010; Brunet et al. 2009; Ahmad et al. 2010a, b, 2011a, b, 2012; Ahmad and Umar 
2011, Ahmad 2014). Enzymatic antioxidants include SOD, CAT, and a number of 
enzymes involved in AsA–Glu cycle. HM-induced toxicity may inhibit the activ-
ity of these enzymes. Inhibition of enzyme activity may occur because of the fact 
that most of the HMs, viz., Cd, Pb, and Hg, have –SH groups present on enzymes 
(Prasad and Prasad 1987a, b; Gupta et al. 2009, Sharma and Dubey 2005a). HM 
ions also interact with metalloid enzymes and, thus, cause disruption in plant ab-
sorption of metals like Zn, Fe, and Mg, which are essential for the activity of most 
of the enzymes. Induction of antioxidant enzymes by overexpression of genes re-
sponsible has also been reported by Li and Luo (2012) in ryegrass.

S. Qadir et al.
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4.5.1  Superoxide Dismutase

This enzyme was recognized by different names like erythrocuprein, indophenol 
oxidase, and tetrazolium oxidase till its catalytic function was discovered by Mc-
Cord and Fridovitch (1969). SOD catalyzes a reaction in which two identical sub-
strates have different metabolic fates. In this case, one molecule of superoxide is 
oxidized and the other is reduced, thus resulting in the formation of hydrogen per-
oxide and oxygen:

Since SOD is found in all aerobic organisms and plays a key role to protect the 
organisms against ROS damage (Beyer et al. 1991; Scandalias 1993; Ahmad et al. 
2010a, b, 2011a, b, 2012), a lot of work reveals the specialty of this enzyme, i.e., 
the cloned complementary DNA (cDNA) sequences and genes, and their effects 
of overexpression in transgenic plants (Bowler et al. 1994; Foyer et al. 1994; 
 Scandalios 1993). SOD activity enhances against the various toxicities (Ahmad 
et al. 2010a, b, 2011a, b, 2012, Ahmad 2014; Ahmad and Umar 2011). SOD en-
hancement is attributed to de novo synthesis of enzymatic proteins (Touiserkani 
and Haddad 2012). Transgenic expression of SOD activity has been shown to im-
prove the protection against oxidative stress. Studies proposed that SOD activity 
regulates the balance of ions and maintains the integrity of plants when exposed 
to oxidative damage, except for barley species where SOD demonstrates the de-
creasing trend under Zn and Cd stress (Patra and Panda 1998). Luna et al. (1994) 
reported that increased H2O2 and its derivative active oxygen species (AOS) are 
shown to be responsible for splitting the enzyme activity with increasing concen-
tration and have been reported in oat leaves, owing to Cu stress.

4.5.2  CAT Activity

Metabolism of peroxide is one of the main functions of CAT activity following 
the conversion of glycolate during photorespiration (Foyer et al. 1994). Similar 
findings have been observed in the metabolism of fatty acids in germinating 
seeds (Holtman et al. 1994). The CAT was observed to reduce when grown in 
high levels of CO2 (Azevedo et al. 1998). Vitoria et al. (2001) reported an in-
crease in CAT activity upon the Cd stress and presented it as a proof to support 
the theory that ROS is always formed when exposed to HM stress, especially Cd. 
They observed that enzyme CAT activity in the leaves gets enhanced by decreas-
ing the concentration of Cd in the roots (Noctor and Foyer 1998). There may also 
be the possibility of oxidative stress when carried from roots to leaves (Vitoria 
et al. 2001).

O O H H O O2 2 2 2 22i i− − ++ + → +
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A decrease in CAT activity in ten different genotypes of B. juncea L. was ob-
served under different concentrations of Cd (Qadir et al. 2003). Very few of them 
show contradictory results. Decrease in CAT activity is also reported in B. napus 
(Touiserkani and Haddad 2012), P. vulgaris (Somashekariah et al. 1992), P. aureus 
(Shaw 1995), Pisum sativum (Dalurzo et al. 1997), Lemna minor (Mohan and 
Hossetti 1997), and Amaranthus lividus (Bhattacharjee 1998), following the ap-
plication of HMs to growth medium. However, in P. vulgaris, CAT activity was 
decreased in roots and leaves, and there was no effect on stem (Chaoui et al. 1997). 
Tremendous changes in CAT activity were found in Helianthus annuus (Gallego 
et al. 1999) and Solanum tuberosum (Stroinski and Kozlowska 1997) on expo-
sure to cadmium. Shah et al. (2001); Vaglio and Landriscina (1999); Ahmad et al. 
(2011a, 2012) also observed a general reduction of CAT activities in B. juncea on 
Cd exposure.

4.5.3  Ascorbate–GSH Cycle

This cycle has an essential role in sequestration of reactive oxygen radicals associ-
ated with AsA and GSH (Asada 1994). H2O2 produced as a result of SOD activity 
as well as photorespiration (Hernandez et al. 1995; Gille and Singler 1995; Corpas 
et al. 1993) gets dispersed across the membrane and is harmful because it acts as 
an oxidant as well as reductant (Gille and Singler 1995; Ahmad et al. 2010a, b, 
2011a, b, Ahmad and Umar 2011, Ahmad 2014). APX reduces H2O2 into water 
using ascorbate as electron donor; the resulting monodehydroascorbate (MDAsA) 
radical can dismutate spontaneously to AsA and dehydroascorbate (DAsA) or may 
be enzymatically reduced to AsA by NADPH-dependent monodehydroascorbate 
reductase (MDAR); DAsA is also reduced to AsA enzymatically in a reaction 
mediated by GSH-dependent dehydroreductase. GSH is an electron donor and the 
GSSG formed is converted back to GSH by NAD (P) H−-dependent GR (Foyer 
et al. 1994). HMs induce an increased GR activity (Singh et al. 2010; Brunet 
et al. 2009; Qureshi et al. 2007; Reddy et al. 2005; Verma and Dubey 2003; Ah-
mad et al. 2011a, 2012). Reduced GSSG produced in As–GSH pathway helps to 
enhance the metal tolerance by increasing the GR. Furthermore, it plays an es-
sential role in the formation of cysteine, i.e., the prosynthesis of GSH (Suter et al. 
2000). The higher GR activity in metal-tolerant varieties, as compared to sensitive 
ones, is demonstrated in two ways: (1) In resistant varieties, the ascorbate–GSH 
cycle may be operating at a high rate in order to detoxify the ROSand (2) it is 
essential to keep the GSH in a reduced form prior to its incorporation into PCs 
(Cobbett 2000). Various reports have detected an enhancement under Cd stress 
(Chaoui et al. 1997), although the effect is dose dependent and varies with time. 
Schutzendubel et al. (2001) observed that the GR activity decreased initially, but 
with the increase of incubation time, the GR activity gets increased. Previous re-
ports show a decline in GR activity process when subjected to toxic levels of Fe, 
Cu, and Cd (Mishra et al. 2006; Verma and Dubey 2003; Patra and Panda 1998; 
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 Gallego et al. 1996).  Similarly, HMs have been found to increase (Gupta et al. 
2010; Piotrowska et al. 2009; Qureshi et al. 2007; Verma and Dubey 2003; John 
et al. 2009; Ahmad et al. 2011a, 2012) or decrease the activity of APX (Mishra 
et al. 2006) in  Brassica sps.

5  Metal Uptake by Brassica

Metal uptake by plants and their mechanism have been reported by several re-
searchers. Uptake of HMs depends on following conditions: (a) part of metal ions 
that are present in root system and (b) the pH that drastically affect the cation ex-
change capacity (CEC) by restricting the ready form of exchange sites. Decrease 
in pH causes H+ ions to bind tightly to soil particles in order to get booted off in 
the presence of excess H+ (Garcia-Miragaya and Page 1978). At high pH, cations 
are less bioavailable because of the less competition of H+ binding sites. Low soil 
pH increases the metal bioavailability, and hence enhances the uptake until they 
become harmful to plants. Plants respond to HMs differently, such as excluders, 
indicators, or accumulators (Ouzounidou et al. 1998). Accumulators thrive well 
even though the concentration of metals remains high in their shoots after trans-
forming or biodegrading the metal ions to inert forms. Plants develop a highly 
specific and well-organized mechanism in order to acquire essential micronutrients 
from the surroundings. Plant roots are provided with mechanisms like chelation, 
pH changes, and oxidation–reduction reactions, which help to solubilize and hence 
utilize these essential elements with low concentrations even from nearly insoluble 
precipitates. It is demonstrated that xylem is required for the translocation of vari-
ous metals from roots to stems. Further, a number of transport mechanisms as well 
as specialized proteins present in the plasma membrane of the plant cells are en-
gaged in movement and translocation of ions. These include: (1) proton pumps, 
(2) cotransporters/anti-transporters, and (3) channel proteins. Transporters for Cu, 
Zn, and Fe were cloned from A. thaliana (Salt et al. 1998). Some of the HMs like 
Cd show passive absorption and movement of ions occurs freely. Plants generally 
require about 10–15 ppm of trace elements and do not show any accumulation 
(Report by US Department of Energy 2004). Hyperaccumulators can concentrate 
the toxic ions above the normal range. Evaporation of water through leaves acts 
as driving force to take up nutrients and other soil particles into plant roots. This 
method regulates the soil substances into the shoots as well. This technique is 
known as phytoremediation and the plants used therein for the purpose are known 
as hyperaccumulators. Most members of the genus Brassica are hyperaccumulators 
and are used in such strategy. Hyperaccumulators can accumulate HMs to nearly 
100 or 1,000 times as compared to non-accumulator plants (Tangahu et al. 2011). 
Microorganisms, bacteria and fungi, present in root zone colony help to solubilize 
metal ions, and thereby enhance their bioavailability (Erdei et al. 2005).
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6  HM Stress Tolerances Through Transgenic Approach

Advances in science and technology offer a remarkable potential for improve-
ment of crop plants. Modern techniques in tissue culture like somatic cell fusion, 
somaclonal variation, marker-guided breeding, mapping and sequences of plant 
genomes, and transformation are of great help to scientists for designing a crop 
with desired traits. Genetic engineering has been modifying the plants ( Brassica 
cultivars) to increase their abilities to tolerate and remediate the environmental 
pollutants. In genetic engineering, plants are stimulated to take up a piece of DNA-
containing specific gene(s) derived from either the same or different species, to-
gether with bacteria and animals. The foreign piece of DNA is not only inserted 
into the nuclear genome but also used into the genome. The expression of that gene 
can be regulated by using various promoters. The gene protein may show expres-
sion constitutively at all times, in all tissues or only in certain tissues (e.g., in roots 
or in shoots) or at certain times under the presence of specific factors (e.g., light or 
chemical). Moreover, using different targeting sequences as “address labels,” the 
protein may be subjected to various compartments, such as chloroplast, the vacu-
ole, or the cell wall. In addition, a marker gene is usually included in the gene con-
struct so that transgenics can be selected after the transformation event. As a rule, 
these marker genes show resistance towards the herbicides as well as antibiotics. 
The introduced genes integrate into the host DNA and are consequently inherited 
by the offsprings. This approach has been followed while designing the transgenic 
Brassicacultivars so as to overexpress the genes encoding protein carriers and en-
zymes that are rate limiting to trace the element uptake and sequestration. Here, 
the aim is to gain high biomass plants along with the potential to improve their 
tolerance and also to eliminate the HMs from the soil. For example, B. juncea 
cv. 173874 has been transformed by the insertion of a foreign gene Arabidopsis 
APSI encoding ATP-sulfurylase activity using Agrobacterium tumefaciens as vec-
tor and CMV 35S as promoter. This resulted in overexpression of plastidic ATP 
sulfurylase; twofold to threefold higher Se accumulation in shoots and 1.5-fold 
higher Se in roots as compared to wild-type plants (Pilon- Smits et al. 1999). The 
same cultivar has been transformed for higher accumulation of Cd (threefold) by 
the insertion of foreign genes like Escherichia coli gshII that codes for glutathione 
synthetase (GS) and E. coli gshII encoding ECS, causing an overexpression of 
cytosolic GS as well as overexpression of ECS, respectively (Zhu et al. 1999a). 
Pilon-Smits et al. (2000) also transformed Indian mustard by insertion of foreign 
E. coli gor gene encoding GR, which resulted in overexpression of GR targeted to 
plastids (cpGR) as well as cytosol (cystGR). cpGr-transformed plants show two 
times higher root glutathione levels as compared to wild types. The transgenic B. 
napus,in association with plant growth-promoting bacteria, has also been used for 
remediation of Ni-contaminated soils (Farwell et al. 2006). The three transgenic 
plants of B. juncea have been examined in vitro for their ability to eliminate the 
selenium (Se) from Se- and Boron-contaminated saline sediments. The transgenic 
lines that are overexpressed code for respective enzymes, viz., APS, ECS, and 
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GS. The APS, ECS, and GS transgenic plants accumulated 4.3-, 2.8-, and 2.3-fold 
Se in their leaves than wild types, respectively. GS plants significantly thrive on 
contaminated soils better than wild types, reaching to an aboveground biomass/
area to almost 80 % of that of GS plants grown on unpolluted ones (Banuelos et al. 
2005). Transgenic Indian mustard overexpressing selenocysteinelyase and sele-
nocysteinemethyl transferase has been shown to exhibit enhanced potential for 
selenium phytoremediation under field conditions (Banuelos et al. 2007). Experi-
ments have been carried out successfully with B. juncea cultivars using several 
transgenic approaches to further enhance the plant selenium accumulation (Banu-
elos 2007). These transgenic plants have yielded promising results, showing upto 
ninefold higher levels of selenium accumulation and threefold faster volatilization 
rates even under the field conditions (Pilon-Smits and Le Duc 2009; Pilon-Smits 
et al. 2010).

7  Conclusions and Future Perspective

Brassicamembers have remained wonderful crops to mankind since time immemo-
rial. They have not only served the mankind in the form of their seeds which are 
used for extraction of edible oils, spices, and condiments but also provided other 
products in the form of food (vegetables) and fodder. Considerable research has 
been carried out in plant breeding and genetics fields to develop hybrids or cultivars 
of great economic importance. Now the thrust of research should be on exploring 
new technologies for producing better quality of oil by improving various traits like 
pungency of crop, activity, its shelflife, and medicinal properties. HM pollution is 
emerging as a major environmental threat and numerous studies have revealed their 
impacts on morphological, biochemical, and physiochemical aspects of plant life. 
Starting with the inhibition of seed germination to stunted growth, they interfere 
with every metabolic pathway of plants, thus leading to curtailed root growth, de-
creased pigment content, altered antioxidant systems, and decreased biomass and 
yield. However, in recent past, many members of the genus Brassica,e.g., Indian 
mustard, canola cultivars, etc., have been identified as plant species with superior 
ability to tolerate and accumulate different HMs. These plants have the ability to 
combat metal-induced ROS, and thus decrease the extent of damage caused by dis-
ruption of redox system of the cell. This is mainly achieved by reduced metal up-
take, their sequestration in the cell vacuoles, formation of metal-binding chelators, 
viz., phytochelatins, and through the induction of enzymatic and nonenzymatic de-
toxification systems upon the exposure to metal stresses. Further, a greater tolerance 
level has been achieved through the transgenic technology, as the mustard plant 
provides the striking model for many experimental purposes owing to its small 
genome size. There is a great scope for understanding comprehensively the genet-
ics and genomics of Brassica species and the mechanism of actions underlying the 
metal-induced toxicities and tolerance developed therein.
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Abstract Traditionally, screening for abiotic stress tolerance at field level was 
based on necrosis scores and shoot biomass reduction on stress exposure, relative 
to unstressed controls. However, such a measure of tolerance screening is labori-
ous, destructive, and time consuming, and results are subjected to environmental 
variation. Recently, noninvasive, high-throughput screening techniques have been 
developed for screening abiotic stress tolerance in crops. In this direction, some 
physiological, biochemical, and/or molecular indicators/markers have been identi-
fied for rapid and sensitive indirect screening of germplasm. Physiological markers 
like membrane damage based on electrolyte leakage, stomatal conductance, chlo-
rophyll content and so on are currently available. In addition, quick and sensitive 
screening in crop plants is possible with biochemical markers like status of reac-
tive oxygen species and oxidative damage to biological macromolecules like lipids, 
proteins, and nucleic acids. Identification of molecular markers associated with the 
tolerance response has also made rapid and sensitive indirect selection possible in 
a few crop species. Thus, development of such methods is valuable in breeding for 
abiotic stress tolerance in plants.

Keywords Abiotic stresses · Screening · Indirect selection · Physio-biochemical 
and molecular markers
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1  Introduction

Plant growth, productivity, and distribution are greatly affected by environmental 
stresses such as high and low temperature, drought, and high salinity. In response 
to abiotic stresses, plants undergo a variety of changes at the molecular level (gene 
expression) leading to physiological adaptation (Zheng et al. 2010; Patade et al. 
2011a, b; Mantri et al. 2012). Salinity and drought are the major abiotic stresses 
which severely affect yield and quality in many regions of the world endangering 
the food security. The situation has become more serious with concerns of global 
climate change. Therefore, studies on abiotic stress tolerance have become one of 
the main areas of research worldwide. In this direction, efforts are being made to 
breed tolerant varieties using conventional breeding and contemporary biotechno-
logical tools. Recent advances in this area include unraveling the physiological, 
biochemical, and molecular mechanism of abiotic stress tolerance and correspond-
ing development of tolerant cultivars through transgenic technology or molecular 
breeding (Ashraf 2010; Patade et al. 2011a, b, c; Niu et al. 2012). Desired tolerant 
genotypes/varieties so developed need to be screened at laboratory as well as field 
levels for functional validation. Numerous physio-biochemical indicators for toler-
ance screening have been suggested (Chen et al. 2007; Smethurst et al. 2009). In 
addition, indirect selection using molecular markers linked to desired loci is be-
ing deployed for accelerating the production of stress-tolerant varieties (Ribaut 
and Ragot 2007; Wei et al. 2009; Ashraf and Foolad 2013). Here, advancement in 
various abiotic stress tolerance-screening techniques is discussed in light of recent 
publications in this area.

2  Field Screening For Abiotic Stress Tolerance Based 
On Conventional Techniques

Earlier, screening the breeding population/developed varieties for abiotic stress 
tolerance at field level was based on visual symptoms and/or shoot/root biomass 
reduction on exposure to the stress(es). Further, to quantitate the tolerance level, 
necrosis scores on stress exposure relative to unstressed controls were proposed for 
tolerance screening (Coram et al. 2007; Mantri et al. 2010a). Moses et al. (2008) 
screened 600 accessions of chickpea ( Cicer arietinum L.) for salt tolerance under 
greenhouse conditions based on necrosis scores and shoot biomass reduction com-
pared to unstressed controls at harvest stage. The results indicated wide variation in 
salinity tolerance determined by both measures. In addition, increase in grain yield 
on exposure to stress has been commonly used to screen for tolerance in the field. 
However, these measures of screening for tolerance are laborious, destructive, and 
time consuming, and the results are subject to environmental variation. Therefore, 
nondestructive biomass measurement techniques based on satellite remote sensing 
have been recently developed (Heiskanen 2006; Masuka et al. 2012).
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3  Indirect Screening for Abiotic Stress Tolerance 
in Laboratory and Field

Indirect screening of breeding population/varieties for stress tolerance may be per-
formed at the laboratory level (in vitro or in greenhouse) or in open field conditions. 
Various physio-biochemical indicators for tolerance screening have been suggested 
including photosynthesis rate based on CO2 assimilation, stomatal conductance, 
chlorophyll fluorescence, and various electrophysiological characteristics (Munns 
and James 2003; Chen et al. 2007; Smethurst et al. 2009). Plant phenotyping greatly 
helps the genetic analysis of abiotic stress tolerance to further elucidate the stress 
tolerance mechanisms. However, conventional methods of plant phenotyping are 
laborious and destructive as compared to the recently developed high-throughput, 
nondestructive imaging technologies (reviewed by Roy et al. 2011; Yang et al. 
2013). The recent phenotyping techniques, being nondestructive, enable acquiring 
quantitative data on plant growth, health, and water use under abiotic stress by tak-
ing multiple images of the same plant at different time points and at different wave-
lengths (Morison et al. 2008; Jones et al. 2009). Therefore, these technologies are 
being routinely applied to quantify traits related to salt and drought tolerance in a 
number of crop plants (Berger et al. 2010; Rajendran et al. 2009; White et al. 2012).

3.1  In Vitro Tolerance Screening

The major advantages of in vitro screening are: controlled environment, large popu-
lation that can be handled in a lesser space within a short span of time, and the plant 
material being kept disease free (Patade et al. 2008; Patade and Suprasanna 2008). 
Patade and Suprasanna (2009) in vitro screened radiation-induced sugarcane cv. 
Co 86032 mutants for salt tolerance by exposing embryogenic calli to different salt 
(NaCl) concentrations. The screening was performed based on relative growth rate, 
cell viability, and membrane damage. The results suggested in vitro mutagenesis–
selection as a powerful tool for efficient screening for salt tolerance in sugarcane 
to enable commercial cultivation in saline areas. Recently, Sorkheh et al. (2011) 
screened wild almond species based on root growth characteristics using sorbitol 
and polyethylene glycol (PEG) as an osmoticum and concluded in vitro screening 
as an effective system for screening drought tolerance.

Screening for aluminum (Al) tolerance using nutrient solution culture is the most 
common method as it allows nondestructive measurement of tolerance, and pro-
vides easy access to root systems and tight control over nutrient availability and pH 
(reviewed by Wang et al. 2006; Arenhart et al. 2013). In nutrient solution culture, 
root length measurement and root staining are the major criteria for evaluation of 
Al tolerance.



40 N. Mantri et al.

3.2  Physiological and Biochemical Markers For Tolerance 
Screening

Chlorophyll fluorescence and thermal imaging are well-established, powerful, non-
destructive, and rapid techniques for detecting and diagnosing plant stresses in the 
field by providing information on both stomatal and photosynthesis-related parame-
ters, the key factors that determine plant yield (West et al. 2005). Studies comparing 
the chlorophyll fluorescence with the conventional techniques indicated that in vivo 
chlorophyll fluorescence can be a useful tool for screening biotic and abiotic stress 
tolerance in various crops (Matous et al. 2006; Chaerle et al. 2007a; Mishra et al. 
2011). Chaerle et al. (2007b) reviewed the relative advantages and disadvantages 
of thermal and chlorophyll fluorescence imaging for the study of spatial and tem-
poral heterogeneity of leaf transpiration and photosynthetic performance. The com-
bined thermal and chlorophyll fluorescence imaging can highlight presymptomatic 
responses before appearing in visual spectrum images and thus may increase the 
power of disease diagnosis and the potential for screening of stress-tolerant geno-
types. Each thermal and spectral sensor detects a different basic physiological re-
sponse; therefore, combining information generated from a broad range of sensors 
may enhance sensitivity of diagnosing and quantifying different stresses. Jones and 
Schofield (2008) reviewed the potential applications of multi-sensor imaging in 
diagnosis and quantification of both abiotic and biotic stresses in plants. The multi-
sensor imaging for stress diagnosis and monitoring may be a simple combination 
of thermal and reflectance sensors, or visible reflectance and fluorescence sensors, 
through to combined fluorescence, reflectance, and thermal imaging sensors. Jiang 
et al. (2006) screened barley genotypes for salinity tolerance by measuring net pho-
tosynthesis, stomatal conductance, gas exchange, chlorophyll fluorescence param-
eters, dry matter, and carbon isotope discrimination in saline conditions relative to 
control plants. Among the various attributes measured, stomatal conductance was 
the best to screen in barley genotypes for absolute performance on exposure to sa-
linity stress. Salinity susceptibility indices (SSI) used to estimate the relative salin-
ity tolerance also varied considerably between the parameters and could not provide 
useful information on performance under saline conditions. However, according to 
Chen et al. (2007), only the chlorophyll fluorescence method has often been the 
most attractive tool for rapid and sensitive screening with fully automated fluo-
rometers. Positive correlation of grain carbon isotope discrimination under post-
anthesis drought stress with economic yield has been established in wheat ( Triticum 
aestivum L.); therefore, these indices may be used as indirect selection criteria for 
wheat grown under stress environments (Monneveux et al. 2005, 2006; Zhu et al. 
2009). However, a study conducted to investigate the relationships between seed 
cotton yield and carbon isotope discrimination concluded that the leaf physiological 
traits could not be reliably used for yield selection in cotton ( Gossypium hirsutum 
L.) due to site-specific effects on the yield–physiological trait relationship (Tsiatas 
et al. 2008).

AQ3
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El-Shabrawi et al. (2010), based on biochemical analysis on redox homeostasis 
and antioxidant defense in salt-tolerant and salt-sensitive rice cultivars, suggested 
that the status of reactive oxygen species and ascorbate and glutathione homeosta-
sis can serve as quick and sensitive biomarkers for screening salt tolerance in crop 
plants. A recent study using salt-tolerant and salt-sensitive genotypes (Gomathi and 
Rakkiyapan 2011) identified reliable indices, viz. higher membrane stability, and 
maintenance of high chlorophyll fluorescence ratio (fv/fm) and lower lipid peroxi-
dation for salt tolerance screening in sugarcane at various stages of crop growth. 
Biochemical analyses in response to root zone salinity at various growth stages 
in salt-tolerant and salt-sensitive genotypes indicated that lower lipid peroxidation 
and higher phenolic contents were associated with tolerance response in hexaploid 
bread wheat (Ashraf et al. 2010); hence, they may be used for tolerance screen-
ing. Thakur (2004) screened fruit crops for drought tolerance based on indices, 
namely xylem water potential, relative water content, chlorophyll stability index, 
drought injury index, and rapid test for drought tolerance. The results indicated that 
fruit crops may be rapidly screened for drought tolerance based on these simple, 
cost-effective, and reliable indices at all phenological phases. Siddiqi et al. (2009) 
screened ten accessions of safflower ( Carthamus tinctorius L.) for salt tolerance 
based on biomass (shoot and root dry mass) and other physio-biochemical param-
eters, viz., photosynthesis, transpiration, stomatal conductance, and chlorophyll a 
and b at the vegetative stage. Positive association with biomass was observed only 
for net photosynthetic rate among the various parameters examined. Hence, it may 
be used as an effectual indicator of salinity tolerance in safflower.

Mishra et al. (2011) studied cold tolerance based on electrolyte leakage and 
chlorophyll fluorescence in Arabidopsis accessions. The results indicated easy ap-
plicability of the fluorescence technique over the conventional electrolyte leakage 
methods. Further, it can be employed to detect cold tolerance at mild subzero tem-
peratures by including the resolving power of several fluorescence features, thus 
avoiding plant freezing to the largely damaging temperatures of around − 15 °C for 
screening. Root length measurement and root staining are the major criteria for 
evaluation of Al tolerance. Stodart et al. (2007) screened 250 accessions of bread 
wheat ( Triticum aestivum L.) for Al tolerance based on hematoxylin staining of root 
tips and root regrowth measurement. The accessions classified as tolerant based 
on the root tip staining test also exhibited increased root length on exposure to Al. 
Thus, the results indicated hematoxylin staining of root tips as a simple technique 
to screen large number of accessions for Al tolerance. Measurement of change 
in stomatal conductance is a reliable and useful screening technique for abiotic 
stress tolerance. Results of the experiment in durum wheat indicated that stomatal 
conductance could be a means of screening for osmotic stress tolerance in cereals 
(Rahnama et al. 2010). Results of the high-temperature screening of common bean 
genotypes in greenhouses and fields indicated that a superior heat-tolerant genotype 
may be identified based on geometric mean and stress tolerance index (Porch 2006).
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3.3  Molecular Marker-Assisted Indirect Selection For Stress 
Tolerance

Molecular marker-assisted selection (MAS) is desirable, if visual selection is dif-
ficult and cost/time ineffective. MAS is a strategy for accelerating the crop breed-
ing for biotic and abiotic stress tolerance (Ribaut and Ragot 2007; Wei et al. 2009; 
Mantri et al. 2010b). Identification of molecular markers linked to the desired traits 
has made it possible to examine their usefulness in crop improvement (Ashraf 
2010; Delannay et al. 2012). Indirect selection using molecular markers linked to 
desired loci is highly regarded as an efficient selection tool. In the recent past, ef-
forts were made to develop molecular markers such as restriction fragment length 
polymorphism (RFLPs), random amplified polymorphic DNA (RAPDs), amplified 
fragment length polymorphism (AFLPs), and simple sequence repeats (SSRs) for 
efficient MAS in breeding programs. Lang et al. (2008) investigated the genetic 
basis for salinity tolerance using SSR markers in rice and tagged the locus imparting 
salt tolerance (RM223) for marker-assisted salt tolerance screening. Huseynova and 
Rustamova (2010) screened drought-tolerant, semi-tolerant, and sensitive wheat 
genotypes using RAPD primers associated with drought tolerance. The results in-
dicated amplification of a specific product of 920 bp only in the drought-tolerant 
and semi-tolerant (absent in sensitive) genotypes. This molecular marker may be 
useful in screening for drought tolerance in wheat. Wang et al. (2006) reviewed the 
identification of molecular markers linked with the Al tolerance gene(s) in barley 
( Hordeum vulgare L.). Identification of tightly linked RFLP (Tang et al. 2000), SSR 
(Raman et al. 2003, Wang et al. 2007), and AFLP (Raman et al. 2002) markers to 
a major Al tolerance locus has enabled fast-tracking of the tolerance alleles in dif-
ferent breeding programs (Wang et al. 2006). However, these markers are usually 
not developed from the target genes. On the contrary, functional markers (FMs) are 
usually designed based on polymorphism for transcribed regions of the functional 
target genes. Therefore, these markers completely correlate with gene function and 
may facilitate accurate selection of target genes (Andersen and Lübberstedt 2003; 
Wei et al. 2009).

Indirect selection based on molecular markers has been mostly limited to im-
proving traits with marker-assisted backcrossing (MABC) of major genes (Nataraj-
kumar et al. 2010). Improvement of abiotic stress tolerance and other quantitatively 
inherited traits involves introgression of many genes; therefore, it may not be logi-
cally feasible for most breeding programs (Wang et al. 2007; Xu and Crouch 2008). 
Further, the requirement of prior mapping of significant marker–trait associations 
across breeding pools, in different environments, or after several cycles of selection 
is another drawback of MAS strategies. A recent marker-assisted recurrent selection 
(MARS) strategy, which involves multiple cycles of the indirect selection, is sug-
gested for obtaining the desired frequency of target quantitative trait locus (QTL) 
alleles (Bernardo 2008). Further, genome-wide selection (GS) is another recent 
strategy that uses the combined effect of genome-wide markers on a trait, to pyra-
mid favorable alleles for minor-effect QTLs (Bernardo 2009; Heffner et al. 2009; 
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Bernardo 2010). The major advantage of GS is that it does not require any prior 
knowledge about the QTL controlling the target traits. GS predicts the breeding val-
ues of lines in a population by analyzing their phenotypes and high-density marker 
scores. Unlike MABC or MARS, in GS, the marker effects across the entire ge-
nome that explain the entire phenotypic variation are calculated. The genome-wide 
marker data on the progeny lines are used to calculate genomic breeding values as 
the sum of the effects of all QTLs across the genome, thereby potentially exploiting 
all the genetic variance for a trait (Heffner et al. 2009). Thus, once a marker–trait 
association is developed, performance of progeny from selected cross may be pre-
dicted even before phenotyping, enabling indirect selection of the desired traits. 
Recently, single nucleotide polymorphisms (SNPs), a new-generation marker, are 
rapidly taking over the conventional molecular markers owing to their abundance, 
stability, and cost-effectiveness (McNally et al. 2009). In addition, these markers 
are amenable to automation and efficient in screening large population (Tung et al. 
2010). Efforts are being made to discover SNPs, to develop functional SNPs for 
foreground selection, and to develop high-resolution SNP chips through deep se-
quencing for association genetics studies (Duran et al. 2009; McNally et al. 2009; 
McCouch et al. 2010). To this end, the availability of cost-effective, next-generation 
sequencing platforms and high-throughput marker genotyping may greatly enhance 
genome-wide selection for crop improvement in the near future (Varshney et al. 
2009; Bernardo et al. 2010; Akpınar et al. 2013).

4  Conclusion and Future Perspectives

Multiple physio-biochemical traits contribute to the abiotic stress tolerance in 
plants. The success of the breeding (conventional and/or molecular) program for 
abiotic stress tolerance was previously limited by the availability of rapid, nonde-
structive, sensitive, and efficient screening techniques. Further, the ability to screen 
large sample population was challenging in abiotic stress tolerance screening using 
the conventional techniques. Recent advances have led to identification of high-
ly predictive, simple, low-cost techniques for abiotic stress tolerance screening. 
Further, recently developed molecular markers have improved efficiency of plant 
breeding through precise and rapid foreground and background selection. Thus, the 
recent breakthroughs in the development of physio-biochemical–molecular indica-
tors/markers for rapid and sensitive tolerance screening have revolutionized a new 
variety of development process.
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Abstract High-temperature stress is a major abiotic stress that affects various bio-
logical processes of plants such as biochemical and physiological response, growth, 
development, and yield. High-temperature stress has critical effects at cellular and 
molecular levels also. The increased concentration of regulatory proteins such as 
heat shock transcription factors (Hsfs) is a major molecular response that occurs 
during heat stress. These regulatory proteins in turn regulate the expression of heat 
shock protein (HSP) genes that act as critical players during stress to maintain cell 
homeostasis. Besides HSPs, the other metabolic and regulatory genes, signaling 
compounds, compatible osmolytes, and antioxidants too play an important role dur-
ing heat stress in plants. Apart from the protein-coding genes, recent studies have 
shown that noncoding microRNAs (miRNAs) also play a key role during heat stress 
by modulating the gene expression at the transcription and post-transcriptional 
level. The transcriptome approaches are important to understand the molecular and 
cellular changes occurring in response to heat stress. The approaches rely mostly 
by adopting the traditional methods like Northern blot/RNA blot and reverse tran-
scription PCR (RT-PCR), where the expression of the genes can be studied in dif-
ferent tissues and cells, whereas the extent of their expression can be achieved by 
quantitative PCR or real time PCR. Further, the genome-wide expression profiling 
tools such as microarray analysis, next-generation sequencing, and RNA sequenc-
ing offer a great potential in this direction. This chapter primarily provides the 
current understanding on the role of regulatory genes (transcription factors), HSP 
genes, metabolic genes, signaling compounds, osmolytes, reactive oxygen species, 
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and miRNAs as well as other small RNAs of plants under high temperature. In 
addition, it gives a brief account of various transcriptome approaches to study the 
expression profiling of genes during heat stress.

Keywords High temperature · HSPs · Strategies · Transcription factors · miRNAs

1  Introduction

Elevation of global mean temperature beyond the optimum by various means is 
termed as high-temperature stress or heat stress. In a changing climate scenario, 
heat stress is considered as a serious threat for food crop productivity (Hall 2001) 
and is a major challenge in attaining food security. The extent of rise in tempera-
ture in specific climatic zones depends on the period of high temperature occur-
ring during the day and the night. Apart from the day temperature, increase in 
night temperature also shows a serious effect on crop productivity. A consider-
able rise in gaseous emissions is thought to be one of the reasons for increasing 
concentrations of greenhouse gases like carbon dioxide, methane, nitrous oxides, 
chlorofluorocarbons, etc. It is predicted that rise in these greenhouse gases will 
ultimately increase the global ambient temperature (Wahid et al. 2007). A report of 
the Intergovernmental Panel on Climatic Change (IPCC) suggested global mean 
temperature rises between about 0.15 and 0.3 °C per decade for 1990–2005. It says 
that “continued greenhouse gas emissions at or above current rates would cause 
further warming and induce many changes in the global climate system during the 
21st century that would very likely be larger than those observed during the 20th 
century.”

Heat stress can cause severe damage to almost all the stages of crop growth 
and may lead to death of the plants if it causes an irreversible damage in cellular 
homeostasis, destruction of metabolic pathways, and degradation of structural and 
functional proteins/metabolites and membranes which ultimately lead to cell death 
(Vinocur and Altman 2005; Bohnert et al. 2006). As plants are sessile in nature, they 
have adapted different mechanisms to tolerate stress caused by high temperature. 
Avoidance mechanism is one of the important mechanisms adapted by the plants 
to cope with the stress which includes change in leaf orientation, transpirational 
cooling, alteration of membrane lipid profile, and excessive rooting (Lehman and 
Engelke 1993; Bonos and Murphy 1999). The other mechanism called tolerance 
mechanism includes activation of free radical scavengers, osmoprotectants, ion 
transporters, increased concentration of heat shock transcription factors (Hsfs), heat 
shock proteins (HSPs), late embryogenesis abundant (LEA) proteins, switching on 
different signal transduction cascades, production of metabolites, etc. (Wahid et al. 
2007). In several crop plants, it is reported that under high temperature, plants attain 
the reproductive stage faster with compromise in total yield which is described as an 
escape mechanism (Adams et al. 2001).
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Morphologically, high temperature causes significant reduction in relative 
growth and dry weight. Reduced size of internodes, more tillering, early senes-
cence, and reduced biomass in sugarcane plants was observed during high tem-
perature (Ebrahim et al. 1998). It may lead to production of polymorphic leaves to 
reduce water loss by transpiration (Sayed 1996). Anatomical changes such as cell 
size reduction, closing of stomata, and condensed water loss are reported during 
heat stress (Banon et al. 2004). Crop plants affected by heat during anthesis and 
grain filling stage show yield reduction. In wheat, heat stress increases the period of 
grain filling with kernel growth reduction that leads to the reduction in density and 
weight of kernel by 7 % (Guilioni et al. 1997) and ultimately a reduction in grain 
number (Ferris et al. 1998). Similarly, in maize, decreased accumulation of proteins, 
starch, and lipid content of the kernel was observed (Wilhelm et al. 1999). In rice, 
heat stress affects anthesis causing irreversible effects on reproductive tissues and 
leads to spikelet sterility (Prasad et al. 2006; Oh-e et al. 2007; Jagadish et al. 2008). 
Yield loss due to heat stress was reported in groundnut (Vara Prasad et al. 1999) and 
Phaseolus (Rainey and Griffiths 2005).

Heat stress affects the physiological and biochemical processes of plants. Plant 
hormones such as cytokinins and ethylene play regulatory roles in heat stress tol-
erance (Veselov et al. 1998; Musatenko et al. 2003; Xu and Huang 2009). Stress 
shows significant impact on protein biochemistry such as proteins synthesis, fold-
ing, posttranslational modifications, targeting, and degradation depending on the 
level and duration of high temperature. Further, heat injury causes loss of membrane 
integrity and inactivates chloroplast and mitochondrial enzymes (Howarth 2005). 
Increased respiration during high temperature causes synthesis of reactive oxygen 
species (ROS) in plants (McDonald and Vanlerberghe 2005). Heat stress damages 
the mesophyll cells and increases the plasma membrane permeability (Zhang et al. 
2005). At the subcellular level, major changes can be observed in chloroplasts such 
as reduced photosynthesis by alteration in the thylakoids structural organization 
(Karim et al. 1997). It also affects microtubule organization and spindle formation 
in mitotic cells (Smertenko et al. 1997).

Biological membrane integrity and function are sensitive to high temperature 
which changes the tertiary and quaternary structures of membrane proteins. Regular 
function of biological membranes under stress is crucial for important physiologi-
cal processes such as photosynthesis and respiration (Blum 1988). Rapid move-
ment of molecules across membranes during heat stress disrupts the chemical bonds 
present in cellular membranes. Fluidity of the lipid bilayer in membranes also oc-
curs by protein denaturation and increased concentration in unsaturated fatty acids 
(Savchenko et al. 2002). These changes increase the permeability of membranes 
resulting in electrolyte leakage. Thus, cell membrane thermostability (MTS) is a 
measure of increased electrolyte leakage and has been used in a wide variety of 
species like wheat (Blum et al. 2001), rice (Mohammed and Tarpley 2009), cotton 
(Ashraf et al. 1994), soybean (Martineau et al. 1979), sorghum (Marcum 1998), 
barley (Wahid and Shabbir 2005), etc. to understand the heat tolerance mechanism. 
The positive correlation between MTS and yield was observed in crops like wheat 
(Reynolds et al. 1994) and sorghum (Sullivan and Ross 1979). Early effects of 
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 high-temperature stress on the plasmalemma leads to fluidity of the membrane lipid 
bilayer which in turn increases Ca2+ influx and reorganization of cytoskeleton. This 
helps in transducing the activation of various signal molecules (Sung et al. 2003).

The heat stress-induced morphological, cellular, physiological, and biochemi-
cal changes described above are ultimately governed by the expression of a set of 
genes or transcripts. Change in osmotic level, ion concentrations, and membrane 
fluidity during heat stress activates several genes encoding transcription factors and 
signaling molecules to activate different pathways involved in the production of 
various compounds to maintain cellular homeostasis. The study of transcriptome 
during heat stress provides information about the regulatory roles of different genes 
involved in stress tolerance and susceptibility. Transcriptomics can be defined as 
a study of gene expression through mRNA profiling. Increase in the availability 
of genome and transcriptome sequence data for model crop species has helped in 
understanding the molecular events leading to various pathways of stress response. 
Complete genome sequences are available for several plants species. Arabidopsis 
thaliana was the first plant genome sequenced (Kaul et al. 2000) followed by rice 
(Barry 2001; Yu et al. 2002; International rice genome 2005) and sorghum (Bedell 
et al. 2005; Paterson et al. 2009). Whole genome sequencing has been done in other 
important food crops like pigeonpea and soybean. The advancement of genomic 
tools, particularly next-generation sequencing (NGS) technologies, has helped in 
understanding the genome structure and information of many plant species. Besides 
the genomic structure and genes organization, understanding the expression pattern 
of the genes or transcriptomics is very crucial to fully appreciate the usefulness of 
genome sequence information. Unlike genomics, transcriptomics is highly dynamic 
in nature as the expression of genes is unique to tissue, stage of plant growth, envi-
ronmental stimuli, etc. Further, the complexity of transcriptomics is increased due 
to different levels of regulations at the posttranscriptional level, particularly alter-
nate splicing, alternate polyadenylation, genes/transcripts fusion, RNA editing, and 
posttranscriptional gene silencing (PTGS).

Traditional methods like northern blot analysis and RT-PCR have helped to un-
derstand the gene expression of plants to a certain extent. The efforts on this di-
rection were further augmented with the advent of semiquantitative and qPCR / 
real-time PCR. Gene expression can be quantified in terms of relative and absolute 
numbers by using real-time qPCR. However, these methods can help in understand-
ing the expression of only few known genes at a time. Genome-wide transcription 
profiling is an important and powerful tool to understand the regulation of genes 
at the molecular level during stress which can be achieved by using medium- and 
high-throughput methods. Medium-throughput methods include complementary 
DNA (cDNA) clones and expressed sequence tags (ESTs) for transcriptomic study, 
whereas microarray and NGS are high-throughput methods. EST and cDNA se-
quences provide a direct evidence for all the generated transcripts and they are the 
most important resources for transcriptome study (Nagaraj et al. 2007). Microarray 
technology provided a boost to plant biology in understanding genome-wide gene 
expression in several plant species. With the help of this tool, many stress-associ-
ated genes could be discovered in the last decade. Microarray analyses have been 



533 Transcriptomics of Heat Stress in Plants

demonstrated in investigations of transcriptional networks occurring in a variety of 
developmental processes (Lee et al. 2002; Anisimov 2008). It provides a pattern in 
gene expression as well as metabolic network models (Xiang et al. 2011). How-
ever, microarray was difficult to use in crops where genome sequence data were 
not available. Further, it could identify the expression of only known genes, hence 
several novel and rare genes playing important roles in plant metabolism were unat-
tended while studying transcriptome using microarray.

In addition, microarray could not specify the posttranscriptional changes in 
genes which are very important to understand transcriptomics. One step further in 
this direction, RNA-Seq technologies provide genome-wide information of tran-
scriptomics where limitations of microarray could be sorted out. These tools facili-
tate the investigations of structural and functional complexity of the transcriptome. 
The expression level of almost all transcripts in a sample is quantified by measuring 
the number of individual mRNA molecules transcribed from each gene. RNA-Seq 
is a more reliable technique for comparative gene expression profiling studies as 
it gives an overall view of transcripts expression (Wang et al. 2009; Garber et al. 
2011). This technology has been utilized in transcriptome studies of various crops 
such as maize, rice, soybean, etc. (Eveland et al. 2010; Zhang et al. 2010; Severin 
et al. 2010). This book chapter provides an overview of important heat-stress-reg-
ulated genes/transcripts encoding proteins such as chaperones, Hsfs, antioxidants, 
signaling molecules, osmolytes, etc. Also, the genes influencing the photosynthe-
sis process during high temperature are discussed. In addition to protein-coding 
mRNAs, this chapter describes the regulatory role of small RNAs (sRNAs) during 
heat stress. Further, different transcriptomic approaches to study the expression of 
transcriptomics during stress are also given.

2  Gene Expression During Heat Stress

High-temperature stress induces the alteration of transcriptome in different tissues 
and stages of plant growth. Heat-responsive genes have been studied in various 
crops which constitute a significant proportion of the genome. With the progress in 
genomic technologies, a remarkable progress has been made towards deciphering 
the transcriptional networks during heat stress in plants. Heat stress response (HSR) 
in plants and other organisms is generally characterized by the induced expression 
of a set of proteins known as molecular chaperones or HSPs. Expression of the HSPs 
is in turn governed by another important heat-stress-induced gene family encoding 
Hsfs. Plant genome possesses a highly complex multigene family encoding HSPs 
and Hsfs. In addition to HSPs and Hsfs, transcripts encoding enzymes involved 
in ROS scavenging, osmolyte accumulation, synthesis of signaling molecules, and 
photosynthesis machinery are greatly influenced by heat stress. Recently, 25, 29, 
26, 9, and 10 genes have been identified in the rice genome encoding Hsfs, small 
HSP (sHSP), HSP70, HSP90, and HSP100 families, respectively (Hu et al. 2009).
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2.1  Heat Shock Proteins

Synthesis and accumulation of HSPs are ascertained during high-temperature stress 
in plants. Biosynthesis of HSPs during temperature stress is a common response 
in all living organisms starting from bacteria to plants and human beings (Vierling 
1991; Gupta et al. 2010). Acquired thermo-tolerance due to the accumulation of 
HSPs has been studied (Bowen et al. 2002). HSPs are induced in plants at all the 
stages of development during heat stress (Vierling 1991). These HSPs are catego-
rized into gene families based on their molecular weight, sequence homologies, 
and functions: HSP60, HSP100, HSP90, HSP70, and small HSP family (Gupta 
et al. 2010). These HSPs act like molecular chaperones by inhibiting irreversible 
aggregation of other proteins as well as participating in refolding of proteins dur-
ing high-temperature stress to maintain cellular homeostasis (Tripp et al. 2009). 
Further, HSPs help in preventing the denaturation of other proteins caused by heat 
stress. Also, HSPs help in shuttling and transporting of other proteins inside the cell. 
Plants differ significantly in the expression of different kinds and number of HSPs 
(Hamilton et al. 1996). Not only individually but also in combinations with other 
proteins the HSPs play a crucial role during heat stress. For example, in many plant 
species, HSP100 family proteins acquired thermo-tolerance due to the induction of 
HSP70 as well as HSP101 during heat stress (Schoffl et al. 1999).

2.1.1  HSP60

HSP60 are also called as chaperonins which are evolutionarily homologous to the 
GroEL protein of Escherichia coli. These proteins are present in prokaryotes as well 
as eukaryotes. In eukaryotes, HSP60 proteins are found in cytosol, mitochondria, 
and chloroplasts. Chaperonins present in bacteria, mitochondria, and chloroplasts 
are categorized under group I, such as GroE chaperonins and chCpn60, whereas in 
Archaea and the cytosol of eukaryotes, they are categorized into group II, such as 
CCT (chaperonins containing t-complex polypeptide 1; TCP1) chaperonins (Ran-
son et al. 1998). Generally, these chaperonins assist plastid proteins like Rubisco 
(Wang et al. 2004) and play an important role in folding and aggregation of other 
proteins. HSP60 helps in the translocation of proteins to different organelles such 
as chloroplasts and mitochondria (Lubben et al. 1989). In a mutant of Arabidop-
sis, chloroplast chaperonin Cpn60α showed defects in development of chloroplast 
(Apuya et al. 2001).

2.1.2  HSP70

Role of HSP70 in different plant species has been studied. These proteins are ex-
pressed constitutively as well as in response to environmental stimuli. Constitu-
tively expressed HSP70 helps in the folding of newly synthesized proteins and the 
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transport of precursor proteins. Environmentally induced HSP70 chaperones along 
with other co-chaperones (e.g., GrpE and DnaJ/HSP40) act as a protein complex 
involved in protein folding processes and in preventing aggregation of nonnative 
proteins under abiotic stress conditions in almost all cellular compartments (Hart 
1996; Wang et al. 2004). Furthermore, it has a wide variety of functions in impor-
tant phases of protein metabolism such as protein synthesis, transport, degradation, 
folding, and activation of denatured proteins (Zhang et al. 2005). They facilitate the 
lysosome- or proteasome-mediated degradation of unstable proteins (Wang et al. 
2004). HSP70 together with sHSPs act as molecular chaperones to protect the plant 
cells from deleterious effects caused by heat stress (Rouch et al. 2004). HSP70 par-
ticipates in adenosine triphosphate (ATP)-dependent protein assembly to prevent 
protein denaturation during high-temperature stress (Iba 2002). The cells where 
HSP70 synthesis was blocked were more susceptible to heat injury (Burke 2001). 
A recent study in A. thaliana showed that chloroplast HSP70 is involved in heat 
tolerance (Su and Li 2008). Schroda et al. (1999) showed that chloroplast HSP70B 
participates in photo-protection by repairing photosystem II (PSII) proteins during 
photo-inhibition. HSP70 also plays a key role in the expression of other stress-
associated genes and in the modulation of signal transducers. The genes encoding 
HSP70 are constitutively expressed in plants cells; however, they get upregulated 
during stress.

2.1.3  HSP90

HSP90 class proteins are one of the most abundant proteins present in a cell which 
acts on proteins associated with signal transduction such as kinases and steroid 
hormone receptors. These proteins work in an ATP-dependent fashion and mainly 
regulate the cellular signals of glucocorticoid receptor activity (Pratt et al. 2004). 
Besides their major role as molecular chaperones to assist protein folding, these 
proteins are also associated with signal transduction cascades, cell-cycle regulation, 
degradation, and trafficking of proteins (Pratt and Toft 2003). In plants, HSP90 is 
present in the cytosol, ER, and plastids. In A. thaliana, it helps in stress adaptation. 
It forms a multiprotein complex with HSP70 and other co-chaperones to perform its 
function. Yamada et al. (2007) suggested that under normal conditions, cytoplasmic 
HSP90 inhibits the activity of Hsfs, while during heat stress, the temporary suspen-
sion of HSP90 activity leads to the activation of Hsfs.

2.1.4  HSP100

HSP100, also called Clp proteins, are ATP-dependent chaperones. They solubilize 
aggregated proteins and help in protein degradations (Boston et al. 1996). In order 
to maintain cellular homeostasis, degradation of nonfunctional and harmful poly-
peptides synthesized due to misfolding, denaturation, or aggregation is important 
(Wang et al. 2004). These proteins in association with HSP70 (ATP-dependent 
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chaperone system) perform the function of protein disaggregation and refolding. 
HSP100 plays an important role in plants during severe heat stress (Hong and Vi-
erling 2000). Induced expression of HSP100 proteins have been reported in several 
plant species, such as Arabidopsis (Schirmer et al. 1994), rice (Pareek et al. 1995), 
maize (Nieto-Sotelo et al. 2002), soybean (Lee et al. 1994), and lima bean (Keeler 
et al. 2000). Similar to other HSP proteins, HSP100 family chaperones are consti-
tutively expressed in general; however, their expression gets upregulated during 
stress. In rice, the immunological homologue of yeast HSP104 gets accumulated 
during heat shock (Singla and Grover 1993). The disappearance of protein granules 
in yeast was associated with the production of rice HSP100. Moreover, dissolution 
of electron-dense granules by HSP101 was shown after heat stress, implicating its 
role during recovery of cell stress (Agarwal et al. 2003). Thermo-tolerance activ-
ity of HSP100 family proteins was proved through genetic approaches also (Lee 
et al. 1994; Schirmer et al. 1994). Increased expression of mitochondrial HSP68 
in maize, soybean, tomato, and barley was observed during heat stress (Neumann 
et al. 1993).

2.1.5  Small HSPs

Low molecular weight (LMW) HSPs of about 12–40 kDa are designated as sHSPs; 
Vierling 1991; Sun et al. 2002). In comparison to other HSPs, these proteins are 
more diverse in terms of sequence similarity, localization, and functions. sHSPs 
cannot refold nonnative proteins by themselves but they can provide stability and 
prevent nonnative protein aggregation through binding to nonnative proteins, 
thereby helping ATP-dependent chaperones for subsequent refolding (Wang et al. 
2004). During normal conditions, sHSPs are usually not detectable in plant tissues, 
but during stress conditions, they are induced to impart acquired stress tolerance 
(Scharf et al. 2001; Zhang et al. 2008a). Based on the abundance and diversifica-
tion of sHSPs, probably plants have the differential ability to adapt during heat 
stress conditions. Plant sHSPs are encoded by six nuclear multigene families which 
are present in different cellular compartments. Class I and class II gene products 
are present in cytosol, whereas others are present in the chloroplast, endoplasmic 
reticulum, mitochondria, and membranes (Waters et al. 1996). In A. thaliana and 
Lycopersicon esculentum, sHSPs were divided into three subclasses such as sub-
class CI, CII, and CIII (Scharf et al. 2001; Siddique et al. 2003). A recent study on A. 
thaliana reported other groups in the cytoplasm that were categorized into CIV, CV, 
CVI, and CVII. Each subclass has its own distinct characteristic specified role (Sid-
dique et al. 2008). Higher plants usually possess up to 20 sHSPs and each different 
species may contain up to 40 sHSPs (Vierling 1991). It was reported that during 
heat stress conditions, the expression of class I sHSPs in soybean can increase up to 
1 % (Hsieh et al. 1992). In the absence of stress, the expression of some sHSPs in 
plants is confined to certain developmental stages (Sun et al. 2002).
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3  Heat Shock Transcription Factors

In plants, the expression of HSPs is a common phenomenon observed during heat 
stress. The expression of HSPs is in turn regulated by Hsfs and the process is termed 
as HSR. Generally, eukaryotes possess one to four HSF family members, whereas 
plants possess a large number of Hsfs. For instance, Arabidopsis has 21 HSF mem-
bers, while rice genome possesses 25 HSF members (Nover et al. 2001). Hsfs control 
the expression of HSPs in plants by binding specifically to the heat shock element 
(HSE), a highly conserved region having palindromic motifs of nGAAn (Miller and 
Mittler 2006). Plant Hsfs are characterized by possessing a DNA-binding domain at 
the N-terminal (helix-turn-helix type) followed by two hydrophobic heptad repeats 
(HR-A and HR-B) known as the oligomerization domain, a nuclear localization sig-
nal (NLS) for nuclear uptake of the protein, and a nuclear export signal (NES) for 
exportation. Apart from this, a C-terminal activation domain (CTD) rich in hydro-
phobic, aromatic, and acidic amino acid residues commonly known as AHA mo-
tifs, is essential for the activation of HSF (Nover et al. 2001). Based on the protein 
structures, three classes of Hsfs have been identified in plants, namely HsfA, HsfB, 
and HsfC (Nover et al. 2001). HsfA and HsfC have a long HR-A/B region. HsfA pos-
sesses the insertion of 21 amino acids, whereas HsfC possess the insertion of 7 amino 
acids between the hydrophobic regions HR-A and HR-B. HsfB and HsfC do not 
possess AHA motifs at their C-terminal ends (Nover et al. 2001; Kotak et al. 2004).

Hsfs are transcriptional regulators, having a well-defined role in heat stress 
signaling and regulation of several downstream target genes. Expression of genes 
encoding Hsfs is induced during elevated temperature (Liu et al. 2005, 2009). Up-
regulation of Hsfs in Arabidopsis was reported in response to high-temperature 
stress (Swindell et al. 2007). Overexpression of HSF genes in transgenic plants 
resulted in the upregulation of heat-stress-associated genes as well as enhanced 
thermo-tolerance, whereas the downregulation of HSF genes results in the reduc-
tion of thermo-tolerance (Schramm et al. 2008). Accumulation of HSPs during the 
overexpression of HsfA1 suggested a unique function of this HSF as the master 
regulator for induced thermo-tolerance in tomato (Mishra et al. 2002). The expres-
sion of OsHsfA2a gene was greatly stimulated by high-temperature stress in root 
and shoot tissues of rice (Chauhan et al. 2011a). In Arabidopsis, HsfA1 was shown 
to be the primary regulator of heat stress, while HsfA2 was essential for prolonged 
heat stress (Charng et al. 2007). Ogawa et al. (2007) reported that the expression 
of HsfA2 showed higher expression among all 21 Arabidopsis Hsfs in response to 
heat stress. In tomato, constitutive expression of LeHsfA1 showed improved toler-
ance to high-temperature stress, whereas silencing of LeHsfA resulted in decreased 
thermo-tolerance (Mishra et al. 2002). Similarly in Arabidopsis, overexpression of 
AtHsfA2 gene in transgenic plants increases tolerance to the environmental stresses 
and altered expression of some heat-responsive genes. In addition, acquired thermo-
tolerance by using the knockout mutant of AtHsfA2 (Li et al. 2005; Schramm et al. 
2006; Charng et al. 2007) was also demonstrated. In the same way, overexpression 
of rice Hsf OsHsfA2e in transgenic Arabidopsis responded to high temperature and 
showed acquired thermo-tolerance.
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4  Reactive Oxygen Species

ROS are reactive chemicals derived from molecular oxygen either by energy trans-
fer or by electron transfer reactions (Gill and Tuteja 2010). These are produced as 
normal metabolites during cellular metabolism in chloroplasts, mitochondria, and 
peroxisomes. ROS play very important role in various aspects of plant metabolism 
such as growth, development, cell cycle, hormone signaling, stress response, and 
programmed cell death. The production and removal of ROS is tightly regulated; 
however, the equilibrium gets disturbed during heat stress and other abiotic as well 
as biotic stresses. In Arabidopsis, at least 152 genes are involved in maintaining 
the steady-state level of ROS (Mittler 2002). Increased concentration of ROS in 
plants causes oxidative damage by damaging the cellular and membrane proteins, 
lipids, carbohydrates, and DNA. ROS include free radicals such as superoxide radi-
cal (O2

•−), hydroxyl radical (OH•), hydroperoxyl radical (HO2
•), hydrogen peroxide 

(H2O2), alkoxy radical (RO•˙), peroxy radical (ROO•), singlet oxygen (1O2), and 
excited carbonyl (RO•). Under steady-state conditions, these free radicals are scav-
enged by different antioxidative defense mechanisms (Foyer and Noctor 2005). 
Stress-induced ROS are efficiently scavenged by either enzymatic or nonenzymatic 
antioxidants defense system. Major enzymes involved in ROS scavenging are super-
oxide dismutase (SOD), ascorbic peroxidase (APX), catalase (CAT), monodehydro-
ascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione 
peroxidase (GPX), glutathione reductase (GR), glutathione S-transferase (GST), 
and guaiacol peroxidase (GOPX). Nonenzymatic antioxidant defense system in-
cludes ascorbic acid, glutathione, alkaloids, phenolic compounds, α-tocopherols, 
and nonprotein amino acids (Apel and Hirt 2004; Gill and Tuteja 2010).

4.1  Super Oxide Dismutase

SOD is a metalloenzyme present in subcellular compartments of all aerobic organ-
isms that catalyzes the dismutation of superoxide into O2 and H2O2, which is a 
vital antioxidant defense mechanism. This enzyme provides the first line of defense 
mechanism against the toxic effects produced by ROS and imparts crucial role in 
stress tolerance (Apel and Hirt 2004; Gill and Tuteja 2010). SODs have been clas-
sified into three groups based on the metal cofactor: Fe-SOD (ferrous SOD), Mn-
SOD (manganese SOD), and Cu/Zn-SOD (copper/zinc SOD). Fe-SOD, generally 
not detected in plants, is localized in chloroplasts, while Mn-SOD is localized in 
mitochondria and peroxisomes. Cu/Zn-SOD has been detected in fractions of chlo-
roplasts and cytosol (Del Rio et al. 1996; Gill and Tuteja 2010). Increased activities 
of SODs have been shown in plant cells under stress conditions, which is a part of 
the defensive mechanism under oxidative stress (Ushimaru et al. 1995). In the A. 
thaliana genome, three Cu/Zn-SOD genes, namely CSD1, CSD2, and CSD3, three 
Fe-SOD genes, namely FSD1, FSD2, and FSD3, and one Mn-SOD gene (MSD1) 
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have been identified (Kliebenstein et al. 1999). In rice seedlings, the expression of 
cytosolic Cu/Zn-SOD was stimulated under heat stress (Shah and Nahakpam 2012).

4.2  Catalase

Decomposition of H2O2 into H2O and O2 is catalyzed by the heme-containing en-
zyme called catalase. It has the highest turnover rate by converting ~ 6 million of 
H2O2 molecules per minute. It plays a very crucial role during oxidative stress by re-
moving H2O2 produced by oxidases during β-oxidation of fatty acids, photorespira-
tion, and purine catabolism in peroxisomes (Mittler 2002; Vellosillo et al. 2010). It 
is a light-sensitive enzyme that has different isoforms. Arabidopsis possesses three 
genes, namely CAT1, CAT2, and CAT3, encoding polypeptides that associate to 
form at least six isozymes (Frugoli et al. 1996). In Brassica, 12 isozymes and in He-
lianthus annuus cotyledons, four isozymes were reported (Azpilicueta et al. 2007). 
Three isoforms of maize are differentially expressed and independently regulated. 
CAT1 and CAT2 are present in peroxisomes and cytosol, whereas CAT3 is present 
in mitochondria (Scandalias et al. 1990). In order to improve salinity tolerance of 
Oryza sativa, the rice cultivar Nipponbare was genetically transformed with a cata-
lase gene of E. coli. The transgenic rice plants showing constitutive expression of 
catalase gene could grow for > 14 days in the presence of 250 mM NaCl (Nagamiya 
et al. 2007). Expression of wheat catalase gene in transgenic rice showed tolerance 
to cold stress, which may be attributed to the effective detoxification of H2O2 by 
increased catalase activities (Matsumura et al. 2002).

4.3  Ascorbate Peroxidase

APX performs a similar function as catalase. APX performs its action in chloroplast, 
glyoxisome, and cytosol of plant cells in scavenging ROS and protecting cells in 
higher plants during stress. It uses ascorbic acid as a hydrogen donor to break down 
H2O2 to form H2O and monodehydroascorbate (Asada 2000) and is also involved 
in the electron transport through the ascorbate–glutathione cycle (Foyer and Noctor 
2005). It has five different isoforms showing higher affinity towards its substrate 
when compared to CAT. In cytosol, it has two different isoforms (cAPX), while in 
chloroplasts soluble (sAPX) and thylakoid-bound forms (tAPX) are reported (Asa-
da 2000, 2006). Another form in the membrane of glyoxisomes (gmAPX) is also 
present. It was reported that cytosolic APX1 plays an important role in protecting 
the plants from heat stress (Koussevitzky et al. 2008). Overexpression of the APX-
like 1 gene (CAPOA1) of Capsicum annuum in transgenic tobacco plants conferred 
tolerance to oxidative stress (Sarowar et al. 2005). Hsu and Kao (2007) showed that 
pretreatment of rice seedlings with H2O2 resulted in enhanced APX activity and 
protected seedlings from cadmium (Cd) stress.
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4.4  Monodehydroascorbate Reductase and Dehydroascorbate 
Reductase

MDHAR is a flavin adenine dinucleotide (FAD)-containing enzyme having high 
specificity towards its substrate monodehydroascorbate (MDHA). Its isoforms are 
located in chloroplast, cytosol, mitochondria, and peroxisomes. It is involved in the 
regeneration of reduced ascorbate. MDHA is a very good electron acceptor (Noc-
tor and Foyer 1998; Asada 2000) that accepts electrons from nicotinamide adenine 
dinucleotide phosphate (NADPH). Reduction of MDHA to ascorbate is attained 
by using electrons derived from the photosynthetic electron transport chain. It has 
been reported that increased concentration of MDHAR activity scavenges harmful 
ROS (Karuppanapandian et al. 2011) and confers chilling stress tolerance in tomato 
(Stevens et al. 2008). Dehyroascorbate (DHA) is an oxidized form of DHAR which 
regenerates ascorbic acid. Overexpression of DHAR conferred abiotic stress toler-
ance in Arabidopsis and tobacco (Ushimaru et al. 2006; Eltayeb et al. 2006).

4.5  Glutathione Reductase

GR, mainly present in chloroplast, is a tripeptide flavoprotein oxidase. It catalyzes 
the reduction of glutathione (GSH) by disulfide bond formation in glutathione di-
sulfide (GSSG) and is crucial in maintaining the equilibrium of GSH via NADPH-
dependent reaction. Enhanced GR activity in plants due to the accumulation of GSH 
provides stress tolerance (Rao and Reddy 2008). Further, GR plays an important 
role in the regeneration of GSH that provides resistance against oxidative stress 
(Ding et al. 2009b). Expression of GR is greatly affected by various stresses includ-
ing high temperature, chilling, exposure to heavy metals, etc. (Apel and Hirt 2004; 
Karuppanapandian et al. 2011). Sharma and Dubey (2005) reported increased activ-
ity of MDHAR, DHAR, and GR in rice seedlings under drought stress.

4.6  Ascorbic Acid

Ascorbic acid is the most abundant water-soluble antioxidant present in almost all 
types of plant cells. Biosynthesis of ascorbic acid from l-galactono-γ-lactone dehy-
drogenase and regeneration from oxidized ascorbate takes place in mitochondria. 
It detoxifies ROS by donating its electrons to a wide range of reactions. It has the 
ability to scavenge O2

•−, OH•, and 1O2 directly, and can reduce the concentration of 
H2O2 through APX. Its concentration is maximum in matured leaves with devel-
oped chloroplasts and high chlorophyll content. It gives protection to membranes 
by regenerating α-tocopherol from tocopheroxyl radical. High content of ascorbic 
acid showed improved tolerance to oxidative stress in tobacco and Populus (Aono 
et al. 1993; Foyer et al. 1995).
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4.7  Glutathione

GSH (γ-glutamyl cysteinyl glycine) is an important metabolite involved in scaveng-
ing ROS. It occurs as a reduced form localized in cytosol, endoplasmic reticulum, 
vacuole, mitochondria, chloroplasts, peroxisomes, and in apoplast (Mittler and Zi-
linskas 1992; Jimenez et al. 1998) and plays a crucial role in several physiological 
events such as detoxification of xenobiotics, transport of sulfate, conjugation of 
metabolites, and signal transduction (Xiang et al. 2001). A central nucleophilic cys-
teine residue is critical for the high reductive potential of GSH. It potentially scav-
enges cytotoxic H2O2 along with other ROS molecules, such as 1O2, O2

•−, and OH˙ 
(Noctor and Foyer 1998). Additionally, GSH plays a major role in the antioxidative 
defense system in combination with ascorbate through the AA–GSH cycle (Foyer 
and Halliwell 1976). Plants with increased GSH concentrations were found to be 
more tolerant to oxidative stress (Pietrini et al. 2003).

4.8  Tocopherols and Carotenoids

Tocopherols (TOCs) are lipophilic antioxidants mainly present in the thylakoid 
membrane of chloroplasts of plants. In higher plants, chloroplast membranes con-
taining tocopherols protect lipids and other components of membrane from physical 
quenching and ROS, thus guarding the structure and function PSII (Igamberdiev 
et al. 2004). Among the four isoforms (α, β, γ, and δ), α-TOC is having the highest 
antioxidative activity.

Carotenoids are also lipophilic in nature and play multifunctional roles during 
stress in plants. They act as detoxifying agents during various environmental stress-
es and protect photosystem complexes (Karuppanapandian et al. 2011). Carotenoids 
like β-carotene and zeaxanthin play important role by dissipating excess excitation 
energy as heat and by scavenging ROS. β-Carotene inhibits oxidative damage by 
preventing the formation of 1O2through direct quenching of triplet sensitizer, Chl3* 
(Collins 2001).

5  Signaling Compounds

High-temperature stress in plants induces various molecules and ions for sensing 
and signaling. Rise in cytosolic Ca2+ is the primary signal during temperature stress 
(Larkindale and Knight 2002), which leads to several changes in the plant gene 
expression and metabolism. Induced concentration of Ca2+ along with calcium-de-
pendent protein kinases (CDPK) regulates the expression of HSPs (Sangwan and 
Dhindsa 2002). Further, increase in cytosolic Ca2+ content facilitates plant cells to 
better survive during heat injury by increasing the activity of antioxidants and tur-
gor maintenance of the guard cells (Webb et al. 1996; Gong et al. 1997). It activates 
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other signaling pathways through mitogen-activated protein kinase (MAPK) cas-
cade system (Larkindale and Knight 2002). In plants, MAPK is most the important 
signal transduction cascade that responds to external signal (Kaur and Gupta 2005). 
Gong et al. (1997) reported that high-temperature stress induces Ca2+ uptakes and 
activates calmodulin (CaM)-related genes in plants. Other signaling compounds 
known to be involved in HSR are CaM, inositol-3-phosphate (IP3), abscisic acid 
(ABA), and ethylene. Specific groups of signaling molecules like salicylic acid, 
calcium chloride (CaCl2), ABA, H2O2, and 1-aminocyclopropane-1-carboxylic acid 
(ACC) may enhance heat stress tolerance by protecting from oxidative damage 
(Larkindale and Huang 2004).

6  Osmolyte Accumulation

Genes associated with osmolytes synthesis and accumulations are involved in HSR. 
The increased accumulation of compatible solutes (osmolytes) helps in osmopro-
tection through maintaining cellular turgidity. In addition, it facilitates antioxidation 
and chaperoning through direct stabilization of membranes and/or proteins (Yancey 
et al. 1982; Hare et al. 1998). Different plants may accumulate different types of os-
molytes such as sugars, sugar alcohols, proline, tertiary sulfonium compounds, and 
ammonium compounds (Sairam and Tyagi 2004). Accumulation of these solutes 
confers heat stress tolerance to the plants. These osmolytes may function as buffer-
ing agents during heat stress conditions and other abiotic stresses (Wahid and Close 
2007). Glycine betaine (quaternary amine), a compatible solute, plays a crucial role 
under different abiotic stresses (Sakamoto and Murata 2002). Increased concentra-
tion of glycine betaine was observed in maize (Quan et al. 2004) and sugarcane 
(Wahid and Close 2007) during high-temperature and water-logging conditions.

Proline is an osmolyte which usually accumulates under environmental stress 
in plants (Kavi Kishore et al. 2005). Proline is synthesized from l-glutamic acid 
through Δ1-pyrroline-5-carboxylate, which is catalyzed by two enzymes Δ1-
pyrroline-5-carboxylate synthetase (P5CS) and reductase (P5CR) in plants (Ver-
bruggen and Hermans 2008). Free proline plays the role of osmoprotectants for 
scavenging different ROS species (Ashraf and Foolad 2007; Trovato et al. 2008). 
Transgenic tobacco transformed with proline dehydrogenase gene showed more 
proline accumulation and enhanced osmotolerance (Teteishi et al. 2005). In rice, 
transgenic plants possessing P5CS gene showed the accumulation of proline that 
conferred tolerance during water deficit and high salt conditions (Su and Wu 2004). 
In addition to proline, accumulation of soluble sugars under high-temperature stress 
was observed in sugarcane (Wahid and Close 2007). Sugars like trehalose, fructans, 
or mannitol get accumulated during stressed conditions. Several efforts have been 
made for the production of these sugars through transgenic approaches (Hare et al. 
1998).
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7  Photosynthesis and Heat Stress

Photosynthesis is considered as one of the most heat-sensitive phenomena of plants. 
The effect of heat on photosynthesis may occur through reduction in chlorophyll ac-
cumulation, disruption in chloroplast membrane, and proteins/enzymes and stomata 
functioning. The expression of transcripts/genes associated with the photosynthetic 
machinery of plants is altered during heat stress.

7.1  Effect on Photosystem II and Oxygen Evolving Complex

Heat stress affects greatly the PSII as well as the electron transport chain (Mathur 
et al. 2011). Primary effect of heat stress is observed on photosynthetic reactions 
of thylakoid membrane and stroma of chloroplast (Wise et al. 2004). Heat stress 
may result in the dissociation of oxygen evolving complex (OEC) that leads to 
imbalance in the flow of electrons from OEC to PSII (De Ronde et al. 2004). The 
repair mechanism of PSII also gets damaged due to the production of ROS dur-
ing heat stress that results in the reduction of carbon fixation (Allakhverdiev et al. 
2008). Sites in the PSII reaction center were damaged due to high temperature and 
excessive light in wheat (Sharkova 2001). In barley, damage of PSII units leads to 
the loss of activity of OEC and restriction of electron transport which was aborted 
completely after 4 h (Toth et al. 2005).

7.2  Chlorophyll Fluorescence and Reduction

The relation between heat tolerance and fluorescence patterns has been revealed in 
several plant species (Moffatt et al. 1990). Maximum quantum efficiency of PSII 
(Fv/Fm) is used to measure the stress in various abiotic stresses including heat stress 
(Baker and Rosenqvist 2004). It gives information of the maximum energy input 
into leaf and functions upstream of other potential stress responses. Decrease in 
Fv/Fm reflects the reduction of maximum quantum yield in photosynthesis (Ogren 
1988). Chlorophyll a and b degradation during high temperature was reported more 
in matured leaves (Karim et al. 1997, 1999). Moreover, decrease in chlorophyll to 
carotenoids ratio and increase in chlorophyll a to b ratio was reported in tomato 
implicating that these changes would make the plants tolerant to high temperatures 
(Camejo et al. 2005; Wahid and Ghazanfar 2006). Chlorophyll a quantification is 
one of the important methods to measure plant response to heat stress (Maxwell and 
Johnson 2000; Baker and Rosenqvist 2004).
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7.3  Photosynthetic Enzymes

High-temperature stress causes thermal instability of Rubisco (Feller et al. 1998) 
and impairs the process of carbon assimilation which in turn affects carbohydrate 
reserves. This leads to the shortening of grain filling duration by fastening the rate 
of development, and early induction of flag leaf senescence, thus causing reduc-
tion in total yield (Yang et al. 2002). Effect of high temperature is observed more 
in the photosynthetic activity of C3 plants than in C4 plants. Heat stress also af-
fects the synthesis of other metabolites such as starch and sucrose, which are in 
turn greatly influenced by reduced activity of enzymes such as sucrose phosphate 
synthase (SPS; Chaitanya et al. 2001), invertase (Vu et al. 2001), and ADPglucose 
pyrophosphorylase (AGPase). The instability of AGPase, a key regulator of starch 
biosynthesis, results in starch accumulation during high-temperature stress (Single-
tary et al. 1994; Linebarger et al. 2005; Yamakawa et al. 2007). Other enzymes like 
branching enzymes and starch synthases are negatively regulated by heat (Single-
tary et al. 1994; Yamakawa et al. 2007).

8  Small NonCoding RNAs

Endogenous noncoding sRNAs of 21–25 nts in size are also involved in the plant 
stress response through a silencing mechanism. These are broadly classified into 
four categories: microRNAs (miRNAs), natural antisense transcripts small interfer-
ing RNAs (nat-siRNAs), trans-acting siRNAs (ta-siRNAs), and repeat-associated 
siRNAs (Jamalkandi and Masoudi-Nejad 2009). Mostly, sRNAs are produced from 
long precursor RNAs of double strands or single strand forming a self-complemen-
tary hairpin structures. These precursor RNAs are used as a substrate to produce sR-
NAs by four different dicer-like proteins (DCL) proteins, DCL1, 2, 3, and 4 (Chap-
man and Carrington 2007). miRNAs are generated from DCL1 protein; nat-siRNAs 
are produced by DCL1 and DCL2, while DCL3 is involved in the production of 
heterochromatic siRNAs. DCL4 is involved in the formation of ta-siRNAs. It has 
been well established that besides the protein-coding mRNAs, noncoding sRNAs 
play a key regulatory role in abiotic stress response in plants.

8.1  MicroRNAs

miRNAs are endogenous single-stranded sRNAs of 21–25 nt in size produced from 
single-stranded primary transcript termed as pri-miRNAs (Tang et al. 2008). These 
sRNAs regulate gene expression. The miRNAs get into the posttranscriptional 
gene silencing pathway, leading either to degradation of the target mRNA or to 
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translational repression. miRNAs suppress the expression of target mRNA with the 
help of a protein complex known as RNA-induced silencing complex (RISC). Since 
the discovery of the first miRNA lin-4 in Caenorhabditis elegans, which regulates 
the larval timing during development (Lee et al. 2003; Reinhart et al. 2000), a large 
number of miRNAs have been reported and characterized in both plants and ani-
mals. Plant miRNAs were first reported in early 2002 (Llave et al. 2002; Park et al. 
2002; Reinhart et al. 2002). Initially, miRNAs were considered to regulate largely 
transcription factor genes involved in a variety of plant developmental processes 
(Llave et al. 2002; Reinhart et al. 2002; Rhoades et al. 2002). A number of reports 
suggested a regulatory role of miRNAs in plant growth and development such as 
leaf and flower differentiation, flowering time, floral identity, and auxin response 
(Sunkar et al. 2005; Mallory and Vaucheret 2006). Further research in this area 
showed that these miRNAs play a vital role in regulating genes associated with 
abiotic and biotic stresses also (Sunkar and Zhu 2004; Sunkar et al. 2006; Mishra 
et al. 2009).

Plant miRNAs have been shown to regulate gene expression under heat stress 
also. Solexa sequencing revealed differential expression of miRNAs in wheat in re-
sponse to heat (Xin et al. 2010). Out of the 32 identified miRNA families in wheat, 
9 were conserved miRNAs and found to be putatively heat responsive. miRNAs 
miRs156, 159, 160, 166, 168, 169, 393, and 827 were upregulated under heat stress, 
whereas miR172 showed significant downregulation. In Brassica rapa, sRNA li-
brary was constructed from the seedlings exposed to high temperature. By deep se-
quencing, 35 miRNA families were found to be conserved with A. thaliana. Within 
those families, five miRNA families were heat stress responsive. Two miRNAs, 
miR398a and bra-miR398b, were downregulated during heat stress, whereas the 
corresponding targets genes—BracCSD1 (copper superoxide dismutase)—were 
upregulated. Similarly, miR156h and miR156g were upregulated by heat and their 
putative target BracSPL2 was downregulated (Yu et al. 2011). In Populus, solexa 
sequencing of two sRNA libraries generated from heat stress and control tissue re-
vealed 52 heat-stress-responsive miRNAs from 15 families that included 16 novel 
miRNAs (Chen et al. 2012). In rice, 62 libraries of sRNAs were constructed and 
sequenced using Illumina sequencing. These sRNA libraries were constructed from 
control as well as stress tissues subjected to various stress treatments. Approxi-
mately 94 million reads matched with genome resulting in 16 million diverse sRNA 
sequences. Out of these, 400 were annotated miRNAs, 150 were siRNA like, and 76 
new miRNAs were found. In this study, miRNAs involved in regulation in response 
to water, nutrient, and temperature stress were identified. miR397b.2 expression 
was upregulated and its target gene, l-ascorbate oxidase, was downregulated dur-
ing heat stress (Jeong et al. 2011). Another miRNA, mir444, targets the Hsf-type 
transcription factor (Koskull-Doring et al. 2007). Similarly, miR169 targets nuclear 
transcription factor Y subunit (a drought-induced protein) and CCAAT-binding 
transcription factor (Li et al. 2010; Zhou et al. 2010).
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8.2  Small Interfering RNAs

siRNAs are sRNAs involved in transcript silencing from which they originate 
(Bartel 2004). Double-stranded RNAs (dsRNAs) of diverse origins such as virus-
es, transposons, transgenes, etc. are cleaved into 21–24-nts siRNAs by multiple 
DCL proteins. These siRNAs are then loaded into RISC complex containing the 
argonaute protein. This complex binds to the mRNA from which they originate 
and silences its expression. Further, siRNAs bind to mRNA and convert single-
stranded RNA into dsRNA by RNA-dependent RNA polymerase (RDRP), thus 
amplifying siRNA production. Change in the expression of four siRNAs in wheat 
seedlings during cold, heat, salt, and drought stresses was reported. Furthermore, 
siRNA007927_0100_2975.1 was downregulated by all stresses except heat stress 
(Yao et al. 2010) and the remaining three siRNAs—siRNA002061_0636_3054.1, 
siRNA 005047_0654_1904.1, and siRNA080621_1340_0098.1—were downregu-
lated during heat stress conditions.

8.3  Trans-acting siRNAs

Ta-siRNAs (21-nt RNAs) are generated by processing of miRNA from TAS gene 
transcript, with respect to the miRNA cleavage site. In plants, the target mRNA 
expressed from ta-siRNA loci is cleaved by miR173 and miR390. After cleavage, 
they are modified into dsRNA by RDRP enzymes and processed into siRNAs which 
ultimately target the degradation of mRNA different from the transcript of ta-siRNA 
from which they originated. In Arabidopsis, miR173 recognizes TAS1 and TAS2 
transcripts, whereas TAS3 and TAS4 are recognized by miR390 and miR828, re-
spectively (Allen et al. 2005). Ta-siRNAs showed enhanced expression in hypoxia-
treated tissues of Arabidopsis (Moldovan et al. 2009).

9  Approaches/Tools to Study Transcriptomics

Increase in the availability of complete genome sequence information from sev-
eral plant species such as Arabidopsis, rice, Populus, chickpea, pigeonpea, etc. has 
paved the way to perform genome-wide function analysis of plant genes contribut-
ing to heat stress tolerance. Transcriptomic study of an organism can be performed 
by using different throughput methods like low, medium, and high (Fig. 3.1). Low-
throughput method comprises single gene expression analysis, medium-throughput 
methods are ESTs and cDNA clones, and high-throughput methods include micro-
array and deep sequencing approaches. In order to perform single gene expression 
analysis, various techniques like northern blot analysis, RT-PCR, and qPCR can be 
used (Lockhart and Winzeler 2000). Genome-wide transcriptome analysis can be 
performed using high-throughput technologies such as microarray and NGS plat-
forms. This has an advantage over individual gene analysis tools as interactions 
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between different genes, pathway analysis, and action of regulatory elements can 
easily be understood by using high-throughput technologies. Several studies have 
used these methods in different plants to study the effect of heat stress on transcrip-
tome (Table 3.1). In addition, recently, these tools have been successfully utilized in 
sRNA profiling of plants during abiotic stresses (Table 3.2).

9.1  Northern Blot Hybridization

Study of the expression of a particular gene during stressed conditions in plants can 
be achieved by using northern blotting. It involves the separation of RNA on aga-
rose gel, transfer of RNA from the electrophoresed gel to Hybond-N+ membrane, 
and detection by means of a hybridized probe, sequence which is complementary to 
a part or the entire target gene. This technique is generally used to detect the expres-
sion of targeted mRNA as well as sRNAs. It can be used to study the expression of 
only those genes for which sequence information is available. Northern blot analy-
sis was used to demonstrate that OsBADH1 mRNA expression was upregulated by 
different abiotic stresses, whereas downregulated by heat stress (Hasthanasombut 
et al. 2011). The expression of heat-inducible genes such as Hsf (HsfB2a), HSP 
(HSP101), and cytosolic ascorbate peroxidase (APX1) was reduced in wrky25 mu-
tants. Overexpression of WRKY25 enhanced the expression level of heat-respon-
sive genes HsfA2, HsfB1, HsfB2a, and HSP101 (Li et al. 2009). Also, expression 
pattern of glutathione reductases was studied in rice, wheat, barley, and maize dur-
ing photooxidative stress using northern blot analysis (Melchiorre et al. 2009).

Fig. 3.1  An overview of molecular regulation of heat stress response of plants and approaches of 
transcriptomics
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S. No Plant species Approach used Differentially regulated genes Reference
1 Rice RT-PCR Spl7 (rice spotted leaf gene) Yamanouchi et al. 

2002
2 Rice RT-PCR OsHsfA4b, OsHsfA5, OsHsfA7, 

OsHsfA4d, OsHsf A2a, OsHs-
fA2c, and OsHsfA2d

Liu et al. 2010

3 Rice RT-PCR OsHSP80.2, OsHSP74.8, 
OsHSP71.1, OsHSP26.7, 
OsHSP24.1,OsHSP17.0, 
OsHSP58.7, OsHSP50.2, 
and OsHSP23.7

Zou et al. 2009

4 Rice RT-PCR HSP70 gene Goswami et al. 2010
5 Rice Microarray Hsfs, HSPs, chitinase, cellulase, 

cell wall invertase 2, beta-
expansin, chalcone synthase, 
and isoflavone reductase fam-
ily protein genes

Zhang et al. 2008b

6 Rice Microarray Hsfs, sHSPs, members of 
HSP70, HSP90, and HSP100 
gene families

Hu et al. 2009

7 Rice Microarray OsHsfA1a, OsHsfA2a, OsHs-
fA2c, OsHsfA2d, OsHsfA2f, 
OsHsfA4b, OsHsfB2a, OsHs-
fB4b, and OsHsfC1a genes

Mittal et al. 2009

8 Rice Microarray HSP17.4-CI, HSP17.9B-CIX, 
HSP23.2-ER, HSP18.6-CI, 
HSP24.0-MI, HSP26.2-MI, 
HSP16.6-CVIII, HSP16.9C-
CI, and HSP18.0-CII

Sarkar et al. 2009

9 Rice Microarray OsClpB-cyt, OsClpB-m, and 
OsClpB-c

Singh et al. 2010

10 Rice Microarray OsHsfA2a, OsHsfA2c, OsHs-
fA2d, OsHsfB2a, OsHsfB2b, 
OsHsfB2c, and OsHsfC1a

Chauhan et al. 2011a

11 Rice Microarray Hsfs, bZIP TFs, HSP10s, and 
HSP20s

Jung et al. 2013

12 Rice Microarray sHSP (HSP17.4), HSP30, 
HSP70, HSP90, cytochrome 
P450, and CBL-1 gene

Mittal et al. 2012

13 Rice Microarray HSP20, HSP40, HSP70, HSP90, 
clpB 1, HSP101, OsSTI1, 
OsSTI2a, and phosphosulfo-
lactate synthase related

Jung and An 2012

14 Rice Microarray HsfA2a, HsfA2d, HsfA2f, HsfA3, 
HsfB2a, Hsfb, Hsfc, DREB, 
ERF, and members of HSP70, 
HSP90, and HSP100

Zhang et al. 2012

15 Arabidopsis Microarray HsfHsfA2, HsfB1, Hsf-A4a, 
HsfB2a, HsfB2b, and HsfA7a

Busch et al. 2005

16 Arabidopsis Microarray DREB2A, DREB2B, DREB2C, 
and DREB2H

Lim et al. 2006

Table 3.1  Heat-stress-induced transcriptomics studies of plants using various approaches/tools 
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S. No Plant species Approach used Differentially regulated genes Reference
17 Arabidopsis Microarray HSP90, HSP70, and HSP101 Yamada et al. 2007
18 Arabidopsis Microarray Members of HSP20, HSP70, 

HSP90, and HSP100
Swindell et al. 2007

19 Arabidopsis Microarray HSP101, HSE7, APX2, HSFA7, 
NF-XI, Pro oxidase, SGT1a 
HSP110 (HSP70-15), and 
choline kinase

Larkindale and 
Verling 2008

20 Arabidopsis Illumina 
sequencing

SR45a Gulledge et al. 2012

21 Arabidopsis qRT-PCR Rubisco’s Chaperone activase 
(RCA), AtRCAβ2, AtRCAα, 
and AtRCAβ

Deridder et al. 2012

22 Arabidopsis Illumina HSP25.3-P and HSP22.0-ER Li et al. 2013
23 Wheat Microarray Hsfs, HSPs, DREB2B and 

DREB6A, ERETC, and mem-
ber of MBF1

Qin et al. 2008

24 Wheat Microarray b-ZIP transcription factors and 
TaCAM3-1(zinc finger with 
calmodulin)

Chauhan et al. 2011b

25 Wheat Microarray HSPs, transporters, protein 
modifiers, and signaling 
molecules

Khurana et al. 2011

26 Maize qRT-PCR ZmHsf-01, ZmHsf-03, ZmHsf-04, 
ZmHsf-06, ZmHsf-10, ZmHsf-
11, ZmHsf-14, ZmHsf-15, 
ZmHsf-19, ZmHsf-20, ZmHsf-
21, ZmHsf-22, ZmHsf-23, 
ZmHsf-24, and ZmHsf-25

Lin et al. 2011

27 Maize EST HSP22 Lund et al. 1998
28 Tomato Microarray sHSP genes, members of HSP70, 

HSP101, and HSP90 families, 
HSFA2 and HSFA3

Frank et al. 2009

29 Tomato Microarray Class I sHSP 17.6, class II sHSP 
17.6, class III sHSP, DNA-J 
and mitochondrial sHSP, pro-
tein similar to AthHSP22.3, 
and cytosolic ascorbate 
peroxidase

Bita et al. 2011

30 Barley Microarray Raffinose synthase 1, UDP-
d-glucose 4-epimerase 1, 
UDP-d-glucose 4-epimerase 
3, trehalose-6-phosphate syn-
thase, trehalose-6-phosphate 
phosphatase, invertase inhibi-
tor, heat shock transcription 
factor A2d, hexokinase 2, and 
SNF1-related protein kinases 
2.6

Mangelsen et al. 
2011

31 Populus RT-PCR Hsf-03, Hsf-13, Hsf-15, Hsf-2, 
Hsf-22, and Hsf-23

Wang et al. 2011

Table 3.1 (continued) 
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S. No Stress Plant species Approach Expressed miRNAs 
 (up-/downregulated)

References

1 Heat Wheat Solexa 
sequencing

miR156, miR159, miR160, 
miR166, miR168, miR169, 
miR172, miR827, and 
miR2005

Xin et al. 2010

2 Heat Brassica Illumina 
sequencing

miR156h, miR398a, 
miR398b, miR399b, and 
miR827

Yu et al. 2011

3 Heat Populus Illumina 
sequencing

miR156, miR166, miR167, 
miR168, miR396, miR397, 
miR408, miR1444, 
miR473, miR530, miR160, 
miR394, miR395, 
miR408, miR472, 
miR482, miR530, and 
miR1450

Chen et al. 
2012

4 Heat Arabidopsis RNA 
sequencing

miR156/miR157 and  
miR172

May et al. 
2013

5 Heat Rice MPSS miR397b Jeong et al. 
2011

6 Cold Brachypodium Deep 
sequencing

miR169e, miR172b, and 
miR397

Zhang et al. 
2009

7 Cold Arabidopsis Microarray miR156, miR159, miR164, 
miR165, miR169, miR172, 
miR393, miR394, 
miR396, miR397, and 
miR398

Zhou et al. 
2008

8 Cold Rice Microarray miR156k, miR166k, 
miR166m, miR167a/b/c, 
miR168b, miR169e, 
miR169f, miR169h, 
miR171a, miR535, 
miR319a/b, miR1884b, 
miR444a.1, miR1850, 
miR1868, miR1320, 
miR1435, and miR1876

Lv et al. 2010

9 Drought Rice Microarray miR169g, miR171a, and 
miR393

Jian et al. 
2010; Zhou 
et al. 2010

10 Drought Arabidopsis Microarray miR157, miR167, miR168, 
miR171, miR408, 
miR393, and miR396

Liu et al. 2008

11 Drought Medicago Microarray miR398a/b and miR408 Trindade et al. 
2010

12 Drought Populus Microarray miR1446a-e, miR1444a, 
miR1447, and miR1450

Lu et al. 2008

Table 3.2  Expression studies of plant microRNAs during abiotic stresses using different tran-
scriptomic approaches
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9.2  Reverse Transcription PCR

RT-PCR technique is commonly used to detect RNA expression. Here, the ampli-
fication using cDNA derived from mRNA template can be highly specific, fast, 
and sensitive (McDowell et al. 1996; Wang et al. 1999). It is useful to detect gene 
expression qualitatively through synthesizing cDNA from RNA. To know the 
presence and expression level of rice spotted leaf gene (spl7), a transgene in rice, 
RT-PCR was performed which suggested an increase in spl7 mRNA levels with 
increase in temperature (Yamanouchi et al. 2002). During the study of effect of 
abscisic acid-insensitive3(ABI3) on HsfA9 and HSP accumulation in Arabidopsis, 
RT-PCR revealed that HsfA9 transcripts are not inducible by heat stress and could 
not be detected in mutant line, whereas the synthesis of other HSP transcripts such 
as HSP17.4-CI, HSP17.6A-CI, HSP17.6-CII, HSP17.7-CII, and HSP101 was in-
duced during heat stress (Kotak et al. 2007). In Arabidopsis, expression analysis of 
different members of HSP70 in response to temperature stress was reported using 
RT-PCR analysis (Sung et al. 2001).

9.3  Real-Time PCR Analysis

Real-time PCR, also called qPCR, is used to detect a gene quantitatively, where 
amplification and simultaneous quantification of a particular target gene can be 
achieved. In other words, it enables both detection and quantification. Expres-
sion and quantification of both mRNA and sRNAs can be achieved by using this 

S. No Stress Plant species Approach Expressed miRNAs 
 (up-/downregulated)

References

13 Drought Prunus  
persica

Deep 
sequencing

miR156, miR157, miR159, 
miR160, miR165, miR167, 
miR168, miR169, miR171, 
miR390, miR393, 
miR395, miR396, 
miR397, miR398, and 
miR408

Eldem et al. 
2012

14 Drought Populus Illumina 
sequencing

miR159a-c, miR472a, 
miR472b, miR473a, 
miR160a-d, miR164a-e, 
miR394a/b-5p, miR408, 
and miR1444b-c

Shuai et al. 
2013

15 Salinity Rice Northern blot miR169g, miR169n, and 
miR169o

Zhao et al. 
2009

16 Salinity Maize Microarray miR162, miR168, miR395, 
and miR47

Ding et al. 
2009a

Table 3.2 (continued)
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 technique. Plenty of reports have utilized real-time expression analysis of genes 
during heat stress. Overexpression of HsfA1 gene in transgenic Arabidopsis, soy-
bean, and tomato showed upregulation of stress-regulated genes and increased 
thermo-tolerance (Lohmann et al. 2004; Zhu et al. 2006). Expression of OsHsfA2a 
gene was greatly induced by heat stress. During high temperatures and high light 
conditions, it has been reported that the expression of HsfA2 was maximum among 
all the class A Hsfs in Arabidopsis (Schramm et al. 2006; Nishizawa et al. 2007). 
Apart from these transcription factors, expression of other heat-stress-responsive 
genes has been reported using qPCR. In rice, increased expression of nine OsHSPs 
during heat shock was demonstrated using real-time PCR (Zou et al. 2009). Further, 
expression of HSP70 genes was increased by 2- to 20-fold in Arabidopsis during 
heat stress (Sung et al. 2001). Downregulation of miR398a and b and upregulation 
of their corresponding targets CSD1 and CSD2 was shown in B. rapa and Populus 
under heat stress (Yu et al. 2011; Chen et al. 2012). Elevated expression of miRNAs 
under high-temperature stress was shown in plants. Expression of miR169j was 
upregulated in Populus, whereas in wheat, the members of miR156 family were 
upregulated during heat stress. Similar expression pattern of miR156s and its cor-
responding target SPL2 was recorded in B. rapa (Yu et al. 2011).

9.4  cDNA Clones and ESTs

ESTs are generated by high-throughput single-pass sequencing of cDNA clones 
(Adams et al. 1991). RNA (mRNA) from desired tissue or organism has to be iso-
lated and transcribed to cDNA, using reverse transcriptase enzyme. cDNA thus 
formed is cloned to make libraries (cDNA libraries) representing the set of tran-
scribed genes of our interest. Further, these cDNA clones are sequenced for obtain-
ing ESTs. In rice, cDNA-AFLP analysis of heat-tolerant and heat-sensitive rice lines 
revealed 54 differentially expressed transcript-derived fragments (TDFs) playing an 
important role during heat stress in tolerant cultivar. Functions of 28 of the 54 TDFs 
were annotated based on their homologous genes. These genes were classified into 
different groups: metabolism, biosynthesis, transport, transcriptional regulation, 
oxidation, and signal transduction (Liao et al. 2012). To date, more than 2 million 
plant-derived ESTs are available at public databases from various species and these 
data are useful as a rich source for gene discovery and annotation (Rudd 2003). 
In addition, in some cases, genome sequencing is less attractive for plants such as 
maize due to genome complexity and abundance of repetitive sequence elements 
(Bennetzen 2002). In such cases, EST data set sources can be treated as an alterna-
tive to the complete genome sequencing (Rudd 2003). Plant ESTs are versatile and 
have multiple functions. They are very much useful in gene discovery, the expres-
sion of a particular gene, and the extent of its expression during particular stress. 
In addition, plant ESTs are a very useful resource for the identification of gene 
families which are conserved among different plant species, to detect alternative 
splicing, genome structure, discovery and characterization of SNPs, and mapping 
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of gene-based site markers (Dong et al. 2005; Nagaraj et al. 2007). An efficient and 
faster way to identify novel genes induced by various environmental stresses us-
ing EST approach has been demonstrated (Markandeya et al. 2005; Gorantla et al. 
2007). In maize, mitochondrial small heat shock protein HSP22 was induced dur-
ing heat stress which was identified and cloned using this approach (Lund et al. 
1998). cDNA library was constructed and more than 30,000 ESTs were sequenced 
in Populus subjected to different environmental stresses. This helped in analyzing 
cDNAs encoding for the ERF/AP2 domain transcription factor (Nanjo et al. 2004). 
Recent study in Jatropha curcas, two HSP genes—HSP-1 and HSP-2—were identi-
fied and characterized from developing seeds using the EST approach (Omar et al. 
2011). In rice, high-density physical maps were developed based on the availability 
of EST resources of rice cultivar N22 (Markandeya et al. 2005). Another study in 
rice identified 589 candidate genes sharing the drought response through EST ap-
proach by comparative analysis of plants species. Comparative analysis with five 
EST libraries revealed that expression of tentative Uni Genes (TUGs) was signifi-
cantly overexpressed in Zostera noltii (seagrass) during recovery from heat shock 
exposure. These were identified as molecular chaperones (Massa et al. 2011).

9.5  Microarray

Microarray is a hybridization-based technique where nucleic acid is hybridized to 
a probe. Basically, two microarray-based approaches are available—one is oligo-
nucleotide based (in situ synthesis of oligonucleotides) and the other is cDNA based 
(depositing of DNA fragments on solid surface). The former is termed as the gene 
chip method commercially prepared by Affymetrix having 25-bp-long oligonucle-
otides complementary to the 3′ end of the expressed sequence in the genome (Aha-
roni and Vorst 2001), whereas the later one consists of PCR-amplified cDNA frag-
ments spotted on the glass surface. After the discovery of microarray, significant 
progress has been achieved in plant biology to characterize transcript expression 
profiling during stress. To decipher the changes in plant transcriptome under heat 
stress, microarray studies were carried out in many of the model crop species such 
as Arabidopsis, rice, wheat, maize, soybean, and tomato. Transcript profiling of A. 
thaliana revealed that a significant number of HsfA1a/1b-regulated genes were ex-
pressed during the study of mutants and wild species during heat stress (Busch et al. 
2005). Hu et al. (2009) studied the regulation of Hsfs and HSPs during different abi-
otic stresses including heat. The important role of Hsfs in regulation of downstream 
targets including HSPs under heat stress was revealed using microarray (Mittal 
et al. 2009). Genome-wide expression profiling of Hsfs demonstrated an important 
role of OsHsfA2a in HSR in root, shoot, and panicle tissues of rice (Chauhan et al. 
2011). In Arabidopsis, differential response of genome to photoperiod and thermal 
induction was demonstrated using microarray. The study suggested that a slight rise 
in ambient temperature beyond the optimum laboratory conditions triggers flower-
ing of Arabidopsis in the absence of photoperiodic cues which is in turn governed 
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by a set of genes (Balasubhramanian et al. 2006). While exposing barley seedlings 
to high temperature, many of the genes were found to be upregulated during the 
seedling stage rather than the panicle stage (Oshino et al. 2011). A similar study in 
wheat revealed that the altered gene expression was more during short-term stress 
rather than prolonged heat stress (Qin et al. 2008). Microarrays were also used 
extensively to study the gene response mechanisms in other abiotic stresses such 
as drought, cold, and salinity. Expression profiling of sRNAs using microarray has 
been reported in many crop species like Arabidopsis (Zhou et al. 2008), rice (Lv 
et al. 2010), Populus (Lu et al. 2008), Medicago (Trindade et al. 2010), maize (Ding 
et al. 2009), etc. Thus, the application of microarrays in the area of plant transcrip-
tome is very wide. It is a highly useful tool to study the expression, regulation, and 
role of different genes/pathways involved in stress tolerance mechanisms.

9.6  Next-Generation Sequencing

Sequencing refers to the identification of nucleotides in DNA or RNA and it pro-
vides a better option for gene expression studies. Sequencing of whole transcrip-
tome includes isolation of total RNA from tissue of interest and enrichment of 
mRNA by reducing rRNA abundance followed by construction of cDNA library 
from total mRNA, sequencing using PCR amplification from either one end (sin-
gle-end) or both ends (paired-end). The sequenced read length may vary from 30 
to 400 nucleotides depending on the sequencing platform used. The sequencing 
technologies available for transcriptome sequencing include Roche 454 (pyrose-
quencing-based), Illumina/Hiseq, and Sequencing by Oligo Ligation and Detection 
(SOLiD) sequencing (Varshney et al. 2009). In addition to above-mentioned NGS 
technologies, single-molecule sequencing (SMS) can also be used to sequence the 
nucleic acids. More number of reads helps in the accurate measurement of transcript 
expression. Usually, shorter read platforms provide deep sequencing and good cov-
erage, which is highly useful in detecting rare transcripts (Jain 2012). NGS is a 
very useful tool to decipher sRNA profiling also. Furthermore, identification of 
novel transcripts, transcript isoforms, alternative splice variants, and differentially 
expressed transcripts in a genome during stress can be identified using this tool. It 
is very useful in few other applications like single nucleotide polymorphism (SNP) 
detection, mutational analysis, transcriptional regulation, and identification of RNA 
editing sites.

Development of the NGS technology has provided a novel method of transcrip-
tome studies under stress conditions. The availability of the complete genome se-
quence for several plant species facilitates expression profiling of the whole tran-
scriptome using this tool. Whole genome transcript profile of two subspecies of 
rice was unraveled through sequencing technology, where 15,708 novel transcrip-
tional and 3,464 differentially expressed genes were reported (Lu et al. 2010). Fur-
thermore, whole genome transcript expression (including sRNAs) and integrated 
epigenome analysis were unraveled in two subspecies of rice and their reciprocal 
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hybrids using Illumina technology. This was aimed to study epigenetic variations 
in different genetic backgrounds that lead to phenotypic variability (He et al. 2011). 
NGS has great potential to be utilized in understanding the transcriptome and gene 
regulation during heat stress in various plant species. Recent study using NGS re-
vealed that stress-regulated miRNAs play a crucial role during the inflorescence 
stage in rice (Barrera-Figueroa et al. 2012). Using sequencing technology, heat-
stress-responsive miRNAs have been studied in different crops like rice (Jeong 
et al. 2011), Brassica (Yu et al. 2011), Populus (Chen et al. 2012), and wheat (Xin 
et al. 2010). Apart from the heat-stress-regulated miRNAs, sRNAs involved in 
other abiotic stresses were also studied using NGS (Eldem et al. 2012; Shuai et al. 
2013). The revolution in sequencing technology enables the researchers to resolve 
the ambiguity towards the plant genome in understanding genomic, development, 
physiological, and evolutionary processes.

10  Conclusion and Future Perspectives

Heat stress shows serious impact on plant growth and development. It affects physi-
ological, morphological, biochemical, and cellular mechanisms of plants. High 
temperature may lead to cell membranes disintegration, disturbing leaf water rela-
tions, and retarded photosynthesis due to the increased concentrations of ROS. In 
response to heat stress, plants show various adaptation strategies through the induc-
tion of Hsfs signaling and accumulation of HSPs, increased production of antioxi-
dant compounds, synthesis of various osmolytes, and activation of signal transduc-
tion cascades through induction of signaling molecules. However, not all the plants 
are equally efficient in employing these adaptation strategies. Plant species show a 
high degree of variation in stress tolerance and they differ significantly in adaptation 
capability during high-temperature stress. The difference in heat stress tolerance at 
cellular or biochemical level is ultimately a response of different genetic constitu-
tion of different organisms/species. Further, difference in genetic constitution leads 
to change in the expression of genes and sRNAs involved in synthesis of metabo-
lites associated with heat stress tolerance. Hence, to understand the heat response 
at molecular level, transcriptome analysis is very much crucial to unravel the com-
plexity of mechanisms involved in heat stress tolerance. Study of the transcriptome 
may be aimed at specific genes or whole transcript level which can be achieved by 
various low- and high-throughput approaches. The progress in transcriptome analy-
sis has enabled researchers to identify entire gene sets and pattern of expression, 
regulation, and function of potential transcripts. Use of NGS tools in transcriptome 
analysis has facilitated the identification of SNPs, splice junction sites and splice 
variants, differentially expressed genes (DEGs), and novel genes. The fast progress 
in transcriptome studies has helped biologists to understand the regulatory mecha-
nisms of HSR. Particularly, transcriptome studies could establish the overlapping 
response of plants to various abiotic and biotic stresses. The integration of gene ex-
pression data with proteomic studies and sRNA profiling will help in understanding 
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the network of biological processes operated during stress. With the progress in 
transcriptome tools, such as direct RNA sequencing, heat-stress-associated gene 
expression and regulation mechanisms will be further advanced.
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Abstract Biotic stress is one of the major environmental factors affecting plants. 
Viruses, fungi, bacteria, weeds, insects, and other pests and pathogens represent a 
major constraint to agricultural productivity and a serious threat to vegetable and 
grain crops. Plant protection against pathogens and pests is a commercially impor-
tant issue and one of the main directions of researches. Almost half of new infec-
tious diseases identified in plants during the past 10 years have a viral nature. The 
number and distribution areas of some plant viruses in Europe have been increas-
ing rapidly during the past 35 years that caused big problems from an economic 
point of view. Viral diseases have also become a real threat for different cultivars of 
vegetables, grains, and other agricultural crops in our country. It causes extensive 
leaf yellowing, stem and leaf deformation, reducing the fruit quality, substantial 
yield loss, and shortening the lifecycle of crops. The probable cause of decay of 
virus-infected plants is not only the virus activity itself but also reduced tolerance 
to unfavorable environmental conditions. The identification of the viruses affect-
ing plants and the study of the plant responses are very important for the better 
understanding of the plant–virus interactions and for developing the tendency to 
reduce the plant virus-associated risks in Azerbaijan. Therefore, the main goal of 
the present study is to identify the most widespread plant viruses in Azerbaijan 
using different molecular techniques and to evaluate some characteristics of plant 
response to viral stress.

Keywords Biotic stress · Vegetable crops · Virus infections · ELISA assay · RCA · 
PCR · Protein and chlorophyll content · Thylakoid membrane polypeptides · 
Antioxidant enzymes · Photochemical activity · Photosystem II · Photosystem I · 
Fluorescence · ROS
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Abbreviations

APX Ascorbate peroxidase
CAT Catalase
Chl Chlorophyll
CP Coat protein
ELISA Enzyme-linked immunosorbent assay
F Fluorescence
GR Glutathione reductase
LHC Light-harvesting complex
MV Methyl viologen
ORF Open reading frame
PCR Polymerase chain reaction
PS Photosystem
RCA Rolling circle amplification
ROS Reactive oxygen species
SOD Superoxide dismutase
ssRNA Single-stranded RNA

1  Introduction

1.1  Crop Production Affected by Biotic Stresses

Plants as well as other living organisms are subjected to adverse biotic and abiotic 
environmental factors that negatively affect their vital activity and viability. Biotic 
stress factors comprise fungi, bacteria, viruses, nematodes, insects, phytoplasmas, 
etc. The main cause for serious interest in the study of plant pathogens is their wide 
dissemination and high pestiferousness. Many plant diseases are chronic in nature 
and dramatically reduce the overall plant productivity. In addition to the sharp 
decline in productivity, plants become more susceptible to the other unfavorable 
environmental factors. The number of plant viruses is constantly growing. The 
climate change affects plant diseases together with other components of global 
change, i.e., anthropogenic processes such as air, water and soil pollution, long-
distance introduction of exotic species, urbanization (Gurr et al. 2011; Bradley 
et al. 2012; Matyssek et al. 2012; Régnière 2012; Siebold and von Tiedemann 
2012) and drier conditions may also have direct effects on pathogens (Marco Pau-
tasso et al. 2012; Fischer et al. 2011; Parks and Bernier 2010; Tomback and Achuff 
2010; Carnicer et al. 2011; McDowell et al. 2011). The global warming that causes 
the expansion of the area of virus-carrying insects along with globalization of 
agricultural system and the international exchange of seeds and seedling materi-
als create the conditions for the introduction of viral infections into the new areas 
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(Navas-Castillo et al. 2011). Integrated plant protection against pest organisms 
is the main condition for  obtaining a stable product and high quality (Watt et al. 
2011). Therefore, it is necessary to eliminate the harm caused by plant infections 
or completely clean the seeding materials from viruses using radical methods. It 
was found that the degree of plant resistance to various natural phyto-diseases 
and abiotic stress factors provided by a number of physiological and biochemical 
parameters is responsible for changes in plant metabolism and viability in stressful 
situations (Siebold and von Tiedemann 2012). Based on these results, it becomes 
possible to assess the genetic potential of different genotypes of plants against dis-
eases. These indicators are used as a data source for biotechnological and genetic 
engineering techniques to create transgenic plants resistant to various infections. 
Determination of plant genotypes resistant to biotic stress factors is the most press-
ing problem of modern times, and these genotypes stored in a gene bank are the 
source of genes of resistance to diseases and can be used as parental forms in the 
subsequent breeding.

1.2  Impact of Plant Diseases on Food Security

Biotic stress factors include all influences from the living environment, and occur 
as a result of damage done to plants by other living organisms, such as bacteria, 
viruses, fungi, parasites, beneficial and harmful insects, weeds, and cultivated or 
native plants (Atkinson and Urwin 2012). To date, the technology has largely been 
used to counter weeds and pests, despite abundant evidence that plant pathogens 
can evolve rapidly (Fitter 2012). Crop plants can be attacked at any phase of 
their life cycle: during seedling establishment, plant maturation, or grain or fruit 
setting. Plant diseases affect the existence, adequate growth, and productivity of 
all kinds of plants, thereby affecting one or more of the basic prerequisites for a 
healthy and safe life for humans and resulting in reduced crop yield (Britton et al. 
2010).

The environmental protection and solving the environmental problems are one 
of the important factors of sustainable development. From this perspective, the 
sustainable development in our republic requires protection of the environment 
and consistent use of natural resources. Thus, a large part of the twenty-first cen-
tury’s agenda is related to biodiversity, environmental protection, and rational use 
of natural resources. Effective solution of such strategic problems as providing 
the population with high-quality ecologically pure foods and other plant products 
depends on the creation of agricultural plants that are new and more productive 
and resistant to abiotic and biotic stress factors. At the present time, we can say 
that there is no plant virus database characterizing the viruses infecting agricultural 
crops, particularly vegetable plants in Azerbaijan. One of the most real problems 
we are facing today is to obtain varieties resistant to biotic stress factors using vari-
ous methods of biotechnology, plant breeding, genetic engineering, genetics, and 
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molecular biology. The identification of the main pathogens that infect plants in 
Azerbaijan and their inclusion in the databases are the first significant steps for the 
subsequent researches. It is known that selection of healthy plants, health control, 
seed certification, and continuous monitoring against viral infections should be 
carefully developed as methods of mass diagnosis in order to restrict the area of 
virus spreading.

1.3  Plant Viruses: Major Threat to Food Safety

Global climate change and the unprecedented rate of infectious disease emergence 
represent formidable ecological problems of our time (Rohr et al. 2011). Agricul-
ture is the traditional production sector in Azerbaijan, which is among the countries 
where greater portion of the population depends on the scale farming for their in-
come and subsistence. Crops are frequently affected by a wide array of diseases 
showing varying degrees and kinds of symptoms. Most of the causal agents of the 
diseases are biotic, not ruling out the involvement of abiotic factors too. Among 
the biotic factors, virus diseases constitute a main part of the diseases observed in 
all plant types, with variable symptoms including the leaf curling and distortion, 
green or yellow foliar mosaic, stunting of plants and reduced yields (Yamaji et al. 
2013). Viruses are a major cause of productivity loss all over the world, including 
our country, and distribution areas and types of viral diseases differ from year to 
year (Luna et al. 2012). Jones (2009) has identified up to nine different scenarios for 
emergence in which introduced plants are exposed for the first time to indigenous 
viruses and vectors associated with the native flora. These scenarios represent situa-
tions in which the donor and recipient hosts, the vector and the virus, may interplay, 
and involve jumps from the native flora to the introduced crop and vice versa. We 
can say that in our country, most food, forage, technical, and ornamental plant crops 
which are vegetatively reproduced are chronically infected with viruses and other 
pathogens; thus, there is a large amount of product losses, and overall performance 
of agriculture in this regard is strongly reduced. The selection of healthy plants and 
their reproduction is one of the main purposes of the economy. However, due to the 
highly infectious background, viral contamination of healthy plants could not be 
excluded. Development of methods of mass diagnosis for genetic engineering and 
breeding processes has acquired a great importance because of the wide spread of 
viral diseases of plants and harm to the economy of our country.

1.4  Viruses Infecting Vegetable Crops in Azerbaijan

1.4.1  Cucumber Mosaic Virus

One of the most common viruses found in many vegetable crops is cucumber mo-
saic virus (CMV). This disease is transmitted by several aphid species in a nonper-
sistent manner. There are several strains of CMV that can infect more than 1,287 
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different plant species belonging to 100 families including snap beans, peppers, 
tomato, lettuce, tobacco, and sugar beets. It is geographically widespread and has 
been reported in Europe, Asia, Australia, and North America (Mochizuki et al. 
2012). Symptoms depend upon the plant species infected, but vary from yellow-
green mottling of leaves and fruits to stunting of plants (Lin et al. 2003). It is trans-
mitted by numerous species of aphids, through the sap, the seeds, and mechanically 
(Dijkstra and Khan 2006). Morphologically, CMV has rather characteristic about 
30-nm polyhedral particles with a hollow center. The genome consists of three (+) 
sense single-stranded RNAs (ssRNA), packaged in separate particles. CMV par-
ticles contain about 18 % RNA. The RNA consists of four RNAs. Only the largest 
RNA3 is required for infectivity. A great number of different CMV strains, sero-
groups, subgroups, and biological variations have been described (Aramburu et al. 
2007; Pita and Roossinck 2013; Sheikha et al. 2013).

1.4.2  Tomato Mosaic Virus

Tobamoviruses, including tobacco and tomato mosaic virus (TMV and ToMV, re-
spectively), belong to the α-like supergroup of viruses. They consist of a character-
istic proteinaceous rod, made up of 2,140 coat protein (CP) copies, which envelop 
the positive-stranded linear RNA genome. After infection of the plant cell, the RNA 
genome is uncoated and the viral gene products, the RNA-dependent RNA poly-
merase (RdRP), the movement protein (MP), and the CP are produced. Infection of 
neighboring cells commences with the movement of RNA–MP complexes through 
plasmodesmata with MP-induced altered size exclusion limits. Long-distance trans-
port of the virus proceeds through the vascular tissue and depends on both MP and 
CP. Tobamoviruses, especially TMV, are the classical model system for the study 
of virus infection in plants. The foliage of affected tomato plants shows mottling, 
with alternate yellowish and dark green areas, the latter often appearing thicker 
and raised giving it a blister-like appearance. The leaves tend to be fern-like in ap-
pearance with pointed tips and younger leaves may be twisted. The fruit may be 
distorted, yellow blotches and necrotic spots may occur on both ripe and green fruit 
and there may be internal browning of the fruit wall. In young plants, the infection 
reduces the set of fruit and may cause distortions and blemishes. Besides solana-
ceous plants, ToMV affects a wide range of other crop and ornamental plants, in-
cluding pepper, petunia, snapdragon, delphinium, marigold, and many other plants 
to a lesser extent. The virus may be introduced into an infected seed. Only a small 
number of seedlings need to be infected for the virus to spread rapidly.

1.4.3  Tomato Chlorosis Virus

Tomato chlorosis virus (ToCV) is a causal agent of a tomato disease called “yel-
low leaf disorder” reported for the first time in Florida (USA), also occurring in 
the Mediterranean area (Portugal, Italy, Greece, Spain, Cyprus, Lebanon, and Is-
rael), Réunion Island, and Taiwan (Lozano et al. 2006). ToCV is a typical member 
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of the Closteroviridae, with long flexuous virions varying from 800 to 850 nm in 
length. All members of the Closteroviridae have large genomes of positive ssRNA, 
but those belonging to the genus Crinivirus are divided into two RNAs: RNA1 is 
organized into four open reading frames (ORFs) and encodes proteins involved in 
replication; RNA2 is composed of nine ORFs and encodes among others a HSP70 
homolog and two proteins involved in the encapsidation of viral RNA and referred 
to as the major CP and the minor coat protein (CPm). The CPm of ToCV is prob-
ably involved in determining the transmissibility of the virus by its vectors (Win-
termantel et al. 2005). Vectors include the greenhouse whitefly ( Trialeurodes vapo-
rariorum Westwood), the banded winged whitefly ( T. abutilonea Haldeman), and 
sweet potato whitefly ( Bemisia tabaci Gennadius) biotypes A and B. ToCV-infected 
tomato plants show intervening leaf yellowing and older leaves become thicker 
and crispy, flowers abort, and the number and size of fruits decrease (Wintermantel 
et al. 2005; Lozano et al. 2006).

1.4.4  Melon Necrotic Spot Virus

Melon necrotic spot virus (MNSV) is a Carmovirus within the family Tombusviri-
dae, which is present in cucurbit crops worldwide. MNSV can be transmitted me-
chanically, by the zoospores of the fungus Olpidium bornovanus (syn. O. radicale; 
Chytridiomycota: Olpidiaceae), and through the seed. The symptoms induced by 
MNSV in melon include local necrotic spots or large necrotic lesions on leaves 
and necrosis on stems and petioles. The MNSV genome is a (+) sense ssRNA mol-
ecule of 4.3 kb with at least five ORFs (Sela et al. 2013). The MNSV host range 
is restricted to members of the Cucurbitaceae family, where severity of the symp-
toms depends on the species and cultivars and the growing conditions. The hosts 
include melon ( Cucumis melo), cucumber ( Cucumis sativus), and watermelon 
( Citrullus lanatus). Disease is prevalent in Europe (France, Greece, Crete, Italy, 
Sardinia, Netherlands, Norway, Spain, Canary islands, mainland Spain, Sweden, 
UK, England, and Wales), Asia (China, Jiangsu, Iran, Israel, Japan, Hokkaido, Hon-
shu, Kyushu, Shikoku, Korea Republic, Syria, and Turkey), Africa (Tunisia), North 
America (Canada, Mexico, USA), Central America and the Caribbean (Guatemala, 
Honduras, and Panama), and South America (Uruguay). The spread of MNSV in 
cultivated plants can be controlled through the use of virus-free seeds, control of the 
fungal vector, and the use of resistant cultivars.

1.4.5  Tomato Yellow Leaf Curl Virus

Tomato yellow leaf curl virus (TYLCV) is an Old World geminivirus, first described 
in the Middle East in the 1960s. Like all geminiviruses, TYLCV has a characteristic 
particle of twinned morphology which is isometric and approximately 20–30 nm 
in diameter. The virus consists of 22 capsomeres each containing five units of a 
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260-amino-acid CP. TYLCV has a single, 2,787-nucleotide (total molecular weight 
(m.w.) 980 kDa) covalently closed-genomic circular single-stranded DNA (ssDNA; 
Chen et al. 2011; Ji et al. 2013). This DNA has been shown to be bipartite (DNA 
A and B; Czosnek et al. 2013). The DNA of several strains has been sequenced 
(Eybishtz et al. 2009; Duan et al. 2012). The main host of TYLCV is tomato ( Ly-
copersicon esculentum), Datura stramonium, and Nicotiana spp. or can be infected 
artificially. Ornamentals such as Eustoma grandiflorum can be severely damaged 
by natural infection (Chen et al. 2011). The plants which can be infected by the virus 
include 15 species in five different families. TYLCV is transmitted by B. tabaci in 
a persistent manner. Biotype B is usually the form of B. tabaci involved (Czos-
nek et al. 2007; Czosnek and Ghanim 2012; Czosnek et al. 2013) which transmits 
with high frequency. Acquisition and inoculation feeding periods range from 20 to 
60 min and from 10 to 30 min, respectively, depending on the isolates (Díaz-Pendón 
et al. 2010; Luna et al. 2012). The latent period inside the insect is 20–24 h. TYLCV 
can persist in the vector for 10–12 days and only rarely for up to 20 days. No trans-
ovarial transmission of the virus has been found. Most whiteflies lose their ability 
to transmit within 10–12 days after an acquisition period of 24–28 h. Tomato plants 
infected at an early stage are severely stunted; their terminal and axillary shoots 
are erect, and their leaflets are reduced in size and abnormally shaped. Leaves that 
develop soon after infection are cupped downward, whereas leaves developing later 
are prominently chlorotic and deformed, with leaf margins rolled upward and curl-
ing between the veins. The effect on fruits depends on the age of the plant when 
infected. If infected early, plants lose vigor and stop producing marketable fruits 
(Sade et al. 2012). When infections occur at a later stage of development, additional 
fruits fail to set, but fruits already present ripen in a nearly normal manner. No 
flower symptoms are observed, but dropping of flowers is common.

1.4.6  Faba Bean Necrotic Yellow Virus

Circumstantial evidence suggests that the genome of faba bean necrotic yellows 
virus (FBNYV; genus Nanovirus has a multipartite genome) consists of eight dis-
tinct circular ssDNA components that are similar in size, each of about 1 kb and en-
coding only one protein and individually encapsidated in small isometric particles 
about 18 nm in diameter (Vetten et al. 2012; Watanabe et al. 2013a; Watanabe et al. 
2013b). Early infected plants remain stunted, showing leaf yellowing followed by 
necrosis and plant death. FBNYV is spread by aphids, most efficiently (in labora-
tory tests) by Acyrthosiphonpisum (Harris) and Aphis craccivora (Koch). The virus 
is contained in the saliva of the aphid and transmitted while feeding takes place on 
virus-infected summer legumes, and then they introduce the virus into other plants 
in the autumn. The virus has a wide host range—58 host legume species have been 
identified (Vetten et al. 2012). It is considered the most economically important 
disease-inducing agent to the faba bean crop, especially in Middle Egypt (Kumar 
et al. 2011). It is also economically damaging in the Jordan Valley and in coastal 
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areas of Syria and Turkey where winters are sufficiently mild to sustain the aphid 
population (Soliman 2013). FBNYV causes severe yield losses and crop failure in 
food and fodder legumes in Western Asia, North Africa, and Europe and has high 
variability and rapid evolution (Grigoras et al. 2010a; Grigoras et al. 2010b; Grigo-
ras et al. 2010c; Grigoras et al. 2011).

1.5  Prospects for Reducing Yield Losses Caused by Plant 
Viral Diseases

Diseases of plants, like diseases of humans and other animals, are complex phe-
nomena. A simple definition of disease is the abnormal functioning of an organism. 
One important characteristic of plant diseases is that they are injurious, causing 
harm to plants in some way. Plant diseases pose an enormous problem for global 
food security and are challenging for those who are interested in maintaining and 
producing healthy plants. Azerbaijan entered the twenty-first century with a very 
bad phytosanitary state of agricultural production, the omnipresence of the pests, 
pathogens, and weeds on agricultural land almost reaching the level of emergency. 
Potential yield losses from pests, diseases, and weeds exceeded several million tons 
of crop production in grain and protective measures have been undertaken to pre-
vent a 25–30 % yield loss. Under these circumstances, protection of plants is the 
most important for stabilization of agricultural production at the beginning of the 
twenty-first century. In the last decade, the concept of integrated plant protection, 
focused on maximizing the natural potential of agricultural lands using nonchemi-
cal and limited chemical methods with minimal environmental hazards, has been 
developing in Azerbaijan. A new methodological level of plant protection, using the 
methods of biotechnology and genetic engineering, provides research and develop-
ment of the new biological plant protection products (parasites and pests of plants, 
microbiological preparations based on microorganisms—entomopathogens and 
antagonists—pathogens, and microbial metabolites; Wang et al. 2012; Eyre et al. 
2013). Economic and ecological comparative evaluation of biological and chemical 
methods determines the advantages for growing vegetables, fruits, and berry crops. 
Progress in the field of biotechnology and genetic engineering has opened new 
opportunities by breeding the hybrids resistant to major plant pests and diseases 
(Kaitao Lai et al. 2012). The main task that is implemented in the course of research 
on the creation of transgenic plants is the protection of plants from herbicides, pests, 
and diseases (Britton et al. 2010; Golding et al. 2010; Webber 2010). This direction 
of transgenetic researches is considered worldwide as the first wave of modern bio-
technology revolution, which targets a twofold to threefold increase in agricultural 
productivity by 2025.
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2  Materials and Methods

2.1  Plant Material: Field Visits and Sample Collections

To determine the presence or absence of virus infection, the vegetable crops ( So-
lanum lycopеrsicum L., Cucurbita melo L., Cucumis sativus L., Piper longum L., 
Solánum melongéna L., Vicia faba L.) showing virus-like symptoms were collected 
from the fields in the main crop production provinces (Fig. 4.1) and the experimen-
tal field of the Azerbaijan Research Institute of Vegetable-growing.

Uninfected samples were collected under the same field conditions. The first 
signs of infection included the deformation of young leaves; the progression of the 
infection had symptoms of chlorosis, leaf rolling, yellowing, mosaic, stunting, wilt-
ing and shortening of the internodes, phloem discoloration, necrosis, and stunted 
growth (Fig. 4.2a–h).

Each field was evaluated using a standard format by recording location condi-
tions, development stage, virus disease symptoms, and presence or absence of the 
insect populations. Virus disease incidence in each field was determined on the ba-
sis of visual symptoms and by counting the percentage of infected plants at different 
randomly selected locations in the field. Leaf samples showing virus-like symptoms 

Fig. 4.1  Map of Azerbaijan showing the location of regions where field-grown vegetable crops 
were surveyed and collected for virus diseases during 2009 and 2013 growing seasons

 



100 I. Huseynova et al.

Fig. 4.2  Symptoms on vegetables naturally infected with viruses: a, b, c, d Solanum lycopеrsicum 
L. (a leaf deformation and discoloration; b shortening the life-span, extensive leaf yellowing, and 
stunting; c leaf curling; d destroyed and reduced fruit quality); e Vicia faba L.; f Lens culinaris L.; 
g Cucumis sativus L.; h Piper longum L.
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were taken from vegetable plants exhibiting symptoms, placed in polythene bags 
and stored at − 20 °C or in frozen liquid nitrogen.

2.2  Virus Identification

2.2.1  Detection of Viruses Using the Enzyme-Linked Immunosorbent 
Assay

Virus detection was performed with double and triple antibody sandwich enzyme-
linked immunosorbent assay (DAS-ELISA and TAS-ELISA) according to Clark 
and Adams (1977) and the instructions of the virus antiserum manufacturers (diluted 
1:500 and 1:1,000) for the following viruses: TYLCV, ToMV, ToCV, MNSV, CMV, 
bean common mosaic virus (BCMV), and bean yellow mosaic virus (BYMV). All 
antibodies were kindly provided by Dr. S. Winter (DSMZ, Braunschweig, Germa-
ny). The ELISA result was measured by recording its absorbance value using an 
ELISA plate reader (Stat Fax) at A405 nm. Leaf samples with typical symptoms of 
virus infections were ground (1-g leaf per 5-mL buffer) in extraction buffer, added 
to microplate wells after coating with virus-specific polyclonal antiserum diluted 
in carbonate buffer (pH 9.6), and incubated at 4 °C overnight. Plates were washed 
three times with PBS/Tween-20 buffer and coated with alkaline phosphatase-con-
jugated antibody diluted in extraction buffer and incubated for 4 h at 37 °C. After 
washing, p-nitrophenyl phosphate (Sigma) in diethanolamine substrate buffer was 
added to the wells and incubated at room temperature for 30–180 min. Absorbance 
values were read at 405 nm using a microplate reader (Stat Fax). Samples with ab-
sorbance values higher than the mean value for noninfected control plants plus two 
or three standard deviations were considered positive.

2.2.2  DNA Extraction

Total genomic DNA was extracted from leaves according to Edwards et al. (1991) 
with some modifications. About 20 mg of plant tissue (2–3-cm-long piece of fresh 
leaf material) was placed in an Eppendorf tube and beaked up with pellet pestle in 
liquid nitrogen. Crushed leaf tissues were ground in a preheated 400 µL of extrac-
tion buffer (200-mM Tris–HCl, pH 7.5, 250-mM NaCl, 25-mM ethylenediaminetet-
raacetic acid, EDTA, 0.5 % sodium dodecyl sulfate, SDS) with a little sterile sand. 
Homogenization was continued with vigorous shaking on vortex. Then 400 µL of 
phenol–chloroform (99.8 %) was added to each tube in the ratio 1:1 and the contents 
of the tube were gently mixed. After the vortex, the tubes were centrifuged in a 
tabletop centrifuge (Eppendorf 5415, UK) at 13,000 g for 10 min at room tempera-
ture. After centrifugation, the supernatant was carefully collected (taking care not to 
capture the particles of precipitate) and transferred to a clean Eppendorf tube with 
volume of 1.5 mL. Then, 600 µL of cold isopropanol was added to each tube, mixed 
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well, and left at room temperature for 3–5 min. The tubes were centrifuged at room 
temperature at 14,000 g for 10 min to precipitate DNA. The DNA was washed sev-
eral times with 70 % ethanol. Then, it was dried at 56 °C for 5 min and dissolved in 
200-µL RTE buffer (10-mM Tris–HCl, pH 7.0, 1-mM EDTA, 10-µg RNase/mL) or 
TE buffer (10-mM Tris–HCl, pH 8, 1-mM EDTA). To dissolve DNA in the buffer, 
samples were left overnight in a refrigerator at 4 °C and afterwards stored at −20 °C.

2.2.3  DNA Quantification

The DNA concentration was determined by optical density (OD) at 260 nm with a 
spectrophotometer ULTROSPEC 3300 PRO (Amersham, USA). The quantification 
of genomic DNA was determined by the A260/A280 absorbance ratio. The required 
concentration of DNA (5-µL DNA/2-µL dye) was checked by running the DNA 
samples on 0.8 % agarose gel stained with 10-mg/mL ethidium bromide in 1 × TBE 
(Trisbase, Boricacid, EDTA) buffer. The gel was visualized and photographed un-
der UV light using a digital imaging system (Gel Documentation System UVITEK).

2.2.4  Rolling Circle Amplification

Circular virus DNA was amplified using the protocol and set of reagents Templi 
PhiTM (GE Health Care, USA) as follows: 1 µL of DNA (10–20 ng of total nucleic 
acids) sample was added to 5 µL of test buffer (sample buffer), then the tube was 
heated at 95 °C for 5 min in tabletop incubator for DNA denaturation. The tubes 
were cooled down to room temperature in ice and centrifuged at 14,000 g for 5 s to 
precipitate the content of the bottom of the tubes. 5 µL of the enzyme mix was added 
to each tube. To prepare the enzyme mix, 0.2 µL enzyme solution containing Phi29 
DNA polymerase and random hexamers in 50 % glycerol was added to 5 ml of the 
reaction buffer. The reaction mixture was run for 18 h with incubation at 30 °C. To 
inactivate the enzyme and stop the reaction, RCA products were heated for 10 min 
at 65 °C in tabletop incubator. DNA amplification products were analyzed by elec-
trophoresis on 1.5 % agarose gel. For the determination of the DNA fragments, the 
gel was stained with ethidium bromide and photographed under UV light.

2.2.5  Polymerase Chain Reaction

Polymerase chain reaction (PCR) was carried out in a total reaction volume of 
25 µL using optimized concentration of DNA, virus specific reverse and forward 
primers (0.2 µM each; Table 4.1), 1.5-mM MgCl2, 0.2-mM dNTPs, 1-U Taq poly-
merase (Promega, GoTaq A). The thermocycling conditions for different primer sets 
are given in Table 4.2.

PCR were performed in “Applied Biosystems 2720 Thermal Cycler.” The 
 expected bands were analyzed on a 1–1.5 % agarose gel in TAE buffer, includ-
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ing ethidium bromide and viewed under UV light. Primers were developed 
from  TYLCV and FBNYV sequences provided by B. Gronenborn (personal 
 communication).

2.3  Isolation of Thylakoid Membranes

Some biophysical and biochemical changes caused by virus infection were also 
investigated in this study. For this purpose, chloroplasts were isolated by homogeni-
zation of the leaves with a Waring Laboratory blender for 1–2 min in a cooled buffer 
containing 0.4-M sucrose, 20-mM Tris, 10-mM NaCl, 1-mM EDTA-Na, 1-mM so-
dium ascorbate, and 0.1 % PEG, pH 7.8, following the procedure described in (Ali-
yev et al. 1992). The homogenate was filtered twice through four layers of cheese-
cloth. The filtrate was first centrifuged at 2,000 g for 5 min, then the precipitate 
was discarded and supernatant was centrifuged at 1,000 g for 10 min in a centrifuge 
K-70 (VEB MLW Medizintechnik Leipzig, Germany). The resulting precipitated 
chloroplasts were diluted in a small volume of hypotonic buffer containing 10-mM 
MgCl2 × 6 H2O and 50-mM Tris–HCl, pH 7.2. All steps of this work were carried 
out at 4 °C. Chloroplasts were used immediately or frozen in liquid nitrogen.

2.4  Electrophoresis Analysis

Analysis of the polypeptide composition and determination of the molecular weight 
of protein subunits were performed by analytical SDS linear gradient gel electro-
phoresis (10–25 %; ratio of acrylamide to methylene bisacrylamide was 30: 0.8) 
by the method of Laemmli (1970). Samples for electrophoresis were prepared as 

Primer designation sequence 5′→ 3′ Tm [°C]
МА13 F AATGCAATCTTCGTCACC 60
МА26 R CGCCCGTCTCGAAGGTTCG
МА17 F GAAAACATTTGTGAATCC 60
МА27 R TGGAAATGATTATATCGCCTGGTCGC
V61 F ATACTTGGACACCTAATGG 55
C473 R AGTCACGGGCCCTTACAA
V781 F CTCACAGAGTGGGTAAGAGG 45
C1256 R TTAATTTGATATTGAATCATAGAAATAG
OTYA3 F GGGTCGACGTCATCAATGACG 55
OTYA6 R CTACATGAGAATGGGGAACC
Nano F103 ATTGTATTTGCTAATTTTA 44
Nano R101 TTCCCTTCTCCACCTTGT
C5-F TACAGCTGTCTTTGCTTCCT 49
C5-R CGCGGAGTAATTAAATCAAAT

Table 4.1  Primers used for viral DNA amplification
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follows: They were treated with 2 % Ds-Na (20 mg detergent per 1 mg Chl) in the 
presence of 1 % 2-mercaptoethanol at 24 °C for 30 min or in the same medium for 
90 s at 100 °C (boiling water bath). Each well was loaded with 4–10 mg of chloro-
phyll (Chl) or 20–50 µL of protein. The gels were stained for 30 min with 0.04 % 
(w/v) Coomassie brilliant blue G-250 (France) prepared in 3.5 % perchloric acid.

2.5  Chlorophyll Determination

The ratio between Chl a and Chl b concentration was measured in 80 % and 100 % 
acetone extract (McKinney 1941). Samples were used immediately or rapidly fro-
zen in liquid nitrogen and stored at −80 °C until required.

Table 4.2  The thermocycling conditions for different primer sets
Primer designation The thermocycling conditions Number of cycles PCR fragment size
Nano F103/Nano R101 95 °С, 1 min 1 770–775

95 °С, 45 s 30
54 °С, 30 s
72 °С, 30 s
72 °С, 10 min 1
4 °С,∞

С-5 F/C-5 R 95 °С, 1 min 1 666
95 °С,1 min 35
41 °С, 1 min
72 °С, 1 min
72 °С, 10 min 1
4 °С, ∞

MA13F/MA26R 95 °С, 5 min 1 1292
94 °С, 30 s 30
41 °С, 40 s
72 °С, 1 min
72 °С, 7 min 1
4 °С, ∞

OTYA3F/OTYA6R 95 °С, 1 min 1 649
94 °С, 30 s 30
55 °С, 30 s
72 °С, 30 s
72 °С, 10 min 1
4 °С, ∞

V61/C473 95 °С, 3 min 1 400
55 °С, 2 min
72 °С, 2 min
95 °С, 1 min 30
60 °С, 1 min
72 °С, 1 min
72 °С, 10 min 1
4 °С, ∞
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2.6  Measurement of Photochemical Activity

Photochemical activity of chloroplasts was measured by the polarographic meth-
od based on the evolution or consumption of oxygen according to Aliyev et al. 
(1992). Photosystem II (PS II) activity was measured in a reaction medium con-
taining 330-mM sorbitol, 40-mM Hepes-NaOH, pH 7.6, 10-mM NaCl, 5-mM 
MgCl2, and 0.5-mM K3Fe(CN)6 as a final electron acceptor. PS I activity was de-
termined in a total reaction volume of 2 ml containing 80-mM sucrose, 30-mM 
Tris–HCl, pH 8.0, 10-mM NaCl, 10-mM MgCl2, 1-mM sodium ascorbate, 2-μM 
3-(3,4-dichlorophenyl)-1,1-dimethylurea (for blocking electron transport from PS 
II), 0.3-mM 2,6-dichlorophenol-indophenol as the electron donor, and 50 μM of 
methyl viologen as an electron acceptor. Photochemical activity was measured in 
µmol O2 consumption/mg Chl·h (PS I activity) and µmol O2 evolution/mg Chl·h 
(PS II activity).

2.7  Assay of Fluorescence Parameters of PS II

Measurements of photo-induced changes of the fluorescence yield from the initial 
( Fo) level to the maximum ( Fmax) was performed in a laboratory-built setup at room 
temperature as described earlier (Klimov et al. 1982). Potential quantum yield of 
PS II was calculated according to the formula: Fp = Fv/Fm = ( Fm-Fo)/Fm, where Fv, 
variable fluorescence; Fm, maximum fluorescence; Fo, initial fluorescence; Fp, a 
potential quantum yield of PS II.

2.8  Protein Content Determination

Protein content was determined according to Sedmak and Grossberg (1977) with 
slight modification using the dye Coomassie brilliant blue G250 (France) and glyc-
erin (1:1). 0.12 % dye solution was prepared in 0.6-N HCl and filtered for separating 
the undissolved particles. To a measuring cuvette, 750-ml glycerol and the same 
volume of dye solution were added. Determination of the proteins in the tested 
samples was carried out on a calibration curve using 100 % bovine serum albumin 
as a standard. The absorbance of samples was measured at 610 nm on spectropho-
tometers ULTROSPEC 3300 PRO (Amersham, USA).

2.9  Histochemical Staining of Reactive Oxygen Species

Histochemical staining for reactive oxygen species (ROS) accumulation was con-
ducted as described by Fryer et al. (2003), Mahalingam et al. (2005), and Kariola 
et al. (2006) with some modifications. For superoxide anion radical determination, 
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detached leaves of the virus-infected plants were put in petri plates with 6-mM ni-
troblue tetrazolium (NBT) solution containing 50-mM sodium phosphate (pH 7.5) 
and 10-mM sodium azide for 12 h in the dark. To detect hydrogen peroxide, a solu-
tion of 5-mM DABS and 10-mM MES, pH 3.8 was used. ROS reaction was stopped 
by soaking the leaves with lacto-glycerol-ethanol (1:1:4 by vol) and boiling in water 
for 5 min. The cleared leaves were preserved in 50 % ethanol and photographed.

2.10  Enzyme Extraction and Activity Determination

Healthy and virus-infected leaves were collected and enzyme activities were as-
sayed. Leaves were washed with distilled water and surface moisture was wiped out. 
For enzyme extraction, the leaves were crushed and homogenized with prechilled 
pestle in ice-cold mortar using a potassium–phosphate buffer. The homogenates 
were filtered through four layers of cheesecloth and then centrifuged in Beckman 
centrifuge at 4 °C. The supernatant was collected and transferred to 50-ml tubes and 
referred for the assays of enzymatic activities.

2.10.1  Catalase

Catalase (CAT, EC 1.11.1.6) activity was measured according to Kumar and 
Knowles (1993) with minor modifications. For determination of CAT activity, 1 g 
of leaf tissue was homogenized in 50-mM potassium–phosphate buffer (KH2PO4), 
pH 7.0. The homogenate was filtered and centrifuged at 8,000 g for 10 min. The 
activity of CAT was determined by spectrophotometer ULTROSPEC 3300 PRO 
(Amersham, USA). The reaction was initiated by the addition of 15-mM H2O2 and 
enzyme extract. The decrease of H2O2 was measured at 240 nm for 1 min and cal-
culated based on its molar extinction coefficient (ε = 36 mM-1 cm-1) and the results 
expressed as CAT units mg-1 of protein (U = 1 mM of H2O2 reduction min-1 mg-1 
protein).

2.10.2  Ascorbate Peroxidase

Ascorbate peroxidase (APX, EC 1.11.1.11) activity was determined according to 
Nakano and Asada (1981) with slight modifications. For this purpose, 1 g of the 
leaf tissue was homogenized in 0.05-M potassium–phosphate buffer (KH2PO4), pH 
7.6, with 0.3 g of polyvinylpyrrolidone, then filtered and centrifuged at 8,000 g for 
15 min. APX activity was measured spectrophotometrically. The reaction mixture 
contained 0.1-mM EDTA, 0.05-mM ascorbic acid, 0.1-mM hydrogen peroxide, 50-
mM phosphate buffer, pH 7.6, and 0.3 mL enzyme extract in a final volume of 3 mL. 
Enzyme extract was added directly before the measurement. The activity was mea-
sured as decrease in absorbance at 290 nm for 30 s and the quantification of ascor-
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bate oxidized was evaluated based on its molar extinction coefficient (ε = 2.8 mM-1 
cm-1) and the results expressed as APX units mg-1 of protein (U = 1 mM of ascor-
bate oxidized per min at 25 °C).

2.10.3  Glutathione Reductase

Glutathione reductase (GR, EC 1.6.4.2) activity was determined according to Yan-
narelli et al. (2007) with slight modifications. For this purpose, 0.8 g of leaf tissue 
was homogenized in 0.1-M potassium–phosphate buffer (KH2PO4), pH 7.8, then 
filtered and centrifuged at 10,000 g for 20 min. GR activity was measured spectro-
photometrically. The reaction mixture contained 0.1-M potassium–phosphate buf-
fer (KH2PO4), pH 7.8, 0.001-M EDTA, 0.2-mM nicotinamide adenine dinucleotide 
phosphate (NADPH), and 0.5 mM of oxidized glutathione in a final volume of 
3 mL. The GR activity was measured as decrease in absorbance due to the oxidation 
of NADPH in the presence of oxidized glutathione at 340 nm for 10 min and cal-
culated based on its molar extinction coefficient (ε = 6.2 mM-1 cm-1) and the results 
expressed as GR units mg-1 of protein.

2.10.4  Superoxide Dismutase

Superoxide dismutase (SOD, EC 1.15.1.1) activity was determined using the SOD 
Assay Kit-WST (Sigma-Aldrich, USA) following the manufacturer’s instructions. 
SOD activity was measured as decrease in absorbance at 450 nm for 1 min and 
one enzyme unit of SOD activity was defined as the amount of enzyme required to 
cause 50 % inhibition of the rate of NBT reduction.

2.10.5  Qualitative Changes in the Activity of APX and CAT

Qualitative changes in the activity of APX were investigated by polyacrylamide gel 
electrophoresis (PAGE) according to Laemmli (1970). An equal amount of enzyme 
extract, bromophenol blue, and glycerol were mixed to a final concentration of 
12.5 % (v/v). Electrophoresis was performed on 10 % PAAG. Electrophoresis was 
performed at 4 °C for 3 h at a steady current of 30 mA, using the set unit SE 250 
(Amersham Biosciences, USA). The gel was incubated in a solution containing 
 50-mM potassium–phosphate buffer (pH 7.0) and 2-mM sodium ascorbate for 
30 min. Then gel was incubated again in a solution containing 50-mM potassium–
phosphate buffer (pH 7.0), 4-mM sodium ascorbate, and 2-mM H2O2 for 20 min. 
The gel was stained in a solution containing 50-mM potassium–phosphate buffer 
(pH 7.8), 28-mM TEMED, and 2.45-mM NBT for 15 min with agitation on a shaker.

Qualitative changes in the activity of CAT were examined by PAGE method 
described earlier. To visualize the isoenzyme lines of CAT, the gel was incubated 
in a solution containing 3.27-mM H2O2 for 25 min. Then the gel was washed twice 
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with distilled water and stained in freshly prepared solution containing 1 % (w/v) 
K3[Fe(CN)6] and 0.1 % (w/v) FeCl3 (Anderson et al. 1995).

3  Effects of Virus Infections on Photosynthetic Activity 
and Antioxidant System of Vegetable Plants Grown in 
Azerbaijan

To determine the virus concentration and disease incidence, a total of 126 speci-
mens were collected from different commercial fields and those belonging to gov-
ernmental institutions. The results obtained from ELISA showed that more than 
7.2 % of tomato specimens and 2.5 % of long pepper were positive for ToMV, 2.2 % 
of tomato specimens were positive for ToCV, 3.6 % of melon specimens were posi-
tive for MNSV, 2.8 % of cucumber, and 1.5 % of eggplant specimens were positive 
for CMV. In order to detect the presence of ssDNA plant viruses, DNA of two 
chickpeas ( Cicer arietinum) and two lentils ( Lens culinaris) with relevant positive 
results for nanoviruses were amplified by RCA, restricted by endonucleases AatII 
or HindIII, and analyzed on 1.5 % agarose gel. The DNA of lentils was restricted 
into a major fragment of 1 kb by HindIII and AatII digests the DNA of chickpeas 
and also a minor product of 2 kb was produced (Fig. 4.3).

Experience with nanovirus DNA segments shows that at least some genomic 
DNAs of a nanovirus have an AatII site. Hence, the predominant 1-kb fragment 
produced by AatII was a strong indication of the presence of a nanovirus in the two 
specimens of lentil. The template DNA of lentil specimens was also amplified using 
specific primer pairs NanoF103/NanoR101 and C5F/C5R for nanoviruses. Lentil 
specimens as well as the reference nanovirus isolates (SCSV-Australia, MDV-Ja-
pan, and FBNYV-Syria) generated amplicons of the expected size 770 bp using 
the NanoF103/NanoR101 primers and 660 bp using the specific C5F/C5R primers 
(Fig. 4.4). A PCR test also confirms the presence of nanoviruses in these samples.

We describe an initial assessment of plant viruses with an ssDNA genome in 
Azerbaijan. Survey of cultivated and wild crops has uncovered the presence of three 
different nanoviruses, two distinct FBNYV and one faba bean necrotic stunt virus 
(FBNSV).

Tomato ( Lycopersicon esculentum Mill.) is a popular vegetable crop grown from 
subsistence to commercial scale in Azerbaijan. There are several factors limiting to-
mato productivity among which geminiviruses have been unified as very important 
biotic constraints for tomato cultivation in many tropical and subtropical countries 
of the world. Geminiviruses are a group of plant pathogens that have circular ss-
DNA genomes encapsidated within twinned particles. Whitefly-transmitted gemi-
niviruses with mono- or bipartite ssDNA comprise the genus of Begomovirus of 
the family Geminiviridae. TYLCV is a monopartite begomovirus which exhibits a 
range of symptoms and causes serious damage to tomato plants with a greater yield 
loss and quality reduction. Recently, severe damage occurred in tomatoes associ-
ated with heavy infestations of B. tabaci. Symptoms consisted of plant stunting, 
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Fig. 4.4  Products of PCR amplification of FBNYV from two infected lentil plants. Reaction prod-
ucts were run on gel and stained with ethidium bromide. Panel A, reaction using the C5F/C5R 
primer pair; lanes 1–2, infected lentil plants; M, molecular weight marker (1 kb ladder). Panel B, 
reaction using the NanoF103/NanoR101 primer pair; lanes 1–2, noninfected lentil plants; lane 3, 
infected lentil plant; M, molecular weight marker (1-kb ladder)

 

Fig. 4.3  Restriction analysis of RCA-amplified DNAs of chickpea and lentil collected from Lerik. 
Lanes 1–4, DNA of two chickpea; lanes 5–8, DNA of two lentil restricted by endonuclease AatII 
(lanes 1, 3, 5, 7); and HindIII (lanes 2, 4, 6, 8). Lane M, 1-kb-plus DNA size marker
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curling, and deformation of leaves that exhibited chlorosis and yellowing. Fruit 
breaking was also observed in diseased plants. Begomoviruses possess small circu-
lar DNAs that are easily multiplied in vitro by rolling circle amplification (RCA) 
using bacteriophage Phi 29 polymerase. In order to detect the presence of begomo-
viruses, genomic DNAs of tomato specimens were amplified by RCA. Symptoms 
recalled begomovirus infections, and a preliminary ELISA analysis suggested the 
presence of begomovirus genomes in symptomatic tomato plants and RCA analysis 
confirms it. Restriction fragment length polymorphism (RFLP) is used in combi-
nation with RCA to identify differences between viruses based on the presence or 
absence of restriction enzyme-recognition sites. After RCA amplification, the am-
plicons were digested with restriction enzymes XbaI and HindIII and 2.7-kb frag-
ments homologous to the TYLCV were revealed. RFLP is a method that can be used 
to differentiate isolates of viruses without the expenses of cloning and sequencing. 
The restriction fragments, together with 1-kb DNA size marker, were separated by 
2 % agarose gel electrophoresis in 1 × TAE buffer stained with ethidium bromide 
and visualized under UV (Fig. 4.5).

The template DNAs of tomato samples were also amplified by using specific 
primer pairs for TYLCV and yielded PCR products of the expected size (Fig. 4.6).

The presence of latent or hidden forms of infection, during which the plants do 
not express symptoms, contributes to quick spread of the disease and causes serious 
economic losses. The effective disease control using molecular diagnostic methods 
allow detecting the presence of the pathogen regardless of the form of the disease. 
Today, one of the key methods for the identification of pathogens and diagnosis 
of infectious diseases in plants and animals is a PCR. In order to identify virus 
diseases easily, we tested infected plants by the RCA method compared with PCR. 

Fig. 4.5  Restriction analysis of RCA-amplified DNAs of tomato plants collected from Masalli. 
Reaction products were run on gel and stained with ethidium bromide. a DNA restricted by endo-
nuclease xBaI; lane 1, infected tomato plant; lane 2, noninfected tomato plant; Lane M, molecular 
weight marker (1-kb ladder). b DNA restricted by endonuclease HindIII; lane 1, RCA product of 
infected tomato; lane 2, genomic DNA of infected tomato; lane 3, DNA restricted by endonuclease 
HindIII; lane M, molecular weight marker (1 kb ladder)
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Obtained results showed that PCR was a more sensitive method for detection of 
viruses with a single DNA than RCA method. Furthermore, PCR method requires 
less expenditure for detection of viruses with circular DNA as compared with RCA 
method.  However, that does not mean that our results contradict the work of Haible 
et al. (2006) that informs that RCA method is perfect for the identification of ssDNA 
viruses such as geminiviruses and nanoviruses. RCA method has some advantages 
compared with PCR: All circular DNAs can be amplified without any sequence 
knowledge; in addition, RCA has high efficiency and sensitivity (e.g., uses 10 ng of 
total nucleic acid and generates up to 5 µg of product), high fidelity of amplifica-
tion with high reproducibility for various samples, and few false-negative or false-
positive results. RCA does not require any thermocycler; thus, the reaction takes 
place at room temperature (Sahu et al. 2013).

Significant differences in the potential quantum yield of PS II photochemical 
reactions and the activity of PS II based on oxygen evolution were found in isolated 
chloroplasts from leaves of uninfected and infected plants. The photochemical ef-
ficiency of PS II (ratio Fv/Fm) in the infected plants decreased significantly to a 
minimum and constituted 0.48 in chickpea, 0.52 in faba bean, and 0.61 in lentil, 
while in the control plants, the efficiency of PS II was equal to 0.74, 0.72, and 0.76, 
respectively. The lowest Fv/Fm ratio observed in the infected leaves was mainly due 

Fig. 4.6  TYLCV detection by PCR using a MA13F/MA26R; b MA17F/MA27 R; c OTYA3F/
OTYA6R; d V61F/C473 R; e V781/C1256R primers. M, molecular weight marker (100-bp and 
1-kb ladder). 1–7 tomato samples from Masalli (2010)
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to the decrease in Fv without increasing the Fo level. This is characteristic for inhibi-
tion on the donor side of PS II (Natha et al. 2013; Onda 2013). Activity of PS II was 
also affected by pathogenesis, constituting 46 % (chickpea), 43 % (faba bean), and 
48 % (lentil) of the control value that indicates the processes of photoinhibition in 
these samples (Table 4.3).

Obtained results also showed that photochemical activity of PS I decreased un-
der viral disease in all tested samples. It may be focused on the primary photosyn-
thetic reactions and inhibition of the electron transport of PSII, because the virus 
CP seems to accumulate in the membranes of chloroplasts and thylakoids of the in-
fected plants. The present study revealed enormous changes in biochemical compo-
nents in plants due to the infection with different virus diseases. In the pathogenesis, 
a gradual reduction in green pigments like chlorophyll (a, b, and total) was observed 
in all specimens (Fig. 4.7 I).

Similar results were observed in virus-infected apple leaves (Bertamini et al. 
2003). The disease development in these plants also altered the ratio between 
 chlorophyll a and b, which might affect the photosynthetic efficiency. The pro-
tein concentration was low in infected plants of all species compared to controls 
(Fig. 4.7 II). Low protein content indicates that the disease might have caused the 
denaturation or breakdown of proteins, as well as polypeptide chains and protein-
bound amino acids, resulting in enhanced free amino acid content of the host  tissues.

The most likely explanation for the low PS II activity due to inactivation of the 
electron transport is that the related proteins are exposed at the thylakoid surface 
(Muthuchelian et al. 2005). Since the changes in photosynthetic electron transport, 
activities could be caused primarily by the changes or reorganization of thylakoid 
components, the thylakoid proteins of control and virus-infected leaves were ana-
lyzed using SDS–PAGE in order to investigate the alterations in macromolecular 
thylakoid protein complexes possibly associated with the observed symptoms and 
the chloroplast malformations (Fig. 4.8).

Table 4.3  Photochemical activity of photosystem II and photosystem I in chloroplasts from 
infected plants (μmol O2·mg-1 chlorophyll·h-1)
Plant samples Photosystem II 

H2O→K3Fe(CN)6

In % Photosystem I 
DCIP·H→MV

In %

Solаnum lycopеrsicum L. 
(healthy)

85 ± 6 100 242 ± 12 100

Solаnum lycopеrsicum L. 
(infected)

35 ± 4 41 189 ± 9 78

Vicia faba L. (healthy) 57 ± 4 100 250 ± 12 100
Vicia faba L. (infected) 25 ± 3 43 225 ± 9 90
Cicer arietinum L. (healthy) 65 ± 4 100 158 ± 6 100
Cicer arietinum L. (infected) 30 ± 3 46 114 ± 6 72
Lens culinaris L. (healthy) 68 ± 6 100 168 ± 5 100
Lens culinaris L. (infected) 33 ± 3 48 148 ± 7 88
Pisum sativum L. (healthy) 72 ± 6 100 190 ± 8 100
Pisum sativum L. (infected) 37 ± 4 52 179 ± 4 94



1134 Biotic Stress and Crop Improvement

Polypeptide analysis of thylakoid membranes revealed about 25 bands which 
have small changes in the thylakoid protein profile of the infected plants in  position 
of 60–15 kDa. A comparison of thylakoid polypeptides of virus-infected leaves 
with those of the respective controls indicates a decrease in the amount of 47-, 33-, 
28–24-, 17-, and 15-kDa polypeptides. Such changes were associated with a major 
decrease in the level of 33- and 17-kDa polypeptides. The extrinsic proteins of 33 
and 17 kDa associated with the luminal surface of the thylakoid membranes are 
required for optimal functioning of the oxygen evolving machinery. Virus infection 
induced not only the loss of extrinsic proteins but also a marked loss of 47- and 43-
kDa polypeptides in thylakoid membranes which may be due to greater disruption 
of the PS II complex.

Fig. 4.7  Changes of chlorophyll ( Chl) concentrations (a) and soluble proteins (b) in control and 
virus infected leaves. 1 Solanum lycopеrsicum L.; 2 Vicia faba L.; 3 Cicer arietinum L.; 4 Lens 
culinaris L.; 5 Pisum sativum L. Mean ± S.E ( n = 3)

 

Fig. 4.8  Coomassie blue-
stained polypeptide profiles 
of thylakoid membranes 
isolated from control and 
infected leaves. 1 Piper 
longum L.; 2 Lycopersicon 
esculentum Mill.; 3 Cucumis 
sativus L.; 4 Solanum melon-
gena L., a healthy; b infected 
plants; M standard proteins 
(kDa): bovine serum albumin 
( 66), albumin egg ( 45), 
glyceraldehydes-3-phosphate 
dehydrogenase ( 36), carbonic 
anhydrase ( 29), trypsinogen 
( 24), and α-lactalbumin 
( 14,2). Samples were applied 
to each slot corresponding to 
50 µg of protein
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Light-harvesting complexes play important roles in light absorption, thylakoid 
stacking, and energy distribution and any damage to these complexes will have 
multiple effects on the photosynthetic system (Muthuchelian et al. 2005). In our 
experiment, a significant loss of LHCP II (29–24 kDa) polypeptides was observed. 
This could be a reason for the observed marked loss of PS II activity in infected 
leaves.

The content of soluble proteins was reduced markedly in infected leaves. The 
loss of leaf soluble protein in infected leaves would be partially accounted for dam-
aged chloroplasts or could be the result of inhibition of protein synthesis. Thus, 
our results suggest that the decrease in photosynthetic pigments, protein contents, 
photosynthetic electron transport activities (PS II and Fv/Fm ratio), and thylakoid 
membrane proteins in the infected leaves was due to virus infection, which induced 
rapid senescence. In addition, it has been found that the photosynthetic apparatus 
was inhibited on the donor side of PS II; thus, the result could be used in the devel-
opment of virus resistant varieties.

When plants are exposed to microbial pathogens, they produce ROS that induce 
programmed cell death in the plant cells surrounding the infection site to effec-
tively wall off the pathogen and terminate the disease process. The possible role 
of ROS scavenging in plants for protection against oxidative damage induced by 
viral infection was investigated by detecting the presence of superoxide anion and 
hydrogen peroxide in places of infection using NBT and 3,3ʹ–diaminobenzidine 
tetrahydrochloride staining methods (Sultanova and Huseynova 2012). Accumula-
tion of insoluble blue-colored formazan complex (reduced NBT) is an indicator of 
generation of ROS, particularly superoxide anion. DAB polymerizes to produce 
a brown precipitate on contact with hydrogen peroxide in the presence of peroxi-
dase, and thus provides a useful marker of peroxide accumulation. In this study, a 
slightly lower level of DAB staining was observed in healthy leaves compared with 
infected leaves. Discoloration of the leaves was quantified using a digital imaging 
system. At the same time, some antioxidant enzymes in symptomatic plants were 
also studied. It was found that the activities of APX and CAT significantly increased 
in all symptomatic specimens compared to noninfected plants. Dynamics of GR and 
SOD (Cu/Zn-SOD) activities differed from those of CAT and APX, their activities 
slightly increased in stressed samples (Fig. 4.9).

Taking into account the specific distribution and roles of APX and CAT isoen-
zymes and their potential role in ROS production in each organelle of higher plants, 
it seems that the isoenzymes are expressed by distinct regulatory mechanisms. 
Hence, electrophoretic mobility profiling of APX and CAT isoenzymes was also 
studied. The activities of APX and CAT isoenzymes were predominant under viral 
pathogenesis, and gel electrophoresis indicated that slow-moving high molecular 
weight isoenzymes appeared and increased in all infected plants. Pathogenesis un-
der virus infection resulted in increase of APX isoenzyme number up to 5 in leaves 
of L. esculentum, including formation of two new isoforms, and gain in enzyme 
electrophoretic spectra in infected leaves of C. sativus comparing to the control 
variant (Fig. 4.10 I).
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Similar results were obtained in the study of Pisum sativum infected by plum pox 
virus and during analysis of the antioxidant response of Nicotiana benthamiana to 
infection with two strains of pepper mild mottle virus (Díaz-Vivancos et al. 2008; 
Hakmaoui et al. 2012; Sgherri et al. 2013). The electrophoretic profiles of catalase 
from infected vegetables identified two isoenzymes (CAT1, CAT2). As shown in 
Fig. 4.10 II, pathogenesis leads to a decrease in CAT2 and an increase in CAT1 pro-
files. The data indicated that a high activation of APX and CAT isoenzymes during 
viral stress may be a key event in hypersensitive response program. Thus, increase 

Fig. 4.9  Activities of catalase, ascorbate peroxidase, glutathione reductase, and superoxide dis-
mutase in viral-infected plant leaves. 1 Solanum lycopеrsicum L.; 2 Vicia faba L.; 3 Cicer arieti-
num L.; 4 Lens culinaris L.; 5 Pisum sativum L. Mean ± S.E ( n = 3)

 

Fig. 4.10  Isoforms of ascorbate peroxidase (I) and catalase (II) activity determined in sodium 
phosphate buffer (pH 7.6) by 10 % native PAGE. 1 Lycopersicon esculentum Mill.; 2 Solanum 
melongena L.; 3 Piper longum L.; 4 Cucumis sativus L., a healthy; b infected plants
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of APX and CAT activity and de novo synthesis of their multiple molecular forms 
under different stresses show their undoubted participation in antioxidant defense 
system.

However, a final conclusion on the incidence of these viruses can only be made 
after detailed screening of a large number of fields. The eradication of infected 
mother plants is a significant matter for the certification system of nursery material 
for growing crop plants and abovementioned data should be a promising beginning 
for developing tendency to reduce the virus-associated risks in Azerbaijan.

4  Conclusions and Future Perspective

To evaluate the risk of virus spreading, it is necessary to determine whether the in-
sects/plants are viruliferous or not. Effective control is necessary for the identifica-
tion of different viral diseases, infection source, and spreading mechanisms. Effec-
tive solution of such strategic problems as providing the population with high qual-
ity, ecologically pure foods, and other plant products and food safety of the country 
depends on the creation of new more productive, virus infection-resistant plants. It 
must be considered that plants are subjected to a combination of adverse conditions 
which requires understanding of how plants respond to different stress factors. This 
preliminary consideration is essential for understanding the performance of plants 
under stress conditions and also for improving stress tolerance and crop production.

The integration of the molecular and biochemical approaches will likely enable 
scientists to reconstruct the whole cascade of cellular events that lead to rapid re-
sponses and adaptation to the various biotic stress factors. Targeted approach that 
combines molecular, physiological, and metabolic aspects of plant stress tolerance 
is needed to improve the knowledge on the effects of gene expression and complete 
study of plants under stress factors. A better understanding of major physiological 
processes in response to various biotic stresses can lead to the selection of the ap-
propriate promoter or a transcription factor which will be used for different crop 
improvement strategies.
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Abstract Drought and salinity are the major abiotic stresses limiting the produc-
tion of crops including sugar beet in water-limited environments of the world. With 
annual precipitation of 240 mm, Iran is classified as a dry region. Furthermore, 
more than 21 % of the country’s area is occupied by saline soil. Therefore, it is 
necessary to adopt strategies that will maximize yields and economic returns from 
stressful environments while minimizing environmental impacts. Among these 
are improved cultural practices; breeding of new varieties, which involves screen-
ing and selection of the existing germplasm; utilization of novel genes through 
transgenic modification; application of exogenous osmoprotectants, etc. Although 
conventional selection and breeding programs are making achievement in enhanc-
ing the abiotic stress tolerance of crops, breeding for stress tolerance should be 
given high research priority to accelerate these efforts. However, the extent and 
rate of progress gained through conventional breeding programs is limited due to 
the interplay of mechanisms of abiotic stress tolerance that are controlled by the 
expression of many genes. Furthermore, current techniques employed for selecting 
tolerant plants are often time-consuming and expensive. Using advanced molecu-
lar techniques, some researchers are showing promising results in  understanding 
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the molecular basis of tolerance to abiotic stress and increasing stress tolerance 
in model species and some crops. These findings emphasize that future research 
should focus on physiological, molecular, and metabolic dimensions of toler-
ance to stress to facilitate the development of crops with an inherent capacity to 
withstand abiotic stresses. Additionally, testing the performance of elite genetic 
materials under realistic field conditions cannot be overlooked. In this chapter, the 
challenges and opportunities for improvement of salt tolerance in sugar beet ( Beta 
vulgaris L.) are discussed. Many of the principles, however, apply to most crop 
species.

Keywords Sugar beet · Salinity tolerance · Abiotic stress · Morphological · 
Physiological · Screening · Breeding

1  Introduction

Generally, the human being lives on a salty planet, with the concentration of sodium 
chloride (NaCl) in most of its water being approximately 30 mgl−1. Due to this salt 
solution, the cultivated lands have been negatively affected (Flowers 2004). Salinity 
is one of the most prevalent abiotic stresses, which negatively affects agricultural 
productivity and restricts the land use. It is reported that 6 % of the total (Talei et al. 
2013) and 20 % of the irrigated lands of the world (Negrão et al. 2011) have been 
adversely affected by soil salinity. This is more severe as one-third of the world’s 
food production comes from the irrigated lands (Linh et al. 2012). In Asia, salinity 
has influenced 21.5 million hectares of lands due to which up to 50 % of productive 
lands will be lost by 2050 (Nazar et al. 2011).

The degree to which the plants are affected by salinity depends on the salinity 
level. At extremely high salt concentrations, plants are killed due to the joint effects 
of reduced water potential and ion toxicity; leaf burning and severe growth inhibi-
tion are caused by high salt concentrations. At lower salinity levels, reduced growth 
rate is often the sole sign of salt effect, with slightly darkened and/or thickened 
leaves in some species (Shannon 1985). Plant physiological responses to salinity 
occur at various levels. At the cellular level, ion distribution, osmolyte accumula-
tion, enzyme reactions, osmotic adjustment, and genetic control are considered; 
at the tissue level, leaf thickness, salt exclusion, and stomatal conductance; and 
at the whole plant level, germination ability, vigor, and growth are taken into ac-
count (Seaman 2007). Properties such as compartmentalization of organic solutes 
and ions needed for salt tolerance occur at various plant levels. Thus, salt tolerance 
involves processes at all levels of plant function, and not just those of isolated cells 
or tissues (Pitman 1984).

Some general morphological symptoms of salt stress on crop plants are whiten-
ing and burning of leaf tip (salinity impact), browning and death of leaf (sodicity 
impact), leaf rolling, stunted plant growth, reduced root growth, irregular growth, 
low yield, and low harvest index (Singh 2006). Among the physiological and bio-
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chemical symptoms of salinity are: high Na+ transfer to shoot and its accumulation 
in older leaves, higher Cl− and lower K+ uptake, reduced shoot and root weights, 
decreased uptake of P and Zn, increased compatible solutes, and increased levels of 
polyamines (Singh 2006).

Approximately 35 % of the world’s sugar is supplied by an important crop, the 
sugar beet (Liu et al. 2008). The performance of the crop is often not fully expressed 
due to the occurrence of abiotic stresses such as drought and salinity. Sugar beet 
is considered as a salt-tolerant crop (Shannon 1985; Jamil et al. 2006). However, 
its yield is reduced by saline soil and saline water: 50 % of the yield is decreased 
at electrical conductivity of soil saturation extract (Ecs) of 13.7 dSm−1 (Morillo-
Velarde and Ober 2006). Sugar beet shows the highest sensitivity to salinity at ger-
mination and early seedling growth stages (Ghoulam and Fares 2001; Jamil et al. 
2006). At this stage, the soil saturation extract should be lower than 3 dSm−1 (cited 
in Morillo-Velarde and Ober 2006). The irrigation water quality is also an important 
issue in many arid and semi-arid regions such as Iran where sugar beet production is 
wholly reliant on irrigation water. A high atmospheric evaporative demand in these 
areas results in the accumulation of salts at soil surface and hence reduces germina-
tion. This necessitates the leaching of accumulated salts from soil. As sugar beet 
is able to absorb some of the salts in irrigation water, beet production could help 
to maintain the quality of soils and sustainability of production systems (Morillo-
Velarde and Ober 2006).

Ghoulam et al. (2002) investigated the impact of increasing levels of salinity on 
agro-physiological characters of sugar beet cultivars and found that such growth 
characters as leaf area and leaf and root weights were decreased by high NaCl con-
centrations but the leaf number was not much affected. The highest NaCl concentra-
tion (200 mM) revealed varietal differences for almost all of the considered char-
acters. In salt-stressed sugar beet, leaf thickness increased due to declined cellular 
expansion, increased leaf dry matter, and reduced specific leaf area (Robinson et al. 
1983).

2  Management of the Salt-Affected Areas

In general, salt-affected areas could be managed through the following approaches 
(Singh et al. 2010): (1) modification of environment: Change the environment for 
the normal growth of plants. This could be done by methods such as leaching of 
salts from the root zone and proper drainage practices. Such cultural practices as al-
teration of sowing pattern, proper nutrition, and crop protection against diseases and 
pests can help to increase crop productivity in stressful environments. Results of 
the sugar beet transplanting method in salt-affected areas indicated that this method 
has a higher effect on yield than on quality (Rajabi 2010). Also, early sowing and 
two-row planting are recommended for salt-affected areas due to the facilitated irri-
gation and lack of salt accumulation at the seedling emergence zone (Rajabi 2010). 
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(2) Modification of crop: Select or develop crop varieties that can withstand the salt 
stress. This could be an environmentally sustainable approach due to the fact that 
water resources are reserved and destruction of soil structure and salinization are 
reduced. (3) Hybrid approach which is the combination of the first and second ap-
proaches. The advantages of the hybrid approach are that it is more viable, highly 
productive, and has low resource cost.

3  Challenges in Mitigating Salt Stress

Genetic improvements in salt tolerance have been hindered due to: (1) nonunifor-
mity of chemical and physical soil composition in the salt-affected field, (2) vari-
ous physiological mechanisms determining the tolerance level, (3) dependence of 
plant phenotypic responses to growth stage, (4) insufficient or poorly characterized 
genetic variation, (5) multigenic nature of inheritance and complicated genotype × 
environment interactions, (6) absence of suitable screening methods and selection 
tools for assessment of germplasm and segregating populations, and (7) necessity 
for quick and dependable molecular markers to cull the inferior genotypes (Sub-
barao and Johansen 1999; Arzani 2008). Salt tolerance is a quantitative trait defined 
in many ways depending on changes with plant growth and development; thus, it 
is difficult to assess the salt tolerance of genotypes with different growth or devel-
opment rate. Also, concentrations of major and minor nutrients in the root zone 
(Shannon 1996) and field management (Meiri and Plaut 1985) affect the level of 
salt tolerance. Some other factors which limit the success in salt-affected areas are: 
(1) Salt stress seldom happens in isolation but occurs together with other stresses 
such as drought and heat; (2) gaps in understanding mechanisms of tolerance; (3) 
low priority in breeding programs; and (4) the involvement of few researchers, and 
new scientists entering the field (Singh 2006).

4  Mechanisms of Salt Tolerance

Responses to salinity are not simple and breeding for salt tolerance requires a com-
bination of various physiological mechanisms. Plants have developed different 
mechanisms for salt tolerance and adjustment to ionic and osmotic stress induced 
by high levels of salt stress. Among which most important is osmotic adjustment, 
which involves the accumulation of solutes such as K+, sugars, glycine betaine, and 
proline (Hasegawa et al. 2000; Munns 2005). Effective selection of salt-tolerant 
plants is needed to understand the impact of salinity on morphological and physi-
ological processes and ways how plants can tolerate salt stress conditions (De Vos 
et al. 2010).
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Three interrelated aspects of plant activity are important for achieving salt toler-
ance: Damage must be averted, homeostatic conditions must be reestablished, and 
growth must recommence (Seaman 2007). Plants are affected by high salinity in 
two major ways: High salt concentrations in soil perturb the root capacity for water 
extraction, and high salt concentrations inside the plant itself can be noxious, due to 
which many physiological and biochemical processes are inhibited (Munns 2002). 
Low osmotic potential of soil solution (water stress), nutritional imbalance, specific 
ion effects (salt stress), or a combination of these factors are related to the adverse 
effects of salinity on plant growth (Oliveira et al. 2013).

Therefore, there are two main mechanisms for salt tolerance: those minimizing 
the entry of salt into the plant and those minimizing the concentration of salt in 
the cytoplasm. Both types of mechanisms are observed in halophytes; these plants 
“exclude” salt properly, but efficiently sort out the salt in vacuoles. Thus, they can 
grow for long periods in salt-affected soils. The salt is also excluded well by some 
glycophytes, but they are not as efficient as halophytes in compartmentalizing the 
residual salt. Most glycophytes are poorly able to exclude salt, so it accumulates 
to toxic levels in the transpiring leaves (Munns 2002). Physiological adaptations 
to salinity and other stresses such as cold and drought stress show some similari-
ties. Plant adaptation to salinity could be enhanced by improvement of drought 
tolerance. However, for a plant to be specifically adapted to saline soil, it should 
regulate the uptake and compartmentalize NaCl when its accumulation reaches to 
toxic levels (Munns 2002).

5  Genetics of Salt Tolerance

Salt tolerance is a multigenic trait (Munns 2011). In some species, these genes are 
dispersed across the genome. Breeding for improved salt tolerance is complicated 
due to epistasis, genotype ×  environment interaction, and large environmental ef-
fects. Utilization of genetic mechanism is the most important approach for dealing 
with salinity problem (Joshi 2011). Lyon (1941) was probably the first who studied 
the inheritance of salt tolerance. He crossed tomato ( Lycopersicon esculentum) with 
L. pimpinellifolium and found that the hybrid was more affected by salt than either 
parent. Akbar et al. (1986) and Akbar and Yabuno (1977) found that at least three 
genes control the expression of sterility, an important factor in rice yield under sa-
line conditions. Salt tolerance in pigeonpea ( Cajanus cajan; Subbarao et al. 1990) 
and sorghum (Azhar and McNeilly 1988) has also shown to be governed by domi-
nance gene effect. A 6 × 6 diallel cross-analysis in rice revealed that narrow-sense 
heritability values for salinity tolerance score, K, and Na/K ratio were 0.65, 0.50, 
and 0.41, respectively, with both the additive and dominance gene effects being sig-
nificant for all the three characters (Singh 2006). These examples demonstrate that 
salt tolerance is a genetically complex trait (Shannon 1985) which shows heterosis, 
dominance, and additive effects.
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6  Selection Criteria for Salt Tolerance

6.1  Morphological Characters

Plant height, leaf area, leaf injury, relative growth rate, relative growth reduction, 
and yield are among the agro-morphological characteristics used for salt tolerance 
(Ashraf and Harris 2004). Also, root and shoot length, germination percentage, per-
centage of dead and live leaves, and seedling survival have been used successfully 
as simple selection criteria in different plants (Sadat Noori and McNeilly 2000). 
Seed germination, radical and hypocotyl lengths, and leaf succulence are different 
morphological parameters used as selection criteria under salinity stress for several 
crops, including sugar beet.

6.1.1  Seed Germination

Seed germination is the most important characteristic of seed quality, and sig-
nificant correlations between laboratory tests and plant establishment in the field 
( Sadeghian and Yavari 2004) increase the value of this trait. Seed germination is 
affected by environment and seed processing (Apostolides and Goulas 1998). In 
sugar beet seed, the percentage of germination and establishment is affected more 
by genetic effects than germination rate, so they could be used for genotype selec-
tion (Sadeghian and Khodaii 1998). However, germination rate was found to be the 
best selection index for salt tolerance in sugar beet (Mohammadian 1995).

6.1.2  Percentage of Abnormal Seedlings

Percentage of abnormal seedlings could be a good characteristic for screening sug-
ar beet genotypes to salinity stress at early growth stages because a negative and 
significant correlation was observed between abnormal seedlings in the laboratory 
and sand germination in greenhouse and yield in the field (Khayamim et al. 2014). 
Selection of genotypes based on dead and viable plants and seedling survival under 
salinity stress would be a reliable method in addition to seed germination and root 
length (Sadat Noori and McNeilly 2000). The determination of abnormal embryos 
is difficult and requires technical skill and precision.

6.1.3  Root and Shoot Length

Measurement of sugar beet root length in the laboratory and under high osmotic 
pressure is suggested as a fast and effective method for evaluating the tolerance of 
genotypes to drought and salt stresses (Habibi 1993). Generally, salt-tolerant geno-
types have greater root and hypocotyl lengths than susceptible types. Saline soils 
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decrease water absorbance and consequently cell development. This may explain 
how effects of salt stress were found to affect root length to a greater extent than 
hypocotyl length (Jamil et al. 2006; Jafarzadeh and Aliasgharzadeh 2007; Khaya-
mim et al. 2014). Nevertheless, root length may be a reliable index for early season 
screening of sugar beet genotypes for salt tolerance. Shoot growth shows more sen-
sitivity to salt-induced osmotic stress than root growth. Salinity-induced reduction 
in shoot growth is usually expressed as reduced leaf area and stunted shoots. Both 
cell division and cell elongation govern the final leaf size. Salt stress does not af-
fect leaf initiation in sugar beet, but leaf expansion showed salt sensitivity (Carillo 
et al. 2011).

6.1.4  Succulence

Succulence is a trait which is generally observed in salt-tolerant species growing 
in salt stress conditions (Hajiboland et al. 2009). Sugar beet leaves become thicker 
during the growth because of decreased cell expansion and greater dry matter incre-
ment of salinized plants. More water per unit leaf area is stored in succulent leaves. 
Indeed, some halophytic species have evolved special water-storage cells in leaves 
(Voznesenskaya et al. 2010).

6.1.5  Yield

Yield of field crops is limited by soil salinity. Low salt concentrations (less than 
150 mM) have a low or no impact on yield. Consequently, there has been some suc-
cess with irrigation of sugar beet with brackish water (Azzazy 2004), although care 
is required with this practice to prevent salt buildup in soil. With the increase of salt 
concentrations, yields decrease to zero, since the majority of glycophytes are not 
able to grow at high salinity levels (Carillo et al. 2011). The proportional decrease 
of root and white sugar yields of sugar beet under environmental stresses such as 
salinity and drought can be used as selection criteria for tolerant genotypes (Ranji 
and Parvizi 1996; Abdel and Zanovny 2004; Ebrahimian et al. 2008; Abbasi and 
Rezaei 2014). Although yield is the most direct criterion for assessing crop response 
to abiotic stresses such as salinity, the inheritance of yield is complex and consider-
ably influenced by the environment (Ashraf 2004).

6.2  Physiological and Biochemical Characters

In sugar beet, osmotic adjustment is achieved by accumulation of ions and organic 
compounds (Geissler et al. 2009). Nontoxic solutes (osmoprotectants or compat-
ible solutes) are synthesized and accumulated in some plants to withstand osmotic 
stresses. Osmoprotectants can accumulate to considerable levels without disturbing 
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metabolism, some of which can also prevent enzymes and membranes from being 
damaged by high salt concentrations (Yancey 1994). Some other osmoprotectants 
(especially polyols) protect plants against reactive oxygen species (ROS; Smirnoff 
1998). These compounds are located in the cytoplasm where it is important not to 
disrupt biochemical reactions while maintaining osmotic balance, so water potential 
will be maintained and cellular structure, protein, and enzyme conformations will 
be conserved, probably through phenomena related to macromolecular crowding 
and preservation of water structure at protein interfaces (Fayer 2012). Thus, they are 
known as “compatible” compounds because of these properties (Kafi et al. 2010). 
The main biochemical parameters of stress tolerance in plants contain trehalose, 
proline, glycine betaine, ROS scavengers, and polyols (Ashraf and Harris 2004; 
Sayfzadeh et al. 2011).

6.2.1  Proline and Glycine Betaine

Osmotic adjustment is mediated and the subcellular structures of stressed plants 
are protected by glycine betaine and proline (Ahmad and Sharma 2008). The accu-
mulation of these two osmolytes has been reported to be positively correlated with 
stress tolerance (Yamada et al. 2009). Proline is an important osmoprotectant which 
in addition to adaptation of plants to stress may play a role in many biological pro-
cesses such as osmotic adjustment, cell protection and preservation of the structural 
strength of the cell (membrane and protein), antioxidant action, energy transport, 
carbon and nitrogen storage, and several other roles which are needed for stability 
of the cell (Kuznetsov and Shevyakova 1999).

Although some plants like Paspalum vaginatum accumulate proline, no apparent 
differences among salt-tolerant and -intolerant genotypes were found in these plants 
(Lee et al. 2008). This suggests that proline may not be the best physiological or 
biochemical marker for salt screening. However, it was shown in maize roots grow-
ing at low water potentials that deposition of proline increased in elongating cells, 
and therefore accumulation was not a consequence of growth inhibition (Ober and 
Sharp 1994). Proline accumulation in most tolerant plants is greater than sensitive 
ones under environmental stresses (Ashraf and Foolad 2007; Ahmad et al. 2012a, 
b, 2013).

Osmolyte accumulations differ among plant species, plant organs, stress levels, 
and rate of stress development in plants. Long-term water cessation induces accu-
mulation of different osmolytes and osmoprotectors in sugar beet organs. Glycine 
betaine and sucrose play a major role in the youngest leaves, whereas sucrose, pro-
line, and betaine have a dominant role in older leaves but in storage roots the main 
role is played by soluble sugars (Choluj et al. 2008). It was reported that proline 
accumulation in sugar beet under salinity stress in greenhouse experiments was 
greater in the first 5 h of stress, which then decreased after 24 h of stress (Ranji 
et al. 1996). Water and salt stresses provoke the accumulation of many amino acids 
in sugar beet, but the increase in proline was greater than the others. However, it 
was noticed that sugar beet was tolerant to low levels of salt (about 150 mM NaCl) 
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and more salt could increase proline accumulation (Gzik 1996). In contrast, it was 
reported that the contents of proline were too low to have a significant role in os-
motic adjustment and therefore could not be used to reliably identify salt-tolerant 
sugar beet varieties.

Glycine betaine accumulation played the main role in osmotic adjustment of 
sugar beet under osmotic stress (Ghoulam et al. 2002) but it could mask the contri-
bution of other nitrogenous components. There are reports that show proline con-
centration increased in stressed sugar beet and the increase was more in tolerant 
genotypes than that in sensitive types (Pakniyat and Armion 2007; Monreal et al. 
2007). In sugar beet roots, proline level was found to be positively correlated with 
the glucose level (Monreal et al. 2007). Proline is also a good indicator of abiotic 
stress, because its level decreases when the stress is relieved (Sharma et al. 2011). 
The greater proline level of spring-sown beets in summer than in the subsequent 
autumn suggests that the proline accumulated in summer could have been used to 
supply nitrogen and energy requirements following stress relief later in the season 
(Monreal et al. 2007). The growth stage of plants also has an important role in os-
molyte accumulation, such that the proline content in leaves of sugar beet increased 
about 20 % at leaf development stage but was reduced by about 10 % at harvest time 
(Monreal et al. 2007). Although the changes were not significant at harvest time, it 
can be speculated that at the late stages of plant growth, all materials and supplies 
were spent for sugar production (Khayamim 2010).

6.2.2  Antioxidants

When the plants are subjected to adverse environmental conditions, production of 
ROS increases (Ahmad et al. 2008, 2010a, b, 2011a, b; Ahmad and Umar 2011; 
Rasool et al. 2013). ROS are scavenged by both enzymatic and nonenzymatic mech-
anisms. The concentrations of superoxide radical and hydrogen peroxide are regu-
lated by enzymatic mechanisms. The main enzymes include glutathione reductase 
(GR), ascorbate peroxidase (APX), superoxide dismutase (SOD), and glutathione-
synthesizing enzymes (Mittova et al. 2003; Ahmad et al. 2008, 2010a, b, 2011a, b; 
Ahmad and Umar 2011; Rasool et al. 2013). Membrane is damaged in plants due to 
the stress-induced ROS. Stress-induced damage at the cellular level is manifested 
as free radical-induced peroxidation of lipid membranes. Peroxidation of membrane 
lipids results in increased level of malondialdehyde (MDA) which is often used as 
sign of oxidative damage (Nagesh Babu and Devaraj 2008). So, production of less 
MDA in tolerant plants under stress condition should be indicative of less damage 
to membranes (Ahmad et al. 2012a, b; Rasool et al. 2013).

6.2.3  Carbohydrates

The other class of osmoprotectants which is important in osmotic adjustment is carbo-
hydrates. Simple and complex sugars accumulate under salt stress (Parida et al. 2004) 
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and play a major role in osmotic adjustment, osmoprotection, carbon storage, and 
radical scavenging. Carbohydrates such as trehalose protect membranes and pro-
teins in stressed cells and decrease aggregation of denatured proteins (Singer and 
Lindquist 1998; Fayer 2012). Salt stress decreases soluble carbohydrates in most 
plants, including sugar beet (Niazi et al. 2004; Geissler et al. 2009). Plants need 
energy under salinity stress conditions for the production of high-energy materials 
such as sugar and proteins (Niazi et al. 2004). Decreased concentrations of soluble 
carbohydrates in some plants under salt stress are often associated with decreased 
protein, but in some halophytes stress increases total proteins and decreases soluble 
carbohydrates (Geissler et al. 2009). Stress can affect the C to N balance and parti-
tioning of energy between protein and carbohydrate synthesis (Coello et al. 2011). 
In salt-stressed sugar beet, soluble carbohydrate reduction was 15, 28, 8, and 2 % at 
four-leaf, establishment, leaf development, and harvesting growth stages of sugar 
beet, respectively (Khayamim 2010). It was concluded that there was a greater re-
quirement for carbohydrates for osmotic adjustment and salt tolerance of sugar beet 
at the establishment stage.

6.2.4  Ionic Adjustment

Salinity results in both ionic and osmotic stress on plants. Initially, plants exposed to 
salinity stress (first minutes to hours of initial tension) responded to osmotic stress 
as reduced leaf expansion (Munns 2002). These effects can continue during the ex-
posure; consequently, cell expansion and cell division are inhibited and stomata are 
closed (Munns 2002). When the plants are exposed to salinity for a long time, they 
experience ionic stress, due to which the adult leaves senesce prematurely, and thus 
the photosynthetic area is reduced (Carillo et al. 2011).

Ionic stress is caused by Na+ accumulation in leaf tissues, which leads to growth 
inhibition and eventually necrosis. Leaves show more susceptibility than roots to 
Na+ probably because Na+ and Cl− accumulation is higher in shoots than in roots 
(Tester and Davenport 2003). There are reports that Na+ and Cl− are accumulated in 
sugar beet leaves by salt stress (Ghoulam et al. 2002; Pakniyat and Armion 2007). 
Maintaining better Na+ and K+ balance is more apparent in tolerant than susceptible 
plants. This balance could be achieved by distribution of ions into vacuoles and 
production of organic osmotica (Jampeetong and Brix 2008). In Sorghum bicolor, 
Ca2+ can ameliorate some of the effects of Na+ by helping to preserve K+ to Na+ 
balance (Colmer et al. 1996) and overcoming the inhibition of cell expansion (Bern-
stein et al. 1993). Salinity inhibits Ca+ transport; hence, supplemental Ca2+ can help 
maintain processes such as the apoplastic ROS levels required for growth (Shoresh 
et al. 2011). Sugar beet genotypes that showed greater sugar concentrations and bet-
ter yields under saline conditions were associated with greater accumulation of K+ 
and α-amino N compounds in roots (Tsialtas and Maslaris 2009).

Osmotic adjustment appears to play a role in salinity tolerance in sugar beet 
(Katerji et al. 1997). Although drought has a lower effect on ionic stress, water 
shortage resulted in a significantly higher ratio of univalent to divalent cations in 
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young leaves and petioles of sugar beet and it was slightly decreased in taproots 
(Ashraf 2004). Only with a greater understanding of the regulation of cellular ion 
concentrations would ion concentration measurements function as selection criteria 
for salt tolerance.

6.2.5  Photosynthesis and Respiration

Photosynthesis and respiration are processes that can be directly affected by en-
vironmental stresses such as drought and salinity, which can have an impact on 
growth and crop productivity. The ability to maintain photosynthetic rates in saline 
conditions may be an important indicator of stress tolerance (Ashraf et al. 2007). 
The degree to which photosynthesis is reduced depends on the concentration of 
salts, and differences in intrinsic susceptibility to salt stress (Robinson et al. 1983). 
Products of photosynthesis are required for the synthesis and accumulation of stor-
age and structural materials as well as solutes for osmotic adjustment. In some sa-
line conditions (200 mM NaCl), photosynthesis was unaffected while growth in-
creased in fodder and wild beet genotypes (Niazi et al. 2000). In other experiments, 
photosynthesis was decreased to a greater extent than growth (Niazi et al. 2004). 
Salinity also inhibits photosynthesis via stomatal closure (Robinson et al. 1983; 
Orcutt and Nilsen 2000) and non-stomatal factors (Gordon and Duniway 1982; 
Harley et al. 1992; Delfine et al. 1999). The decreases in transpiration and daily 
water stress indices have been suggested as methods to classify varieties according 
to salt tolerance (Katerji et al. 2003). Regulation of photosynthetic enzymes such 
as ribulose bisphosphate carboxylase (Plaut and Heuer 1985; Orcutt and Nilsen 
2000) also may be an important indicator. Light reactions are susceptible to salt 
stress, and photosystem II (PSII) may be damaged in plant species susceptible to 
salinity (Orcutt and Nilsen 2000). In a report comparing two sugar beet genotypes, 
photosynthetic rate increased during 4 days of exposure to 180 mM NaCl, but then 
decreased in one genotype while the other remained unaffected (Heuer and Plaut 
1989). The stress effects depend on the age and position of leaves within the canopy 
(Ober et al. 2005), so these variables must be taken into account when comparing 
different genotypes or experiments.

During the past several decades, extensive research has been conducted to ex-
amine the impact of salt stress on photosynthesis. However, many of them have 
only correlative nature, and further research is still needed to elucidate the specific 
changes occurring during photosynthesis under saline conditions. These processes 
are tightly interlinked, so that a minor change in one process may induce a series of 
events that finally inhibit the overall rate of photosynthesis (Ashraf 2004).

6.2.6  Chlorophyll and Chlorophyll Fluorescence

There are many reports concerning the effects of environmental stress using chlo-
rophyll fluorescence techniques. The ratio of variable to maximum fluorescence 
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yield ( Fv/Fm), known as maximum quantum yield of PSII, can reflect salinity ef-
fects on photochemistry, although it may not be the most sensitive indicator of stress 
effects (Kovar et al. 2001; James et al. 2002). Measurement of PSII efficiency in 
sugar beet during early growing season under drought stress (Mohammadian et al. 
2003) and low levels of salinity up to 9 dSm−1 (Park et al. 2006) represented a suit-
able physiological parameter to characterize sugar beet genotypes under stress con-
ditions. However, there are different reports in which PSII efficiency did not have 
a significant effect on stress tolerance, for example, on maize under drought stress 
(Ashraf et al. 2007) and low levels of salinity on sugar beet (Netondo et al. 2004; 
Hajiboland et al. 2009).

7  Genetic Resources for Salt Tolerance

In semiarid regions such as Iran, particularly during the last decade, selection for 
salt tolerance has been one of the important objectives of sugar beet breeding pro-
grams (Ahmadi et al. 2011). Sugar beet is considered a moderately salt-tolerant 
crop (Jamil et al. 2006); however, development of varieties with improved yield and 
quality in salt-stressed environments is deemed appropriate. Genetic variation for 
salt tolerance is an essential prerequisite for the development of more stress-tolerant 
varieties. There is high genotypic variation in sugar beet for drought (Ober et al. 
2004; Rajabi et al. 2008; Rajabi et al. 2009; Rajabi and Ober 2012; Rajabi et al. 
2013a, b) and salt tolerance (Marschner et al. 1981a; Uno et al. 1996; Ghoulam 
et al. 2002; Rajabi 2010; Ober and Rajabi 2010) which could be exploited by plant 
breeders to develop stress-tolerant varieties for drought and saline environments. 
The extent and distribution of genetic variation for salt tolerance is difficult to as-
sess by conventional field methods. Rather, molecular markers, especially simple 
sequence repeat (SSR, or microsatellite) markers, are suited to describe genetic 
diversity at the DNA level (Kalia et al. 2011). By using 18 microsattelite (SSR) 
markers, Abbasi et al. (2014) analyzed genetic variation within a set of 168 sugar 
beet breeding lines and found a high SSR marker polymorphism within this set of 
material. In the long run, this work can contribute to the establishment of marker-
assisted selection (MAS) for salt tolerance in sugar beet. Marschner et al. (1981b) 
found considerable genotypic differences for sensitivity to sodium within a limited 
set of sugar beet genotypes. Mostafavi (2012) found significant genetic variation 
among sugar beet cultivars for germination and seedling growth traits under sa-
line conditions, while Khavari-Nejad et al. (2008) identified a beet genotype that 
showed greater tolerance to 50 mM NaCl than three other local varieties. Zein et al. 
(2002) also found varietal differences in field experiments under a range of salinity 
stress levels.

Since improvement of most crop species took place outside their native habi-
tats or under favorable agricultural conditions, their gene pools of breeding germ-
plasm have become limited (Tal 1985). Compared with other open-pollinated crop 
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 species, sugar beet has a relatively narrower genetic base (Panella and Lewellen 
2007). This situation is exacerbated by the fact that the hybrid commercial varieties 
of sugar beet should integrate both the monogerm and O-type (the maintainer of the 
cytoplasmically male sterile line) characters (Panella and Lewellen 2007). This may 
make it necessary to use the wild relatives, especially Beta vulgaris ssp. maritima 
(the wild progenitor of all domesticated beets), to enrich the gene pool of sugar beet 
with novel sources of variation. Many populations of maritima beet thrive near the 
sea in saline conditions (Fig. 5.1). However, the potential breeding value of wild 
relatives for improving stress tolerance is low because it is difficult to transfer and 
introgress desirable traits from the wild relatives into high-yielding germplasm (Bi-
ancardi et al. 2010). Among the unwanted traits introgressed from wild beet along 
with the desired genes were annual growth habit (sugar beet is a biennial crop), 
red color in the root, branched roots, elongated or multiple crowns, and low sugar 
content and sugar extractability (reviewed in Lewellen 1992; Panella and Lewellen 
2005). For more distant Beta species as sources, there is the additional difficulty 
of transferring genes to domesticated cultivars due to reproductive barriers (Turan 
et al. 2012). However, rhizomania and beet cyst nematode resistance genes from 
wild beet have already been commercialized (Panella and Lewellen 2007).

Fig. 5.1  Beta vulgaris L. 
ssp.maritima growing on a 
shingle beach estuary near 
Maldon, Essex, UK
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8  Screening Methodologies

Artificial selection and conventional breeding approaches in the past few years have 
resulted in significant improvement in salinity tolerance in a number of field crops. 
However, selection has been mainly based on in agronomic traits such as yield and 
survival in saline conditions (Subbarao and Johansen 1999; Ashraf 2004; Noble and 
Rogers 2004). It is difficult to use yield-based response measurements in field stud-
ies as a measure of tolerance. This is due to (1) the complexity of interactions with 
biotic and abiotic stress factors, (2) variability of NaCl in the soil profile, and (3) 
differential responses according to both growth stage and genotype (Munns et al. 
2006; Leonforte et al. 2013). Rather, physiological traits associated with yield have 
been considered as criteria for indirect selection to improve salt tolerance. More re-
liable information can be obtained from physiological criteria than from agronomic 
traits. However, these attributes have not been extensively used as selection tools 
to improve salt tolerance in breeding programs (Ashraf 2004). This may be due to 
the fact that the following questions still remain unanswered: the extent of genetic 
diversity, the importance of the targeted mechanism, the ease of selection of the 
physiological mechanism, and the breeding strategy (Noble and Rogers 2004).

In order for a secondary trait to be an efficient tool in screening genotypes for 
abiotic stress tolerance, it should meet four requirements: (1) a high genetic correla-
tion with yield and salinity tolerance; (2) a high heritability; (3) practical on a large, 
breeding scale; (4) cost-effective (in breeding programs with limited resources and 
competing breeding targets; Ober et al. 2005). For example, carbon isotope discrim-
ination ratio (Δ) was shown to be an effective selection tool for improving water use 
efficiency in wheat (Farquhar and Richard 1984), and with potential in sugar beet 
(Rajabi et al. 2008, 2009). It has also been of potential value as a physiological indi-
cator for salt tolerance in rice (Shaheen and Hood-Nowotny 2008). The advantages 
of this criterion in plant breeding programs are: (1) it is a time-integrated measure 
of plant response to stress; (2) it has a low genotype × environment interaction and 
high heritability values, and (3) sample preparation is easy and isotope analysis is 
automated (Farquhar and Richard 1984; Condon and Richards 1992; Rajabi et al. 
2008). It has been shown that the leaf Δ value of the wheat grown in the greenhouse 
at 16 dSm−1 is positively correlated with field yield of cultivars grown under saline 
conditions. This suggests that screening for salinity tolerance could be conducted by 
the simple, early leaf sampling for Δ analysis (Shaheen and Hood-Nowotny 2008). 
However, selection for Δ in breeding programs requires advanced conventional 
methodologies, varieties and elite lines, and adequate resources for efficient use of 
the technology (Hall et al. 1994).

Other physiological traits such as osmotic adjustment could be used to discrimi-
nate superior genotypes, but their reliability as selection criterion for abiotic stress 
tolerance deserves further investigation (Ober et al. 2005). Ahmad et al. (2012a) 
suggested that photosynthetic and transpiration rates, stomatal conductance, chloro-
phyll content, and relative water content could be used to select for salt tolerance in 
mustard. Leaf thickness is a morphological adaptation against stress so that thicker 
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leaves reserve more water per unit area (Hajiboland et al. 2009). This trait, however, 
is manifested at later growth stages (leaf development and technological maturity) 
of sugar beet (Khayamim 2010) which makes it impossible to quickly screen the 
salt-tolerant genotypes.

9  Screening Environments

Controlled environments such as greenhouse or growth chamber are often used by 
researchers for the initial screening of germplasm lines and to reduce a large num-
ber of breeding lines to a manageable level for more precise evaluations at later 
stages in the field (Subbarao and Johansen 1999). Also, early-generation selection 
of breeding materials for salt tolerance is conducted in controlled environments 
which helps minimize the environmental variance and maximize the genetic vari-
ance.

It is a laborious task to select for salt tolerance in the field (Arzani 2008). Also, 
salinity levels are highly variable in the field, so it is very difficult to screen germ-
plasm resources under field conditions (Shaheen and Hood-Nowotny 2008). This 
makes selection for genetic improvement difficult, as environmental variance ex-
ceeds the genetic component (Subbarao and Johansen 1999). Alternatively, testing 
could be conducted under relatively controlled conditions in the field, as done by 
the US Salinity Laboratory at Riverside, California (reviewed in Subbarao and Jo-
hansen 1999). Relatively uniform salinity levels can be created by using nonsaline 
soil and by irrigating with saline water. Similar facilities are used at Roudasht Sa-
linity Research Station of Isfahan Agriculture Research Center in Iran (Ebrahimian 
et al. 2008). Sugar beet lines are evaluated at different salinity levels provided at 
the station. A nonsaline treatment is usually used in order to compare genotypes on 
a relative yield basis (Subbarao and Johansen 1999). Since the salinity is highly in-
consistent in soil due to the dynamic status of soluble salts, one should go for more 
replications over the years and locations (judiciously partitioning the resources) for 
more precise estimates of genotypic differences (Singh 2006). Precision increases 
when replications, locations, and years increase, with the latter having the highest 
influence.

10  Proper Growth Stages for Screening

Sugar beet is sensitive to salinity at germination. Different thresholds of salt dam-
age to the sugar beet crop vary according to environmental conditions (Abrol et al. 
1988). Khayamim (2010) found that the best salinity level to differentiate sugar beet 
genotypes in greenhouse conditions was 16 dSm−1. Further experiments showed 
that sugar beet can germinate at greater levels of soil solution electrical conductivity 
in the laboratory using only NaCl (EC = 20–24 dSm−1) compared with  germination 
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rates obtained using saline soil in the greenhouse or field (EC = 16 dSm−1; Khaya-
mim et al. 2014). These findings showed that perhaps the side effect of other soil 
ions in addition to NaCl may inhibit germination (Duan et al. 2004). Except for one 
cultivar, PP22, the adverse effect of salinity of the irrigation water on sugar beet 
seed germination and seedling root length was higher for NaCl alone than for the 
salt mixture, which refers to lower salt stress in the field conditions with natural salt 
composition (Jafarzadeh and Aliasgharzadeh 2007). Leaf relative water content in 
sugar beet was affected by salinity at the seedling to four-leaf growth stages, which 
implies an osmotic stress, whereas during germination the stress may be chiefly 
ionic because relative water content was not affected by salinity (Khayamim 2010).

Sugar beet seeds germinated under salinity stress in greenhouse experiments, 
but seedlings were damaged by increasing salt stress. It was reported that salin-
ity (EC = 16 dSm−1) decreased seed germination by 50 % in field experiments, and 
establishment was decreased up to 75 % (Fotuhi et al. 2006). In greenhouse experi-
ments, salinity (EC = 16 dSm−1) decreased germination up to 35 % and increased 
seedling mortality to 80 % (Khayamim et al. 2014). These saline conditions delayed 
seedling growth and development, which has a negative impact on seedling estab-
lishment (Durrant et al. 1974). Under greenhouse conditions (22°C/16 h light peri-
od), it was concluded that seeds with greater germination in soil produced healthier 
and stronger seedlings (Sadeghian and Khodaii 1998). Acceptable yields under sa-
line conditions depend not only on good germination of seeds and seedling devel-
opment but also on the further survival of seedlings for better establishment (Sadat 
Noori and McNeilly 2000; Khayamim et al. 2014). The greatest impact of salinity 
was observed at the establishment stage according to photosynthetic characteristics, 
osmolyte, and inorganic ion accumulation measured in greenhouse tests. Therefore, 
salt-tolerant genotypes could be identified by screening for seedling growth during 
the establishment stage (Khayamim 2010).

11  Breeding Strategies

Attempts to improve salinity tolerance have involved conventional breeding ap-
proaches: pooling physiological traits, use of the variation present in the cultivated 
germplasm, interspecific hybridization, use of recurrent selection to generate varia-
tion within existing crops, mutagenesis or in vitro selection, use of halophytes as 
alternative crops, use of MAS, and breeding for yield rather than tolerance (Flow-
ers and Yeo 1995; Flowers 2004; Joshi 2011). These are all potential solutions to 
the problem. However, breeding for salinity tolerance will likely be increasingly 
accompanied by transgenic strategies, the success of which needs extensive “meta-
bolic engineering,” which requires the transfer of many genes (Bohnert and Jensen 
1996).

Breeding for salt tolerance could be carried out at three stages (Singh 2006): (1) 
identification of the genotypes based on the intrinsic physiological mechanisms de-
termining salt tolerance (Na+ exclusion, K+ uptake, tissue tolerance, high initial vig-
or, etc.); (2) inter-mating of genotypes showing contrasting expression of  salinity 
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tolerance mechanisms for quantitative trait loci(QTL) discovery; (3) identification 
of the recombinants for pyramiding of the mechanisms (Singh 2006).

11.1  Conventional Breeding

Plant breeding has a long history in producing high-yielding and stress-tolerant 
crops. In order to develop salt-tolerant lines, the genetic diversity in crops has been 
exploited by plant breeders at intraspecific, interspecific, and intergeneric levels. 
Given the difficulties involved in breeding salt-tolerant varieties, selection for yield 
rather than tolerance has been suggested, based on the idea that selection for yield 
will result in yield improvement in both normal and stress environments (reviewed 
in Joshi 2011). The best strategy for moderately saline soils is to breed for yield; 
however, for highly saline conditions, breeding for yield and salinity tolerance to-
gether is important (Shannon 1985; Isla et al. 2003). Salt-tolerant genotypes could 
be developed by a crossing scheme which results in maximum recombination fol-
lowed by single-seed descent and concurrent selection for tolerance and agronomic 
traits (Flowers and Yeo 1995). The capacity for enhancing salt tolerance could be 
estimated using statistical techniques that identify the components of variance at-
tributable to genotype and environment.

One of the most important objectives of sugar beet research in arid and semi-arid 
areas such as Iran is to develop drought- and salt-tolerant cultivars that can produce 
reasonable yields in fields. As almost all the current sugar beet varieties are hy-
brids, tolerance in both the male and female parents should be taken into account. 
The ultimate goal is to develop the improved varieties with high yield and good 
technical quality for processing into white sugar. However, due to a long procedure 
for development of tolerant female parents, the main emphasis has been made on 
development of male parents (Rajabi 2010).

11.2  Nonconventional Approaches

11.2.1  Molecular Breeding

Molecular-based breeding could serve as an example for improvement in salinity 
tolerance (McGrath et al. 2000; De los Reyes and McGrath 2003; McGrath et al. 
2008). These studies aimed at improving sugar beet establishment by selection for 
germination under oxidative stress conditions. The results of De los Reyes and Mc-
Grath (2003) showed that one germin-like protein gene ( BvGer165) was differen-
tially regulated, and was induced only in the good emerger. Selection for stress-
induced germin expression provides the first straight objective to facilitate breeding 
of sugar beet for improved field emergence.

Proteomics is a means progressively used to examine stressed plants. The im-
plementation of proteomics in plant breeding is generally started by the discovery 
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of stress-reactive proteins through comparison between stressed and nonstressed 
plants. Detection of these expressed candidate proteins may then disclose that their 
functions are associated with stress tolerance (Salekdeh and Komatsu 2007). Analy-
sis of proteome and transcriptome in a sugar beet monosomic addition line revealed 
some salt-responsive candidate genes and proteins with different functions which 
open the ways for further investigation of salt tolerance mechanism in this crop 
(Yang et al. 2012). A proteomics study on drought-stressed sugar beet genotypes 
highlighted some candidate proteins associated with drought tolerance (Hajheidari 
et al. 2005). Thirteen protein spots responded to salt stress (16 dSm−1) at both estab-
lishment and maturity growth stages (Khayamim 2010). However, a study of seed-
lings grown on 125 mM NaCl did not show any strong candidate proteins associated 
with salinity tolerance (Wakeel et al. 2011).

11.2.2  Mapping Salinity Tolerance Genes

QTLs are segments of the genome linked with a particular trait. Salt tolerance-relat-
ed QTLs play an important role in understanding the stress response and developing 
stress-tolerant crops (Turan et al. 2012). QTLs associated with salt tolerance have 
been recognized in different field crops (Flowers 2004; Ammar et al. 2004; Ren 
et al. 2005; Cakmac 2005; Thomson et al. 2007; Pandit et al. 2010) but there is no 
published report for sugar beet.

QTL mapping is an approach to develop molecular markers related to genes or 
QTLs which control the traits. By using molecular marker technology, the chromo-
somal position, number, and individual and interactive effects of QTLs controlling 
a trait can be determined. When identified, QTLs of interest can be transferred into 
desirable genetic materials by MAS. Salt tolerance of crops could be substantially 
improved by pooling desirable traits through MAS. In addition, such an approach 
may improve the efficiency of pyramiding of tolerance components from diverse 
genetic backgrounds. A QTL mapping study was carried out to find the number, ge-
nomic position, and individual effects of QTL influencing salt tolerance at different 
growth stages of tomato (Foolad 2004).

By using such molecular markers as randomly amplified polymorphic DNA 
(RAPD); restriction fragment length polymorphisms (RFLP); SSR; amplified frag-
ment length polymorphisms (AFLP); single nucleotide polymorphisms (SNP), as 
well as morphological and isozyme markers, many genetic maps have been pro-
duced for sugar beet (reviewed in Biancardi et al. 2010). Most of the maps are 
first-generation maps which are used to detect the genetic basis of complex traits. 
Second-generation maps are to be constructed based on a common platform (Mc-
Grath 2011). The first publication of the sugar beet genome sequence was imminent 
at the time of this writing.

Linkage mapping studies were conducted in sugar beet to elucidate the genetic 
basis of agronomic traits (e.g., root and sugar yields, sugar content, and impurity 
levels; Weber et al. 1999; Weber et al. 2000; Schneider et al. 2002; Schneider et al. 
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2007). QTLs affecting root yield and sugar content were mapped by using associa-
tion mapping approach (Stich et al. 2008a, b) and a genome-wide approach revealed 
epistatic interactions (Würschum et al. 2011). Quantitative trait locus analysis in 
sugar beet has identified genomic positions linked to resistance to cercospora leaf 
spot (Setiawan et al. 2000), rhizomania (Gidner et al. 2005; Lein et al. 2007), pow-
dery mildew (Grimmer et al. 2007), and rhizoctonia crown and root rot (Lein et al. 
2008). Although a number of genetic linkage maps of sugar beet have been devel-
oped since the 1990s, applying this approach to abiotic stresses has not yet been 
attempted.

As root function is an important component of salinity tolerance, studies on root 
morphology and architecture could identify main root characters as criteria for se-
lecting high-yielding varieties under edaphic stresses (Gahoonia and Nielsen 2004). 
Limited information is available on genes governing sugar beet root characters (Ste-
vanato et al. 2010). A mapping study conducted on a sugar beet segregating popula-
tion derived from a cross between two lines characterized for root elongation rate 
(RER) at the seedling stage and root yield in the field made it possible to identify 
two AFLP markers linked to the RER (Stevanato et al. 2010). This molecular analy-
sis and QTL mapping study opens the way for MAS as revealed for the ‘‘RER’’ 
under stress conditions.

Since the genetics of most quantitative traits including salt tolerance is complex, 
with multiple genes and loci scattered at various places throughout the genome 
of sugar beet, the combination of genes and alleles and their interactions may be 
more important than the expression of the genes themselves (Setiawan et al. 2000; 
Schneider et al. 2002; Lein et al. 2007; Stevanato et al. 2010). This is where molecu-
lar markers can be used to gain clarity into the quantitative genetic contributions 
(e.g., QTLs) and to provide some context in which they can be deployed effectively, 
prior to applying markers for assisted selection (McGrath 2010).

11.2.3  Genetic Engineering and its Application in Creating Salt Tolerance

Breeding salt-tolerant cultivars is one of the objectives of most research pro-
grams. It is believed that salinity tolerance will be realized only when several 
traits are pooled in a specific genotype, whereas a significant increase in salinity 
tolerance could not be expected from a single trait alone (Yeo et al. 1988). Salt 
tolerance is a polygenic trait affected by several salt stress-responsive genes (Zhu 
2000).  Recently, salt tolerance was significantly increased by the overexpression of 
vacuolar Na+/H+ antiporter gene in engineered sugar beet plants (Liu et al. 2008). 
A  lower amount of Na+ in the leaves and higher K+ amount in the roots was ob-
served in the AtNHX3  transgenic lines than non-transgenic sugar beet plants under 
saline conditions (300 or 500 mM NaCl). Salt-induced ion-specific stresses result 
from the altered K+/Na+ ratios. Therefore, Na+ accumulation in the vacuole is es-
sential for plant salt tolerance. This process depends on the activity of NHX genes 
(vacuolar Na+/H+ antiporters; Xia et al. 2002). Creation of salt-tolerant transgenic 
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plants via the overexpression of NHX genes in different species has revealed the 
main role of NHX genes (reviewed in Liu et al. 2008). The salt accumulation in 
leaves and the increased root yield and sugar content under salinity condition dis-
play a large potential use of the AtNHX3 gene in enhancing the yield and quality of 
field crops.

An efficient transformation system plays a vital role for large-scale production 
of transgenic sugar beet plants (Mutasa-Göttgens et al. 2009). Improvements in 
transformation protocols for beet and the development of genetic engineering meth-
odologies has made it possible to introduce many genes into beet, particularly for 
herbicide and disease resistance (Yang et al. 2005). Improvements in transgene ex-
pression (e.g., a GUS gene) using Agrobacterium-mediated transformation (Lind-
sey and Gallois 1990; Krens et al. 1996) have been realized more recently (Hisano 
et al. 2004; Pavli and Skaracis 2010). The high-yielding varieties can be grown on 
saline soil and will be aided for further improvements in the efficiency through the 
plant transformation systems. Manipulation of gene expression conferring salinity 
tolerance by transgenic methods has made it possible to develop crops with im-
proved salt tolerance in various species (Serrano et al. 1999; Zhang and Blumwald 
2001; Hasthanasombut et al. 2010; Zhang et al. 2011). These findings show that 
salt-tolerant crops could be produced with a combination of breeding and transgenic 
approaches with far fewer target genes than had been expected.

11.3  Varietal Improvement

Due to the increase in salt-affected areas and difficulties in rehabilitating many 
soils, and reduced opportunities to increase yields through increasing the acreage of 
the sugar beet crop, it is necessary to develop and use salt-tolerant varieties. There-
fore, one of the important objectives of sugar beet research in arid and semiarid 
areas such as Iran is to develop drought- or salt-tolerant cultivars that can produce a 
reasonable yield in fields. Fortunately, there are opportunities for varietal improve-
ments in sugar beet since significant genotypic diversity for tolerance to abiotic 
stresses such as heat, cold, drought, and salinity exist within sugar beet germplasm 
(Ober and Rajabi 2010).

In one of the salinity projects, hybrids derived from crosses between single cross 
and pollinator parents displayed higher root and white sugar yields than the check 
variety (Rajabi 2010; Fig. 5.2). Interestingly, the drought-tolerant populations were 
found to be salt-tolerant as well. This may be due to similarities in the physiological 
adaptations to salinity and other stresses such as drought stress, so improvements in 
drought tolerance may also improve yields in saline soil (Munns 2002). In another 
salinity project, two tetraploid populations were identified as salt-tolerant pollina-
tors, which were used to  develop triploid hybrids. Among these, three hybrids were 
superior to the salt-tolerant check varieties and were introduced as promising hy-
brids for further evaluation (Rajabi 2010; Abbasi and Rezaei 2014).
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12  Conclusion and Future Perspectives

Abiotic stresses occur in nearly all arable areas, although with inconsistent intensity 
and duration. Despite abiotic stresses being so deleterious for crop production, tol-
erance mechanisms are not well identified and attempts to improve the tolerance of 
crops are still far from satisfactory. Among the reasons for this slow progress is the 
lack of clear-cut traits conferring tolerance, the multigenic inheritance of salt toler-
ance, and the complication caused by the concurrent incidence of more than one 
stress when genetic materials are phenotyped. However, various researchers have 
been successful in correlating some morphophysiological characters with stress tol-
erance, leading to a greater understanding of the genetic mechanisms involved, and 
further advances in functional genomics should accelerate the pace of discovery. 
Over the last century, several salt-tolerant varieties for different crops have been 
developed by conventional plant breeding. But this approach has been limited due 
to reproductive barriers with related wild species and the narrow genetic base of 
most field crops. Furthermore, the genetic variation for salt tolerance present in 
certain wild relatives of crops, or indeed other organisms, can be utilized through 
genetic engineering for the development of salinity-tolerant varieties. There appear 
to be many genes of unknown function that can impart tolerance to multiple abiotic 
stresses. Despite progress in engineering salt tolerance in the laboratory (where 
these efforts must necessarily begin), there are few reports of successful field trials 
(Jewell et al. 2010); but experiments in this environment are eventually required.

The salinity tolerance of today’s varieties is not yet optimized; therefore, this 
will continue to be an objective for plant breeders for current and future markets 
(Bosemark 2006). Looking ahead, it is possible that as pressure increases to pro-
duce food for a growing world population, agriculture will be pushed further onto 
marginal and often saline land. Combined with increasingly less available fresh wa-
ter to keep salinity levels low in many arid and semiarid areas, breeders will have to 
face the challenge of improving salt tolerance in plants through different biological 
means in near future.

Fig.  5.2  Sugar beet mono-
germ, diploid hybrids (three 
rows in the right) displayed 
higher root and white sugar 
yields than the check variety 
(three rows in the left) in the 
salt-stressed field condition in 
Isfahan, Iran. (Rajabi 2010)
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Abstract Many natural disasters, including drought, result in crop production and 
quality losses worldwide and global climate change makes the situation worse. 
A wide range of strategies used to enhance the drought tolerance depend on the 
genetically determined plant capacity and sensitivity, as well as the intensity and 
duration of the stress. Understanding the physiological, biochemical, and molecular 
mechanisms of drought tolerance is very important in development of selection 
and breeding strategies. Among crop plants, wheat is the staple food for more than 
35 % of world population and is often grown in water-limited conditions. Wheat 
anti-drought study is of importance to worldwide wheat production and biological 
breeding. For this purpose, a rich gene fund was created, comprising thousands of 
wheat genotypes with contrasting photosynthetic traits, productivity, and tolerance 
to drought stress, and both selected from the ancient, aboriginal varieties of national 
selection and introduced from the world gene pool, particularly from Centro Inter-
nacional de Mejoramiento de Maíz y Trigo (CIMMYT), International Centre for 
Agricultural Research in Dry Areas (ICARDA), and other international centers. All 
these genotypes are grown in the field conditions on a wide area at the Absheron 
Experimental Station of the Research Institute of Crop Husbandry (Baku, Azerbai-
jan) under normal irrigation and drought. Numerous winter durum ( Triticum durum 
Desf.) and bread ( Triticum aestivum L.) wheat genotypes were the main target of 
the research. The main parameters for selection of these genotypes were grain yield, 
plant phenotypic features (stem height, area and architectonics of the leaf surface, 
etc.), duration of the vegetation, and other morphophysiological traits, as well as 
drought resistance. Random amplified polymorphic DNA (RAPD)-polymerase 
chain reaction (PCR) spectra were analyzed in 220 bread ( T. aestivum L.) and 46 
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durum ( T. durum Desf.) wheat genotypes. Using primer P6 (TCGGCGGTTC), 920-
bp fragment was revealed in 234 genotypes. Primer P7 (TCGGCGGTTC) produced 
a 750-bp band only in 203 genotypes. Results obtained by using both P6 and P7 
primers match in 74 % of the analyzed genotypes: In 184 genotypes, specific loci 
were amplified by both markers. The obtained results show that these genotypes 
possess loci associated with drought tolerance. In 13 genotypes (total 5 %), none of 
the primers amplified specific fragments. So, the presented data could be used for 
monitoring the environmental stresses in field-grown plants and help in selection of 
stress-resistant varieties.

Keywords Drought · Wheat genotypes · Gene pool · RAPD markers · PCR

1  Introduction

World food production is primarily restricted by the impact of the environment. It 
is very difficult to find areas “without stress,” where crops can reach their maxi-
mum yield potential. Abiotic environmental factors are considered the main source 
(71 %) of yield reduction (Boyer 1982; Khan et al. 2013). Different in quantity and 
intensity, abiotic factors affect the plants in various ways, but certain quantity of 
each abiotic environmental factor is necessary for the optimal plant development. 
Any excess or deficit of the abiotic stress factors adversely affects the plant growth 
and productivity (Koyro et al. 2012). Drought is one of the most common external 
stresses affecting plant growth and development through changes in metabolism 
and gene expression (Aranjuelo et al. 2011). Global climate change leads to a high-
er probability of occurrence of dry years in the regions where drought was a rare 
event, and also to appearance of new areas with arid conditions that require urgent 
development of new crop varieties resistant and/or tolerant to drought conditions. 
Development of the drought-resistant high-yielding varieties is very important for 
the agriculture in our country and all over the world.

Drought effects on crop production have been investigated for decades. How-
ever, studying the drought response is still a challenge because of the complex and 
quantitative nature of the trait (Budak et al. 2013). Drought tolerance depends on 
the environmental interactions. Duration and severity of the dehydration stress and 
its dependence on other abiotic and biotic stress factors are also significant. One 
of the most effective methods for increasing the crop productivity is to increase 
the adaptation to growth conditions (Rashed et al. 2010). In this regard, studies on 
the development of adaptive breeding techniques based on the latest achievements 
of genetics and biotechnology are of particular relevance and allow expanding the 
range of variability of the existing genotypes and creating forms with new features 
and properties in a short period of time.

Wheat is a very valuable food crop, which occupies a leading place in grain 
balance for most of the world population. It is also one of the oldest and most im-
portant crops in Azerbaijan. It is strategically important foodstuff for about 2 billion 
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people (36 % of the world population; Rashed et al. 2010). Current UN projections 
indicate that world population could increase by 2.25 billion people from today’s 
level, reaching 9.15 billion by 2050. At the global level, agricultural production 
and consumption will need to be raised by 70 %, and food production in the de-
veloping world will need to double, which also makes it necessary to increase the 
wheat production all over the world (www.fao.org; www.populationinstitute.org). 
However, this task faces a number of problems (climate change, development of 
epiphytotics, erosion of arable land), overcoming of which requires breeding and 
genetic improvement of wheat. Its productivity depends on the implementation of 
genetically inherent yielding potential, as well as the impact of specific weather 
and climate conditions. Wheat production capacity suffers from fluctuation of yield 
from year to year and from site to site. Plant species differ in their sensitivity and 
response to decline in water potential caused by drought, low temperatures, or high 
salinity. Stress as a result of drought may occur at the beginning or at the end of the 
season or at the stages of grain filling and ripening. Furthermore, under the same 
conditions drought tolerance of various species, subspecies, and cultivars are differ-
ent. This fact emphasizes the importance of genetic diversity as the major factor of 
drought. Drought-tolerant plants are the main objectives of the investigations. They 
can be used as sources of drought-related genes and gene regions and facilitate the 
improvement of modern crop varieties. Aegilops tauschii, which is more drought 
tolerant than Triticum and wild emmer wheat ( T. dicoccoides), has drought toler-
ance characteristics lost during cultivation of modern lines (Budak et al. 2013).

Yield increase and wheat properties improvement through traditional breeding 
methods do not match the growth rate of the world population. Therefore, develop-
ment of more effective approaches is required. Improving the productivity of wheat 
varieties in drought conditions is one of the important tasks in wheat-breeding pro-
grams.

Molecular breeding of plants is the basis for crop improvement in the twenty-first 
century (Moose and Mumm 2008; Fleury et al. 2010). Integration of advances in 
biotechnology, genomic research, and application of molecular markers in common 
plant-breeding practice created a basis for molecular breeding of plants—an inter-
disciplinary science revolutionizing the crop improvement. An important issue of 
food security that people currently face around the world led scientists to the genetic 
revolution through the progress in biotechnology (Ashraf 2010). The genetic revo-
lution actually implies change of qualitative and quantitative traits in the organism 
by transferring the desired genes from one species to another. This strategy is called 
a transgenic approach. In contrast to classical breeding, transgenic approach allows 
including only specific cloned genes and restricts the transfer of undesirable genes 
from the donor organism. Pyramiding of genes with similar features could also be 
achieved through this approach. Rapid advancement of recombinant DNA technol-
ogy and development of throughput and effective gene transfer led to an efficient 
transformation and development of transgenic lines of several crop species (Gosal 
et al. 2009). The transgenic approach is widely used around the world to improve 
the features, including resistance to abiotic and biotic stresses, in a number of crops 
(Ashraf et al. 2008). Plant responses to drought are complex, because they include a 
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lot of genes with additive effects, so the prospects for improving the drought resis-
tance in crops are not yet clear. Despite this fact, many efforts to develop transgenic 
lines of different crops demonstrating improved drought tolerance were made over 
the past few decades. Bioengineering plays a special role in development of the 
genes encoding the compatible organic osmolytes, plant growth regulators, antioxi-
dants, heat shock, and late embryogenesis proteins, as well as transcription factors 
involved in gene expression (Manavalan et al. 2009; Ashraf 2010).

One of the main phenomena occurring in the cell during water shortage is exten-
sive modification of gene expression (Liu et al. 2013; Savitri et al. 2013). Therefore, 
through a variety of molecular and biochemical approaches, key genes responsible 
for drought resistance were studied (Kirigwi et al. 2007; Xu et al. 2007; Miya-
ma and Tada 2008; Wei et al. 2009). Regulation of expression of genes involved 
in stress tolerance is necessary for the improvement of this feature in plants. It 
is known that resistance to drought, as well as other abiotic stresses, is under the 
control of many minor genes (polygenes), which are expressed with superposition 
(Mohammadi et al. 2005; Lang and Buu 2008). Loci on chromosomes belonging 
to this type of genes are now referred to as quantitative trait loci (QTL). It is neces-
sary to develop effective DNA markers in order to identify a number of QTL for 
different crops. The genetic variability of cultivated plants can be used in direct 
breeding, under in vitro or in vivo stress conditions, or in QTL (polygenes) map-
ping and subsequent breeding using markers. QTL mapping allows determining the 
location, number, and value of phenotypic effects and gene action patterns (Vinh 
and Paterson 2005). The role of polygenes in controlling the traits is widely as-
sessed by traditional means, but the use of DNA markers and QTL mapping allowed 
to distinguish the complex traits conveniently (Humphreys and Humphreys 2005). 
For QTL analysis, phenotypic evaluation of a large number of plants belonging to 
populations segregated by a variety of genetic markers is performed, then a part or 
the entire population is genotyped and, finally, the corresponding statistical analysis 
is performed to accurately determine the loci controlling the trait (Asins 2002). QTL 
mapping by drought resistance was performed for a variety of crops, especially for 
maize, wheat, barley, cotton, sorghum, and rice (Quarrie et al. 1994; Sari-Gorla 
et al. 1999; Teulat et al. 1997; Saranga et al. 2001; Sanchez et al. 2002; Bernier et al. 
2008). Root penetration ability (Uga et al. 2011), osmotic adjustment (Robin et al. 
2003), grain yield and yield components (Xu et al. 2005), stay green (Jiang et al. 
2004), canopy temperature, leaf rolling, and leaf drying (Yue et al. 2006) that rep-
resent QTLs for morphology and other traits have been reported. Recently, several 
yield QTLs have been identified in wheat through linkage analysis and association 
mapping. Most QTLs for drought tolerance in wheat have been determined through 
yield and yield-related measurements under water-limited conditions. However, 
yield and drought are complex traits that involve multiple loci and show geno-
type–environment interactions. So it is very difficult to describe yield with respect 
to water use, and its accurate phenotyping is a challenge since QTLs established in 
one environment may not be confirmed in the other.

QTL analysis and other subsequent study using molecular markers in wheat 
revealed that chromosomes 5B, 4B, and 7B carry important genes for drought 
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 tolerance. A QTL on chromosome 5B located between two markers (M51P65 and 
Psr136) showed positive correlation with drought tolerance. However, QTLs discov-
ered on chromosome 4B and 7B (between M62P64d–Rht and M83P65d–M21P76n 
markers, respectively) are negatively correlated with drought tolerance (Rana et al. 
2013). A marker located on chromosome 4A (Xwmc89) was found significantly 
associated with drought tolerance in tolerant wheat genotypes (Kirigwi et al. 2007). 
Several other reports on QTL in homologous Triticeae group 4 chromosomes high-
light the importance of this chromosome group for drought stress tolerance.

Wheat genomic data are necessary when performing the analysis of drought re-
sponse (Edae et al. 2013). However, thanks to the International Triticeae Mapping 
Initiative (ITMI) and International Wheat Genome Sequencing Consortium (IW-
GSC), whole genome sequencing of bread wheat is almost complete. The extensive 
reservoir of alleles in drought-tolerant wild germplasm has been investigated with 
the application of the whole-genome sequencing. “Omics” strategies are also used 
in drought research since osmotic stress response is regulated at the posttranscrip-
tional and posttranslational levels (Budak et al. 2013). The ability to introduce only 
desired loci is the advantage of the transformation/selection strategies over the con-
ventional and marker-assisted breeding (MAB). Breeding or molecular transforma-
tion of novel genes obtained from screening of wheat germplasms will contribute to 
the creation of high-yield wheat under drought conditions, balancing the production 
with the consumption of the increasing human population.

In recent years, molecular biology techniques have led to the development of 
DNA markers that have been effectively used to identify a number of features in 
various crops (Barakat et al. 2010). Effects caused by the environmental impact 
usually present in conventional breeding have been completely eliminated by us-
ing this approach. Through the creation of complete genetic linkage maps based on 
molecular markers, it became possible to map accurately the genes responsible for 
variability of complex quantitative traits in order to use them in various breeding 
programs. Molecular markers are a beneficial addition to the morphological and 
physiological characteristics of the varieties, as they are numerous, independent 
of the impact of tissues or environment, and allow to identify varieties in the early 
stages of plant development. The use of molecular markers in breeding will provide 
information about a particular feature at the early stages of development without 
waiting for the phenotypic expression of the feature, and will simplify testing the 
properties, for example, resistance to various diseases, requiring scrupulous evalu-
ation using traditional investigation techniques (Ameen 2013). Molecular markers 
can be used for isolation and cloning of genes in order to study properties controlled 
by them and transferring these properties to other varieties (i.e., for genetic transfor-
mation). In addition, with the development of detailed molecular interaction maps, 
significant progress was reached in breeding procedures using markers that allowed 
pyramiding desirable properties to achieve significant improvements in drought re-
sistance of crops (Lörz and Wenzel 2008). It is now possible to test the suitability 
of thousands of genomic regions of crop germplasm under limited water supply 
through MAB, which was not previously possible. Assessing the significance of 
breeding of each genome region, the breeder can combine genes of different nature 
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using new methods which were impossible to do previously by means and methods 
of conventional breeding. The use of DNA markers is required to increase stress re-
sistance due to complexity of the mechanism of tolerance to abiotic stress and prob-
lems in the selection by phenotype (Manavalan et al. 2009). We can list a number of 
DNA markers, such as restriction fragment length polymorphism (RFLPs), random 
amplified polymorphic DNA (RAPD), cleaved amplified polymorphic sequences 
(CAPS), insertion/deletion polymerase chain reaction markers (PCR indels), ampli-
fied fragment length polymorphism (AFLPs), simple sequence repeat (SSR, micro-
satellites), single nucleotide polymorphism (SNPs), and functional markers (FMs), 
currently used for studying the inheritance of stress tolerance.

RAPD technology is an important tool for rapid identification of markers associ-
ated with drought resistance and is very effective in determining the genetic varia-
tion among wheat genotypes (Iqbal et al. 2007; Ali et al. 2013). Marker-assisted 
selection programs (MAS programs) were improved specifically through RAPD 
markers (Wang et al. 1995; Penner et al. 1996; Abdel-Tawab et al. 1998). RAPD 
analysis may be used as an express method for detection of genetic polymorphism, 
and as a source for unique locus-specific markers. The aim of the study was to per-
form screening of wheat genotypes for drought resistance using RAPD markers and 
to identify the most valuable genotypes for the subsequent use in breeding.

2  Materials and Methods

2.1  Plant Material

The study used 266 genotypes of durum ( T. durum Desf.) and bread ( T. aestivum 
L.) wheat collected in the gene pool of the Research Institute of Crop Husbandry. 
Plants were grown in the field on a wide area at the Absheron Experimental Sta-
tion of the Research Institute of Crop Husbandry (Baku, Azerbaijan) under normal 
irrigation and drought. The main parameters for selection of these genotypes were 
grain yield, plant phenotypic features (stem height, area and architectonics of the 
leaf surface, etc.), duration of the vegetation, and other morphophysiological traits, 
as well as drought resistance.

2.2  Plant DNA Isolation

DNA extraction was performed using cetyltrimethyl ammonium bromide (CTAB) 
method with some modifications (Murray and Thompson 1980). Fresh plant tissue 
was grinded in liquid nitrogen and suspended in 1,000 µL of CTAB extraction buf-
fer (100-mM Tris–HCl, pH 8.0; 20-mM ethylenediaminetetraacetic acid (EDTA), 
pH 8.0; 1.4-mM NaCl; 40-mM β-mercaptoethanol), preheated in a water bath to 
60 °C. Homogenization was completed by intense shaking on vortex. Then, 400 µL 
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of chloroform (99.8 %) was added to each tube and the contents were gently mixed. 
The test tubes were placed in a water bath and incubated for 10 min at 60°С. Af-
ter incubation, the tubes were centrifuged in a tabletop Eppendorf-type centrifuge 
(15,000 g) for 10 min at room temperature. After centrifugation, the supernatant 
was carefully isolated and transferred to clean tubes, and then 600 µL of cold iso-
propanol was added, mixed well, and left at room temperature for 3–5 min. At this 
stage, the disperse DNA precipitate can be observed. The tube contents were centri-
fuged at room temperature (15,000 g) for 10 min. The precipitate was washed sev-
eral times with 70 % ethanol, dried in a thermostat at 56 °C for 5 min, and dissolved 
in Tris–EDTA (TE) buffer (10-mM Tris–HCl, pH 8.0; 1-mM EDTA). Samples were 
left overnight at 4 °С to completely dissolve the DNA in the buffer.

2.3  Determination of DNA Concentration

After dissolution of the DNA, its concentration was determined by optical density 
(OD) at 260 nm using the ULTROSPEC 3300 PRO spectrophotometer (“AMER-
SHAM”, USA). Purity of genomic DNA was determined by A260/A280 absorbance 
ratio. Quality of the DNA was verified in a 0.8 % agarose gel stained with 10-mg/
ml ethidium bromide in 1 × TBE buffer (Tris base, boric acid, EDTA). The gel was 
photographed under UV light using “gel documentation system UVITEK” (UK).

2.4  DNA Amplification

A PCR using RAPD marker was carried out using Williams method (Williams 
et al. 1990). DNA amplification was performed in a reaction mix of 25-µL volume 
containing 10x buffer; 20 ng of genomic DNA; 0.2-µM primer; 200 µM each of 
dATP, dCTP, dGTP, and dTTP; 2.5-mM MgCl2; and 0.2 units of Taq polymerase 
in incubation buffer. Two decamer oligonucleotide primers P6 and P7 (Eurogentec 
S.A., Belgique) associated with drought resistance (Pakniyat and Tavakol 2007) 
were used for RAPD analysis. Nucleotide sequences of the primers are shown in 
Table 6.1. PCR was performed in the “Applied Biosystems 2720 Thermal Cycler” 
(Singapore) at the following conditions: 1cycle—4 min at 94 °C; 10 cycles—1 min 
at 94 °C, 1 min at 36 °C, and 1 min at 72 °C; 35 cycles—1 min at 94 °C, 1 min at 
36.2 °C, and 1 min at 72 °C; the final elongation cycle was performed at 72 °C for 
15 min and stored at 4 °C.

The reaction products were separated by electrophoresis in a 1.2 % aga-
rose gel in the HR-2025-High Resolution (“IBI SCIENTIFIC”, USA) horizontal 

Primers 5′–3′ sequence
P6 TCGGCGGTTC
P7 CTGCATCGTG

Table 6.1  Nucleotide 
sequence of RAPD primers 
used for DNA amplification
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 electrophoresis device with the addition of ethidium bromide. Gels were document-
ed using “gel documentation system UVITEK.” To estimate the size of amplified 
fragments, 100-bp DNA Ladder Plus marker was used. Statistical analysis included 
construction of binary matrices for each of the primers, where the “presence” (+) or 
“absence” (−) of fragments with the same molecular weight on electrophoregram 
was specified.

3  Results and Discussion

For the identification of drought-resistance genes, 266 wheat genotypes were used. 
While 220 of them were bread wheat genotypes ( T. aestivum L.), the remaining 46 
were durum wheat genotypes ( T. durum Desf.). Drought resistance was tested using 
RAPD-PCR analysis. For this purpose, decamer oligonucleotide RAPD primers P6 
and P7, which are associated with drought resistance in accordance with publica-
tions, were used (Pakniyat and Tavakol 2007). Table 6.2 shows the results of PCR 
reactions performed with both markers. As seen in the table, P6 molecular marker 
(TCGGCGGTTC) gives a positive result in 234 genotypes (this is approximately 
88 % of all genotypes used for this analysis). In detail, amplification fragments spe-
cific for P6 primer were identified in 194 genotypes of bread wheat and in 40 geno-
types of durum wheat. Products were not amplified in 32 genotypes, that is only 
12 % of the analyzed genotypes, and 26 samples among them were bread wheat; the 
remaining 6 were durum wheat.

Figure 6.1 shows electrophoretic profiles obtained by using this primer (figures 
are shown only for 50 genotypes). It is known that P6 primer produces a fragment 
of 920 bp. As seen from these profiles, amplification fragments of 920-bp region 
are well visualized only in 41 genotypes. Expected fragments were not amplified in 
sensitive to drought genotypes such as tetraploid Garagylchyg-2 and hexaploids Gi-
ymatli-2/17 and Gyrmyzy gul-1 (figures not shown), as well as in some genotypes 
considered to be medium resistant to drought. Genotypes of durum—Terter-2, Mir-
vari, and bread wheat—Renan, Fatima, Murov-2, Seba, and Podolyanka (Fig. 6.1) 
could serve as an example of the latter. It is noteworthy that the fragment associated 
with P6 primer is also not amplified in two tetraploid drought-resistant genotypes—
Shirvan-5 and Kehreba.

Interesting results were also obtained during the RAPD-PCR analysis with a sec-
ond primer—P7 (TCGGCGGTTC). Positive result during application of this mo-
lecular marker was observed in 203 genotypes, in other words, in 76 % of the used 
266 Triticum samples (see Table 6.2). Of these, 87 % (176 genotypes) were bread 
wheat genotypes, whereas the remaining 13 % (27 genotypes) were durum wheat 
genotypes. Negative result was obtained for 24 % genotypes (i.e., in 63 samples, 
which is two times more in comparison with the first marker). Among them, 44 gen-
otypes are hexaploids (bread wheat genotypes) and the remaining 19 are  tetraploids 
(durum wheat genotypes).

Figure 6.2 reflects PCR profiles obtained by using RAPD marker P7. Amplifi-
cation fragments are of 750-bp size. In 34 samples of 50 genotypes, the amplified 
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No. Wheat genotypes Primers
P6 P7

Hexaploids (Triticum aestivum L.)
1 Akinchi-84 + +
2 Pirchahin-1 + +
3 Guneshli + +
4 Dagdash + +
5 FARAN Dolc + +
6 Renan − −
7 Avreca + +
8 Pactole + +
9 38 IBWSN (129 №) + +
10 10 SAWVT (11 №) + +
11 13th FAWWON (117 №) + +
12 8th WWEERYT (32 №) + +
13 4th RWVT-LRCA (89 №) + +
14 14th FAWWON (86 №) + +
15 8th WON-SA (65 №) + +
16 9th WON-SA (27 №) − +
17 3 RBWYT (521 №) + +
18 3 RBWYT (510 №) + +
19 3 RBWYT (536 №) + +
20 3 RBWYT (518 №) + +
21 39 IBWSN (113 №) + +
22 14 SAWYT (49 №) + +
23 39 IBWSN (97 №) + −
24 11st IWWYT-R (9816 №) + −
25 S5 + −
26 12nd IWWYT-IR 29 + −
27 15th FAWWON-IR 30 + −
28 T3 + −
29 T2 + +
30 FO3 № N 907 + +
31 FO2 №3 N 107A + +
321 TH1 + −
33 FO2 №206.1 + −
34 DD №7 + +
35 FO2 №2 N 9 (ART) + −
36 FOFO2 N7 N6 + −
37 D8 №5 + +
38 FO2 N8 N4 + −
39 S4 + −
40 AYT SIR 5002 + +
41 AYT SIR 5081 + +
42 15th FAWWON-SA 34 + +
43 15th FAWWON-SA 29 + +
44 12th IWWYT-IR (25) + +
45 11th IWWYT-SA (32) + +

Table 6.2  Results of PCR analysis using RAPD markers P6 (5′ TCGGCGGTTC 3′) and P7 (5′ 
TCGGCGGTTC 3′)
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No. Wheat genotypes Primers
P6 P7

46 11th IWWYT-SA (16) + +
47 16th FAWWON-SA (32) + +
48 16th FAWWON-SA (33) + +
49 16th FAWWON-SA (10) + +
50 16th FAWWON-SA (26) + −
51 16th FAWWON-SA (6) + +
52 16th FAWWON-SA (14) + +
53 16th FAWWON-IR (66) + +
54 16th FAWWON-IR (43) + +
55 83 − −
56 DD 08 №1 + +
57 DD 08 №3 − −
58 FO2 №208 + +
59 FO2 №308 + −
60 FO2 №2 N308 + −
61 S3 + +
62 Selective SS − −
63 16th FAWWON-IR (32) + +
64 16th FAWWON-IR (44) + +
65 16th FAWWON-IR (51) + +
66 16th FAWWON-IR (75) + +
67 16th FAWWON-IR (11) + −
68 16th FAWWON-IR (12) + +
69 16th FAWWON-IR (10) + −
70 16th FAWWON-IR (19) + +
71 16th FAWWON-IR (23) + +
72 16th FAWWON-IR (29) + −
73 16th FAWWON-IR (21) + +
74 Mirbashir-128 + +
75 Yegane + −
76 Zirve-80 + −
77 Fatima − −
78 Aran + −
79 Azeri + −
80 Murov + −
81 Murov-2 − −
82 Seba − −
83 Tereggi + −
84 Beyaz + +
85 Shafag + −
86 KSI-13 + −
87 Pirshahin + +
88 Ugur + +
89 Perzivan-1 + +
90 Perzivan-2 + +
91 Sheki-1 + +
92 16th FAWWON-IR (61) + +

Table 6.2 (continued) 
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No. Wheat genotypes Primers
P6 P7

93 16th FAWWON-IR (46) + +
94 16th FAWWON-IR (52) + +
95 16th FAWWON-IR (90) + +
96 16th FAWWON-IR (47) + +
97 29 ES WVT (7) + +
98 29 ES WVT (26) + −
99 29 ES WVT (38) + +
100 29 ES WVT (30) − +
101 16 SAWWVT (29) + +
102 16 SAWWVT (34) + +
103 S1 + +
104 Giymatli-2/17 − −
105 Gobustan + +
106 Nurlu-99 + +
107 Gyrmyzy gul-1 − +
108 Azamatli-95 + +
109 Tale-38 + +
110 Ruzi-84 + +
111 12nd FAWWON №97 (130/21) + +
112 4th FEFWSN №50 (130/32) + +
113 30 ESWVT (20) + +
114 30 ESWVT (28) + +
115 3rd WWEERYT №10 + +
116 3rd WWEERYT №21 + +
117 1st WWEERYT №43 + +
118 FO2 N7-A (dwarf) + +
119 2nd WWEERYT №4 + +
120 2nd WWEERYT №19 + +
121 9th FAWWON №74 + +
122 11st FAWWON №22 + +
123 Gizil bugda + +
124 9th FAWWON №9 + +
125 2nd WWEERYT №13 + +
126 RB WON (SAA) №75 + +
127 4 WWEERYT №3 + +
128 4 WWEERYT №45 + +
129 Bezostaya-1 + +
130 2nd FAWWEYT 9918 + −
131 7th HRWSN 184/27 + −
132 9th FAWWON №28 + +
133 Canada 2 + −
134 ATIF A.C. + +
135 17th FAWWON-IR (15) + +
136 17th FAWWON-IR (14) − +
137 17th FAWWON-IR (17) + +
138 17th FAWWON-IR (23) + +
139 17th FAWWON-IR (27) + +

Table 6.2 (continued) 
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No. Wheat genotypes Primers
P6 P7

140 17th FAWWON-IR (37) + +
141 17th FAWWON-IR (51) − +
142 17th FAWWON-IR (13) + +
143 17th FAWWON-IR (31) − +
144 17th FAWWON-SA (54) − +
145 13th IWWYT-IR (12) + +
146 13th IWWYT-IR (11) + +
147 13th IWWYT-IR (10) + +
148 13th IWWYT-IR (78) + +
149 13th IWWYT-IR (59) + +
150 13th IWWYT-IR (48) + +
151 13th IWWYT-IR (49) + +
152 13th IWWYT-IR (51) + +
153 Selective Sunbul kiz + +
154 S9 + +
155 13th IWWYT-IR (17) + +
156 17th FAWWON-SA (33) + +
157 17th FAWWON-IR (124) + +
158 CWANA 10th SBW-ON (14) + +
159 CWANA 10th SBW-ON (41) − −
160 CWANA 10th SBW-ON (69) + +
161 CWANA 10th SBW-ON (68) + +
162 CWANA 10th SBW-ON (117) + +
163 CWANA-CA 10th IRSBWVT (5) + +
164 CWANA-CA 10th IRSBWVT (15) + +
165 CWANA-CA 10th IRSBWVT (6) + −
166 CWANA-CA 10th IRSBWVT (22) + +
167 CWANA-CA 10th IRSBWVT (1) + +
168 CWANA-CA 10th IRSBWVT (3) + +
169 CWANA-CA 10th IRSBWVT (18) + +
170 CWANA-CA 10th IRSBWVT (4) + +
171 CWANA-CA 10th IRSBWVT (16) + +
172 CWANA-CA 10th IRSBWVT (19) + +
173 CWANA-CA 10th IRSBWVT (9) + +
174 30 ESWVT (45) + +
175 Selective Sunbul ag + +
176 17th FAWON-SA (80) + +
177 13th IWWVT-IR (61) + +
178 Bogdanka + +
179 Kripsinka + +
180 42 IBWSN (51) + +
181 42 IBWSN (169) + +
182 42 IBWSN (159) + +
183 42 IBWSN (34) + +
184 42 IBWSN (118) + −
185 42 IBWSN (148) + +
186 42 IBWSN (24) − +

Table 6.2 (continued) 
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No. Wheat genotypes Primers
P6 P7

187 42 IBWSN (157) + +
188 42 IBWSN (23) − +
189 42 IBWSN (166) − +
190 42 IBWSN (170) − +
191 42 IBWSN (129) − +
192 42 IBWSN (158) + +
193 42 IBWSN (163) + +
194 42 IBWSN (165) − −
195 42 IBWSN (173) + +
196 42 IBWSN (115) + +
197 42 IBWSN (12) + +
198 42 IBWSN (13) + +
199 42 IBWSN (17) + +
200 42 IBWSN (18) + +
201 42 IBWSN (9) − −
202 17th FAWWON-IR (112) + +
203 17th FAWWON-IR (54) + −
204 17th FAWWON-IR (58) + +
205 17th FAWWON-IR (53) + +
206 17th FAWWON-IR (59) + +
207 17th FAWWON-IR (94) + +
208 17th FAWWON-IR (78) + +
209 17th FAWWON-IR (79) + +
210 17th FAWWON-IR (88) + +
211 17th FAWWON-IR (90) + +
212 13th IWWVT-IR (53) + +
213 13th IWWVT-IR (57) − +
214 13th IWWVT-IR (54) − +
215 CWANA 10th SBW-ON (1) + +
216 CWANA 10th SBW-ON (82) + +
217 CWANA 10th SBW-ON (13) + +
218 Polsha + +
219 Podolyanka − +
220 Mironovskaya + +
Tetraploids (Triticum durum Desf.)

221 Vugar + +
222 Shiraslan-23 + +
223 Alinja-84 + −
224 Terter + −
225 Sherg + −
226 Tigre + +
227 Terter-2 − +
228 Garabag + +
229 Yagut + +
230 Turan + +
231 Mirbashir-50 + +

Table 6.2 (continued) 
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locus can be clearly seen in the 750-bp region. However, among genotypes in which 
this fragment is not visualized, bread wheat genotype Zirve-80 can be noted. In 
field conditions, this genotype is evaluated as drought resistant. Another drought-
resistant genotype, where locus associated with P7 marker was not amplified, is 
durum wheat genotype Barakatli-95 (figure not shown).

And again, these phenomena can be explained by certain mutations in the re-
gions complementary to the primer. Among drought-sensitive genotypes, such as 
durum wheat genotype Garagylchyg-2 and bread wheat genotype Giymatli-2/17, 

No. Wheat genotypes Primers
P6 P7

232 Shirvan-3 + +
233 Shirvan-5 − +
234 Mugan + +
235 Ag bugda + +
236 Kehreba − +
237 Mirvari − +
238 Salt tolerant Mapping pop (F7) + −
239 ID VT 06-DTA (6) + −
240 S2 − −
241 Barakatli-95 + −
242 Garagylchyg-2 − −
243 Gyrmyzy bugda + +
244 Kollektivnaya 77 + +
245 RB WON (DA) №93 + +
246 DON-D №56 + +
247 Fadda 98 + +
248 Gioaza + −
249 Beltago + −
250 DYT-MSA №3 + +
251 DYT-MTA (60 №29) 1 + −
252 Polonicum + −
253 2nd WDEEVT №32 + +
254 DYT-MCA №4 + −
255 BDME + +
256 RBWHADTON (4) + +
257 RBWHADTON (41) + −
258 33rd IDON-MD (71) + −
259 CWANA-CA 10th DSBWVT (20) + +
260 CWANA-CA 10th DSBWVT (8) + +
261 CWANA-CA 10th DSBWVT (25) + +
262 33rd IDON-MD (105) + +
263 33th IDON-MD (19) + −
264 33rd IDYT-MD (7) + −
265 33rd IDYT-MD (15) + −
266 33rd IDYT-MD (28) + −
+ Presence of the locus, − Absence of the locus

Table 6.2 (continued) 
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locus associated with drought resistance was not amplified. The next exception was 
bread wheat genotype Gyrmyzy gul-1 which possesses resistance locus, but demon-
strates sensitivity to water stress in field conditions.

Comparative analysis of PCR profiles obtained with both RAPD markers was 
conducted. Results obtained using molecular markers P6 and P7 coincide approxi-
mately in 74 % of all tested genotypes: In 184 genotypes, synthesis of characteristic 

Fig. 6.1  RAPD profiles of wheat genotypes induced by P6 primer. Arrow indicates the zone of 
920 bp; M (molecular weight marker), 100 bp

 

Fig. 6.2  RAPD profiles of wheat genotypes induced by P7 primer. Arrow indicates the zone of 
750 bp; M (molecular weight marker), 100 bp
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fragments successfully occurred by applying both markers, indicating that these 
genotypes have loci associated with drought resistance. Specific amplification frag-
ments in 13 (approximately 5 %) of 266 used genotypes were not identified with any 
of the applied markers. These results confirm our data for genotypes Garagylchyg-2 
and Giymatli-2/17 where biochemical and physiological parameters also indicate 
their sensitivity to drought (Huseynova et al. 2007). Meanwhile, among these geno-
types, there are also genotypes medium resistant to drought, such as Renan, Fatima, 
Murov-2, and Seba.

Mismatch results during PCR analyses with different molecular markers are also 
observed. In 7 % of genotypes, fragments specific for P6 marker in the 920-bp re-
gion were not synthesized, but on the contrary fragments were amplified in the 750-
bp region specific for P7 marker. Four of them are tetraploid genotypes: Terter-2 
and Mirvari that are medium resistant and Shirvan-5 and Kehreba that are resistant 
to drought. The remaining 15 genotypes are hexaploid: 9th WON-SA (27), 29 ES 
WVT (30), Gyrmyzy gul-1, 17th FAWWON-SA (14), 17th FAWWON-SA (31), 
17th FAWWON-SA (51), 17th FAWWON-SA (54), 42 IBWSN (24), 42 IBWSN 
(129), 42 IBWSN (170), 42 IBWSN (166), 42 IBWSN (23), 13th IWWVT-IR (57), 
13th IWWVT-IR (54), and Podolyanka. It is known that Gyrmyzy gul-1 is drought 
sensitive and Podolyanka is medium resistant to drought. Response to drought in 
the remaining genotypes in field conditions has not yet been investigated. Approxi-
mately in 19 % of genotypes, the amplification products specific for P6 marker were 
absent, and on the contrary synthesis of PCR profiles specific for P7 was success-
ful. Of these genotypes, 33 are bread wheat genotypes, the remaining 17 are durum 
wheat genotypes. For some of these genotypes, their response to water shortage 
in field conditions was investigated. For example, it is known that bread wheat 
genotypes Yegane, Aran, Azeri, Murov, Tereggi, Shafaq, and KSI-13 are medium 
resistant to drought. The exception is Zirve-80 genotype resistant to water shortage. 
Among durum wheat genotypes where the results obtained using different markers 
did not coincide, there are genotypes medium resistant to drought, such as Alin-
ja-84, Terter, Sharg, as well as resistant genotype-Barakatli-95.

4  Conclusions and Future Perspective

Despite the latest research advances in the field of biotechnology that revived in-
terest in the targeted breeding for drought resistance and the use of new tools of 
genomics to improve drought resistance of crops (Moose and Mumm 2008), nowa-
days it has already been recognized that the problem of adaptation syndrome com-
plexity in drought conditions can only be solved through an integrated approach 
that combines physiological analysis of drought avoidance and specific patterns 
of drought resistance in plants using molecular and genetic techniques. Therefore, 
in addition to recent rapid achievements in genomics, a better understanding of 
physiological mechanisms of drought response will contribute to advances in the 
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field of genetic improvement of the drought resistance of crops (Fleury et al. 2010). 
This approach will increase the efficiency of improving drought resistance of wheat 
(Barakat et al. 2010).

Thus, we can conclude that the results obtained by PCR analysis of wheat geno-
types contrasting in drought resistance could be used for further wheat drought 
tolerance studies at the molecular and genetic levels.
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Abstract The contamination of soils with various inorganic and organic contami-
nants led to the degradation of large expenses of urban and arable lands throughout 
the world. The presence of toxic contaminants poses a significant health risk to 
humans and other ecological systems. Scattered literature is harnessed to critically 
review the various natural and anthropogenic sources and potential hazards and 
to identify the best possible remediation strategies for a number of contaminants, 
mainly those inorganic in nature such as arsenic (As), cadmium (Cd), chromium 
(Cr), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni), and zinc (Zn) commonly 
found in the contaminated soils. The remediation methods including chemical and 
phytoremediation techniques are discussed in this chapter. Chemical remedia-
tion methods such as immobilization, soil washing, and vitrification are relatively 
expansive and hazardous to the environment, and are not suitable for large-scale 
soil remediation activities. Conversely, phytoremediation has emerged as an envi-
ronmentally friendly and feasible technology for restoration of contaminated soils, 
but very limited efforts have been directed to demonstrate this technology under 
field conditions. Remediation of heavy metal-contaminated soils is necessary to 
reduce the associated risks, make the land resource available for agricultural pro-
duction, enhance food security, and scale down land tenure problems arising from 
changes in the land-use pattern.

Keywords Contaminant · Heavy metal(loid) · Health risk · Remediation · 
Phytoremediation
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1  Introduction

A material which does not exist in nature but is introduced into the soil through 
natural processes and anthropogenic activities, and hence affects the composition 
of the soil, is known as a contaminant. It can be categorized as chemical, biologi-
cal, physical, or radiological substances that, in sufficient concentrations, can ad-
versely affect the living organisms through soil, water, air, and food. A contaminant 
becomes a pollutant when it exerts detrimental effects, e.g., chlorine gas does not 
occur in the atmosphere, so it is a contaminant, but when it is released into the 
atmosphere through human-induced activity, it becomes a pollutant because of its 
harmful effects on humans and animals. Contaminants are released into the soils 
through natural and anthropogenic sources which are described next.

Naturally, contaminants are added into the soils through volcanic eruptions and 
weathering of soil parent material (Garrett 2000). Natural sources of metals include 
mineral dust which makes up a significant portion of aerosols (Artinano et al. 2003; 
Ikem et al. 2008). Major trace elements in crustal dust in the order of abundance 
are iron (Fe), manganese (Mn), zinc (Zn), lead (Pb), vanadium (V), chromium (Cr), 
nickel (Ni), copper (Cu), cobalt (Co), mercury (Hg), and cadmium (Cd), but these 
abundances vary greatly over the earth’s surface (Garrett 2000). Concentrations of 
metals have also been found to increase with decreasing particle size, especially for 
highly weathered and wind-eroded soils (Meza-Figueroa and Maier 2009). Asian 
dust storm events contribute high levels of Cu, Zn, and Pb concentrations, showing 
that such events can be important in geochemical cycling of trace elements (Ma 
et al. 2001). Other natural contributors of metals on parent material include volcanic 
(Dias and Edwards 2003; Garrett 2000), biogenic (Artaxo and Hansson 1995), and 
forest fire emissions (Andreae and Merlet 2001; Karl et al. 2007).

Anthropogenic activities are the major source of contaminants to the soils and 
water. Major anthropogenic activities include the use of pesticides, herbicides, and 
fertilizers in agriculture; mining and smelting activities; leather tanning industries; 
and heavy mechanical industries. These activities add various organic and inorganic 
contaminants to the soils, which make the soil unsafe for humans, animals, plants, 
and microbes.

Each of these sources can be divided into two categories, i.e., point sources 
and nonpoint sources, on the basis of their origin and modes of contamination. 
The term “point source” means any discernible, confined, and discrete convey-
ance, including, but not limited to, any pipe, ditch, channel, tunnel, conduit, well, 
 discrete fissure, container, rolling stock, concentrated animal feeding operation, or 
vessel or other floating craft, from which contaminants are or may be discharged 
(Fig. 7.1a, b). This term does not include agricultural storm water discharges and 
return flows from irrigated agriculture. The major point sources of contaminants 
released into the soils include untreated industrial effluent, sewage plants, effluent 
treatment plants, effluents from agricultural farm buildings, solid waste disposal 
sites, application of plant growth regulators, and pesticides manufacturing sites.

The contaminated runoff (also known as nonpoint source of contamination) from 
agriculture, urban development, forestry, recreational boating and marinas, hydro-
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modification, and wetlands activities is the leading cause of water pollution in waters 
(Fig. 7.2a, b). The nonpoint sources are mainly related to erosion of virgin lands, for-
ests and other natural vegetation, and in situ weathering of rocks or minerals in soils. 
These also include unscientific application of pesticides, herbicides, fungicides, fer-
tilizers, cultivation of marginal sloping lands, construction sites, transportation, strip 
mining, and piling of dust and litter on impervious surface in urban areas.

The point and nonpoint sources of contamination in the rural and urban territories 
need separate consideration and assessment approaches. General differences between 
the point and nonpoint sources of contaminants are briefly summarized in Table 7.1.

2  Classification of Contaminants

2.1  Biological Contaminants

Several biological contaminants are found in sewage water, sewage sludge, and 
other solid wastes such as municipal wastes coming from both point and nonpoint 

Fig. 7.2  The runoff of water from a contaminated land and nonpoint sources of contamination (a, b)

 

Fig. 7.1  The discharge of industrial effluents (a) and smoke (b); point sources of contamination
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sources (Neumann et al. 2002), for example, Campylobacter species, Clostridium 
perfringens, Escherichia coli, Salmonella species, Shigella, viruses (polio virus, 
rotavirus), parasitic protozoa ( Cryptosporidium parvum oocysts, Entamoeba histo-
lytica, Giardia lamblia cysts), and Helminths ( Ascaris species, Ancylostoma species, 
Trichuris species). In addition, hookworms are also found in raw sewage sludge. 
These microbes cause a number of diseases such as typhoid, many types of dysentery 
(bacillary, amoebic), gastroenteritis, tuberculosis, diarrhea, anemia, vomiting, and 
ascariasis (Gerardi and Zimmerman 2004). Some of these ailments could lead to-
ward epidemics. However, Salmonella bacteria and Shigella dysenteriae are the most 
dangerous and commonly found microbes in human excreta which cause typhoid 
and dysentery, respectively (Yang et al. 2005; Zychlinsky and Sansonetti 1997). In 
developing countries including Pakistan, microbe-oriented contamination is usually 
very dangerous since one drainage/sewerage system carries all types of wastes.

2.2  Organic Contaminants

The major group of chemicals includes halogenated aliphatic and aromatic hy-
drocarbons including benzenes and petroleum hydrocarbons, polynuclear hydro-
carbons (PAHs), organochlorine pesticides, polychlorinated biphenyles (PCBs), 
phthalate esters, oil, and grease which are contributed from a number of point and 
nonpoint sources.

In the past 50 years, production of synthetic organic chemicals for industrial 
and domestic uses has increased enormously. For example, between 1991 and 
1995, production of HCOOH increased from 186 to 205 (1,000 t) (Weissermel 
2008). As a consequence, the occurrence and concentration of organic contami-
nants in effluents, sewage, and biosolids have also increased. The presence and 
level of organic contaminants depend greatly on the quality of the wastewater, 
the different local point sources, the physicochemical properties of particular or-
ganic compounds, and operational parameters of the wastewater treatment plant. 
Concentrations of organic contaminants are generally greater in industrial sewage 

Table 7.1  Point and nonpoint sources of soil contaminants. (Ghafoor et al. 2012)
Sr. No. Point sources Nonpoint sources
1 Steady flow; variability ranges less 

than 1 order of magnitude
Highly dynamic among intermittent intervals; 

variability is severalfold of one
2 Severe impact during long flows over 

summer season due to concentration 
effect

Severe impact during or post storms and/or 
floods

3 Enter the water bodies at identifiable 
points

Point of entry is difficult to define

4 Mainly chemical oxygen demand 
(COD), biological oxygen demand 
(BOD), dissolved oxygen (DO), 
suspended particles, and nutrients 
are of importance

Sediment load, toxic/hazardous material/ions, 
DO, and pH are of significance
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than in domestic effluent (Smith 2000). More than 300 organic chemicals from a 
diverse range of classes of compounds have been identified, and their concentra-
tions vary from the pictograms per kilogram to grams per kilogram level (Jacobs 
et al. 1987; Smith 2000). Although water treatment plants were primarily designed 
to remove organic matter, and the mechanisms of degradation of bulk organic 
components are well studied and understood, the processes by which synthetic 
organics are degraded have received relatively little study. An organic contaminant 
could undergo a number of processes including (1) sorption to solid surfaces, (2) 
volatilization, (3) chemical degradation, and (4) biodegradation. Generally, the 
more hydrophobic a compound is, the more susceptible it will be to accumulation 
onto sewage sludge particles.

Although there is a scarcity of data on the behavior of organic contaminants 
during the water treatment and sludge digestion processes, some generalizations 
can be made (Rogers 1996; Weissermel 2008). For example, molecules with high-
ly branched hydrocarbon chains are generally less susceptible to biodegradation 
than unbranched compounds, and short chains are not as quickly degraded as long 
chains. In addition, unsaturated aliphatic compounds are generally more suscep-
tible to degradation than saturated analogs. Due to their low water solubility and 
high lipophilicity, they are generally believed to partition into sludges during sedi-
mentation (Bhandari and Xia 2005). Nonetheless, the fate of these chemicals dur-
ing wastewater treatment processes is not well characterized. Many are not readily 
degradable under anaerobic conditions and therefore persist in biosolids follow-
ing anaerobic digestion. There is very limited information in the literature on the 
behavior and fate of biosolids-borne organic contaminants in agricultural soils. 
However, the literature available suggests that some are rapidly lost following land 
application, since they are readily degraded under aerobic soil conditions and lost 
by volatilization or photolysis. Some are, however, known or thought to be only 
slowly degraded (e.g., organotins, brominated flame retardants, and high molecular 
mass PAHs), while some are highly persistent, e.g., dioxins and organochlorines 
(Haynes et al. 2009).

Uptake of organic contaminants from soil into plants is characteristically low, 
and the main pathway is via volatilization from the soil surface, followed by up-
take of contaminated air by aboveground vegetation. Accumulation of organics into 
grazing animals could occur through ingestion of biosolids adhering to vegetation 
directly after application and by direct soil/biosolids ingestion. Many organics are 
metabolized in animals, but halogenated biphenyls, chlorinated pesticides and hy-
drocarbons, and polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs) are of 
primary concern since they are resistant to degradation and tend to bioconcentrate 
in animal fat and animal products (e.g., milk). The European Union has proposed 
limit values for several organic contaminants/groups of contaminants in biosolids, 
although the relevance of these is not yet fully understood. A better understanding 
of the reactions and fate of organic contaminants in soils is required before more 
rigorous regulations can be drafted.
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2.3  Inorganic Contaminants

A variety of contaminants from point and nonpoint sources belong to this group, 
e.g., heavy metal(loid)s in the form of their compounds, ion pair or ion complex, 
poisonous gases, and products generated as a result of their interactions with other 
constituents in soil. The major inorganic contaminants are heavy metals / metalloids 
(e.g., Cu, Zn, Cd, Pb, Ni, Cr, As) which mainly originate from discharges from in-
dustry and from domestic grey water, including leaching from Cu and Pb pipes and 
Zn from domestic products (skin creams, deodorants, etc.). Heavy metals enter the 
sludge during primary treatment through their association with/adsorption to sedi-
menting particles and during secondary treatment through adsorption to bacterial 
cell walls and/or accumulation into bacterial cells. Concerns regarding the heavy 
metal loads in sewage sludge/biosolids have resulted in guidelines and regulations 
being developed in many parts of the world which are usually based on maximum 
allowable metal concentration limits in biosolids and/or the allowable loading lim-
its of metals added in biosolids to the soil. A limitation of these approaches is that 
they consider total rather than biologically active (extractable) concentrations of 
heavy metals in soils. Where agronomic rates are used (2–8 Mg ha−1), heavy metal 
toxicities limiting crop growth in biosolids-amended soils are very rare (Krogmann 
et al. 1999; Murtaza et al. 2011). Nevertheless, a major concern is that heavy metals 
may accumulate in edible portions of plants and subsequently enter the food chain 
and have toxic effects on grazing animals and/or humans that ingest them (Cobb 
et al. 2000). For the most part, heavy metals are not readily translocated to the 
aboveground edible portions of crops, so toxicities from ingestion of food crops are 
not likely under current regulations. The main potential pathway for accumulation 
of heavy metals into the meat of grazing animals is via direct soil/biosolids inges-
tion, and substantial accumulation is unlikely under adequate grazing management. 
There is a growing body of evidence that biosolids-induced heavy metal accumula-
tion in soils can have negative effects on soil microbial/biochemical activity, but the 
significance/importance of this has yet to be fully understood (Haynes et al. 2009).

3  Biological Toxicity of Contaminants

3.1  Organic Contaminants

Soil contamination with organic contaminants is a serious threat to environment 
including humans, animals, plants, and microbes. A large quantity of organic chem-
icals used in agriculture and urban areas has shown adverse health effects upon ex-
posure to contaminated soils. The contamination of soils with these organic chemi-
cals is linked to various industrial activities: coal burning, motor vehicle emissions, 
waste incineration, waste dumping, and oil spills. In agricultural areas, farmers have 
been using an ever-increasing amount of organic chemicals as pesticides that leads 
to widespread environmental damage.
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The immensity of the soil has led to the dilution of these contaminants, and 
most of the contaminants remain on or near the surface of the soil unless they have 
been moved by the action of water, organisms, or mechanical mixing (Abou Seeda 
et al. 2005). This dilution has reduced the toxicity of these contaminants, but the 
unknown factor is the action of the soil, its chemistry, and the combined action of 
all the microorganisms, plants, and invertebrates that live in the soil. This biologi-
cal action, combined with influences of the soil components, has the potential of 
creating new metabolites and chemicals. Toxicologists need to expand their studies 
to include the persistent organic contaminants in order to estimate their bioaccu-
mulation in living organisms (plants, animals, microbes, and humans; Vallack et al. 
1998; Van der Oost et al. 2003).

3.2  Inorganic Contaminants

Both point and nonpoint sources are responsible for the release of certain toxic 
elements known especially as heavy metal(loid)s in the soil. The most commonly 
encountered metal(loid) contaminants include Cd, As, Ni, Pb, Cr, Co, Cu, Mn, Fe, 
Zn, and Mo. These heavy metal(loid)s originate from a variety of sources; for in-
stance, industrial manufacturing; sewage sludge application; and composts chiefly 
from urban solid wastes, burned fuel, household wastes, agrochemicals (pesticides, 
fertilizers), radionuclides, mining and smelting operations, and tanning activities 
are some of the major anthropogenic sources of heavy metal(loid) entry into the 
environment (Murtaza et al. 2010). Natural processes, such as volcanic eruptions, 
weathering of parent material, and hydrothermal release of metal(loid)s, also con-
tribute to soil contamination with heavy metal(loid)s (Garrett 2000).

3.2.1  Cadmium

Cadmium is a naturally occurring metal, but it is usually present in the environment 
combined with chlorine, oxygen, and sulfur. Both short- and long-term exposure to 
Cd causes serious health problems. Cadmium poisoning is an occupational hazard 
which is associated with industrial processes such as metal plating and the manu-
facturing of Ni–Cd batteries, pigments, plastics, and other synthetics. Primarily, 
inhalation in industries is the major route of Cd entry into human body. Inhalation 
of Cd-containing fumes can result initially in metal fume fever but may progress to 
chemical pneumonitis, pulmonary edema, and death (Bakand et al. 2007). Human 
exposures to Cd are primarily the result of burning of fossil fuels and municipal 
wastes. There are notable instances of Cd toxicity as a result of long-term consump-
tion of Cd in food and water. Up to World War II, Japanese mining operations con-
taminated the Jinzu River with Cd and traces of other toxic metals. Consequently, 
Cd accumulated in rice crops grown along the riverbanks downstream of mines. 
The local communities eating contaminated rice developed itai-itai disease and re-
nal abnormalities, including proteinuria and glucosuria (Nogawa et al. 2004). Cad-
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mium is one of the six substances that have been banned by the European Union 
Restriction on Hazardous Substances (RoHS) directive. The directive imposed ban 
on using certain Cd-derived hazardous substances in electronics. Cadmium and sev-
eral Cd-containing compounds are known carcinogens and can induce many types 
of cancers (Hecht 2003).

It is reported that Cd toxicity to human body is caused by Zn-binding proteins, 
particularly proteins that contain Zn-finger protein structures. Zn and Cd are in the 
same group of periodic table, contain the same common oxidation state (2+), and 
upon ionization acquire almost the same size. Owing to these similarities, Cd can 
replace Zn in many biological processes, e.g., systems that contain softer ligands 
such as sulfur. Cadmium can bind up to ten times more strongly than Zn in cer-
tain biological systems, although these replacements are rare. The major toxicity 
symptoms in humans include vomiting, nausea, stomach cramps, diarrhea, kidney 
damage and disease, fragile bones, and lung damage causing chest pain or shortness 
of breath.

Tobacco smoking is the most important single source of Cd for general popu-
lation. It has been estimated that ~10 % of Cd contents of a cigarette are inhaled 
through smoking. The absorption of Cd from lungs is much more effective and ef-
ficient than that from the gut, and as much as 50 % of the Cd inhaled via cigarette 
smoke may be absorbed (Elinder et al. 1983; Galażyn-Sidorczuk et al. 2008). On 
an average, smokers have four to five times higher blood Cd and two to three times 
higher kidney Cd concentrations than nonsmokers (Jarup 2003). The Environmen-
tal Protection Agency (EPA) has classified Cd as a human carcinogen.

3.2.2  Chromium

Chromium enters air, water, and soil mostly as chromite (Cr(III)) and chromate 
(Cr(VI)) ions; the latter is highly toxic and mobile in soil environment. In air, Cr 
compounds are present mostly in the form of fine dust particles which settle over 
land and water surfaces. It is strongly adsorbed onto soil particles, and a very small 
quantity gets dissolved in water, which could move into deeper soils or groundwater.

Intake of high levels of Cr (VI) through inhalation could cause irritation to nose, 
resulting in runny nose, nosebleeds, ulcer, and holes in the nasal septum. Ingesting 
large amount of Cr(VI) usually causes stomach upsets, stomach ulcer, convulsions, 
kidney and liver damage, and even death. Direct contact of skin with certain Cr(VI) 
compounds may cause skin ulcers. Chromate is a very strong oxidizing agent, which 
reacts quickly to form complexes. The main reason for Cr(VI) toxicity is that one of 
the reduction products of Cr(VI) is Cr(V) which is a known carcinogen and could 
lodge in any tissue to form cancerous growths. In human body, acidity and action 
of enzymes with Cr(VI) could promote the formation of Cr(V) in small quantities. 
The only place where Cr(V) is likely to accumulate is in some of the fine capillar-
ies in kidneys, intestines, or lungs. During the passage out, Cr(VI) will continue 
to oxidize anything it can, leaving deposits of the relatively safe Cr(III) and com-
pletely unsafe Cr(V) behind. The World Health Organization (WHO), department 
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of health and human services (DHHS), and EPA have maintained that Cr(VI) is a 
human carcinogen. Boonyapookana et al. (2002) reported that the concentration of 
Cd and Cr in Wolffia globosa (duckweed) significantly increased with an increase 
in exposure time and concentration in nutrient solution. The effects of Cd and Cr on 
the biomass production and total chlorophyll contents in W. globosa significantly 
decreased with exposure time and metal concentration in the growth medium. In a 
greenhouse experiment, Jamal et al. (2009) demonstrated that there was no effect 
of Al and Cr (each alone or in combined treatment) on seed germination and dry 
biomass of wheat. They reported that the root, shoot, and seedling length of both the 
wheat varieties significantly decreased compared to those for the control.

3.2.3  Arsenic

Arsenic is a metalloid and is present in group VA of the periodic table of elements. 
According to the International Agency for Research on Cancer and World Health 
Organization, As is classified as class 1 human carcinogen and a highly toxic ele-
ment. Arsenic exists in organic (monomethyl arsenic acid, dimethyl arsenic acid) 
and inorganic forms in the soil and water environments. Inorganic As species, main-
ly arsenate (As(V)) and arsenite (As(III)), are toxic and highly mobile forms of As 
in soil; As(III) is 60 times more mobile and toxic than As(V). Arsenate prevails in 
the oxidized conditions while As(III) prevails under the reduced soil environments 
in the normal soil pH range (pH 4–8; Madsen 2011; Niazi et al. 2011a; Niazi et al. 
2011b; Smith 2000).

In small doses, As generally causes nausea, vomiting, and diarrhea, but in high 
doses it could cause abnormal heartbeat, damage to blood vessels, and a feeling of 
pins and needles in hands and feet. The symptoms of As toxicity can lead to forma-
tion of small corns or warts on palms of hands and soles of feet. Arsenic also cre-
ates malfunctioning in plant species, for example, As(V) can disrupt the phosphate 
uptake pathway of plants resulting in nutritional imbalance and ultimately plant 
death. This is attributed to the chemical similarities in As(V) and phosphate. After 
entering into soil, the fate of As depends on the soil pH, redox potential, and pres-
ence of Fe and Al oxides, since they control the availability and speciation of As in 
the contaminated soil environments.

The massive As contamination of groundwater has been reported in several 
countries throughout the world including the USA, Brazil, Canada, and in many 
countries in Southeast Asia region, such as Bangladesh, India, China, Sri Lanka, 
and Pakistan. More than 100 million people have been affected by ingestion of As-
contaminated drinking water and food (mainly rice) in Southeast Asia region; the 
worst scenario is in Bangladesh, where 64 districts are badly hit by As poisoning. 
In these As-affected areas, As concentration is significantly higher than the safe 
limit of As (0.01 mg L−1) in water set by WHO. The As-containing groundwater is 
widely used for the irrigation of land used to produce food crops (e.g., rice, veg-
etables) which led to an increase in As concentration up to 60 mg kg−1 in several 
Bangladeshi soils.
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3.2.4  Cobalt

In small amounts, Co is essential to many living organisms including humans. The 
Co concentration between 0.13 and 0.30 mg kg−1 in soils markedly improves the 
health of grazing animals. It is a central component of the vitamin cobalamin (vi-
tamin B12). Although Co is an essential element for life in minute amounts, it has 
similar mutagenic and carcinogenic effects at higher levels. In 1966, addition of Co 
compounds to stabilize beer foam in Canada led to cardiomyopathy, which is known 
as beer drinker’s cardiomyopathy. Powdered Co in metal form is a fire hazard. After 
Ni and Cr, Co is a major cause of contact dermatitis (Basketter et al. 2003).

Phytotoxicity and bioavailability of Co in barley ( Hordeum vulgare L.), oil seed 
rap ( Brassica napus L.), and tomato ( Lycopersicon esculentum L.) shoot growth in 
the ten soils varying widely in soil properties using a standardized shoot biomass as-
say were investigated. The effective concentration (EC) of added Co causing 50 % 
inhibition ranged from 40 to 1,708 mg kg−1, from 7 to 966 mg kg−1, and from 7 to 
733 mg kg−1 for barley, oil seed rape, and tomato, respectively, representing 43-, 
138-, and 105-fold variation among soils. The EC50 based on Co in soil solution 
varied less among soils (4–15 fold) than that based on the total added Co, suggest-
ing that solubility of Co is a key factor influencing its toxicity to plants.

In another study, cauliflower ( B. oleracea L.) was grown in sand with complete 
nutrition (control) and at 0.5 mM each of Co, Cr, and Cu (Chatterjee and Chat-
terjee 2000). Visible phytotoxic symptoms of Co appeared first, which were most 
pronounced compared to Cu and Cr. Excess of each heavy metal decreased the 
biomass, shoot Fe, chlorophyll a and b contents, and protein, and the activity of 
catalase in leaves remained in order Co > Cu > Cr.

3.2.5  Nickel

The ingestion of Ni and its soluble compounds should be < 0.05 mg cm−3 in Ni 
equivalents per 40-h workweek. The NiS as fumes or dust and many other com-
pounds are carcinogenic (Kasprzak et al. 2003). In addition, Ni as Ni-carbonyl 
[Ni(Co)4] is a highly toxic gas. Sensitized individuals usually show skin allergy to 
Ni, which clinically is a form of dermatitis. Sensitivity to Ni may also be present in 
patients with pompholyx. Nickel is an important cause of contact allergy, partially 
owing to its use in jewellery for pierced ears (Thyssen and Menni 2009). Nickel 
allergies affecting pierced ears are often marked by itchy and/or red skin (Magaye 
and Zhao 2012).

3.2.6  Mercury

Several fish species have natural potential to concentrate Hg in bodies mostly as 
methylmercury which is an extremely toxic organic compound for humans.  Species 
of fish that are high on the food chain such as shark, swordfish, king mackerel, 
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albacore tuna, and tilefish are included in table food, but they all contain generally 
higher Hg than others. Since Hg and methylmercury are fat soluble, they primar-
ily accumulate in the viscera in meager amount in the muscle tissues. When this 
fish is consumed by a predator, the Hg level is bioaccumulated. Thus, fish species 
common in food acquire ten times more body Hg than the species they consume. 
Mercury poisoning happened in Minamata, Japan, which later came to be known as 
Minamata disease.

Treatments of seeds of rice cultivars (Ratna and IR36) with 10−5 and 10−4 M 
PbCl2and HgCl2 decreased germination, germination index (GI), shoot and root 
length, tolerance index (TI), vigor index (VI), and dry mass of shoot and root but 
increased percentage difference in germination and phytotoxicity in both the culti-
vars from control. It was concluded that phytotoxic effect of Hg was greater than 
Pb at identical concentrations and that cv. IR36 proved to be more tolerant to these 
metals than Ratna (Bera et al. 2005). Among the monitoring indices examined, TI, 
VI, and percent toxicity seemed good biological methods.

3.2.7  Lead

The level of Pb in drinking water is < 0.015 mg L−1 in the USA and < 0.01 mg L−1 
in California, but both are above its natural level, i.e., a reflection of anthropogenic 
contamination (Ponder et al. 2000). The body of an adult human contains 2 ppm Pb 
with a range of 1.4–5.7 ppm. Its 90 % contents are in bones at 20–40 ppm. It could 
enter the body through breathing air but is mostly consumed through food, bever-
ages, drugs, supplements, and many other items ingested.

In low traffic areas, Pb in soils ranges from 30 to 50 ppm, which increases up 
to 300 ppm in high-traffic zones in the USA. In dry shoots of several plants from 
these areas, Pb was reported to be in the range of 0.4–4.0 ppm, except one grass 
sample that contained 7.5 ppm Pb. Shoots of this grass from the countryside had 
high Pb (0.9 ppm), which was considerably lower than in the urban zone plants. 
The shoots for other plant species from rural areas had Pb < 0.1 ppm. It could be 
concluded that high-traffic city zones contained considerably more Pb in soils than 
that in rural areas. In a study, Ghafoor et al. (2008a) reported clear clues that plants 
and soils near high-traffic roads contained more Pb than those away-from-roads 
counterparts. High correlation between Pb in soils and that in human blood serum is 
commonly reported. It has been concluded that when soil Pb increases to 500 ppm 
(50 times higher than uncontaminated soils), the Pb in blood of children will in-
crease significantly. Such effects are mainly caused in young children (< 5 year) 
through ingestion of leaded paints, chipping of buildings, discharge from motor 
vehicles, and industrial activities while playing outdoors in Pb-contaminated areas. 
Although Pb in air is decreasing with efforts to discourage its addition in gasoline as 
antiknock agent, its pollution is common due to many other sources, like industrial 
activity, use of sewage and sludge, and continued use of leaded soil in some coun-
tries. The highest Pb concentration, up to > 10 µg m−3, is reported near Pb smelters 
and along urban freeways where leaded gas is used in vehicles. Pb in air at Kyoto 
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was 0.075 µg m−3, whereas the polluted city of Manila reported that it ranged from 
0.3–1.1 µg m−3 in urban areas to 1/2 to 1/3 of that amount in surrounding rural areas 
(0.15–0.30 µg m−3) and 0.01 µg m−3 in areas far away from traffic. Even with rela-
tively lower Pb in rural air, it was estimated that natural Pb in air during prehistoric 
times was lower (0.01 µg m−3).

4  Technologies for Remediation of Heavy Metal(loid)-
Contaminated Soils

4.1  Chemical Remediation

4.1.1  Immobilization

Immobilization technologies are designed to reduce the mobility of contaminants by 
changing the physical or leaching characteristics of the contaminated matrix. Mo-
bility is usually decreased by physically restricting contact between the contaminant 
and the surrounding groundwater or by chemically altering the contaminant to make 
it more stable with respect to dissolution in groundwater. The aqueous- and solid-
phase chemistry of metals is conducive to immobilization by these techniques. A 
variety of methods are available for immobilization of metal contaminants, includ-
ing those that use chemical reagents and/or thermal treatment to physically bind the 
contaminated soil or sludge. Most immobilization technologies can be performed ex 
situ or in situ. The in situ processes are preferred due to the lower labor and energy 
requirements, but implementation of in situ processes will depend on specific site 
conditions.

4.1.2  Solidification/Stabilization

Solidification/stabilization, also referred to as waste fixation, reduces the mobility 
of hazardous substances and contaminants in the environment through both physi-
cal and chemical means (Sherwood and Qualls 2001). Stabilization generally refers 
to the process that reduces the risk posed by a waste by converting the contaminant 
into a less soluble or immobile form (Anderson and Mitchell 2003). The in situ sta-
bilization and solidification method involves three main components: (1) a means 
of mixing the contaminated soil in place, (2) reagent storage, preparation, and feed 
system, and (3) a means to deliver the reagents to the soil-mixing zone (Nyer 2010). 
The in situ and ex situ stabilization/solidification methods are usually applied to 
soils contaminated by heavy metals and other inorganic compounds. However, sta-
bilization of soils that contain low levels of organic constituents is feasible even for 
volatile organics (Druss 2002). Most stabilization/solidification technologies have 
limited effectiveness against organics and pesticides, except for asphalt batching 
and vitrification which destroy most organic contaminants (Raag 2000; Wilk 2003).
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4.1.3  Asphalt Batching

Asphalt batching is a stabilization/solidification method for treating hydrocarbon-
contaminated soils, which incorporates petroleum-laden soils into hot asphalt mix-
tures as a partial substitute for stone aggregate; the mixture can be utilized for pav-
ing. This process involves excavation of the contaminated soils followed by an 
initial thermal treatment and incorporation of the treated soil into an aggregate for 
asphalt. During the incorporation process, heating of the mixture results in the vola-
tilization of the more volatile hydrocarbon constituents (Asante-Duah 1996; Khan 
et al. 2004). The remaining compounds are incorporated into an asphalt matrix dur-
ing cooling, thereby limiting constituent migration. After it is given sufficient time 
to set and cure, the resulting solid asphalt now has the waste uniformly distributed 
throughout it and is impermeable to water (Alpaslan and Yukselen 2002).

4.1.4  Vitrification

Vitrification or the use of molten glass is a method of stabilization/solidification 
that uses a powerful source of energy to melt soil or other earthen materials at 
extremely high temperatures (1,600–2,000 °C), immobilizing most inorganics and 
destroying organic contaminants by pyrolysis (Acar et al. 1995; Ghosh and Singh 
2005). During this process, the majority of contaminants initially present in the 
soil are volatilized, while the remaining contaminants are converted into chemi-
cally inert products, stable glass, and crystalline products (Asante-Duah 1996; Khan 
et al. 2004). The high temperatures destroy any organic constituents, resulting in 
few by-products. Inorganics such as heavy metals and radionuclides are actually 
incorporated into a glass structure which is generally strong, durable, and resistant 
to leaching (Dermatas and Meng 2003).

4.1.5  Chemical Oxidation

The use of chemical oxidation technology as a form of in situ soil and groundwater 
remediation has been practiced for at least two decades. Early practitioners realized 
the potential for harnessing chemical oxidation processes employed in wastewater 
treatment to rapidly destroy organic contaminants in soil and groundwater. Valuable 
contributions have been made by researchers in academia as well as practitioners in 
the field regarding specific oxidative chemistries, the interactions of the oxidative 
species with native materials, and the requirements for successful delivery. Further, 
it is now clear that chemical oxidation is best coupled with accelerated bioremedia-
tion for more successful site management.

Chemical oxidation has been used to successfully remove significant contaminant 
mass from soils and groundwater at numerous sites (Mulligan et al. 2001). Using a va-
riety of oxidants, such as hydrogen peroxide, permanganate, persulfate, percarbonate, 
and ozone, success has been achieved with majority of the contaminants of  concern 
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(COCs). Hydrogen peroxide has been shown to be effective for petroleum-based 
COCs and permanganate for chlorinated solvents (Silva et al. 2011). Most researchers 
and practitioners believe that technology has the ability to rapidly reduce large masses 
of contamination; however, the promise of chemical oxidation to rapidly and com-
pletely degrade target contaminants in situ has been overstated. Site owners or respon-
sible parties have been disappointed, as chemical oxidation has failed to meet their 
expectations of reaching low (ppb) contaminant concentrations within a short period 
of time. The requirement for direct oxidant–contaminant interaction, matrix interac-
tion effects, contaminant desorption, plume distribution, and a range of other factors 
is now seen as inhibiting the simplistic view of complete and rapid in situ treatment.

4.1.6  Soil flushing

In situ soil flushing is an innovative remediation technology that floods contami-
nated soils with a solution that moves the contaminants to an area where they can 
be removed (Logsdon et al. 2002; Otterpohl 2002). Soil flushing is accomplished by 
passing an extraction fluid through the soil using an injection or infiltration process. 
Contaminated groundwater and extraction fluids are captured and pumped to the 
surface using standard groundwater extraction wells. Recovered groundwater and 
extraction fluids with the adsorbed contaminants may need treatment to meet the 
appropriate discharge standards before being recycled or released to local, publicly 
owned, wastewater treatment works or receiving streams (Otterpohl 2002; Raag 
2000; Son et al. 2003). Soil flushing applies to all types of soil contaminants and is 
generally used in conjunction with other remediation technologies such as activated 
carbon, biodegradation, and pump and treat (Boulding 1996; Di Palma et al. 2003). 
Since soil flushing is conducted in situ, it reduces the need for excavation, handling, 
or transportation of hazardous substances. Juhasz et al. (2003) have discussed in 
situ remediation of dichlorodiphenyltrichloroethane (DDT)-contaminated soil us-
ing a two-phase cosolvent-flushing fungal biosorption process.

5  Phytoremediation

Phytoremediation is the use of plants to clean up the heavy metal(loid)-contaminat-
ed soils. This process takes advantage of the ability of plants to extract, accumulate, 
and/or degrade constituents that are present in soil and water environments (Alkorta 
et al. 2004). All plants extract necessary components, including nutrients and heavy 
metals from the contaminated soil. Some plants are referred to as hyperaccumula-
tors as they have the ability to store large amounts of heavy metals which they do 
not use in their metabolic functions. Plants have also been known to take up vari-
ous organics and either degrade or process them for use in physiological processes 
(Khan et al. 2004; Vouillamoz and Milke 2001). Barter (1999) has presented a good 
overview of phytoremediation of contaminated soils. It mainly outlines the five 
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basic phytoremediation techniques: rhizofiltration, phytoextraction, phytotransfor-
mation, phytostimulation, and phytostabilization.

5.1  Phytoextraction

Phytoextraction is the most commonly recognized of all the phytoremediation tech-
nologies, and is the focus of research nowadays. The phytoextraction process in-
volves the use of plants to facilitate the removal of metals from contaminated soils 
(Niazi et al. 2012). The metal-accumulating plants are grown in the contaminated 
soils and are established using agricultural practices. The roots of plants absorb 
metals from soil and translocate them to shoots. If metal availability in soils is inad-
equate for sufficient plant uptake, chelates, acidifying agents, or mineral nutrients 
(such as phosphate to enhance arsenate availability) may be used to release them 
into soil solution (Sabir et al. 2008; Saifullah et al. 2010). After sufficient plant 
growth and metal accumulation, the aboveground portion of plant is harvested, 
which permanently removes metals from the site. There is a secondary contamina-
tion threat from the harvested metal-containing plant biomass. Some experts sug-
gest that the incineration of harvested plant dramatically decreases the volume of 
plant material requiring disposal to a dump site (Kumar et al. 1995; McGrath and 
Zhao 2003). In some cases, valuable metals can be extracted from the metal-rich ash 
and can serve as a source of revenue, thereby offsetting the expense of remediation 
(Cunningham and Berti 2000). Also, the harvested huge amount of biomass can be 
used as a raw material for the production of biofuel to produce bioenergy. Phytoex-
traction should be viewed as a long-term remediation effort, requiring many crop-
ping cycles to reduce metal concentration to acceptable levels (Kumar et al. 1995; 
McGrath and Zhao 2003).

The time required for phytoremediation depends on the type and extent of 
metal contamination, the length of growing season, and the efficiency of metal-
removing plants. Kertulis-Tartar et al. (2006) conducted a field experiment for the 
phytoremediation of an As-contaminated site historically contaminated with cop-
per–chromium–arsenate application in FL, USA. They used Pteris vittata for the 
phytoextraction of As from soil with As concentration in P. vittata fronds more than 
2,000 mg kg−1 dry weight. The authors suggested that ~ 8 years would be required 
to decrease the concentration of acid-extractable As in soil from a mean value of 
82–40 mg kg−1 As, the limit set by EPA. In another field study, Niazi et al. (2012) 
used the two As-hyperaccumulating fern species, P. vittata and Pityrogramma calo-
melanos var. austroamericana, for the remediation of an As-contaminated disused 
cattle dip site in northern NSW, Australia. The authors estimated that up to 155 and 
400 years would be required by P. calomelanos var. austroamericana and P. vittata, 
respectively, to bring down the total As content (313–1,902 mg kg−1, at 0–40-cm 
depth) below the Ecological Investigation Level (EIL) value of 20 mg kg−1 As in 
Australia. These differences in remediation times were due to variations in the fern 
species performance for  extraction of As from soil at the site.
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Phytoextraction technology is suitable for the remediation of large areas of 
land that are contaminated at shallow depth with low-to-moderate levels of heavy 
metal(loid)s (Kumar et al. 1995; Luo et al. 2005). Many factors determine the effec-
tiveness of phytoextraction in remediating metal-contaminated soils (Blaylock and 
Huang 2000). Soil metals should be bioavailable or subject to absorption by plant 
roots. The land should be relatively free of obstacles such as fallen trees or boulders 
and have an acceptable topography to allow for normal cultivation practices with 
agriculture equipment. As a plant-based technology, the success of phytoextraction 
is inherently dependent upon several plant characteristics. The two most important 
characters include the ability to produce large quantities of biomass and the ability 
to accumulate large quantities of metal(loid)s in shoots (McGrath and Zhao 2003). 
Ebbs et al. (1997) reported that B. juncea is more effective for Zn removal from 
soil than Thlaspi caerulescens, a known hyperaccumulator of Zn. This advantage 
is due primarily to the fact that B. juncea produces ten times more biomass than T. 
caerulescens. Plants being considered for phytoextraction must be tolerant to the 
targeted metal(s) and be efficient at translocating them from roots to harvestable 
portion of plants (Blaylock and Huang 2000). Other desirable plant characteristics 
include the ability to tolerate stressed soil conditions (i.e., soil pH, salinity, sodic-
ity, soil structure, water content), production of dense root system, ease of care and 
establishment, and few disease and insect problems. Although some plants show 
promise for phytoextraction, there is no plant which possesses all of these traits. 
Finding the perfect plant is the focus of plant breeding and genetic engineering 
research efforts.

5.2  Phytostabilization

Sometimes there is no immediate effort to clean metal-contaminated sites, either 
because the responsible companies no longer exist or because the sites are not on 
high-priority list of remediation agenda (Berti and Cunningham 2000). The tra-
ditional means to decrease metal toxicity is by in situ inactivation, a remediation 
technique that employs the use of soil amendments to immobilize or fix metals in 
soils. Although metal migration from soil to plants is minimized, soils are often 
subject to erosion and still pose an exposure risk to humans and other animals. 
Phytostabilization, also known as phytorestoration, is a plant-based remediation 
technology that stabilizes contaminants and prevents exposure pathways via wind 
and water erosion; provides hydraulic control, which suppresses the vertical migra-
tion of contaminants into groundwater; and physically and chemically immobilizes 
contaminants by sorption to roots or complexation with root exudates (Berti and 
Cunningham 2000; Schnoor 2000). This technique is actually a modified version of 
the in situ inactivation in which the function of plants is secondary to amend soils. 
Unlike phytoextraction, the goal of phytostabilization in not to remove metals from 
soils but to stabilize them and decrease risk to the human health and environment.

The phytostabilization process is explained in detail by Bolan et al. (2011) and 
Berti and Cunnigham (2000). Before planting, the contaminated soil is plowed to 
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prepare a seed bed and to incorporate lime, fertilizer, or other amendments (Ghafoor 
et al. 2008b) for inactivating metal contaminants. The amendments applied to soil 
are required to fix metals rapidly following incorporation and chemical alteration, 
preferably long lasting if not permanent. The most promising fertilizers are phos-
phate fertilizers, organic matter (OM), biosolids, iron or manganese oxyhydroxides, 
natural or artificial clay minerals, or mixture of these amendments. Plants chosen for 
phytostabilization should be poor translators of metal contaminants to aboveground 
plant tissues that could be consumed by humans or animals. The lack of appreciable 
metals in shoots also eliminates the necessity of treating harvested shoot residue as 
hazardous waste (Brunner et al. 2008; Flathman and Lanza 1998). Selected plant 
should be easy to establish and care for, grow quickly, have dense canopies and root 
systems, and be tolerant to metal contaminants and other site conditions which may 
limit plant growth. The research of Bradshaw (1997) led to the development of two 
cultivars of Agrostis tenuis Sibth and one of Festuca rubra L which are now com-
mercially available for phytostabilization of Pb-, Zn-, and Cu-contaminated soils.

Phytostabilization is most effective at sites having fine-textured soils with high 
OM contents, but is suitable for treating a wide range of soils in contaminated areas 
(Berti and Cunningham 2000; Bolan et al. 2011). However, some highly contami-
nated sites are not suitable for phytostabilization because plant growth and survival 
are not possible (Berti and Cunningham 2000). At sites which support plant growth, 
fight manager must be concerned with the migration of contaminated plant residues 
off-site or disease and insect problems which limit the longevity of plants (Schnoor 
2000). Phytostabilization has advantages over other soil remediation practices in 
that it is less expensive, less environmentally evasive, easy to implement, and offers 
aesthetic value (Berti and Cunningham 2000; Schnoor 2000). When decontamina-
tion strategies are in practice, because of the size of contaminated area or lack of 
funds, phytostabilization has advantages. It may also serve as an interim strategy to 
decrease risk at sites where complications delay selections of the most appropriate 
technique for a site.

5.3  Phytovolatilization

Some metal contaminants like As, Hg, and Se do exist as gaseous species in envi-
ronment. Recently, scientists have searched for naturally occurring or genetically 
modified plants that are capable of absorbing elemental forms of such metal from 
soils, biologically converting them to gaseous species within the plant and releas-
ing them into the atmosphere. This process is called phytovolatilization—the most 
controversial of all the phytoremediation technologies. Mercury, As, Cr, CN, and 
Se are toxic (Chapman et al. 2003; Suszcynsky and Shann 1995), and there is doubt 
about whether the volatilization of these elements into the atmosphere is safe (Vara 
Prasad and de Oliveira Freitas 2003; Watanabe 1997). Selenium phytovolatilization 
has been given the most attention (McGrath et al. 2002) because this element is a 
serious problem in many parts of the world (Brooks et al. 1998; Tagmount et al. 
2002). However, there have been considerable efforts to insert bacterial Hg ion 
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reductase genes into plants for the purpose of Hg phytovolatilization (Rugh 2001). 
Although there have been no efforts to genetically engineer plants which volatil-
ize As, it is likely that researchers will pursue this possibility in future. According 
to Brooks et al. (1998), the release of volatile Se compounds from higher plants 
was first reported by Lewis et al. (1966). Terry et al. (1992) and Panwar (2010) 
reported that members of the Brassicaceae family are capable of releasing up to 
40 g Se ha−1 day−1 as various gaseous compounds. Some aquatic plants such as 
cattails are also good for Se phytovolatilization (Pilon-Smits 2005). Unlike plants 
that are being used for Se volatilization, those which volatilize Hg are genetically 
modified organism.

Arabidopsis thaliana L. and tobacco have been genetically modified with bacte-
rial organomercurial lyase (Mer B) and mercuric reductase (Mer A) genes (Rugh 
2001). These plants absorb elemental Hg(II) and methylmercury (MeHg) from soil 
and release volatile Hg (O) from leaves into the atmosphere (Bizily et al. 2000; 
Heaton et al. 1998). Volatile Se compounds, such as dimethylselenide, are 1/600 
to 1/500 as toxic as inorganic form of Se found in soil (Desouza et al. 2000). The 
volatilization of Se and Hg is also a permanent site solution, because the inorganic 
forms of these elements are removed and gases are not likely to redeposit at or near 
the site (Heaton et al. 1998; Pilon-Smits 2005). Further, sites that utilize this tech-
nology may not require much management after the original planting. This remedia-
tion method has the added benefits of minimal site disturbance, less erosion, and no 
need for disposal of contaminated plant material (Heaton et al. 1998; Rugh 2001). 
Heaton et al. (1998) suggest that the addition of HgO into the atmosphere would 
not contribute significantly to the atmospheric pole. However, those who support 
this technique also agreed that phytovolatilization would not be wise for sites near 
population centers or at places with unique metrological conditions that promote the 
rapid depositions of volatile compounds (Heaton et al. 1998; Rugh 2001).

5.4  Phytostimulation

Soil microbes have been found suitable to enhance the bioavailability of metals 
for phytoextraction and increase the phytoremediation potential of plants by com-
plementing the process in many ways. Soil microbes may degrade organic con-
taminants into simpler organic compounds and supply them as nutrient to plants 
for enhanced phytoremediation of the contaminated sites. Microbial activity in the 
rhizosphere of plants is severalfold higher than in the bulk soil. The population 
of microflora present in the rhizosphere is much higher than that in the soil with 
less vegetation. This is due to the presence of nutrients from the root exudates of 
plants (Suthersan and Payne 2004). A typical microbial population present in the 
rhizosphere per gram of air-dried soil comprises bacteria (5 × 106), actinomycetes 
(9 × 105), and fungi (2 × 103; Schnoor 2000). The rhizosphere in plants is divided 
into two general areas: the inner rhizosphere at the root surface and the outer rhi-
zosphere immediately adjacent to soil. The microbial population is larger in the 
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inner zone where the root exudates are concentrated. A large variety of exudates 
are secreted from roots in the form of sugars, amino acids, and essential vitamins.

Root exudates may also include acetates, esters, and benzene derivatives. En-
zymes are also present in the rhizosphere and this may act as substrates for the mi-
crobial population. Enzymes secreted by plant roots or the microbial community in 
the rhizosphere comprise esterases and different oxidoreductases (phenoloxidases 
and peroxidases). Plant peroxidases are exuded by some members of Fabaceae, 
Gramineae, and Solanaceae. White radish ( Raphanus sativus) and horseradish ( Ar-
moracia rusticana) secrete “peroxidase,” while the aquatic green algae Nitella and 
Chara secrete “laccase” (Tavares-Dias 2006).

Chemolithotrophic bacteria have been shown to enhance metal availability. Sev-
eral strains of Bacillus and Pseudomonas have been reported to increase Cd accu-
mulation by B. juncea. Naturally occurring Rhizobacteria were found to promote 
Se and Hg bioaccumulation in plants growing in wetlands (Singh et al. 2011). These 
microbes grow much better if organic manures are added to the soil. Uptake of 
hydrophobic xenobiotics of larger size can be facilitated by primary microbial bio-
degradations in the rhizosphere. The hydrophobic persistent organic contaminants 
like PCDD/Fs and 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD), with present log 
Kow value above 4, have been reported to be taken up by roots and transported to 
shoots in Cucurbita pepo (Singh et al. 2011).

Root exudates, in the form of compounds structurally analogous to the chemicals 
utilized by microorganisms, would enhance the activity of the bacteria present in 
the rhizosphere, accelerating the degradation process. Certain phenolic compounds 
in the root exudates have been found to support growth of PCB-degrading bacteria 
and serve as structural analogs for PCB degradation (Zhao et al. 2001). Sometimes, 
inoculation of plant soil by microbes enhances the phyto-degradation of organic 
contaminants present in the soil. Degradation of “pentachlorophenol” (PCP) was 
accelerated by the prosomillet after the soil in which it was growing was inoculated 
with Pseudomonas strain SR 3.

5.5  Phytotransformation

Several inorganic and organic contaminants, once absorbed inside the root, may 
become biochemically bound to cellular tissues (biotransformed) in forms that are 
biologically inert or less active (Vara Prasad and de Oliveira Freitas 2003; Watanabe 
1997). In many cases, plants have the ability to metabolize organic contaminants 
by phytotransformation and conjugation reactions followed by compartmentaliza-
tion of products in their tissues. Poplar trees ( Populus species) have been found to 
transform trichloroethylene in soil and groundwater.

Plants possess the necessary mechanism to detoxify the cyanides from mining 
wastes resulting from gold (Au) and silver (Ag) mining. Cyanide (ammonium thio-
cyanate) is the leach reagent of choice for Au and Ag extraction (Sinha et al. 2010). 
During several metabolic functions, plants are confronted with cyanide as a by-
product of metabolism. This occurs particularly during the synthesis of “ethylene” 
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in mature tissues, where “hydrogen cyanide” (HCN) is formed as a by-product. 
Consequently, vascular plants have evolved effective strategies for detoxifying the 
toxic cyanide with the aid of enzymes. Those identified with cyanide detoxification 
are Salix spp. and Sorghum spp. Plants only survive cyanide exposure up to the 
doses they can eliminate. The cyanide-detoxifying enzyme system is “beta-cyano-
alanine synthase,” which connects free cyanide and cysteine to cyanoalanine. The 
final metabolic product is “asparagines,” a nontoxic essential amino acid in plants 
(Trapp et al. 2003).

5.6  Rhizofiltration

Metal contaminants in industrial wastewater and groundwater are most commonly 
removed by precipitation or flocculation, followed by sedimentation and disposal 
of the resulting sludge (Ensley 2000). A promising alternative to this conventional 
clean up method is rhizofiltration. The process involves raising plants hydroponi-
cally and transplanting them into metal-polluted waters where plants absorb and 
concentrate metals in their roots and shoots. Root exudates and changes in rhi-
zosphere pH induced precipitation of metals onto root surface. As these become 
saturated with metal contaminants, roots or whole plants are harvested for disposal 
(Brunner et al. 2008; Flathman and Lanza 1998). Most researchers believe that 
plants for phytoremediation should accumulate metals only in roots (Flathman and 
Lanza 1998). Dushenkov et al. (1995) explained that the translocation of metals to 
shoots would decrease the efficiency of rhizofiltration by increasing the amount 
of contaminated plant residue needing disposal. In contrast, Zhu et al. (1999) sug-
gested that the effectiveness of this process could be increased by using plants with 
ability to absorb and translocate metals within the plant. Despite such differences, it 
is apparent that proper plant selection is the key to ensuring the success of rhizofil-
tration as water cleanup strategies.

Raskin and Ensley (2000) described characteristics of an ideal plant for rhizo-
filtration. Plants should be able to accumulate and tolerate a significant amount 
of target metal(s) in conjunction with easy handling, low maintenance cost, and 
a minimum of secondary waste requiring disposal. It is also desirable that plants 
could produce significant root biomass or root surface area. Several aquatic species 
having ability to remove metals from water include water hyacinth, pennwort, and 
duckweed (Kamal et al. 2004). However, these plants have limited potential for rhi-
zofiltration, because they are not efficient for metal removal, a result of their small 
and slow-growing roots (Dushenkov et al. 1995; Jadia and Fulekar 2009). These 
authors also point out that the high water contents of aquatic plants complicate their 
drying, composting, or incineration. Despite limitations, Zhu et al. (1999) indicated 
that water hyacinth was effective for removing trace elements from wastewater. 
Terrestrial plants are thought to be more suitable for rhizofiltration because these 
produce more substantial and often fibrous root system with large surface area for 
metal sorption. Sunflower and Indian mustard are the most promising terrestrial 
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candidates for metal removal from water. The roots of Indian sunflower remove 
lead (Dushenkov et al. 1995; Vara Prasad and de Oliveira Freitas 2003), U, Cs137, 
and Sr90 (Dushenkov et al. 1997) from hydroponic solutions.

Rhizofiltration is a cost-competitive technology in the treatment of surface water 
or groundwater containing low, but significant, concentrations of metals like Cr, Pb, 
and Zn (Ensley 2000; Kumar et al. 1995; Verma et al. 2006). The commercializa-
tion of this technology is driven by economics as well as such technical advantages 
as applicability to many problem metals, ability to treat high volumes, lesser need 
for toxic chemicals, decreased volume of secondary waste, possibility of recycling, 
and likelihood of regulatory and public acceptance (Dushenkov et al. 1995; Khan 
et al. 2004; Kumar et al. 1995). However, application of this plant-based technology 
may be more challenging and acceptable to failure than other methods or similar 
cost. The production of hydroponically grown transplants and the maintenance of 
successful hydroponic system in a field will require the expertise of qualified per-
sonnel, and the facilities and specialized equipment required can increase overhead 
cost. Perhaps the greatest benefit of this remediation method is related to positive 
public perception. The use of the plants at a site where contamination exists conveys 
the ideas of cleanliness and progress to the public that would have normally been 
perceived as polluted.

6  Conclusion and Future Perspectives

Background knowledge of the sources, chemistry, and potential health and envi-
ronmental risks of toxic heavy metal(loid)s from contaminated soils is imperative 
for the selection of appropriate remedial options. The remediation of soils con-
taminated by heavy metal(loid)s is vital to reduce the associated health risk, make 
the land resources available for agricultural production, enhance food security, and 
scale down land tenure problems. Chemical remediation methods discussed earlier 
in this chapter are relatively expansive as well as hazardous to the environment. 
On the other hand, phytoremediation using metal(loid)-accumulating plant species 
has emerged as an environmentally friendly and feasible technology for cleaning 
up heavy metal(loid)-contaminated soils but have not been demonstrated practi-
cally under field conditions with the exception of few field trials. Application of 
phytoremediation (particularly phytoextraction and phytostabilization) to the field 
scale requires attention by the scientists and commercial/government organizations, 
so the new plant species should be explored for their phytoremediation potential. 
Although long remediation time is the main obstacle in the implementation of phy-
toremediation, there is a dire need for future research on the methods or approaches 
to enhance the plant biomass production and metal(loid) removal ability of plants 
from contaminated soils.
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Abstract Macronutrients play a very important role in plant growth and develop-
ment. Their functions range from being structural units to redox-sensitive agents. 
Generally, application of macronutrient increases yield, growth, and quality of 
crops. In the recent years, however, plant physiologists, biotechnologists, and eco-
physiologists have been working to investigate various other blind features of these 
minerals and their future prospective, because nutrients are involved in every step 
of plant life. Every macronutrient has its own character, and is therefore involved 
in different metabolic processes of plant life. Herein, this chapter deals with the 
recent progress made in discovering the roles of macronutrients in plant growth and 
acclimation process as well as future prospective of elemental research in plants.
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1  Introduction

The study related to plant mineral nutrients is a subject of marvelous curiosity and 
issue of immense importance among the plant physiologists, molecular biologists, 
and agronomists. Therefore, much research has been focused on this aspect to tackle 
problems related to the mineral nutrition of plants. Various studies demonstrated that 
plant nutrients are either chemical elements or generally compounds which are es-
sential for growth, development, and better yield while also playing counter roles in 
external activities and metabolism of plants (Vitousek 1982; Alam 1999; Subbarao 
et al. 2003; He and Yang 2007). Studies related to nutrient’s essentialities for plants 
were started from sixteenth and seventeenth centuries by renowned chemists Van 
Helmont, Boyle, Glauber, and Mayow (Street and Opik 1970). The ninetieth cen-
tury saw an emergence of agricultural chemistry and witnessed the use of artificial 
fertilizer for improving the crop quality and yield. Furthermore, with the progress 
of water and sand culture techniques, appreciation of elements which are essential 
for plants was also discovered, and the essentialities of nitrogen (N), phosphors (P), 
sulfur (S), potassium (K), calcium (Ca), magnesium (Mg), and iron (Fe) for the 
plants were identified (Street and Opik 1970). Through the systematic development 
of elemental research, it has been shown that some plants complete their life cycle in 
the presence of various elements; however, in their absence, plants were incapable. 
Therefore, Epstein (1972) has classified elemental requirement in two ways, i.e., es-
sential and nonessential elements. Figure 8.1 clearly reveals the abundance percent-
age of different elements with respect to plants, soil, and ocean; however, Fig. 8.2 
depicts the pathway of mineral translocation from soil to roots and from roots to 
upper parts of the plants. Table 8.1 describes the basic information of elements re-
garding their weight percentage, symbol, major forms, order of their abundance on 
the earth’s crust, etc. (http://hyperphysics).

Studies suggested that there are 20 elements which are regarded as essential or 
beneficial for the survival of plants; however, essentialities of 14 elements for plants 
are also a matter of enormous debate among the scientists working on elemental 
dynamics (Marschner 1995; Mengel et al. 2001). Furthermore, carbon, hydrogen, 
and oxygen are regarded as three major elements which are taken up through both 
air and water, while remaining elements accumulate through the plant roots from 
the soil. On the basis of elements’ quantity and their requirement on the earth crust, 
they have been classified in many other ways such as macronutrients, i.e., N, P, K, 
Ca, and Mg, and micronutrients or trace nutrients which consist of B, Cl, Cu, Fe, 
Mo, Mn, Ni, Na, and Zn. Studies suggested that these elements enhance the growth 
and yields, besides performing different dynamic functions to protect the internal 
or external integrity of plant life (White and Brown 2010). Besides this, some ele-
ments like silicon (Si) and cobalt (Co) are characterized as beneficial elements but 
have not been considered as essential for all plants, nonetheless reaching the criteria 
of essential elements for some members of Poaceae and Cyperaceae (Tripathi et al. 
2011, 2012b; Epstein 1999; Pilon-Smits et al. 2009; Barker and Pilbeam 2010). 
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The Human body is known to require 22 mineral elements for sustainability of 
good health, and these mineralsare involved in different activities of human body; 
conversely, an appropriate diet is a major source of their availability (White and 
Broadley 2005a; White et al. 2009). It has been mentioned in the reports of Welch 
and Graham (2002) and White and Broadley (2005a) that 6 billion population of the 
world (above 60 %) are malnourished. On the other hand, it has also been noticed 
that, mainly in developed and developing countries, Ca, Mg, and Cu deficiencies 
are very common, and this has happened because of low amount of minerals in the 
natural sources such as crops, foods, water, etc.

From the beginning of nutrient evolution in various science disciplines, most of 
the works have been devoted to know the importance of elements in plants, animals, 
and ecosystems. However, in recent years, various studies related to the mechanism 
of elements’ translocation from plant roots and subsequent distribution within the 
plant cells and their molecular dynamics have been well investigated (Sharma and 
Dubey 2005; Karley and White 2009; Miller et al. 2009; Miwa et al. 2009; Puig and 
Pen˜arrubia 2009; White and Broadley 2009; White and Brown 2010; Tripathi et al. 
2011, 2012). Therefore, in this chapter we have summarized the progress and future 
prospective of macronutrients in plant science research.

Fig. 8.1  Percent availability of macronutrients in soil, plant, and ocean
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Table 8.1  Some of the macronutrients with their order of abundance on the earth crust, major 
form of abundance, and weight % in the earth crust
Element Symbols Order of 

abundance in 
the earth crust

Discovered by Year Major form 
of abundance

Weight 
% in the 
earth 
crust

Calcium Ca Fifth Humphry Davy 1808 Ca2+ 4.1
Magnesium Mg Eighth Joseph Black 1755 Mg2+ 2.3

Humphry Davy 1808
Potassium K Ninth Humphry Davy 1807 K+ 2.1
Phosphorous P Eleventh Hennig Brand 1669 H2PO4

2− 0.1
Antoine Lavoisier 1977

Sulfur S Fifteenth Antoine Lavoisier 1777 SO4
2− 0.03

Nitrogen N Seventh Daniel Rutherford 1772 NO3
− 0.002

Fig. 8.2  Schematic diagram showing absorption of different macronutrients via plant’s roots
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2  Macronutrients

Macronutrientsbasically performa counter role in various metabolic processes of 
plants and human beings, and are therefore required in large quantities for their sur-
vival. On the basis of their functions, macronutrients have been classified into two 
groups: primary macronutrients, i.e., N, P, and K, and secondary macronutrients, 
i.e., Ca, Mg, and S (Ryan et al. 2001; García et al. 2003; Rowley et al. 2012; Morgan 
and Connolly 2013). These primary and secondary macronutrients play significant 
role during the entire plant life by performing various beneficial activities in plant 
metabolism as well as protecting plants from various abiotic and biotic stresses 
including the stresses of heavy metals, drought, heat, UV radiations, and from dis-
eases and insect pest attacks (Shanker and Venkateswarlu 2011; Rowley et al. 2012; 
Morgan and Connolly 2013). These macronutrients also help to increase the yield, 
growth, and quality of various crops (Morgan and Connolly 2013). Moreover, in 
recent years, plant physiologists, biotechnologists, and eco-physiologists have been 
working to investigate various other blind features of these minerals and discuss 
their future prospective because of nutrients involvement at each step of plant life. 
Every macronutrient has its own unique character, and is therefore involved in dif-
ferent metabolic processes of plant life.

2.1  Primary Macronutrients

2.1.1  Nitrogen

Nitrogen is the 15th group element of the periodic table, which belongs to the 
P block, and was first identified by Daniel Rutherford in 1772, while Jean-An-
toine Chaptal was the first man who gave its name as “nitrogen” in 1790 (http://
en.wikipedia.org). Generally, it is found in the form of a colorless and tasteless 
gas which makes up 78.09 % by quantity of the earth’s atmosphere (Keeney and 
Nelson 1982; Fontana and Zickerman 2010; Alvarez et al. 2012). Nitrogen is re-
quired for plants in the greatest amount, which comprises about 1.5–2.0 % of plant 
dry matter, besides approximately 16 % of total plant protein (Frink et al. 1999; 
Craig Jr 2002; Chen et al. 2003; Lima et al. 2007; Alvarez et al. 2012). It has been 
suggested that in our entire solar system, N is probably the seventh abundant ele-
ment and most essential component of all existing cells (Frink et al. 1999; Craig 
Jr 2002; Alvarez et al. 2012). Nitrogen is also regarded as the essential component 
of all proteinsand enzymes and further performs in various metabolic processes of 
energy transformation (Street and Kidder 1997). Therefore, sufficient amount of N 
availability in plants is required, because it is one of the major key factors of crop 
production (Nadeem et al. 2013). Studies reveled that nitrogen is also an essential 
constituent of chlorophylls, which is closely associated with photosynthetic pro-
cess (Nursu’aidah et al. 2014). Furthermore, it facilitates to improve the fruit and 
seed production along with hasty plant growth, quality of forage crops, and leaf 
(Mengel and Kirkby 1987; Marschner 2011). In natural ecosystem and  agriculture, 
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N occurs in many forms such as nitrate, nitrite, ammonium, amino acids, etc; how-
ever, it is taken up by plants from various sources like fertilizers, air, water, rain, 
and some other sources in molecular form (N2) directly (Bernhard 2010; Khajuria 
and Kanae 2013). It is converted into various obtainable forms by several soil or-
ganisms. It has been shown that in the past 50 years, owing to the systemic use of N 
in the form of fertilizer, crop production has almost doubled (Shaviv 2001). How-
ever, it is also true that due to the industrial pollution and severe climate change, the 
natural N cycle has considerably been in trouble (Cleemputa and Boeckxa 2013).

Vidal and Gutierrez (2008) and Lošák et al. (2010) confirmed that under various 
patterns of N supply, plants have shown elaborate reaction in relation to physiologi-
cal and morphological levels to regulate their development and growth (Kiba et al. 
2011). Additionally, Lošák et al. (2010) again reported the consequences of N on 
metabolisms of essential and nonessential amino acids of maize crops and declared 
that 240 kg N/ha application reduced most of the 17 amino acids analyzed in the 
grain of maize compared to 0 and 120 kg N/ha treatments, and concluded that the 
application of N in high amount showed a considerable outcome on the maximal 
accumulation of isoleucine, valine, histidine, leucine, cysteine, phenylalanine, and 
alanine. Similarly, Kandi et al. (2012) have reported that concentration of methio-
nine and lysine amino acids, which are required for human body and cannot be cre-
ated biologically, were affected in different varieties of potato under different levels 
of N, which significantly increased. Effect of N supply on the modification of plant 
hormonal status was also studied and systematically reported by Glare (2001). Kiba 
et al. (2011) and Pavlíková et al. (2012) proposed that phytohormones like abscisic 
acid (ABA), indole-3-acetic acid (IAA), and cytokinins (CK) were strongly con-
nected to nitrogen signaling. Additionally, Takei et al. (2001, 2002) and Cline et al. 
(2006) reported that N availability is closely connected with the cytokinins in many 
plant species. Results also suggested that cytokinins’ metabolism and translocation 
were adjusted by N nutritional status in plants (Takei et al. 2001; Sakakibara et al. 
2010; Pavlíková et al. 2012). Different N pathways; its fixation; uptake involving 
genes; genetic, biochemical, and ecological aspects; and future prospects in sus-
tainable agricultural development have been well studied earlier (Simpson 1983; 
Jamiesona and Semenov 2000; Martre et al. 2003; Zhu et al. 2006; Foulkes et al. 
2009; Hirel et al. 2011; Alvarez et al. 2012; Sharma et al. 2013).

2.1.2  Phosphorus

Phosphorus belongs to P block elements of periodic table and is considered as 
a nonmetallic element, first indentified by Hennig Brand in 1669; however, An-
toine Lavoisier acknowledged phosphorus in the form of element in 1777 (Sea-
borg 1980; Luminaris 2005; http://en.wikipedia.org/wiki/Phosphorus). It is found 
as white P and red P; however, due to its soaring reactivity, it is never available 
in the form of free constituent on the earth. Maximally, its compounds are used 
as fertilizers; however, It also is used frequently in the form of detergents, pes-
ticides, and matches (Diskowski and Hofmann 2005). In cell membranes of the 
plant, it is abundantly present in the form of phosphate, where it plays vital roles 
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in being the constituent of DNA, RNA, and ATP (Brown and Weselby 2010; 
http://en.wikipedia.org/wiki/Phosphorus). Thus, it is regarded as an essential 
component for growth and development of plants; however, its availability in soil 
is often low, and therefore its high amount in the form of organic phosphate is ex-
ogenously used to attain high crop yields (Huang et al. 2011). Among crops, bar-
ley ( Hordeum vulgare) and wheat ( Triticum aestivum) plants use around 46 % of 
P in the form of fertilizers (Huang et al. 2011; Hackenberg et al. 2013). But wide-
ranging fertilization in the crop fields with extensive P leads to fast exhaustion 
of nonrenewable P wealth, and therefore contributes to environmental pollution; 
however, its deficiency in soil causes significant reduction in crop yields (Elliott 
et al. 1997; Vance et al. 2003; Gahoonia and Nielsen 2004; Huang et al. 2011).

Studies related to various aspects of P utilization, its uptake, and its effect on 
diverse metabolic processes are the main research scopes for scientists working on 
agronomical and agricultural issues (Ballantyne 2009). Jia et al. (2011) proposed 
that phosphate transporters (PTs) are generally involved in uptake and translocation 
of their inorganic form (Pi) from the soil; however, biological belongings and physi-
ological function of PTs are still lacking. In this context, Jia et al. (2011) demon-
strated a PT gene OsPht1 of family Pht1, which is keenly involved in P homeostasis 
in rice. Furthermore, Hammond et al. (2011) stated that regulatory hot spots are 
linked to plant gene appearance under different soil P availability in Brassica rapa. 
In addition, Huang et al. (2011) have shown that P utilization efficiency can be cor-
related with expression of low-affinity PTs and non-coding RNA, IPS1 in barley. 
Further, Postma and Lynch (2011) reported that suboptimal availability of P in root 
cortical aerenchyma improves the growth of maize plants. Due to a modification of 
cell division or cell elongation factors, leaf growth depression under P deficiency 
is well recognized (Chiera et al. 2002; Assuero et al. 2004; Kavanova et al. 2006).

Additionally, Kavanová et al. (2006) reported that lack of phosphorus content 
causes adecline in cell division and cell elongation in the leaves of various grasses. 
It has been well reported that P is a necessary component of photosynthetic pro-
cesses which are systematically implicated in creation of sugars, oils, and starches 
and which further helps in the conversion of solar energy into chemical energy, 
proper plant maturation, and withstanding stress. It also promotes the rapid growth 
of plants as well as root systems; therefore, research related to P availability and its 
consumption is a need of further research from agronomical, agro-economical, as 
well as agricultural points of view.

2.1.3  Potassium

Potassium (K), which is regarded as one of the most valuable elements for the 
growth and development of plants, is alkaline in nature, and the term K is related to 
the Neo-Latin world kalium. It was first introduced and isolated by Humphry Davy 
in 1807 (Holden 2001). Potassium is a necessary and extremely mobile macronu-
trient in plants that is abundantly present in young parts of the plants. However, 
Fernando et al. (1992) reported that cytosol contained its highest amount, i.e., 30–
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50 mMm, while 20 mM was found in vascular region of the cells. Mengel (2007) 
suggested that K plays a major role as a cationic inorganic element in the plants 
and is therefore regarded as an essential element to all plant life, and plants cannot 
survive without its presence. It is linked to many physiological processes which 
help in improving photosynthesis, enzyme activation, water relations, assimilates, 
transportation, as well as plant growth and development (Pettigrew 2008; Lidon 
and Cebola 2012; Zlatev and Lidon 2012). Helal and Mengel (1979) revealed that 
if K +supply is poor in plants, protein synthesis will be inhibited and, therefore, 
forerunners of proteins like amino acids, amides, and nitrate could be accumulated. 
Conversely, Leigh and Wyn Jones (1986) suggested that it also endorses the uptake 
of amino acids and is also very important for protein synthesis. Furthermore, Anon-
ymous (1998) explained the essentiality of K in plants during protein synthesis, i.e., 
transcription and translation, and suggested that these two processes would not be 
possible without ample K supply to the plants (Wakeel et al. 2011). It has also been 
observed that during the entire protein synthesis process, potassium is frequently 
associated with binding of transfer RNA (tRNA) to ribosomes (Wakeel et al. 2011).

Pfluger and Mengel (1972) reported that nicotinamide adenine dinucleotide 
phosphate (NADPH) plays a key function in photosynthesis, whereas K is respon-
sible for the activation of biosynthesis of this coenzyme. Plant cell membranes are 
relatively permeable to K ions because of the existence of different selective K 
ion channels, and are therefore involved in control of various processes of the cell 
(Chrispeels et al. 1999; Yamaguchi and Blumwald 2005). Chrispeels et al. (1999) 
stated that K is an active constituent of plant metabolic system, which dynamically 
entails transportation of metabolites, nutrients, phytohormones, and water through 
xylem and phloem, while deficiency of K ions in plants severely affects the trans-
portation mechanisms. It also helps in stabilization of pH (7–7.5) for proper enzy-
matic reactions as well as diffusion of various organic anions and other compounds 
within the plant (Mengel and Kirkby 1980). It has been shown by Anonymous 
(1998) that the process of opening and closing of stomata in most of the plants is 
dependent upon K ions, because their movement between the guard cells of stomata 
checks the loss of water, and therefore helps in minimizing the risk of drought 
stress. Potassium plays a valuable role in minimizing the worldwide agriculture and 
agronomical problems like heavy metal stress: Cd, Cr, and Al (Shaviv 2001).

2.2  Secondary Macronutrients

2.2.1  Calcium

Among the list of all available elements, calcium is found to be the fifth most plenti-
ful element on the earth crust, and is also regarded as the fifth most ample liquefied 
ion in ocean (Krebs 2006). First discovered by Humphry Davy in 1808, calcium 
belongs to the second group and S block in the periodic table (Enghag 2008). It is 
one of the most essential elements for all living organisms and is required particularly 
in the form of calcium ions (Ca2+) that helps as well as participate in many cellular 
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processes (Marschner 1995; White and Broadley 2003). It is important to every plant 
for their growth and development and is involved in activating the enzymes, induc-
ing water movement and salt balance in plant cells, and also activating K to control 
the process of opening and closing of stomata (Hepler 2005). It is also required for 
cell growth, division, elongation, and various essential biological functions (Berridge 
et al. 2000; Hirschi 2004). Calcium boosts the nutrient uptake, improves the plant 
tissue’s resistance, makes cell wall stronger, and contributes to normal root system 
development (Berridge et al. 2000; Hirschi 2004). Hepler (2005) noticed that Ca is 
an essential regulator of plant growth and development and that deficiency in plants 
causes yellow coloration and black spots on leaves. Further, when deposited in plant 
tissues, it is immobile. For this, cells have developed several mechanisms for strongly 
regulating calcium ion (Ca2+) fluxes as well as different Ca pools, and thus it is keen-
ly transported from the cytosol into the mitochondria, endoplasmic reticulum, cell 
walls, plastids, and vacuoles (Bush 1993; Harper 2001; Pittman and Hirschi 2003; 
Volk et al. 2004). It has been reported that Ca ions alleviate ionic stress in plants, and 
various feasible mechanisms have been briefly described by which Ca ions are able 
to prevent the subsequent damage (Plieth 2005). Kochian (1995) reported that, due to 
protective behavior of Ca ions, the plants were protected from the Al toxicity.

Additionally, Rodriguez-Serrano et al. (2009) also reported similar observations 
in which Ca influenced the Cd toxicity in pea plants. Moreover, various studies also 
revealed that Ca protects plants from various biotic and abiotic stresses through its 
various advantageous signaling channels such as Ca2+/H+ antiporters, Ca2+-ATPas-
es, etc. (Hong-Bo et al. 2008; Kudla et al. 2010) Channels of Ca porous ion are 
ultimately accountable for drought stress signal transduction (Bush 1995; Norelli 
and Miller 2004; Andjelkovic and Thompson 2006; Ahn and Suh 2007; Hong-Bo 
et al. 2008; Morgan et al. 2013).

Recently, Yang et al. (2013) suggested that SlSRs gene plays diverse roles in re-
sponse to specific stress signals, and this SlSRs gene may act as a coordinator(s) con-
necting Ca-mediated signaling with other stress signal transduction pathways during 
fruit ripening and storage. Furthermore, Li et al. (2013) also discovered that under 
NaCl stress in tobacco, a gene, HSP, successfully expressed the Ca signaling pathways. 
Several other studies based on Ca response against the stresses suggested that many 
transcription factors like SR/CAMTA perform greater role against multiple abiotic and 
biotic stresses, preferably drought, cold, pathogens, and wounding, as well as ethylene, 
auxin, MeJA, and SA (Reddy et al. 2000; Yang and Poovaiah 2000; Bouche et al. 2002; 
Yang and Poovaiah 2002; Galon et al. 2010; Reddy et al. 2011; Yang et al. 2013).

2.2.2  Magnesium

Magnesium is a very common element which is found in all living beings on earth; 
among the comparative list of abundance, it is the eighth most abundant element 
on the earth crust and ninth in the universe (Ash 2005; Housecroft and Sharpe 
2008; Luft 2012). In 1755, Joseph Black was the first scientist who introduced 
magnesium, though it was first isolated by Humphry Davy in 1808,and the term 
Mg comes from the Greek word magnesia. It performs several  advantageous func-
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tions in plants and animals, and is known as one of the essential nutrient elements 
for the survival. However, with reference to plants, its amount has been found to 
be 0.2–0.4 % of plant dry matter and its requirement for preeminent plant growth is 
1.5–3.5 g kg−1 in the vegetative parts (Hopkins and Hüner 2011; Marschner 2012; 
Chen and Ma 2013). Magnesium is a central atom of chlorophyll and therefore 
plays a major role in plant photosynthesis, and thus its deficiency degrades the 
chlorophyll content and leaves become yellowish in color, which is known as chlo-
rosis; however, an adequate supply of Mg makes the plant healthy (Ding et al. 2008; 
Hermans et al. 2010). Shabala and Hariadi (2005) proposed that low or excess lev-
els of Mg contents in plants may serve diverse impact on photosynthesis. As it is a 
movable element in plants, chlorophyll of the plants is first decreased in old leaves 
and the remaining amount of Mg in old leaves is transferred to younger leaves 
(Hermans et al. 2010). Shaul (2002) also reported that even minute differences in 
Mg level may affect the various important chloroplast enzymes. Studies suggested 
that Mg is an active constituent of electron transportation chain; therefore, during 
the entire process of electron transport chain of the chloroplast, Mg has a significant 
responsibility. Furthermore, due to the presence of appropriate level of Mg content, 
the action of antioxidative enzymes and the content of antioxidant molecules were 
reported to be increased in pepper, maize, bean, mulberry, and Mentha pulegium 
(Cakmak and Marschner 1992; Cakmak 1994; Candan and Tarhan 2003; Tewari 
et al. 2004, 2006; Anza et al. 2005, Ding et al. 2008; Waraich et al. 2012). Tewari 
et al. (2006) further suggested that Mg deficiency increases the oxidative stress in 
mulberry plants by enhancing the generation of ROS and triggering distinct redox 
changes in the cellular metabolism, and with its sufficiency, activation of antioxi-
dant machinery, including induction of distinct superoxide dismutase (SOD) iso-
forms, takes place. A study carried out by Ding et al. (2008) clearly revealed that 
low level of Mg in rice plants was negatively associated with the concentration of 
Malondialdehyde (MDA) and three antioxidative enzymes; however, exogenous 
supply of Mg and K in rice plants showed significant interactive effects in shoot 
biomass, yield, chlorophyll content, photosynthetic rate, and the activities of SOD, 
catalase (CAT), Peroxidase(POD), and MDA contents (Ding et al. 2008).

Chen et al. (2012) reported that Mg alleviates stress in rice, and this behavior is 
closely associated with Mg transporter. Further, Chen and Ma (2013) stated that Mg 
alleviates Al toxicity through functioning of Mg transporters, which are accountable 
for its adequate translocation, distribution, and uptake in rice plants. Magnesium al-
leviates heavy metal stresses in other plant species which has also been well studied 
(Ryan et al. 1994; Tan et al. 1992; Silva et al. 2001; Watanabe and Okada 2005; 
Yang et al. 2007; Chou et al. 2011; Chen and Ma 2013). Another efficient role of Mg 
in disease resistance management in different plant species has also been recognized 
(Sugawara et al. 1998; Rogan et al. 2000; Jones and Huber 2007; Dordas 2009), and 
in this reference, recently, Jones and Huber (2007) successfully referred the facts 
that an adequate supply of Mg may control various harmful plant diseases. Howev-
er, previously, it has been revealed that Mg successfully controlled root rot diseases 
caused by Rhizoctonia solani in bean plant (Bateman 1965). Besides, Thomas and 
Orellana (1964) reported effective role of Mg against the leaf spot diseases caused 
by Botrytis spp. in Castor bean; however, early blight disease caused by Alternaria 
solani inpotato has also been controlled by Mg addition (Panthee and Chen 2010).
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2.2.3  Sulfur

Sulfur (S) is the ninth richest element on the earth’s crust, which is naturally found 
in the form of pure sulfide and sulfate minerals (Khan and Mazid 2011). It is a 
P block element having the atomic weight of 32.06 and has been discovered in 
China before 2000 BC and later documented as an element in 1777 by Antoine 
Lavoisier. It is known as the most beneficial element for all living organisms and 
performs various dynamic roles for growth, development, and survival of plant life. 
Therefore, for maximum production, it is regarded as an essential plant nutrient 
necessary for all crop plants. Generally, plants take sulfur in the form of sulfate 
(SO4

2−) which is verymobile in soil and recognized as the fourth most necessary ele-
ment for the plants after N, P, and K (Jamal et al. 2010). Various studies have recog-
nized the importance of S in plants and its possible role in agriculture development 
(Jamal et al. 2005, 2006a, b, c, 2009, 2010; Scherer 2009; Jamal et al. 2010). Major 
role of S has been differently recognized, i.e., it plays a crucial role in the synthesis 
of chlorophyll, proteins, seeds oil content, as well as amino acids methionine and 
cysteine (Tandon 1986; Jamal et al. 2005, 2006a, 2009; Jamal et al. 2010). Further, 
activities of various other essential elements like P, N, Mg, and Ca are closely con-
nected with S deposition in plants, and the interaction of these minerals with S is 
beneficial for crop improvement. Therefore, in these aspects, various studies have 
been conducted. In the process of protein synthesis, S and N play a key role, while 
translocation of these two mineral nutrients in plants is highly interrelated and the 
relationship between these two elements has been well studied (Zhao et al. 1993; 
McGrath and Zhao 1996; Jamal et al. 2006a, 2010). Moreover, benefits of S and N 
interaction in the yield of plants has been well studied in many plants such as sun-
flower, soybean, mustard, and groundnut (McGrath and Zhao 1996; Ahmad et al. 
1998, 1999; Ahmad and Abdin 2000; Fazili et al. 2010a, b, Verma and Swarankar 
1986; Jamal et al. 2010). Lopez-Jurado and Hunnway (1985) and Jamal et al. (2010) 
reported that S is a main component of nitrogen fixation in legumes; however, it 
has also been shown that addition of S extensively improved the nitrogen fixation, 
growth, and yield of plants. All et al. (2002) reported alleviative effect of S on plant 
growth under saline conditions and the response of S application on K/Na in sun-
flower. Further, S has also been reported to alleviate the Cd toxicity in various plant 
species, i.e., Arabidopsis thaliana, B. juncea, Nicotiana tabacum, T. aestivum, and 
B. campestris (Zhu et al. 1999a, b; Harada et al. 2001; Harada et al. 2002; Ashraf 
and Harris 2004 Sarry et al. 2006; Khan et al. 2007; Anjum et al. 2008; Gill and 
Tuteja 2011).

Role of S in other aspects cannot be overruled, because S-rich protein may 
improve the plant defense mechanisms against the pathogens, since its related 
compounds are closely connected to biotic stress resistance (Rausch and Wachter 
2005; Hell and Kruse 2007; Hell and Hillebrand 2008). Additionally, Cooper and 
Williams (2004) have described the role of S as an induced antifungal material 
in plant protection, while Williams et al. (2002) reported the role of S and thiol 
(S-containing group) accumulation in tomato plants against the fungal pathogen 
stress. Momose and Iwahashi (2001) accounted for the genes of S metabolism 
pathway in Saccharomyces cerevisiae under Cd interaction (Gill and Tuteja 2011). 
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Besides, two S-regulated genes Sultr1 and Sultr2, which encode two sulfate trans-
porters, have also been found to be affected due to the Cd treatment (Takahashi 
et al. 2000; Herbette et al. 2006; El Kassis et al. 2007; Khan et al. 2007; Pootakham 
et al. 2010; Gill and Tuteja 2011).

3  Conclusions and Future Perspective

In conclusion, macronutrients play a very important role in plant growth and de-
velopment, and thus influence every stage of plant life. However, excess and/or 
deficit of macronutrients may adversely affect the overall growth and performance 
of plants. Therefore, the cellular status of an element must be tightly regulated. 
Report of Welch and Graham (2002) and White and Broadley (2005a) revealed that 
6 billion population of the world (above 60 %) are malnourished. Further, it has also 
been noticed that in developed and developing countries, Ca, Mg, and Cu deficien-
cies are very common. This condition has been developed due to low amount of 
minerals in sources such as crops, foods, water, etc. The condition warrants plant 
scientists to optimize methods in order to maintain the amount of essential nutri-
ents in desired quantity, while simultaneously keeping the toxic element at the least 
level. This biofortification of crops with desired macronutrient may help to abolish 
mineral deficiency. Besides this, by managing the amount of particular macronutri-
ent, the unwanted loss of crop productivity due to other stresses will also be mini-
mized, which could help to feed the growing population.
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Abstract Breeding of pulses, especially chickpea, by exploiting genetic diversity 
using conventional methods has been practiced in the past. Nevertheless, these 
methods at present are inadequate for making any significant breakthrough to 
handle the world’s ever-increasing food demand. In this bizarre scenario, induced 
mutations have emerged as big relief, and are largely exploited for developing 
improved high-yielding crop varieties and for discovering desired genes that control 
important agronomical traits. Gene mutation, leading to the quality advancement of 
well-adapted existing varieties, has been the pedestal for germplasm improvement. 
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Pulses are more prone to biotic and abiotic stresses as compared to cereals. As a 
result, there is a serious need to develop such varieties having high resistance to the 
above-mentioned stresses. During the past eight and a half decades, around 3,139 
improved crop varieties have been released globally derived either as direct mutants 
or from their progenies (http://mvgs.iaea.org). Vast numbers of these varieties like 
cereals, pulses, oil crops, root and tuber crops and ornamentals have been released 
in developing countries for cultivation, including India, resulting in massive eco-
nomic impact. Lately, mutagenesis has received an immense impel for its use in 
a newfangled promising technique known as targeting induced local lesions in 
genomes. With the unfolding of novel biological fields such as genomics, functional 
genomics, bioinformatics and the emergence of other technologies based on these 
sciences, there has been an increased surge in induced mutations within the scien-
tific community. The knowledge of functional and basic genetics of model legume 
crops will benefit chickpea breeders to comprehend that marker-assisted selection 
has great potential to develop biotic and abiotic stress-resistant varieties. The basic 
understanding of genes, which direct major agronomical traits, is essential for plant 
breeders to frame apposite approaches and execute them in breeding programmes 
for promising results. In this era, with growing human population, hunger ghosts are 
haunting millions of people all around. Under these circumstances, the salvaging 
step lies in tailoring better crop varieties embedded with superior proteins, minerals 
and high yield. Mutagenic agents, physical as well as chemical, are used to induce 
mutations and generate variations from which desired mutants may be selected. 
However, basic information vis-à-vis effectiveness of various mutagens and their 
possible role in generating polygenic variability is meagre among pulses in general 
and chickpea in particular. Hence, the present review condenses various facets of 
contemporary knowledge for pulse crop varietal improvement, particularly chick-
pea, through induced mutagenesis with special thrust on qualitative as well as yield-
attributing traits.

Keywords Mutagenesis · Morphological mutations · Quantitative traits · Proteins 
and minerals · Anti-nutritional factors · Chickpea and pulses

1  Introduction

Chickpea or Bengal gram comprises 43 taxa, of which 9 are annual (including the 
cultivated one, Cicer arietinum L.), 33 perennial and 1 unspecified (Van der Maesen 
1987; Goyal et al. 2011). The cultivated chickpeas are categorized into two distinct 
groups namely microsperma or Desi and macrosperma or Kabuli (Van der Maesen 
1972; Moreno and Cubero 1978; Toker et al. 2011). The Kabuli-type chickpea has 
large seeds with salmon white testa, while the seed of Desi-type chickpea is less 
than half the size of Kabuli type and has a thicker seed coat that is brown to yellow 
in colour. The Desi type is genetically diverse as compared to Kabuli-type chickpea 
(Moreno and Cubero 1978) and has been clearly separated by molecular diversity 
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analyses (Iruela et al. 2002). The Kabuli type has been grown traditionally in the 
Mediterranean basin and Central Asia, while the Desi type has been mainly pro-
duced in the Indian subcontinent, East Africa and Central Asia. Polymorphism has 
been reported between accessions from Cicer arietinum and the wild species Cicer 
reticulatum (Udupa et al. 1993). Contrary to cultivated chickpea, wild Cicer species 
have been shown to be resistant for different biotic and abiotic stresses (Abbo et al. 
2007; Sharma et al. 2006; Canci and Toker 2009). Natural mutation and selections 
from Desi-type chickpea have resulted in the development of Kabuli-type varieties 
(Moreno and Cubero 1978; Salimath et al. 1984; Jana and Singh 1993). Chickpea is 
one of the main grain legumes of the Indian subcontinent and forms a major source 
of dietary protein for the predominantly vegetarian population of India (Fig. 9.1). 
Its protein quality is better than other legume crops such as pigeon pea, black gram 
and green gram (Kaur and Singh 2005).

2  Botanical Descriptions, Biosystematics 
and Cytogenetics

Genus Cicer belongs to the family Papilionaceae (Fabaceae). The plant has a deep 
taproot provided with nodules. The stem is mostly erect and green. Leaves are stipu-
late and imparipinnately compound, usually small, leaflets in each leaf which are 
arranged on a rachis with a small petiole. All external surfaces of the plant, with 
the exception of corolla, are covered by glandular hairs. Flowers are pedicellate, 
bisexual with papilionaceous corolla and borne singly in axillary racemes with ten 
stamens (9 + 1). The ovary is monocarpellary, unilocular, 1–2 ovules and superior 
with a terminal slightly bent style and blunt stigma. Pistil and anthers usually re-
main inside the keel. Pollination takes place before the opening of the bud. Thus, 
self-pollination is the rule (Auckland and Van der Maesen 1980; Singh and Ibrahim 
1990). The fruit is an inflated pod with 1–2 seeds. The seed surface may be wrinkled 
or smooth. Germination is hypogeal (Khan 2011).

The Cicer belongs to tribe Cicereae (Iruela et al. 2002; Parveen 2006; Goyal 
et al. 2011). However, some researchers argue that it belongs to tribe Vicieae (Singh 
et al. 1997). Chickpea ( Cicer arietinum L.) is a diploid legume crop known to have 
the somatic chromosome number of 2n = 16 (Mercy et al. 1974; Ahmad and God-
ward 1980; Singh and Singh 1997) with genome size 1C = 740 Mbp (million base 
pair). There are also reports of 2n = 14 chromosome number, but such plants of 
Cicer are very rare and may not be able to maintain themselves in nature (Singh 
et al. 1997). The wild species of Cicer have largely remained unutilized due to 
crossability barrier, and most studies on wild Cicer species have focussed on annual 
species because of various difficulties associated with propagation of perennial spe-
cies (Gowda and Gaur 2004).
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 Fig. 9.1     Chickpea seeds 
and pod bearing branch of 
chickpea. (Source: science.
howstuffworks.com)  
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3  Economic Importance and Basic Research 
Constraints

Pulses hold a demanding place among the Indian agricultural system because of 
their precious qualities. They play a fundamental role in overcoming the protein 
malnutrition in developing countries like India, where a majority of the population 
is vegetarian. The amino acid composition of pulse proteins is such that a mixed diet 
of cereal and pulse has a superior biological value than either of the foods alone. 
The indications about positive correlation of atherosclerosis with diet rich in satu-
rated fatty acids and reported decrease in blood cholesterol level with inclusion of 
pulses have led to a growing realization of substituting a part of animal protein by 
vegetable protein (Chandra and Ali 1986). Pulses are also important because they 
perform relatively well even under poor management and low soil fertility. They 
have the ability to fix atmospheric nitrogen in the soil through symbiosis with rhi-
zobia. Pulses offer the most important means of increasing agricultural production 
in dry land because of their low water requirement, which constitute about 40 % of 
the total cropped area of our country. Despite having high economic importance, 
its yield did not witness much appreciation during the recent past. It is argued that 
one of the main reasons of failure to accomplish a real productivity breakthrough in 
chickpea is the lack of genetic variability. India has witnessed a decreasing trend in 
per capita availability of pulses in recent years. The problem of dwindling per capita 
availability can be unravelled from rapid enhancement in production levels by fully 
exploiting the yield potential of existing varieties through genetic manipulation.

The data for 2011–2012 indicate that pulses occupy an area of 10.84 million 
hectares (first advance estimate released on 14.09.2011 by Directorate of Econom-
ics and Statistics, Department of Agriculture and Cooperation, Ministry of Agricul-
ture, Government of India) and produce 18.24 million tonnes with an average yield 
of 694 kg/ha (Table 9.1). In India, chickpea was grown over an area of 8.31 mil-
lion hectares with the production of 7.58 million tonnes in 2011–2012 (Table 9.1). 
The average yield of 912 kg/ha is less and is not adequate to meet the increasing 
demand. For breaking yield plateau in chickpea, the development of high-yielding 
varieties coupled with appropriate growth habit is essential. Low productivity can 
be ascribed to narrow genetic base, low-yielding potential of the varieties and their 
susceptibility to diseases. In India, chickpea is mainly grown in drier areas as they 
are best suited for its production. The main chickpea-producing states in India are 
Madhya Pradesh, Uttar Pradesh, Rajasthan, Maharashtra and Andhra Pradesh (Goy-
al et al. 2011). With the instigation of All India Pulse Improvement Project in coop-
eration with various premier agricultural institutes, an extensive multidisciplinary 
approach for the advancement of pulse crops in India started in 1965; nevertheless, 
the focal emphasis was primarily on the production aspect. The key constraints of 
pulses production in the country are the presence of genotypes with undesirable 
characters like low yield, low harvest index, indeterminate growth habit and stag-
gered flowering (Kumar et al. 2011). Since pulse crops have been cultivated under 
rainfed conditions in marginal lands with low input management, the genotypes of 
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different pulses have adapted themselves merely for survival rationale, thus fixing 
their genetic potential at lower yield levels. The pulses, in general, are quite ineffec-
tive in fully exploiting the solar and nutrient energy and are also poor in partitioning 
the photosynthates between vegetative parts and grains. A lot of dry matter goes for 
production of the stalk. Accordingly, the harvest index is poor. Photosynthetic rate 
and the activity of photosynthetic enzymes also decline after the commencement 
of pod setting. The nodules usually crumble; besides, the conversion of carbohy-
drates and proteins also utilizes some of the energy produced, leading to stumpy 
productivity. Most of the main pulse crops have an indeterminate growth habit and 
increased cost of cultivation and fail to do well in farmer’s fields in terms of pro-
ductivity (Kumar et al. 2011). The lower productivity is associated with the risk of 
crop failure due to several biotic and abiotic stresses. Global climatic change is now 
a reality and a major challenge for agricultural production systems. No extensive 
efforts have been made to genetically improve the crops, barring a few efforts to 
identify the important morphological descriptors and develop advanced breeding 
lines to meet the region-specific adaptation (Kumar et al. 2011).

The Indian Agricultural Research Institute (IARI) in New Delhi, Bhabha Atomic 
Research Centre (BARC) in Mumbai, Tamil Nadu Agricultural University (TNAU) 
in Coimbatore and the National Botanical Research Institute (NBRI) in Lucknow 
are some of the pioneer research centres in India which are strongly committed to 
mutation breeding for several crops and have contributed substantially to the devel-
opment and release of a large number of mutant varieties. The breeding potential of 
a crop plant lies in its ability to exploit the existing variability through selection or 
created variability through hybridization or using spontaneous mutation. However, 
in pulses, the genetic variability has been decreased due to natural selection; hence, 
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Table 9.1  All India area, production and yield of total pulses and chickpea. (Source: Directorate 
of Economics and Statistics, Department of Agriculture and Cooperation, Ministry of Agriculture, 
Government of India)
Periods Area (million ha) Production (million 

tonnes)
Yield (kg.ha-1)

From sowing to 
harvesting

Total 
pulses

Chickpea Total 
pulses

Chickpea Total 
pulses

Chickpea

2000–2001 20.35 5.19 11.08 3.86 544 744
2001–2002 22.01 6.42 13.37 5.47 607 853
2002–2003 20.50 5.91 11.13 4.24 543 717
2003–2004 23.46 7.05 14.91 5.72 635 811
2004–2005 22.76 6.71 13.13 5.47 577 815
2005–2006 22.39 6.93 13.39 5.60 598 808
2006–2007 23.19 7.49 14.20 6.33 612 845
2007–2008 23.63 7.54 14.76 5.75 625 762
2008–2009 22.09 7.89 14.57 7.06 659 895
2009–2010 23.28 8.17 14.66 7.48 630 915
2010–2011 26.28 9.21 18.09 8.25 689 896
2011–2012 10.84a 8.31 18.24 7.58 694 912
aFirst advance estimate only released on 14.09.2011
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conventional breeding methods are not much fruitful. Induced variability, which 
can be most useful in breeding programmes, is generally obtained using mutagens 
that are known to react with particular bases of a DNA molecule. Any agent which 
can change the base sequence either in resting state or during subsequent DNA 
metabolism has the potential to produce a mutant or changed organism (Solanki 
et al. 2011). Interest in induced mutagenesis has been revived in recent years due to 
the fact that mutant organisms are an indispensable tool for the science of genetics.

During the past 85 years, around 3,139 mutant varieties have been officially 
registered/released either as direct mutants or from their progenies for commercial 
cultivation in the world. The major contribution is from cereals (1,541) followed 
by ornamentals (709). Globally, so far 432 legume varieties have been released and 
are in commercial cultivation (Fig. 9.2). These are soybean (170), groundnut (72), 
mungbean (36), chickpea (21), lentil (13), cowpea (12), urdbean (9), pigeon pea (7) 
and others (92) (http://mvgs.iaea.org). Chickpea is generally grown on marginal 
lands, and several biotic and abiotic factors such as drought, heat, salinity, cold 
and insects and diseases constrain its productivity (Toker and Cagirgan 2004). To 
overcome such stresses restricting yield, genetic variation available in the germ-
plasm collection are used in the development of resistant varieties. An efficient 
tool to induce such desirable variability is mainly mutagenesis. The details of some 
improved varieties of chickpea developed through induced mutations are given in 
Table 9.2. Though the work on mutations started long back, the first mutation-based 
variety M 699 (Hyprosola) was released in 1981 in Bangladesh which was found 
to mature early and be high yielding. In India, the four high-yielding, Ascochyta 
blight-resistant and wilt disease-resistant chickpea mutant varieties, viz. Pusa 408 

Fig. 9.2  Number of mutant varieties released in the world. (Source: Joint FAO/IAEA, Vienna 
Mutant Variety Database (MVD); http://mvgs.iaea.org)
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Mutant vari-
ety name

Country Year of 
registration

Developed by Main improved attributes

Hyprosola 
(M-699)

Bangladesh 1981 200-Gy gamma 
rays

10 days early maturity, more pods, 
higher harvest index, higher 
planting density and 19 % 
higher yield compared to initial 
variety

CM72 Pakistan 1983 150-Gy gamma 
rays

Resistance to chickpea blight 
( Ascochyta rabiei), high yield

Kiran 
(RSG-2)

India 1984 Fast neutrons Erect plant type, more pods, 
high yield, early maturity, salt 
tolerance

Pusa 408 
(Ajay)

India 1985 600-Gy gamma 
rays on seeds

High yield, blight resistance, 
semi-erect, 140–155 days to 
maturity and plant architecture

Pusa 413 
(Atul)

India 1985 600-Gy gamma 
rays on seeds

High yield, wilt resistance, moder-
ate blight resistance, resistance 
to stunt virus, foot rot, root rot, 
semi-erect, higher branching 
number, more than two grains/
pod, 130–140 days to maturity

Pusa 417 
(Girnar)

India 1985 600-Gy gamma 
rays on seeds

High yield, short, semi-erect, 
profusely branched, high pod 
number, 110–130 days to matu-
rity, wilt resistance, moderate 
resistance to stunt virus, collar 
root, foot rot, root rot, low pod 
borer and nematode damage

NIFA-88 
(CM-1918)

Pakistan 1990 100-Gy gamma 
rays on seeds

Moderate resistance to Ascochyta 
rabiei, 2-week earlier maturity, 
high yield (15–20 %), higher 
nitrogen fixation than the initial

Line 3 Egypt 1992 50-Gy gamma 
rays + 0.025 % 
EMS

High yield

CM-88 Pakistan 1994 100-Gy gamma 
rays

Resistance to Ascochyta, resis-
tance to Fusarium and high 
yield

NIFA-95 Pakistan 1995 200-Gy gamma 
rays

Resistance to bacterial blight

CM-98 Pakistan 1998 300-Gy gamma 
rays

Resistance to Ascochyta blight and 
Fusarium wilt

Binasola-2a Bangladesh 1998 NA High yield, maximum 2.2 tons.
ha-1 (average 1.6 tons.ha-1), 
50–60-cm-taller plants, larger 
seed size than Hyprosola, 
120–130 days initial maturity 
period, suitable for cultiva-
tion in dry areas particularly in 
Barind tract

Table 9.2  Details of chickpea varieties developed through mutation breeding. (Sources: Joint 
FAO/IAEA, Vienna Mutant Variety Database, MVD; http://mvgs.iaea.org)
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Mutant vari-
ety name

Country Year of 
registration

Developed by Main improved attributes

CM 2000 Pakistan 2000 150-Gy gamma 
rays

High yield and resistance to 
diseases

Hassan-2K Pakistan 2000 450-Gy gamma 
rays on seeds

High yield, resistance to blight 
and wilt, higher protein content 
(24 %)

Binasola-3 Bangladesh 2001 200-Gy gamma 
rays on dry 
seeds and selec-
tions in later 
generation

Early maturity, erect plant type, 
rough seed coat and larger seed 
size than exotic genotype G-97 
(initial)

Binasola-4 Bangladesh 2001 Hybridization with 
one ICRISAT 
line K-850 and 
mutant variety 
Hyprosola

Higher seed yield than parents, 
medium seed size, bright seed 
coat colour

Borinab Bulgaria 2004 150-Gy gamma 
rays

Morphological mutations

Strandjab Bulgaria 2004 50-Gy gamma 
rays + 0.05 % 
EMS

Morphological mutations

BGM 547 India 2005 Gamma rays High yield, bold grain size, 
attractive golden brown colour, 
moderate resistance to wilt, 
root rot, stunt and Helicoverpa 
armigera

Pusa 547 India 2006 600-Gy gamma 
rays

High yield, good cooking quality, 
tolerance to Fusarium wilt, 
stunt virus and root rot

TAEK-
SAGEL

Turkey 2006 150-Gy gamma 
rays

early maturity (95–100 days), 
higher yield capacity (180–
220 kg.da-1), higher seed pro-
tein (22–25 %), higher first pot 
height (20–25 cm), 100-seed 
weight (42–48 g), cooking time 
(35–40 min.), Ascochyta blight 
( Ascochyta rabiei) resistance 
and better quality than the 
control variety

THAL-2006 Pakistan 2006 Hybridization 
with mutant 
line CM82/87

Tolerance to blight, tolerance to 
moisture stress and bold seed 
size

CM-2008 Pakistan 2008 0.2 % EMS Seed size, resistance to wilt and 
high yield

aBangladesh Institute of Nuclear Agriculture, BINA; http://www.bina.gov.bd/
bTomlekova 2010

Table 9.2 (continued) 
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(Ajay), Pusa 413 (Atul), Pusa 417 (Girnar) and Pusa 547, developed at Indian Ag-
riculture Research Institute, New Delhi, and released by the Indian government for 
commercial cultivation, are the first examples of direct use of induced mutagenesis 
in chickpea. The mutant variety Pusa 547, released in 2006 for farmer’s cultivation, 
has high yield, attractive bold seeds, thin testa, good cooking quality, high tolerance 
to wilt and root rot complex and performs well as a late-sown crop (Kharkwal and 
Shu 2009).

4  Food Value

Chickpea is valued for its highly nutritive seeds that have protein content ranging 
from 19% to 20 %. The protein quality of chickpea is considered to be better than 
other pulses. Additional nutritional attributes of chickpea include 60.65 % carbo-
hydrate, 6.04 % fat, 17.4 % total dietary fibre, 10.7 % total sugar and 2.48 % of ash 
(Table 9.3). The mineral profile consists of potassium (875 mg/100 g), phospho-
rous (366 mg/100 g), magnesium (115 mg/100 g), calcium (105 mg/100 g), so-
dium (24 mg/100 mg), iron (6.24 mg/100 g), zinc (3.43 mg/100 g) and manganese 
(2.204 mg/100 g). Chickpea is primarily used for human consumption and only a 
small proportion is used for livestock feed. Since chickpeas are high in fibre and 
protein and have a low glycemic index, they help in controlling human body weight. 
Including approximately 175 mL of chickpeas in daily diet can help in lowering 
low-density lipoprotein cholesterol levels, which reduces the risk of fatal cardiac 
diseases. Chickpea seeds are eaten fresh as green vegetables, fried, roasted, broiled 
in snack foods and condiments, and their flour is used in soups/salads and to make 
bread (Parveen 2006). High-protein chickpea flour is gluten free and can also be 
used to make pakoras or can even serve as a substitute for eggs in baked products. 
Chickpea is also known for its use in herbal medicine and cosmetics and is an 
excellent source of important vitamins such as riboflavin, niacin, thiamin, folate 
and vitamin A precursor β-carotene. Like other pulses, chickpea seeds also con-
tain anti-nutritional factors which can be reduced or eliminated by various cooking 
techniques. Moreover, chickpea has numerous prospective health paybacks and, in 
amalgamation with other pulses and cereals, could have beneficial effects on certain 
worrisome human diseases such as CVD, type 2 diabetes, digestive disorders and 
some cancers. By and large, chickpea is an important pulse crop with a diverse array 
of potential nutritional and health benefits (Jukanti et al. 2012).

5  Constraints for Pulses Production

Leguminous crop species cultivated for grain production and well suited for 
monoculture, viz. poor lodging resistance, possess nitrogen-fixing ability, which 
is considered an advantage during natural evolution under prevailing inter-species 
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competition. During the past two decades, significant breakthroughs have not been 
achieved in improving the yield of pulses; hence, they have been pushed largely to 
marginal areas (Singh et al. 2011). The enhancement and sustainability of the pro-
duction of pulses is of paramount importance for meeting food needs in the future. 
In recent years, global climate change is becoming a major concern worldwide as it 
has affected the productivity of number of crops adversely. The associated effects 
of high temperature results in terminal moisture stress in rabi pulses and early on-
set of flowers or pods in kharif pulses. It has been observed that instead of normal 
flowering, most of the genotypes of pulses have shown early flowering and pod 

Table  9.3  Composition of mature raw seeds of chickpea valuable for daily diet. (Source: NDB 
No.16056, nutrient values and weights are for edible portion, USDA National Nutrient Database 
for Standard Reference, Release 21, 2008)
Nutrient substances Units Value per 

100 g
Non-nutrient/bioactive 
substances

Units Value per 
100 g

Energy kcal 364 Water g 11.53
Protein g 19.30 Ash g 2.48
Total lipid (fat) g 6.04 Fibre, total dietary g 17.4
Carbohydrate g 60.65 Minerals
Sugar, total g 10.70 Calcium (Ca) mg 105
Lipids Iron (Fe) mg 6.24
Fatty acids, total 

saturated
g 0.626 Magnesium (Mg) mg 115

Fatty acids, total 
monosaturated

g 1.358 Phosphorus (P) mg 366

Fatty acids, total 
polyunsaturated

g 2.694 Potassium (K) mg 875

Phytosterols mg 35 Sodium (Na) mg 24
Amino acids Zinc (Zn) mg 3.43
Tryptophan g 0.185 Copper (Cu) mg 0.847
Threonine g 0.716 Manganese (Mn) mg 2.204
Isoleucine g 0.828 Selenium (Se) mkg 8.2
Leucine g 1.374
Lysine g 1.291 Vitamins
Methionine g 0.253 Vitamin C mg 4.0
Cysteine g 0.259 Thiamine mg 0.477
Phenylalanine g 1.034 Riboflavin mg 0.212
Tyrosine g 0.479 Niacin mg 1.541
Valine g 0.809 Pantothenic acid mg 1.588
Arginine g 1.819 Vitamin B-6 mg 0.535
Histidine g 0.531 Folate, total mkg 557
Alanine g 0.828 Folate, food mkg 557
Aspartic acid g 2.270 Choline, total mkg 95.2
Glutamic acid g 3.375 Carotene, beta mkg 40
Glycine g 0.803 Vitamin E 

(alpha-tocopherol)
mg 0.82

Proline g 0.797 Vitamin K 
(phylloquinone)

mkg 9.0

Serine g 0.973
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development, but poor pod filling resulted in low yields. Pulses are more prone to 
biotic and abiotic stresses as compared to cereals. The other constraints limiting 
higher productivity of pulses are low genetic potential, low and unstable yield and 
narrow genetic base. Hence, there is a pressing need to develop varieties having re-
sistance to biotic and abiotic stresses. A major constraint to abiotic factors is lack of 
understanding of complex genetic basis and the difficulty in efficiently combining 
favourable alleles into desirable agronomic base, which has led to limited success 
until now. Consequently, there is a persistent need to not only dissect physical basis 
of stress environments but also dissect the genetic tolerance into its components. 
Germplasm conferring resistance on insect pests or diseases has not been easy to 
find in crop gene pools, or, even if available, it is technically difficult to access 
recent developments in characterization against various stresses. Techniques for 
efficient screening of germplasm, marker-assisted selection (MAS) and mutation 
breeding have offered the possibility to breed high-yielding varieties with tolerance 
to such stresses (Singh et al. 2011).

6  Mutagenesis

Hugo de Vries in 1900 used the term “mutation” to describe phenotypic changes 
that are inheritable. Thus, a mutation can briefly be defined as a sudden heritable 
change in the DNA of a living cell, not caused by the common phenomenon of 
genetic segregation or recombination. Mutations are the ultimate sources of genetic 
variation. They provide the raw material upon which other factors of evolution act, 
and therefore all new species ultimately arise from mutation. In the last decade, 
mutation breeding is no longer used only as a tool for crop improvement of tradi-
tional traits, e.g. yield, nutritional quality, resistance to diseases and pests, but more 
frequently for diversified uses of crop end products (Shu 2005). Once gene(s) for 
resistance to a particular disease or stress cannot be found in the available gene 
pool, plant breeders have no obvious choice, but to attempt mutation induction. Mu-
tagenesis is predominantly carried out in autogamous diploid or allopolyploid crops 
and ornamentals, but to some extent also in allogamous crops in which, however, 
more methodological difficulties have to be conquered. In those crops, which can-
not be used in cross-breeding because of their sterility, the induction of mutations is 
the only way to increase the genetic variability of the species within a short period 
of time. The main handicaps of mutation breeding are the negative selection value 
and the pleiotropic action of mutant genes selected. If a mutant shows a positive 
character which might be of interest for plant breeding, it shows very often, one or 
several negative traits making it useless for breeding purposes. Genetic variation 
among genotypes and relationship between major yield-contributing traits are of 
vital importance to a breeding programme, which aims to produce important vari-
eties in pulse crops such as chickpea. Earlier, this programme primarily involved 
various options for creating genetic variability among pulses, the major ones being 
the introgression of useful genes from related wild species, development of ideal 
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plant type, exploitation of hybrid vigour through cytoplasmic male sterility (CMS)-
based hybrids and incorporation of multiple and broad-based resistance against the 
key stresses.

The discovery of X-rays by Wilhelm Roentgen in 1895 led to the application 
of X-rays for inducing mutations in Drosophila melanogaster by Muller (1927) 
and in barley by Stadler (1928). This technique later became the most important 
tool for locating genes on chromosomes, studying gene structure, gene expression 
and regulation and for exploring genomes (Solanki et al. 2011). Nicotiana tabacum 
was the first crop in which the first commercial mutant variety “chlorine type” was 
induced. Later, with the development of international coordination and availability 
of financial assistance by FAO/IAEA to research workers/organizations, systematic 
work on mutation breeding started (van Harten 1998), and now plant breeders are 
being encouraged to employ mutation breeding as one of the “peaceful” uses of 
atomic energy (Solanki et al. 2011). A chemical such as mustard gas was found 
to be highly mutagenic (Auerbach and Robson 1946) and since then a number of 
chemical agents have been discovered that can increase the frequency of artificially 
induced mutations. Despite the availability of a range of mutagenic agents, it is still 
difficult to direct the induction of mutation with the desired expression of charac-
ters. In general, ionizing radiations such as X-rays and gamma rays are preferred 
because of their easy application, good penetration, reproducibility, high mutation 
frequency and less disposal problems. Among the chemical mutagens, the most 
commonly used are ethylmethane sulphonate (EMS), diethyl sulphate (DES), N-
Nitroso-N-methylurea (NMU), N-Nitroso-N-ethylurea (NEU) and ethylene imine 
(EI) all of which belong to a special class of alkylating agents. All these chemi-
cals react with DNA by alkylating the phosphate groups and also the purine and 
pyrimidine bases. The dose of a mutagen applied is an important consideration in 
any mutagenesis programme. The lethal dose-50 (LD50) gives an idea about the 
optimum dose of the mutagens. Optimum dose produces the maximum mutations 
with minimum hazards. An overdose of mutagens will kill too many plants, while 
low dose will produce too less mutation spectrum and frequency. The mutagenic 
dose mainly depends upon the concentration, duration of treatment and temperature 
during the treatment. Pre-soaking, pH of solution, metallic ions, carrier agents, post 
washing, post drying and storage of seeds are the modifying factors for the muta-
genic effect (Solanki et al. 2011). The physical and chemical mutagens cause three 
types of effects, i.e. physiological damage, gene mutations and chromosomal aber-
rations (Swaminathan 1968). Gene and chromosomal mutations may be transferred 
from M1 to succeeding generations; however, physiological effects are generally 
restricted to the M1 generation.

Mutation induction with radiation was the most frequently used method to de-
velop direct mutant varieties, as improvement by acclimatization, selection and hy-
bridization have proved to be time consuming and laborious with limited genetic 
variation (Yaqoob and Rashid 2001). Gene mutations occur spontaneously as errors 
during DNA replication. Mostly these errors are repaired; however, some may pass 
to the subsequent cell division and establish in plant offsprings. Artificial induc-
tion of mutations by ionizing radiation dates back to the beginning of the twentieth 
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century. But it took many years to establish that such changes could be beneficial 
for plant breeding. Hence, crop improvement using classical mutagenesis is now 
well standardized and as a result, new methods of radiation treatment, as well as 
chemical agents with mutagenic properties are serving as invaluable tools for aug-
mentation of the genetic variation in crops to circumvent bottleneck conditions. An 
extensive programme on mutation breeding in chickpea was initiated by Kharkwal 
(1979) and since then, several mutants with agronomically useful traits have been 
induced in chickpea (Toker et al. 2005). These include mutants for improved yield 
and proteins, early maturity, root nodulation, erect plant type, determinate growth, 
compact growth habit and resistance to Ascochyta blight, Fusarium wilt, root rots, 
nematodes, etc. The progress in breeding for resistance to insect pests in pulse crops 
has been limited mainly due to nonavailability of sources with high level of resis-
tance and the lack of effective screening techniques (Gaur and Chaturvedi 2004). 
Ascochyta blight is the most widespread and economically destructive disease 
of chickpea. Consequently, mutants have been induced in chickpea having resis-
tance to Ascochyta blight (Omar and Singh 1995), Fusarium wilt (Bhatnagar et al. 
1979), pod borer (Shaikh 1983) and nematodes (Bhatnagar et al. 1985). At least 19 
chickpea varieties have been developed in Asia through induced mutation breed-
ing, which include nine varieties (CM-72, NIFA-88, CM-88, NIFA-95, CM-98, CM 
2000, Hassan-2K, THAL-2006 and CM-2008) released in Pakistan, six varieties 
(RSG-2, Pusa 408, Pusa 413, Pusa 417, BGM 547 and Pusa 547) released in India 
and four varieties namely M-699, Binasola-2, Binasola-3 and Binasola-4, released 
in Bangladesh (Table 9.2).

Before starting the mutation breeding programmes, the following should be 
taken into consideration: (1) Dominant mutations occur at very low frequencies 
and can be selected in M1 (Micke and Donini 1993). Mutations are predominantly 
recessive and can be selected in the second generation (Salimath et al. 2007; Toker 
et al. 2007; Toker et al. 2011). Selection for polygenic traits should be initiated at 
individual plant progenies in M3 (Micke and Donini 1993; van Harten 1998; Toker 
et al. 2011). (2) Mutations are beneficial with very low frequencies, whilst muta-
genic treatments by and large reduce germination, growth rate, vigour, pollen and 
ovule fertility in living organisms (Toker et al. 2011). (3) Mutations are randomly 
induced and they might occur in any gene(s). However, some gene(s) can be more 
induced than others (Toker et al. 2011). (4) Mutations can be recurrent. The same 
gene(s) in a crop plant species may be induced again. (5) Mutations have generally 
pleiotropic effects due to closely linked gene(s) (Singh 2005; Salimath et al. 2007; 
Toker et al. 2007; Toker et al. 2011). The choice of a parent material is crucial to 
achieve well-defined objectives through mutation breeding. The purpose of muta-
tion breeding is to improve the locally adapted varieties by creating new alleles not 
available in germplasm collections (Solanki et al. 2011). The variety selected for 
mutagenesis should be one of the best varieties released recently. Since genotypes 
give differential response to mutagens, two or more varieties must be taken for mu-
tagenesis. It is always beneficial to select a well-adapted high-yielding variety for 
improving one or two specific traits (Anonymous 1977).
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All plant parts can be treated with a particular type of mutagen. The common 
practice is to treat seeds, but in vegetatively propagated crops, whole plants, dormant 
cuttings, bulbs, tubers and corns can also be treated. Soaking of seeds in water before 
treatment gives good results. The seed is the most commonly treated biological ma-
terial because it can tolerate physical conditions which generally are tolerated only 
by nonliving molecules (Solanki et al. 2011). Through mutation breeding, a lot of 
variability can be created in a crop species which subsequently can be used for germ-
plasm enhancement as well as for developing new varieties. Another major advan-
tage of mutation breeding is the time required for the development of a new variety 
as compared to hybridization. Generally, 11–12 years are needed to develop a new 
variety through hybridization, whereas it takes only 8–9 years in case of mutation 
breeding (Brock 1977). Mutations may induce both qualitative as well as quantita-
tive variation comparatively in a shorter period of time by altering alleles at known 
loci as well as at previously unknown loci, besides altering linkage groups (Konzak 
et al. 1977). With the newfangled impulse in plant mutation research from basic 
mutational studies to modern reverse genetics, breeders at present are able to exploit 
mutation techniques more sophisticatedly than ever before dreamed achievable.

7  Chlorophyll Mutations, Effectiveness and Efficiency 
of Mutagens

Chlorophyll mutations, in general, are considered as the measure to access the effec-
tiveness of treatments of various mutagens. Gustafsson (1940) grouped chlorophyll 
mutations into albina, xantha, viridis, chlorina, striata, tigrina and maculata classes. 
Numerous authors have so for reported the incidence of different types of chloro-
phyll mutations such as albina, xantha, chlorina, viridis, virescent, tigrina, etc. in M2 
generation following mutagenic treatments (Waghmare 2001; Toker and Cagirgan 
2004; Yamaguchi et al. 2006; Khan and Tyagi 2009; Arulbalachandran and Mul-
lainathan 2009; Wani et al. 2011b; Girija and Dhanavel 2013a). Chemical muta-
gens induce higher frequency of chlorophyll mutations as compared to radiations 
in chickpea (Kharkwal 1998b) and grasspea (Waghmare and Mehra 2001). Jurgan 
et al. (1985) irradiated the dry seeds of winged bean by different doses of gamma 
rays and detected a chimaeric plant with lighter green and variegated leaves in meri-
clinal form in M1 population. The frequency of chlorophyll variegation reduced in 
subsequent generations and the mutant tissues in leaves were eliminated. Toker and 
Cagirgan (2004) noticed different chlorophyll-deficient mutants (viridis, xantha, al-
bino) in chickpea and concluded that the frequency of chlorophyll mutations in M1 
corresponded to the occurrence of morphological mutants in M2. Effective doses of 
mutagen varied from genotype to genotype. Klu (2000) irradiated the dry seeds of 
winged bean with 150 and 250 Gy of gamma rays to induce mutations. High de-
gree of chimerism was detected in M2 which was segregated. Chlorophyll mutations 
were detected from M1 progeny and their frequency was decreased in M2 popula-
tion. Khan et al. (2005b) observed five different types of chlorophyll mutations, viz. 

AQ8

AQ9



232 M. R. Wani et al.

albina, chlorina, tigrina, viridis and xantha in chickpea when treated with EMS, SA 
(sodium azide) and hydrazine hydrate. They concluded that lower and moderate 
concentrations of EMS gave the higher frequency of chlorophyll mutations, while 
no such trend was noticed with the other two mutagens. Singh and Singh (2007) re-
ported four different types of chlorophyll mutations, i.e. albina, xantha, chlorina and 
viridis in mungbean. They reported that the frequency of chlorophyll mutations was 
higher in the population treated with EMS. Dadke and Kothekar (2005) reported a 
chlorophyll mutant (xantha) after gamma irradiation. Interestingly, the crude protein 
and extractable protein contents of the said mutant were found to be higher than 
the control. They incorporated this xantha mutant in an inter-mutant hybridization 
programme in order to know its genetics, and it was found to be recessive in nature, 
true breeding and segregating according to the Mendelian principle.

The worth of a mutagen depends on both its effectiveness as well as efficiency. 
Mutagenic effectiveness defines mutagen dose to the mutational events, while mu-
tagenic efficiency is the production of desirable changes that are free from associa-
tions with undesirable genetic alterations. This is generally measured by the pro-
portion of the mutation frequency in relation to damages associated to mutagenic 
treatments such as height reduction, chromosome breakages, sterility, lethality, etc. 
(Sikder et al. 2013). The use of mutagens in crop improvement helps to understand 
the mechanism of mutation induction and quantify the frequency as well as the 
pattern of changes in different selected plants by mutagens. The ability of these 
mutagens to enter the cell of living organisms and to interact with DNA produces 
the general toxic effects. Thus, their effects are mainly due to the direct interaction 
between the mutagen and the DNA molecules (Al-Qurainy and Khan 2009).

Kaul (1989) put in plain words that the efficiency of each mutagen is dependent 
upon the retrieval of types and frequency of mutations induced. As per his findings, 
the most enviable mutagen is the one that is least damaging and a high mutation 
yielder. The response of the biological system to physical, in addition to chemical 
mutagens, is influenced to a varying degree by numerous biological, environmental 
and chemical factors. These factors amend the effectiveness and efficiency of differ-
ent mutagens greatly (Savin et al. 1968; Nilan et al. 1973; Kodym and Afza 2003). 
Kharkwal (1998a) while studying the comparative effectiveness and efficiency of 
gamma rays, fast neutrons, NMU and EMS on three chickpea varieties (two Desi 
and one Kabuli) established that NMU was the most potent mutagen, EMS the least 
efficient, while gamma rays showed least effectiveness. Mutagenic effectiveness 
and efficiency were found to be increased at lower doses of the mutagens. Chemi-
cal mutagens, on the whole, have been found to be more efficient than gamma rays 
(Kharkwal 1998a). The values of efficiency provide an idea of the extent and type 
of damage caused by the mutagen in question. Sharma and Sharma (1979) and Gau-
tam et al. (1992) have reported that mutagenic efficiency increased with increase in 
dose of the mutagens, but Khan and Siddiqui (1993) in mungbean and Khan (1999) 
in black gram reported higher mutagenic efficiency at lower doses. At lower con-
centrations, the higher efficiency of mutagenic agents is presumably due to the fact 
that biological damage, viz. seedling injury and pollen sterility, increases at a faster 
rate with increasing mutagenic doses (Konzak et al. 1965).
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8  Mutations Affecting Morphology of Crop Plants

Phenotypically, mutations are classified into two groups by Gaul (1964). The first of 
these is macro-mutations or large mutations. These are easily noticeable and mor-
phologically distinct at the individual plant level and are further divided into two 
groups: (1) trans-specific macro-mutations, which occur very seldom and greatly 
reduce fertility and (2) intra-specific macro-mutations, which have been the most 
frequently selected. In macro-mutations, traits that are already known within the 
limits of the species are usually changed. The second of phenotypic mutations are 
micro-mutations or small mutations which are divided into two groups: (1) manifest 
micro-mutations and (2) cryptic micro-mutations. These result in a small effect that 
can be detected in a group of plants either by eye inspection or by statistical mea-
surements (Toker et al. 2011). Plant architecture is recognized as one of the impor-
tant traits for higher grain productivity in legumes. Morphological mutations affect-
ing plant attributes like growth, leaf size and number, habit, plant architecture and 
floral organization in many cases prove to be promising from the breeder’s point of 
view. In chickpea, morphological mutations have been isolated for leaf shape (Pun-
dir and Reddy 1998; Gaur and Gour 2003; Toker and Cagirgan 2004), flower colour 
and structure (Khosh-Khui and Niknejad 1971; Knight 1993; Khan et al. 2004b) 
and size and colour of seeds (Phadnis 1978; Muehlbauer and Singh 1987; Gaur and 
Gour 2001). Flower colour mutants can be exploited as genetic markers in different 
breeding experiments (Datta and Sengupta 2002; Atta et al. 2003). Glabrous mu-
tants were observed in an EMS-mutated population of chickpea (Pundir and Reddy 
1989). The EMS induces mutants with brachytic growth (compact growth), erect 
growth habit, thick and sturdy stem, short internodal and interleaflet distances and 
few tertiary and later-order branches which may be useful in ideotype breeding 
(Gaur et al. 2008). In chickpea, the spectrum of mutations affecting major genes 
was found to be high with NMU as compared to EMS and gamma rays (Kharkwal 
2000). The mutants obtained were miniature, dwarf, compact and upright resem-
bling the ideotypes that are needed in chickpea varietal development. Dwarf mu-
tants occur widely in different plant species (Khan et al. 2004b). Dwarfness may be 
due to reduced internode length or internode number or both (Sjodin 1971). With 
respect to quality parameters, mutagenic treatments with gamma rays increase the 
degree of softness of seed, thus improving the cooking quality (Graham et al. 2002).

The presence of more than one mutation in a single plant was termed as “mul-
tiple mutation” by Sharma (1969). Multiple mutations have been reported earlier 
by Kharkwal (1999) in chickpea. Toker and Cagirgan (2004) irradiated the seeds 
of chickpea with different doses of gamma rays and reported the maximum vi-
able mutations at 200 Gy of gamma rays. According to Sharma (1969), agents with 
higher mutagenic efficiency induce more multiple mutations, and such mutations 
may accumulate several desirable characters within one plant. The frequency of 
morphological mutations has been found to increase with increasing doses of the 
mutagen (Thakur and Sethi 1995). The morphological mutants may be exploited in 
hybridization programmes to transfer some of the useful traits to other high-yielding 
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varieties of crop plants. Morphological mutants might be the result of pleiotropic 
effects of mutated genes or chromosomal aberrations or gene mutations. Such mu-
tant types were found to be under the influence of polygenes (Konzak et al. 1969). 
Khan et al. (2005a) reported a bushy mutant in mungbean after seed treatment with 
0.02 % MMS (methylmethane sulphonate). The mutant had profuse branching with 
short height, which gave it a bush-like manifestation. The yield and yield com-
ponents were found to have been adversely affected. However, the flowering and 
maturity period showed no significant difference from that of the parental variety. 
Charry and Bhalla (1988) isolated sterile mutants in pigeonpea ( Cajanus cajan) and 
reported that sterility is governed by a single recessive allele and can be used in the 
development of composite crosses and in evolutionary breeding methods. A wide 
range of morphological mutants were identified by Wani et al. (2011a) in two variet-
ies of mungbean. The mutants involved traits affecting plant height, growth habit, 
seed and pod. The frequency of morphological mutants differed in different muta-
genic treatments and varieties. The highest mutation frequency was noticed in the 
EMS-treated population, whereas the lowest frequency was observed in SA treat-
ments. Var. NM-1 displayed the broader spectrum and frequency of morphological 
mutations than var. PDM-11. Variation in the colour of seed testa and seed size was 
observed by Khadke and Kothekar (2011) and Girija et al. (2013) in moth bean 
and cowpea, respectively. The seed coat colour is affected by various genetic fac-
tors like pigmentation factor, pigment complementary and modifying factors (Moh 
1971). The variations in seed coats were also reported by Sharma (1969), Rayyon 
(1995) and Gaikward (2002) in different plant systems.

Klu et al. (1989) studied radiation-induced mutations for improved seed quality 
in winged bean ( Psophocarpus tetragonolobus). Veeresh et al. (1995) irradiated 
the dry seeds of winged bean var. “chimbu” with 10, 15, 20, 25, 30 and 35 kR of 
gamma rays and reported various types of morphological abnormalities (leaves) in 
plants after irradiation. Manjaya and Nandanwar (2007) irradiated the dry seeds of 
soybean var. JS 80–21 with 250 Gy gamma rays to induce genetic variability for 
early maturity, improved plant architecture and higher seed yield. A large number of 
mutants affecting morphological characters were identified and characterized. They 
include dwarf, crinkled leaf, pink flower colour and good pod-bearing mutants. 
Their four mutants, viz. M-21, M-76, M-91 and M-107 had a good number of pods. 
In addition, the mutant M-107 exhibited pleiotropic effect with alteration in more 
than one character having dwarf stature with small leaves, more branches, dark 
green foliage and late maturity.

9  Induction of Polygenic Variability

Chickpea, being a self-pollinated crop, exhibits natural cross-pollination ranging 
between 0 and 1 % (Singh 1987). This nature of Cicer and its sexual incompatibility 
with most of the wild genotypes in natural interspecific crosses have been respon-
sible for the limited exploitation of wide hybridization (Saxena and Singh 1987). 
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Under such scarce natural variability, induced mutagenesis supplements the exist-
ing meagre germplasm variability. Gaul (1965) emphasized that micro-mutations 
are useful in plant breeding for two reasons: (1) They occur more frequently than 
macro-mutations and (2) they often do not adversely affect the viability as com-
pared to macro-mutations because of minute physiological changes which are less 
drastic. Several workers have so far reported encouraging results on the induction 
of useful quantitative variability in chickpea. These include mutants for high yield, 
high protein content, early maturity, root nodulation, erect plant type, determinate 
growth, compact growth habit and resistance to Ascochyta blight, etc. (Gowda and 
Gaur 2004; Khan et al. 2004a; Canci et al. 2004; Cagirgan and Toker 2004; Kozgar 
et al. 2012; Wani et al. 2013). An extensive programme on mutation breeding in 
chickpea was initiated by Kharkwal (1979) with special reference to yield improve-
ment. He reported nine mutants (six Desi and three Kabuli) which had high and 
consistent performance up to M7 generations in multilocational trials.

Haq and Shakoor (1980) irradiated the seeds of Cicer with gamma rays and 
found a mutant which was resistant to blight disease. Khatoon and Bhalla (1986) 
used magnetic fields in combination with NMU in chickpea. They reported that the 
combination treatments can be very useful in holding back some of the mutants 
which would have otherwise been lost due to lethality of higher doses. Large vari-
ability has been exploited in the cultivated species for morphological traits (Gowda 
and Gaur 2004; Khan et al. 2004a; Girija and Dhanavel 2013b). It has been suggest-
ed that the high level of phenotypic variability seen for morphological traits could 
be because of the expression of a limited number of mutant loci, as a single muta-
tion can have marked influence on the plant traits (Gaur and Gour 2003). Few early-
maturing mutants were selected from M3 population of lentil by Khan et al. (2006a). 
Early-maturing chickpea mutant L-84 was obtained through mutation breeding by 
Shamsuzzaman et al. (2005). The mutant strain matured significantly earlier by 
about 2 weeks than its parent variety Binasola-2 and had highest seed yield. Gamma 
ray-induced early fruiting has been reported by Jugran et al. (1998) in winged bean. 
In addition to significant early maturity (45 days) in flowering and fruiting, changes 
in stem and calyx colour from green to violet blue also occurred in the mutant. They 
concluded that the genetic changes were induced by gamma rays at several inde-
pendent loci. The flowering and fruiting mutants have practical importance from 
the breeding point of view (Banerji 2011). A reduction in plant height was reported 
by Khan et al. (2006b) in EMS and SA-treated population of mungbean. Subba Rao 
(1988) has attributed the plant growth depression to slow rate of cell division, de-
creased amylase activity and increased peroxidase activity. The reduction in mean 
plant height was also reported by Bajaj et al. (1970) in Phaseolus vulgaris. On the 
other hand, Singh et al. (2000) reported an increase in plant height after treatments 
with gamma rays and EMS in Vigna mungo. Use of mutations for obtaining early-
maturing varieties has been a frequent breeding objective (Micke 1979). Wang et al. 
(2003a) in soybean, Shamsuzzaman et al. (2005) and Wani et al. (2013) in chickpea 
also reported a significant reduction in days to maturity after mutagenic treatments. 
Wani et al. (2011c) appraised the increasing extent of genetic variability for quanti-
tative traits in M3 mutants of green gram following mutagenesis with EMS, HZ and 
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SA. Considerable increase in mean values for fertile branches per plant, pods per 
plant and total plant yield was discerned among the mutant lines. Contrarily, there 
are few reports of increasing variance coupled with more or less unaffected mean 
values after mutagenic treatments (Sharma 1986).

Seed yield in pulses is a complex trait and is influenced by many other quantita-
tive traits like fertile branches per plant, pods per plant, seeds per pod and 100-seed 
weight (Wani et al. 2012). In Vigna mungo, a reduction in mean seed yield per plant 
in M2 and M3 generations has been reported by Singh et al. (2000). Waghmare and 
Mehra (2000) achieved considerably increased mean seed yield in M3 after gamma 
rays and EMS treatments in Lathyrus sativus. Bhatia and Swaminathan (1962) con-
cluded that the mean of the irradiated population, where no selection has been ap-
plied with regard to specific character under study, tends to go down in comparison 
to the control. Srivastava et al. (2011) suggested that selection could be applied at 
interfamily and intrafamily levels to detect some promising mutant families having 
high mean and coefficients of variation for various characters. In chickpea, different 
researchers reported augmented genetic variability for different agronomic charac-
ters in mutagen-treated populations (Nerker and Mote 1978; Barshile et al. 2009; 
Wani et al. 2013). Opinions differ regarding the direction of mutations. Gaul (1965) 
and Aastveit (1966) hold the view that induced polygenic mutations do not follow 
any particular direction, but occur at random. According to Goud (1967), polygenic 
mutations always follow a particular direction opposite to the previous history of se-
lection. The response of an unselected character will, however, depend not only on 
its previous selection history but also on whether it is genetically correlated with the 
selected character (Brock 1967). Gregory (1965) held another view regarding the 
problem of shift in mean. According to him, mutations with very small phenotypic 
effect will occur with high frequency and will have an equal probability of being 
positive or negative in their effect. He further added that with the removal of muta-
tions of drastic effect, the variance would be reduced in correlated character but 
largely unaffected in genetically non-correlated characters. The means for both the 
instances would, however, be approximately equal to the control population. There 
is a big discrepancy among the opinions of researchers as to which generation is 
actually appropriate for selection of quantitative traits. Gaul (1964) is of the opinion 
that selection for quantitative traits should be delayed until M3 or later generations 
following mutagenic treatments. But many other workers have contrarily proposed 
that effective selection for polygenic traits should be done in early generations even 
in M2 (Sneep 1977; Shakoor and Haq 1980; Kharkwal 1983; Sheeba et al. 2003).

The estimates of genotypic coefficient of variation and heritability of various 
quantitative traits are essential (Kaul and Garg 1979; Sakin and Yildirim 2004; 
Khan and Wani 2005; Bhogal et al. 2013) since they indicate the degree of stability 
to environmental fluctuations and the potential transmissibility of a trait from gen-
eration to generation. Heritability is of interest to the plant breeder as an index of 
transmissibility (Ibrahim and Sharaan 1974; Bhogal et al. 2013). Wani et al. (2012) 
reported relatively higher estimated heritability (broad sense) for various yield-at-
tributing traits in M4 generation of chickpea. Lower heritability for yield has been 
reported by earlier workers in pigeonpea (Srivastava and Singh 1993). The disparity 
in results could be because heritability is a property not only of a character but also 
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of the population, environment and the circumstances to which the genotypes are 
subjected to. Genetic advance confers the degree of stability and genetic progress 
for a particular trait under apposite selection and as a result carries much impact in 
self-pollinated crops like chickpea. Heritability together with genetic advance is 
more reliable in envisaging the effect of selection than the heritability alone (John-
son et al. 1955), because of the fact that heritability estimates are prone to certain 
estimation errors and genotype–environment interactions (Lin et al. 1979).

In a mutation-breeding programme, there is an insistent need to embark stud-
ies on correlation coefficients in a routine manner in addition to the estimation of 
genetic variability among various indispensable yield and yield-contributing traits 
(Aastveit and Gaul 1967). The correlation among yield-contributing traits in a 
population is a composite of the effects of selection, gene linkage and pleiotropy 
(Sehrawat et al. 1996). The usefulness of mutations in weakening, strengthening or 
altering character association has been reported earlier (Kaul and Garg 1982; Yadav 
et al. 2002; Khan and Wani 2005). If the nature of selection practiced in the control 
and treated population is same, any difference in correlation coefficient between the 
two populations will be due to the effect of mutagens or altered pleiotropic effects 
of newly mutated genes. However, according to Gottschalk (1987), climatic factors 
can also influence a pleiotropic pattern positively or negatively. Such alterations 
in correlation among various traits may be utilized to enhance the rate of selection 
response in quantitative traits.

10  Seed Protein and Mineral Contents

Seed protein content is considered to be a complex character of a crop controlled 
by many genes located on several chromosomes (Frey 1977; Konzak et al. 1978; 
Coffman and Juliano 1979). The bulk of proteins in legume seeds are comprised of 
salt-soluble globulins, or storage proteins which are synthesized during seed de-
velopment, stored in protein bodies and hydrolysed during germination to provide 
nitrogen and carbon skeletons for developing seedlings (Wang et al. 2003b). Seed 
protein showed a nonsignificant negative correlation with yield in different mutant 
lines of mungbean (Khan and Wani 2006). Similar negative correlation between 
yield and seed protein content has been reported earlier (Bliss et al. 1973; Karjalain-
en and Kortet 1987; Khan and Wani 2005). Khan and Claydon (1975) determined 
the role of induced mutations in the improvement of winged bean by isolating such 
mutants which had a potential new source of proteins. Protein content is influenced 
by the interaction of gene(s) and environmental factor(s) as has been reported in 
chickpea (Singh and Ibrahim 1990), mungbean (Ignacimuthu and Babu 1989) and 
pea (Gottschalk and Wolf 1983). Divergent reports are available vis-à-vis success 
extent of induced mutations for high grain yield coupled with high protein con-
tent of the mutants. Few researchers opined that high protein content is intricate to 
merge with high yield, since the two traits divulge more or less negative correlation 
(Abo-Hegazi 1980; Khan and Wani 2005; Parveen 2006). However, high-yielding 
mutants coupled with high protein contents were reported by various workers in 
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the past and in recent times (Misra et al. 1973; Shaikh et al. 1982; Olejniczak 1986; 
Borah and Goswami 1995; Kharkwal 1998c; Kalia et al. 2000; Naik et al. 2002; 
Hiremath et al. 2010; Wani et al. 2012).

A good amount of variability with regard to soluble seed protein content was 
perceptibly noticed in viable mutants of moth bean by Khadke and Kothekar (2011). 
The highest protein content was detected in dwarf with erect habit mutants, while 
the lowest protein content of defatted seed powder was observed in tall mutants. 
Gottschalk and Muller (1970) proposed that the improvement in protein content and 
composition can be achieved by genetic manipulation, while Narahari and Bhatia 
(1975) suggested the pivotal role of mutation breeding for improving the quality of 
proteins. Several attempts in the past have been made to induce variations for pro-
tein quality and quantity using macro-mutations and micro-mutations (Gottschalk 
and Muller 1970; Singh and Chaturvedi 1980). Dadke and Kothekar (2005) made 
an extensive effort to accomplish the qualitative improvement of winged bean per-
taining to its crucial biochemical features like seed proteins and seed trypsin inhibi-
tors (TIs). Excellent variability has been gained in developing and characterizing 
the low TI-containing lines of winged bean through mutation breeding. Such lines 
can be released as new varieties for large-scale commercialization (Banerji 2011).

Grain legumes have also been reported to be good sources of essential min-
erals required by man, though their concentrations may fluctuate owing to both 
genetic and environmental factors. Mukhopadhyay (2000) studied the molecular 
evolutionary history of winged bean alpha-chemotrypsin inhibitor and carried out 
modelling of its high structural analysis. Altered seed mineral profiles have been 
identified in pea mutants. The degenerative leaves ( dgl) mutation bestow an unre-
strained hyperaccumulation of Fe into vegetative tissues and transport surplus Fe to 
seeds (Marentes and Grusak 1998). These mutants have been used to realize several 
aspects of whole-plant Fe homeostasis and the worth of phloem transport in seed 
Fe deliverance (Grusak 2000). In those areas, where legumes comprise an impor-
tant constituent of human diet, mineral deficiencies, particularly Fe and Zn, seem 
to be prevailing. Efforts are needed to understand the mechanism of how minerals 
move from soil, through the plant and into the developing seeds has gained a great 
deal of curiosity recently (Grusak 2002). However, biological utilization of inher-
ent nutrients of legumes is limited owing to the presence of various anti-nutritional 
substances including phytate, which is the main inhibitor of iron and zinc absorp-
tion (Sandberg 2002; Tajoddin et al. 2011). The poor bioavailability of iron not only 
retards the normal brain development in infants but also affects the success rate of 
pregnancies. Zinc deficiency prevents normal growth of a child and greatly weak-
ens the immune system, resulting in more infections (Ann-Sofic Sandberg 2002).

11  Anti-nutritional Factors

Although legumes are an important source of dietary proteins and starch for hu-
mans, their acceptability and utilization have been limited owing to some anti-nu-
tritional substances such as TIs, phytate, tannins, etc. (Sharma et al. 2013). TIs and 
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tannins inhibit the digestibility of proteins and starch, whereas phytic acid reduces 
the bioavailability of some essential minerals, viz. iron, zinc, etc. (Rehman and 
Shah 2001). TIs were first reported by Read and Hass (1938). Later on, Bowman 
(1946) purified them and Kunitz (1945) isolated them in crystalline form. Plant 
protease inhibitors are quite stable molecules and are often resistant to heat, pH 
extremes and proteolysis (Ryan 1981). The inhibitors of trypsin and chemotrypsin 
have been implicated in reducing protein digestibility and in pancreatic hypertrophy 
(Liener 1976). Protease inhibitors have a significant role in developing pest and 
pathogen resistance in plants. The TI in its inactivated form has been considered to 
comprise a good source of sulphur-containing amino acids, in view of a rich content 
of cysteine amino acid in such proteins (Kakade et al. 1969).

TIs are widespread anti-nutritional substances which block trypsin activity and 
thereby reduce the digestibility of proteins. Kothekar et al. (1996) studied the ef-
fects of gamma irradiation with particular reference to induction of low trypsin 
and chymotrypsin inhibitor mutants in winged bean. Dhadke and Kothekar (2005) 
reported low TI content in gamma rays induced two mutants (early maturing and 
flat pod) of winged bean. The substantial (40–60 %) reduction in the antitryptic 
activity in these mutants clearly indicates the role of induced mutations in enhanc-
ing the nutritional quality of seed proteins. Various factors such as amylase inhibi-
tors, phytate, etc. are supposed to affect the starch digestibility in legumes (Yadav 
and Khetarpaul 1994). Reduced digestibility of starch lowers the glucose release 
into the blood stream, which is beneficial for diabetic patients (Zia-ul-Haq et al. 
2007). However, digestibility of starch can be improved through heat treatments, 
e.g. cooking, roasting and autoclaving. Tannins are polymeric flavonoids that com-
prise a small part of the broad and diverse group of phenolic compounds produced 
by plants as secondary metabolites (Diaz et al. 2010). Tannins have been reported 
to inhibit digestive enzymes and thereby lower the digestibility of most important 
nutrients especially proteins and starch (Khattab and Arntfield 2009). Tannins also 
inhibit the utilization of nutrients through astringency and enzyme inhibition. As 
phenolics, tannins are water soluble and may be eliminated by thermal and hydro-
thermal processing treatments. Anti-nutritional factors should not pose a problem to 
humans if the seeds are correctly processed. Taking into consideration the overall 
nutrient and proximate composition analysis, the chickpea varieties can become an 
economic and alternative protein source that could alleviate protein malnutrition in 
developing countries, including India, in addition of improving the nutritional status 
of functional foods in developed countries.

12  Conclusions and Future Perspective

Globally, food security has witnessed a major deterioration in the past few years; 
food costs are mounting brusquely and poor people are threatened with serious mal-
nutrition. With population explosion, the demand for food is enormously on the rise, 
while natural resources are depleting with every passing day. Erratic rainfalls, im-
petuous drought conditions, excessive floods, etc., often related to climate change, 
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further exacerbate the miseries by deteriorating the crop production conditions. Un-
der these circumstances, it is imperative that the yield potential of the crop plants 
has to be significantly increased to combat the aggravating food security situation. 
Induced mutations have the ability to increase the rate of domestication of many 
underexploited species of legume crops that may be potentially useful as a source of 
food, forage and industrial raw materials. It is striking that a huge number of mutant 
varieties have been developed and widely cultivated in developing countries, hence 
greatly improving their food security. In recent years, induced mutations, as a tool, 
have been gaining momentum in the field of plant molecular biology to identify, iso-
late and study the structure and function of such genes which are actually of impera-
tive use in breeding studies. The fundamental knowledge of genes which control core 
agronomical and quality traits is vital for plant breeders to frame appropriate strate-
gies and ingeniously implement them in breeding programmes for prosperous results.

The massive advent of plant molecular biology is anticipated to provide a sound 
solution to further increase the food production. Recently, mutation techniques have 
also been integrated with other molecular technologies, such as molecular marker or 
high-throughput mutation-screening techniques, and are becoming more powerful 
and effective in breeding crop varieties. In future, sequencing of mutated genes and 
development of molecular markers will receive more attention for pulse improve-
ment. Varieties with improved efficiency vis-à-vis yield, early maturity, uptake of 
micronutrients, tolerance to abiotic stresses like drought, cold, salinity and resis-
tance to biotic stresses such as disease and insect pests can be developed using mu-
tation breeding and MAS. Therefore, induced mutations will continue to play a sig-
nificant role for improving world food security in coming years and decades. Since 
chickpea is a nutritious legume in human diet, its high-yielding mutants coupled 
with higher protein and mineral contents would assume substantial economic im-
portance. Efforts are on to develop transgenic plants of chickpea which are resistant 
to gram pod borer ( Helicoverpa armigera) using Bt crystal protein genes. Besides 
use of Bt genes, genes of plant origin like lectins, protease and amylase inhibitors 
also hold great promise. In addition, the reverse-genetic strategies like targeting 
induced local lesions in genomes that target lesions to specific genes are anticipated 
to speed up the process of gene function analysis and the efficiency of mutation 
breeding for better crop future.
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Abstract Organic farming is a modern and a sustainable form of agriculture that 
provides consumers fresh natural farm products. Organic farming works in syn-
chronization with nature rather than against it. This objective is achieved by using 
techniques to improve crop yields without harming the natural environment as 
well as the people who live and work in it. Organic agriculture offers an exclu-
sive amalgamation of environment-friendly practices, which require low external 
inputs, thereby contributing to increased food availability. Organic farming has a 
very positive influence especially on birds, insects, weeds, wildlife, and soil flora 
and fauna. Conventional farming is capital intensive, which requires more manu-
factured inputs and energy as compared to knowledge- and labor-intensive organic 
farming. Organic agriculture uses energy more competently than conventional agri-
culture. As compared to conventional agriculture, organic farming produces cost-
effective food products, free of synthetic fertilizers and pesticides. It also provides 
employment opportunities and economic benefits to local communities. The meth-
ods utilized in organic farming are more costly and labor intensive, but prove to be 
more cost effective in the long run. Since organic agriculture supplies more green-
house gases in the soil, the farmers across the globe can solve the climate disaster 
by switching to organic methods. In addition, organic agriculture has the potential 
to address food security issues. Enough evidence is available to prove that organic 
crops are a better source of nutrients than their corresponding conventional forms. 
Organic systems give higher animal immunity and increased disease resistance 
to plants, with 50 % less mycotoxins in crops and a persistent shelf life. Organic 
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foods have more plant secondary metabolites, higher micronutrient content, and 
more conjugated fatty acids for better human health, including lower incidences of 
noncommunicable diseases. Organic agriculture merges modernism, custom, and 
science to manage the shared surroundings encouraging fair relationship and high 
quality of life for everyone involved.

Keywords Organic farming · Conventional farming · Climate change · Pesticides · 
Biofertilizer

1  Introduction

Organic farming has engrossed much attention in current decades as a way to main-
tain farming production. At the same time, it has played an important role in dealing 
with the environmental harms rooted in traditional agricultural techniques. Organic 
farming not only produces fine and healthy food products but also improves the fer-
tility and quality of soil (Isaacs 2012). Funtilana has described organic agriculture 
as: “Organic Agriculture is giving back to the environment what was taken from 
it” (Singh et al. 2012). Organic food is grown and processed without using any 
synthetic fertilizers or pesticides (insecticides, herbicides, and/or fungicides), plant 
growth regulators, such as hormones, livestock antibiotics and GM organisms, and 
human sewage sludge (John 2011).

Biological pesticides produced from natural sources can be used in the produc-
tion of organic food. Some preventative measures have to be applied prior to adopt-
ing the latest technologies for organic agriculture due to considerable risks of unpre-
dictable tools such as genetic engineering (Tuomisto et al. 2012). Organic farming 
is based on ecological cycles, and procedures therefore diminish the use of exterior 
contributions. This minimizes resource utilization of the farms and restricts nutrient 
heaps in the system. It lessens the danger of phosphorus and nitrogen eutrophication 
and evades overfertilization. Organic livestock farming is based on environment-
friendly production, maintaining animals in good health, realizing animal benefit 
values thereby generating yields of high class. Organic livestock farming meets the 
demands of the rising number of consumers (Sundrum 2012).

Organic agriculture requires low external inputs, thereby contributing to in-
creased food availability. It is a system based on generating food with negligible 
destruction to ecosystems, humans, or animals. Nevertheless, reviewers argue that 
organic farming may have lesser yields and would consequently require additional 
land to generate a similar quantity of food as conventional systems do, resulting in 
biodiversity loss and extensive deforestation, therefore undermining the ecological 
benefits of organic procedures (Seufert 2012). The expected boost of human world 
population, above 2 billion by the middle of the century, spots the requirement of 
an increase in agriculture to deal with the high demands of feed, food, biofuels, and 
fiber to meet the needs of the population. It, in addition, plays a decisive role in 
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bringing additional ecosystem services, for instance, those that guard the excellence 
of the environment. Organic agriculture tackles a lot of traits and makes use of the 
biological regulation methods to put back external input, protecting biodiversity at 
the same time.

According to the Codex Alimentarius Commission, “organic agriculture is a ho-
listic production management system that avoids use of synthetic fertilizers, pesti-
cides and genetically modified organisms, minimizes pollution of air, soil and wa-
ter, and optimizes health and productivity of interdependent communities of plants, 
animals and people.” Organic farming is a production scheme, which mainly pro-
hibits or avoids the utilization of artificial pesticides, fertilizers, livestock feed addi-
tives, and growth regulators. The objectives of environmental, financial, and social 
sustainability are the fundamentals of organic farming. The major features include 
protecting long-lasting fertility of soil by preserving organic matter level, nitrogen 
self-sufficiency through the use of biological nitrogen fixation and legumes, care-
ful mechanical intervention, fostering soil biological activity, successful recycling 
of organic materials including livestock wastes and crop residues, and pest control 
relying mainly on crop rotation, diversity, natural predators, resistant varieties, and 
organic manuring. A huge emphasis is made on preserving the soil fertility by re-
turning all the wastes to it primarily through compost to reduce the gap between 
nitrogen, phosphorous, and potassium (NPK) addition and its removal from the soil.

1.1  Food and Agriculture Organization and Organic 
Agriculture

As defined by Food and Agriculture Organization (FAO), “Organic farming is en-
vironmental friendly ecosystem management in which use of all kinds of synthetic 
input is eliminated.” In March 1999, organic agriculture was officially included 
into FAO’s agenda as a way to support sustainable progress. The interest of FAO 
in organic agriculture stems from its potential to contribute to rural development 
and global food security. FAO member countries in the International Conference 
on Organic Agriculture and Food Security in Rome (2007) emphasized the organic 
agriculture’s capability to create a more stable food supply, increased access to food 
in rural areas, and maintenance of natural resources (Morgera et al. 2012).

2  Background

Organic farming is a type of agriculture practiced by early farmers for thousands 
of years. A full organic food production system is one of the most flexible and old-
est agroecosystems. Inorganic methods were introduced by Industrial Revolution 
with severe side effects. An organic revolution was started in Central Europe in the 
mid-1920s by Rudolf Steiner. He created biodynamic agriculture system, which is 
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considered to be an old version of organic agriculture system. Organic agriculture 
was developed by Albert Howard in the 1940s in England as an independent field. 
Though organic farming is primitive in its widest sense, Sir Albert Howard started 
the post Industrial Revolution organic movement, for which he is known as the “fa-
ther of organic farming.” Since then, the production of organic food has moved from 
small experimental garden plots to outsized and huge farms with their products sold 
under a unique organic label. Modern organic farming, from its start until now, has 
contributed only a small part of the total agricultural output. The increase in ecologi-
cal knowledge in the general population has altered the former supply-driven move-
ment into a demand-driven movement. Many farm products are produced according 
to conventional methods in the developing countries, but these methods, although 
similar to organic farming, are not yet licensed. In some cases, economic reasons 
have forced the farmers of the developing world to transform (John 2007).

3  Problems Caused by Chemical Agriculture

3.1  Environmental Problems

The current intensive agriculture system causes many problems, including:

• Artificial herbicides and fertilizers are easily washed away from the soil, pollut-
ing lakes, rivers, and water courses

• The long-term use of artificial fertilizers results in soils with low organic matter 
content, which is prone to erosion by rain and wind

• Increased dependency on artificial fertilizers, which are required every year in 
greater amount to produce the same crop yield

• Artificial chemicals deteriorate the soil microorganisms resulting in poor struc-
ture of soil as well as decreased aeration and nutrient availability

• It becomes a great challenge to control pests and diseases as they become re-
sistant to artificial pesticides. The number of natural pests decreases because of 
pesticide use and habitat loss

• Thinning of eggshells of birds
• Increased extinction of preying birds
• Adverse effects on wildlife
• Environmental imbalance (Deshmukh 2010)

3.2  Effects on Human Health

• Toxic residues cause skin reactions and allergic sensitization
• Unfavorable and adverse effects on nervous system, peripheral neuropathies, 

and impairment of nervous system
• Disturbance of endocrine system
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• Carcinogenicity
• Suppression of immunity
• Prolonged exposure to small amount of pesticides residues in food commodities 

can lead to:
i. Spontaneous abortions and increase in miscarriages
ii.  Initiation of early puberty in girls. Undesirable effects on male reproductive 

system
iii. Effects on kidney, liver, and brain
iv. Deformities and abnormalities in newborn babies (Deshmukh 2010).

4  Conventional Farming Versus Organic Farming

Organic agriculture system consists of management practices without using artifi-
cial fertilizers and high input of energy. This may affect storage of soil organic ma-
terial in the long run (Leifeld 2012). Some of the analysis of existing data indicates 
that overall organic yields are usually less than traditional yields but under certain 
conditions (better management practices, specific crop types, and growing circum-
stances), yield of organic farming systems can be increased (Seufert et al. 2012).

5  Principles, Pillars, Components, and Objectives 
of Organic Farming

5.1  Principles of Organic Farming

The main principles of organic farming are as follows:

• To draw upon local resources and to work as much as possible within a closed 
system

• To try to preserve the long-term fertility of soil
• To avoid all forms of pollution resulting from different types of agricultural tech-

niques
• To produce food products in sufficient quantity and of high nutritional quality
• To cut down use of fossil energy in agricultural practice
• To allow agricultural workers’ to build up their potentialities as human beings 

and earn a living through their work
• To provide such conditions of life to livestock that fulfill their physiological 

needs (Deshmukh 2010)
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5.2  Pillars of Organic Farming

The organic standards, market network, technology packages, and certification/
regulatory mechanism are the four pillars of organic farming (Deshmukh 2010).

5.3  Components of Pure Organic Farming

The components of pure organic farming are:

1. Make use of only organic planting for farming
2. No dependence on artificial inputs
3. Feeding soil, but not the crop plants
4. Implementing food safety practices, i.e., never using GM crops or products
5. Documentation of not only the end product but also the entire procedure and 

distribution chain, i.e., the process and not the produce is to be certified. The 
certification should keep in view the export

6. Use of artificial growth promoter and enhancers should be prohibited, even the 
use of organic fertilizers particularly those having some mutants; cow dung 
from intensive dairy farms using antibiotics, oil cakes, and bone meal should be 
strictly restricted (Deshmukh 2010)

5.4  Objectives of Organic Farming

The objectives of organic farming concisely expressed in the standard document of 
the international federation of organic agriculture (IFOAM) are as follows:

1.    To work in collaboration with the natural systems rather than dominating them
2.    To enhance the biological cycles contained within the farming system, which 

involves soil flora and fauna, microorganisms, plants, and animals
3.  To preserve and enhance long-term fertility of the soil
4.    To use renewable resources as much as possible within locally organized agri-

cultural system
5.    To work as much as possible, within a closed system with regard to nutrient 

elements and organic matter
6.    To provide such conditions of life to all livestock to enable to act upon all 

aspects of their innate behavior
7.    To evade all forms of pollution resulting from agricultural techniques
8.    To uphold the genetic diversity of agricultural system and its surroundings 

including protection of wildlife habitats and plants
9.    To allow agricultural workers’ satisfaction and an adequate return from their 

work including a safe working environment
10.   To consider wider and environmental impacts of the farming system (Deshmukh 

2010)
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6  Why Organic Farming

Organic farming helps to provide long-term benefits to people as well as the en-
vironment. Other environmental advantages of organic farming include support-
ing local food markets, increased biodiversity, improved soil quality and reduced 
pesticide pollution and packaging waste, and water usage (Ziesemer 2007). Besides 
its potential to alleviate poverty and economic gains, organic farming proves to be 
valuable in a number of ways. Some of its benefits are listed below.

6.1  Environmental Benefits

Organic farming protects the environment from harmful effects, which arise from 
the use of synthetic inputs, specially pesticides, fertilizers, and hormones (Kots-
chi and Muller-Samann 2004). Fertilizers and pesticides release dangerous toxic 
chemicals into soil and water (Theriault 2006). Some pesticides can cause harm to 
the environment or on direct exposure, they can prove to be toxic and dangerous 
to human health. Children are at a higher risk than adults to direct exposure, since 
the toxic effects of pesticides are often more severe in children than adults (Com-
mittee on Pesticides in the diets of Infants and Children 1993). Agriculture, with-
out pesticides and chemical fertilizers, might deliver in a number of situations, but 
outputs would be less than traditional farming. Therefore, generating the massive 
amount of the worldwide diet will need agricultural methods together with the use 
of fertilizers (Gilbert 2012). Organic agriculture more or less constantly supports 
more biodiversity and usually has a positive environmental impact per unit of land. 
It does not essentially have a positive impact per unit of production. Organic cereals 
and milk, all produce elevated greenhouse gas (GHG) emissions per unit of product 
than their traditionally farmed counterparts. On the other hand, organic olives and 
beef have lower emissions in majority of the cases. On the whole, organic food-
stuff requires less energy input, but extra land than the traditional products. Studies 
show that organic farming system provides greater biodiversity as compared to the 
traditional farming system due to decreased soil changes and chemical application 
(Nascimbene et al. 2012).

Organic farming has a positive and favorable influence especially on birds, in-
sects, weeds, wildlife, and soil flora and fauna (Deshmukh 2010). All non-crop 
species exhibit partiality for organic farming system in terms of both diversity and 
abundance. An average of 30 % more species reside in organic farms. Butterflies, 
birds, beetles, spiders, earthworms, mammals, soil microbes, and vegetation are 
particularly affected (Gabriel et al. 2006). The birds’ number and species show 
higher density in organic farms (Deshmukh 2010).

Agro-biodiversity or agricultural biodiversity is a division of biodiversity, which 
consists of all shapes of life directly significant to agriculture, and can subsist equal-
ly in a farm and crossway farms. Ecologists have disagreed that at the farm level, a 
boost in on-farm variety and a range of overlying collection of species improve the 
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level of agricultural biodiversity. This amplifies crop resilience and ecological firm-
ness. The farming of a huge number of crops at the farm level, i.e., crop biodiver-
sity, is a component of agricultural biodiversity, and generates differentiation in soil 
fauna, pests, predators, and weeds at the farm level. More significantly, crop biodi-
versity has been accounted to raise agricultural output through the control of pest 
infestation and replacement of agricultural soil, directing to better farm income con-
stancy and security (Nastis 2013). Population density and biodiversity fitness are 
improved by the lack of pesticides and herbicides (Gabriel et al. 2006). Beneficial 
insects are attracted by weed species which, in turn, improve forage on weed pests 
and soil quality (van Elsen 2000). Soil-bound organisms often get a wide range of 
benefits because of the large number of bacterial organisms produced by natural 
fertilizers and experience a reduced intake of pesticides and herbicides (Hole et al. 
2005). The risk of getting poor yield is reduced to a great extent in organic farming 
because it promotes biodiversity (Fließbach et al. 2007).

Organic farms are more capable of withstanding harsh weather conditions as 
compared to the conventional farms. Occasionally in drought conditions, their yield 
is 70–90 % more than conventional farms (Lotter 2003). Organic farms have been 
found to be more cost effective in the drier states of the USA because of their bet-
ter drought performance. In addition, organic farms can endure hurricane damage 
much better and keep hold of 20–40 % more topsoil, thus incurring smaller eco-
nomic losses as compared to their neighbors (Holt-Gimenez 2000). Hence, organic 
farming contributes positively to the reduction in soil, air, and groundwater pollu-
tion. Moreover, it is also an excellent solution to nitrate pollution. In addition, it 
improves soil fertility, structure, and soil fauna (Fan et al. 2005).

The organic matter is globally recognized to enhance soil fertility. In addition, 
improving the soil’s chemical, physical, and organic matter has the prospective to 
add to climate change alleviation by impounding C from the atmosphere. The basic 
methods to guard organic elements inflowing the soil against decay are:

a. Selective preservation and production of resistant molecular preparation, struc-
ture, and association (biochemical methods)

b. Physical detachment from O2, enzymes, decomposers, etc., by occlusion in 
aggregates (physical systems)

c. Chemical diffidence by intimate sorption (association) with mineral exteriors 
(chemical mechanisms)

An 18-year-long study was conducted on organic methods on nutrient-depleted soil, 
which showed that conventional methods are better for increasing soil fertility and 
yield in cold and temperate climates (Kirchmann 2007).

6.2  Economic Benefits and Profitability

Various studies have revealed that organic crops use 97 % less pesticides and yield 
95–100 % higher along with 50 % lesser expenditure on energy and fertilizer. Hence, 
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organic agriculture consumes zero pesticides and less energy (Mader et al. 2002). 
High prices that consumers disburse for organic products along with decreased cost 
of pesticide inputs and synthetic fertilizers add to increased profits. Organic farms 
have always been found to be more profitable as compared to the conventional 
farms (Lotter 2003). According to the FAO, “Organic farming is a pioneer to es-
tablish energy reducing practices by using organic principles. Organic principles, 
which emphasize farm-level self-sufficiency, incorporation of externalities and en-
vironmental stewardship, can be improved to form plans for limiting the use of fos-
sil fuel-based energy in organic farming. Especially in the post-production handling 
sections, advancements done in order to decrease the consumption of energy can 
affect the traditional parallel sectors.” In the majority of cases, 30–50 % less energy 
is consumed by organic farming as compared to the traditional farming:

• Organic agriculture typically uses energy more competently than conventional 
agriculture.

• Organic agriculture often needs about one-third additional manual labor hours as 
a substitution for energy-intensive inputs used in traditional agriculture (Ziese-
mer 2007). Modern chemical-dependent farming methods:
− Lessen soil of nutrients
− Demolish important soil microorganisms
− Contribute to global climate change and desertification
− Oversupply farmlands with toxic fertilizers, herbicides and pesticides, which 

then move into groundwater, rivers, lakes, and oceans

For example, numerous regions of Minnesota, which is the most important farm-
land, are now facing the problem of increased nitrogen in drinking water. Health 
risks of nitrogen include a potential correlation with cancer, in addition to reproduc-
tive and thyroid problems in both livestock and humans (Mercola 2013).

Organic agriculture is about 30 % more efficient to produce the same amount of 
food as compared to the traditional farming. Conventional farming is capital inten-
sive, which requires more manufactured inputs and energy as compared to the tradi-
tional organic farming which is knowledge and labor intensive (Halberg et al. 2006). 
The system engages large skilled and semi-skilled/unskilled labor for various tasks 
to be performed (sowing, planting, cultivating, rearing, maintenance, aftercare, har-
vesting, cleaning, washing, grading, bar coding, labeling, packing, transporting, and 
marketing) in order to follow a strict code of “organic farming” (Pimentel 2006). 
Serious issues are being raised about the energy-intensive nature of these methods 
and their unpleasant outcomes on soil yield and environmental excellence. Organic 
agriculture is capable of supporting about three to 4 billion people (Trewavas 2001). 
In a study of 1,144 organic farms conducted in UK and Republic of Ireland, organic 
farms engaged more workers as compared to the conventional ones.
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6.3  Health Benefits

Food for starving population, fiber for clothing, and feed for animals and even, in a 
number of cases, fuel for vehicles come from worldwide agriculture. Consequently, 
in the world’s temperate climates, human agriculture has displaced 45 % of temper-
ate forests, 50 % of savannas, and 70 % of grasslands. Agriculture is one of the main 
sources of GHG emissions; the most important cause of deforestation in the tropics 
and a recurrent basis of water pollution and nonrenewable groundwater mining. A 
number of farmers have turned to the organic methods. Such a kind of farming is 
destined to reduce human health and environmental impacts by evading the use of 
chemical pesticides, synthetic fertilizers, and antibiotic or hormone treatment for 
livestock. The use of industrial methods, predominantly synthetic nitrogen fertil-
izer, has fed the human population during the previous century (Biello 2012). Cur-
rently, there is no noticeable evidence of any health benefit of consuming organic 
over conventionally produced food products (Dangour et al. 2009).

Individual studies have taken into account a variety of potential impacts, includ-
ing residues of pesticides. Pesticide residues provide a second channel for health 
effects. The organically produced vegetables and fruits are likely to contain less 
agrochemical residues than their conventionally grown alternatives (Magkos et al. 
2006). Nitrate concentration might be less, but the potential health impact of ni-
trates is arguable. The users trust that organic products are healthier than tradition-
ally grown products. Research has shown that organic products contain less nitrate 
content, because larger amount can cause cancer of the alimentary tract and methe-
moglobinemia in infants (Forman and Silverstein 2012). There is a decreased risk 
of eczema associated with consumption of organic milk, though no similar evidence 
was found in case of organic vegetables, fruits, or meat. The higher cost of organic 
products (ranging from 45–200 %) may limit the intake of the recommended five 
servings per day of fruits and vegetables, which reduce the risk of cancer and im-
prove health irrespective of their source (Magkos et al. 2006).

The utilization of vegetables and fruits has been linked with lesser risk of chronic 
human health harms like hypertension, cancer, cardiovascular diseases, and dia-
betes type II because of their elevated phytochemicals. The health advantages of 
vegetables and fruits have so far been endorsed to the antioxidant characteristics of 
phytochemicals. The cell membrane lipid peroxidation (LPO) degree is found to be 
60 % higher in organic tomatoes. The superoxide dismutase (SOD) activity is also 
radically higher in organic fruits. The organic tomato fruits under oxidative stress 
build up higher content of soluble solids as sugar, vitamin C, and phenolic com-
pounds. These have smaller mass and size than the conventionally grown systems. 
In addition, they are also rich in soluble solids, phenolic compounds, and phyto-
chemicals including vitamin C. In the past few decades, yield has been of greater 
importance as compared to micronutritional and gustative quality of plant products. 
This might be right for staple food, but the micronutritional and gustative qualities 
of vegetables and fruits hold more significance than the energy supply. Growers 
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should not struggle to decrease stress in order to increase fruit size and yield, but 
should allow stress to a certain level to enhance product quality. Further research is 
needed to properly understand the relation between stress and oxidative stress and 
also between secondary metabolism and oxidative stress. In addition, more studies 
are required to understand the physiological mechanisms responsible for positive 
outcomes of organic farming on quality of fruit (Oliveira et al. 2013).

6.4  Social Benefits

Organic farming may have an important social effect on local communities. To 
start with, organic agriculture may provide employment opportunities to the local 
people. More manual labor is often required in organic agriculture to compensate 
for pesticide and synthetic fertilizer loss, thus providing more jobs in local com-
munities. Commonly, the labor required to run an organic farm is 10–20 % higher 
as compared to the traditional farms. Organic farmers also expand their crops and 
widen their planting schedules throughout the year in order to enhance soil health 
and maintain biodiversity. This establishes year-round employment opportunities 
and may lessen the problems related to migrant labor. More job opportunities will 
increase the population of local communities and also halt migration to urban 
areas. Thus, organic agriculture can increase the local communities and support 
rural development. In order to stay competitive, farmers must adjust to the local 
conditions by managing land, labor, and resources so that the production can be 
increased. Farmers also depend on their neighbors to sustain certain principles 
in order to guarantee the reliability of their own water, soil, and air. Ties within 
the community are strengthened by association on these issues, leading to greater 
association among organic farmers and also partnerships. Cooperatives or orga-
nized groups can thus gain power in trade negotiations, gather their resources, 
and enjoy greater access to markets. There is some proof that increased collabora-
tion results in new businesses among local communities and more active partici-
pation in local government. Consumer protection is another keystone of organic 
farming. The well-built regulatory frameworks, whereby the government verifies 
organic certifications, are essential for consumers to trust the food that they buy 
(Morgera et al. 2012).

7  Environment-Enhancing Agriculture

In actuality, a conventional farmer needs a farming model that can leave the envi-
ronment better than before, the forest healthier, the land more diverse, wildlife more 
prolific, and soil more fertile resulting in clean water, clean air, and healthy animals 
and plants (Deshmukh 2010).
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7.1  IFOAM’s Definition of Organic Agriculture

The IFOAM definition of organic agriculture is based on:

1. The principle of health
2. The principle of ecology
3. The principle of fairness
4. The principle of care

a. The Principle of Health Organic agriculture should be able to maintain and 
improve the health of plant, soil, animal, human, and planet. The principle high-
lights that the health of individuals and communities is dependent upon the health 
of ecosystem and soil that produces healthy crops, which in turn foster the health of 
people and animals. Health is integrity and wholeness of living systems. In farm-
ing, processing, distribution, or consumption, the key role of organic agriculture is 
to sustain and enhance the health of ecosystem from the smallest organisms in the 
soil to the human beings.

b. The Principle of Ecology Organic agriculture should be based on ecological 
cycles and systems. It should emulate and help maintain them. The ecological bal-
ance is maintained by establishment of habitats, maintenance of agricultural and 
genetic diversity, and designing of farming system.

c. The Principle of Fairness According to the principle of fairness, organic agri-
culture should build on associations that assure equality with regard to the common 
life opportunities and environment. Environmental and natural resources utilized 
for production and consumption should be supervised in a way that is economically 
and socially just and held in trust for upcoming generations.

d. The Principle of Care Organic agriculture should be dealt with in a responsible 
and precautionary manner in order to guard the health of the present and future 
generations and for the well-being of environment. According to this principle, 
responsibilities and precautions are key concerns in development, management, 
and technology choices in organic agriculture. A policy paper has been issued by 
National Academy of Agriculture Sciences (NAAS), according to which synthetic 
pesticides can be avoided; however, complete exclusion of fertilizers may not be 
suitable under all conditions (Deshmukh 2010).

7.2  Environmental Impacts of Conventional and Organic 
Farming

Organic agriculture attempts to increase water and crop quality by removing exter-
nal inputs, genetically modified (GM) crops, as well as pesticides and synthetic fer-
tilizers. While there are a number of ways to achieve this outcome, the main point is 
that pesticides and synthetic fertilizers are not used. The main reason for the differ-
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ence in global warming potential (GWP) is the manufacturing and transportation of 
artificial fertilizers. The chemical method to produce the fertilizer (the Haber-Bosch 
process) releases carbon dioxide as a side product, but organic agriculture uses on-
farm compost as its fertilizer. Storing and moving compost still result in CH3 emis-
sion, but the GHG emissions do not even come close to generating off-farm mineral 
fertilizers. Fossil fuels are usually the source of energy for the manufacturing and 
shipment of artificial pesticides. As compared to the drawbacks of organic fertiliza-
tion, the GWP of organic pest control is still less than that of traditional methods 
(Akeenan 2011).

7.3  Potential of Organic Farming to Alleviate the Impact 
of Agriculture on Global Warming

One of the major threats for food security especially in the tropical countries is 
global warming. Rainfall irregularity and drought conditions are expected to get 
worse in many countries due to global warming. Extenuating the emissions of 
GHGs is thus an important challenge to improve food security. One way to achieve 
this is by reducing CO2 emission due to combustion of fossil fuel, but it can also be 
done by farming (Moreau 2007). A new study shows that organic agriculture sup-
plies more GHGs in the soil than conventional agriculture. Many farmers across the 
globe may help to solve the climate disaster by switching to organic methods, along 
with avoiding the use of pesticides (Isaacs 2012).

The outcome of Gattinger’s meta-analysis shows an overall positive worldwide 
development towards an increase in organic farming (0.9 % of total world agri-
cultural land or 37 million ha). The author’s meta-analysis suggests that organic 
agriculture allows more carbon to be stored in the soil than traditional agriculture. 
Carbon is stored in the soil instead of heating up the atmosphere, which acts like 
a carbon sink. The researchers guess that by using a combination of rotating crops 
(mixed farming) and livestock, more carbon can be stored in organically farmed 
soil than any other farming system depending on the use of plant protection chemi-
cals and artificial nitrogen fertilizer. Their results show that 0.37 Gt of carbon is 
being isolated per year globally (0.04 Gt of carbon in the USA, 0.03 Gt of carbon 
in Europe), thus offsetting 3 % of the existing total GHG emissions (2.3 % for the 
USA, 2.3 % for Europe), or 25 % of the total existing agricultural emissions (36 % 
for the USA, 23 % for Europe). The collective alleviation by organic agriculture up 
to 2030 would contribute 13 % to the collective reduction essential by then to stay 
on the trail to keep temperatures from rising 2 degrees Celsius above preindustrial 
levels by 2100. This meta-analysis gives a strong clue in favor of organic agricul-
ture (Isaacs 2012).

At least 30 % of global warming is due to agriculture. Three gases are responsi-
ble for this, namely CH4 (methane), N2O (nitrous oxide), and CO2 (carbon dioxide). 
Fertilizer industry mainly emits CO2 from the machines used on the farm. A signifi-
cant contributor for CO2 emission by agriculture is deforestation. CH4 emissions 
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from livestock are mostly from enteric fermentation, but also from rice fields and 
manure. Soil (denitrification) is a major source of N2O, and a minor one is fertilizer 
from animals.

a. CO2 Emissions

About half of the energy used in agriculture in developed countries is in the manu-
facturing of fertilizers (mostly nitrogen fertilizers). However, there is an increased 
amount of energy utilized by the fertilizers due to minor mechanization and less 
efficient use of fertilizer plants. Since organic agriculture does not use artificial 
nitrogen fertilizer, less energy is consumed than conventional agriculture, and there-
fore less CO2 is emitted. In Europe, it has been evaluated that for key crops, organic 
farming uses per acre about half the energy used in traditional agriculture systems. 
Despite lower yield in organic agriculture, the amount of crops produced remains 
a significant factor. In European livestock production, the energy consumed in the 
production of 1 liter of organic milk is 25 % of conventional milk production. This 
is because organic cows are mainly grazing, whereas the feed of conventional ones 
is based on grain and soybean cake (Moreau 2007).

d. Carbon Sequestration

It has been noted that the organic content in many areas of the world has decreased 
progressively due to the increase in agriculture based on deep plowing and artificial 
fertilizers. About 50 % of soil organic carbon has been degraded over the past 50–
100 years of cultivation in the Great Plains of North America. About 7 million ha 
have less than 2 % organic content in France. Deforestation in tropical countries has 
led to a faster decline in the organic content. As proved by repeated and long-term 
trials, the organic matter increases (carbon content of soil increases) and is main-
tained by organic agriculture. This ability to impound carbon contributes to allevi-
ate the contribution of agriculture to the greenhouse effect (Moreau 2007).

e. Nitrous Oxide (N2O) Emissions

Soil mainly emits nitrous oxide. The Intergovernmental Panel on Climate Change 
(IPCC) has evaluated that about 1.25 % of the amount of nitrogen applied as fertil-
izer is represented by these emissions. However, many factors are responsible for 
this percentage. As compared to conventional farming, data for emission of N2O are 
less for organic farming. The amount of nitrogen applied normally is lower in or-
ganic than conventional agriculture. Likewise, emissions of N2O increase radically 
when nitrogen fertilization exceeds the needs of the crop, which happens habitually 
in conventional farming. It can therefore be concluded that organic farming emits 
less N2O than conventional agriculture (Moreau 2007).

f. Methane (CH4) Emissions

After N2O emission, methane emission is the main contributor of global warming. 
There are three main origins of methane from agriculture: anaerobic fermentation of 
flooded crops (rice), fermentation of animal dejections, and enteric fermentation of 
ruminants. The production of methane per animal is about the same in conventional 
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and organic breeding. But, the emission per kilo of meat or milk is more in intensive 
production. This increase is, at least moderately, compensated by better endurance 
of organic cows. In intensive systems, particularly in milk production, cows have a 
very short life, generally up to 5 years. Methane emission by fermentation of com-
post is less in organic than conventional breeding, because composting is aerobic, 
whereas storing compost (heaps or slurry) is mainly anaerobic.

In short, it can be said that organic farming has decreased the contribution of 
agriculture to global warming. It, therefore, leads to a stable food supply, which is 
threatened by the climate change. On the other hand, more research is required in 
order to estimate the extent of this alleviation and identify what improvements can 
be done in organic farming to increase it. Another important way to reduce the con-
tribution of food production to global warming is to alter our eating habits, especial-
ly in the developed countries by reducing consumption of red meat (Moreau 2007).

8  Organic Foods

Some studies have revealed and also some consumers think that organic products 
are rich in flavor and nutrients. The organic products are sold at high prices as com-
pared to the conventional food products. Since organic foods are grown via more 
labor-intensive production methods, they are sold at high prices.

8.1  Organic Certification

Organic certification is a certification procedure for manufacturers of organic prod-
ucts. In common, a few trades in food manufacture are certified including farm-
ers, retailers, food processors, seed suppliers, and restaurants (Organic Certifica-
tion 2013). Organic farmers are qualified to assure that their agricultural techniques 
comply with principles of organic manufacture to reassure consumers, retailers, and 
wholesalers that their products are really organic (Department of Agriculture and 
Food 2010). Necessities differ from country to country and normally engage a set of 
manufacturing principles for raising, storage, packaging, processing, and delivery 
that comprise:

• Human manure sludge fertilizers are not employed in feed of animals or devel-
opment of plants

• Prohibition of artificial chemical inputs not on the National List of Allowed 
and Prohibited Substances (e.g., pesticides, food additives, antibiotics, fertilizer 
etc.), irradiation, GM organisms and the use of sewage mud

• A complete written record of manufacturing and sales proceedings (audit trail) 
should be kept
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• Firm substantial separation of organic goods from noncertified goods
• Carrying out periodic on-site assessment

Organic certification deals with increasing international demand for organic food 
substances as well as guaranteeing quality, avoiding deception and supporting com-
merce of food. Such an official recognition was not compulsory in the early days of 
the organic association. With the passage of time, as organics have developed fame, 
the small-scale producers trade their goods straight to farmers’ marketplace. Mostly 
customers are buying organic products through established channels, for example, 
supermarkets.

8.2  Hazard Analysis

A number of significant food safety hazards to consider in an organic farm may 
comprise:

1. Microbiological contagion from fish emulsion fertilizers or compost
2. Quality of water used for washing or processing the produce
3. Pest control methods
4. Contamination from exterior sources, for instance transport suppliers
5. Clean-down measures (Department of Agriculture and Food 2010)

9  Organic Agriculture and Food Security

Organic farming can add to food security. Eight hundred and 50 million people still 
starve for food, even though the worldwide food supply is sufficient. Additionally, 
the price of food has increased noticeably in the past 10 years, and there is less 
genetic assortment in our food because of traditional agricultural techniques. As a 
result, populations are more exposed to the threat of food scarcity. Organic farming 
has the ability to meet up these confronts. Organic farming involves access to food 
by dropping threats of disease, raising productivity and biodiversity over the last-
ing period, and giving means for limited manufacture and access to food. Sponsors 
for traditional agriculture disagree that organic agriculture reduces yield. Organic 
advocates, on the other hand, think that yield is identical to traditional farms over 
the extended period of time (Morgera et al. 2012). Organic agriculture has the fol-
lowing roles in food security:

• Mitigates acute starvation during food emergency situations through increased 
ecosystem stability and diversification

• Improves domestic nutrient intake and capability to buy food via sustainable 
growth and commercialization of small-scale agriculture

• Develops self-reliant food systems, especially at the domestic level
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• Plays a role in intake of micronutrient and improved diets by the diversification 
of production and reintroduction of underutilized varieties

For poverty mitigation, organic agriculture:

• Contributes to sustainable rural livelihood, as it gives a better return on labor
• Offers employment opportunities, as it requires 30 % more labor input per hect-

are
• Contributes to more common well-being, through nonexploitive work and fair 

salary that develop control on income
• Contributes to development of rural areas, as rural economies are revived

For environmental sustainability, organic farming:

• Avoids harm by increasing energy and nutrient recycling and efficiency of re-
source use

• Is a low-energy track food system, as it forbids the use of nitrogen fertilizers
• Decreases transaction and transport costs via community-supported food short-

supply series
• Restores biodiversity and conserves ecological values (International Conference 

on Organic Agriculture and Food Security 2007)

For food sourcing, organic agriculture:

• Allows smallholders to compete with specialty foods and quality products
• Offers higher farm-gate prices that are a reflection of environmental stewardship 

and real production costs
• Helps re-localize food systems where the poor and hungry live
• Develops effervescent local food supplies that reduce import surges and food-

import reliance

There are many links with organic agriculture practices, including issues such as 
legal protection, authority in the food supply chain, economic development oppor-
tunities, avoidance of noncompetitive practices, inexpensive technology, protection 
of consumers, expansion of local and regional markets, small producer’s integration 
into markets, protection of agro-biodiversity and drinking-water quality, mainte-
nance of ecosystem carrying capability for present and future generations, promo-
tion of gardens at both home and schools, availability of nutritious and diverse food, 
and support of traditions on food-related matters.

It is emphasized particularly that production in agriculture should (in order of 
priority):

• Allow import not only for locally grown items
• Target local food needs in local markets
• Export high cost products
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9.1  Organic Agriculture and Food Availability

There are many factors that affect food availability including fossil fuel crisis and 
water scarcity, globalization that threatens smallholder viability, and urbanization 
and loss of farms and farmers. The role of organic agriculture in food availability 
considers these issues, in terms of both food import capacity and agricultural output.

By converting global agriculture to organic without the use of nitrogen fertil-
izers and conversion of wildland to agriculture would lead to global agricultural 
supply of 2,640–4,380 kcal/person/day. Sustainable growth in developing countries 
through the practice of organic agriculture would lead to an increase in the produc-
tion by 56 %. Organic and conventional yields are comparable on average, although 
yields increase when converting from low-input systems and decline when con-
verting from high-input systems. A case study in Tigray, Ethiopia, reported double 
yields due to organic soil management. The main challenges in semiarid environ-
ments are soil management practices and livestock production, whereas in tropical 
humid ecosystems, it is crop diversification. Through an efficient use of natural 
resources locally, input availability is increased in organic systems. Organic farms 
utilize 33–56 % less energy per hectare. They also improve economic competence 
through savings on inputs, but are laborious. Nutrient use is increased through mini-
mizing losses and recycling, but phosphorus is not easily accessible.

Organic urban gardens enhance the urban food supplies through short supply 
chains between consumers and growers. At community and household level, organ-
ic rural and urban markets and networks play an important role in improving food 
quality, quantity, and diversifying food availability. It is seen that organic agricul-
ture is emerging robustly in domestic markets of some developing countries, such 
as Brazil, India, and China. The role played by the developed country consumers in 
triggering organic production in developing countries is known, but the ability of 
the poor to feed themselves is still an interrogation.

A challenge related to international markets is to create participatory networks, 
to bring the producers together, and to develop value chains based on reasonable 
trade and informed choices. The significance of food traceability is stressed to au-
thorize consumers and producers, especially as organic farming is stepping into 
the mainstream. Nature and More are the examples of the commercially efficient 
systems which internalizes social and environmental costs in food prices. It is made 
clear that organic markets are not for an economic influence, but for an “aware 
elite” prepared to pay elevated prices provided the label is reliable.

There is a requirement for better agroecological science as well as need to under-
stand factors that play an important role in risk alleviation. The complex environ-
ment–livestock interactions have been highlighted as an area for further research 
and improvement of organic principles. The importance of participatory guarantee 
systems is considered important to reduce the costs and authorize farming commu-
nities to distinguish their organic products in sale.

There is a need to assess organic foods and farms fundamentally as a whole, with 
multiple measurements on both efficiency and productivity. For comparing organic 
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systems with other food systems, the adequate methodology must consider total 
agricultural outputs of multiple cropping systems, including yields and secondary 
goods such as straw, environmental services, such as carbon sequestration, total 
energy efficiency from the farm to postharvest handling and distribution, water sav-
ing, and soil fertility, and nonfood benefits derived from agricultural systems such 
as social equity and disease reduction (International Conference on Organic Agri-
culture and Food Security 2007).

9.2  Organic Agriculture and Access to Food

Organic agriculture system improves food access by increasing output, variety, and 
conservation of natural resources, by raising salaries and by decreasing risks for 
farmers. Enhancement also results by sharing knowledge among farmers. These 
benefits lead to poverty alleviation and a turnaround of migration from rural to 
urban areas. Policy requirements to advance food access include expanding fair-
trade systems along the full value chain, increasing farmer’s rights to local varieties, 
seeds, and biodiversity, strengthening the rights of indigenous farmers, and evaluat-
ing current emergency aid and procurement plans.

The investigation of several case studies on organic agriculture system in Af-
rica, Asia, and Latin America suggests that the economic effects of converting to 
organic agriculture depend on the previous farming system. When converting from 
traditional extensive farming to organic farming, input cost reduces, while yield and 
income are likely to increase. On the other hand, when converting from intensive 
farming, yield and income tend to reduce. In both cases, input costs reduce and labor 
costs increase. However, there are other advantages of organic agriculture beyond 
the purely financial ones, such as conservation of natural resources, health protec-
tion, risk reduction, increased flexibility to adverse weather, and farmer authority 
through the attainment of knowledge and higher dependence on limited inputs. It is 
thought that policies aiming at facilitating the import of cheap foods and providing 
subsidies to farmers in developed countries have unfavorable effects on farmers in 
developing countries. On the other hand, in rural areas, access to food is enhanced 
by organic agriculture system. Organic agriculture system also tends to reorganize 
gender roles, with women participating more in homegrown foods, but care should 
be taken in the sharing of workload.

It is being noted that the conventional food prices are frequently altered by sub-
sidies and do not reflect the full cost to society as a whole or the environment. The 
higher production does not necessarily translate into higher local access to food, 
but food must also be ethnically appropriate. The superior farm-gate food prices are 
needed for livelihood security, but market intelligence is needed to sustain benefits 
from improved income generation. Six thousand farmers are improving their in-
come by 10–20 % from organic cotton in Madhya Pradesh, India, just due to market 
knowledge: a business model that builds networks and partnerships among retailers, 
spinning and processing companies, and farmers. As knowledge is very crucial in 
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organic agriculture, farmer organizations have a significant role to play in training, 
extension, and technical assistance. A participatory internal control system can be 
established to reduce the cost of certification and group marketing.

The private sector should be the engine of growth for the organic supply system, 
whereas the governments can be more influential in building capacity and supporting 
research and providing legal and institutional environment. Extended political dedica-
tion by governments is deemed essential for the sustainable development of organic 
agriculture (International Conference on Organic Agriculture and Food Security 2007).

9.3  Organic Agriculture and Stability of Food Supply

The strength of food supply is challenged by climate change and interannual vari-
ability, trade reform impacts on commodity prices, and the erosion of natural re-
sources and environmental services. Organic agriculture system is analyzed through 
the environmental constancy of organic agroecosystems. Preventive measures are 
mainly emphasized by organic agriculture system that results in an overall stability 
of the agroecosystem, especially of soils that have high levels of microbial biomass 
and increased soil organic matter. Organic soil structure results in better percolation 
and water drainage, and improves water retention (20–40 % more), thus decreasing 
the requirement of irrigation and increasing crop yield in drought periods. Manda-
tory crop rotation is a road to better ecological balance through rehabilitation of 
functional biodiversity and the use of adapted seeds/breeds.

9.4  Organic Agriculture and Food Utilization

The utilization of food is challenged by dietary problems, health concerns and rapid 
urbanization, global trans-boundary diseases and higher occurrence of contamina-
tion, food consumer demands for quality food, and changing trade patterns. The role 
of organic agriculture system is analyzed in terms of consumer health, food quality, 
postharvest handling, and food security. Numerous benefits of organic agriculture 
system depend on the establishment of an ecological balance among the soil, plants, 
and animals, not just on substituting synthetic pesticides and fertilizers with or-
ganic ones. This primary difference is particularly significant for farmers with little 
knowledge of organic agriculture.

It is expected by the consumers that the organic food must be safe and should 
be equal to or better than the conventional foods. Organic foods should have more 
plant secondary metabolites, higher micronutrient content, and more conjugated 
fatty acids to contribute to better human health, including lower incidences of non-
communicable diseases. Organic systems provide higher animal immunity and 
increased disease resistance of plants, with 50 % less mycotoxins in crops and a 
persistent shelf life. The restriction on synthetic input use has led to safer drinking 
water, due to reduced amount of phosphates and nitrates being leached and pesticide 
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poisoning is also avoided (about 20,000 deaths per year are caused by conventional 
agriculture chemicals).

Rural environmental pollution in China has led to the need for health and environ-
mental protection among consumers. Organic land has increased from 342,000 ha 
in 2003 (0.28 % of total land) to 978,000 ha in 2005, while increasing the yearly 
income of local farmers by nine times. The example of China is very inspirational 
because it provides three distinct organic supply models. The first is commercially 
successful and involves suburban or semi-urban areas close to large rich cities in 
the Eastern provinces. These organic gardens, which give jobs to needy workers, 
sell to both domestic supermarkets (owned by big entrepreneurs) and international 
market. In the second model, usually the most successful, domestic farmers take the 
entire risk and are in charge of group training and certification. The third model, 
more insecure, involves poor farmers living in remote locations, encouraged by lo-
cal research institutions or local environment defense boards.

The benefits of higher yields can be less than the cost of illness. More knowledge 
is required to understand the cost of organic agriculture on the nutritional quality of 
diet, both in developed and in developing countries. It is decided that organic foods 
should not only be evaluated in terms of “harmless,” but also in terms of other life 
quality and fitness values. The significance of food cultures is considered impor-
tant, including knowledge systems for food harvest, storage and preservation. The 
revival of indigenous knowledge and local system adaptation is highlighted for the 
pattern shift towards food security. For the revival of local food systems, govern-
ments should facilitate homegrown policies. A holistic view of food systems, ahead 
of productivity to include social, environmental, and health impacts, could solve 
the current irony in farming (International Conference on Organic Agriculture and 
Food Security 2007).

10  Organic Farming Methods

The overarching objective of organic farming as defined by IFOAM is as follows:
Organic agriculture is a manufacture system that maintains the health of soil and 
people. It depends on biodiversity, ecological procedures, and cycles modified to 
confined circumstances. Organic agriculture merges modernism, custom, and sci-
ence to do well to the shared surrounding and encourages just relationships and a 
high quality of life for each and every one involved (International Federation of Or-
ganic Agriculture Movement 2008). Miscellaneous “organic fertilizers,” e.g., cattle 
dung compost, farmyard manure, MSW compost, sewage sludge, poultry drop-
pings, plants bio-fertilizers, microbial inoculants, and earthworm vermicastings, are 
used for agriculture all over the world where farmers are unable to afford expensive 
chemical manures (Sinha and Herat 2012). Most studies reflect that organic farm-
ing could increase the quantity and variety of total fungi and total bacteria in soil 
(Wang et al. 2012).
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10.1  Chemical Control

The pest problem cannot be solved by the pesticides. Insecticide use has amplified 
tenfold, whereas crop fatalities from pest spoil have doubled in the past 50 years. 
Three significant causes of why natural power is preferable to pesticide use are 
given below:

10.1.1 Safety For People

Synthetic pesticides can rapidly discover their mean into watercourses and food 
chains. This can generate health risks for humans. Human health can also be de-
bilitated by population consuming food (especially vegetables and fruit) holding 
remains of pesticides sprayed on the produce. Around the world, there are an esti-
mated 1 million cases of poisoning by pesticides each year. Approximately 20,000 
of these result in death. The majority of the deaths occur in tropical countries, where 
chemical pesticides prohibited in the USA or Europe are still available.

10.1.2 Cost

As natural techniques do not involve purchasing matter from the exterior, using natu-
ral disease and pest control is frequently cheaper than applying chemical pesticides.

10.1.3 Safety for the Environment

Chemical pesticides can have a number of harmful effects on the environment. They 
are:

• Useful insects can be killed by chemical pesticides. The equilibrium between 
pests and helpful predators can be disturbed by only one spray.

• Artificial chemicals can reside in the bodies of animals and in the environment 
causing troubles for several years.

• Insect pests can rapidly turn out to be resistant to synthetic products and are no 
longer restricted over a small number of breeding cycles. This means that stron-
ger chemicals or enlarged quantity are subsequently required, generating more 
environmental, health, and economic problems.

10.2 Natural Control

The organic farmer can manage pests and diseases in a number of ways by:

• Raising vigorous crops that experience fewer harm from pests and diseases
• Selecting crops with an innate resistance to particular pests and diseases. Local 

varieties are superior in resisting diseases and local pests as compared to intro-
duced varieties
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• Avoiding the phase when the pest does the majority harm by timely planting of 
crops

• Companion sowing with other crops (garlic, onion) to keep the pests away
• Picking or trapping pests from the crop
• Recognizing diseases and pests properly. This will stop the farmer from uninten-

tionally eradicating helpful insects or wasting time. It is hence useful to know 
preferred host plants, breeding habits, predators of pests, and life cycles

• Using crop rotation to check a carryover of pests to the subsequent period and 
breaking pest cycles

• Providing a natural environment to promote natural predators that manage pests

10.3  Weed Management

Weed management in organic farming is not a simple job, mainly in regions where 
labor for hand weeding is not reasonably priced or is scarce. On the other hand, the 
standard must be similar as in any traditional cropping scheme, i.e., weed competi-
tion desires to be prohibited in turn to attain the highest crop yields. This essentially 
involves weeding with nonchemical substances, however, this has to be done ac-
curately at the precise time to get rid of weeds during the supposed significant 
phase of weed competition. Organic schemes also need the use of precautionary 
techniques prior to raising the crop and to set up a sensible crop rotation. Decayed 
seedbed preparation to kill the weeds manually or mechanically is an extremely 
fine choice to hold up the launch of weed competition. The use of green manure 
and cover crops, as well as mounting soil fertility, may possibly assist to manage a 
number of weed varieties. The common techniques used to put off weed competi-
tion in organically raised crops are elevated seeding rates and companion cropping 
with small-seeded legumes and narrow seed spacing/cross seeding (Food and Agri-
culture Organization of United States 2013).

Organic weed management encourages weed inhibition, to a certain extent, by 
promoting phytotoxic effects on weeds and crop competition. Organic farmers in-
tegrate biological, cultural, chemical, physical, and mechanical strategy to control 
weeds without artificial herbicides. Organic principles say that a single crop can-
not be raised in a similar place without a different, dominant crop. Thus, organic 
standards need rotation of annual crops. Crops with different life cycles depress 
weeds linked with a particular crop. The weed-suppressive cover crops are repeat-
edly incorporated in organic crop rotation. Organic farmers struggle to amplify soil 
organic material content, which can hold up microorganisms to demolish ordinary 
weed seeds.

Additional cultural procedures used to improve crop competitiveness and lessen 
weed force include high-density planting, tight row spacing, choice of viable crop 
ranges, and delayed planting into lukewarm soil to promote quick crop germination. 
Physical and mechanical weed control procedures used on organic farms can be 
generally classified as (Schonbeck 2010):
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• Tillage—rotating the soil between crops to integrate crop remains and soil altera-
tions; eliminate accessible weed development and set up a seedbed for planting

• Cultivation—upsetting the soil after seeding
• Cutting and Mowing—eliminating apex enlargement of weeds
• Thermal weeding and flame weeding—using heat to kill weeds
• Mulching—jamming weed appearance with plastic films, landscape fabric, or 

organic materials (Szykitka 2004)

For herbicidal use, a few naturally supplied chemicals are acceptable. These include 
corn gluten meal, certain formulations of acetic acid (concentrated vinegar), and 
essential oils. A small number of choosy bioherbicides based on fungal pathogens 
have also been built up (Schonbeck 2010).

10.4  Crop Rotation

Crop rotations are at the heart of organic agriculture and aid organic methods to shield 
our surrounding. They engage in altering the form of crop developed in one area on 
a usual basis. Organic farmers sow alternating groups of plants (brassica, cereals, 
roots, and legumes) to put in fertility and stop diseases and pests from strengthening. 
A few plants, like clover, provide nutrients to the soil, whereas potatoes and wheat 
consume nutrients. Rotations frequently comprise of a “rest” phase for individual 
plots or fields, where “green manure” or grass such as clover is grown for a season 
or further to add fertility. This is known as planting “ley.” Although using crop rota-
tion may sound old fashioned, it is a more effective and sophisticated method than 
chemicals. Using chemicals to fertilize the soil frequently merely supplies crops with 
three basic elements (nitrogen, potassium, and phosphorous) that they require to 
grow before supplying them with each and every nutrient that they require.

In addition to making sure that soil nutrients do not get exhausted, crop rotations 
check the buildup of diseases and pests, which assist organic producers to prevent 
the use of pesticides. When a farmer grows the similar crop in one field year after 
year (known as monoculture), the pests and diseases that attack the crop set up and 
get enlarged in number with time. Nonorganic producers rely on pesticides to deal 
with the pest and disease. On the contrary, organic farmers stay away from this by 
growing discontinuous crops that are susceptible to different diseases and pests ev-
ery year, stopping several from getting established in the similar location.

Crop rotations have a lot of significant functions:

1. They assist to manage diseases and pests.
2. They help to preserve soil fertility.
3. They help out to maintain soil structure and soil organic matter levels.
4. They make certain that sufficient nutrients are accessible to different crops each 

year.

In general, organic farming decreases environmental pollution and liberate GHGs 
from food manufacture.
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10.5  Soil Management

Plants require potassium, phosphorus, and nitrogen, in addition to micronutrients. 
Green manure and crop rotation facilitate to give nitrogen through legumes (the 
Fabaceae family), which fix nitrogen from the atmosphere through symbiosis with 
rhizobial bacteria. Intercropping, which is occasionally used for disease and insect 
management, can add soil nutrients, but the rivalry among the crop and the legume 
can be challenging, and a greater gapping among crop lines is necessary (Watson 
et al. 2002). Organic farmers use animal manure and developed fertilizers such as 
a variety of mineral powders like greensand, rock phosphate, and seed meal. Col-
lectively, these techniques assist to manage erosion. In a number of cases, pH might 
have to be altered. Except in the USA, few compounds such as magnesium sulfate, 
aluminum sulfate, soluble boron products, and iron sulfate are permitted in organic 
farming.

Diverse farms with both crops and livestock can function as lay farms, whereby 
the land collects soil fertility through increasing nitrogen-fixing grasses such as 
alfalfa or white clover and raise cereals or cash crops as soon as soil fertility is 
established. Farms exclusive of livestock may discover it more complicated to pre-
serve fertility and could depend on peripheral contributions, such as grain legumes 
and green manures. Horticultural farms raising vegetables and fruits, which func-
tion in confined circumstances, are frequently more dependent upon exterior inputs 
(Watson et al. 2002).

10.6  Controlling Other Organisms

Nematodes, arthropods (e.g., mites, insects), bacteria, and fungi are organisms other 
than weeds, which form the basis of problems on organic farms. A broad range of 
integrated pest management techniques are used by organic farmers to avoid diseas-
es and pests. These comprise, however, are not restricted to, nutrient management 
and crop rotation, providing environment for advantageous organisms, sanitation 
to eradicate pest territory, crop protection using physical obstacles, crop diversifi-
cation by companion planting or founding of polycultures, and collection of pest-
resistant crops and animals. Organic farmers frequently rely on the use of advanta-
geous organisms to diminish pest populations (biological pest control). Examples 
of advantageous insects include big-eyed bugs, minute pirate bugs, and ladybugs 
(which are likely to fly away).

Natural insecticides permitted to use on organic farms include Pyrethrum (a 
chrysanthemum extract), Bacillus thuringiensis (a bacterial toxin), rotenone (a le-
gume root extract), neem (a tree extract), and spinosad (a bacterial metabolite). 
These pesticides are used by less than 10 % of organic farmers regularly (Lotter 
2003). These are, at times, called green pesticides, since they are usually considered 
to be environment-friendly and safer. Pyrethrum and rotenone are mostly contro-
versial, since they perform by affecting the nervous system just like the majority 
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of traditional insecticides (Pottorff 2010). Rotenone is awfully toxic to fish and is 
able to provoke symptoms similar to Parkinson’s disease in mammals (Sheer et al. 
2003). Naturally resulting fungicides acceptable for use on organic farms include 
the fungus Trichoderma harzianum and bacteria B. pumilus and B. subtilis. These 
are chiefly successful for diseases attacking roots.

10.7  Genetic Modification

A key feature of organic agriculture is the refusal of genetically engineered ani-
mals and plants. Though resistance to the utilization of every transgenic technology 
in organic agriculture is powerful, some agricultural researchers persist to support 
incorporation of transgenic technologies into organic agriculture as the most favor-
able way to sustainable farming, predominantly in the developing countries (Her-
rera-Estrella and Alvarez-Morales 2001). In the same way , a few organic growers 
question the justification behind prohibiting the use of genetically engineered seeds 
as they view this sort of biotechnology to be steady with organic standards.

11  Production of Inputs for Organic Farming

11.1  Composting

11.1.1  Production of Compost

Compost production is the major sustaining factor of organic farming. It is done by 
the interaction of biological materials and the microorganisms. It is a decomposition 
method that produces a stable product from the organic matter. A large amount of 
organic matter from the farms or kitchens can be recycled back to the soil as com-
post. The level of organic matter can be increased by the addition of compost with 
many beneficial effects, such as water retention capacity improvement in humus 
content, absorption capability, etc. Compost can also be used for bedding.

11.1.2  Classification of Composing

a. Aerobic Composting: Aerobic composting involves aerobic conditions neces-
sary for the composting of large-scale agricultural and municipal wastes. Aerobic 
microbes control aerobic composting. Therefore, oxygen is crucial for this decom-
position process. It is characterized by the absence of foul odors, short stabiliza-
tion, and high temperature. The high temperature helps in destroying the pathogenic 
organism and the weed seeds.
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b. Anaerobic Composting: It is controlled by anaerobic bacteria, which work in 
the absence of atmospheric oxygen. The method works at lower temperature char-
acterized by longer stabilization time and production of foul odors. The major ben-
efit of anaerobic composting is that minimum attention is required for the process 
and once the compost bed is established, little or no energy is needed.

11.1.3  Vermi Compost

Earthworms set up compost from livestock and farm wastes. Earthworms con-
stantly nourish upon the organic residues and manufacture casts. Vermi compost 
is a term normally given to the casts produced by earthworm. Casts of earthworms 
function as a good quality supply of manure for rising crops because they are typi-
cally wealthy in organic matter and nutrients. Earthworms, which are exclusively 
appropriate for the preparation of vermi compost are Eudrilus eugeniae, Eisenia 
fetida, and Perionyx excavatus.

11.1.4  Merits of Vermi Compost

1. Helps in improving the pH of soil, i.e., salinity and alkalinity of the soil
2. Helps in removing some of the toxic components from the soil
3. Helps in providing macroelements and small dose of essential elements
4. Helps in reducing the translocation of chemical fertilizers especially nitrogenous 

fertilizers
5. Helps in increasing the fertility of soil
6. Helps in increasing the water absorption capacity of the loose soil and penetra-

tion in compact soil
7. Assists in dropping soil influx by nematodes
8. Vermi compost is also full of enzymes responsible for general growth of plants, 

hormones such as auxins and cytokinins, and microorganisms for raising the 
proportion of nitrogen

9. Helps out in dropping the infestation of termites

11.2  Green Manure

For growing crops, numerous green manure crops give adequate nitrogen and or-
ganic matter. In a time range between 45 and 60 days, these can supply 60–90 kg 
nitrogen. Green manuring moreover aids to accelerate the nutrient cycling process 
and put together accessible nutrients to the crops by supplying large amount of eas-
ily decomposable organic matter to the soil.
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11.2.1 Benefits of Using Green Manure

1.  With modest additional labor, a low-cost method of improving crop is presented 
by green manuring.

2.  Green manures are particularly significant where not enough animal manure is 
obtainable, e.g., on farms.

3. They aid in increasing the soil fertility.
4. Green manures add on different nutrients.
5.  By improving drainage and letting additional air into the soil, they advance soil 

structure.
6.  Green manures facilitate sandy soil not to drain so quickly by assisting soil to 

grasp added water.
7.  Since the roots go through deep in the soil and grasp the plant in position, green 

manures furthermore help out to prevent the soil from being carried away by 
wind (Deshmukh 2010).

Inorganic fertilizers used in traditional methods might not protect soil structure, but 
may cause large fluctuation in the ion concentration and pH of the soil solution. These 
can considerably decrease a number of soil faunal populations, particularly earth-
worms. Organic manuring applications tend to preserve soil structure and are not dis-
rupting to the soil chemical surrounding. It contributes to manage microbial pathogens 
and supports populations of valuable soil fauna. Where inorganic fertilization proce-
dures stop working to preserve soil organic substance intensity, and consequently soil 
structure, they restrain crop rooting and decrease the water preservation capability 
of the soil. The accessibility of micronutrients and retention of macronutrients are 
improved by organic manuring procedures. The use of extremely soluble inorganic 
fertilizers usually results in greater losses of macronutrients, which can injure crop 
roots and interrupt crop uptake of all nutrients. It may be due to nutrient imbalance.

Inorganic fertilization procedures, which harm soil structure, may limit the cy-
cling of a number of crop nutrients, and speed up the loss of others. Nutrient cycling 
effectiveness in farming systems has significant implications for water resources. 
Adding up of phosphorus to surface water results in eutrophication. Phosphorus 
losses are likely to be higher for traditional than organic farms. This is due to soil 
erosion and removal or unintentional loss of livestock wastes. Contamination of 
groundwater with nitrates in a lot of areas is strongly associated with agricultural 
practices, but the comparative impacts of organic and conventional structures are 
hard to estimate (Hodges 2012).

12  Implications of Organic Farming

IFOAM has outlined some principles for organic farming which state the main-
tenance of ecology and also the avoidance of all pollution spreading practices. 
Production values and economic feasibilities are also incorporated as key points 
(Deshmukh 2010).
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12.1  Soil Health

Soil is given more care by organic farming. Organic farming enhances the status 
of micronutrients. Green manuring, in addition to rock phosphate and vesicular-ar-
buscular mycorrhiza (VAM) fungi, enhances the uptake of macronutrients such as 
phosphorus and nitrogen (mycorrhizal associations produced by Glomeromycotan 
fungi are known as arbuscular mycorrhizas or vesicular-arbuscular mycorrhizas). 
An increase in the organic matter of soil occurs, pH of soil becomes stable, and 
organic carbon enhances, which are important for good biological environment 
of soil. Organic manure speeds up the nutrition transformation processes. The en-
hancement of soil’s physical properties occurs in terms of aggregation stability, 
porosity, nutrient retention, soil aeration, and water-holding ability (Deshmukh 
2010).

12.2  Water Pollution

Water contamination can be eliminated by prohibiting the use of synthetic peptides 
in organic farming as compared to conventional farming. No use of antibiotic 
and food additives in livestock production may decrease the risk factors involved 
in conventional livestock (Deshmukh 2010). Factors related to losses in nitrate 
leaching are nitrate load in the soil, different activities of crop production, and the 
type of crop harvested. It is also determined by inclusion of organic matter and 
nitrogen demand by crops. The nitrogenous humus being incorporated in the soil 
must be equal to the demand of nitrogen by the crop. Water pollution can only 
be caused by mishandling, otherwise organic farming has very low risk factors 
(Deshmukh 2010).

12.3  Air Pollution

Air pollution in organic farming is less than that in the conventional farming due to 
the following reasons:

• Excess of nitrogen is less in organic system and is likely to emit little amount 
of gaseous nitrogen. Losses of ammonia can occur through management and 
spreading of farmyard manure (FYM).

• Organic farming forbids the use of many wastes, which may result in water, soil, 
and air pollution.

In organic farming, emission of carbon dioxide is lower due to prohibition of use of 
chemicals (Deshmukh 2010).
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13  Present Status of Organic Farming

The requirement of safe and sound food, in competition to improved environmen-
tal consciousness, has resulted in a rising demand for organic stuff. In developed 
countries, there is a steadily growing market for organic products, driven by rising 
consumer awareness for health and environment, which offers farmers a chance 
to produce for the best price markets and hence an opportunity to augment their 
farm profitability and improve their livelihoods. Organic agriculture is seen as a 
sustainable method of attaining social, environmental, and economic goals by pro-
ducing above-average income in contrast to similar conventional farm sizes, new 
job opportunities due to comparatively elevated labor inputs, and improved habitat 
circumstances as synthetic fertilizers and pesticides are not applied.

14  Causes of Low Adoption of Organic Farming

In organic farming, the foremost challenges are management of nutrients and in-
crease of yield (Toumisto et al. 2012). Although adaptation to organic agriculture 
often comes with a decrease in crop yield, proponents of organic agriculture high-
light the sustainability mainly due to improvement in organic material-associated 
soil excellence. Based on current research on methods driving soil organic material 
turnover, though, it somewhat comes into view that low-input agroecosystems may 
convert to lesser competence in terms of substrate use by heterotrophs which might 
have an effect on soil organic material storage space in the long run. A collection of 
field statistics verifies lower use competence in some organic soils and thus ques-
tions the claim of a largely sustainable use of the soil reserve in organic agricultural 
methods (Leifeld 2012).

15  Conclusion and Future Perspectives

Organic farmers depend greatly on versatile understanding of soil science and ecol-
ogy. Modern organic farming methods are used to guarantee fertility and pest/weed 
control with conventional techniques of crop rotation. Organic farming has to be 
implicated as a feasible option compared to conventional approaches in agriculture. 
Thousands of farmers have transformed to this method as a result of a higher de-
mand for organically developed foodstuff. Organic farming also involves access to 
food by dropping threats of disease, raising productivity and biodiversity over the 
lasting period, and giving means for limited manufacture and access to food. Other 
advantages of organic agriculture beyond the purely financial ones include con-
servation of natural resources, health protection, risk reduction, increased flexibil-
ity to adverse weather, and farmer authority through the attainment of knowledge 
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and higher dependence on limited inputs. Sustainable earnings in organic farming 
would not only include safe food production but also shielding of natural environ-
ment and maintenance of limited assets. Today, the organic agriculture sector is one 
of the fastest growing food segments, thrust to which is provided by many factors 
like introduction of policies that prove to be encouraging for organic agriculture, 
taking away of government funding on agricultural inputs, controversial debate on 
genetic modification related to food safety and crisis aggravated by foot and mouth 
and mad cow diseases and dioxin-contaminated food. On the demand side, forceful 
marketing and promotion strategies of supermarkets and retailers have produced 
new marketing prospects in northern countries. Food retailing chains have played a 
significant role in promoting the market growth for organic food products.
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Abstract Mutation breeding for the past few decades has been pivotal in develop-
ing such high-yielding varieties which greatly help to feed the ever-growing global 
human population. Although induced mutations have great relevance for growing 
superior plant types in different crops plant, most of them are lethal or semi-lethal 
and do not have any practical values possibly due to the doses monitored and/
or mutagens employed. Thus, to administer successful mutagenesis, selection of 
efficient mutagen and treatment is a basic prerequisite. The cytological analysis 
with respect to meiotic or mitotic behavior is considered one of the most reliable 
indices to estimate the potency of a mutagen. Hence, investigations on cytological 
aberrations and their genetic consequences form an integral part for most of the 
mutation studies and provide a considerable clue to assess the sensitivity of plants 
for different mutagens. In addition, the cytogenetic information vis-à-vis chromo-
some deformities provides an exhaustive overview related to the improvement of 
the desired trait via induced mutagenesis. The present documentation is an attempt 
to reveal the impact of mutagens on cytological behavior and their overall role in 
crop improvement.

Keywords Chromosomal abnormalities · Genetic variation · Improved traits · 
Developmental processes
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1  Introduction

Cytological abnormalities are considered one of the dependable criteria for estimat-
ing the potency of mutagenic effects, besides manipulating chromosome segments or 
whole sets of chromosomes to solve a particular problem in different crop plants (Red-
dy 1990). The spectrum of chromosomal abnormalities is generally broad at particu-
lar stages of cell division (especially diakinesis–metaphase) of meiosis (Azad 2011). 
Studies on different plant species have revealed that the decline in seed production is 
correlated with cytological irregularities (La Fleur and Jalal 1972; Smith and Murphy 
1986; Consolaro et al. 1996; Kumar and Rai 2007; Kumar and Gupta 2007). It has been 
 reported that chromosomal mutations leading to the formation of nonfunctional gam-
etes are the most common effects of mutagen-induced sterility with reduced reproduc-
tive capacity (Swaminathan et al. 1962). In higher plants, cytological abnormalities due 
to single or combination treatments of various mutagens have been comprehensively 
reported by several workers in different crop species like Hordeum vulgare, Pisum 
sativum, Triticale, Nigella sativa, Vigna spp., Physalis, Lycopersicon esculentum, Lens 
culinaris, Solanum melongena, Cicer arietinum, Capsicum annuum, Lathyrus sativus, 
Chlorophytum comosum, and Catharanthus roseus (Swaminathan et al. 1962; Jayaba-
lan and Rao 1987; Venkateswarlu et al. 1988; Ignacimuthu and Babu 1989a, b; Edwin 
and Reddy 1993; Mitra and Bhowmik 1996; Dhamayanthi and Reddy 2000; Pagliarini 
et al. 2000; Goyal and Khan 2009; Fatma and Khan 2009; Husain et al. 2013).

The application of a varied number of mutagens, having different physicochemi-
cal properties, alters the chemical pathways and provides information regarding 
the molecular actions of chromosomes and the genes involved through molecu-
lar assays (Haliem et al. 2013). Cytogenetic tests are regarded as the indicators 
of genotoxicity, genetic variation, cytotoxicity, and mutagenic potency (Juchimiuk 
and Maluszynska 2003; Husain et al. 2013). In the light of previously documented 
works, the main goal of compiling this literature at one place is to evaluate and 
reveal the cytogenetic paradigm in terms of aberrations caused by mutagenesis for 
better understanding of mutational processes.

2  Major Types of Cytological Aberrations

In any mutation breeding program, various chromosomal aberrations are noticed 
and the different types that come across from experimental mutation studies are 
 illustrated in Fig. 11.1 (aberrations of a model crop Vicia faba L.).

2.1  Stickiness

Sticky chromosomes were first reported in maize (Beadle 1932) and are most-
ly seen as intense chromatin clustering at the pachytene stage. The phenotypic 
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Fig. 11.1  Control diakinesis ( 1), control metaphase ( 2), stickiness at metaphase I ( 3), stray biva-
lent with sticky chromosomes at metaphase I ( 4), control anaphase I ( 5), bridge at anaphase I ( 6), 
laggard at anaphase I ( 7), control telophase I ( 8), control metaphase II ( 9), stray chromosomes at 
metaphase II ( 10), cytomixis at metaphase II ( 11), and laggard at anaphase ( 12). (Source: Husain 
et al. 2013)
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 manifestation of stickiness may vary from mild, when only a few chromosomes of 
genome are involved, to intense with the formation of pycnotic nuclei, that may 
involve the entire genome culminating in chromatin degeneration. Chromosomal 
stickiness may be caused by genetic or environmental factors. Genetically con-
trolled stickiness has been described in various cultivated plants such as maize 
(Golubovaskaya 1989; Caetano-Pereira et al. 1995), pearl millet (Rao et al. 1990), 
and wheat (Zanella et al. 1991). Different reasons have been put forward for the 
formation of sticky chromosomes; however, the prime cause and biochemical ba-
sis of chromosomal stickiness are still anonymous. Sticky chromosomes might 
result from depolymerization of nucleic acids caused by mutagenic treatments or 
due to the partial dissociation of nucleoproteins and alterations in their pattern of 
organization (Kumar et al. 2003; Kumar and Srivastava 2010). It may also arise 
due to the improper clustering of chromosomes at any phase of the cell cycle, 
which causes the chromatids to be connected by subchromatid bridges (Mc Gill 
et al. 1974).

2.2  Bridges

Bridges may be produced due to subchromatic exchanges or unequal exchange of 
dicentric chromosomes. The occurrence of breaks at the same locus and their lateral 
fusion leads to the formation of a dicentric chromosome which is pulled equally to 
both the poles forming bridges. Another striking reason seems to be the delay or 
failure of terminalization of chiasmata, as a result of which the ends of separated 
chromosomes remain midway between the two poles. Sax (1960) and Saylor and 
Smith (1966) suggested that the formation of the chromatin bridge might be either 
due to the failure of chiasmata in a bivalent to terminalize or due to the stretching of 
chromosomes between the poles.

2.3  Cytomixis

Cytomixis generally refers to the migration of chromatin materials from one cell to 
the neighboring cells through cytoplasmic/intercellular connections. It is consid-
ered to be the production source of aneuploid and polyploid gametes (Kaul 1990; 
Yen et al. 1993). The intensity of chromosome passage from one cell to the other 
during cytomixis depends upon the number and nature of cytoplasmic connections 
(de Souza and Pagliarini 1997). The important factors proposed to cause cytomixis 
are the influence of genes, fixation effects, pathological conditions, herbicides, and 
temperature (Caetano-Pereira and Pagliarini 1997). Cytomixis may have serious 
genetic consequences by causing deviation in the chromosome number and may 
represent an additional mechanism for the origin of aneuploidy and polyploidy 
(Sarvella 1958).
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2.4  Univalents and Multivalents

The univalent is either a chromosome which fails to pair at the zygotene stage or the 
one which pairs to form a bivalent whose two component chromosomes are, how-
ever, separated at the diplotene stage due to non-chiasma formation or precocious 
anaphase separation of bivalents (Sarbhoy 1977). Multivalent can be attributed to 
irregular pairing and breakage followed by translocation and inversion. According 
to Koduru and Rao (1981), the univalents which are formed just before metaphase I 
lie close to each other with their kinetochores directed towards the spindle axis and 
the arms towards the outside and also near to the equator. The anaphasic separation 
of univalents and bivalents depends on their position during metaphase I (Koller 
1938). According to him, the bivalents and univalents, which are at or near the equa-
tor during metaphase I, segregate normally in anaphase I (Ostergren 1951).

2.5  Laggards

A laggard is a chromosome that did not overlap along the long axis of the spindle with 
any of the properly segregating chromosome (Janicke et al. 2007); henceforth, it is the 
cytological aberration, wherein the chromosomes do not attach to the spindle appa-
ratus, and thus randomly segregate in daughter cells. The occurrence of micronuclei 
may cause variation in the number and size of pollen grains resulting from a mother 
cell, especially when found in meiotic telophase II stages (Bhattacharjee 1953). The 
disturbed polarity at anaphase and telophase stages could be due to the spindle distur-
bances. These abnormal segregations vis-à-vis laggard patterns have not been seen to 
resolve the balanced products, and hence the random segregation of multiple chromo-
some types produces mostly aneuploid gametes (Woodhouse et al. 2009).

2.6  Disturbed Polarity

Disturbed polarity is mostly seen at telophase II and could be due to alteration in 
the genes that control the reactions of biochemical pathways determining the posi-
tion of spindle poles as reported by Suarez and Bullrich (1990) and Ansari and Ali 
(2009). Such abnormalities may be attributed to spindle mutations. The cellular 
abnormalities are mostly studied in pollen mother cells as meiotic stages; however, 
the studies on root tips of treated plants for mitotic analyzation cannot be avoided. 
The decline in mitotic index, due to mutagenic treatments, has also been studied 
earlier (Kaur and Grover 1985; Adam et al. 1990; Ahmad and Yasmin 1992; Ku-
mar and Kumar 2000) in various crop plants. Mitotic inhibition might be due to 
the mitotic poison which causes metabolic imbalance, interferes with the synthesis 
and structure of DNA, and results in physiological effects and structural changes in 
chromosomes during the division (Soni et al. 1982).
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3  Interrelation Between Mutagens and Cytological 
Aberrations

Several agents have been reported to cause chromosomal stickiness, including 
X-rays, gamma rays, temperature, herbicides, and/or some chemicals present in 
soil (Caetano-Pereira et al. 1995). Different types of abnormalities like chromatin 
bridges, laggards, fragments, cytomixis, micronuclei, etc. have been reported in the 
past following mutagenic treatments of varying nature (Kumar and Gupta 1978). 
Chromosomal abnormalities and disturbed cytological division patterns are found 
at different stages like laggards and bridges at anaphase and sticky chromosomes, 
fragments, and ring chromosomes at metaphase as have been reported by Grover 
and Tejpual (1982) in Vigna radiata using maleic hydrazide (MH), gamma rays, 
and their combinations. Shah et al. (1992) reported misorientations at metaphase, 
bridges at anaphase, fragmentation, and multinucleolate conditions in Vigna mungo 
using gamma rays. Kumar and Gupta (1978) have observed an induced asynaptic 
mutant, which had shown a large number of univalents and irregular anaphase divi-
sion in black gram.

The mutagenic action alters the pathways of normal cytological divisions which 
lead to abnormalities. For example, the mutation may alter the functioning of pro-
teins involved in chromosome origination, and thus leads to stickiness (induced 
stickiness) or can alter the functioning of structural gene coding for them (heredi-
tary stickiness). Mutagen-induced chromosome stickiness has been described in 
various crops like Phaseolus vulgaris (Al-Rubeai and Godward 1981), Capsicum 
spp. (Katiyar 1978), Turnera ulmifolia (Tarar and Dnyansagar 1980), Lycopersicon 
esculentum (Jayabalan and Rao 1987), Nigella sativa (Mitra and Bhowmik 1996), 
and Secale montanum (Akgün and Tosun 2004). The univalents and multivalents 
are found in mutagen-treated population, and their frequencies are generally higher 
at higher mutagenic doses (Gupta and Roy 1985). Kaul and Murthy (1985), in their 
communication, refer to such genes that control the normal spindle formation lead-
ing to proper separation of bivalents and univalents. Mutation in these genes could 
lead to abnormal spindle formation and function causing uneven segregation of 
chromosomes to the opposite poles, thus resulting in additional number of micro-
spores or formation of micronuclei (Sjodin 1970). The laggards observed during the 
experimental mutagenic studies might be due to the delayed terminalization, sticki-
ness of chromosome ends, or failure of chromosomal movements (Jayabalan and 
Rao 1987). The laggards and micronuclei are regarded as the major factors in pro-
moting pollen sterility in plants (Patil 1992). The percentage of cells with univalents 
and laggards in mutation breeding programs seems to be higher than the percentage 
of cells with micronuclei and indicates that some chromosomes get involved in the 
main nucleus (Dewitte et al. 2010; Gonza’lez-Sa’nchez et al. 2011).

The laggard chromosomes and their presence as univalents and unequal separa-
tion may result in the production of aneuploid gametes which may be utilized in 
breeding programs (Tel-Zur et al. 2005; Miko 2008). Mutagen-induced multivalent 
formations have been reported in various plants (Dhamayanthi and Reddy 2000; 
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Khan et al. 2009; Gulfishan et al. 2010, 2011; Sharma and Gohil 2011). In most 
cases, multivalent formation among mutagen-treated plants has been attributed to 
reciprocal translocation which results in segmental homology between nonhomolo-
gous chromosomes. However, Kleinhofs et al. (1974) reported that sodium azide 
(SA) induces mostly gene mutations with negligible frequency of chromosomal 
aberrations. In addition to altering the cytological behavior, a relative account of 
mutagenic effects on pollen fertility of crop species has been reported by Bhat et al. 
(2007). There is a close relationship between pollen sterility and cytological (meio-
sis) abnormalities as has been also proved by Goyal and Khan (2009). In general, 
the cytological abnormalities have been found to be dose dependent (Zhou et al. 
2003; Goyal and Khan 2009; Husain et al. 2013). It is being viewed that physical 
mutagens produce more cytological abnormalities than chemical ones, but Dhama-
yanthi and Reddy (2000) contrarily reported more cytological abnormalities from 
chemical mutagen-treated Capsicum annuum L. Most researchers in the past reaf-
firmed that meiosis and mitosis is a complex and coordinated activity involving 
several genes, and that mutation in any one of these may lead to irregularities.

4  Case Studies

There have been ample case studies on the effect of mutagens in the past from our 
coworkers on different plant species; however, the two cases have been mentioned 
herein. In one of the case studies, the effects of two potent chemical mutagens, viz., 
ethylmethane sulphonate (EMS) and SA, on the cytological behavior of isolated 
morphological mutants of Vigna mungo have been elucidated (Goyal and Khan 
2010), and the summary of the results has been provided in Table 11.1. However, in 
the second case, the effects of hydrazine hydrate (HZ) and MH on two varieties of 
Vicia faba have been reported by Husain et al. (2013) and accordingly illustrated in 
Tables 11.2 and 11.3. In both case studies, it has been concluded that certain cyto-
logical abnormalities (e.g., stickiness) lead to the reduction of pollen fertility, hence 
reducing the yield. Some abnormalities like cytomixis are beneficial in inducing 
the aneuploidy and polyploidy levels as have been reported earlier by Lavia et al. 
(2011), Kumar and Dwivedi (2013), and Kumar and Naseem (2013).

5  Modern Trends

Cytological tests help to analyze the frequencies of chromosomal aberrations, and 
in the past various methodologies were used to depict the same. However, with the 
advent of molecular diagnostics, modern methods are being adopted which lead 
proximity to perfection. One of the tests is the comet assay, which has been primar-
ily used to test the apoptosis process and is subsequently exploited as a useful tool 
to investigate the capacity of DNA repair-damage processes in the cells induced 
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by mutagens as has been advocated by Menke et al. (2001). The comet assay was 
used to detect the DNA damage of several species after the mutagenic treatments 
(Navarrete et al. 1997); however, it has not yet been adopted by a large number 
of researchers who are working in the field of mutation breeding in countries like 
India. Another method used for cytological assays was the TUNEL (terminal de-
oxynucleotidyl transferase deoxyuridine triphosphate (dUTP) nick end labeling) 
test and has been well illustrated to be used in plant species by Havel and Durzan 
(1996). The TUNEL test has been recommended for the evaluation of genotoxicity 
and mutagenicity of any new tested agent (Juchimiuk and Maluszynska 2003). The 
main advantages of the test include the detection of DNA breaks at a single nucleus 
and a short time requirement with an easy screening (Maluszynska and Juchimiuk 
2005). With the advent of molecular markers adopted in different fields, newer as-
says were introduced to analyze the cells and one of the tests graded as being a 
useful assay is fluorescent in situ hybridization (FISH) which has provided a new 
insight into studying the chromosomal aberrations caused by mutagenesis. All the 
types of assays have been well illustrated and documented by Maluszynska and 
Juchimiuk (2005).

6  Conclusions and Future Perspective

Developing and disseminating the economically important mutant varieties to the 
end users has been a primary goal of any mutation breeding program. To fulfill the 
requirements of this goal, the basic information about the mutagenic sensitivity 
proved highly beneficial for breeders to chalk out policies vis-à-vis isolating the de-
sired and potent mutants. Induction of cytological disturbances in the mitotic as well 
as meiotic cells is of great value, as it results in genetic damage that is  transmitted to 

Table 11.1  Meiotic abnormalities induced by chemical mutagens in various morphological 
mutants. (Source: Goyal and Khan 2010; reproduced by permission)
Treatment/
mutant

Total no. 
of PMCs 
observed

Total 
no. of 
abnormal 
PMCs

PMCs on 
 metaphase I (%)

PMCs on 
 anaphase I (%)

PMCs on 
telophase 
II (%)

Abnor-
mal 
PMCs 
(%)

%age 
pollen 
fertility

Univa-
lents

Sticki-
ness

Bridges Laggards Cytomixis

Control 248 – – – – – – – 97.39
0.3 % EMS 

Bushy
238 9 0.84 (2) 1.26 (3) 1.68 (4) – 3.78 70.00

0.4 % EMS 
Dwarf

249 14 2.81 (7) 0.80 (2) – 2.00 (5) – 5.62 48.25

0.02 % SA 
Narrow 
leaves

225 3 – – – – 1.33 (3) 1.33 96.17

PMCs pollen mother cells
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the subsequent generation. The cytological analysis clarifies the specific response 
of different genotypes to a specific mutagen and provides significant evidence for 
selection of a desirable trait (Avijeet et al. 2011). For the success of adopting cyto-
logical studies in the right direction, the espousal of techniques like comet assay, 
TUNEL, FISH, etc. has to be enhanced to a large extent in mutational experiments 
in order to reveal the hidden treasure of mechanisms which are involved to shape up 
the plant in the desired direction.
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Abstract Wheat ( Triticum aestivum L.) occupies a prominent position among the 
cereal crops and supplements dietary requirement of nearly one-third of the world’s 
population. The importance of wheat can be gauged by the fact that the Food and 
Agricultural Organization (FAO) of the United Nations has chosen a wheat spike 
in its symbol with the description “Let there be bread.” In the present scenario, 
the likings for wheat-based food products have increased, thus widening the scope 
for industrial production and consequently providing the livelihood to millions 
of people world over directly or indirectly. In India, the All India Coordinated 
Wheat Improvement Project established in 1965 by Indian Council of Agricultural 
Research (ICAR) and later raised to the status of Directorate of Wheat Research is 
largely involved with the coordination of wheat research in the country. More than 
300 varieties of wheat suitable for different agronomical conditions of the country 
have been released by the organization. Though, at present, India is self-sufficient 
in wheat production, but the emerging challenges of population explosion, envi-
ronmental stresses, new pathogenic races, decreased arable lands, depleting water 
resources, and degraded soils make it imperative to consistently aim at the develop-
ment of efficient and promising varieties so that the food security in the country can 
be ensured. It is estimated that, by 2030, India will require some 100 million tonnes 
of wheat to satisfactorily feed its population. Therefore, there is a pressing need to 
enhance wheat productivity so as to keep up the pace with the mounting demand and 
to maintain price stability by making it physically available and economically acces-
sible. The key objectives of wheat breeding are yield enhancement, good nutritional 
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quality, biotic and/or abiotic stress tolerance, etc. Presently, conventional methods of 
wheat breeding are not enough to make any considerable breakthrough to cope with 
the world’s rising demand, with the exhausted genetic variability among the existing 
genotypes being the major constraint in the progression of these varieties and also 
making them susceptible to various abiotic and biotic stresses. In this scenario, the 
possibility offered by experimental mutagenesis to induce new genetic variability is 
of extreme interest, as it has played an enormous role in increasing the world food 
security by contributing significantly in the improvement of wheat crop production. 
The present chapter enfolds various historical aspects in addition to contemporary 
knowledge of wheat crop improvement programs through induced mutagenesis.

Keywords Genetic diversity · Historical perspective · Molecular approaches · 
Wheat crop improvement · Mutagenesis

1  Introduction

Wheat ( Triticum aestivum L.), a member of the Poaceae family, is an important 
cereal crop domesticated by ancient farming communities in the Fertile Crescent 
region (James 2009). It is mainly cultivated for its edible grain called caryopsis 
(Fig. 12.1). The other cereal crops which are part of the staple food category along-
side wheat are maize, rice, barley, sorghum, oats, triticale, and rye. The produc-
tion of these major cereal crops around the world is provided in Table 12.1. The 
total production of cereals in some major cereal producing countries is given in 
Table 12.2. From the description of Tables 12.1 and 12.2, it is evident that wheat 
occupies a prominent position among the cereal crops and supplements nearly one-
third of the world’s population diet (Dhanda et al. 2004). Since wheat is important 
for human diet, its further improvement is desired to fulfill the requisite demands of 
the growing population. The goal can be achieved through adoption of various ag-
ricultural and breeding strategies, especially induced mutagenesis—the main focus 
of the present compilation.

2  Background Information of Wheat

Wheat is among the first cereal crops reported to have been cultivated some 10,000 
years ago in Pre-Pottery Neolithic near the East Fertile Crescent (Harlan and Zohary 
1966). After about 8000 B.C., wheat cultivation began to spread beyond its point of 
origin—the Fertile Crescent. Cultivation of emmer wheat started in the Fertile Cres-
cent in about 8500 B.C., reached Greece, Cyprus, and India by 6500 B.C., Egypt 
shortly after 6000 B.C., and Germany and Spain by 5000 B.C. (Diamond 1997). 
By 3000 B.C., wheat reached England and Scandinavia, while it reached to China 
a millennium later (Smith 1995). The first identifiable bread wheat with sufficient 
gluten has been identified by DNA analysis of a sample from a granary dating to 
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1350 B.C. at Assiros in Greek Macedonia (Sheffield.ac.uk). Traditionally, cultivated 
wheat often consists of landraces, also known as farmer’s varieties or folk varieties 
(Belay et al. 1995). These varieties developed by farmers through years of natural 
and human selection are well adapted to local environmental conditions and man-
agement practices (Zeven 1999). Owing to their genetic structure, buffering capac-
ity, and some morphophysiological traits conferring adaptability to stress environ-
ments, they (the landraces) are better adapted to stress environments than modern 
cultivars and prove to be a vital source for broadening the genetic base of cultivated 
genotypes (Jaradat 2013). The landraces play a significant role in the development 
of new varieties with improved yield and yield stability particularly under changing 
environments (Witcomb et al. 1996). Additionally, these landraces also harbor genes 
and gene complexes for quality traits (Zencirci and Karagoz 2005), stress tolerance, 
and for wider adaptation to low-input and organic farming systems (Jaradat 2006).

3  Species of Wheat

Wheat ( Triticum spp.) is a monocot angiospermic plant belonging to the order 
Poales, family Poaceae, tribe Triticeae, and genus Triticum. The number of spe-
cies (wild as well as cultivated) of the genus Triticum varies according to different 
classifications (Merezhko 1998). The wild species are still a valuable source of 
useful agronomic traits for continued improvement of cultivated wheat (Sramkova 
et al. 2009). Based on their ploidy levels, the wheat species are classified into three 
types: (a) diploid with two sets of chromosomes (14 chromosomes, for example, 
T. monococcum), (b) tetraploids with four sets of chromosomes (28 chromosomes, 
for example, T. dicoccoides), and (c) hexaploids with six sets of chromosomes (42 
chromosomes, for example, T. aestivum). According to Huang et al. (2002), grasses 
(family Poaceae) evolved 50–70 million years ago. Wheat, oats, and barley diverged 
about 20 million years ago (Inda et al. 2008). Tetraploid wild emmer wheat ( T. di-
coccoides, genome AABB) emerged as a result of hybridization between diploid 
wheat ( T. urartu, genome AA) and goat grass ( Aegilops speltoides, genome BB) 

Fig. 12.1  Wheat crop at its 
maturity. (Source: http://
www.freegreatpicture.com)
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some 300,000–500,000 years ago (Huang et al. 2002; Dvorak and Akhunov 2005). 
Hexaploid bread wheat does not have a wild hexaploid progenitor and is the result 
of spontaneous hybridization between tetraploid wheat and diploid Aegilops taus-
chii (Kihara 1944; McFadden and Sears 1946; Kerber 1964; Kislev 1980; Dvorak 
et al. 1998; Matsuoka and Nasuda 2004). According to Peng et al. (2011), wild em-
mer wheat T. dicoccoides has the same genome as durum wheat. It is the progenitor 
of cultivated wheat and has contributed two genomes to bread wheat that contains 
three genomes. About 10,000 years ago, hunter-gatherers began to cultivate wild 
emmer, and later from the domesticated emmer, several cultivated tetraploid wheats 
like T. turgidum, T. carthlicum, etc. were derived (Peng et al. 2011). Cultivated 
emmer ( T. dicoccum, genome AABB) is the result of slow subconscious selection, 
and around 9,000 years ago, it naturally hybridized with Aegilops tauschii hav-
ing genome DD to produce early spelt ( T. spelta, genome AABBDD). Moreover, 
spontaneous mutation about 8,500 years ago, altered the ears of both emmer and 
spelt to the easily threshed type that subsequently evolved into free-threshing ears 
of durum wheat ( T. durum, genome AABB) and bread wheat ( T. aestivum, genome 
AABBDD) as described by Peng et al. (2011). Some cultivated species of wheat are 
bread wheat, spelt wheat, durum wheat, emmer wheat, and einkorn. A list of differ-
ent wheat species is indexed in Table 12.3.

Table 12.3  List of different species of wheat. (Source: ITIS 42236 11-09-2013)
S. No. Scientific name Common/local name Ploidy
1. Triticum aestivum L. Common wheat, wheat Hexaploid
2. Triticum aethiopicum Jakubz. Ethiopian wheat NAa

3. Triticum araraticum Jakubz. Wheat Tetraploid
4. Triticum boeoticum Boiss. Wild einkorn Diploid
5. Triticum carthlicum Nevski Persian wheat Tetraploid
6. Triticum compactum Host. Clubbed wheat Hexaploid
7. Triticum dicoccoides (Körn.) Körn. ex 

Schweinf.
Wild emmer Tetraploid

8. Triticum dicoccum Schrank ex Schübl. Emmer Tetraploid
9. Triticum durum Desf. Durum wheat Tetraploid
10. Triticum ispahanicum Heslot Wheat Tetraploid
11. Triticum karamyschevii Nevski Karamyschev wheat Tetraploid
12. Triticum monococcum L. Einkorn Diploid
13. Triticum polonicum L. Polish wheat Tetraploid
14. Triticum spelta L. Spelt Hexaploid
15. Triticum thaoudar (Hausskn.) Jakubz. NAa NAa

16. Triticum timopheevii (Zhuk.) Zhuk. Timopheev wheat Tetraploid
17. Triticum turanicum Jakubz. Oriental wheat Tetraploid
18. Triticum turgidum L. Rivet wheat or English 

wheat
Tetraploid

19. Triticum urartu Thumanian ex Gandilyan Wheat Diploid
20. Triticum vavilovii Jakubz. Vavilov wheat Hexaploid
21. Triticum zhukovskyi Menabde et Ericzjan Zhukovsky wheat Hexaploid
aNA: Not available
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4  Importance of Wheat

Wheat has been playing an essential role in leveraging the agrarian scenario of In-
dia, bringing with it the loads of health benefits. Bread, made from wheat flour, is 
extremely nourishing and provides strength and vitality to people by inducing high 
appetite. Wheat helps in curing constipation and is reported to be beneficial for peo-
ple suffering from cancer. Additionally, it also helps in treating nasal bleeding when 
consumed with milk and sugar. The whole grain of wheat helps in preventing diabe-
tes by controlling body weight and maintaining the insulin level. Besides, wheat is 
also a rich source of vitamin B and basic amino acids, including arginine and lysine 
(www.rajasthanagriculture.com/wheat-grains-india.php). Wheat is the world’s most 
favored staple food crop providing adequate nourishment for humans than any other 
food source. It is an important source of carbohydrates, proteins, minerals, vita-
mins, and fats (http://www.nal.usda.gov/fnic/foodcomp/search/). Wheat is used to 
make rotis, chapatis, biscuits, cookies, cakes, pasta, noodles, etc. and is fermented 
to make alcoholic beverages like beer (Palmer 2001), besides being used for making 
biofuel (DAA 1957). The nutrient content of wheat is depicted in Table 12.4.

5  Wheat as per Indian Scenario

India produces about 94,880,000 t of wheat per year or about 14 % of world pro-
duction and is now the second largest producer and consumer of wheat after China. 
The data regarding area, yield, and production of wheat for 2012 in some major 
wheat-producing countries and of the world are given in Table 12.5. During the 
mid-twentieth century, the average yield of wheat was low in India (below 1 t/ha; 

Table 12.4  Nutrient content of wheat (per 100 g; Source: Nutrient Data Laboratory, United States 
Department of Agriculture)
Component Amount Component Amount
Water (g) 11 Copper (mg) 0.55
Energy (kJ) 1419 Manganese (mg) 3.01
Protein (g) 13.7 Selenium (mcg) 89.4
Fat (g) 2.47 Thiamine (mg) 0.42
Carbohydrates (g) 71 Riboflavin (mg) 0.12
Fiber (g) 10.7 Niacin (mg) 6.74
Calcium (mg) 34 Pantothenic acid (mg) 0.94
Iron (mg) 3.52 Vitamin B6 (mg) 0.42
Magnesium (mg) 144 Foliate total (mcg) 43
Phosphorous (mg) 508 Saturated fatty acid (g) 0.45
Potassium (mg) 431 Monounsaturated fatty acid (g) 0.34
Sodium (mg) 2 Polyunsaturated fatty acid (g) 0.98
Zinc (mg) 4.16
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Swaminathan 2013). India mainly relied on imports to meet the domestic require-
ments in the past, however, a severe drought in 1965–1966 necessitated India to 
reform its agricultural policy so as to attain food self-sufficiency and ensure food 
security. Accordingly, major policy reforms in agriculture aiming at food grain self-
sufficiency were made which triggered India’s Green Revolution. This yield revolu-
tion in wheat in India became possible because of the introduction of high-yielding, 
disease-resistant, and semidwarf wheat varieties carrying Norin dwarfing genes that 
were supplied by Dr. Norman E. Borlaug (Swaminathan 1965). As a result, the wheat 
yields witnessed a quantum jump in 1968 which greatly improved the food security 
of the country (Swaminathan 2013). In 1963, Borlaug supplied the germplasm of 
Sonora 63, Sonora 64, Mayo 64, and Lerma Rojo 64A (Mexican semidwarf strains). 
During 1963 and 1964, after multilocational trials, it was realized that Lerma Rojo 
64A and Sonora 64 could help in increasing the yield significantly but had undesired 
red-colored grains associated with it; however, efficient selection, among the segre-
gating populations, bred amber grain varieties like Kalyan Sona and Sonalika, pos-
sessing good chapati-making quality, and proved to be very popular among farmers 
and consumers (Swaminathan 1965). Since then, hundreds of high-yielding, good 
quality, and disease-resistant wheat varieties suitable for different agroecological 
regions of the country have been released. The Punjab state pioneered India’s Green 
Revolution and earned the distinction of being India’s bread basket (GOPR 2004). 
The manifold increase in wheat production made India self-sufficient by 1970s. 
Presently, India is the exporter of various food grains including rice and wheat. In 
2011, India exported about 2 billion kg of wheat and rice to Africa, Nepal, Bangla-
desh, and other regions of the world (Bloomberg 2011). The all India scenario of 
area, production, and yield of wheat from 2001 to 2012 is given in Table 12.6.

6  Wheat-Breeding Objectives and Important Research Areas

The major objectives of wheat breeding include high grain yield, good quality, dis-
ease resistance, and tolerance to biotic and/or abiotic stresses. In the present sce-
nario, the main thrust areas of wheat breeding in Indian context (DWR Perspective 
Plan: Vision 2025) can be summarized as below:

AQ1

Table 12.5  Area, yield, and production of wheat for the world and some major wheat-producing 
countries (2012; Source: FAOSTAT, http://faostat3.fao.org/faostat-gateway/go/to/download/Q/
QC/E)
Country Area (ha) Yield (kg/ha) Production (tonnes)
China 24,139,080 49,952 120,580,000
India 29,900,000 31,732 94,880,000
USA 19,826,170 31,148 61,755,240
France 5,303,300 75,992 40,300,800
Russian Federation 21,277,900 17,727 37,719,640
World 216,638,762 31,153 674,884,372

http://faostat3.fao.org/faostat-gateway/go/to/download/Q/QC/E
http://faostat3.fao.org/faostat-gateway/go/to/download/Q/QC/E
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1. To exploit the heterosis by developing hybrids based on cytoplasmic male ste-
rility systems

2. To broaden the genetic base of varieties by inducing new genetic variability, by 
spring and winter wheat hybridization and use of alien species, etc

3. To make use of biotechnological interventions for gene pyramiding and marker-
aided selection for biotic and abiotic stress tolerance and quality traits

4. To develop tillage-specific varieties and those with water and nutrient use 
efficiency

5. To develop varieties with resistance to insects, nematodes, rusts, karnal bunt, etc
6. To develop product-specific varieties with desired quality traits
7. To improve protein content, gluten strength, and extensibility for enhancing 

bread-making quality
8. To improve nutritional quality by manipulating starch composition, lysine con-

tent, and biofortification of micronutrients, their enhanced bioavailability and 
reduced anti-nutritional factors

9. To combat diseases and pests through integrated pest management, durable 
resistance, etc

10. Survey and scrutiny for new races and elimination of such new races like yel-
low rust race 78S84 and black rust race Ug99

11. To develop genotypes with inherent capacity of responding well under mois-
ture stress conditions

Genetic variability is a prerequisite for any plant breeding program as it forms the 
basis for yield enhancement and genetic resistance to biotic, abiotic, or other stresses 
in addition to architect the crop species in desired direction. Hence, plant breed-
ers always aim at creating genetic variability before exercising selection. Though 
wheat shows heterosis, but under normal conditions, hybrid seed production is not 
easy as the wheat flowers are complete and self-pollinating (Bajaj 1990). However, 
hybrid seeds in wheat have been produced using chemical hybridizing agents, natu-
rally occurring cytoplasmic male sterility, or plant growth regulators that selectively 

Table 12.6  All India area, yield, and production of wheat. (Source: FAOSTAT, http://faostat3.fao.
org/faostat-gateway/go/to/download/Q/QC/E)
Year Area (ha) Yield (kg/ha) Production (tonnes)
2001 25,730,600 27,081 69,680,896
2002 26,344,700 27,621 72,766,304
2003 25,195,700 26,100 65,760,800
2004 26,594,700 27,132 72,156,200
2005 26,382,900 26,016 68,636,900
2006 26,483,600 26,188 69,354,500
2007 27,994,500 27,079 75,806,700
2008 28,038,600 28,022 78,570,200
2009 27,752,400 29,071 80,679,400
2010 28,457,400 28,395 80,803,600
2011 29,068,600 29,886 86,874,000
2012 29,900,000 31,732 94,880,000

http://faostat3.fao.org/faostat-gateway/go/to/download/Q/QC/E
http://faostat3.fao.org/faostat-gateway/go/to/download/Q/QC/E
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 interfere with pollen development (McRae 1985; Duvick 1999). The hybrid wheat 
production and exploitation of heterosis helps in enhancing the yield. Improvement 
of nutritional quality is one of the major concerns of wheat breeding programs. 
Understanding the molecular basis of grain quality will facilitate the improvement 
of these characters. To ensure nutritional security, efforts are being made globally 
to enhance the bioavailability and biofortification of micronutrients in wheat. Many 
high-yielding wheat varieties resistant to different diseases have been developed 
by different breeding procedures, which in turn have lead to yield enhancement. 
However, the progress has been hindered in the soils with insufficient irrigation/
moisture. For such areas/soils, efforts are made to develop/identify genotypes which 
are able to perform well even in moisture stress conditions. Heat, salinity, and alka-
linity resistance genes could be screened from the wild species and deployed in the 
otherwise high-yielding genotypes. Moreover, in the improvement of wheat quality, 
many types of pathological problems like yellow rust, stem rust, leaf blight, karnal 
bunt, powdery mildew, and head scab are still challenges to wheat breeders. These 
challenges can be overcome by screening and transferring resistant genes in good 
agronomical varieties. In the scenario of enhanced food grain requirement and grow-
ing environmental stresses, the induced mutagenesis seems to be a viable solution.

7  Mutagenesis

Mutations are sudden heritable changes occurring in the genetic material (DNA) 
of an organism. Mutations may occur spontaneously in nature or may be induced 
artificially utilizing various mutagens. Many endogenous factors like free radicals 
(Wiseman and Halliwell 1996) generated during metabolic activities and exogenous 
factors such as ultraviolet (UV) radiations or ionizing radiations (Taylor 1990) are 
known to interfere with genome integrity (Rastogi et al. 2010). The genome of an 
organism is subject to damages of radiations (UV and ionizing), mutagenic chemi-
cals, bacterial or fungal toxins, and endogenously generated free radicals and/or 
alkylating agents, etc. (Tuteja et al. 2001). Moreover, the DNA may also be dam-
aged because of replication errors. The damage may be in the form of altered bases, 
missing bases, mismatch bases, deletions or insertions, linked pyrimidines, strand 
breaks, and cross-links which could prove genotoxic or cytotoxic for the cell.

Endogenously, mutagenesis may be the result of spontaneous hydrolysis, repli-
cation and repair errors, or normal metabolic processes generating reactive oxygen 
species (ROS) and DNA adducts (Loeb 1989). These adducts may induce confor-
mational changes in DNA, besides resulting in depurination of DNA (Schaaper 
et al. 1982). The mechanism by which mutation arises depends upon the mutagen 
involved. Mutagens either act directly or indirectly via mutagenic metabolites, pro-
ducing lesions; however, some may affect the replication or chromosomal parti-
tion mechanisms and other cellular processes. Mutations may occur by one or a 
combination of methods, viz., spontaneous hydrolysis, base modification, cross-
linking, dimerization, intercalation between bases, backbone damage, insertional 



30712 Wheat Improvement: Historical Perspective and Mutational Approach …

mutagenesis involving transposons and viruses, or by replication errors. According 
to Rastogi et al. (2010), DNA damage may result in (1) base mis-incorporation 
during replication; (2) deamination, depurination, and depyrimidination due to hy-
drolytic damage (Lindahl 1993); (3) oxidative damage, caused by direct interaction 
of ionizing radiations with DNA, free radicals, or ROS induced by UV radiations 
(Valko et al. 2006; Halliwell and Gutteridge 2007); and (4) alkylating agents that 
may result in base modifications (Dizdaroglu 1992; Lindahl 1993). The exposure of 
radiations (UV, ionizing) and certain chemicals may also result in single- as well as 
double-strand breaks. DNA double strand breaks are the most deleterious leading to 
loss of genetic material (Rastogi et al. 2010).

At high concentrations, oxygen free radicals or ROS can induce damage to cell 
structure, lipids, proteins as well as DNA (Valko et al. 2007). The hydroxyl radicals 
can damage all components of DNA molecules such as purines, pyrimidines, and 
sugar backbone, thus inhibiting the normal functioning of the cell (Valko et al. 2006; 
Halliwell and Gutteridge 2007; Rastogi et al. 2010). Different hydrolytic reactions 
target DNA in living cells. The hydrolysis of the glycosidic bonds between bases and 
the sugar backbone are the most common, resulting in apurinic/apyrimidinic (AP) 
sites (Britt 1996). Abasic sites are most prevalent endogenous DNA lesions, with an 
estimate of 10,000 lesions/human cell/day (Lindahl 1993). Nakamura and Swenberg 
(1999) reported about 50,000–200,000 apurinic (AP) sites/genome in many human 
and rodent tissues. AP sites are not only produced by spontaneous depurination but 
also by ROS (Nakamura et al. 2000). In DNA, purines are lost at a rate 20 times high-
er than pyrimidines (Lindahl and Karlstrom 1973) and are able to prevent normal 
DNA replication and transcription. It has been estimated that about 10,000 purine 
sites in DNA are depurinated each day in a cell (Loeb 1989). Despite the overall rate 
of depurination being slow, still in organisms with a large genome, spontaneous hy-
drolysis would induce the loss of several thousand purines daily in a cell (Britt 1996).

Although numerous DNA repair pathways exist, nevertheless if an apurinic site 
fails to repair, mis-incorporation of nucleotide may occur during replication. AP 
sites also arise as a result of occasional lesion bypass events during DNA replica-
tion and are potentially mutagenic (Gentil et al. 1984). In depurination/depyrimidi-
nation, there is a complete removal of purine/pyrimidine bases, which may result 
in breakage of the DNA backbone (Rastogi et al. 2010). The hydrolytic deamina-
tion can directly convert one base to another, e.g., deamination of cytosine results 
in uracil, methylcytosine to thymine, and at a much lower frequency, adenine to 
hypoxanthine (Rastogi et al. 2010). Uracil and thymine differ in their mutagenic 
abilities. Uracil is easily recognized and repaired. However, a transition to thymine 
is less likely to be detected as an error because being the normal DNA component, 
it is not recognized by proofreading enzymes. 5-methylcytosine deamination is one 
of the most important causes of point mutations in mammalian cells (Rideout et al. 
1990). As the plant genome contains ten times more 5-methylcytosine than the hu-
man genome (Shapiro 1976), there is a greater possibility of this source of point 
mutations in plants.

Base alkylation and arylation may result in replication errors. DNA methyla-
tion can occur spontaneously even in the absence of exogenous alkylating agents 
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 (Rebeck and Samson 1991). Majority of the bonds of bases are vulnerable to meth-
ylation to varying extents, and if left unrepaired, may prove pre-mutagenic or lethal. 
Purines are more susceptible to methylation damage. The most frequently generated 
alkylation product, 7-methyladenine, pairs normally and is not mutagenic. Con-
trastingly, 3-methyladenine does not act as a template for DNA synthesis, thus acts 
as a replication block. O6-methylguanine efficiently pairs with thymine and is a 
potent pre-mutagenic lesion (Britt 1996). N7 and O6 of guanine and N3 and N7 of 
adenine are most susceptible to methylation damage. Methylation of O6-guanine 
results in G to A transition, whereas O4-methylthymine can mispair with guanine. 
O6-alkylguanine has been reported to be the major ethylmethane sulfonate (EMS)-
induced mutagenic lesion in Arabidopsis seeds (Dolferus et al. 1990; Niyogi et al. 
1993; Orozco et al. 1993).

Ionizing radiations can engender free radicals that can break DNA. Double-
stranded breaks are more damaging and produce chromosomal translocations and 
deletions. UV radiation, a prominent natural mutagen, is cytotoxic even at low doses. 
Higher doses of UV radiations may lead to replicative arrest and cell death by apop-
tosis (Latonen et al. 2001). Longer UV wavelengths (UVB and UVA) induce oxida-
tive stress and protein denaturation (Ravanat et al. 2001). Mutations at CC sites can 
be due to the indirect influence of UV light mediated by ROS (Ried and Loeb 1993). 
UV radiations result in dimerization of flanking pyrimidines (Friedberg 2003). Gam-
ma irradiation generally leads to DNA double strand breaks (Puchta 2005). The liv-
ing cells are regularly exposed to potentially damaging ROS that can modify various 
biomolecules including DNA. Reactions in chloroplast (Bowler et al. 1992) and mi-
tochondrion (Wallace 1992) frequently misdirect electrons to oxygen, generating re-
active superoxides. The extracellular ROS-inducing factors include ozone (Mehlhorn 
et al. 1990; Kanofsky and Sima 1991), high levels of UVB radiations (Hariharran 
and Cerutti 1977), heavy metal ions (Kovalchuk et al. 2001), ionizing radiations, etc. 
These species cause oxidative damage to DNA resulting in the formation of modi-
fied bases, strand breaks, and clustered damage sites (Friedberg et al. 1995). The 
most prevalent base damage to purines is 7, 8-dihydro-8-oxoguanine (also named as 
8-oxoguanine) and for pyrimidines is the formation of thymine glycol (Slupphaug 
et al. 2003). 8-oxoguanine pairs with equal capability to A and C and represents an 
important source of point mutations (Maki and Sekiguchi 1992). Ionizing radiation 
can effectively convert 5-methylcytosine to thymine glycol under aerobic conditions 
or peroxides. Thymine glycol is thought to be primarily a replication-blocking lesion 
(Gerd and Besaratinia 2009) and an additional source of mutations.

8  Induced Mutagenesis

Induced mutagenesis by Muller (1927) opened a new era in the field of crop im-
provement and now it has become a reputable gizmo in the field of plant breeding 
to supplement the existing germplasm and improve the cultivars in certain specific 
traits. Mutagenesis is of great use in those cases where there is low genetic variability 
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or some inherited defects need to be rectified in an otherwise agronomically supe-
rior cultivar (Chopra and Sharma 1985). The main focus of mutation-breeding pro-
grams has been the altering of one or few major traits which limit their productivity 
or enhance their quality (Srivastava et al. 2011; Wani et al. 2012). Mutations have 
played a significant role in increasing the world food security (Kharakwal and Shu 
2009) and enables the induction of desired attributes that either cannot be found in 
nature or have been lost during evolution (Srivastava et al. 2011). Mutations can 
be the result of natural DNA replication errors. Though most of these errors are re-
paired, nevertheless some may get established in the offsprings as spontaneous mu-
tations. Gene mutations without phenotypic expressions are usually not recognized. 
Accordingly, genetic variations appear quite limited and breeders have to resort to 
mutation induction (Novak and Brunner 1992). Mutations have been used to de-
velop many improved cultivars in addition to study the genetic and developmental 
phenomena of plants (Van Den-Bulk et al. 1990; Bertagne-Sagnard et al. 1996).

Mutations are induced through physical mutagens such as X-rays, gamma rays, 
fast neutrons, thermal neutrons, UV, and beta radiations; besides, a number of 
chemical mutagens are also used for inducing mutations in crop plants. With the ex-
ception of UV rays, all other types of radiations ionize atoms in a tissue by detach-
ing electrons from them (Anonymous 1977). Most of the chemical mutagens like 
methylmethane sulfonate (MMS), EMS, ethylene imine (EI), diethyl sulfate (DES), 
N-ethyl-N-nitrosourea (ENU), N-methyl-N-nitrsourea (MNU), etc. are alkylating 
agents and induce a broad genetic variation for morphological, biochemical, and 
yield parameters. Mutagenic efficiencies of various mutagens have been compared 
on different crops by different researchers and their results seem to be entirely spe-
cific for particular species. Many researchers have found chemical mutagens to be 
more effective than physical ones (Dhanayanth and Reddy 2000; Bhat et al. 2005; 
Wani et al. 2011), while others have found the physical mutagens to be more effec-
tive (Zeerak 1991; Laxami et al. 2013). The role of mutation breeding in increasing 
the genetic variability for quantitative traits in various crops has been proved by a 
number of workers (Ricardo and Ando 1998; Khan et al. 1999; Rachovska and Di-
mova 2000; Baloch et al. 2002; Kumar and Mishra 2004; Erdem and Oldacay 2004; 
Khan and Wani 2006; Addai and Kantanka 2006; Bhat et al. 2007; Senevirantne 
and Wijesundara 2007; Tai et al. 2007; Adamu and Aliyu 2007; Kozgar et al. 2011; 
Mostafa 2011; Srivastava et al. 2011; Sheikh et al. 2012; Husain et al. 2013).

In traditional mutation breeding, mutations are induced in crops and the re-
sultant mutants are used either directly or indirectly for developing a new vari-
ety. Presently, it is possible to tag mutated genes, pyramid them into a single elite 
breeding line, and follow them up in subsequent breeding programs (Shu 2009). 
Although mutations may have some grievous consequences for organisms, they 
are still essential to life and evolution (Friedberg 2003). The knowledge of the type 
of mutation caused by a particular mutagen will be helpful in choosing a proper 
mutagen for inducing a particular mutation. Induced mutagenesis is the method 
by which DNA mutations are intentionally engineered to produce mutant genes, 
proteins, or strains of organisms. Improved techniques for site-directed mutagen-
esis, combinatorial mutagenesis, and insertional mutagenesis have been developed 
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which have increased the significance and contribution of mutagenesis tremen-
dously. Mutation research has witnessed a renewed interest in recent years due 
to the availability of a variety of new technologies, which have made possible to 
induce novel and targeted mutations for the study of mechanisms involved in vari-
ous developmental and physiological processes. Presently, it is possible to either 
insert new genes or disrupt and alter preexisting genes in a targeted manner (Chen 
et al. 1998). Insertional mutagenesis approach involving T-DNA and transposable 
elements (TEs) and gene targeting involving the use of nucleases like zinc finger 
nucleases (ZFN) and transcription activator like effector (TALE) proteins have be-
come available for mutation research (Balyan et al. 2008; Townsend et al. 2009; 
Urnov et al. 2010; Miller et al. 2011). The availability of DNA-based molecu-
lar markers have also made it possible to identify, map, or clone specific genes 
(Kuraparthy et al. 2007; Wu et al. 2007). Mutant-assisted gene identification and 
characterization (MAGIC) and bulked segregant RNA sequencing (BSR-Seq) are 
some of the recent approaches for mapping quantitative trait loci (QTLs)/genes 
(Johal et al. 2008; Liu et al. 2012).

The eukaryotic genomes have a large number of repeat sequences, like minisat-
ellites, microsatellites, and expanded simple tandem repeats, collectively called the 
tandemly repeated DNA loci (TRDLs). They are inherently unstable and also have 
shown an increased frequency of induced mutations (Dubrova et al. 1996; Ellegren 
et al. 1997; Kovalchuck et al. 2000; Bridges 2001; Joshi and Gopalakrishnan 2007). 
The high frequencies of radiation-induced mutations have indicated that these mu-
tations are not directly linked to the site of DNA damage and hence are “untar-
geted.” In addition, the radiation-induced genomic instability has another feature of 
“delayed mutations,” where mutations are caused long after the radiation exposure 
has ended (Niwa 2006). The mechanism of such a nontargeted and delayed effect of 
radiations is not clear though, but it is assumed that some radiation-induced events 
trigger these sequences to become genetically less stable (Bouffler et al. 2006). Sev-
eral studies have demonstrated the use of tandem repeats as reporters of mutation 
(Yauk 2004; Armour 2006; Joshi and Gopalakrishnan 2007).

The conventional mutation breeding involving generation of random mutations 
in chromosomal DNA requires screening or selection from massive numbers of 
mutants to obtain the desired mutation (Hong and Ames 1971, Botstein and Shortle 
1985). However, the site-directed mutations of DNA allow precise changes in dis-
crete and manageable segments of the genome with relatively little efforts (Cosby 
and Lesley 1997). Induced mutations have been greatly used to improve various 
crops including cereals. By 2013, a total of 3,218 mutant varieties have been re-
leased throughout the world. These include cereals (1,541), ornamentals (709), 
pulses (432), oilseeds (145), and other crops (391; Joint FAO/IAEA, Vienna Mutant 
Variety Database (MVD); http://mvgs.iaea.org). In India, the number of mutant va-
rieties released for major cereal crops till 2009 are given in Fig. 12.2.
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9  Wheat in Relation to Induced Mutagenesis

Wheat breeding by conventional methods has been practiced for centuries, but these 
methods are now scant to make any further breakthrough with limited genetic vari-
ability being the major constraint. The challenge, at present, is to produce high-
yielding varieties coupled with good agronomical quality and resistance to a range 
of biotic and abiotic stresses. Also, owing to critical nutritional status of human 
population, there is a burning need to develop varieties with improved protein and 
mineral (e.g., zinc, manganese, iron) contents for meeting the required health de-
mands, and artificial mutagenesis seems to be a viable solution for addressing these 
challenges. Stadler (1929) pioneered the mutagenesis work in wheat followed by 
several other workers (Pal and Swaminathan 1960; Swaminathan et al. 1963; Var-
ughese and Swaminathan 1967; Singh 1969; Singh et al. 1973; Chowdhury 1978; 
Khamankar 1981). Hassan et al. (1988) while working with gamma rays and so-
dium azide (SA) reported that higher doses of gamma rays delayed the maturity, 
while higher doses of SA induced earliness in wheat. Moreover, SA caused more 
reduction in tillers per plant, spikelets per spike, and spike length. The mutagenic 
potential of SA has been proved in several organisms, including plants and animals, 
by several screening assays (Rines 1985; Raicu and Mixich 1992; Grant and Sal-
amone 1994). Vasil and Knayazyuk (1988), working with different chemical mu-
tagens on wheat, showed that mutation frequency depends on the genotype, type 
of mutagens, concentration of mutagens, and the duration of treatment. According 
to Siddiqui et al. (2007), Triticum aestivum offers many opportunities for the ex-
ploitation of mutations, recombination, and for increasing the genetic variability 

Fig. 12.2  Number of mutant 
varieties released in major 
cereal crops in India. (2009; 
Source: Kharkwal and Shu 
2009)
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of  quantitatively inherited traits. Bobryshev et al. (1991) reported increased effec-
tiveness of intervarietal hybridization in wheat using chemo-mutagenesis-generated 
lines. Ayub et al. (1989), while working with gamma rays, observed that the ef-
fect of radiation was depressive and the magnitude of depression varied with the 
strength of irradiation dose.

Borojevic (1990) induced mutations in wheat and presented a mutational review 
for morphological characters and disease resistance. Melnik and Yanchenko (1990) 
studied the morphological and biological features of induced mutations in durum 
wheat and reported three useful mutants for grain quality and lodging resistance. 
Ibrahim et al. (1991) reported the development of new Iraqi gamma-ray-derived 
mutant wheat variety with resistance to Puccinia recondita, resistance to lodging, 
and having enhanced grain weight and protein content. Suganthi et al. (1992) re-
ported the induced variability for quantitative characters, including grain yield, with 
gamma rays and EMS in wheat. Lapochkina (1998) reported increased yield in 
wheat hybrids irradiated with 1.5 kR of gamma rays. Eiges (1990) analyzed the 
mutation spectra and cytogenetics of winter wheat mutants using different concen-
trations of ethylene imine. Knott (1990) examined the advantages and disadvan-
tages of mutation breeding and concluded that despite the production of directly 
useful mutants being infrequent, the mutagens can still successfully be used for 
specific purposes. Dzhelepov (1991) found an association between height, coleop-
tile length, and harvest index in gamma-irradiation-derived short strawed mutants 
of wheat. Reddy (1992) studied the mutagenic parameters in single and combined 
treatments of gamma rays, EMS, and SA in wheat and reported that the combined 
treatments produced more number of mutations. Chhuneja and Minocha (1993), by 
using EMS, induced male sterility in three cultivars of wheat.

Wang et al. (1995) irradiated the seeds of two varieties viz., 77-Zhong-2882 
and 79-p-17 of wheat with 137Cs and 60Co gamma rays, and reported that both the 
irradiation sources had similar effects on the heading data and plant height. Khan 
and Malik (1999) studied the effect of gamma irradiation on some morphological 
characters of three wheat varieties and reported a gradual increase in the number 
of tillers and spike length. Jamil and Khan (2002) studied the induced variation for 
yield components of wheat cultivar Bakhtawar-92 by gamma irradiation and con-
cluded that the most beneficial dose was 20 kR. Further, the impact of this dose was 
promising on germination, plant height, grains per plant, and grain yield. Srivastava 
et al. (2011) studied the mutagenic effects of SA on growth and yield characteristics 
in wheat and reported desirable progenies for earliness, spike length, tillering, and 
grain yield. They concluded that SA mutagenesis can provide an efficient method 
for breeding disease-resistant varieties. Sheikh et al. (2012) treated two varieties of 
wheat ( Triticum aestivum L.) with SA and concluded that the mutagen induced bio-
logical damage and variability for various quantitative traits as well as protein con-
tent. Agarwal et al. (2013), by using ENU treatment, induced eight different types 
of mutations in common wheat which were grouped into stem, reproductive, leaf, 
and spike mutants. Two of the stem mutants, namely axillary branching and reduced 
node were novel. After conducting in silico studies using candidate genes produc-
ing similar mutant phenotypes in other species, six wheat genomic sequences were 
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identified and considered to be orthologous to the sequences for branching genes 
from rice and maize. Further, using the expressed sequence tag (EST) database, 11 
unigenes were identified which matched a gene responsible for reduction in the 
number of nodes in maize. They concluded that these sequences involved in axillary 
branching and reducing the number of nodes may be used as candidates for further 
studies of above mutants in bread wheat.

Mutagenesis in wheat has been widely employed to modify some protein sub-
units determining the grain quality (Kiribuchi-Otobe et al. 1998; Yasui et al. 1998; 
Maluszynski et al. 2001). Behl et al. (1991) found amino acid and protein chang-
es under prolonged heat stress in gamma-ray-induced, high-temperature-tolerant 
spring wheat mutants. Perez et al. (1999) concluded that radiography is a rapid and 
nondestructive method which offers the possibility of predicting the field behav-
ior of irradiated material. The impact of mutagens for successful release of mutant 
wheat varieties in different countries of the world is given in Table 12.7. It is evident 
from the data that many countries world over though have extensively exploited the 
potential of induced mutagenesis in wheat and have released a considerable number 
of mutant varieties, India, despite being one of the largest wheat producers, is yet 
lagging in adopting the techniques of mutagenesis fully for obtaining the desired 
mutant varieties embedded with good qualitative and quantitative traits.

10  Conclusions and Future Perspective

Though tremendous enhancement in wheat yields has been witnessed in India, sus-
taining wheat production and quality with reduced inputs and developing geno-
types for specific industrial or nutritional uses and suitable for intensive agriculture 
continues to be one of the main concerns of wheat breeding. In view of increased 
demand and high production inputs, the prices of wheat and wheat products have 
escalated to the extent that it becomes economically inaccessible to a large propor-
tion of the global population. To address this grave concern, it is imperative to pro-
duce more wheat involving fewer resources in a sustainable and cost-effective man-
ner. Although, Indian breeders through their consistent and coherent efforts have 
developed wheat genotypes with higher yield potentials, they do not match with 
those of China, France, etc. In this scenario, the need of the hour is to boost the yield 
potential and to develop super wheat genotypes with highly improved agronomical 
traits. Despite the fact that India has witnessed self-sufficiency in wheat production 
and is worth of stockpiling adequate buffer stock to thwart the adverse weather and 
other calamities, the wheat breeders still face innumerable challenges in view of 
mounting demand, various stresses due to changing environments, depleted water 
resources, and degraded soils. In the past, many breeding methods have contributed 
to the yield enhancement, but in the contemporary era, most of them are insignifi-
cant to make any further substantial breakthrough. However, modern mutagenesis 
coupled with genomics continues to be one such promising method in wheat breed-
ing. With the advent of the genomics era, it has become possible to study mutations 
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Country No. of mutant 
varieties released

Names of mutant wheat varieties released

Albania 01 Ni 792
Argentina 01 Sinvalocho Gama
Brazil 02 BR4, IAS 63
Bulgaria 05 Altimir 67, Fermer (2009), Guinness/1322, Myriana, Zlatostrui
Chile 01 Carolina
China 163 092, 1161, 352, 503, 62-10, 62-8, 77L15, 78 A, Baichun 5, 

Changwei 19, Changwei 20, Changwei 51503, Chuanfu 1, 
Chuanfu 2, Chuanfu 3, Chuanfu 4, Chuanfu 5, Emai 23, 
Emai 6, Emai 9, Fuer, Fumai 2008, Fuou 1, Fusheabo 1, 
Ganchun 20, Guifu 12, H6765, Hangmai 96, Hangmai 901, 
Heichun 2, Heima 1, Henong 1, Hezu 8, Humai 3, Jiaxuan 1, 
Jichun 14, Jienmai 2, Jihe 02, Jimai 28, Jingdong 23, Jing-
fen 1, Jingmai 34, Jingmai 35, Jinmai 22, Jinmai 23, Kexing 
15, Longfu 2, Longfumai 1, Longfumai 10, Longfumai 11, 
Longfumai 13, Longfumai 14, Longfumai 15, Longfumai 
16, Longfumai 17, Longfumai 18, Longfumai 19, Longfumai 
2, Longfumai 3, Longfumai 4, Longfumai 5, Longfumai 6, 
Longfumai 7, Longfumai 8, Longfumai 8, Longfumai 9, 
Lumai 11, Lumai 16, Lumai 20, Lumai 4, Lumai 5, Lumai 
6, Lumai 8,Luten 1, Luyuan 301, Luyuan502, Nanjing 
3,Nanyang 75-6, Neimai 5, Ningmai 3, Qicheng115, Qichun 
1, Qinchun 415, Qinghai 570, Qinmai 6, Qunzhong 42, 
Shaannong 138, Shannong 12, Shannong 78, Shannongfu 
63, Shenmai 1, Taifu 1, Taifu 10, Taifu 15, Taifu 22, Taifu 
23, Taikong 5, Taikong 6, Wanmai 32, Wanyuan 28-88, 
Wanyuan 75-6, Wei 9133, Weifu 6757, Weimai 6, Wuchun 
3, Xiaoyan 6, Xifu 12, Xifu 3, Xifu 4, Xifu 5, Xifu 6, Xifu 7, 
Xifu 8, Xinchun 2, Xinchun 3, Xinchun 33, Xinchun No.30, 
Xingchun 6, Xingchun 7, Xingdong 19, Xinmai 16, Xinong-
Mai 2, Xinshukuang 1, Yanfu 188, Yanfuzao, Yangfumai 2, 
Yangfumai 3, Yangmai 158, Yannong 5158, Yannoun 685, 
YF188, Yuanchun 7112, Yuandon 2, Yuandong 1, Yuandong 
3, Yuandong 772, Yuandong 7848, Yuandong 94, Yuanfeng 
1, Yuanfeng 2, Yuanfeng 3, Yuanfeng 4, Yuanfeng 5, Yuan-
gnong 53, Yuanyuan 18-37, Yumai 12, Yumai 4, Yumai 43, 
Yunfu 2, Yunfuzao, Yuyuan 1, Zhangchun 10, Zhangchun 12, 
Zhangchun 13, Zhangchun 14, Zhangchun 17, Zhangchun 
18, Zhemai 3, Zhemai 4, Zhemai 5, Zhengliufu, Zhonga 1, 
Zhonghong 1

Finland 01 Hankkija’s Taava
Germany 02 Els, Sirius
Hungary 01 Mv 8
India 04 NI-5643, NP 836, Pusa Lerma, Sharbati Sonora
Iraq 06 Intesar, Iratom, Rabia, Sali, Tammuz-2, Tammuz-3
Italy 02 Claudia (= Mv 8), Spinnaker
Japan 07 Akebono-mochi, Ibuki-mochi, Shirowase komugi, Tama-

izumi, Wheat Noh PL 7, Wheat Noh PL 8, Zenkoji Komugi 
(Zenkouzi-Komugi)

Table 12.7  Number and names of mutant wheat varieties released in different countries. (Source: 
IAEA Mutant Database, http://mvgs.iaea.org)
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at the  molecular level using genome sequences. RNA interference (RNAi) and vi-
rus-induced gene silencing (VIGS) techniques facilitate the discovery of genes for a 
variety of traits (Holzberg et al. 2002: McCallum et al. 2000), while those of TILL-
ING and Eco-TILLING allow allele mining at the molecular level (Balyan et al. 
2008). Moreover, high-throughput and cost-effective next-generation sequencing 
(NGS) technologies also enable the use of mutations for gene/allele discovery (Liu 
et al. 2012). In view of the above techniques, induced mutants are becoming in-
creasingly important for studying the structure–function relationships of genome 
sequences with unknown functions utilizing the modern approaches of molecular 
genetics. In future, the potential of these techniques can be effectively exploited in 
wheat breeding programs.
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Abstract Cotton leaf curl virus disease (CLCuVD), caused by a geminivirus, is 
a major threat to the cotton industry particularly in the province of Punjab. It has 
devastated cotton production during the past couple of decades or so causing seri-
ous problems in its management. This study, therefore, was initiated to develop 
a disease predictive model to characterize epidemiological factors conducive for 
disease spread/severity. Five years’ data of CLCuVD severity, whitefly population 
density, and environmental conditions were collected for the development of a pre-
dictive model from different districts of cotton-growing areas of Punjab. A close 
relationship was observed between CLCuVD severity and whitefly population. The 
disease severity was high (54.06–55.31 %) when whitefly population attack was 
at its maximum (8.48–10.97/leaf) and low (18.37–36.30) when its infestation fell 
down (2.97–3.78/leaf). The maximum temperature conducive for the development 
of disease ranged from 37.16 to 37.78 °C contributing 58.3–61.4 % influence on the 
development of CLCuVD. The role of minimum temperature remained relatively 
low (33.6–30.3 %). The range of 58.35–60.39 % of relative humidity was found 
to be more conducive for the development of disease. The contribution remained 
poor so far as the role of rainfall and wind speeds was concerned. A predictive 
model based on 5 years’ data (2002–2006) of CLCuV disease severity, whitefly 
population density, and environmental conditions was developed ( Y = 145 + 4.47x1 − 
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0.151x2 − 0.490x3 − 1.83x4 + 1.58x5 − 4.84x6; R2 = 0.79). The model statistically justi-
fied ( R2 = 0.79) at P < 0.05 was calibrated and then validated using 2 years’ data 
(2007–08) collected from the experiment in the research area of the Department 
of Plant Pathology, University of Agriculture, Faisalabad. A close relationship was 
observed between the two models. It was envisaged that the model would be help-
ful in forecasting the disease to decide the correct timing of pesticide application.

Keywords CLCuVD · Relative humidity · Temperature · Rainfall · Wind speed · 
Whitefly · Punjab · Epidemics

1  Introduction

Cotton is known as the backbone of Pakistan’s economy due to its wide production 
and diverse uses. Pakistan ranks fourth in area and production of cotton in the world 
(Anonymous 2010). Cotton plants are naturally susceptible to a number of diseases; 
about 75 cotton diseases have been reported to be destructive (Watkins 1981). Cot-
ton leaf curl virus disease (CLCuVD) is a serious threat to successful cotton produc-
tion, and the average cotton yield of Pakistan dropped to 30 % between 1992 and 
1997 resulting in losses of US$ 5 billion due to CLCuVD (Briddon and Markham 
2000; Anonymous 2003–2004). From 1998 to 2002, losses of 7.7 million bales of 
cotton have been reported by Ahmad et al. (2002). In 1999–2000, the cotton produc-
tion was 11.24 million bales which declined to 10.73 million bales in 2000–2001. It 
further decreased to 10.61 million bales in 2001–2002 and still further dropped to 
10.21 million bales in 2002–2003. The downslide continued until 2003–2004 reach-
ing 10.00 million bales with 1.6 % lower yield than the last year. For the previous 2 
decades, epidemics of CLCuVD have induced considerable losses to this crop and 
continue to be a major threat to future cotton production (Briddon and Markham 
2000). During 2012–2013, 10.3 % decline was observed in cotton production, the 
major cause being CLCuVD (Anonymous 2012–2013).

In Pakistan, this disease was first reported on few plants near Multan in 1967 
(Hussain and Ali 1975) and remained endemic until 1986 (Hussain and Mah-
mood 1988). In 1988, the disease appeared in an epidemic form and damaged the 
crop in about 60 hectares near Multan. Since then, the disease has been gradually 
spreading and causing huge losses in yield (Mahmood 1999). CLCuVD is the 
most important constraint to cotton production in Pakistan and India. A circu-
lar single-stranded DNA monopartite begomo virus from family Geminiviridae 
(transmitted by Bemisia tabaci) is the cause of the disease. Among many strains 
of CLCuV, cotton leaf curl Burewala virus (CLCuBuV) along a specific satellite 
(beta satellite) is responsible for the expression of severe symptoms (Brown et al. 
2012; Ali et al. 2013; Kumar et al. 2013; Sattar et al. 2013). Out of many factors, 
environmental conditions create a favorable situation for the disease to spread 
in epidemic form as these play a significant role in the insect vector population 
buildup (Khan and Khan 2000). In view of the heavy losses caused by CLCuVD, 
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it is necessary to determine environmental conditions conducive for the devel-
opment of CLCuVD in major cotton-growing areas of Punjab, Pakistan, and to 
develop a disease predictive model to establish a forecasting system in future 
which will provide a base to take preemptive decision against the insect vector 
and CLCuVD under a given set of environmental conditions for better manage-
ment practices.

2  Materials and Methods

Five years’ data (2002–2006) of CLCuV disease incidence, whitefly population 
density, and environmental conditions were collected from different districts of 
cotton-growing areas of Punjab (Pakistan) to develop a disease predictive model. 
To validate/verify the model so developed, 2 years’ data of disease incidence and 
whitefly population were collected from the disease-screening nursery established 
in the research area of Department of Plant Pathology, University of Agriculture, 
Faisalabad, from June 2007 to October 2008. During the same period, maximum 
and minimum air temperature, rainfall, relative humidity, and wind velocity were 
recorded on a daily basis at the University of Agriculture, Faisalabad. The detection 
of virus was confirmed through whitefly transmission and graft inoculation in the 
net house (Akhtar et al. 2001). The influence of each environmental variable (maxi-
mum and minimum air temperature, rainfall, relative humidity, and wind velocity) 
on CLCuVD was determined by regression analysis.

3  Results and Discussion

3.1  Conducive Environmental Conditions for the 
Development of clcuvd 

In the present study, maximum whitefly population (10.97/leaf) was recorded in 
2005 (Table 13.1), and the corresponding value for the CLCuVD incidence was 
found at its peak of 55.31 % (Fig. 13.1). A similar pattern of disease development 
was observed during 2006 (CLCuVD = 54.06 %, whitefly population = 8.48). From 
2002 to 2004, a significantly low whitefly population (2.97–3.78/leaf) was recorded 
as compared to 2005 and 2006 (8.48–10.97/leaf). The CLCuVD incidence during 
the same period, i.e., from 2002 to 2004, was found to be lower (18.37–36.30 %) 
as compared to 2005 and 2006 (54.06–55.31 %). One of the most important factors 
in the development of CLCuVD was whitefly—the vector of this disease (Man-
soor et al. 1993; Hameed et al. 1994). The maximum temperature conducive to 
CLCuVD recorded during 2005 was 37.16 °C contributing 61.4 % influence on the 
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development of disease (Table 13.1; Fig. 13.2). The role of this variable in dis-
ease development was to the tune of 58.3 % in 2006 when the temperature was 
37.78 °C. The maximum temperature on an average contributed maximum influ-
ence as compared to the other variables. The ideal relative humidity conducive for 
maximum disease development was found to be 58.35 and 60.39 % in 2005 and 
2006, respectively (Table 13.1). The contribution of this variable remained 34.8 and 
28.4 % during 2005 and 2006, respectively (Fig. 13.3). The value of minimum tem-

Fig. 13.1  Effect of whitefly in the development of CLCuVD

 

Table 13.1  Comparison of environmental conditions for CLCuVD during 2002–2006
Environmental 
parameters

2002 2003 2004 2005 2006 LSD

CLCuVD 18.37 c 35.24 b 36.30 b 55.31 a 54.06 a 14.73
Bemisia tabaci 2.97 b 3.78 b 3.18 b 10.97 a 8.48a 2.818
Maximum tem-

perature (°C)
40.63 aa 39.94 ab 39.63 a 37.16 ab 37.78 ab 1.943

Relative humidity 
(%)

62.43 a 65.49 a 65.19 a 58.35ab 60.39a 7.824

Minimum tem-
perature (°C)

26.84 a 27.33 a 27.41 a 27.02 a 26.84 a 1.250

Rainfall (mm) 13.44 a 17.28 b 12.68 a 10.06 a 10.54a 6.706
Wind velocity 

(km/hr)
4.61 a 4.93 a 5.40 a 5.04a 4.75 a 0.864

aMean values within rows not sharing the same letter differ significantly at 0.05 level of probability
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Fig. 13.2  Effect of maximum temperature in the development of CLCuVD

 

Fig. 13.3  Effect of relative humidity in the development of CLCuVD
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perature towards CLCuVD development was 27.43 °C averaged across 2005–2006 
(Fig. 13.4). The contribution of minimum temperature towards the disease develop-
ment remained poor but significant at P = 0.05. The overall relationship between 
CLCuVD and rainfall was found to be negative (Fig. 13.5). The contribution of 
this variable to the development of CLCuVD was 24.8 and 28.4 % during 2005 and 
2006, respectively. The wind velocity remained statistically nonsignificant from 
2002 to 2006 (Table 13.1) ranging from 4.61 to 5.40 km/hr. On an overall basis, the 
individual contribution of this variable remained low ranging from 5.12 to 20.4 % 
in 2006 and 2005, respectively (Fig. 13.6).

3.2  Development of a CLCuVD Predictive Model

In research, there is a great thrust to know how and to what extent a certain variable 
(response variable) is related to a set of other variables (explanatory variables). In 
a statistical relationship, the relation between variables is not known exactly and 
one has to approximate the relationship and develop models that characterize their 
main features. Regression analysis is concerned with developing such “approximat-
ing” models (Graham 2003). The objective of this investigation was to understand 
and explain the nature of relationship of different environmental variables with 

Fig. 13.4  Effect of minimum temperature in the development of CLCuVD

 



32913 Cotton Leaf Curl Virus Disease Predictive Model Based …

Fig. 13.5  Effect of rainfall and wind velocity in the development of CLCuVD

 

Fig. 13.6  Effect of wind velocity in the development of CLCuVD
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CLCuVD and its vector—whitefly. By identifying such disease-contributing vari-
ables, it would be rather easy for the farmers to have better control over the disease. 
The model was developed in four phases.

3.2.1  clcuvd Predictive Model Based on 5 Years’ Data (2002–2006)

In the present study, a multiple regression model was developed. The statistically 
justified model ( R2 = 0.79) at P < 0.05 developed to predict the probable attack of 
CLCuVD under a given set of environmental variables is: Y = 145 + 4.47x1 − 0.151x2 
− 0.490x3 − 1.83x4 + 1.58x5 − 4.84x6 with R2 = 0.79, where Y = CLCuVD, x1 = mini-
mum temperature, x2 = rainfall, x3 = relative humidity, x4 = wind velocity, x5 = white-
fly, and x6 = maximum temperature. It is evident from the model that major factors 
responsible for the attack of CLCuVD were temperature and the extent/intensity of 
whitefly population prevalent at that time. It indicated that with one unit change in 
minimum temperature, there would be a probable change of 4.47 units in CLCuVD. 
The change would be 4.84 units in the case of maximum temperature. Whitefly, 
considered as a vector in the onset of CLCuVD, has a significant contributing role 
in the spread of this viral disease, i.e., linear expansion in a single part of whitefly 
would cause an equivalent swell in 1.58 units of CLCuVD.

3.2.2  Model Assessment

The above-cited model was assessed according to the procedures described by 
Chattefuee and Hadi (2006) and Snee (1977). One of the most important param-
eters to check the model reliability is the value of coefficient of determination, i.e., 
R2. In the present study, it was 0.79 which is considered fairly good particularly 
under field conditions (Table 13.2). Similarly, the standard error of estimate was 
not so high (8.185). The F-distribution of the regression model was significant at 
P < 0.05 (Table 13.3). The relative contribution of maximum temperature, minimum 
temperature, relative humidity, and whitefly towards the development of model was 
significant at < 0.05, except wind velocity and rainfall. It may be concluded that the 
model is good for prediction/forecasting purpose from a set of unknown variables 
based on the physical theory. The model assessment phase was completed by com-
paring observed and predicted data. There was a small difference between the slope 
of observed and predictive model values (0.411 and 0.287) with R2 of 0.18 and 0.11, 
respectively (Fig. 13.7). It was obvious from the graph displayed in Fig. 13.8 that 

Regression statistics
R-square 0.79
Adj-R square 0.76
Standard error 8.185
Observations 60

Table 13.2  Regression 
statistics of the predictive 
model for CLCuVD based on 
5 years (2002–2006)
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the majority of the predictions (out of 60 data points, 47 data points have differ-
ence less than 10) were centralized between 95 % confidence interval (CI) and 95 % 
predictive interval (PI) indicating a fairly good fit between observed and predicted 
data.

3.2.3  CLCuVD Predictive Model Based on 2 Years’ Data (2007–2008)

Similarly, a predictive model based on 2 years’ data (2007–2008) was developed 
(significant at P = 0.05; Table 13.4) on the same lines as was done for 5 years’ data 
based on a given set of environmental variables. Y = 145 + 2.78x1 − 0.998x2 − 0.400x3 
− 1.02x4 + 3.85x5 − 2.25x6 with R2 = 0.75 and SE = 6.30, where Y = CLCuVD, 

Fig. 13.7  A comparison of predicted and observed data points based on 5 years’ data

 

Table 13.3  Analysis of variance of the predictive model for CLCuVD based on 5 years 
(2002–2006)
Source Df SS MS F P value Significance 

F
Regression 6 13,450.1 2,241.7 33.46 0.000 ***
Residual error 53 3,550.7 67
Total 59 17,000.8
***P < 0.10
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x1 = minimum temperature, x2 = rainfall, x3 = relative humidity, x4 = wind velocity, 
x5 = whitefly, and x6 = maximum temperature. The model was significant at P = 0.05 
(Table 13.4). It may be noticed from the above model that the relative contribution 
of maximum temperature, minimum temperature, relative humidity, wind velocity, 
rainfall, and whitefly towards the model development was similar to that observed 
in the previous model based on 5 years’ data.

3.2.4  CLCuVD Model Validation

The most reliable option in validating the model is making a prediction by collect-
ing data from some other source/location, i.e., any other data not used in the model 
development. Therefore, the model so developed on 5 years’ data (2002–2006) was 
validated on 2 years (2007–2008). There was a small difference between the slope 
of observed and predicted values (0.80 and 1.03) with R2 of 0.22 and 0.21, respec-

Fig. 13.8  A fitted line plot for CLCuVD with predicted and observed data points at 95 % confi-
dence and predictive interval

 

Source Df SS MS F P value Signifi-
cance F

Regression 6 2,628.20 438.03 10.83 0.000 ***
Residual 

error
17 687.81 40.46

Total 23 3,316.01
***P < 0.10

Table 13.4  Analysis of vari-
ance of the predictive model 
for CLCuVD based on 2 
years (2007–2008)
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tively (Fig. 13.9). The forecasting accuracy was considerably better, R2 = 0.78, sig-
nificant at P < 0.05 with a low standard error of 5.67 (Fig. 13.10). The P value for 
model comparison was 0.972 which was nonsignificant indicating that two models 
have close association with one another (Table 13.5).

4  Conclusions and Future Perspective

The maximum temperature and relative humidity were identified as main envi-
ronmental variables contributing to the development of disease. The influence of 
rainfall and wind speeds was either nil or meager with respect to disease develop-
ment. A predictive model ( Y = 145 + 4.47x1 − 0.151x2 − 0.490x3 − 1.83x4 + 1.58x5 − 4.
84x6; R2 = 0.79) statistically justified at P < 0.05 ( R2 = 0.79) based on 5 years’ data 
(2002–2006) was developed which was then calibrated and validated using 2 years’ 
data (2007–08). The forecasting accuracy of the predictive model was considerably 
better, R2 = 0.78, significant at P < 0.05 with a low standard error of 5.67. The model 
indicated a good fit between observed and simulated data. However, the model 
needs to be expanded at the country level based on historic data comprising the past 
30–40 years. The most important soil properties (e.g., electrical conductivity (EC), 
sodium adsorption ratio (SAR), NPK status, texture, organic matter, etc.) need to 
be evaluated in such a model. The nutritional status of affected plants also may be 
explored in the model. Research on management practices in controlling some par-
ticular environmental variable will certainly go a long way in reducing its epidemic.

Fig. 13.9  A comparison of predicted and observed data points based on 2 years’ data using model 
developed on 5 years’ data
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Abstract Abiotic stresses, especially drought, high salinity, flooding, and extreme 
temperatures, have become a big concern due to their high frequency of occurrence 
and usually beyond human control capacity, as well as their severe impacts on agri-
cultural crop productivities. Under the pressures of climate change and reduction in 
total cultivated land worldwide for other purposes, sustaining food security to feed 
an increasing human population while coping with these environmental constraints 
is a greater challenge than ever. Generating new varieties with better traits based on 
gene exchange from available sources via conventional breeding methods currently 
no longer provides an adequate solution in coping with abiotic stresses. Therefore, 
another research theme attracting the scientists over the past 20 years has been to 
elucidate molecular mechanisms that the plants employ to defend and adapt to stress 
conditions. The final aims are to identify and characterize the function of important 
genes involved in plant responses to stress that can be used for genetic manipula-
tion. Thanks to advances in molecular biotechnology, including gene transfer tech-
niques such as particle bombardment, microinjection, and Agrobacterium-mediated 
transformation, new varieties with better stress tolerance and yield production could 
be made by this strategy; thus, in combination with traditional approaches, develop-
ment of new lines with improved traits has become more practical. According to 
our current knowledge, transcription factors (TFs) have been recognized to play 
essential roles in regulating plant responses against adverse abiotic factors. Many 
TFs belonging to families AP2/EREBP, bZIP, MYB, WRKY, and NAC have been 
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reported to participate in plant responses to various stressors. A number of TFs 
whose encoding genes are appropriately altered in expression level have shown 
enhanced tolerance capacity toward drought, salt, and suboptimal temperatures in 
transgenic model and crop plants. In this chapter, we summarize our current under-
standing about TF activities in plants under adverse stress conditions and their use 
in crop improvement.

Keywords Abiotic stress · Transcriptional factor · Stress tolerance · Genetic 
engineering · Crop improvement

1 Introduction

Abiotic stress is defined as a “non-living environmental factor that can negatively 
or even harmfully affect the growth and productivity of plant” (Ku et al. 2013). 
Among the abiotic stressors, drought is the biggest threat to plants in general and 
to crops in particular. Shortage of water supply leads to reduction of photosynthesis 
due to lack of intracellular CO2 availability because of stress-induced stomatal clos-
ing and reduction of root capacity to absorb nutrients in soil, and thus total energy 
production of the plant is decreased (Lawlor and Cornic 2002; Lawlor and Tezara 
2009; Aroca et al. 2012). Excessive light can exacerbate stress in plants by affecting 
its photosynthesis. When chloroplasts are exposed to excessive light, photooxida-
tion is induced, which results in the increased production of reactive oxygen spe-
cies (ROS), such as hydrogen peroxide, superoxide anion, and hydroxyl radicals 
(Grassi and Magnani 2005; Aguado-Santacruz 2006; Zhou et al. 2007; Miller et al. 
2010; Osakabe et al. 2014). These biological molecules can cause negative effects 
on plant productivity. Moreover, water deficit triggers the stomata closure and a 
decrease in leaf water potential as well as the downregulation of photosynthesis-
related genes and slow diffusion of CO2 (Osakabe et al. 2014). More severe drought 
exposures can finally lead to plant death.

The invasion of salinity into mainland and higher frequency of flooding as a 
consequence of ice melt or urbanization process make these the second- and third-
ranked concerns to sustainable agriculture. Under high salinity, susceptible plants 
suffer ion toxicity due to excessive entry of ions, particularly Na+, into the cells, 
resulting in homeostatic disruption, water loss, and oxidative stress, and thereof 
inhibition of photosynthesis and enzyme activities, cell division, and plant growth 
(Munns et al. 2006; Munns and Tester 2008; Parvaiz and Satyawati 2008; Shabala 
and Munns 2012). It is projected that by 2050, more than half of arable land would 
encounter salinity problem (Wang et al. 2003; Setia et al. 2011). Opposite to water 
deficit, waterlogging is another type of water stress whereby it prevents plants, or 
at least their root part, from accessing oxygen supplied from environment (Mahajan 
and Tuteja 2005; Calvo-Polanco et al. 2012; Kreuzwieser and Rennenberg 2014). 
The consequences of this are negative effects on root functions in respiration and 
taking up nutrients (Mahajan and Tuteja 2005). Meanwhile, exposure to nonoptimal 
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temperature conditions, such as cold (chilling and frost) and heat (high tempera-
ture), may cause injuries to cellular structure and functions, and thus significantly 
affecting plant metabolism, development, and reproduction (Yadav 2010; Theocha-
ris et al. 2012; Hasanuzzaman et al. 2013). For example, cellular ice formation, 
dehydration, and fluidity movement reduction in the phospholipid membrane are 
among early effects caused by low temperatures (Mahajan and Tuteja 2005; Wang 
et al. 2006).

It has been known that chilling, freezing, heat, drought, and salinity all lead to 
hyperosmotic condition as a secondary stress in plants. Depletion in cellular water 
is the common consequence caused by each of these stress factors. Hyperosmosis is 
explained as a condition in which there is an increase in concentration of extracel-
lular solutes due to water deficit, and thus triggering the movement of water out of 
the cells into the environment (Aguado-Santacruz 2006). As a result, cellular turgor 
cannot be maintained and intracellular concentration of solutes is increased (Agua-
do-Santacruz 2006; Solanke and Sharma 2008; Chaves et al. 2009). It is important 
to mention that although some of the molecular responses to these types of stressors 
overlap as they produce similar effects in the water status of cells, stress-specific 
responses are also present depending on which particular stress the plant is facing 
with (Aguado-Santacruz 2006).

In addition to the well-mentioned abiotic stressors, such as drought, salinity, 
heat, cold, and flooding, there are other abiotic stressors appearing with less fre-
quency, including UV radiation, heavy metal toxicity, and inorganic nutrient defi-
ciency (Clemens 2006; Hossain et al. 2012; Hideg et al. 2013; Liang et al. 2013). 
Nowadays, abiotic stresses are not purely considered as natural causes since their 
occurrence and severity are under the influence of human activities such as not 
only inappropriate practices in agriculture like intensive land use without break 
and excessive organic fertilization but also in other areas, such as deforestation and 
industrial gas release into the atmosphere. As a consequence of these human errors, 
climate change has been a hot topic for discussion, and of course this exacerbates 
unpredictability of abiotic stresses, making them more serious threats to the food 
security of humankind.

To reduce agricultural loss by the impact of abiotic stresses, scientists have been 
trying to widen our current understanding of the mechanisms of plant tolerance 
to various abiotic stressors by using different methodologies. Although how ex-
pression of genes alters under stress conditions can be easily determined, working 
out their roles in the stress responses and identifying their relationship with other 
members in the whole picture of stress acclimation are not easy tasks (Chaves et al. 
2009). That may be the reason why the number of successes in the development of 
crop plants coping with the major stressors, including water scarcity, salinity, and 
temperature stresses, is still limited. To accelerate this process, a combination of 
modern techniques in molecular biology, advances in phenotyping, quantitative trait 
locus (QTL) mapping, and conventional breeding strategies has been used. The pur-
poses of this chapter are to summarize our current knowledge about stress-adaptive 
mechanisms in plants, mainly focusing on major abiotic stresses (drought, salinity, 
and extreme temperatures) and transcription factors (TFs)—important members in 
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the stress-adaptive pathways—and then review the progress in applications of TFs 
in improving abiotic stress tolerance in crop plants.

2 Mechanisms in Plant Responses to Abiotic Stresses

It is predicted that abiotic stresses will continue to be major constraints affecting 
global crop yields (Sharma and Lavanya 2002; Osakabe et al. 2013b), and thus, 
through evolution plants have developed various mechanisms to cope with them. 
These mechanisms have been classified into three groups: (1) stress escape by 
 adjusting plant development and reproduction in accordance with the environmen-
tal conditions; (2) stress avoidance by developing morphologically and physiologi-
cally advantageous traits; and (3) stress tolerance by regulating morphological, 
physiological, biochemical, and molecular activities to minimize the stress impact 
(Turner et al. 2001; Mittler 2002; Chaves et al. 2003). The last defending strategy 
attracts the largest research attention and hence will be discussed in detail later in 
this section.

2.1 Physiological and Biochemical Responses

Adaptation to abiotic stress is undoubtedly one of the most complex biological pro-
cesses in plants since it involves multigenic traits. Reponses that are usually seen 
at the physiological level are closure of stomata, shedding of leaves, decrease in 
light absorbance and photosynthetic activities, adjustment in relative water content, 
increase in root growth, and reduction in shoot growth (Manavalan et al. 2009; 
Shanker and Venkateswarlu 2011; Thu et al. 2014; Ha et al. 2013). For example, 
under high CO2 and abiotic stress conditions, excess C may favor root growth over 
that of photosynthetic organs (Hachiya et al. 2014). Shoot-growth restriction could 
be considered as an advantage to help plants preserve limited carbohydrate resource 
for maintaining the most important metabolism activities to ensure their survival 
over the stress period and their capacity to recover quickly after the demission of the 
stress (Aguado-Santacruz 2006). In contrast, continuation of root growth is favor-
ably promoted to search for water from deeper soil layers (Alsina et al. 2011; Aroca 
et al. 2012). Examination of various root characteristics, such as dry weight, total 
length, and number of lateral roots, enables us to quickly assess the tolerant capacity 
of a particular plant variety under stress conditions (Liu et al. 2005; Gowda et al. 
2011; Kumar et al. 2012). Other physiological symptoms can be observed under 
abiotic stress, including decrease in leaf expansion, wilting, discoloration, chloro-
sis, surface lesion and/or sterility at reproduction stage, senescence, stunted shoots, 
and lower biomass production (Wen et al. 2002; Yadav 2010; Jaarsma et al. 2013). 
Hence, many common parameters, such as survival rate, productivity, and relative 



34114 Transcription Factors in Abiotic Stress Responses

growth rate, are used for the evaluation of plant tolerance to various stresses (Ashraf 
and Harris 2004; Parvaiz and Satyawati 2008).

The most important, commonly seen response of plants to major abiotic stresses 
at biochemical level is perhaps the osmotic adjustment. A wide variety of solutes are 
involved in this regulation, including amino acids and amino acid-associated com-
pounds (proline, aspartate, glutamate, and glycine betaine etc.), sugars (sucrose, 
fructose, fructans, and trehalose etc.), and polyols (mannitol, and sorbitol etc.) 
(Chaves et al. 2003; Koyro et al. 2012). These metabolites are also called osmo-
protective substances that contribute to maintaining the cell turgor and prevention 
of water loss. Additionally, increase of other products, such as antioxidant sub-
stances (e.g., ascorbate, glutathione, carotenoids, anthocyanins, and α-tocopherol), 
detoxifying enzymes (e.g., catalase, superoxide dismutase, peroxidase, ascorbate 
peroxidase, glutathione peroxidase, and glutathione reductase), heat shock proteins 
(HSPs), and late embryogenesis abundant (LEA) proteins, is also observed under 
stresses (Goyal et al. 2005; Chakrabortee et al. 2010; Aguado-Santacruz 2006). 
Moreover, under stress conditions, such as drought and salinity, transportation ac-
tivities of anions and cations, including Cl−, Na+, and K+, as well as the participation 
of water transport systems play important roles to maintain an ion balance between 
tissues and cells in stress adaptation (Osakabe et al. 2013a; Osakabe et al. 2014).

2.2  Signal Perception, Transduction, and Regulating Pathways 
Involved in Plant Responses to Abiotic Stresses

Regulation of molecular activities such as gene expression is considered the most 
critical factor determining the response degree of a plant as a whole toward a spe-
cific stress condition. In this process, being able to sense changes in the surrounding 
environment is the first important step for plants to respond, survive, and adapt to 
living conditions. Disruption of normal intracellular homeostasis in plants caused 
by stress is regarded as early alerting signals that include alterations of cellular size, 
solute concentration, and cellular turgidity and/or increase in ROS levels (Loutfy 
et al. 2012; Suzuki et al. 2012). A number of stress detectors have been identified 
in plants and most of them are located on the cell membrane (Mahajan and Tuteja 
2005). Under cold, drought, or salinity stress conditions, Ca2+ ions have been shown 
to be shuttled into the cell cytoplasm, indicating participation of Ca2+ permeable 
channels in the stress-responsive networks as stress signal receptors (Boudsocq and 
Sheen 2013). Calcium ions have been indicated to interact with kinase enzymes, in-
cluding Ca-dependent protein kinases (CDPKs), calmodulin-binding protein kinas-
es, and Ca2+/calmodulin-dependent protein kinases that are known to participate in 
signaling pathways via phosphorylation activities. Taking a strategy used by plants 
to cope with salt stress as an example, the salt overly sensitive (SOS)-responsive 
pathway, which aids the reestablishment of intracellular ionic balance, includes a 
sensor Ca-binding protein SOS3 that is able to mediate the activity of kinase SOS2 
(Boudsocq and Laurière 2005; Thapa et al. 2011). These activated kinases will in 
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turn directly regulate activities of TFs in the downstream transduction pathway 
(Chinnusamy et al. 2004). It was reported that an increase in ROS concentration 
during stress also led to the enhancement of activity of these Ca channels (Mori and 
Schroeder 2004).

Another type of membrane protein sensors involved in the perception of drought, 
high salinity, and low temperature, which deserves to be mentioned, is histidine 
kinases (HKs) that are members of two-component system (TCS). In Arabidopsis 
thaliana, a number of HKs (AHKs) have been identified (Schaller et al. 2008). HKs 
functioning as osmosensors, such as Sln1 and Sho1, are also present in yeast in 
which both of them are membrane spanning but have no similarity in structure. In 
Arabidopsis, a homolog of Sln1, AtHK1/AHK1, has been identified which is able to 
suppress the salt-sensitive phenotype of the yeast double-mutant sln1∆ sho1∆ that 
lacked both osmosensors (Urao et al. 1999). The interaction between AHK1 and 
the downstream Arabidopsis histidine phosphotransfers (AHPs) in the multistep 
phosphorelay has been identified (Urao et al. 2000; Kumar et al. 2013). In addition 
to these above-described sensors, G protein-associated receptors may function in 
the perception of a secondary signal derived from these stresses (Perfus-Barbeoch 
et al. 2004; Misra et al. 2007). They might also serve as a kind of membrane-bound 
receptors for abscisic acid (ABA; Pandey et al. 2009).

It is important to emphasize that a specific abiotic stress can generate more than 
one type of signals that can be detected by one or more sensors (Gong et al. 2013). 
For example, drought causes both osmotic and oxidative stresses to plants. Oxi-
dative stress and appearance of photorespiration as secondary stress effects from 
drought can lead to increased production of ROS, possibly deriving from organelles 
such as chloroplasts, mitochondria, glyoxysomes, and peroxisomes, and from ac-
tivities of β-oxidation of lipids and several different oxidases (Apel and Hirt 2004; 
Miller et al. 2010; Voss et al. 2013). ROS inhibits the function of many enzymes, 
increases protein and DNA susceptibility to degradation due to structural modifi-
cations, reduces permeability of plasma membrane, and stimulates the activity of 
Ca-dependent proteases and nucleases (Sharma et al. 2012).

The participators working as second messengers can be divided into three groups, 
including: (1) diacylglycerol, inositol triphosphate, such as IP3, and phosphate 
idylinositols (group of hydrophobic molecules) which are located on the membrane 
and are able to pass the signal to membrane-associated effector proteins; (2) cAMP, 
cGMP, sugars, such as sucrose, glucose, and fructose, and Ca2+ (group of hydro-
philic molecules) which are presented within the cytosol; and (3) nitric oxide and 
carbon monoxide (group of gas molecules) which can diffuse through cytosol and 
cellular membranes (Bhargava and Sawant 2013; Aguado-Santacruz 2006; Chaves 
et al. 2009). Additionally, ROS can also be assigned as another member of sec-
ond messenger since its damage effects to cellular components during stress switch 
on specific genes involved in the activation of mitogen-activated protein kinase 
(MAPKs) as well as the production of antioxidants, HSPs, and ROS-scavenging 
enzymes.

Several second messengers, such as IP3, can regulate intracellular Ca2+ levels, 
while the Ca2+ ion itself is also regarded as a second messenger. Ca2+ has been known 
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to be involved in the closure of stomatal aperture (Zhang et al. 2011a), and often 
initiates a protein phosphorylation cascade that regulates expression of downstream 
regulatory and functional genes, contributing to stress tolerance (Gong et al. 2013). 
It is noticed that in order to successfully transfer the signal message through the 
whole signal transduction pathway, extra assistants that are in charge of modifica-
tion, delivery, or assembly of signaling components are required as well. Examples 
of these molecules are protein modifiers involved in protein lipidation, methylation, 
glycosylation, and ubiquitination; scaffolds; and adaptors (Xiong et al. 2002).

A great variety of other elements are also recruited in the networks, leading to 
acclimative reactions to stress, such as plant growth regulators, including phyto-
hormones, polyamines, and Ca, and various proteins, including CDPKs, MAPKs 
(including MAPKKKs, MAP kinase kinase kinases; MAPKKs, MAP kinase ki-
nases), and TFs (Ohnishi et al. 2008; Huang et al. 2012). Particularly, involvement 
of ABA and its induced biosynthesis in response to various abiotic stresses, such as 
salinity, drought, and cold, have been well reported in literature (Fujita et al. 2011; 
Danquah et al. 2014). Many stress-responsive functional genes, such as RD22 (re-
sponsive to dehydration 22), RD29A, COR15 (cold responsive 15), COR47, and 
P5CS (-Δ-1-pyrroline-5-carboxylate synthase), and regulatory genes, including de-
hydration-responsive element-binding protein (DREB), ABA-responsive element 
(AREB), myeloblastosis (MYB), and NAC (NAM, no apical meristem; ATAF, Ara-
bidopsis transcription activation factor; and CUC, cup-shaped cotyledon), whose 
expression is regulated by ABA, have been identified to be involved in regulating 
plant responses to stresses (Xiong et al. 2001; Dalal et al. 2009; Fujita et al. 2011; 
Nakashima et al. 2009; Tran et al. 2010).

Protein phosphorylation is an important and effective mechanism that plants use 
in the signal transduction process to trigger stress responses as quickly as possible. 
In plants, in addition to the TCSs, activities of the two classes of stress-activated 
protein kinases, MAPKs and CDPKs, are also performed via phosphorylation at 
specific amino acid residues present in the structure (Schaller et al. 2008; Huang 
et al. 2012). In the working module of MAPK members, an MAPKKK is activated 
by phosphorylation which in turn phosphorylates the activity of MAPKK (Bhar-
gava and Sawant 2013). At the end of the phosphorylation cascade, activation of 
a cytoplasmic MAPK often results in its translocation into the nucleus to regulate 
gene expression via controlling TFs also by phosphorylation (Danquah et al. 2014). 
Alternatively, these terminal MAPKs remain in the cytoplasma where they phos-
phorylate enzymes or cytoskeleton components (Danquah et al. 2014).

In further progression of the signaling process, TFs should be highlighted as the 
key participators. They work as final transducers in the transduction module and di-
rectly mediate gene expression since they can bind to regulatory regions of specific 
promoters (e.g., cis-acting elements). There is a fact that expression of a gene can 
be regulated by several mechanisms of which some are still unknown (Weake and 
Workman 2010). Nonetheless, the regulation of gene expression via the interaction 
of TFs and promoters are well documented (Yamaguchi-Shinozaki and Shinozaki 
2006). Detailed information about TFs will be discussed in the next section of this 
chapter.
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3 Plant TFs and their Roles in Abiotic Stress Responses

In plant genomes, approximately 7 % of the coding sequences are assigned to TFs 
(Udvardi et al. 2007), which are divided into families based on their distinct signa-
tures in structure. Major families are well known to be involved in various abiotic 
stresses either in ABA-dependent (MYB/MYC, bZIP) (Zhang et al. 2009a; Fujita 
et al. 2011), ABA-independent pathway (WRKY) (Chen et al. 2012; Rushton et al. 
2008; Umezawa et al. 2006), or in both pathways (NAC, AP2/EREBP) (Souer et al. 
1996; Olsen et al. 2005; Nakashima et al. 2012; Puranik et al. 2012). With the 
aim to generate new varieties, which are able to cope with abiotic stress(es) more 
efficiently, genetic engineering has been considered as a powerful approach in ad-
dition to conventional breeding methods. Thanks to recent advances in technolo-
gies, including real-time quantitative polymerase chain reaction (RT-qPCR), omic 
technologies, cloning, transformation, gene overexpressing and silencing, and other 
biochemical, molecular, and physiological methods employed in stress-response 
analyses at physiological and molecular levels, essential candidate genes contribut-
ing to plant adaptation to stress have been identified. These genes include those en-
coding members functioning in various stages of stress signal transduction cascade. 
Among these, TFs have drawn particular attention due to their important function 
in stress regulation and their potential in genetic engineering. Therefore, numerous 
attempts have been made all around the world, mainly by overexpressing the TF-
encoding genes, and several promising results have been reported. Table 14.1 sum-
marizes a number of studies using TFs to create transgenic model and crop plants 
with improved abiotic stress tolerance within the past 5 years.

3.1 The AP2/EREBP Family

In plants, AP2/EREBP (APETALA2/ethylene-responsive element-binding protein) 
has been known as a large family of TF genes which contains the highly conserved 
AP2/ethylene-responsive element-binding factor (ERF) DNA-binding domain 
(Riechmann and Meyerowitz 1998), and has been identified in various species, 
such as Arabidopsis, tobacco ( Nicotiana tabacum), and tomato ( Solanum lycop-
ersicum) (Fischer and Dröge-Laser 2004; Oñate-Sánchez and Singh 2002; Tournier 
et al. 2003). Based on the number of AP2/ERF domains and the gene structure, the 
AP2/EREBP gene family can be divided into four subfamilies AP2, RAV (related 
to ABI3/VP1), DREB, and ERF (Sakuma et al. 2002; Sharoni et al. 2011). Among 
these, the ERF and DREB TF subfamilies were discovered in various plant spe-
cies, including rice ( Oryza sativa) (Quan et al. 2010), Arabidopsis (Sakuma et al. 
2006), and tobacco (Agarwal et al. 2010), and their functions in the plant responses 
to biotic and abiotic stresses have been extensively studied (Agarwal et al. 2006; 
Agarwal et al. 2010).

The DREB-type TFs contain a conserved DNA-binding domain of 58–60 
amino acids, and thus are able to bind to the PyCCGACAT cis-elements named 
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as DRE/C-repeat (CRT) motifs located in the promoter regions of target genes to 
activate or suppress their transcription for achieving stress adaptation (Park et al. 
2001; Ito et al. 2006; Jaglo et al. 2001; Kasuga et al. 1999; Liu et al. 1998; Agar-
wal et al. 2006; Sakuma et al. 2002). According to Sakuma et al. (2002), DREB 
subfamily has been further classified into six subgroups termed A-1 to A-6, of 
which A-1 and A-2 are the two largest groups. DREB1/C-repeat-binding factor 
(CBF; A-1) subgroup of Arabidopsis with three major regulator factors, DREB1A/
CBF3, DREB1B/CBF1, and DREB1C/CBF2, has shown its importance in plant 
responses to cold stress. Overexpression of RD29A:DREB1 or 35S:CBF genes 
showed significantly improved tolerance to freezing, drought, and high salinity in 
Arabidopsis (Jaglo-Ottosen et al. 1998; Liu et al. 1998; Mizoi et al. 2012). Further-
more, the DREB1s can be used to produce transgenic crops with higher tolerance 
to drought, high salt, high temperature, and cold stress. Bouaziz et al. (2013) re-
ported that transgenic potato plants overexpressing 35S:StDREB1, which had been 
isolated from potato ( S. tuberosum) and classified in the A-4 group of DREB sub-
family based on multiple sequence alignments and phylogenetic characterization, 
had enhanced salt and drought tolerance. Moreover, StDREB1 was significantly 
induced by NaCl, drought, low temperature, and ABA conditions in potato. In Pop-
ulus trichocarpa, the development of Populus varieties with a greater tolerance to 
many adverse environments has been aided by understanding the characterization 
of the DREB subfamily (Chen et al. 2013b). Based on the expression analysis of 
15 selected PtrDREB genes under abiotic stress conditions in Populus, Chen et al. 
(2013b) claimed that there were 14 genes with induced expression under different 
abiotic stresses. GmDREB2 isolated from soybean is a novel DREB gene of A-5 
subgroup which was found to have induced expression by drought, high salt, and 
low temperature stresses (Chen et al. 2007). Overexpression of GmDREB2 by con-
stitutive 35S promoter or stress-inducible RD29A promoter resulted in upregulation 
of downstream genes in transgenic Arabidopsis (Chen et al. 2007). As a result, the 
transgenic plants showed enhanced tolerance to drought and high salinity without 
any growth retardation even with constitutive overexpression (Chen et al. 2007), 
as was observed with constitutive overexpression of OsDREB1A (Dubouzet et al. 
2003). LeDREB2 was discovered from tomato genome and classified into an A-2 
group member of the DREB family. The expression of this gene was induced by 
high salinity, drought, and cold (Islam and Wang 2012). In another independent 
research on expression analysis in Pisum sativum, PsDREB2A was reported to be 
induced in pea roots and leaves under water deficit (Jovanovic et al. 2013). Mal-
likarjuna et al. (2011) developed transgenic rice lines overexpressing OsDREB2A 
under control of stress-inducible RD29A promoter, which resulted in the enhanced 
growth performance and significant tolerance to osmotic, salt, and dehydration 
stresses during simulated stress conditions as compared with the wild type. Later 
on, Zhang et al. (2013) used this gene to enhance salt tolerance of soybeans. The 
authors reported that salt tolerance was enhanced in the 35S:OsDREB2A transgen-
ic soybean plants due to accumulation of osmolytes, such as soluble sugars and 
free proline, as well as induced expression of several stress-responsive TFs and 
key genes (Zhang et al. 2013). LcDREB3a from the drought-tolerant forage grass 
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Leymus chinensis was shown to function in the improvement of drought and salt 
tolerance in Arabidopsis overexpressing 35S:LcDREB3a without causing growth 
retardation by inducing expression of stress tolerance genes when compared to con-
trol (Peng et al. 2011). Besides, transgenic expression of another LcDREB member 
( LcDREB2) in combination with its downstream gene (S-adenosyl-methionine de-
carboxylase, LcSAMDC2,-encoding gene) obtained from L. chinensis under the 
control of the 35S promoter could improve the salt tolerance in Arabidopsis (Peng 
et al. 2013). In Malus domestica, RT-qPCR analysis showed significant upregula-
tion of some putative MdDREB genes under various abiotic stress treatments, which 
proved their vital roles during stress adaptation (Zhao et al. 2012).

In another subfamily of AP2/EREBP TFs, ERFs have been indicative of their 
participation in plant responses to biotic and abiotic stresses by recognizing the cis-
acting element AGCCGCC, known as the GCC box (Hao et al. 1998; Ohme-Takagi 
and Shinshi 1995; Fujimoto et al. 2000). Based on the phylogenetic analyses of 125 
AP2/ERF members in Arabidopsis, the ERF subfamily could be divided into six 
subgroups, from ERF-B1 to ERF-B6 (Sakuma et al. 2002). In wheat ( Triticum aes-
tivum), 47 ERF-encoding genes have already been identified (Zhuang et al. 2011). 
Among these, constitutively overexpressing TaPIE1 controlled by maize ubiqui-
tin promoter in wheat exhibited significantly enhanced resistance to both patho-
gen (triggered by Rhizoctonia cerealis) and freezing stress, whereas constitutive 
knockdown wheat plants by a recombinant construct between barley stripe mosaic 
virus (BSMV) and TaPIE1 were more susceptible to both stresses relative to con-
trol plants (Zhu et al. 2014). Functional analysis of TSRF1, a member of tomato 
ERF TFs, demonstrated that overexpression of 35S:TSRF1 improved the osmotic 
and drought tolerance of rice seedlings without growth retardation as indicated by 
physiological analyses of root and leaf growth, leaf water loss, and survival rate 
under stress conditions compared to control (Quan et al. 2010). In another study in 
rice, Joo et al. (2013) reported that ERF genes, including OsERF4a and OsERF10a, 
had an important contribution in conferring drought stress tolerance. Both constitu-
tive and ABA-inducible expression of the ERF-associated amphiphilic repression 
(EAR) domain-containing protein-encoding OsERF4a showed increased drought 
tolerance as a consequence of suppression of a putative repressor Silent informa-
tion regulator 2 (Sir2) involved in response to drought. By using a yeast-one hybrid 
system, OsAP23 belonging to the B3 group of the ERF subfamily was isolated from 
rice (Zhuang et al. 2013). When exposed to high salt concentrations, several stress-
responsive genes were induced significantly in the wild-type lines compared to 
Arabidopsis overexpressing 35S:OsAP23, suggesting a negative regulatory role of 
OsAP23 in salt stress response (Zhuang et al. 2013). Besides, characterization of an 
ERF gene from soybean, GmERF3, showed its inducible expression in soybean by 
high salinity, drought, ABA, salicylic acid (SA), jasmonic acid (JA), ethylene (ET), 
and soybean mosaic virus (SMV), whereas GmERF3 mRNA was not significantly 
accumulated under cold stress treatment (Zhang et al. 2009b). Transgenic tobacco 
plants with overexpressed 35S:GmERF3 displayed not only enhanced resistance 
against infection by Ralstonia solanacearum, Alternaria alternata, and tobacco 
mosaic virus (TMV) but also higher tolerance to high salinity and dehydration. 
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Functional analyses of a tomato ERF ( JERF3-jasmonate and ethylene responsive 
factor 3) in transgenic tobacco overexpressing 35S:JERF3 indicated that expression 
of this gene could enhance the tolerance to salt, drought, and freezing (Wang et al. 
2004; Wu et al. 2008). Also in further report of this group, transgenic rice plants 
overexpressing 35S:JERF3 exhibited better tolerance to drought and osmotic stress 
in comparison with non-transgenic rice seedlings (Zhang et al. 2010).

3.2 The bZIP Family

The bZIP (basic leucine zipper) family is another large group of TFs in plants. At 
present, most reports on stress responses have shown that bZIP TFs regulate stress 
response in ABA-dependent manner through interaction with specific ABA-respon-
sive cis-acting elements (ABRE) to promote transcription of downstream target 
genes (Kobayashi et al. 2005; Kim 2006; Zou et al. 2008; Shinozaki and Yamagu-
chi-Shinozaki 2007; Uno et al. 2000). In Arabidopsis, AtbZIP1-knockout mutants 
showed a decrease in salt and osmotic stress tolerance, suggesting its positive regu-
lation of plant response to these stresses (Sun et al. 2012). Transgenic Arabidopsis 
overexpressing the maize ABP9 gene under the control of 35S promoter, which 
encodes a bZIP TF, enhanced tolerance to multiple stresses (Zhang et al. 2011b). 
Another bZIP from maize was identified as 35S:ZmbZIP72 whose overexpression 
improved drought and partial salt tolerance of transgenic Arabidopsis plants (Ying 
et al. 2012). Meanwhile, expression analysis of LrbZIP in tips of lotus roots ( Ne-
lumbo nucifera) showed strong upregulation by low temperature, salt, and ABA 
treatments (Cheng et al. 2013a). Transgenic tobacco transformed with 35S:LrbZIP 
exhibited higher salt tolerance comparing to the control under salt stress (Cheng 
et al. 2013a). Lu et al. (2009) identified OsbZIP72 as a positive regulator whose 
constitutive overexpression increased hypersensitivity to ABA and transcript level 
of ABA-responsive genes to improve drought tolerance in transgenic rice. Several 
soybean bZIPs, including GmbZIP44, GmbZIP62, and GmbZIP78, displayed no-
table roles in stress acclimation. These TFs functioned as negative regulators of 
ABA signaling and plant responses to salt and freezing tolerance (Liao et al. 2008b). 
Gao et al. (2011) also indicated the positive role of GmbZIP1 in the enhancement 
of multiple abiotic stress tolerance, including drought, salinity, and cold stresses 
in transgenic Arabidopsis by stimulating the expression of ABA- or stress-related 
genes. Overexpression of this gene by ubiquitin promoter also resulted in enhanced 
drought, salt, and freezing tolerance in transgenic wheat (Gao et al. 2011). The 
authors indicated that Arabidopsis and tobacco overexpressing GmbZIP1 by stress-
inducible RD29A or 35S promoter also showed increased tolerance under similar 
stresses. ScAREB1, SpAREB1, and SlAREB1 belonging to the bZIP family of S. 
chilense, S. peruvianum, and S. lycopersicum, respectively, were upregulated by salt 
stress (Yáñez et al. 2009). Moreover, expression of SlAREB1 was induced by other 
stresses, such as drought and cold, and ABA in S. lycopersicum, and its encoded 
TF upregulated stress-responsive genes in 35S:SlAREB1-overexpressing transgenic 
tobacco and tomato plants (Yáñez et al. 2009).



35114 Transcription Factors in Abiotic Stress Responses

3.3 The MYB Family

The MYB TFs have also been known to form one of the largest TF families, which 
interact with one or more of the two stress-inducible cis-elements known as MYB-
binding sites (MBS) that contain consensus sequences CNGTT(A/G) (MBSI) or 
C(G/T)T(A/T)GTT(A/G) (MBSII) to activate their downstream genes (Abe et al. 
1997; Pabo and Sauer 1992; Riechmann and Ratcliffe 2000). The MYB TFs pos-
sess a MYB domain containing 1–4 imperfect tandem repeats (MYB repeat) located 
near the N-terminus and thus showing their distinctive characteristics (Ambawat 
et al. 2013). Based on the number of adjacent repeat(s) in the MYB domain, the 
MYB family is divided into different types, including 4R-MYB (four repeats), 3R-
MYB (R1R2R3-MYB) (three consecutive repeats), R2R3-MYB (two repeats), and 
the MYB-related type with just a single repeat (Rosinski and Atchley 1998; Jin 
and Martin 1999; Dubos et al. 2010). Members belonging to this family have been 
found in different plant species, such as 204 members in Arabidopsis, 218 members 
in rice, 279 members in grapevine, and 197 members in Populus (Wilkins et al. 
2009; Velasco et al. 2007; Chen et al. 2006). The roles of MYB proteins have been 
indicated in many physiological and biochemical processes which include regula-
tion of primary and secondary metabolism, control of cell development and cell 
cycle, hormone synthesis, and signal transduction. The MYBs are also involved in 
plant responses to various biotic and abiotic stresses (Dubos et al. 2010; Feller et al. 
2011; Stracke et al. 2001). Mochida et al. (2009) also found approximately 160 Gm-
MYBs in soybean, of which 43 out of 48 analyzed genes showed expression changes 
at least by one of the following treatments: ABA, high salinity, drought, and cold.

A number of studies have indicated the potential of MYB TFs in genetic engi-
neering for improved stress tolerance. When the rice OsMYB3R-2 and the wheat 
TaPIMP1 genes were overexpressed in Arabidopsis and tobacco using 35S pro-
moter, respectively, the transgenic lines displayed increased drought tolerance (Liu 
et al. 2011b; Dai et al. 2007). Besides, salt and freezing tolerance was elevated sig-
nificantly in Arabidopsis overexpressing either 35S:GmMYB76 or 35S:GmMYB177 
(Liao et al. 2008a). In addition, while GmMYB177 was upregulated by both drought 
and NaCl treatments, GmMYB76 was induced by NaCl treatment only. Jaradat 
et al. (2013) characterized the function of AtMYBR1 by using mybr1-mutant and 
35S:AtMYBR1-overexpressing Arabidopsis lines. Its negative regulatory functions 
in drought response and senescence, as well as in the downregulation of many 
ABA-responsive genes involved in abiotic stresses, were revealed in their study. 
Moreover, expression of Arabidopsis AtMYB44 gene has been shown to improve 
salt and drought stress tolerance in soybean and Arabidopsis by preventing exces-
sive ROS accumulation (Persak and Pitzschke 2014; Seo et al. 2012). Expression 
analysis of the OsMyb4 in rice suggested that this gene might be involved in rice 
response to dehydration and cold stress (Baldoni et al. 2013). Moreover, the au-
thors found induction of OsMyb4-like genes in wheat and Arabidopsis under similar 
stress treatments. Overexpression of 35S:OsMyb4 in apple could improve adaptive 
responses to drought and cold stresses (Pasquali et al. 2008).
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3.4 The WRKY Family

The WRKY TFs were first reported in the study of Ishiguro and Nakamura (1994) 
and the name WRKY (pronounced “worky”) was coined with the identification of 
WRKY1, WRKY2, and WRKY3 from parsley ( Petroselinum crispum) (Rushton 
et al. 1996). The WRKY family is among the largest families of TFs in higher 
plants (Rushton et al. 2010). The WRKY domain is about 60 residues in length, 
and based on the number of WRKY domains, WRKY TFs were divided into three 
groups, group I (two domains), group II (one domain), and group III (one domain 
with structure of zinc fingers C2HC) (Eulgem et al. 2000). Till date, the functions 
of WRKY TFs have been intensively studied in not only biotic stress responses but 
also abiotic stress responses, as well as in seed germination, flower development, 
and senescence (Tripathi et al. 2014; Rushton et al. 2012; Thao and Tran 2012).

Overexpression of the heat- and drought-inducible rice OsWRKY11 gene mediat-
ed using the heat-inducible HSP101 promoter showed significant heat and drought 
tolerances in transgenic rice plants (Wu et al. 2009). Mochida et al. (2009) identi-
fied more than 210 putative WRKY TF-encoding genes in soybean. Under various 
abiotic stresses, 24 of 64 examined GmWRKY genes were found to be induced by 
drought (Zhou et al. 2008). Zhou et al. (2008) reported that 35S:GmWRKY21-over-
expressing Arabidopsis plants exhibited improved tolerance to cold stress in com-
parison with wild type. The same authors also demonstrated that transgenic Arabi-
dopsis plants overexpressing 35S:GmWRKY54 were more tolerant to drought and 
salt stress, whereas those overexpressing 35S:GmWRKY13 were more sensitive to 
salt stress (Zhou et al. 2008), suggesting these two WRKY TFs have opposite func-
tions in plant responses to salt stress. Overexpression of the rice 35S:OsWRKY45 
enhanced salt and drought tolerance of Arabidopsis transgenic plants in addition 
to increased disease resistance (Qiu and Yu 2009). The grapevine VvWRKY11 TF 
played a role in osmotic stress tolerance as improved tolerance of 35S:VvWRKY11-
overexpressing transgenic Arabidopsis seedlings to mannitol-induced osmotic 
stress was observed in comparison with wild-type plants (Liu et al. 2011a). Recent-
ly, overexpression of the 35S:AtWRKY30 in Arabidopsis showed enhanced abiotic 
stress tolerance during early growth stages due to the binding of the TF to W-boxes 
in the promoter region of many stress/development-related genes, leading to the 
activation of their expression (Scarpeci et al. 2013). Results of RT-qPCR analyses 
showed that ZmWRKY33 of maize belonging to the group I subfamily was induced 
by high salt, dehydration, cold, and ABA treatments. Overexpression of this gene 
under control of 35S promoter in Arabidopsis activated stress-responsive genes, 
such as RD29A, under both normal growth and stress conditions, thereby improv-
ing tolerance of transgenic plants to salt stress (Li et al. 2013). Babitha et al. (2013) 
overexpressed 35S:AtWRKY28 in Arabidopsis and observed enhanced tolerance of 
transgenic plants to high NaCl, high mannitol, and oxidative stress. Additionally, 
higher root growth was observed in transgenic lines under mannitol-induced stress 
conditions. These transgenic plants showed their capacity in growth recovery to nor-
mal level after an 8-day drought exposure period followed by 6 days of rewatering.
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3.5 The NAC Family

The plant-specific NAC TF family was initially described in Petunia and Arabidop-
sis more than 15 years ago (Aida et al. 1997; Souer et al. 1996). In plants, the NAC 
TFs have been reported to regulate diverse biological processes, such as flower-
ing (Yoo et al. 2007), regulation of secondary cell wall synthesis and cell division 
(Zhong et al. 2007), embryo development (Duval et al. 2002), auxin signaling and 
lateral root formation (Xie et al. 2000), senescence (Kjaersgaard et al. 2011), as 
well as biotic and abiotic stress responses (Olsen et al. 2005; Puranik et al. 2012). 
The typical features of an NAC TF include an N-terminal conserved DNA-binding 
domain involving nucleus-oriented localization and a variable domain located at the 
C-terminal end which is essential for transcriptional activation (Fang et al. 2008; 
Riechmann and Ratcliffe 2000; Hao et al. 2011). Alignments of Arabidopsis and 
rice NAC domains suggested eight NAC subfamilies (from NAC-a to NAC-h), 
mainly distinguished by their unique structures in motif at the C-terminal of NAC 
domain (Fujita et al. 2004; Fang et al. 2008; Shen et al. 2009). Till date, NAC TFs 
have been systematically identified in many plant species thanks to the availabil-
ity of their sequenced genomes. For instance, at least 117, 151, 163, 152, and 200 
NAC genes have been identified in Arabidopsis, rice (Nuruzzaman et al. 2010), 
poplar (Hu et al. 2010), tobacco (Rushton et al. 2008), and soybean (Mochida et al. 
2009), respectively. In drought signaling, NAC TFs were reported to function in 
both ABA-dependent and ABA-independent pathways (Shinozaki and Yamaguchi-
Shinozaki 2007). The role of NACs in relation to drought response was initially 
proposed in a study of overexpression of either ANAC019, ANAC055, or ANAC072 
in Arabidopsis which led to considerable increase in drought tolerance of transgenic 
plants (Tran et al. 2004). Thereafter, stress-related NAC genes have been detected in 
other plant species, such as rice ( OsNAC5, OsNAC6, SNAC1, and ONAC45) (Pura-
nik et al. 2012; Nakashima et al. 2007; Hu et al. 2006; Zheng et al. 2009; Song et al. 
2011; Takasaki et al. 2010), wheat (TaNAC4, TaNAC69, and TaNAC2a) (Xue et al. 
2011; Tang et al. 2012; Xia et al. 2010), oilseed rape ( Brassica napus) (BnNAC2 
and BnNAC5) (Zhong et al. 2012), and peanut ( Arachis hypogaea) (AhNAC3) (Liu 
et al. 2013), which showed strong potential for genetic engineering of improved 
biotic and/or abiotic stress-tolerant crops.

Transgenic Arabidopsis displayed enhanced tolerance to drought stress without 
growth retardation when overexpressing the rice OsNAC52 using 35S promoter 
(Gao et al. 2010). In another independent study of rice, ONAC063 expression was 
highly induced in roots by high salinity as well as by high osmotic pressure and 
ROS levels (Yokotani et al. 2009). 35S:ONAC063-overexpressing transgenic Ara-
bidopsis also displayed enhanced tolerance to high salinity and osmotic pressure 
(Yokotani et al. 2009). In a study of Lu et al. (2012), a maize NAC gene, ZmSNAC1, 
was cloned and functionally characterized. Low temperature, high salinity, drought 
stress, and ABA treatment strongly induced the expression of this gene. Overex-
pression of 35S:ZmSNAC1 in Arabidopsis resulted in hypersensitivity of transgenic 
plants to ABA and osmotic stress at the germination stage, but enhanced dehydra-
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tion tolerance at the seedling stage as compared with non-transgenic control (Lu 
et al. 2012). Recently, a novel TF named JcNAC1 from the new model woody plant, 
Jatropha curcas, was reported to have function in responses to abiotic stresses and 
pathogen infection as overexpression of this gene under control of 35S promoter 
not only changed the expression of stress-related genes but also increased toler-
ance of transgenic J. curcas to drought (Qin et al. 2014). Another novel NAC TF, 
EcNAC from finger millet ( Eleusine coracana), was overexpressed under control of 
either 35S promoter or synthetic 4xABRE stress-inducible promoter in tobacco, and 
both transgenic lines led to enhanced tolerance to various abiotic stresses, including 
stresses induced by polyethylene glycol (PEG) and mannitol, as well as high salin-
ity (Ramegowda et al. 2012). In alfalfa ( Medicago sativa), a NAC TF involved in 
response to abiotic stress was identified, and the expression of this gene was shown 
to be induced by drought, high salinity, and ABA (Wang 2013). Results revealed 
that transgenic Arabidopsis overexpressing this TF using 35S promoter had better 
drought tolerance than the wild type (Wang 2013). Baloglu et al. (2012) performed 
expression analysis of TaNAC69-1 and TtNAMB-2 in durum wheat ( T. turgidum) 
under different abiotic stress conditions. Specifically, TaNAC69-1 was upregulated 
after 3 h of salt treatment, and the highest level of expression was observed at 24 
and 48 h of post-treatment with heat and salinity respectively. On the other hand, 
TtNAMB-2 was significantly induced by salt and low temperature stresses. In soy-
bean, the first GmNAC genes identified were GmNAC1–6 in a study conducted by 
Meng et al. (2007). Subsequently, expression of these genes in response to various 
stress and hormone treatments, including ABA, JA, high salinity, and PEG-induced 
osmotic stress, was analyzed in detail by another group (Pinheiro et al. 2009). Later 
on, Tran et al. (2009) initiated a study of the GmNAC family at a wider scale, cover-
ing the expression analysis of 31 GmNAC genes at seedling stage and under different 
abiotic stress conditions, including dehydration, salinity, cold, and ABA treatment, 
as well as examination of their transcriptional activity. According to the results, nine 
genes were shown to be upregulated by at least one of the tested treatments. Except 
GmNAC028, all remaining genes ( GmNAC002, 003, 004, 010, 012, 013, 015, and 
020) also had transcriptional activation activity as shown by a yeast one-hybrid as-
say. More recently, Tran’s laboratory studied 152 GmNAC genes, which could be 
detected in soybean genome with full-length cDNA, and proposed a comprehensive 
nomenclature for the GmNAC members (Le et al. 2011). Furthermore, the authors 
reported that 31 genes displayed significantly altered expression upon dehydration, 
with 25 up- and 6 downregulated genes. Additionally, the same research group dem-
onstrated the complexity in the dynamics of drought-responsive expression of the 
GmNAC genes as they indicated that expression of several GmNAC genes were 
tissue- and/or development stage-dependent (Le et al. 2012). More recently, Thao 
et al. (2013) found differential expression of a subset of drought-responsive Gm-
NACs in soybean cultivars differing in drought tolerance, and identified positive 
correlation between GmNAC expression levels in these cultivars and their drought-
tolerant degree. On the basis of their results, the authors also suggested a number of 
promising candidate GmNAC genes with potential application in genetic engineer-
ing of improved drought-tolerant soybean varieties (Thao et al. 2013).
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4 Conclusions and Future Perspectives

Given the fact that using conventional breeding methods to create better stress-
tolerant cultivars is not really effective since it is applied for varieties with close 
relationship only, creating transgenic plants by genetic technologies is a much more 
powerful approach. Thanks to advanced development in molecular cloning and 
plant transformation methods, barriers in gene transfer across species can be easily 
overcome. Therefore, the main challenge for scientists is to gain more and more 
in-depth understanding of mechanisms that plants employ to respond to stresses, 
especially to conditions similarly to the field environment. By doing this, important 
genes involved in plant adaptation to environmental stresses can be identified and 
used for crop improvement. Till date, many genes have been assigned as crucial 
contributors and uncountable attempts have been made to evaluate their roles in 
transgenic plants regarding the tolerance capacity toward abiotic stresses. The re-
sults of applications of TF-encoding genes so far have been quite promising. Ac-
cordingly, TFs bear a high potential for crop improvement using genetic engineer-
ing, and thus their characterization should deserve even more attention from the 
research community in the coming years.
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