Mirza Hasanuzzaman Editor

Agronomic
Crops

Volume 3: Stress Responses and
Tolerance

@ Springer



Agronomic Crops



Mirza Hasanuzzaman
Editor

Agronomic Crops

Volume 3: Stress Responses
and Tolerance

@ Springer



Editor

Mirza Hasanuzzaman

Department of Agronomy, Faculty of Agriculture
Sher-e-Bangla Agricultural University

Dhaka, Bangladesh

ISBN 978-981-15-0024-4 ISBN 978-981-15-0025-1  (eBook)
https://doi.org/10.1007/978-981-15-0025-1

© Springer Nature Singapore Pte Ltd. 2020, corrected publication 2020

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore


https://doi.org/10.1007/978-981-15-0025-1

This book is dedicated to

All of the Agriculturists and Farmers
of Bangladesh

Real heroes, who are showing the miracle
of ensuring the food production for the
increasing population



Preface

The history of agriculture has played a major role in human development, as agri-
cultural progress has been a crucial factor in worldwide socioeconomic change.
Since the ancient civilizations, human being has been trying to explore new food
crops. In the course of time, the demands for foods are increasing, and people are
trying to rely on formal cropping practices. Agronomic crops fulfill most of the
basic demands of human life such as food, fuel, fiber, medicine, etc. Based on the
uses of crops, agronomic crops have been classified on different types such as cere-
als, pulses, oil crops, fodder crops, green manuring crops, sugar crops, narcotic
crops, beverage crops, etc. Plant breeders have been developing many improved
varieties of such crops every year to boost up the global production. However, in
most of the cases, yield gaps exist in the farmers’ fields due to the lack of proper
agronomic management.

Crop management, therefore, becomes an integral part of food production.
“Agronomy” is such a solution to make the crop field capable of securing the poten-
tial yield. Literally, it means the art of managing fields, and technically, it means the
science and economics of crop production by the management of farmland. On the
other hand, it is the art and science in production and improvement of field crops
with the proper use of soil fertility, water, labor, and other factors related to crop
production. Agronomy is the management of land for the cultivation of crop plants.
The central theme of agronomy is the soil-plant-environment interrelationship.
Both soil resources and climate have been changing globally, which makes crop
production challenging. The basic agronomic principles can ensure the maximum
yield from a crop variety, such as proper land preparation, selection of quality seeds
and suitable varieties, proper water management, nutrient management, accurate
pest management, proper harvesting, and postharvest operations. However, these
activities should be chosen based on several factors like crop varieties, land types,
agroclimate, etc. Choosing suitable cropping patterns and practicing crop rotation
and multiple cropping also play an important role in enhancing land-use efficiency
and crop stands.

Agricultural practices such as irrigation, crop rotation, fertilizers, and pesticides
were developed long ago but have made great strides in the past century. Due to the
global climate change, agronomic crops have been suffering from various abiotic
and biotic stresses like salinity, drought, floods, toxic metals/metalloids, extreme
temperatures, atmospheric pollutants, UV radiations, pests, etc. A substantial
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portion of crop yield is being declined every year due to the adverse effect of
stresses. Therefore, researchers are trying to address these problems and working to
explore the stress tolerance mechanisms and manipulating adaptive features.

The knowledge of agronomic crops is essential for all agricultural graduates and
scientists, not only with a view to understanding their cultivation practices but also
with the objectives to know many academic and scientific details of each crop. This
book covers comprehensive information on the advanced production of agronomic
crops. Attempts have been made to cover all important field crops. Latest aspects
about the cultivation practices, varieties, resource management, plant protection
along with quality aspects, and postharvest practices are discussed in a crisp man-
ner. The book must be immensely useful to all graduate students, faculty, and
researchers in the field of agronomy and crop science.

This is the third volume (Stress Responses and Tolerance) of the three-volume
book Agronomic Crops. In this volume, agronomic crops response and tolerance to
stresses and the advances in research in improving agronomic crops under climate
change are presented.

I would like to give special thanks to the authors for their outstanding and timely
work in producing such fine chapters. We are highly thankful to Dr. Mamta Kapila
(Senior Editor, Life Science) and Ms. Raman Shukla (Senior Editorial Assistant)
Springer, India for their prompt responses during the acquisition. We are also thank-
ful to Daniel Ignatius Jagadisan, Project Coordinator of this book, and all other
editorial staffs for their precious help in formatting and incorporating editorial
changes in the manuscripts. Special thanks to Taufika Islam Anee, Dr. Md. Mahabub
Alam, Mr. Abdul Awal Chowdhury Masud, Naznin Ahmed, and Tonusree Saha,
Department of Agronomy, Sher-e-Bangla Agricultural University, Bangladesh, for
their generous help in formatting the manuscripts. The editors and contributing
authors hope that this book will include a practical update on our knowledge for the
role of plant nutrients in abiotic stress tolerance.

Dhaka, Bangladesh Mirza Hasanuzzaman
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Abstract

The escalating worldwide need for agricultural products accounts for twofold
increase in crop yield by 2050. The agronomic crops especially wheat, maize,
rice, barley, sugarcane, etc. contribute greatly to human food. The various envi-
ronmental conditions impact the yield of agronomic crops globally. Complicating
the problem, abiotic stresses especially temperature, heavy metal, drought, water,
and salt stress induce toxicity in agronomic crops. Exposure to different abiotic
stresses severely affects growth, morphology, productivity, and performance of
crops all through the growing period. Further, increased generation of reactive
oxygen species under stressful conditions might be linked to the decreased yield
and development of agronomic crops. This chapter discusses an overview on the
types of abiotic stress in crop plants and their effect on growth and morphologi-
cal parameters. Additionally, inherent tolerance mechanisms adapted by agro-
nomic crops to combat abiotic stress are also discussed briefly in this chapter.

Keywords
Abiotic stress - Agronomic crops - Physiology - Tolerance

Abbreviations

APX  ascorbate peroxidase
CAT  catalase
CFC  chlorofluorocarbon

A. S. Bali
Department of Botany, Mehr Chand Mahajan D.A.V College for Women, Chandigarh, India

G. P. S. Sidhu (B<)
Centre for Applied Biology in Environment Sciences, Kurukshetra University,
Kurukshetra, India

© Springer Nature Singapore Pte Ltd. 2020 1
M. Hasanuzzaman (ed.), Agronomic Crops,
https://doi.org/10.1007/978-981-15-0025-1_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0025-1_1&domain=pdf

2 A.S.Baliand G.P.S. Sidhu

CH, methane

CO, carbon dioxide

GPX  guaiacol peroxidase
GR glutathione reductase
H,0, hydrogen peroxide
MDA malondialdehyde
NaCl  sodium chloride

0, oxygen

0, superoxide radical
OH’ hydroxyl radical
ROS  reactive oxygen species
SOD  superoxide dismutase

1.1 Introduction

Climate change is a major threat to agriculture sector. Agronomic crops such as
wheat (Triticum aestivum), rice (Oryza sativa), maize (Zea mays), sugarcane
(Saccharum officinarum), and barley (Hordeum vulgare) belong to family Poaceae
or grass family which is agriculturally most important and satisfy the food demand
of people worldwide. They provide a source of carbohydrates in human diet and
also contribute in maintaining ecological stability. Among the different agronomic
crops, maize is ranked first followed by rice and wheat in terms of production. The
extremely changing environments severely affect the agriculture sector globally.
Both the natural and anthropogenic activities lead to increased stress that hampers
crop production. Many reports evidenced decline in yield of different agronomic
crops especially wheat, rice, and maize in different parts of the world due to
increased water, temperature, and salinity stress (Prasad et al. 2008a, b; Wang and
Frei 2011). The global mean temperature is rising at an alarming rate of 0.3 °C, and
it is predicted that it is likely to rise further to 1-3 °C by 2025 (Khan et al. 2013).
Further, with elevated temperature the requirement of water for irrigation is esti-
mated to increase by nearly 40-250% (Woznicki et al. 2015). The global yields of
wheat, rice, and maize have been reported to get reduced by ~6.0%, 3.2%, and 7.4%
with each °C rise in temperature (Zhao et al. 2017). Besides, high temperature,
drought, salinity, floods, and cold waves cause severe economic losses worldwide.
Moreover, with incrementing world population that is expected to reach to 9 billion
in 2050, the major global challenge of future would be to ensure food security.
Agronomic crops are exposed to different abiotic stresses like drought, salinity,
heavy metal, temperature, and waterlogging that cause huge economic loss. They
negatively impact the growth and physiology of crops globally. Drought stress has
been documented to cause significant reduction in growth, relative water content,
and chlorophyll content in maize cultivars (Efeoglu et al. 2009). Salinity stress has
been reported to inhibit growth and physiology of different crop species such as
cotton (Plaut and Federman 1991) and barley (Rawson 1986) by altering the
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activities of various metabolic enzymes (Khan and Panda 2008). Further, elevated
temperature is deleterious to crop yield and can reduce agricultural productivity
(Schauberger et al. 2017). Asseng et al. (2015) documented that the production of
wheat decreased with rising temperature. Heavy metal toxicity is also a serious
problem worldwide. Excessive accumulation of metal in plant impedes crop pro-
ductivity by causing detrimental effect on growth and morphological parameters
such as seed germination, growth, and photosynthesis (Shahid et al. 2015). Further,
waterlogging stress limits crop yield globally. It has been reported to reduce plant
height, tillers, and root and shoot biomass in barley (Luan et al. 2018) and cotton
(Zhang et al. 2017).

The increased incidence of abiotic stress leads to generation of reactive oxygen
species (ROS) that might be responsible for adverse effect on growth and morphol-
ogy of agronomic crops. Further, the reduction in yield and productivity of crops
might be related to elevated amount of ROS. This chapter includes an overview on
different types of abiotic stresses in agronomic crops and their effect on growth and
morphological parameters in agronomic crops. Additionally, inherent tolerance
mechanisms adapted by agronomic crops to combat abiotic stresses are also dis-
cussed briefly in this chapter.

1.2  Abiotic Stress and Their Effect on Growth
and Morphological Parameters of Agronomic Crops

Plants are exposed to multitude of abiotic stresses such as drought, heavy metal,
temperature, salinity, and waterlogging stress that adversely affect the growth
and physiology of crops leading to reduction in yield. These stresses produce
harmful chemical species known as reactive oxygen species (ROS) that restrict
different metabolic pathways thereby limiting crop productivity. This section
deals with different abiotic stresses and their impact on growth and morphology
of agronomic crops.

1.2.1 Drought Stress

Drought stress causes huge loss in crop production and is an important threat to
world food security. It is a major abiotic stress factor that affects the plant growth
and development. Drought stress arises due to reduced available water in soil and
continuous loss of water from plant through transpiration. Plants growing in regions
that have low water availability face severe affect of stress on growth. Further, with
changing climatic conditions and global warming, the harmful effects of drought
stress are going to increase rapidly. The incrementing human population can lead to
severe shortage of water in the future. Drought stress significantly harms the agri-
culture sector by restricting crop yield and production globally (Chaves and Oliveira
2004). It alters the growth, morphology, and physiology of many agriculturally
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important plants. For example, leaf water potential and relative water content
decreased in wheat in response to elevated drought stress (Siddique et al. 2000).

Drought stress has been reported to impede the growth and morphology of sev-
eral agronomic crops. It is a critical factor during initial period of plant growth and
development (Jaleel et al. 2009). The first effect of drought stress impeded germina-
tion (Harris et al. 2002). Under severe water stress, cell division, expansion, and
elongation get damaged resulting in reduced growth and yield of crops (Hussain
et al. 2008). In maize genotypes, water deficit conditions reduced the growth of the
plant (Kamara et al. 2003). Water stress significantly impaired stem length in soy-
bean (Zhang et al. 2004), rice (Mostajeran and Rahimi-Eichi 2009), and barley
(Samarah 2005). Further, Alexieva et al. (2001) reported relative water content to be
a major factor responsible for decreased growth in crop plants under drought
conditions.

Drought stress drastically decreased number of leaves per plant and leaf size
which largely depends upon water balance or turgor pressure of leaf (Anjum et al.
2011). For example, Hiitsch et al. (2015) reported reduced leaf area in maize plants
growing under stressed conditions. The reduction in leaf area might be due to the
inhibition of leaf expansion (Rucker et al. 1995). Drought stress has been reported
to induce reduction in fresh and dry weight of crop plants (Farooq et al. 2009).
Efeoglu et al. (2009) observed decreased fresh and dry biomass in three maize cul-
tivars under water deficit conditions. Likewise, Saleem (2003) noticed decreased
biomass production, plant height, ear length, grain yield in durum, and bread wheat
under drought stress.

1.2.2 Temperature Stress

Temperature stress, both low (chilling stress) and high (heat stress), has been recog-
nized as a major harm to crop plants worldwide. Temperature is an important factor
governing plant growth and development (Hatfield and Prueger 2015). According to
IPCC (2007) during the next 30-50 years, the temperature is expected to rise by
2-3 °C. The continuous emission of greenhouse gases like carbon dioxide (CO,),
methane (CH,), and chlorofluorocarbons (CFCs) is one of the major reasons con-
tributing to elevated global temperature worldwide (Shah et al. 2011). These extreme
environmental conditions are likely to increase under future climatic scenarios
(Barlow et al. 2015). Many reports suggested the effect of temperature stress on
both the vegetative and reproductive growth stages of crop plants that severely
impact the yield of the crop (Hatfield et al. 2011).

High temperature significantly affects the growth and development of agronomic
crops (Wheeler et al. 2000; Prasad et al. 2008a, b). It damages the photosynthetic
apparatus, reduces leaf photosynthetic yield, and affects cellular metabolism in
plants (Prasad et al. 2008a, b). Long-term exposure of high-temperature (42 °C)
stress inhibited the development of root and first leaves in wheat seedlings (Savicka
and Skute 2010). The authors found that exposure to high-temperature stress caused
increased production of O, that leads to elevated concentration of MDA which
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might be responsible for reduced root growth (Savicka and Skute 2010). Similarly,
Shah et al. (2011) reported that increased temperature affects emergence, ripening,
and harvesting stages of rice. Further, they found that elevated night temperature is
more responsible for reduced rice yield (Shah et al. 2011). Earlier, Yoshida (1978,
1981) also observed delayed emergence and poor growth of rice seedling upon
exposure to high-temperature stress.

Cold stress or low-temperature stress interrupts plant’s metabolic pathways and
adversely affects its growth and development. It has been reported to significantly
limit crop distribution and productivity (Tian et al. 2011). Low-temperature stress
has been reported to affect rice seedlings due to increased concentration of stress-
related proteins in response to stress (Hashimoto and Komatsu 2007). Cheng et al.
(2010) investigated the effect of chilling stress on soybean seeds and found that
exposure to low temperature caused poor germination, reduced seedling emergence,
decreased seedling vigor, and caused severe loss of crop yield. Similarly, Aghaee
et al. (2011) reported decreased stomatal conductance and dry matter accumulation
in two rice genotypes in response to cold stress. Low-temperature stress has been
reported to reduce growth in sorghum seedlings (Abbas 2012).

1.2.3 Salinity Stress

Salinity stress or salt stress harm one-third of the agricultural fields on Earth due to
very high temperature and poor irrigation practices (Shibli et al. 2007). It has ham-
pered 30% of irrigated and 6% of total land area (Chaves et al. 2009). Since there is
scarcity of available water, saline water is therefore used for irrigation purposes.
According to FAO (2005), salt stress affects 831 million hectares of agricultural
land globally. It is the most common and harmful abiotic stresses that affect crop
yield worldwide (Amjad et al. 2014). Salinity stress is followed by symptoms of
physiological water stress similar to drought stress in plants (Chaves et al. 2009).
Moreover, plants exposed to salinity stress also encounter osmotic stress (Sanchez
et al. 2007). Many reports suggest the effect of salinity stress on growth, develop-
ment, and physiology of plants (Hussain et al. 2013; Mustafa et al. 2014).
Amirjani (2011) exposed rice seedlings to 200mM NaCl for 14 days and observed
its effect on growth and relative water content of plant. The author found that shoot
length, fresh and dry weight, and relative leaf water content of rice seedlings
decreased in response to salt stress (Amirjani 2011). Soil salinity significantly
reduced crop yield. Accumulations of ions in higher concentration in shoot tissues
cause toxic effect on plants. Tavakkoli et al. (2011) observed that high concentration
of Na*, Cl~, and NaCl reduced growth of barley; however, the reduction was more
in response to NaCl treatment compared to Na* and CI~ exposure alone. Moreover,
authors found reduced stomatal conductance and uptake of K+ and Ca** in barley
plants exposed to salinity stress (Tavakkoli et al. 2011). Nemati et al. (2011) reported
decreased total dry weight in two genotypes of rice upon application of NaCl.
Bakht et al. (2011) conducted experiments to study the effect of NaCl on maize
cultivars and found that exposure to salinity stress significantly affected
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germination, emergence, plant height, shoot fresh weight, dry weight, and leaf area
of plant. They observed that salt stress has negative effect on growth and develop-
ment of both maize cultivars (Bakht et al. 2011). Further, Akbarimoghaddam et al.
(2011) evaluated the effect of salinity stress on seed germination and seedling
growth of six bread wheat cultivars and found that seed germination and dry weight
decreased in all the wheat cultivars due to accumulation of toxic ions in the plant
tissue. The reduction in growth caused by salinity stress might be due to the
increased formation of reactive oxygen species (ROS) like singlet oxygen ('0,),
H,0,, and hydroxyl radicals (OH’) (Mishra et al. 2013).

1.2.4 Heavy Metal Stress

Soil contamination by heavy metals is a serious threat worldwide (Sidhu et al.
2017a, b). Rapid industrialization, harmful mining activities, and intensive agricul-
tural practices caused accumulation of heavy metals in the environment. Natural
sources such as volcanic eruptions, forest fires, and soil erosion also add heavy met-
als to the soil environment (Sidhu et al. 2017a). Some heavy metals such as copper,
manganese, and zinc are essential micronutrients, and others like lead and cadmium
are nonessential elements. Essential elements are required in small amount by plants
for normal growth and activity; however, they are toxic at elevated concentrations
(Wuana and Okieimen 2011). Excessive concentration of heavy metals in soil above
their threshold limit poses serious concern to plants, animals, and human health.
Since heavy metals are nonbiodegradable, they remain in soil for a long time,
thereby causing reduction in crop yield (Sidhu et al. 2017a). An elevated amount of
heavy metals in soil cause severe toxicity symptoms in plants that lead to reduced
growth and photosynthesis in plants (Mahmood et al. 2007; Ghani 2010).

Heavy metals strongly influence growth and development of agronomic crops
(Mahmood et al. 2007). A study was conducted by Mahmood et al. (2007) to find
out the effect of different heavy metals on growth of cereal crops. The authors
observed that application of copper (Cu), zinc (Zn), lead (Pb), magnesium (Mg),
and sodium (Na) exerted negative effect on the seed germination, total root num-
bers, root length, shoot length, and root-shoot ratio of barley, rice, and wheat
(Mahmood et al. 2007). This might be due to the heavy metal-induced oxidative
stress that causes reduction in enzyme activities that leads to lowering of seed meta-
bolic processes involved in seed germination (Ayaz and Kadioglu 1997). Similarly,
Ghani (2010) reported decreased growth and protein content in maize seedlings in
response to exposure of Mn (manganese), Pb, Cd (cadmium), Cr (chromium), and
Co (cobalt).

Excessive accumulation of heavy metals causes adverse effect on growth of
crops. For example, Thounaojam et al. (2012) observed gradual decrease in root and
shoot growth of rice seedlings with increasing concentration of Cu. This might be
attributed to increased amount of H,O, and lipid peroxidation that cause oxidative
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stress in plant tissues in response to elevated accumulation of Cu (Thounaojam et al.
2012). Further, Ahmad et al. (2012) reported effect of Cd toxicity on growth of four
wheat cultivars and found that exposure to high concentration of Cd decreased root
length, shoot length, percent germination, and germination index in all the
cultivars.

1.2.5 Waterlogging Stress

Soil structure has a huge impact on waterlogging of soils. Excessive rainfall causes
waterlogging stress in soil that severely affects the gaseous exchange between soil
and water. It hampers the crop production and yield worldwide. Insufficient oxygen
supply to roots for respiration is the main reason for lowered yield under water-
logged environment (Linkemer et al. 1998). Sallam and Scott (1987) reported
reduced root growth and nodulation in soybean and attributed this to the inadequate
amount of O, which inhibits nitrogen and mineral uptake.

Waterlogging stress restricted growth of winter wheat that resulted in decreased
shoot dry weight and grain yield (Dickin and Wright 2008). Studies have shown that
waterlogging stress increased leaf senescence, damaged photosynthetic pigments,
and inhibited photosynthetic rate of plants (Smethurst et al. 2005). Winter wheat
was found to be most sensitive to waterlogging stress after germination and affected
the shoot numbers in plant (Cannell et al. 1980). Further, Grzesiak et al. (1999)
found that waterlogging stress caused small number and reduced dry matter of lat-
eral branching as compared to control in maize plants. The root and shoot growth
and chlorophyll content of six barley genotypes were negatively affected by water-
logging stress (Pang et al. 2004). It also affected growth and development and
decreased the plant morphology (plant height, ear height, and leaf area index) and
ear characteristics of maize (Ren et al. 2014).

1.3 Tolerance Mechanisms

Exposure of crops to unfavorable conditions such as drought, temperature, salin-
ity, heavy metal, and waterlogging caused severe harm to both growth and mor-
phology of agronomic crops. Further, these abiotic stresses lead to reduction in
crop production and yield. This might be attributed to increased concentration of
toxic reactive oxygen species, i.e., H,0,, O,, OH’, etc. These ROS produced in
response to abiotic stresses might be responsible for reduced growth and mor-
phology of plants. They target proteins, lipids, RNA, and DNA and cause irrepa-
rable damage to plant metabolic pathways (Petrov et al. 2015). Plants adopt
various tolerance mechanisms to combat abiotic stress-induced decrease in mor-
phology. They have systematic antioxidant machinery with different enzymatic
[superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidize (APX),
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guaiacol peroxidize (GPX), and glutathione reductase (GR)] and nonenzymatic
[ascorbic acid (AsA), reduced glutathione (GSH), carotenoids, and flavonoids]
antioxidants. The antioxidant machinery helps in scavenging ROS generated
under different stressful conditions. Various researchers have reported increased
activity of antioxidant enzymes to tolerate increased production of ROS generated
in response to abiotic stresses (Sidhu et al. 2016, 2017b).

1.4 Conclusion

The increased incidence of abiotic stresses harms the growth and development of
agronomic crops worldwide. These abiotic stresses, viz., temperature, salinity,
drought, heavy metal, and waterlogging, reduce the yield of crops and cause huge
economic losses globally. Plants have also adopted various strategies to combat
these stresses and to mitigate increased ROS generation. However, future research
is needed to find out the effect of these abiotic stresses on genes that are responsible
for growth of crops.
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Abstract

Rice (Oryza sativa L.) is an important staple food for nearly half of the world
population. It is extremely variable in phenology which depends strongly on
cultivars and prevailing environmental conditions. During the last three decades,
rice production is showing a declining trend, and it is expected to continue
because of anthropogenic practices involving emission of greenhouse gases
(GHGs) that contribute to the global climate change. The weather and climate
variability directly influence the phenological development of rice such as can-
opy radiation capture, biomass production, seed germination, crop duration and
maturation, and grain yield that lead to food insecurity. The warnings in weather
episodes modify rice cultivars to grow in vulnerable situations and even changes
in agronomic management practices. In rice, plant developmental responses to
elevated temperature vary significantly at all vegetative and reproductive stages.
Due to high temperature, vapor pressure deficit increased and enhances evapora-
tion from the anthers which results in anther dehiscence, reduced pollination,
pollen germination, and pollen tube growth. Increase in CO, concentration in the
atmosphere increases the grain yield in rice to an extent, but further CO, eleva-
tion shows negative result. In addition, high temperature contradicts the positive
effects of CO, fertilization on plant. However, rice is relatively more tolerant to
weather variability during germination and active tillering and toward maturity
but sensitive during early vegetative and reproductive stages. Reproductive pro-
cesses in rice especially flowering stage show greater sensitivity to drought than
do vegetative processes. Hence, appropriate mitigation strategies need to be
adopted on sustainable basis to combat the menaces in crop cultivation and to
feed the population explosion.
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2.1 Introduction

Rice (Oryza sativa L.) has been a staple food for nearly half of the world population.
It is one of the three most important staple crops in the world as it provides 35-80%
of total calorie intake (providing 27% of dietary energy and 20% of dietary carbo-
hydrate) to around 3 billion people (Wassmann et al. 2009; FAO 2004). More than
90% of global rice is produced and consumed in Asia where China and India account
for more than half of the world’s rice area and along with Indonesia consume more
than three-fourths of the global rice production (FAOSTAT 2010). Rice is grown
under wide range of geographical locations in tropical, subtropical, and temperate
regions at latitudes ranging from 35 °S to 53 °N and at elevations of 0-2000 m
(Yoshida 1981) and hence is extremely variable in phenology (duration from germi-
nation to flowering) which also depends strongly on cultivars and the prevailing
environmental conditions (Tripathi et al. 2016). Based on the different agroecologi-
cal zones and the production system used, productivity of rice varies among coun-
tries as well as within the same country (Ntanos and Koutroubas 2002).

Globally, intensive farming methods are now being followed in rice which
depends heavily on high-yielding varieties, chemical fertilizer application, and irri-
gation. During the last three decades, rice production is showing a waning tendency
and is expected to continue as these anthropogenic practices have given birth to
emission of GHGs like the CO,, CH,, and N,O emissions (IPCC 2014);
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deforestation in upland rice production under slash-and-burn shifting cultivation is
also considered contributors to global climate changes (Nguyen and Ferrero 2006).
Carbon dioxide is released largely from microbial decay or burning of plant litter
and soil organic matter (Janzen 2004; Smith 2004). Since 2000, anthropogenic CO,
emissions have risen by more than 3% annually where as methane is the major end
product of anaerobic fermentation from submerged soils to the atmosphere having
>20 times more heat absorption capacity than CO, (Stigter and Winarto 2013). On
the other hand, N,O emissions have global warming potential of about 300 times
higher than CO, which is the most important threat to the ozone layer in this twenty-
first century (Ravishankara et al. 2009). These short-term weather warming compo-
nents like CO,, temperature, and unpredictable rainfall affect plants at the level of
molecular function, developmental processes, and morphological and physiological
traits that bring about a gradual shift in the fruiting and flowering season of rice
(Tripathi and Singh 2013) distressing the food security aspects of the world (Poudel
and Kotani 2013).

In this chapter, we will discuss the factors and intensity of the climatic variables
and their consequences on rice production, productivity, and yield. Appropriate
strategies need to be developed to combat the menaces in crop cultivation and to
feed the population explosion.

2.2  Weather and Climate Variability

Weather and climate variability have great influences on the rice cropping season.
Weather anomalies like increase in global mean maximum and minimum tempera-
ture can accelerate the phenological development (Lansigan et al. 2000; Tao et al.
2006; Shimono et al. 2010) leading to earlier senescence, decrease in canopy radia-
tion capture and biomass (Ishii et al. 2011), crop duration, and maturity. Such
increases in temperature also have substantial consequences on precipitation and its
intensity (Sun and Huang 2011) affecting the sequences of dry or wet days espe-
cially drought and flood episodes in both the tropics and the subtropics during all
crop growth stages of rice (Vadez et al. 2013). Delay in the onset of rain affects
timing of initiation of the cropping season, particularly in rainfed areas of the world.
The regions with year-round distribution of rainfall may exhibit overlaps in rice
planting and harvesting operations, shattering of grains, on-field germination, and
reduction in grain yield of rice. Precipitation fluctuation has significant long- and
short-term impacts and affects the region’s rice production that leads to food inse-
curity (Koudahe et al. 2018). These warnings in weather episodes modify rice culti-
vars to grow in vulnerable situations and even changes in agronomic management
practices including fertilizer use, irrigation, and control of pests and diseases lead-
ing to serious social and economic implications (Geng and Cady 1991; Hossain
1997). Farming system response is more critical with regard to sudden fluctuations
in weather rather than gradual, long-term climatic shifts, and adaptation is geared
up more by occurrence of climate extremes (Murdiyarso 1998).
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2.2.1 Effect of Elevated CO,

The global atmospheric CO, concentration has been increasing day by day, and it
has noteworthy impacts on physiology and quality of plants such as photosynthesis,
nutrient uptake along with translocation, enzymatic activity, nutritive value, etc.
(Ainsworth et al. 2007). Increase in CO, concentration increases the grain yield in
rice to an extent, but excess CO, elevation reduces the yield (Bugbee et al. 1994).
Hence, higher CO, have undesirable impacts on rice production and quality.

The effects of elevated CO, change the density and size of stomata as well as leaf
morphology (Pedersen et al. 2009). The alterations in plant development also occur
for elevated CO, due to increase in flux of carbohydrates and related metabolites and
by the action of glucose which acts as signaling molecule (Gray and Brady 2016).
Taub et al. (2008) reported that the protein concentrations in rice may be affected by
elevated CO, (540-958 mmol/mol"). During reproductive stage, rate and duration of
grain filling are also reduced due to CO, enrichment (Hu et al. 2007) which causes
poor grain filling and grain chalkiness. Besides this, elevated CO, decreases brown
rice percentage and head rice percentage and induces the ratio of amylose to amylo-
pectin in grain (Jing Li-quan et al. 2016). The yield augmentation in rice under higher
CO, concentration is due to CO, fertilization, increased tiller numbers, LAI, photo-
synthesis, and enhanced water use efficiency (Saseendran et al. 1999). Goufo et al.
(2014) found that concentration of a-linolenic acid increased, but linoleic and
y-linolenic acids decreased due to elevated CO,. However, high temperature can result
in the rise of leaf surface temperature which affects photosynthesis and root growth of
plant; hence, it is expected to contradict the positive effects of CO, fertilization in rice
(Gu et al. 2010; Poudel and Kotani 2013).

2.2.2 Effect of Temperature Variability

The phenology of rice is influenced by the environment conditions in a certain
range; the optimum temperature for maximum photosynthesis in rice is 25-30 °C
for daytime and 20 °C for night time (IRRI 1997). Yano et al. (2007) reported that
an increase in temperature leads to a decrease in vegetative phase. Baker et al.
(1992) and Sun and Huang (2011) confirmed that in tropical regions, the effect of
the temperature rise due to climate change is probably less compared to temperate
region as it increases near or above the optimum temperature range for the physio-
logical activities of rice. Such warming reduces crop duration, alters photosynthate
partitioning to economic products, and increases respiration and evapotranspiration
by disrupting water, ion, and organic solute movement across plant membranes.

In rice, plant developmental responses to elevated temperature vary significantly
at all vegetative and reproductive stages — seedling, booting, and heading to flower-
ing stages (Nishiyama 1976). At vegetative stage, peak biomass development takes
place at 33 °C, while grain formation and yield are adversely affected by tempera-
tures above 25 °C (Matsushima et al. 1964; Baker et al. 1995). Elevated air and soil
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temperature imbalances leaf function by change in gas exchange properties, electro-
lytic leakage from leaves (Halford 2009), reduced heat dissipation from leaf surface
(Zhang et al. 2015), reduced root development, and critical root functions including
respiration and nutrient uptake by roots (Atkin et al. 2000).

During panicle emergence, higher temperature causes spikelet sterility owing to
heat injury. Flowering to anthesis for a duration of 5-7 days is extremely sensitive
to high-temperature stress (Jagadish et al. 2007). Rice flowers open for approxi-
mately 45 mins; fertilization completes within 1.5-4 h after anthesis (Cho 1956)
during which a series of heat stress-sensitive processes such as anther dehiscence,
pollination, pollen germination, and pollen tube growth occur (Jagadish et al. 2010;
Matsui et al. 1999, 2001; Yoshida 1981). High temperature during this period results
in increased vapor pressure deficit, enhancing evaporation from the anthers, thereby
depriving the crucial moisture needed for pollen grain swelling which results in
anther dehiscence. Pollen viability decreases to zero at midday temperatures of
40 °C (Kim et al. 1996) and ultimately leads to floral bud abortion (Guilioni et al.
1997), hence lowering seed-set.

At grain filling stage, high temperature also affects the accumulation of dry mat-
ter, carbon, and nitrogen (Kim et al. 2013) in the kernel (Kobayashi et al. 2007).
Elevated temperatures have been found to cause lower amylose content which
determines the grain quality in rice (Terao et al. 2005). Variation in amylase content
leads to decreased hardiness or increased stickiness of rice grains at warmer tem-
peratures (Counce et al. 2005).

Increased heat tolerance is most needed in O. sativa compared to O. glaberrima,
which exhibits peak anthesis during late morning till mid-afternoon (Yoshida et al.
1981) exposing the heat-sensitive reproductive organs to high temperatures invari-
ably leading to increased spikelet sterility (Jagadish et al. 2008; Prasad et al. 2006).
The japonica varieties require lower temperature for ripening than indica varieties
(Krishnan et al. 2011).

In temperate regions, increased air temperatures hasten rice development,
thereby shortening the time from transplanting (or direct seeding) to harvesting
and reducing the total time for photosynthesis and grain development (Neue and
Sass 1994).

An increase in high night temperature from 27 °C to 32 °C causes the crop pro-
duction to decrease due to lower translocation efficiency of assimilates as a result of
higher respiration rate of up to 40% in rice leaves and drop in photosynthesis
(Mohammed and Tarpley 2009b) with decrease in leaf chlorophyll and leaf nitrogen
content in rice. This affects the grain filling phase, seed-set, milling quality, grain
dimensions, and starch branching in rice (Counce et al. 2005; Mohammed and
Tarpley 2009a, 2010). Night temperature is predicted to increase at a faster rate than
day temperatures due to less radiant heat loss because of increased cloudiness
(Alward et al. 1999).

Rice is a low-temperature-sensitive crop; thus, low temperatures below 15 °C
restrict seed germination and delay transplanting date; large day and night tempera-
ture difference of 1-3 °C induces rice blast, specially in upland rice (Luo et al.
1995), interrupts plant growth (Baker et al. 1990), and reduces yield (Shimono
2011).
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2.2.3 Effect of Relative Humidity (RH)

Humidity also plays an important role in rice yield. Optimum RH for rice cultiva-
tion lies between 60% and 80% (Nguyen 2003). Physiological influences of RH
include water relations of plant and indirectly affect leaf growth, photosynthesis,
pollination, occurrence of diseases, and finally economic yield (Yan et al. 2010).
During vegetative phase, RH had little effect on root-shoot dry matter ratio (Hirai
et al. 1992). When RH is low, the duration from transplanting to panicle initiation
reduces (Sunil 2000) and transpiration increases causing water deficits due to partial
or full closure of stomata. Besides, mesophyll resistance also increases blocking
entry of CO, which indirectly affects photosynthesis. The effects of temperature on
rice may be intermingled with those of RH and solar radiation. The mean RH during
rice cultivation is generally negatively associated with solar radiation. At reproduc-
tive stage, RH below 40% inhibits flowering (Vijayakumar 1996), but spikelet ste-
rility at high air temperatures increases with increased humidity (Nishiyama and
Satake 1981; Matsui et al. 1997). High humidity of 88% at 35 °C decreases fertility
percentages, and the degree of decline differs among the cultivars. Under high
humidity at 31 °C, pollination is cultivar dependent but not fertility percentage.
Matsui et al. (1997) showed that fertility of spikelets at 37.5 °C was highest at 45%
RH followed by that at 60% RH and lowest at 80% RH. So, high humidity increases
the percentage of spikelet with only a few pollen grains on the stigmas and lowers
the fertility. Similarly, low humidity can promote spikelet sterility under high tem-
perature (Matsushima et al. 1982).

Lower RH of 60% at 38 °C leads to a higher vapor pressure deficit of 2.65 facili-
tating the plant to exploit its transpiration cooling ability (Jagadish 2007; Jagadish
etal. 2007). A combination of high temperatures (32-36 °C) with low RH (55-60%)
and high RH (85-90%) recorded a 1.5 °C increase in spikelet temperature and high
spikelet sterility (Weerakoon et al. 2008; Abeysiriwardena et al. 2002). The increased
humidity and wind velocity due to climate change have immense impacts on the
viability of pollens in rice (Matsui et al. 2005; Jablonski et al. 2007).

2.2.4 Effect of Rainfall

The initiation of a cropping season is determined largely by the start of the rainy
season particularly in rainfed areas. An increase in the level, timing, and variability
of precipitation may benefit the semiarid and other water-scarce areas due to
increase of soil moisture but can aggravate the problem of waterlogging in rainfed
areas (Schlenker and Lobell 2010). A positive relation is observed between water
supply and plant water need from seedling to heading stage in rice, but flowering to
dough stage and maturity to harvesting experience a negative relation between rain-
fall and fertile grain formation. Consequences like formation of unfilled grains, loss
in quality of grain (Baker et al. 1990), delay in harvesting for waterlogged or wet
field conditions, and reduction of crop yield (Sreenivasan and Banerjee 1973) are
noticed.
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2.2.5 Effect of Salinity

Rice is a glycophytic plant. Rice is relatively more tolerant during germination and
active tillering and toward maturity but sensitive during early vegetative and repro-
ductive stages. Presently, the increasing threat of salinity is an important issue. As a
result of sea level rise, large areas of coastal wetlands may be affected by flooding
and salinity in the next 50 to 100 years. Sea level rise will increase salinity encroach-
ment in coastal and deltaic areas that have previously been favorable for rice
production.

At vegetative stage, salinity stress affects seed germination, seedling growth, leaf
size, shoot growth, shoot and root length, shoot dry weight, shoot fresh weight, and
number of tillers per plant (Gupta and Huang 2014). Stress during reproductive
stages delays heading in rice and decreases spikelet number, percent of sterile flo-
rets, and pollen viability which negatively affects a number of yield components
that determine the grain yield (Khatun and Flowers 1995; Grattan et al. 2002; Singh
et al. 2004).

2.2.6 Effect of Drought

Drought stress is the largest constraint to rice production in the rainfed systems
(Datta et al. 1975) affecting 10 million ha of upland rice and over 13 million ha of
rainfed lowland rice in Asia alone. Drought is a water stress or water-limited condi-
tion related to insufficient soil moisture available to support average crop produc-
tion (Pandey et al. 2007). The response of rice to water stress depends on the
duration and severity of the stress (Araus et al. 2002; Bartels and Souer 2004) and
the developmental stage (Zhu et al. 2005).

Water stress is characterized by reduction of water content, diminished leaf
water potential, turgor pressure, and stomatal activity, reduced rate of cell enlarge-
ment which leads to stomatal closure and limitation of gas exchange (Singh et al.
2012). Reproductive processes in rice especially flowering stage show greater
sensitivity to drought than do vegetative processes, and male reproductive devel-
opment is more drought sensitive than female reproductive development (Gray
and Brady 2016). Water stress during vegetative stage affects morphological char-
acters in rice like tiller number, LAI, apparent canopy photosynthetic rate, and
leaf nitrogen and increases ratio of root to shoot biomass (Poorter and Nagel
2000) and root length density (Cruz et al. 1986), while mild water stress at repro-
ductive stage will delay panicle initiation, exertion, and development by 10 days
which slow downs the rate of development of inflorescence, or lead to partial or
complete inhibition of flowering (Saini and Westgate 1999). Water stress during
flowering is more serious and devastating because the anther size is reduced and
shriveled, and the pollen loses its viability (Sheoran and Saini 1996) causing
flower abortion, grain abscission, and increased percentage of unfilled grains.
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2.3

Adaptation and Mitigation Strategies

2.3.1 CO, Emission

Agriculture is expected to help slow down the CO, increase in the atmosphere by
sequestering part of it in soil organic matter and by producing suitable biomass as a
substitute for fossil fuel.

(a)

(b)

(©

The sustainable-biochar concept: Biochar is a recalcitrant form of carbon and
suitable as a soil amendment, biofuel through pyrolysis of biomass/feedstock,
and straw and husk in case of rice. This means that there is more carbon being
removed from the atmosphere than would have been released to heat the atmo-
sphere. Slow decay of biochar in soils returns a small amount of CO, to the
atmosphere directly through combustion of bio-oil and syngas use in transport
activities and domestic purposes (Woolf et al. 2010). The conversion to biochar
locks the carbon in a stable form that will not react with oxygen to produce CO,.
Land use management: Soil organic matter of cropland can be increased either
by the addition of biomass or feedstock or when the decomposition rates of
biomass are reduced. Conversion from plow till to no-till with residue mulch or
crop residue input to the soil and other conservation tillage practices is a viable
option for SOC sequestration (Lal 2004); as it does away with drastic soil dis-
turbance and improves soil organic matter in the surface layers, higher cropping
intensity through intercropping especially in bare fallows increases the photo-
synthetic input, thereby “sequestering” C or building C “sinks.”

Agronomic practices: Carbon emissions decreased substantially in the produc-
tion system where less synthetic fertilizer or chemical pesticides is used. Pulse-
based cropping systems reduce the loss of soil organic carbon and nitrogen
compared with cereal-based cropping systems (Gan et al. 2014). Also practic-
ing relay cropping to use residual moisture, integrated cropping systems over
monoculture systems through early seeding, optimum plant establishment, and
proper crop sequencing can increase rice productivity without increasing pro-
duction inputs due to the improved diversity of the microbial populations (Yang
et al. 2014) and the function of microbial communities in the soil (Cruz et al.
2012), thus decaying the biomass slowly and depositing more carbon to the soil
sink.

2.3.2 CH,;Emission

The production and release of CH, gas can best be reduced by:

(a)

Practice of midseason drainage instead of continuous flooding: The effect of
midseason drainage is in controlling nitrogen absorption, keeping oxidative soil
condition, increasing productivity and quality of rice, and decreasing methane
emissions (Nagata 2010). Flooded rice culture with puddling and transplanting
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is considered one of the major sources of emission and accounts for 10-20% of
total global annual CH, emissions (Humpreys et al. 2006). Water drained mainly
during reproductive period for 7-10 days can reduce methane production and
emission (Nagata 2010). Wassmann et al. (2009) reported that midseason drain-
age and intermittent irrigation through alternate wetting and drying (AWD)
method reduce methane emission by over 40%.

(b) Crop establishment methods: It is done by growing rice under nonflooded con-
ditions like adoption of SRI method of rice cultivation or with aeration like
dry-seeded rice like “aerobic rice” or upland rice cultivation (Chauhan and
Mahajan 2013).

(c) Fertilizer management: Inhibitory effect of sulfate in CH4 formation causes
10-67% reduction in methane emission when ammonium sulfate is used instead
of urea (EEAA 1999; Wassmann et al. 2000).

2.3.3 N,O Emission

Paddy fields are a major source of N,O emission accounting for about 13-24% of
annual global N,O emission (Olivier et al. 1998; Kroeze et al. 1999; Mosier et al.
1998). N,O from rice fields is associated with soil water content and nitrogen status
(Wang et al. 2011; Skinner et al. 2014).

(a) Nitrogenous fertilizers: Application of nitrate (NO;—N) fertilizers, e.g., calcium
ammonium nitrate (CAN), in crops with aerobic conditions and ammonium
(NH,-N) fertilizers, e.g., ammonium sulfate, and urea in wetland crops helps
reduce the nitrous oxide emission (Pathak and Nedwell 2001).

(b) Use of low C:N organic manure and biogas slurry: The decomposition of straw
with high C/N ratio causes immobilization of fertilizer N that is required by soil
microbes for nitrification and denitrification processes in which N,O is pro-
duced (Bronson et al. 1997). Direct-seeded rice crop with conservation practice
of brown manuring must be avoided because the addition of organic matter to
soil increased the decomposition rate which resulted in higher emission of N,O.

2.3.4 Water Management

Rice consumes almost 50% of irrigation water used for all crops, and the water
stress or drought condition needs to be combat by increasing water use efficiency
and rainwater harvesting in irrigated agriculture to extend the cropping period.

(a) It can be achieved through reducing the losses caused by seepage, percolation,
and evaporation. Laser land leveling and crack plowing help to reduce bypass
flow along with bund maintenance (Chauhan et al. 2012).

(b) Caietal. (1997) reported comparatively low N,O fluxes in continuously flooded
fields, but high N,O fluxes just after the water table are lowered or drained as
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aeration of continuously flooded rice fields releases the trapped N,O in the soil
solution and provides favorable conditions for N,O production. Thus, there is a
need to develop water management practices in such a way that soil redox
potential can be kept at an intermediate range (—100 to +200 mV) to minimize
emissions of both CH, and N,O (Hou et al. 2000).

2.3.5 Crop Management

O’Toole and Chang (1978) recommended the use of early maturing rice varieties as
a strategy in unstable production areas, by shifting planting dates (Lansigan et al.
2000); ratooning for shorter growing periods due to unpredictable rainfall and
proper seed and seedbed establishment; planting lodging-resistant, non-shattering,
and waterlogged-resistant varieties for flood-prone areas; and establishing wind-
breaks in dry land areas (Pantastico and Cardenas 1980).

2.3.6 Genetic Aspects

(a) Gene resources that can benefit from rising CO, concentration have been report-
edly found in rice varieties, such as IR8, Dular, etc.

(b) Induction of the early morning flowering gene from Oryza officinalis into O.
sativa has positive effect on reducing the spikelet sterility under high-
temperature areas (Sheehy et al. 2007; Ishimaru et al. 2010; Hirabayashi et al.
2015).

(c) Approximately 15-20 million ha of rice-growing areas are submergence-prone
because of sea level rise and salinity stress in coastal areas (Nicholls and
Cazenave 2010). Submergence-tolerant varieties such as Swarna-Subl and
IR64-Subl and salinity-tolerant genotypes for flood-prone areas, maintenance
of whole plant and shoot water status, and mechanisms like Na* exclusion or
maintenance of potassium in developing tissues and rapidly growing leaves
contribute to salt tolerance in rice varieties (Yeo et al. 1990).

(d) Inclusion of characteristics like deep root system, leaf rolling, cuticle wax, posi-
tion of stomata, and rapid recovering ability will help rice plants to survive
under water stress condition and to sustain productivity (Singh et al. 2012).
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Abiotic Stress Responses and Tolerance
Mechanisms for Sustaining Crop
Productivity in Sugarcane
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Abstract

Sugarcane (Saccharum species hybrids) is a long duration, high-water-requiring
agroeconomic crop cultivated in various climatic conditions. Being a long dura-
tion crop, it faces vagaries of climate all the year-round affecting plant growth
and development, synthesis of sugar, its accumulation and recovery, and ratoon-
ing ability. Climate change brings an increase in greenhouse gases (GHGs), tem-
perature, extreme events, drought, heavy rainfall, western disturbance, changes
in the level of the sea, etc. and culminates into multiple abiotic stresses affecting
soil health, growth, and development of cane and its chemical composition, rip-
ening, and availability of the seed cane. Besides, it aggravates some other abiotic
and biotic stresses augmenting the losses further. But, sugarcane is relatively
more resilient to abiotic stresses probably due to some natural endowments like
a good deal of compensatory ability, C4 photosynthesis, higher-temperature
optima for most of the growth processes except sugar accumulation, higher
water-use efficiency, and genetic components from Saccharum spontaneum. All
these characteristics impart tolerance in sugarcane to various abiotic stresses and
carbon sequestration as phytoliths, etc. which helps reduce the damaging impact
of various abiotic stresses. Further, the development of climate-resilient sugar-
cane varieties and technological interventions for stress management may miti-
gate the impact of climate change-induced multiple abiotic stresses and sustain
sugarcane and sugar productivity. Physiological interventions like inducing
drought hardiness, deeper root system, reduction of heat load by trash mulching,
increasing the age of the crop at the advent of moisture stress, organic matter
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amendment in the soil, nutrient management, managing rhizospheric salinity/
alkalinity, etc. also contribute to elevate its stress tolerance. A number of genes,
molecular markers, and miRNAs related with abiotic stress response also con-
tribute to the resilience of sugarcane to abiotic stresses.
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Climate change - Abiotic Stress - miRNA - Stress tolerance
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ABA abscisic acid

ABF ABRE binding factor

ABRE ABA-responsive element

Adhl alcohol dehydrogenase
ALDHSF1  aldehyde dehydrogenase

ANPs anaerobic proteins
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AREB ABRE-binding protein

AS asparagine synthase
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CDPK calcium-dependent protein kinase
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DRE dehydration-responsive cis-acting element
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ERF ethylene-responsive element-binding factor
GB glycine betaine

GBF1 G-box-binding factor-1

GPOX guaiacol peroxidase

GR glutathione reductase

GSHS1 glutathione synthase

GST1 glutathione-S-transferase

IGS indole 3-glycerol phosphate synthase
LEA late embryogenesis abundant
MAPK mitogen-activated protein kinase
MDA malondialdehyde

miRNA microRNA

MYB myeloblastosis

MYC myelocytomatosis

NADP-ME NADP malic enzyme

NIPs NOD 26-like intrinsic proteins

OAT ornithine aminotransferase
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P5CS Al-pyrroline-5-carboxylate synthase
PCK phosphoenolpyruvate carboxykinase
PEPcase phosphoenolpyruvate carboxylase
PIN1 polar auxin transport gene

PIPs plasma membrane-intrinsic proteins
PLD phospholipase D

POD peroxidase

POX proline oxidase

PPDK pyruvate phosphate dikinase

ROS reactive oxygen species

Rubisco ribulose- 1, 5-biphosphate carboxylase
SAM S-adenosyl methionine

ScMYB2 sugarcane R2R3-Myb gene

SIPs small basic intrinsic proteins

SOD superoxide dismutase

SOS salt overly sensitive

TAPX thylakoid ascorbate peroxidases

TFs transcription factors

TIPs tonoplast intrinsic proteins

TSase Grifola frondosa trehalose synthase

3.1 Introduction

Sugarcane is derived from hybridization of Saccharum species and is extensively
grown in over 120 countries across the world not only for sugar but also to obtain
other sugar by-products. It is estimated that approximately 70% of the world sugar
production is derived from sugarcane, while the rest is derived from sugar beet cul-
tivated in temperate regions. Because of the limited amount of fossil fuel and
increasing world population, there is an agreement among scientists and govern-
ment ministerial officials to incorporate lignocellulosic biomass as a feedstock for
biofuel production and amplify the production. Right now, the sugarcane yield is
capable in providing the largest amount of lignocellulosic biomass than any other
crop species together with potential bioenergy feedstock crops named as Miscanthus
and switch grass. Due to all the superior traits of sugarcane as a lignocellulosic
biomass feedstock crop, commercial sugarcane hybrids have been adopted for bio-
fuel production along with sugar production. However, their cultivation is affected
by abiotic stresses in sugarcane-growing countries. Abiotic stresses such as drought,
salinity, flood, and high and low temperature including nutrient stress affect sugar-
cane and result in a major loss in terms of productivity, lignocellulosic biomass, as
well as downstream products of the sugar industry (Table 3.1). Most research find-
ings suggest osmotic stresses like drought, salinity, and low-temperature stress are
often interconnected to each other and impose an osmotic stress that can lead to
turgor loss. For instance, both drought and salinity are manifested by formerly
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Table 3.1 Drought stress responses in sugarcane

Molecular
S.N. Physiological responses Biochemical responses responses
1 Root signal recognition at Reduced photochemical activity Drought responsive

the shoot

gene expression

2 | Turgor loss

Reduced activity of RuBisco, PEP
carboxylase, NADP malic enzyme
(NADP-ME), pyruvate phosphate

dikinase (PPDK)

Increased
expression of ABA
biosynthetic genes

3 | Impairment of osmotic
adjustment

Accumulation of compatible solutes
such as proline, trehalose,
polyamines

Increased gene
expression of
ABA-responsive
genes

4 | Decreased transpiration rate
due to closure of stomata
(low stomatal conductance)

Increase in antioxidative enzymes
such as SOD, CAT, and APX

Synthesis of specific
proteins such as
LEA, etc.

5 Decreased CO,/O, ratio

Decease in accumulation of ROS

6 | Reduced photosynthetic
rate

7 | Reduced growth

osmotic stress, resulting in the disruption of homeostasis and ion distribution in the
cell (Serrano et al. 1999; Zhu 2001a), and low temperature may immediately give
rise to mechanical constraints, alterations in actions of macromolecules, and reduced
osmotic potential in the cellular environment. Two major strategies can be distin-
guished: stress avoidance and stress tolerance (Levitt 1980). Stress avoidance
includes a variety of protective mechanisms that delay or prevent the negative
impact of a stress factor on a plant. In contrast, stress tolerance is the potential of a
plant to acclimatize a stressful situation. Drought avoidance in sugarcane includes
decreased stomatal conductance, rolling of leaf and senescence, and impairment of
growth, while drought tolerance is characterized by a higher content of chlorophyll,
higher stomatal conductance, photosynthesis, and maintenance of growth and
osmotic adjustment. Plants recover soil water potential by the accumulation of com-
patible solutes and antioxidant system during osmotic stress (Moussa and Abdel-
Aziz 2008).

A number of abiotic stress tolerance genes and proteins have been identified in
plants. These genes are divided into three groups: (1) genes encoding products that
instantly protect plant cells against stresses such as heat stress proteins (HSPs) or
chaperones, aquaporins (water channel proteins), LEA protein, osmolytes, anti-
freezing proteins, detoxification enzymes, and free-radical scavengers (Bray et al.
2000); (2) those that are involved in regulation of gene expression such as protein
kinases MAPK, MAPKKK, CDPK (Ludwig et al. 2004), SOS kinase (Zhu 2001b),
and phospholipases (Frank et al. 2000) and transcriptional factors such as MYB,
MYC, NAC, and bZIP (Choi et al. 2000; Shinozaki and Yamaguchi-Shinozaki 2000;
Shinozaki and Yamaguchi-Shinozaki. 2007); and (3) those that are involved in water
and ion uptake and transport (Blumwald 2000).
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The dehydrin proteins (DHNs) classified as a group of LEA proteins typically
accumulate in embryogenesis or in vegetative part in response to dehydrative forces
like drought, salinity, and freezing (Close 1997). Osmolytes, that is, organic solutes
and inorganic ions, play a key role in osmotic adjustment. Organic solutes known as
compatible solutes include sugars, proline, polyols, quaternary ammonium com-
pounds like glycine betaine, and other low molecular weight metabolites that lower
or balance the osmotic potential of intracellular and extracellular ions to tolerate
osmotic stresses. Inorganic ions mainly Na*, Ca*, K*, and CI~ also make a great
contribution in osmotic adjustment (OA) (Chen and Jiang 2010). The organic com-
patible solutes besides OA play a role in stabilization of enzymes/proteins and in
protection of membrane integrity (Yancey et al. 1982; Bohnert and Jensen 1996;
Yeo 1998). However, its synthesis occurs at an energy cost (Raven 1985) and may
be one of the causes of a decrease in plant growth. A study from phylogenetic analy-
sis (Johanson and Gustavsson 2002) suggested plant aquaporins widely distributed
in higher plants are classified into four main subfamilies, PIPs, TIPs, SIPs, and
NIPs. The MIPs are extensively studied since their significance ranges from animal
physiology to osmoadaptation of microbes and plants (Ayadi et al. 2011). The aqua-
porins or major intrinsic proteins (MIPs) are proteins assembling water channels in
the cell membrane and facilitate the bidirectional water transport. Along with this
function, these proteins are also concerned with many plant metabolic processes,
together with the acquisition of nutrients, cell growth, carbon fixation, cell signal-
ing, and variety of stress responses (Maurel 2007; Besse et al. 2011). The aquapo-
rins also permit infiltration of small molecules such as glycerol (Gerbeau et al.
1999), urea (Liu et al. 2003), CO, (Uehleln et al. 2003), ammonia (Loqu’e et al.
2005), boric acid (Dordas et al. 2000), H,O, (Henzler and Steudle 2000), and even
arsenic (Bienert et al. 2008). The role of miRNA is considerably studied in the regu-
lation of abiotic stress in sugarcane (Patade and Suprasanna 2010; Thiebut et al.
2012; Gentile et al. 2015; Yang et al. 2017).

3.2  Morphological and Physiological Responses to Drought

Sugarcane development is divided into four development stages: germination, the
development of buds and shoot (30-35 days); tillering, the formation of secondary
and tertiary tillers (initiating approximately on 48th day after planting and lasting
up to 120 days); grand growth, the development and growth of tillers with height
gain (stem elongation) and basal sugar accumulation (taking up to 9 month from
planting); and maturity, C4 photo assimilation and increased sugar synthesis, end-
ing until the harvesting period. Sugarcane tillering and grand growth phases are
recognized as drought sensitive due to high requirement of water for growth
(Ramesh 2000; Machado et al. 2009; Lakshmanan and Robinson 2014). At tillering
and grand growth phase, the relationship of water content, and the respective physi-
ological responses can be used to identify and distinguish between sugarcane geno-
types that is either tolerant or drought sensitive (Endres et al. 2010). On the other
hand, as compared to stem growth phase, moderate water stress at the maturity
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phase has positive effects on sucrose accumulation, since photosynthesis is less
sensitive to water stress in the maturity phase, and channeling the assimilation of
CO, to sucrose is accumulated in the stalk (Inman-Bamber 2004). Severe drought
stress affects the whole sugarcane morphology and physiology, albeit both responses,
in turn, vary according to the genotype, duration (rapid or gradual), and intensity
(severe or mild) of stress as well as the type of the tissue affected (Bartels and
Sunkar 2005; Smit and Singels 2006; Da Graga et al. 2010; Inman-Bamber et al.
2012). Physiological responses in sugarcane are recognized as interruption of cell
division and cell elongation (Machado et al. 2009), rolling of leaf, closing of sto-
mata, inhibition of stalk and leaf growth, leaf senescence, and reduced leaf area
(Inman-Bamber and Smith 2005; Inman-Bamber et al. 2012); stem and leaf elonga-
tions are also affected by growth processes (Inman-Bamber 2004; Inman-Bamber
et al. 2008). Drought stress is firstly sensed by the root, and the development of the
root is affected but relatively less than the above ground biomass. During moderate
water deficit stress response, stomatal limitations occur in sugarcane which cause a
reduction in stomatal conductance (gs), transpiration rate (E), internal CO, concen-
tration (Ci), and C4 photosynthesis (Du et al. 1996; Inman-Bamber and Smith 2005;
Silva et al. 2007; Da Gragca et al. 2010; Endres et al. 2010; Medeiros et al. 2013;
Basnayake et al. 2015). However, including the above responses, stalk and leaf
growth inhibition is the foremost common early adaptation when sugarcane plants
are exposed to mild to moderate dehydration (Inman-Bamber and Smith 2005).
Additionally, water stress responsible for both nonstomatal and stomatal limitations
has been reported due to impairment of photosynthesis in sugarcane (Ribeiro et al.
2013). These kinds of effects occur when the experience of drought stress is severe
(Basnayake et al. 2015). Drought causes a reduction in photosynthetic rate princi-
pally due to decreased activity of PEPcase and Rubisco enzymes (Du et al. 1996;
Inman-Bamber and Smith 2005; Lakshmanan and Robinson 2014). In unstressed
state, low content of sugar in the leaf is helpful to photosynthetic activity, whereas
high sugar content shows moderate effect on CO, fixation (Goldschmidt and Huber
1992). This is important that the rate of photosynthesis is also influenced by sugar
accumulation in the sugarcane leaves (McCormick et al. 2008).

3.3 Biochemical Drought Responses in Sugarcane

In C4 plants, some facts suggested that photosynthesis is very susceptible to water
deficit stress (Ghannoum 2009). Du et al. (1998) revealed the activities of different
C4 photosynthetic enzymes, viz., PEPcase, NADP-ME, Rubisco, and fructose 1,6
bisphosphate, and observed the 2 to 4 times decreased activity under drought condi-
tions, whereas the activity of PPDK declined 9.1 times in C4 plant, sugarcane. The
efficiency of CO, fixation in C4 plants may have three forms of decarboxylation
metabolism identified by three enzymes, while in sugarcane facts suggest the pres-
ence of two enzymes, NADP-ME and PCK, where PCK forms decarboxylation that
appeared to prevail over NADP-ME (Ghannoum 2009). The C4 metabolism plants
such as sugarcane can probably face a hot and dry environment by dropping the
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photorespiration rate and losing water. Despite the process that assists CO, fixation
in sugarcane, other plant species are also susceptible to water deficit. Plants under
drought lower carbon assimilation rate which facilitates an insufficient sink for elec-
trons generated in the electron transport chain and therefore oxidative stress due to
overproduction of reactive oxygen species (ROS) (Edreva 2005). Antioxidant sys-
tem imparts the drought tolerance through scavenging free radicals by the accumu-
lation of compatible solutes and antioxidant molecules (Vilela et al. 2017). In plants,
both enzymatic and nonenzymatic antioxidant systems have been found. The non-
enzymatic antioxidant system includes compounds such as ascorbate (AsA), gluta-
thione (GSH), alkaloids, phenols, tocopherols, and carotenoids (Grat™ao et al. 2005).
The enzymes are comprised of superoxide dismutase (SOD), catalase (CAT), ascor-
bate peroxidase (APX), guaiacol peroxidase (GPOX), and glutathione reductase
(GR) (Martins et al. 2011). The enzyme CAT is responsible for the reduction of
H,0, to H,0O and O,, and a decline in peroxidase activity is considered a limiting
step to ROS neutralization in sugarcane (Chagas et al. 2008). Activities of SOD,
CAT, APX, GPOX, and GR were changed according to variety and stress intensity
in sugarcane (Cia et al. 2012). Madhav et al. (2017) reported the increased enzy-
matic activity of peroxidases and SOD during water stress in sugarcane. The accu-
mulation of the osmolytes, trehalose, and proline also contributes to the reduction of
the damage caused by the accumulation of ROS and is associated with drought tol-
erance in sugarcane (Zhang et al. 2006; Molinari et al. 2007; Guimaraes et al. 2008).
Sales et al. (2012) reported an increase in starch hydrolysis, leading to higher levels
of soluble sugars that helped sustain carbon supply even in a reduced CO, fixation
condition, facilitating growth recovery after stress.

3.4 Drought-Responsive Genes in Sugarcane

Drought stress affects morphological and functional characters in plants, eventually
becoming one of the main hindrances to sustainable agricultural production glob-
ally. In a plant cell, the scarcity of water content provokes a complex phenomenon
of molecular responses, involving stress perception and initiation of signal trans-
duction cascade as a consequence of physiological, cellular, and morphological
changes (Bray 1993), including closing of stomata, reduced cell growth and photo-
synthesis, and activation of cellular respiration. Transcription factors expressed by
SP83-2847 moderately resistant variety indicate that abscisic acid (ABA)-dependent
and ABA-independent pathways are presented for drought-responsive gene expres-
sion. In ABA-dependent pathways, genes have an ABA-responsive element (ABRE)
with an affinity for myeloblastosis (MYB) and basic leucine zipper (bZIP) domain
transcription factors that signal for expression of specific genes involved in plant
stress response. In ABA-independent pathway, the transcription factor dehydration-
responsive cis-acting element (DRE) binds to DRE-binding protein (DREB) and
triggers gene expression (Shinozaki and Yamaguchi-Shinozaki 2007; Yoshida et al.
2014). The drought-responsive gene expression has also been reported in the regula-
tion of auxin (Swapna and Hemaprabha 2012) and salicylic acid (Almeida et al.
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2013). The ABA-responsive element (AREB) and ABRE binding factor (ABF) are
members of the bZIP superfamily of transcription factor (TFs), and the DREBs are
members of APETALA2 (AP2)/ERF, which are known to be involved in abiotic
stress responses in Arabidopsis and grasses (Nakashima et al. 2009; Mizoi et al.
2012). According to Schlogl et al. (2008), ABA regulates six bZIPs, with two genes
being upregulated (ScbZIP29 and ScbZIP31) and four genes downregulated
(ScbZIP21, ScbZIP24, ScbZIP70, and ScbZIP79) in sugarcane plants exposed to
ABA in vitro. The expressed genes in sugarcane included those that respond to
drought through auxin-dependent manner using IGS and PIN1 and ABA-
independent manner. Abscisic acid-independent pathway DREB genes regulate
plant defense mechanism via SOD, DHAR, cAPX, GST1, GSHS1 (glutathione syn-
thase), and encoding different drought protein kinase (Prokin) genes and ABA-
dependent group of proteins, viz., LEA 3 (Swapna and Hemaprabha 2012).
Rodrigues et al. (2009) demonstrated increased expression of a gene encoding a
peroxidase in a drought-tolerant sugarcane cultivar. Wang et al. (2015) suggested
that TAPX gene expressed in roots, stems, and leaves of sugarcane, but the most in
leaves, plays a role in sugarcane response to drought, salt, and other stresses.
Swapna Simon and Hemaprabha (2010) reported SOD and IGS genes expressed
under drought-tolerant sugarcane variety Co 740 and clones of CoC 671. The genes
encoding for polyamine oxidase, cytochrome-c-oxidase, SAM-decarboxylase, and
thioredoxins have been found upregulated in sugarcane under drought environment
which are involved in the regulation of the intracellular redox status (Prabu et al.
2011). In response to foliar application of salicylic acid, expression of genes respon-
sible for synthesis/expression of trehalose 5-phosphate and sucrose phosphate was
involved under drought stress in sugarcane (Almeida et al. 2013). The role of
SoSnRk2.1 gene of sugarcane is subject for more research and upregulated under
drought stress (Qin-Liang et al. 2013; Phan et al. 2016). Proline synthesis is cata-
lyzed by rate-limiting enzyme P5CS. In sugarcane, PSCS (SoP5CS) gene was iso-
lated and plays a role in water deficit stress noticed in transgenic sugarcane (Li et al.
2018). It was noticed that under drought state, sugarcane is connected to elevated
levels of N and K in the leaves and stems, and greater accumulations of K and P in
the shoot (da Silva et al. 2017). Several gene expression studies have been carried
out in sugarcane. Gene like Grifola frondosa trehalose synthase (7Sase) expressed
in drought-tolerant genotypes in sugarcane was reported (Zhang et al. 2006).
There are numerous expressed sequence Tags (EST) related to stress-responsive
gene sequences that have been submitted to the SUCEST and SASRI databases.
Gupta et al. (2010) identified 25 clusters of the gene in sugarcane associated with
water deficit stress using real-time reverse transcription-PCR profiling of selected
EST clusters. The most recent report was carried out by Iskandar et al. (2011) that
investigated that the expression of eight stress-related genes — PSCS, OAT, AS,
PSTS5 (sugar transport gene), TF1, LEA, POX, and dehydrins — was correlated with
the sucrose content in the sugarcane culm and whether such genes were also
responsive to water deficit stress. Microarray-based expression profile study of
15,593 sugarcane genes describes that 1501 genes were differentially expressed of
which 821 genes were upregulated and 680 genes were downregulated in different
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water level condition in sugarcane variety (GT21) (Li et al. 2016). Microarray and
RNAseq analysis in sugarcane genotype suggested that 10 genes were differen-
tially expressed using the qPCR analysis, of which three genes’ transcript profile
was found to correlate with drought tolerance. These genes were lipoxygenase
(ScLOX) (plays a role as a precursor of biosynthesis of jasmonic acid, and current
study describes their role in drought resistance), dehydrin (related to water deficit
stress as well as maintenance of turgor cells) and dirigent-jacalin (which correlated
to biotic and abiotic stresses along with jasmonic acid) (Andrade et al. 2014). The
role of aquaporins in roots of sugarcane is noticed under drought (da Silva et al.
2013). The transcripts encoding sugarcane aquaporins have only slightly been
illustrated, in spite of their important physiological influence and contribution in
numerous biological processes in the course of plant growth and acclimation in
response to biotic and abiotic stresses (Maure et al. 2008; Lembke et al. 2012).
Such genes may be very useful in transgenic studies linked to sugarcane (Andrade
et al. 2014). The Scdrl gene of sugarcane conferring tolerance under drought is
also useful in providing salt and drought tolerance in tobacco (Begcy et al. 2012).
Sugarcane R2R3-MYB (ScMYB2) gene plays an important role during drought
(Guo et al. 2017). SoDip22 gene in sugarcane leaves is identified as drought-
responsive gene. The identification of genes encoding structural proteins directly
related to the establishment of drought tolerance could be useful in developing
genetic markers to select tolerant and/or sensitive genotypes. This helps to obtain
improved cultivars by direct manipulation (transgenic) or classical breeding.
Drought tolerance would also contribute to reduce irrigation and water use (Rocha
et al. 2007).

3.4.1 Lipid Peroxidation

A correlation between water stress tolerance and lower levels of lipid peroxidation
was suggested (Cia et al. 2012; Sales et al. 2015). High levels of H,O, generated due
to an increase in lipid peroxidation were observed during the initial growth phase in
young sugarcane plants under severe water stress (Boaretto et al. 2014). Lipid per-
oxidation may meet important criteria to recognize water-tolerant cultivars of sug-
arcane (Abbas et al. 2014).

3.5 Salt Stress in Sugarcane

Salinity affects the productivity of various crops by exerting the greatest effects on
agriculture across the world and imposes morphological, physiological, biochemi-
cal, and molecular changes (Munns 2005). Physiological process is hindered by
salinity chiefly photosynthesis via a reduction in leaf area, chlorophyll content, and
stomatal conductance and to a lesser extent through a decrease in photosystem II
efficiency. The adverse effects of salinity on plant development are more profound
during the reproductive phase. Saccharum species differ in their response to soil
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salinity and acidity, and, the germination and early growth stages are more sensitive
to these stresses than later stages of crop growth; moreover, ratoon crop is more
sensitive to salinity than plant crop. According to Zhu (2001a), tolerance to salinity
depends on the interrelations among the biochemical pathways involved in detoxi-
fication, homeostasis, and growth regulation. First, accumulated ROS are removed
via synthesis of important compounds, such as osmolytes and various proteins that
reduce the intracellular concentration of ROS. Concurrently, ionic homeostasis is
pulled off via the compartmentalization of ions in vacuoles. Finally, the expression
of important genes is regulated to efficiently maintain plant growth and high pro-
ductivity. Although sugarcane is sturdily affected due to salt stress, the fact concern-
ing the cellular, biochemical, and molecular mechanisms in response to salt stress
lacks in sugarcane. In current existence, the available information concerning the
mechanism essential to tolerance of sugarcane to salt stress has increased. These
current studies might be important in response to salt stress; in particular, proteins
associated with carbohydrate metabolism and energy might be involved in the
response of sugarcane to salt stress (Patade et al. 2012; Pacheco et al. 2013).
Passamani et al. (2017) reported that by proteome analysis, proteins, such as CDPK,
photosystem I, PLD, and glyceraldehyde-3-phosphate dehydrogenase, were plenti-
ful in the sugarcane micropropagated shoot RB855536 cultivar under salt stress.
Thus, proteomic-based study will be supportive to the identification and under-
standing of the salt stress-induced response mechanisms in sugarcane. In addition,
the information obtained through differential protein analysis might be used in
modern breeding programs for the production of new cultivars (Agrawal et al.
2012). A p1,3-glucanase D family gene ScGluD?2 is noticed in induced form against
salt, H,O,, and heavy metal stress (Su et al. 2016a).

However, understanding the plant’s response to salt stress is difficult because the
morphological characteristics of plants, which present differences among species,
particularly among the root systems of different species, represent an important
aspect of the tolerance mechanisms. Thus, the combination of molecular and mor-
phological differences between sensitive and tolerant cultivars makes it difficult to
determine the specific role of each tolerance factor.

3.6 Low-Temperature Stress

Sugarcane is cultivated in tropical and subtropical regions where cold stress is not
very common, but lower yields and reduced industrial quality of the plants are
observed when it occurs. Under cold stress, the root length and root volume were
significantly lowered, and with the prolongation of cold stress, the root activity of
sugarcane varieties decreased significantly (Sun et al. 2016). Chilling and freezing
stresses differ from each other according to effect. First has a direct effect of low
temperature on cells, whereas freezing often acts indirectly via damaging cells due
to dehydration. Sugarcane susceptibility to cold injury, either by chilling or freez-
ing, is the primary factor limiting the distribution of the crop to within 30 °C of the
equator. The optimum temperature for growth is about 35 °C. The development of
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cold stress tolerance in sugarcane is of great importance for improving production,
but it is hindered by the lack of more precise physiological knowledge. Cold-
induced genes can also be induced by drought stress, and these genes are also regu-
lated by the ABA (Nogueira et al. 2003) and sometimes not sensitive to ABA
treatment. This indicates the existence of both dependent and independent ABA
regulatory pathways with respect to the transcriptional control of the response to
drought and cold (Shinozaki and Yamaguchi-Shinozaki 1996). Exogenous abscisic
acid plays a major role during low-temperature stress in sugarcane (Huang et al.
2015). Nogueira et al. (2003) identified 34 cold-responsive ESTs, of which 20 were
novel cold-responsive genes (COR) including cellulose synthase, ABI3-interacting
protein 2, a negative transcription regulator, phosphate transporter, and others iden-
tified as unknown genes in Saccharum species (cv SP80-3280) using EST profiling
studies (Nogueira et al. 2003). The expression of SSNAC23 (member of NAC tran-
scription factor) was induced in sugarcane plants when exposed to low temperatures
(4 °C), and thioredoxin acts as an interacting protein (Ditt et al. 2011). The expres-
sion of MIPs such as SspNIC2 was observed more during cold stress in cold-
resistant cultivar (TUS05-05) of Saccharum spontaneum (Park et al. 2015). Under
cold stress, the contents of malondialdehyde (MDA), proline, soluble sugar, and
soluble protein and the activities of SOD and peroxidase (POD) were initially
increased and then decreased, especially in the cold-susceptible sugarcane variety
(Sun et al. 2016). Therefore, these parameters were closely related to the cold resis-
tance of different sugarcane varieties.

3.7 Heat Stress Tolerance

Heat stress gravely diminishes the germination and early seedling development in
various plants together with sugarcane crop (Wahid et al. 2008, 2010). Even though
a tropical plant needs comparatively higher temperatures for growth, sugarcane
shows heat sensitivity above 36 °C as manifested from its reduced growth and water
relations (Wahid et al. 2010). High-temperature stress is a widely occurring prob-
lem in many sugarcane-growing countries and affects the growth and development
of sugarcane. Plant age and intensity of heat play an important role during heat
stress (Wahid et al. 2007). The noticeable sign of heat injury includes rolling of leaf,
dehydration, chlorosis, tip burning, photosynthesis, respiration, and other metabolic
activities. Heat stress applied to sugarcane abridged the Hill reaction, chlorophyll
fluorescence, and electron flow at PSII (Ebrahim et al. 1998). Plants gradually
exposed to heat stress indicated an accumulation of several heat-stable proteins.
Most common molecular response of plants submitted to heat stress is the expres-
sion of HSPs, which have a fairly wide range of molecular masses (10-250 kDa).
The DHNs are water-soluble proteins, rich in glycine and charged polar amino
acids, and free of cysteine, and tryptophan is also observed during heat stress. Wahid
et al. (2007) reported heat stress-induced expression of three DHNs in sugarcane
with apparent molecular masses of 21, 23, and 27 kDa, appearing between 48 and
72 h. The former one matched with the molecular mass of DHN4 of barley cv.
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Morex. The latter two matched with DHN11 and DHNS of cv. Dicktoo, which were
expressed during freezing stress (Zhu et al. 2000). There is also increasing evidence
for considerable interlinking between the responses to heat stress and oxidative
stress. Enzymatic antioxidants as well overcome heat stress-induced oxidative dam-
age in sugarcane (Jain et al. 2007). Srivastava et al. (2012) reported that higher
expression of CAT and APX enzymes under high temperature in the leaves of heat-
tolerant sugarcane genotypes might protect them from ROS such as hydrogen per-
oxide (H,0,), superoxide (O,"), and hydroxyl radicals (OH®) produced after
exposure to high temperature. Wahid and Close (2007) reported that, despite ample
water supply to roots, water potential and its components were severely affected in
sugarcane leaves under heat stress. As a heat tolerance strategy, sugarcane showed
the synthesis of primary and secondary metabolites. A study showed that soaking
with GB and proline had an indirect function in the improvement of bud growth
under heat treatment (Rasheed et al. 2011). However, Heat tolerance mechanism is
rather less unspoken in sugarcane.

3.8 Waterlogging Stress in Sugarcane

Waterlogging or excess water is one of the abiotic stresses responsible for a loss in
potential productivity of crop plants. Sugarcane is moderately tolerant to flooding
and waterlogging. It was experienced that sugarcane crop is very susceptible in the
first 3 to 4 months to waterlogging, while comparatively tolerant at 5-9 months to
waterlogging stress. Some physiological changes in sugarcane observed during
waterlogging stress are (1) transpiration rates decreased due to stomatal closure, (2)
rate of photosynthesis is considerably reduced presumably due to the lessening of
effective leaf area, (3) crop growth rates are significantly shortened in waterlogging
stress, and (4) higher respiration rate of submerged organs compared to leaves. The
flood stress on crops is divided into two situations (Van Toai et al. 2001). The first
situation is flooding or waterlogging in which only the root of crop is flooded, and
the second situation is the complete submergence or submergence, in which whole
plant or part of the plant is completely flooded. Some destructive situations that can
be sensed by flooding plants are owing to the turn-down of gaseous interchange
between the soil environment and air, subsequently hypoxia condition for roots and
reduction in the rate of air diffusion. Moreover, the flooding stress has an influence
on the physiological process such as photosynthesis, root permeability, and the
absorption of water and nutrition. Varieties that can grow in the flooding land also
adapt to develop some adjustment in morphology (Winkel et al. 2014). To overcome
hypoxia and anoxia under flood, the expression of various candidate genes such as
zinc finger protein (Mol7), aldehyde dehydrogenase 5F1 (ALDHS5F1), alcohol
dehydrogenase (Adhl), ACC oxidase, submergence-induced anaerobic proteins
(ANPs), and G-box binding factor-1 (GBF1) (Gomathi et al. 2014) have also been
reported in sugarcane along with other plants. The ANPs significantly impart their
function under flood and are associated with the following activities: pH regulation,
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starch breakdown, aerenchyma tissue formation, free radical scavenging enzymes,
signal perception (ethylene receptor) and transduction, and other unidentified
function.

3.9 Role of miRNA in Abiotic Stress in Sugarcane

Several miRNAs which are also part of gene regulation during environmental stress
in plant species have been studied (Sunkar and Zhu 2004). The role of miRNA
observed during abiotic stress (Patade and Suprasanna 2010; Thiebut et al. 2012;
Gentile et al. 2015; Yang et al. 2017) and the expression profile of miRNA were also
studied in sugarcane. Numbers of drought-responsive miRNA transcripts have been
noticed in sugarcane via high-throughput small RNA deep sequencing. A report
suggested that in most of the situation, miR396 and miR171 were observed as
expressed (Gentile et al. 2015). The expression of miR159 at transcript level is
observed as regulated under short-term osmotic stress induced by NaCl or PEG in
sugarcane. It has also been suggested that the MYB, one of the expected targets of
miR 159, was concurrently up- or downregulated with the down- or upregulation of
the miRNA, respectively, and MYB act as the target of miR159 (Patade and
Suprasanna 2010). Thiebaut et al. (2012), using stem loop RT-PCR, found that
miR319 was upregulated in sugarcane plants exposed to 4 °C for 24 h. The expres-
sion profile of miR319 was more during cold stress in both roots and shoots. The
expressions of miRNA transcripts were also regulated under ABA treatment.
Bottino et al. (2013) suggested that miRNA can also play an important role in the
response to salinity in sugarcane cultivar. The five transcripts of miR5671, miR5054,
miR5783, miR5221, and miR6478 have target gene sites and thereby play roles in
regulation of the mitogen-activated protein kinase (MAPK) signaling pathway and
plant hormone signal transduction in smut-resistant and susceptible sugarcane vari-
ety (Su et al. 2016b). The expression level of miRNA 156 was found to have
increased in cold, salt, and drought stress in sugarcane (Yang et al. 2017). These
studies suggested that miRNA potentially plays a major role during abiotic stresses.

3.10 Conclusion

Sugarcane is an agroeconomic crop resilient to climatic changes in nature by abiotic
stressful conditions like temperature stress (cold and heat), mineral stress (salinity),
and water availability stress (waterlogging and drought). Due to its resilient nature,
it has mechanism to counteract weather imposed stresses to sustain productivity.
Various stress-responsive hormones, enzymes, and genes are involved in signaling
cascade in sugarcane. From physiological viewpoint, components involved in the
photosynthetic process are primarily affected by water availability stress, tempera-
ture stress, and salinity stress in sugarcane crop like other crops. Hormonal mole-
cules such as ethylene, jasmonic acid, salicylic acid, and ABA have been considerably
studied in drought stress in sugarcane. It has been suggested that proline
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accumulation in sugarcane under drought situation appears as an important bio-
chemical marker of drought susceptibility than the activities of antioxidant enzymes.
The role of ABA is also observed in cold stress in sugarcane. Participation of candi-
date genes like zinc finger protein (Mol7), aldehyde dehydrogenase S5F1
(ALDHSF1), alcohol dehydrogenase (Adhl), ACC oxidase, submergence-induced
ANPs, and GBF1 are also studied in flood stress in sugarcane. Briefly, a numbers of
genes, enzymes, transcription factors, and cellular miRNA transcripts have been
identified in sugarcane to actively respond to abiotic stress. The mechanism of how
these genes exactly respond to abiotic stress is unclear till date in sugarcane. A pro-
posed mechanism may be early cell perception to environmental stimulus and
induction of kinases or proteins which will stimulate the upregulation of genes
involved in the stress response. This will lead to the function of second messenger
and induction of physiological stimuli like stomatal closure and ion homeostasis,
and then this signal will induce TFs in a hormonal-dependent manner like the
drought in ABA-dependent and ABA-independent manner or auxin/salicylic acid.
This induces the antioxidant system to reduce abiotic stress. Recently, the high-
throughput techniques have provided an anticipated approach for improving abiotic
stress tolerance in sugarcane, but it is undoubtedly clear that this attempt will require
close connection among the scientists of different plant fields with “omics”
approach, particularly in the field of proteomics and metabolomics.
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Abstract

Salt stress is an abiotic stress wherein high concentrations of sodium and chlo-
ride ions present in the soil affect sugar beet productivity. About 13% of the land
in the world is affected by such soils. Growth of mesophyll cells under such a
situation is affected as there is decrease in uptake of water and nutrients along
with toxicity of either sodium or chloride ions or both. Sugar beet (Beta vulgaris
L.), a short-duration crop, besides being tolerant to salt stress, also reclaims
saline soil in which it is grown. Under salt stress condition, yield of sugar beet is
hampered when electrical conductivity is >7 dsm~!. In sugar beet, several mor-
phological, physiological as well as biochemical changes have been observed
under response to salt stress. Nutritional imbalance, alteration in leaf character-
istics, less water potential in plant, decline in fresh weight of shoots, etc., are
some of its responses under salt stress conditions. Furthermore, this crop pos-
sesses adaptive properties such as osmotic adjustment, accumulation of proline,
glycine betaine and lipid peroxidation, etc., which helps the crop in surviving
under such a situation for giving better productivity. Management practices have
also been suggested for minimizing the effect of salt stress making it a sustain-
able crop under salt stress conditions.
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Abbreviations

APOX  ascorbate peroxidase

BADH betaine aldehyde dehydrogenase
CAT catalase

EC electrical conductivity

GPX glutathione peroxidase

POX peroxidase

PS I photosystem II

RuBP  ribulose biphosphate

SOD superoxide dismutase

4.1 Introduction

Salinity or salt stress in soil is one of the well-known and important constrains in
agricultural crops all over the world (Wang et al. 2019). It is one of the important
abiotic stresses wherein the concentration of the salt in soil is increased naturally and
precipitation of salt content can be insufficient for leaching (Zhao et al. 2007). Soils
of hot and dry regions in the world possess saline soils having low agricultural pro-
spective (Glick et al. 2007). Munns (2002) had revealed that 13% of world’s land has
been affected by salt stress. Different people had defined salinity in different ways.
According to Ponnamperuma (1984), a saline soil is defined as the one possessing
rich content of salt in root zone of the plant and plant’s growth under such a condition
is compelled. Also, USDA salinity laboratory has defined it as one having an electri-
cal conductivity (EC) of 4 dsm™! or greater. According to Epstein and Rains (1987),
salinity in soil is associated with high concentration of dissolved ions such as sodium
ions, calcium ions, etc. However, the most acceptable definition of salinity has been
given by FAO in 1996 according to which saline soils are the ones possessing EC of
4 dSm~! or greater while strong saline soils are the one which have EC greater than
15 dSm™". Natural and/or human induced are two types of salt stress which are being
generally observed. The former one occurs basically due to longer period of accumu-
lation of salts in soil by the two natural processes, viz., weathering of rocks contain-
ing salts and deposition of oceanic salt due to winds and rains, while the latter one is
due to action of humans wherein the balance of water applied in soil and water which
is uptaken by the crops gets disturbed (Garg and Manchanda 2008). Many reasons
could be behind this type of salt stress like cleaning up of lands and planting of
annual crops in place of perennial plants, insufficient drainage system and usage of
water rich in salts for irrigating crops. Salt stress is a global problem covering larger
areas in the world and crops grown under such a condition is a major challenge for
the farmers as cultivation of crops leads to excessive intake of salts which results in
causing injury to crop (Frazen 2007; Rengasamy 2010). Crops grown under salt
stress condition vary not only in showing different response toward such condition
but even in coping up with it. This variation differs not only from one species to
another but also from one genotype to another (Munns 2002). It is well known that
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salt stress condition affects the physiological and metabolic activities of crops lead-
ing to hampering of growth, yield and productivity (Ashraf and Harris 2004).

Sugar beet is one among the three sources used for the production of sugar
worldwide. Around 21.5% of the sugar produced from the cultivation in fifty-seven
countries in the world is obtained from this crop. It is a rich source for alcohol pro-
duction having a capacity of 4400 lha~' against a production of 3900 lha~! from
cane (Shrivastava et al. 2013). Sugar beet (Beta vulgaris L.), belonging to
Chenopodiaceae family, is a well-known salt-tolerant crop (Yang et al. 2012;
Wedeking et al. 2017) having a tolerance power of 9.5 m mhos/cm toward salt stress
(Shrivastava et al. 2013). In comparison to other crops such as 6.0 for paddy, 4.4 for
sugarcane and 2.4 for wheat, this salt-tolerant ability is very high. It is a halophyte
that acts as a scavenger for sodium salts by removing about 500 kg of sodium salts
per hectare per season in saline soils (Shrivastava et al. 2013). Yield of this crop
declines only when the salt concentration in soil exceeds an EC of >7 dSm~' (Maas
1990). Due to its salt-tolerant capability, it is well known to be economically grown
in reclaimed soils (Khandil et al. 2017).

4.2  Mechanism of Salt Tolerance in Sugar Beet

Several studies have revealed the tolerance mechanism in salt stress condition
(Lindhauer et al. 1990; Marschner 1995; Koyro and Huchzermeyer 1997; Eisa and
Ali 2005). In general, for salt tolerance, plant adopts three mechanism, viz., osmotic
tolerance, tissue tolerance and ion exclusion. Lindhauer et al. (1990) and Marschner
(1995) illustrated that this crop has natural endowment for tolerating salt stress
where the plant intakes the salty water from the soil and transports it to its shoots
assisting in maintaining the osmotic balance, but this in turn may lead to either tox-
icity in crop or disturbance in nutritional balance, while Koyro and Huchzermeyer
(1997) revealed that it is the capability of the sugar beet crop to accumulate soluble
sugars in its root that helps in regulating the osmotic potential under salt stress con-
dition. This is the reason why exposure to salt stress during germination and early
stages of growth show pronounced effect on the crop as the photosynthesis activity
is very low which in turn causes low amount of sugar production in roots (Eisa and
Ali 2005). Another reason for salt tolerance in sugar beet is the building up of
sodium and potassium ions in vacuolar and cytoplasmic region of the cells which
plays a role in osmotic regulation under such situation in this crop (Subaarao et al.
2001; Ghoulam et al. 2002). As per Flowers (1988), it is the sodium ions that get
absorbed and accumulated in the leaf tissues of sugar beet where the former play
roles in regulating and adapting its osmotic potential with soil. Wang et al. (2019)
had also found another reason for sugar beet tolerance towards salt stress by identi-
fying 47 differentially expressed proteins in sugar beet roots and 56 in its leaves
under such situation that play important role in tolerant cultivars.

Belonging to halophyte group, sugar beet is also known to use the controlled
mechanism for the uptake of sodium and chloride ions into the vacuolar space of the
cells for intake of water by the plant (Glenn and Brown 1999). The study of Flowers
and Colmer (2008) revealed that the tolerance power bestowed in halophytes is due
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to controlled mechanism of uptake of ions, cellular compartmentalization of ions,
and production of organic solutes.

Also, association of salt stress and potassium ions has been revealed under such a
condition. There is a decrease in the amount of potassium ions due to the osmotic
regulation mechanism adopted by sugar beet under such condition (Lindhaeur et al.
1990). Ghoulam et al. (2002) had revealed its high capability pertaining to osmotic
adjustment by production of inorganic ions like Na*, K* (Mari et al. 2018) and CI~
ions as a response mechanism to salt stress condition. This makes sugar beet crop the
most suitable one for uncultivated lands, especially the barren ones. In saline tracts
of Sunderbans, studies had revealed that this crop may be used as a remunerative one
after cultivation of paddy giving a yield of 50 t ha~! (Shrivastava et al. 2013).

4.3  Response of Salt Stress in Sugar Beet

Salt stress is a limiting factor for production of any crop. This results in retarding the
growth and yield of crop. When excess amount of salt is consumed/uptaken by the
plant, it hampers the uptake process of water and nutrients through roots from the
soil (Frazen 2007). Khan et al. (1995) have shown various reasons behind the inhib-
itory effect caused by salt stress condition like ion toxicity, disturbance in the nutri-
tional balance, reduction in efficiency of processes of photosynthesis and enzymatic
action as well as other associated processes (Fig. 4.1). During flowering, beets
showed early flowering which is associated with reduction in dry matter, increase in
ratio between root and shoot, and increase in size of leaf, thereby contributing to
decrease in beet yield under salt stress condition (Maghsoudi and Maghsoudi 2008).

Small leaves

Thicker width

Reduced leaf area
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Fig. 4.1 Morphological, biochemical, and physiological response in sugar beet under salt stress
condition
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Under salt stress conditions, a number of alterations in biochemical and morpho-
logical attributes have been observed in this crop like in nutrient level, proline con-
tent, leaf area, leaf number, etc., which in turn affect the yield and productivity of
this crop (El-Wakeel 1993; Kaffka et al. 1999; Taghizadegan et al. 2019).

4.3.1 Germination Response on Sugar Beet Grown Under Salt
Stress Condition

Several studies indicate that sugar beet grows well under salt stress conditions (Yang
and Houng 2012). But Jamil et al. (2006) have shown that this crop is also sensitive
to salt stress at germination, shoot emergence and seedling stage as a result of toxic-
ity of ions in spite of the general known reason of osmotic alteration (Ghoulam and
Fares 2001). Variation in the concentration of sodium chloride levels causes a nega-
tive effect on germination of seeds as water-absorbing capability is hampered in
seeds (Mostafavi 2012; Dodd and Donovan 1999). Growth response in shoots and
roots of sugar beet under such condition, with respect to germination, is the first
response to be looked at as it establishes the base of good crop production, root
length and yield (Bhattacharjee 2008). Inhibition in cell division process and
increase in the growing point are the two reasons behind it (Maghsoudi and
Maghsoudi 2008).

4.3.2 Nutrient Status

Water quality and nutrient status are mainly concerned for good production of sugar
beet in most of the soils. In salt stress condition, it is known that growth of sugar
beet is hampered due to the imbalance of nutrients in their tissues (El-Etriby 2000).
Even if calcareous soils possess rich salt content, low nutrient availability, espe-
cially in N, P, K, Zn, Fe, and Mn in plants grown in such soils, has been reported
(Armin and Asgharipour 2011). Under salt stress condition, when sodium and chlo-
ride ion concentrations were increased, a decrease in potassium ions was observed
(Shehbata et al. 2000; Ghoulam et al. 2002) as there is decrease in uptake of potas-
sium ions from soil (Reda et al. 1980). Also, level of N ions in shoots, roots, and
leaves of this crop under such condition has been reported to be significantly reduced
(Flowers 1985; Warne et al. 1990). The reason behind such effect is that under such
condition, when the sodium ion level increases, it causes efflux of K ions which
results in lowering of the ratio between K* and Na*. When CI~ ions increased, it
competes with the nitrous ions leading to a reduction in the absorption of these ions
(Chinnusamy et al. 2005). On the other hand, an increase in P content in leaves in
such condition in sugar beet has been seen which contributes to the delay in growth
of the crop. On general basis under salt stress condition, plant stimulates to absorb
P ions which may cause P toxicity when absorbed by the plants in excessive amounts
(Alam et al. 2016; Ren et al. 2012; Zhou et al. 2008).
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4.3.3 Growth and Productivity Response of Sugar Beet
Under Salt Stress Condition

4.3.3.1 Response of Root

The most important parameter in such a condition to be looked for is the response
of sugar beet root under salt stress condition. This is because roots come in direct
contact with soil and any disturbance in the soil concentration will affect either the
root’s length or diameter or its survival to some or great extent. Zhu (2002) had
shown that when salt concentration is increased in root zone, then it affects the
growth of the plant due to lack of water in cells. This happens so because there is
less water potential, nutritional disorders, and buildup of toxic ions under such con-
dition (Zhu 2002). It is known that under salt stress condition generally, root length
was decreased. The performance of H30917 genotype showed the longest root
length, whereas H30973 genotype showed the shortest among the cultivars tested.
Another way in which the roots respond in such a situation is when the concentra-
tion of NaCl is high and then the solutes leak out from the roots at a higher rate by
affecting membrane permeability (Ghanoum et al. 2002).

4.3.3.2 Response of Shoot

Shoots of sugar beet plant also respond to an increase or decrease in salt concentra-
tion in the soils. A decrease in fresh weight of shoots by 36% was observed when
there is a moderate salt stress condition (less than 125 mM). Wakeel et al. (2010)
had shown that large amount of sodium ion accumulation in beet shoots (about
75%) is only seen when it is supplied with fertilizer possessing sodium ions.

4.3.3.3 Response of Leaf

Salt stress condition in sugar beet crop also causes alterations in leaf morphological
parameters. Leaf number was relatively lesser affected under such conditions com-
pared to leaf area (Ghoulam and Fares 2001) as decrease in leaf area is due to inhibi-
tion of expansion of leaves under salt stress condition and reduction in size of cells
and cell number (De-Herralde et al. 1998; Dadkhah and Grrifiths 2006). Studies have
also shown that the reason behind reduction in leaf area is lesser loss in water in the
process of transpiration resulting in small leaves and thicker width under such condi-
tions (Witkwski and Lamont 1991). It has also been reported that the amount leaf
area is reduced at a certain amount of salt stress condition and the same amount is
increased in leaf sodium chloride concentration (Munns and Termaat 1986).
Hajiboland et al. (2009) had revealed that leaf area under such condition in plants
increases transitionally at initial phases of growth; however at later ones, this gets
decreased. Ghoulam et al. (2002) have also illustrated that under salt stress condition,
sugar beet leaf shows a decrease in relative water content. Reports suggested that the
effect of salt stress was clearly evident on leaf area than on dry weight as under such
a situation higher accumulation of Na and Cl ions occurs in shoots through transpira-
tion flow that results in the highest accumulation of oldest leaf leading to death
(Greenway and Munns 1980). An increase in leaf thickness was also seen when salt
concentrations were increased which is correlated to enhancement in the amount of
sodium and chloride ions in leaf blades, petioles and also roots of sugar beet (Geng
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et al. 2011). Under salt stress conditions, leaves accumulate more inorganic ions in
many sugar beet varieties like Zwaanpoly, Kawemegapoly, Top, Desprezpoly, and
Nejma which are known to be includers (Ghoulam et al. 2002).

4.3.3.4 Physiological Response

Photosynthesis is an important physiological process for any crop and also for sugar
beet. Crop grown in salt stress conditions alters the photosynthetic process. Sugar
beet grown in salt stress condition shows a decrease in area of photosynthesis due to
less leaf area and biomass weight as mentioned earlier (Yang et al. 2008). The rate of
photosynthesis was increased at initial stages of growth in two sugar beet cultivars,
viz., Monirac and Kawemegapoly, when grown under such condition, but when the
time duration increases, there was no change in carbon fixation process in Monirac,
whereas in Kawemegapoly, it decreased significantly (Zviplaut 1989). Association
between photosynthesis and shoot growth has also been observed as decrease in pho-
tosynthesis area will hamper the shoot growth as well as its development (Campbell
and Nishio 2000). Everard et al. (1994) had illustrated that a decrease in photosyn-
thesis rate also affects the stomatal conductance which results in limiting the avail-
ability of carbon dioxide to the plant for the process of carboxylation. It has been also
known that under salt conditions chlorophyll content may also be affected. Studies
have shown that in sugar beet cultivars, under salt stress conditions, significant dif-
ferences were observed in fluorescence measurement of chlorophyll content indicat-
ing that energy translocation rate may be restricted to some extent (Long and Hallgern
1993). Furthermore, reduction in level of Fv/Fm was also seen indicating that there
might be hindrance in RuBP regeneration as ample amount of electron translocates
from PS II under saline condition (Abbas et al. 2014).

4.3.3.5 Biochemical Response

For adaptation of plants in salt stress conditions, osmotic adjustment is a crucial
regulatory mechanism (Volkmar et al. 1998). Under such a situation, plants accu-
mulate several organic solutes like glycine betaine, proline, free amino acids,
organic acids and soluble sugars or their derivatives so as to sustain the turgidity of
the cells (Flowers and Colmer 2008). These organic solutes play crucial roles in
physiological processing of any crop (Fig. 4.1). For instance, the soluble sugars are
known for their functioning in maintaining the cell membrane integrity when saline
conditions are high. Soluble sugars are even recognized as a sensitive aspect under
salt stress condition (Tuteja 2007).

4.3.3.5.1 Lipid Peroxidation and Enzyme Activity

Lipid peroxidation is an active antioxidant enzyme that uses oxygen ion for the
production of superoxide radical (Fridovic, 1986). In salt stress condition, sugar
beet (B. vulgaris) and wild beet (B. maritime) showed lower lipid peroxidation con-
centration as compared to beet grown in normal condition. This may be due to
higher activities of antioxidant enzymes like superoxide dismutase (SOD) and cata-
lase (CAT) that help in the prevention of damage to cells (Scandalios 1993). It has
been illustrated that wild species of sugar beet had hereditary character as well as
tolerating power for salt stress due to enhancement in the leakage of solutes that
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helps in improving protection from oxidative damage (Bor et al. 2003). In such a
case, wild sugar beet leaves possess higher constitutive activities of SOD and
induced activities of antioxidants like peroxidase (POX), ascorbate peroxidase
(APOX) and CAT. Superoxide dismutase is a well-known metalloenzyme used for
protecting against cellular damage (Feng et al. 2016). The antioxidant enzymes
found in the leaves under salt stress show effectiveness in preventing the cellular
damage especially SOD and CAT (Scandalios 1993). But it is not true in case of B.
maritima as under salt stress condition, there is an increase in lipid peroxidation
particularly when the concentration was 500 mM for 12 days. This in turn causes
enhancement in permeability of membrane; as a result of which, there is an increase
in solute concentration. This, on overall basis, decreases the resistivity of sugar beet
under such a situation. Higher activity of SOD was also seen in B. maritima in spite
of lower ratio of salt-induced SOD activity. This indicated that wild sugar beet had
higher potential to resist the oxidative damage without increasing its SOD activity.
Peroxidase is another enzyme that play a role in scavenging hydrogen peroxide
present in chloroplast. This is produced by dismutation of oxygen molecule cata-
lyzed by SOD (Asada et al. 1987). No difference in response of POX activity was
reported in the wild and commercial cultivated beet as in both cases increase in POX
activity was observed when concentration of salt lies under 150 mM and
500 mM. But variation in the induction of activity of this enzyme under salt stress
was seen in both the cultivars; in wild ones, it was higher, while in commercial ones,
it was not so high. Ascorbate peroxidase enzyme is important for detoxification of
hydrogen peroxide (H,O,) as it uses ascorbate for reducing H,O, (Asada et al.
1987). Generally, overexpression of this gene leads to higher protection against oxi-
dative damage. In wild types of sugar beet, both SOD and APOX activities were
increased. Even the CAT activities were higher in wild beet cultivars as compared
to commercial ones. Catalase is also known for playing an important part in protec-
tion against cellular damage. Similarly, glutathione peroxidase (GPX) enzyme too
plays a role in the same pathway (Mitler et al. 2004).

4.3.3.5.2 Proline

Proline plays an important role in protection of cytomembrane system and even
retains the structure of intracellular enzymes (Hong et al. 2000). At 6000 mg NaCl
per kg in soil, proline content increases significantly in this crop. Grzik (1996) had
shown that when salt stress levels increase, this soluble organic solute level also
increased that might result in tolerance to plants cultivated in such a condition.
Delauney and Verma (1993) revealed two pathways for the formation of proline
content in plants, i.e., one is via glutamate, while the other is via ornithine.

4.3.3.5.3 Glycine Betaine

It is well known that members of the Chenopodiaceae family (sugar beet, spinach,
etc.) produce large amounts of glycine betaine (Catusse et al. 2008) as a response to
salt stress condition. Zheng et al. (2015) had revealed the production of betaine in
many salt-tolerant crops. Sugar beet plant (in roots and leaves) showed relatively
higher increase in betaine aldehyde dehydrogenase (BADH) by two—four folds with
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the increase in salt levels (from O to 500 mM) in water supply for irrigation (McCue
and Hanson 1991). Hanson and Rhodes (1983) revealed the synthesis pathway of
glycine betaine in leaves of sugar beet crop under salt stress condition. Studies sug-
gested that under such a situation, glycine betaine concentration was increased indi-
cating their role in coping up the problem of osmotic disturbance. This even may
suppress the functioning of nitrogenous compounds formed other than it (McCue
and Hanson 1992; Colmer et al. 1996).

4.4  Approaches for Overcoming the Effect of Salt Stress
in Sugar Beet

Approaches have been tried for enhancing the tolerance capability in sugar beet for
salt stress conditions. Application of potassium as a fertilizer in sugar beet is one
such approach (Sarkar and Ghosh 1989). Also, external intake of potassium ions by
sugar beet plants in salt stress condition also enhances the tolerance power. The role
of potassium ions in sugar beet plants has been clearly illustrated in many studies
and has shown the association of potassium ions with sucrose, total soluble solids
and purity coefficient of juice of sugar beet (EI-Maghraby et al. 1998; Khalil et al.
2001). Photosynthesis rate, sucrose translocation, and sucrose accumulation in roots
were enhanced after application of K fertilizer which may be due to the role of K in
enhancing metabolic activity of beet (metabolic activity of carbohydrate and nitro-
gen, transpiration, and water-absorbing capacity) (El-Hawary 1994a, b; Bondok
1996; El-Etreiby 2000). El-Harriri and Gobarh (2001) had also shown that with the
usage of K fertilizer in sugar beet grown under salt stress condition, quality and
quantity of sugar in beet roots were improved significantly. Dry weight of leaves
and top of sugar beet was revealed to increase after application of potassium fertil-
izer. Application of phosphorus also showed increase in fresh weight of root and
shoot (Hussain et al. 2014). In addition, application of gibberellic acid (GA;) in
such a condition also helped in minimizing the effect on sugar beet.

4.5 Conclusion

Sugar beet is a secondary crop used for production of about 20% of sugar from 45
countries (four continents) of the world majorly where sugarcane cultivation is not
possible. Sugar beet is largely grown in temperate climates, but now it is being
moved to subtropical parts of the world for fulfilling the further enhanced needs of
sugar and ethanol production and minimizing the burden on sugarcane crop. Salt
stress is a crucial problem for most of the areas of the world which has hampered
the agricultural productivity. Sugar beet is the one used for sustainable growth and
production under salt stress condition due to the natural ability possessed by it for
tolerating the osmotic potential by having a tolerance power of 9.5 m mhos/cm
towards salt stress. The mechanism involved is the absorption of sodium ions from
soil to leaves where it gets accumulated in their tissues mainly in the vacuolar
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spaces. Besides, it also reclaims the saline soil by removing 500 kg of sodium salts
per hectare per season from salt-affected marginal lands, thereby making it suitable
for other crop cultivation. Furthermore, this crop will act as boon to agriculture in
salt-affected marginal lands.
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Abstract

Drought (water stress) is one of the most important stresses that occurs widely in
agricultural fields and can affect different aspects of crop growth, development,
and metabolism. There are several reasons of drought stress in agriculture fields,
including low rainfall or irrigation, high and low temperature, high intensity of
light, high EC (electrical conductivity) due to salinity and fertilizer misapplica-
tion, etc. Plant water potential and turgor decline in dehydration condition; there-
fore, plant cells could not do normal functions and inducing all drought stress
aspects in plants. In addition, it can negatively affect quantity and quality of
growth and yield in crops. Plants are sessile organisms and must tolerate environ-
mental stresses; hence, they have developed various mechanisms for resistance
to stresses such as drought stress. Moreover, as plants are multicellular organ-
isms, their responses to environmental stresses such as drought are complex.
Generally, plant resistance to environmental stress is divided into two main strat-
egies: stress avoidance and stress tolerance. Besides tolerance, avoidance is one
of the common drought resistance mechanisms in annual plants. Escape from
stress conditions is the strategy for plant growth under drought condition that is
less important in agronomic plants. The alteration in resistance capacity of crops’
seeds and young seedlings by priming methods, production of tolerant crops by
traditional breeding methods, and the generation of transgenic plants by gene
manipulation are useful procedures to minimize the negative effects of drought
on agronomic products. In addition, several strategies for drought management
in agricultural fields on multiple levels can be effective.
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Abbreviation

5-HTP 5-hydroxy-L-tryptophan

ABA abscisic acid

AFLP amplified fragment length polymorphism
ALA 5-aminolevulinic acid

AM arbuscular mycorhizal fungi

APX ascorbate peroxidase

BABA B-aminobutyric acid

BR brassinosteroid

CAT catalase

CPK Ca?*-dependent protein kinase
EC electrical conductivity

ERF ethylene response factors

GABA y- aminobutyric acid

Gas Gibberellins

GB glycine betaine

GR glutathione reductase

GSH glutathione

H,0, hydrogen peroxide

TIAA indole-3- acetic acid

JA jasmonic acid

L-DOPA L-3,4-dihydroxyphenylalanine
LEA late embryogenesis abundant
LMW low molecular weight

MGDG monogalactosyldiacylglycerol
0,~ superoxide radical

OH hydroxyl radical

P5CR pyrroline-5-carboxylate reductase
PEG polyethylene glycol

PM-ATPase plasma membrane ATPase

POD peroxidase

PP2Cs protein phosphatase 2Cs

QTL quantitative trait loci

RAPDs random amplified polymorphic DNA
RCS reactive carbonyl species

RFLPs restriction fragment length polymorphisms
RNS reactive nitrogen species

RO alkoxy radicals

ROS reactive oxygen species

RSS reactive sulfur species

RuBisCO ribulose bisphosphate carboxylase/oxygenase
RWC relative water content

SA salicylic acid

SCARs sequence characteristic amplified regions
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SnRK2s SNF1-related protein kinase 2s
SOD superoxide dismutase

SSRs simple sequence repeats

TF transcription factors

VOCs volatile organic compounds

5.1 Introduction

Under agricultural conditions, plants are often exposed to various environmental
stresses such as drought stress. Drought is one of the most important and common
abiotic stress factors for agronomic plants in many parts of the world, especially in
arid and semiarid areas (Madhava et al. 2006). “Drought” is a general term usually
used to describe a relatively long period without rainfall and derives from an agri-
cultural context (Salehi-lisar et al. 2012). There are several reasons for a water-
deficit condition in agronomic plants, such as low irrigation, high electrical
conductivity (EC) due to salinity, fertilizer misapplication, high temperature, high
intensity of light, dry wind, and so on (Dai 2012; Mafakheri et al. 2010; Shao et al.
2008a; Trujillo et al. 2008). Water accounts for between 80% and 95% of the fresh
biomass of nonwoody plants and plays an important role in many aspects of plant
growth, development, metabolism, and so on (Hirt and Shinozaki 2004; Salehi-lisar
et al. 2012). In many conditions there is enough water in the soil, but plants cannot
uptake it. This type of water stress is called a pseudo-drought or physiological
drought (Arbona et al. 2013; Ashraf et al. 2009). Drought stress is a multidimen-
sional stress and generally leads to changes in the physiological, morphological,
ecological, biochemical, and molecular traits of plants (Bhargava and Sawant 2013;
Farooq et al. 2009; Shao et al. 2008a). In addition, it can negatively affect the quan-
tity and quality of plant growth and yield (Jaleel et al. 2009; Nezhadahmadi et al.
2013; Zlatev and Lidon 2012). Plant responses to a water deficit depend on the
length and severity of the water deficiency as well as the plant species, age, and
developmental stage (Madhava et al. 2006). Many plants have developed resistance
mechanisms to tolerate drought stress, but these mechanisms are varied and depend
on the plant species. In addition to drought tolerance, drought avoidance is another
common drought escaping mechanism in annual crops (Ashraf et al. 2009; Madhava
et al. 2006; Salehi-lisar et al. 2012). Scientists have tested different methods for
improving plants’ capacity for drought resistance such as traditional breeding meth-
ods (Nezhadahmadi et al. 2013; Rana et al. 2013), transgenic technology (Khan et al.
2011; Nakashima et al. 2014; Xoconostle-Cazares et al. 2010), priming methods
(Mondal and Bose 2014; Paparella et al. 2015), and so on. However, each method
has some problems and limitations because of the complexity of drought effects on
plants and the plants’ responses to the drought. In addition, several strategies for
drought management in agricultural fields could be useful in order to minimize the
effects of drought on plants, especially on crops. Although the terms “drought,”
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“water deficit,” “dehydration,” and “water stress” can address different issues, in
this text we will use these terms to mean an inadequate water supply for plants.

5.2  Concept of Drought
5.2.1 General Aspects

Global warming influences air temperature as well as amount and distribution of
precipitation and is one of the most important reasons of drought expansion. The
climatic variability and more frequent periods of extreme conditions for water avail-
ability result in drought for the organisms, particularly plants (Dai 2012; Trenberth
et al. 2014). Drought (water stress) is one of the most important stresses that occurs
widely in agricultural fields (Keyvan 2010; Rahdari and Hoseini 2012; Rana et al.
2013; Zlatev and Lidon 2012) and can affect different aspects of crop growth, devel-
opment, and metabolism (Rahdari and Hoseini 2012; Rana et al. 2013; Zlatev and
Lidon 2012). “Drought” is a general term for the description of atmospheric or
weather phenomena and is commonly explained as a relatively long period without
rainfall (Bray 2001; Dai 2012; Jaleel et al. 2009; Shao et al. 2008a). Drought is dif-
ficult to define; it can be described from several viewpoints, such as meteorological,
agricultural, hydrological, and socioeconomic (Barriopedro et al. 2012; Dai 2012;
Jaleel et al. 2009; Rahdari and Hoseini 2012). However, from agricultural viewpoint
it has special importance due to effects on agronomic productions. Drought stress in
agronomic conditions occurs when the soil moisture is decreasing at a certain time
leading to a decline in the available water for plants (Dai 2012; Keyvan 2010).
Basically, when the water potential of the soil is lower than the water potential of
plants, drought stress occurs. Mostly, the atmospheric conditions cause a continu-
ous water deficit by transpiration or evaporation in agricultural fields (Dai 2012;
Mafakheri et al. 2010; Shao et al. 2008a; Trenberth et al. 2014). Therefore, an agri-
cultural drought comes after a meteorological drought (Barriopedro et al. 2012; Dai
2012; Jaleel et al. 2009). Usually, under normal conditions, drought is not a disaster
in many regions, but it could be an important problem when humans’ feeding is
water-dependent (Kheradmand et al. 2014). In addition, in some regions rainfall is
adequate, but nonuniform precipitation leads to water stress in plants.

5.2.2 Drought Stress in Agronomic Crops

Drought occurs worldwide every year; therefore, it has become important in the
agronomic plants especially under arid and semiarid climates. The effects of drought
on the crop yields are well known; however, the water-deficit effects at the bio-
chemical and molecular levels are not considerably understood yet. All plants have
some degree of tolerance to water stress, but the extent varies from species to spe-
cies (Nezhadahmadi et al. 2013; Salehi-lisar and Bakhshayeshan-Agdam 2016).
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Agronomic plants are more susceptible to water stress than wild-type species.
Studies show that crop plants have lost its resistance to environmental stresses such
as drought during traditional plant breeding and desirable trait selection (Bhargava
and Sawant 2013; Ding et al. 2013; Farooq et al. 2009; Nakashima et al. 2014;
Nezhadahmadi et al. 2013; Rana et al. 2013; Xoconostle-Cazares et al. 2010). On
the other hand, crop and medicinal plants supply feed and health of human beings,
respectively. Hence, drought stress effects on crops and its management in agricul-
tural fields have become more important today than in the past.

5.3  Drought Stress Causes in Agricultural Fields

Generally, the alterations in rainfall patterns due to global climate changes lead to
increases in drought condition worldwide (Arbona et al. 2013; Dai 2012; Mishra
and Singh 2011; Nezhadahmadi et al. 2013). Although global climate alterations are
the main factor triggering drought stress (Mishra and Singh 2011; Rana et al. 2013),
there are many other reasons for drought, such as low irrigation, high EC due to
salinity, fertilizer misapplication, high temperature, high intensity of light, dry
wind, and so on. In addition, these factors increase water losses from plants and
subsequently facilitate plant exposure to water stress (Dai 2012; Mafakheri et al.
2010; Salehi-lisar et al. 2012; Shao et al. 2008a; Trenberth et al. 2014). Sometimes
drought does not occur truly because of a water deficit in the environment. In some
cases, there is enough water in the soil, but several soil factors, such as salinity, low
soil temperatures, and flooding, prevent or decrease water uptake by roots and sub-
sequently lead to water stress in plants. This type of drought is called pseudo-
drought or physiological drought, and the atmospheric conditions are not determining
factors in this type of drought (Arbona et al. 2013).

5.4  Effects of Drought Stress in Crops
5.4.1 Crop Growth and Yield

Drought severely reduces plant growth and development by influencing different
physiological and biochemical aspect (Bhargava and Sawant 2013; Farooq et al.
2009; Rahdari and Hoseini 2012; Shao et al. 2008a). In addition, drought can nega-
tively affect the quantity and quality of growth and yield of plants, especially crops
(Jaleel et al. 2009; Nezhadahmadi et al. 2013; Zlatev and Lidon 2012). Plant growth
and development are dependent to cell division-, elongation-, and differentiation.
All of these phases are affected under drought conditions by loss of turgor and sub-
sequently disordered enzyme activities and decreased energy supply from photo-
synthesis (Bhargava and Sawant 2013; Ding et al. 2013; Jaleel et al. 2009; Keyvan
2010; Osakabe et al. 2014; Shao et al. 2008a). Plant water potential and turgor are
reduced in dehydration conditions; therefore, plant cells cannot perform their nor-
mal functions (Keyvan 2010; Rahdari and Hoseini 2012). Turgor reduction leads to
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suppressed cell expansion and growth. Cell expansion and growth are necessary
phenomena for the initial phase of plant growth and establishment (Barriopedro
et al. 2012; Keyvan 2010). Growth decline in vegetative phase of crops leads to
negative effects on reproductive phase and finally reduced the quantity and quality
of crop yield (Farooq et al. 2009; Rahdari and Hoseini 2012; Shao et al. 2008a).

5.4.2 Morphological and Anatomical Characteristics

Morphological changes are consequence of a wide spectrum of physiological effects
of drought stress on plants (Chernyad’ev 2005; Jaleel et al. 2009; Keyvan 2010;
Mafakheri et al. 2010; Nezhadahmadi et al. 2013). The morphological acclimation
strategy usually includes smaller leaf area to decrease the transpiration and larger
root system to enhance the water uptake capacity (Chernyad’ev 2005; Jaleel et al.
2009; Mafakheri et al. 2010; Salehi-lisar et al. 2012; Shao et al. 2008a). The anat-
omy of a leaf and its ultrastructure are altered by water stress (Hirt and Shinozaki
2004; Madhava et al. 2006; Salehi-lisar et al. 2012). A decrease in leaves’ size, a
lower aperture and a decrease in the number of stomata, cell wall thickening, cutini-
zation of the leaf surface and developed conductive system (increase in the number
of large vessels), submersion of stomata in succulent and xerophyte plants, and the
formation of tube leaves in cereals are some alterations that occur in plants exposed
to drought (Chernyad’ev 2005; Jaleel et al. 2009; Keyvan 2010; Mafakheri et al.
2010; Nezhadahmadi et al. 2013; Shao et al. 2008a). Leaf senescence is a key devel-
opmental process which occurs naturally during plant maturation, but premature
leaf senescence was observed in water-deficit situations. In leaf-forage crops, pre-
mature leaf senescence is a main reason of yield loss of these crops (Farooq et al.
2009; Shao et al. 2008a). Optimal leaf area development before leaf senescence and
optimum stomatal density and opening are essential factors for optimal photosyn-
thesis in plants (Jaleel et al. 2009). Therefore, net photosynthesis under drought
stress is reduced due to a low leaf area and an increase in leaf senescence (Ding
et al. 2013; Mishra and Singh 2011; Shao et al. 2008a; Zare et al. 2011). The main
effect of drought stress on plant morphology is size reduction. A low photosynthesis
rate is one of the most important factors involving in the reduction of plant size and
biomass production (Farooq et al. 2009; Franco 2011; Shao et al. 2008a; Zare et al.
2011). In order to increase water uptake under dehydration conditions, plants
expand their roots and produce a ramified root system (Akhtar and Nazir 2013;
Bhargava and Sawant 2013; Farooq et al. 2009; Franco 2011; Jaleel et al. 2009;
Rahdari and Hoseini 2012). An increased biomass allocation to roots under drought
situations and an expansion of the plant’s root system generally lead to a higher
capacity for water uptake (Bhargava and Sawant 2013; Farooq et al. 2009; Franco
2011; Shao et al. 2008a). Accordingly, despite reducing the shoot growth, the root
growth is not significantly reduced under a mild water deficit. Therefore, under
dehydration conditions, the root-to-shoot ratios of plants usually increase; however,
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the total biomasses of plants are reduced considerably (Akhtar and Nazir 2013;
Jaleel et al. 2009; Salehi-lisar et al. 2012; Shao et al. 2008a; Zare et al. 2011).

5.4.3 Plant-Water Relationships and lon Uptake

The relative water content (RWC), leaf water potential, stomatal resistance, transpi-
ration rate, leaf temperature, and canopy temperature are important factors in plant-
water relationships (Bhargava and Sawant 2013; Farooq et al. 2009; Keyvan 2010;
Shao et al. 2008a; Zlatev and Lidon 2012). Relative water content reduction is the
earliest effect of drought on crop plants (Farooq et al. 2009). A decrease in the leaf
water potential due to low RWC leads to stomatal closing. A higher stomatal resis-
tance decreases the transpiration rate and finally leads to increases in the leaf tem-
perature, because transpiration is the main factor controlling the leaf temperature
(Arbona et al. 2013; Farooq et al. 2009; Matakheri et al. 2010; Sapeta et al. 2013).
Higher temperatures of leaves can lead to denaturation of proteins especially
enzymes and changes in membrane permeability which can influence different
aspects of metabolism such as the synthesis of important macromolecules including
amino acids and proteins, photosynthesis, respiration, ion uptake, and mineral nutri-
tion (Bhargava and Sawant 2013; Rana et al. 2013; Salehi-lisar et al. 2012; Sapeta
et al. 2013; Zlatev and Lidon 2012). Water stress affects plant mineral nutrition and
disrupts ion homeostasis in crops due to increasing leaf temperature and stomatal
resistance and changes cell metabolism (Akhtar and Nazir 2013; Bray 2001;
Kheradmand et al. 2014). Generally, decreasing water availability under water
stress conditions limits the total nutrient availability in soil, decreases the nutrient
uptake by roots, and finally reduces their tissue concentrations in crops (Farooq
et al. 2009; Kheradmand et al. 2014). Changing nutrient uptake by the root and their
transport to the shoots is an important effect of water deficit on plants. Generally,
drought stress leads to an increase in N and causes a reduction in the P and PO,*"
contents in the plant tissue because of lowered PO,*~ mobility as a result of lower
water availability, and has no definitive effects on the K concentration in plants
(Akhtar and Nazir 2013; Farooq et al. 2009; Shao et al. 2008a). A decrease in the Ca
content of plants has been reported by many researchers as well (Akhtar and Nazir
2013; Bhargava and Sawant 2013). The cell membrane is one of the earliest targets
of many stresses such as drought. Membrane stability in the roots plays an essential
role in the appropriate mineral nutrition of plants. Therefore, preservation of the
membrane stability is a very important factor in plant resistance to drought. Damage
of cell membranes under water-deficit conditions is an important factor leading to
disruption of ion homeostasis in plants (Farooq et al. 2009; Kheradmand et al. 2014;
Rahdari and Hoseini 2012; Salehi-lisar et al. 2012).
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5.4.4 Plant Metabolism

Carbon metabolism is one of the most important metabolism pathways in plants. A
reduction and/or inhibition of photosynthesis is one of the main effects of drought
on plant metabolism (Bhargava and Sawant 2013; Bray 2001; Keyvan 2010;
Nezhadahmadi et al. 2013). The reasons of these effects are decrease in the leaf
expansion rate and a low leaf surface, an increase in leaf temperature, impaired
photosynthetic machinery, and premature leaf senescence (Bhargava and Sawant
2013; Farooq et al. 2009; Zare et al. 2011). Stomatal and nonstomatal factors can be
effective in reducing and/or inhibiting photosynthesis under water-deficit situations
(Bray 2001; Sapeta et al. 2013; Zlatev and Lidon 2012). Carbon dioxide limitations
due to prolonged stomatal closure, especially under light saturation conditions, lead
to the accumulation of reduced photosynthetic electron transport components. The
accumulation of these compounds can reduce molecular oxygen and give rise to the
production of reactive oxygen species (ROS), resulting in oxidative damage in chlo-
roplasts (Arbona et al. 2013; Bhargava and Sawant 2013; Osakabe et al. 2014; Shao
et al. 2008a; Xoconostle-Cazares et al. 2010; Zlatev and Lidon 2012). Low CO,
uptake due to stomatal closure decreased the photosynthesis rate due to reduced
activity of enzymes involved in CO, reduction (Calvin cycle, dark reactions). The
lower activity of dark reactions could lead to imbalances between the light and dark
reactions of photosynthesis and ROS accumulation in chloroplasts (Bhargava and
Sawant 2013; Farooq et al. 2009; Nezhadahmadi et al. 2013). Besides, the ROS can
damage the photosynthetic apparatus, including thylakoid membranes, photosyn-
thetic pigments, and enzymes (Bhargava and Sawant 2013; Farooq et al. 2009;
Salehi-lisar et al. 2012). A decrease in the chlorophyll content of leaves under water
stress is another factor involved in the reduction of the photosynthesis rate (Keyvan
2010; Rahdari and Hoseini 2012; Sapeta et al. 2013). Despite inhibiting photosyn-
thesis under water-deficit, carbon-rich molecules such as soluble carbohydrates
(hexose, sucrose, trehalose, mannitol), amino acids (proline), organic acids (malate,
fumarate, citrate), and structural compounds (cellulose and lignin) increase within
plant tissues during drought stress. Many of these compounds act as compatible
solutes and protect subcellular structures against effects of water deficit (Muller
et al. 2011). According to the literature reports, carotenoids are less sensitive to
water stress than chlorophylls. However, unlike chlorophylls, an increase in xantho-
phyll pigments such as zeaxanthin and antheraxanthin in plants under water stress
has been reported. Carotenoids as low molecular weight (LMW) antioxidant metab-
olites play a protective role in plants under stress, and some of these pigments are
involved in the xanthophyll cycle, which is involved in ROS detoxification
(Chernyad’ev 2005; Farooq et al. 2009; Jaleel et al. 2009; Nezhadahmadi et al.
2013). The key enzyme for carbon metabolism in the Calvin cycle is ribulose
bisphosphate carboxylase/oxygenase (RuBisCO) (Farooq et al. 2009; Salehi-lisar
et al. 2012). The amount and activity of RuBisCO decrease rapidly under water-
deficit conditions. This effect is evident in all studied crops, but the severity of the
decrease is species-dependent (Chernyad’ev 2005; Farooq et al. 2009; Salehi-lisar
et al. 2012). A decline in RuBisCO activity is caused by the acidification of
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chloroplast stroma, a lack of the substrate for carboxylation (CO, and ribulose
bisphosphate), a reduction in the amount and/or activity of the coupling factor
(ATPase, ATP synthase), structural alterations of chloroplasts and RuBisCO, and
release of RuBisCO from damaged plastids (Akhtar and Nazir 2013; Bhargava and
Sawant 2013; Chernyad’ev 2005; Farooq et al. 2009; Zlatev and Lidon 2012).
In addition to RuBisCO, activities of some other enzymes involved in carbon
metabolism, such as phosphoenolpyruvate carboxylase, NADP-malic enzyme,
fructose-1,6-bisphosphatase, NADP-glyceraldehyde phosphate dehydrogenase,
phosphoribulokinase, sucrose phosphate synthase, and pyruvate orthophosphate
dikinase, decrease linearly with lowered leaf water potential under drought condi-
tions (Chernyad’ev 2005; Farooq et al. 2009; Salehi-lisar et al. 2012). Drought
stress also disrupts the cyclic and noncyclic types of electron transport in the light
reactions of photosynthesis (Bhargava and Sawant 2013). A lower electron transport
rate negatively affects the photophosphorylation process (ATP biosynthesis) (Akhtar
and Nazir 2013; Bhargava and Sawant 2013; Chernyad’ev 2005) as well as the
NADPH/H* reduction (Chernyad’ev 2005; Farooq et al. 2009; Salehi-lisar et al.
2012). These alterations cumulatively disrupt the photosynthetic apparatus under
water stress conditions (Bhargava and Sawant 2013; Chernyad’ev 2005). Both pho-
tosystems, PSI and PSII in chloroplasts, are affected by water-deficit conditions
mainly due to a lower electron transport rate and the accumulation of ROS (Bhargava
and Sawant 2013; Chernyad’ev 2005). Drought stress leads to a disturbance in the
association between membrane lipids and proteins as well as decreases the mem-
brane-bound enzyme activity and transport capacity of the bilayer (Farooq et al.
2009; Kheradmand et al. 2014). Monogalactosyldiacylglycerol (MGDG) is a major
leaf glycolipid and that content decreases after plant exposure to drought. The
MGDG is the most important component of the chloroplast membrane; accordingly,
its lower content leads to destruction of the chloroplast membrane and negatively
affects photosynthesis (Farooq et al. 2009; Mafakheri et al. 2010; Rahdari and
Hoseini 2012; Salehi-lisar et al. 2012). Plant growth and development, as well as
environmental conditions influence the respiration rate. Under water-deficit condi-
tions, a change can occur in carbon metabolism as a result of diminished photosyn-
thesis and active respiration. A plant’s growth rate is determined precisely by
photosynthetic CO, assimilation and the respiration ratio (Bhargava and Sawant
2013; Ding et al. 2013; Farooq et al. 2009; Keyvan 2010). Under drought stress, the
tricarboxylic acid (TCA) cycle and ATP biosynthesis in the mitochondria are nega-
tively affected and lead to a decrease in the respiration rate (Arbona et al. 2013;
Bhargava and Sawant 2013; Farooq et al. 2009). There are two mitochondrial elec-
tron transport pathways from ubiquinone to oxygen in plants. The alternative path-
way branches from the cytochrome pathway and transfers electrons to oxygen
directly by alternative oxidase (Bhargava and Sawant 2013; Farooq et al. 2009).
When plants are exposed to the drought stress, they produce ROS in the mitochon-
dria. These free radicals could damage cellular components (Arbona et al. 2013;
Labudda and Safiul Azam 2014). Alternative oxidase activity could be useful in
maintaining normal levels of metabolites and reducing ROS production by transfer-
ring electrons to O, and production of H,O, (Akhtar and Nazir 2013; Bhargava and
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Sawant 2013; Farooq et al. 2009). Functional changes in photosynthesis and respi-
ration spread to all parts of the cell and finally cause a change in the metabolism of
the whole plant, and drought stress was induced in physiological level.

5.4.5 Osmotic Adjustment

Plants synthesize compounds such as proteins and amino acids and accumulate some
minerals in response to water-deficit situation (Nezhadahmadi et al. 2013; Rahdari
and Hoseini 2012). Drought conditions change the quantity and quality of plant pro-
teins (Chernyad’ev 2005; Farooq et al. 2009; Rahdari and Hoseini 2012). Typically,
the protein content decreases under a water deficit due to suppression of their synthe-
sis (Bernacchia and Furini 2004; Chernyad’ev 2005; Nezhadahmadi et al. 2013;
Salehi-lisar et al. 2012). However, the synthesis of some proteins and enzymes such
as late embryogenesis abundant proteins or LEA proteins; proteases; enzymes
required for the biosynthesis of various osmotic compatible compounds (osmopro-
tectants); enzymes involved in the detoxification of ROS including superoxide dis-
mutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX), and
glutathione reductase (GR); and protein factors involved in the regulation of signal
transduction and gene expression increases under drought stress (Ding et al. 2013;
Farooq et al. 2009; Labudda and SafiulAzam 2014; Nezhadahmadi et al. 2013;
Rahdari and Hoseini 2012; Xoconostle-Cazares et al. 2010; Zlatev and Lidon 2012).
The accumulation of compatible solutes (osmoprotectants in some texts) in order to
provide osmotic adaptation (osmotic regulation and osmotic adjustment) is a well-
known mechanism for plant resistance to drought and some other stress such as
salinity (Ashraf et al. 2009; Hirt and Shinozaki 2004; Madhava et al. 2006; Salehi-
lisar et al. 2012). Compatible solutes have a low molecular weight and can accumu-
late at high concentrations without having damaging effects on the cell components
and metabolism (Rahdari and Hoseini 2012; Xoconostle-Cazares et al. 2010). The
accumulation of compatible solutes increases the cellular osmotic pressure and trig-
gers water uptake from soil. In addition, compatible solutes regulate the osmotic
balance between the vacuole and the cytosol, maintain the turgor pressure and water
content of cells, and protect against water loss from plants because of their high lipo-
philicity. Also, they might replace water molecules around nucleic acids, proteins
(like enzymes), and membranes during water shortages. Compatible solutes might
prevent interactions between ions (at a high concentration) with cellular components
by replacing the water molecules around these components and protecting against
the destabilization of important macromolecules (Ashraf et al. 2009; Hirt and
Shinozaki 2004; Madhava et al. 2006; Salehi-lisar et al. 2012). Some compatible
solutes have antioxidative activity (Salehi-lisar and Bakhshayeshan-Agdam 2016).
Compatible solutes are divided into five major groups (Arbona et al. 2013; Bray
2001; Ding et al. 2013; Farooq et al. 2009; Rangan et al. 2014; Xoconostle-Cazares
et al. 2010).
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5.4.5.1 Sugars

Sugars, including monosaccharides (e.g., fructose and glucose) and di- and oligo-
saccharides (e.g., sucrose, trehalose, and raffinose), are accumulated in the leaves of
different crops under drought stress. Sugars may represent a major part of all com-
patible solutes in the plant cells; for example, the osmotic potential of sorghum tis-
sues is containing over 40-50% sugar (Jones et al. 1981). Sugars provide the carbon
and energy required for normal functions of plant metabolism as well as plant
growth and development after water-deficit elimination. Sugars especially accumu-
lated when the utilization of carbohydrates by metabolism is reduced. For example,
fructans are a reserve source of carbohydrates and can protect plants against severe
drought stress. These carbohydrates accumulate especially in the vacuoles (Munns
and Weir 1981). Similarly, trehalose is important for drought resistance in
dehydration-tolerant plants (Vinocur and Altman 2005).

5.4.5.2 Amino Acids

Some amino acids such as proline and citrulline are important organic compounds
involved in osmotic adaptation. The proline accumulation as an amino acid is a typi-
cal response in plants, eubacteria, protozoa, and marine invertebrates exposed to the
various stresses. Proline accumulation was frequently reported under water-deficit
situation in plants. Proline level under drought stress can increase over 100 times
greater than that in the control, but the accumulation capacity differs from species
to species (Verbruggen and Hermans 2008). Drought increases cell proline levels in
two ways: by increasing proline synthesis and by decreasing the activity of enzymes
involved in its degradation. Low turgor pressure is the first reason for proline accu-
mulation under drought stress. There are close relationships between proline accu-
mulation and plant resistance to drought stress (Keyvan 2010; Rahdari and Hoseini
2012). Many researchers have reported that proline has an important role in osmotic
regulation. Proline accumulation and that of other osmoprotectants lead to a lower
water potential of cells and hence help water uptake from soil under drought condi-
tions (Bray 2001; Farooq et al. 2009). In addition, proline protects cell components
from oxidative stress, and its biosynthesis and degradation process play important
roles in balancing the energy and reducing equivalent between chloroplasts and
mitochondria (Salehi-lisar et al. 2012). During proline generation and destruction
pathways, NADPH/H" oxidizes to NADP* in chloroplasts and NAD* reduces to
NADH/H in mitochondria, respectively. The NADPH/H* oxidation in chloroplasts
reduces the ROS generation because of the consumption of excess electrons. In
addition, NADH/H* oxidation in mitochondria is necessary for energy supply for
cells as well as for recovery processes after stress (Mafakheri et al. 2010; Rahdari
and Hoseini 2012; Salehi-lisar et al. 2012). The upregulation of proline biosynthesis
depends on the activity of enzymes such as pyrroline-5-carboxylate reductase
(PSCR) and pyrroline-5-carboxylate synthetase (Nounjana et al. 2012). Moreover,
the level of proline in plants is controlled by proline dehydrogenase activity, which
is inhibited under stress conditions, and therefore the content of proline increases
(Peng et al. 1996). Proline is not the only compatible solute or osmoprotectant
whose production and accumulation are induced under water-deficit conditions.
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5.4.5.3 Onium Compounds

Onium compounds are including tertiary and quaternary ammonium (such as gly-
cine-betaine), as well as sulfonium compounds (such as 3-dimethylsulfoniopropio-
nate). Betaines, a well-known onium compounds, are quaternary ammonium
compounds from which glycine betaine (GB) is accumulated in the largest quanti-
ties and has important physiological functions in the plant cells (Singh et al. 2015).
Glycine betaine has multiple functions in the plant cells under drought stress such
as stabilizing the enzyme’s quaternary structure and maintaining the membrane
integrity (Sakamoto and Murata 2000). It contributes to osmoregulation directly as
well as indirectly by protecting the membrane stability, which is necessary for nor-
mal functions of channels and ion carriers and consequently maintaining cell
homeostasis (Ashraf and Foolad 2007). The protective role against reactive oxygen
species has also been proven (Einset et al. 2007).

5.4.5.4 Polyols and Sugar Alcohols

Polyols (e.g., mannitol, pinitol, glycerol, and sorbitol), sometimes also called sugar
alcohols, generally have one of two following structures: (1) a cyclic structure, such
as myoinositol and pinitol, or (2) a linear structure, which matches sorbitol, xylitol,
mannitol, and ribitol (Tari et al. 2010). Polyols play key role in the regulation of
osmotic balance in the plant cells. They provide significant protection of plant struc-
tures against indirect effects during drought stresses. The recent studies have
revealed that polyol molecules improve plant growth and development under water-
deficit condition (Li et al. 2011). For example, sorbitol as a polyol is produced in
parallel with sucrose during photosynthesis and serves as carbon and energy trans-
location compound between sources and sinks (Jain et al. 2010).

5.4.5.5 Polyamines
Polyamines (e.g., putrescine, spermidine, and spermine) are small aliphatic organic
molecules that contain two or more amino groups. They are involving in different
physiological processes such as cell division, growth, and differentiation (Minguet
et al. 2008). Polyamines in plant cells were found free or conjugated with phenolic
compounds or with proteins and nucleic acids (Gill and Tuteja 2010). The metabo-
lism of polyamines is associated with ethylene generation, which can be important
in responses to drought stress. Polyamine accumulation under drought stress condi-
tions has been reported in many crop species (Hussain et al. 2011). Besides, poly-
amines are components of the antioxidant system and play key role in ROS
scavenging (Kuznetsov et al. 2007).

In addition to compatible compounds, in some cases plants accumulate specific
inorganic ions such as K*, Na*, and Cl~ in order to maintain the intracellular water
potential (Rauf et al. 2014; Salehi-lisar et al. 2012).
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5.4.6 Molecular Effects

A complex set of genes are involving in plant responses to drought stress (Bernacchia
and Furini 2004; Bhargava and Sawant 2013; Farooq et al. 2009). Many gene
expression patterns change when plants are exposed to drought stress (Bernacchia
and Furini 2004; Bhargava and Sawant 2013). First, the expression of genes involved
in early responses such as signal transduction, transcription, and translation factors
has been changed. Next, changes in the expression of genes involved in late
responses such as water transport, osmotic balance, oxidative stress, and the
damage-repair process have occurred (Bhargava and Sawant 2013; Osakabe et al.
2014; Xoconostle-Cazares et al. 2010). Drought sensing and signal transduction are
still not clearly known. Generally, drought signaling is closely joined with abscisic
acid (ABA) signal transduction. Plant gene expression is controlled at different lev-
els, including the transcriptional, posttranscriptional, translational, and posttransla-
tional phases (Bhargava and Sawant 2013; Bray 2001; Osakabe et al. 2014).
Apparently, the regulation of plant response mechanisms to abiotic stresses includ-
ing drought stress is controlled at two levels: the transcriptional and translational
levels (Bhargava and Sawant 2013; Farooq et al. 2009; Xoconostle-Cazares et al.
2010). Bioinformatic analyses have identified several transcription factors (TFs)
induced under drought stress. Transcription factors are classified into several fami-
lies, including MYB/MYC, zinc-finger protein, and NAC (Bray 2001; Ding et al.
2013; Nakashima et al. 2014; Nezhadahmadi et al. 2013; Osakabe et al. 2014;
Xoconostle-Cazares et al. 2010). Molecular biology researches has shown that
plants respond to stress not only at the cells, mRNA, or protein level but also at the
posttranscriptional phase (Bhargava and Sawant 2013; Nezhadahmadi et al. 2013).
MicroRNAs (miRNAs) are a class of small RNAs that are recognized as important
modulators of gene expression at the posttranscriptional level (Bej and Basak 2014;
Bhargava and Sawant 2013). Previously, many RNA molecules were counted, such
as miR474, miR528, miR167, miR160, miR390, miR166, miR397, miR398,
miR393, miR159, miR169, miR172, miR395, NAT-siRNA,, and tasiRNA,, which
are involved in plant response and resistance to drought (Bej and Basak 2014; Ding
et al. 2013). Studies have shown that these miRNA molecules are involved in
responses mediating with ABA, auxin signaling, cell growth, antioxidant defense,
osmotic adjustment, photosynthesis, and respiration under drought (Bej and Basak
2014; Ding et al. 2013; Farooq et al. 2009). Epigenetic mechanisms play a critical
role in regulating gene expression through small RNAs, histone modifications, and
DNA methylation (Bhargava and Sawant 2013; Bray 2001; Nezhadahmadi et al.
2013). However, hormones are now known to play key roles in the regulation of
plant processes and triggering molecular effects and response of plants exposed to
various stress. Some hormones are involved in plant interactions with environmen-
tal stresses such as drought, and the other are produced as plant response to drought
(Bernacchia and Furini 2004; Kheradmand et al. 2014).
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5.4.6.1 Abscisic Acid

Abscisic acid is one of the most important hormones in plant response to drought
stress (Akhtar and Nazir 2013; Bernacchia and Furini 2004; Bhargava and Sawant
2013). After plants are exposed to drought, ABA is synthesized in roots and translo-
cated to shoots, especially leaves. Furthermore, water stress induces ABA synthesis
in chloroplasts. In addition, the plasma membrane ATPase (PM-ATPase) activity
decreases under water-deficit conditions due to a lower ATP supply by photosynthe-
sis and respiration. Low PM-ATPase increases the apoplastic (cell wall) pH and
leads to the conversion of ABA to its anionic form (ABA). ABA cannot cross the
plasma membrane of the leaf cells and translocates toward the gourd cells of sto-
mata by a transpiration stream in the leaf apoplast. Abscisic acid translocation to
stomata induces stomatal closure and decreases the stomatal conductance capacity.
A higher stomatal resistance leads to lower water losses from the leaf surface, which
is one of the earliest plant responses for resistance to water stress. However, low
CO, uptake by stomata leads to a reduction in the photosynthesis rate in leaves
(Akhtar and Nazir 2013; Bernacchia and Furini 2004; Bray 2001; Osakabe et al.
2014; Rangan et al. 2014; Salehi-lisar et al. 2012). In recent studies, the discovered
family of proteins which are known as pyrabactin (4-bromo-N-[pyridin-2-yl methyl]
naphthalene-1-sulfonamide) resistance (PYR)/regulatory component of ABA recep-
tor (RCAR) has opened new hypothesis about how the ABA-signaling network
operates (Cutler et al. 2010). PYR/RCARs are ABA-binding proteins which interact
with two other protein classes, protein phosphatases 2C (PP2Cs), and SNF1-related
protein kinases 2 (SnRK2s), leading to ABA recognition and signal transduction
(Hubbard et al. 2010). Abscisic acid impacts on the genes related to ROS-detoxifying
enzymes, enzymes involved in compatible solute metabolism, protein transporters,
transcription factors, and enzymes contributing to phospholipid signaling (Cutler
etal. 2010). In addition, ABA plays a key role in the regulation of aquaporin’s activ-
ity as well (Bhargava and Sawant 2013; Farooq et al. 2009). It is well known that
ABA accumulation under drought conditions reduces ethylene production (Bhargava
and Sawant 2013; Bray 2001).

5.4.6.2 Auxins

The auxin indole-3-acetic acid (IAA) is synthesized in the rapidly dividing tissues
such shoot apical meristems and young leaves of all plant species in order to normal
plant growth and development (Ding et al. 2013; Nezhadahmadi et al. 2013). In
contrast, auxins act as negative regulators of drought tolerance in plants because
indole-3-acetic acid downregulation facilitates the accumulation of late embryogen-
esis abundant (LEA) mRNA. Abscisic acid induces the accumulation of LEA pro-
teins, which are involved in plant adaptation to drought stress, especially in seeds
(Bernacchia and Furini 2004; Bhargava and Sawant 2013; Ding et al. 2013;
Nezhadahmadi et al. 2013). In addition, auxin has also been implicated in altering
hydrogen peroxide dynamics with downstream signaling effects on stomatal closure
and root morphology, both of which are important contributors to drought tolerance.
Thus, it was observed that maintaining auxin homeostasis in the plant is an essential
component of lateral root growth during drought stress (Song et al. 2006).
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5.4.6.3 Cytokinins

Cytokinins (CKs) are well-known positive regulators of senescence under stress con-
ditions (Chernyad’ev 2005). Endogenous cytokinin (zeatin) and gibberellin (GA;)
levels of plants decline rapidly under water stress situations. Cytokinins have been
shown to delay senescence; hence, those could lead to better adaptation of plants by
delaying drought-induced senescence (Bhargava and Sawant 2013; Chernyad’ev
2005). Cytokinins (exogenous or endogenous) enhance antioxidant capacity of
plants either directly or indirectly during drought stress (Merewitz et al. 2011).

5.4.6.4 Gibberellins

Gibberellins (GAs) are a large class of plant hormones that are involved in the plant
growth and developmental processes including seed germination, stem and root
elongation, leaf expansion, sex determination, transition from juvenile to adult
phases, and flower initiation (Taiz and Zeiger 2010). Gibberellins typically known
as antagonistic to ABA and natural GA (GA,, GA;, GA,, and GAy) levels of plants
decline rapidly during drought stress (Acharya and Assmann 2009). Gibberellin
applications relieve oxidative stress and the rate of leaf senescence by increasing
endogenous GA, and GA; due to effect on lipid peroxidation, hydrogen peroxide
content, and SOD, POD, and APX activities (Yu et al. 2009). Already, direct impacts
of GAs on the cellular expansion under drought stress are not clear well. It seems
that GAs may affect cellular expansion under water-deficit situation due to GA;
upregulating expansion genes including EXPA, and EXPB, and xyloglucan endo-
transglycosylase (XET) genes such as XET1 and XET1 to maintain cell elongation
rates (especially in leaves) (Xu et al. 2016).

5.4.6.5 Ethylene

Ethylene induces a well-known triple response on plant growth and development as
well as is implicated in various aspects of plant stress responses. The ethylene sig-
naling is initiated with ethylene sensing by ethylene receptors which act as negative
regulators. Briefly, ethylene binds to the receptors and inactivates the receptor-CTR,
complex. This event allows EINj transcription factors to accumulate in the nucleus
and express transcription factor genes and ethylene response factors (ERF,) which
has an effect on downstream genes (Stepanova and Alonso 2009). Studies have
shown that expression of ERFs affects plant responses to osmotic stresses, including
drought or salinity, thus promoting stress tolerance in plants (Trujillo et al. 2008).
The effects of ethylene on leaf senescence and growth inhibition under drought
stress which may help in plant tolerance are well known. The ethylene-mediated
reductions in shoot growth and stomatal responses under drought stress are highly
dependent on ABA accumulation in shoots, since ABA and ethylene are antagonism
(Chaves et al. 2003).

5.4.6.6 Salicylates

Salicylic acid (SA) is a phenolic plant hormone which plays regulatory roles in
plant responses to oxidative stress, chloroplast biogenesis, and photosynthesis
(Hayat et al. 2010). High concentrations of SA within the plant systems lead to
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induce responses that promote tolerance to osmotic stresses such as salinity and
drought. Exogenous application of SA enhanced the drought tolerance of crop
plants by increasing photosynthetic parameters, membrane integrity, leaf water
potential, chlorophyll content, and/or activity of nitrate reductase and carbonic
anhydrase (Hayat et al. 2008). Salicylic acid can promote drought tolerance in crops
by enhancing the transcription of GST,, GST,, GR, and MADAR which facilitate
the ROS scavenging. Interactions between SA and hydrogen peroxide affect the
ROS accumulation in plant cells as well as oxidative stress-induced gene expression
(Kang et al. 2013; Zhang and Liu 2001).

5.4.6.7 Jasmonates

Jasmonic acid (JA) is a biologically active lipid derivative that is involved in the
regulation of various stress responses in plants such as leaf senescence, ROS and
NO signaling, antioxidant metabolism, and stomatal movement (Taiz and Zeiger
2010). The application of JA can increase activities of SOD, POD, CAT, APX, and
GR collectively and detoxified hydrogen peroxide. Furthermore, JA application
enhanced the drought resistance of agronomic plants by increasing proline and sol-
uble sugar content (Wu et al. 2012). Microarray analysis of Arabidopsis genes
showed that the prevalence of 221 mRNAs was highly upregulated following MeJA
(from JA derivatives) application and the upregulated mRNAs play key roles in
oxidative stress responses, cellular homeostasis maintenance, as well as defense
signaling (Schenk et al. 2000). Increasing in jasmonate content of plants under
drought stress induce expression of specific NAC transcription. It appears that JA
plays important regulatory roles during the ABA-related drought responses in
plants, because JAZ (jasmonate ZIM domain) and drought-inducible AtMYC, tran-
scription factors regulate gene expression in jasmonate pathway. Furthermore, the
pretreatment of plants by MeJA before drought conditions has reversible effects on
nitrogen uptake inhibition and remobilization of RuBisCO subunits in agricultural
fields; however, JA-induced changes in these parameters remain unknown (Rossato
et al. 2001; Schenk et al. 2000).

5.4.6.8 Brassinosteroids

Generally, drought leads to an increase in brassinosteroid (BR) accumulation in
plants. Brassinosteroids increase water uptake and cell membrane stability and can
also reduce ion leakage from membrane under drought stress conditions (Bhargava
and Sawant 2013; Rahdari and Hoseini 2012).

5.4.6.9 Melatonin

Melatonin (N-acetyl-5-methoxy tryptamine) is a hormone that is produced by the
pineal gland in animals and regulates sleep and wakefulness. Melatonin is also pro-
duced in plants, and it is a potent natural antioxidant that effectively scavenges ROS
in the animals and plants (Arnao and Hernandez-Ruiz 2015). Furthermore, melato-
nin downregulates MdANCED3, an ABA synthesis gene, and upregulates
MdCYP707A1 and MdCYP707A2, ABA catabolic genes resulting in reducing of
ABA contents in drought-stressed plants. On the other hands, melatonin scavenges
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H,0, and enhances the antioxidant enzyme activities to detoxify H,O, indirectly (Li
etal. 2015). According to the obtained information through cloned gene (MzASMT1
or KJ123721) from apple rootstock (Malus zumi Mats.), N-acetylserotonin-O-
methyltransferase (ASMT) is a specific enzyme required for melatonin synthesis
(Lee et al. 2015; Zuo et al. 2014). The transgenic plants with overexpression of
MzASMTT1 (KJ123721) or melatonin application in the soils leads to a decline in
intrinsic ROS and subsequently oxidative stress and delays leaf senescence under
drought conditions (Wang et al. 2013; Zuo et al. 2014).

5.5 Oxidative Stress: Secondary Drought Stress Signaling

Exposure of plants to many environmental stresses such as drought leads to the
generation of ROS, including superoxide radical (O,~), hydroxyl radical (OH),
hydrogen peroxide (H,0,), alkoxy radicals (RO), and singlet oxygen. Reactive oxy-
gen species accumulations were considered harmful to biomolecules, and it creates
oxidative stress which negatively affects plant. Oxidative stress is known as a sec-
ondary stress and causes oxidative damage in cells (Bhargava and Sawant 2013;
Farooq et al. 2009; Labudda and SafiulAzam 2014; Nezhadahmadi et al. 2013;
Osakabe et al. 2014; Rahdari and Hoseini 2012; Salehi-lisar et al. 2012; Zlatev and
Lidon 2012). Reactive oxygen species may react with proteins, lipids, and other
important macromolecules and can denaturize the structure and function of the
macromolecules (Arbona et al. 2013; Bhargava and Sawant 2013; Kheradmand
et al. 2014; Mafakheri et al. 2010). Many cell compartments produce ROS under
drought stress, such as chloroplasts, mitochondria, peroxisomes, and others (Farooq
et al. 2009; Labudda and SafiulAzam 2014; Osakabe et al. 2014). Drought stress is
a multidimensional factor that limits CO, fixation and reduces the NADP" regenera-
tion in the Calvin cycle, resulting in the over-decline of the photosynthetic electron
transport chain activity and generally leading to production of O, and singlet oxy-
gen ('0,) in the chloroplasts (Shao et al. 2008b). The generation of ROS in biologi-
cal systems is represented by both nonenzymatic and enzymatic mechanisms, which
are dependent on some factors such as oxygen concentration in the cells (Farooq
et al. 2009). Generally, ROS accumulation leads to DNA nicking, oxidation of
amino acids, protein and photosynthetic pigments, lipid peroxidation, and so on
(Farooq et al. 2009; Nezhadahmadi et al. 2013; Salehi-lisar et al. 2012). Plants have
developed some mechanisms to avoid ROS damage. All these mechanisms form an
antioxidant defense system, which includes both enzymatic and nonenzymatic com-
ponents. Superoxide dismutase, CAT, POD, APX, and GR are some enzymes
involved in the antioxidant responses of plants (Arbona et al. 2013; Bray 2001; Ding
et al. 2013; Farooq et al. 2009; Jaleel et al. 2009; Labudda and SafiulAzam 2014;
Nezhadahmadi et al. 2013; Zlatev and Lidon 2012). Glutathione (GSH), ascorbic
acid (AsA), carotenoids, and a-tocopherol are some compounds involved in the
antioxidant defense system of plants (Bhargava and Sawant 2013; Farooq et al.
2009; Jaleel et al. 2009; Salehi-lisar et al. 2012).
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Already, the signaling function of ROS has been recognized as a fundamental
principle in cellular communication. There are six functional elements that operate
the redox regulatory network: (1) redox input elements that feed the redox regula-
tory network by electrons, such as NADPH, ferredoxin, and GSH, (2) redox trans-
mitters that transfer and distribute the electrons to downstream proteins such as
thioredoxin, (3) redox target proteins that have redox-sensitive thiols controlled by
transmitters, (4) redox buffer proteins that are accumulated in a great amount in
organelles such as the RuBisCo, (5) redox sensors that deliver information from
ROS to the redox regulatory network and make the crosstalk with other signaling
pathways, and (6) electron acceptors that are including low molecular weight redox
species such as ROS, reactive nitrogen species (RNS), reactive sulfur species (RSS),
and reactive carbonyl species (RCS). Plant cells can sense, transduce, and translate
the ROS signals into the effective cellular responses by redox-sensitive protein
involvement (Baxter et al. 2014). Mechanisms underlying the sensing of ROS in the
plant cells have not known well; however, three mechanisms of ROS sensing were
introduced: 1) unidentified receptor proteins, 2) redox-sensitive transcription fac-
tors, and 3) phosphatases (Huang et al. 2012). Recent studies have shown well that
ROS interact with other signal transduction components, such as phytohormones,
MAPK cascades, and calcium ions, although the ROS perception in the plant cells
is yet a mystery (Xia et al. 2015). After ROS sensing by cells, downstream signals
amplify the ROS signal and transduce the response to counteract with the environ-
mental stresses such drought which includes mechanisms that implicate the Ca*
ions, calcium-binding proteins such as calmodulins, G proteins, and phospholipids
that mediate phosphatidic acid accumulation (Sagi and Fluhr 2006; Steinhorst and
Kudla 2013; Suarez Rodriguez et al. 2010). Accordingly, there are some molecules
such as calcium, protein kinases, and hormones that transduce and amplify the
ROS-produced signal.

5.5.1 Calcium

Calcium (Ca®) is an important second messenger in response to biotic and abiotic
stresses as well as developmental processes in plant cells (Steinhorst and Kudla
2013). Calcium has different functions in plants, and its cellular accumulation pat-
terns are called calcium signature that temporal and spatial feature, amplitude, fre-
quency, and duration encoding can give more information about plant stress responses
(Dodd et al. 2010; Kudla et al. 2010). An increase in ROS production started in plant
cells in response to abiotic stresses such as drought, and neighboring cells produce a
long-distance signal called the ROS wave (Gilroy et al. 2014). This event is associ-
ated with the Ca®* wave through the action of vacuolar ion channel which leads to
calcium-induced calcium release, Ca?*-dependent protein kinase (CPK) activities,
and subsequently the ROS production in the other cells that do not expose to the
stress yet. Wonderfully, the Ca’* wave propagated through the root cortex and endo-
dermis layers demonstrates that the roots were implicated by stresses and root cells
were specialized in Ca** wave production and propagation (Choi et al. 2014).
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5.5.2 Protein Kinases

Protein kinase (MAPK) cascades connect environmental and developmental signals
to intracellular responses. Sequential phosphorylations due to activated MAPKSs even-
tually lead to phosphorylation of MAPKSs downstream proteins, which include other
kinases, enzymes, or transcription factors (Suarez Rodriguez et al. 2010). Protein
kinase-mediated drought responses through ABA and ROS signaling pathway is the
well-known function of these molecules. The expression patterns of MAPKs sug-
gested that activities of MAPKSs are molecular mechanisms of drought tolerance in
several crop plants such as rice, malus, and maize (Peng et al. 2006; Wang et al. 2010).

5.5.3 Hormones

Hormones are known as plant development regulators and manage stress tolerance
in plant often through the activation of NADPH oxidases and ROS production (Sagi
and Fluhr 2006). According to the literature, there is a close relationship between
oxidative stress and ABA in ROS-dependent drought responses. Abscisic acid is a
stress hormone that plays a key role in plant development and being a key regulator
of plant responses in abiotic stresses as well (Xiong et al. 2002) that is explained
previously with details.

5.6 Plant Responses and Resistance to Drought Stress

Plants are sessile organisms and must tolerate environmental stresses; hence, they
have developed various mechanisms for resistance to the stresses. Plant responses to
environmental stresses such as drought are complex because plants are multicellular
organisms (Bhargava and Sawant 2013; Khan et al. 2011; Nezhadahmadi et al. 2013;
Rana et al. 2013; Salehi-lisar et al. 2012). Generally, plant resistance to environmen-
tal stress is divided into two main strategies: stress avoidance and stress tolerance.
Plant adaptation to a water deficit is made possible by physiological, morphological,
phenological, biochemical, and molecular responses. The responses can range from
being at a molecular level to being at a whole plant level. In this chapter, plant strate-
gies to cope with drought are summarized in the next two subsections including
avoidance and tolerance. Although escape is generally a part of plants’ avoidance
strategy, plants that escape from drought are not exposed to a water deficit that is less
important in agronomic plants. Therefore, we do not explain it in this chapter.

5.6.1 Avoidance

The main aim of this strategy is the preservation of a high water potential in plants.
The reducing of water loss from plants by stomatal control of transpiration and
maintaining of water uptake from the soil by an extensive and prolific root system
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are the chief characteristics of this strategy (Bray 2001; Farooq et al. 2009). A deep
and thick root system is helpful for exploring water from a considerable soil depth
and at a large distance from the plant (Akhtar and Nazir 2013; Farooq et al. 2009;
Franco 2011). The cuticle and hairy leaves help to maintain high tissue water poten-
tial within plant and are considered a xeromorphic trait for drought tolerance. The
production of these structures leads to a decreased crop yield due to the energy
consumed to produce them. Therefore, plants that use the avoidance strategy to
maintain a relatively high water potential are generally small in size (Farooq et al.
2009; Khan et al. 2011; Salehi-lisar et al. 2012).

5.6.2 Tolerance

In this strategy, plants limit the number and area of leaves in response to water defi-
cit; however, this strategy leads to crop yield loss (Akhtar and Nazir 2013; Bray
2001). In addition, these plants show some xeromorphic traits such as hairy leaves
and the production of trichomes on both sides of leaves (Farooq et al. 2009; Khan
et al. 2011; Salehi-lisar et al. 2012). Hairiness reduces the leaf temperature, while it
increases light reflectance and minimizes water loss by increasing the boundary
layer resistance to water vapor movement away from the leaf surface. Inter- and
intracellular changes in leaves are visible (Bray 2001; Farooq et al. 2009; Salehi-
lisar et al. 2012). The root is the main organ involved in the uptake of water from the
soil. Hence, the root growth rate, density, proliferation, and size are key factors
influencing plant responses to drought stress. Studies have shown that an alteration
in the root system architecture is an important factor in plant tolerance, especially
when tolerance is defined as the ability of a plant to maintain its leaf area and growth
rate during a prolonged vegetative stage (Farooq et al. 2009; Salehi-lisar et al. 2012).
The accumulation of compatible solute and osmotic adaptation, the induction of an
antioxidant system, an alteration in metabolic pathways, an increase in the root/
shoot ratio, and closure of the stomata are other mechanisms involved in plant toler-
ance to drought.

Moreover, some physiological mechanisms such as glyoxalase pathway, sulfur
metabolism pathway, AsA-GSH cycle, heat-shock protein function, and plant regu-
lator signaling are involved in plant response and resistance to drought stress and
promoted plant tolerance in this situation (Bray 2001; Farooq et al. 2009; Khan
et al. 2011; Salehi-lisar et al. 2012).

5.7 Drought Management in Agricultural Fields
5.7.1 Using Priming Methods
Plant priming is a general concept that can include several strategies to increase

plant tolerance to various abiotic and biotic stresses. Priming may be also an effec-
tive method for alteration of plant’s natural response to several environmental
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stresses such drought that it does not naturally utilize as a survival mechanism
(Paparella et al. 2015). The best priming strategy to be used is largely dependent on
the type of compounds and plant species. Nowadays, there are different compound
groups in order to plant priming for drought tolerance including (Mondal and Bose
2014; Paparella et al. 2015):

1. Inorganic compounds such as macronutrients (e.g., K, Ca, and P), micronutri-
ents (e.g., Fe and Zn) or supplemental nutrients (e.g., Si and Se), and polyeth-
ylene glycol (PEG).

2. Amino acids such as proline.

3. Non-protein amino acids such as GB, y- aminobutyric acid (GABA),

B-aminobutyric acid (BABA), and 5-aminolevulinic acid (ALA) that their

drought tolerance effects have been proven. Some other non-protein amino

acids can be used for priming including p-aminophenylalanine, L-azetidine-2-
carboxylic acid, &-,4-aminobenzoic acid, ornithine, citruline, homoserine,

L-3,4-dihydroxyphenylalanine  (L-DOPA), and 5-hydroxy-L-tryptophan

(5-HTP).

Polyamines such as free polyamines putrescine, spermidine, and spermine.

Reactive oxygen and nitrogen compounds like H,O, and NO.

Antioxidant compounds including AsA or vitamin C and GSH.

Plant hormones such ABA, JA, SA, and GA.

Organic alcohols including polyols or sugar alcohols such as mannitol, glycol,

sorbitol, myoinositol, and glycerol.

9. Volatile organic compounds (VOCs) such as terpenes, ethylene, methanol, iso-
prene acrolein, and other plant volatiles.

10. Microorganisms including mycorrhizal fungi and rhizobacteria.

NN

Priming methods to cope with drought are summarized in the next three subsec-
tions including seed, foliar, and root priming.

5.7.1.1 Seed Priming

Seed priming is a very common action in the agricultural seed industry including
chemopriming, hydropriming, osmopriming, solid matrix priming, biopriming,
thermopriming, and halopriming (Paparella et al. 2015). Commercial seeds are cur-
rently primed for enhanced germination potential or prolong dormancy under stress
conditions. Typically, priming seeds for promoting crop tolerance to biotic and abi-
otic stresses is less common than other seed priming practices (Mondal and Bose
2014; Paparella et al. 2015).

5.7.1.2 Foliar Priming

Exogenous application of various compounds such as hormones in the aerial parts
of plants is a common practice in plant research and agriculture to increase crop
yields specially under stress conditions. Foliar priming practices to improve both
annual and perennial crop tolerance to drought are more important in agriculture
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because of some priming compounds such as nature, low seed priming efficiency,
and so on (Mondal and Bose 2014; Paparella et al. 2015).

5.7.1.3 Root Priming

Root priming can be effective for priming compounds that are not uptaken readily
by aerial parts but are uptaken easily by water flow through plant roots (Mondal and
Bose 2014). Besides, root priming is a common research practice for plant exposure
under uniform conditions to accurate evaluation of compound effects, such as in
hydroponics, tissue culture, or various potting media types (Mondal and Bose 2014;
Paparella et al. 2015).

5.7.2 Using Breeding Methods and Transgenic Technology

Scientists have tested many techniques to improve drought tolerance in crop plants
(Bhargava and Sawant 2013; Bray 2001; Nakashima et al. 2014; Salehi-lisar et al.
2012; Xoconostle-Cazares et al. 2010). The production of transgenic plants is one
of the well-known methods for this purpose (Khan et al. 2011; Nakashima et al.
2014; Salehi-lisar et al. 2012; Xoconostle-Cazares et al. 2010). The wide range of
drought-related genes in the plant genome has opened amazing opportunities for
crop improvement (Khan et al. 2011; Khan et al. 2013; Nakashima et al. 2014;
Xoconostle-Cazares et al. 2010). With all these interpretations, in practice the gen-
eration of transgenic plants cannot be completely effective for the production of
drought-tolerant plants, because it requires a very complex and expensive labora-
tory method and generally its success rate is low (Khan et al. 2011; Nakashima et al.
2014; Nezhadahmadi et al. 2013; Xoconostle-Cazares et al. 2010). Traditionally,
there have been several efforts to generate drought-tolerant crop plants through
usual breeding methods (Nezhadahmadi et al. 2013; Rana et al. 2013; Salehi-lisar
et al. 2012). In this method, two groups of plants with desirable traits are selected
and crossed to exchange their genes; therefore, the offspring have new genetic
arrangements (Khan et al. 2011; Xoconostle-Cazares et al. 2010). Important traits to
use in plant breeding might include water-extraction efficiency, water-use efficiency,
hydraulic conductance, transpiration efficiency, canopy temperature, light intercep-
tion and radiation-use efficiency, stomatal characters, root traits, osmotic and elastic
adjustments, and modulation of leaf area (Bhargava and Sawant 2013; Ding et al.
2013; Farooq et al. 2009; Nakashima et al. 2014; Nezhadahmadi et al. 2013; Rana
et al. 2013; Salehi-lisar et al. 2012; Xoconostle-Cazares et al. 2010). Genetic data
can improve the efficiency of the breeding method. Genetic improvement can assist
by using recognizable tags to target genes; these are known as polymorphisms based
on molecular markers that occur naturally in the DNA sequence (Xoconostle-
Cazares et al. 2010). Different methods are employed to recognize linked markers,
including restriction fragment length polymorphisms (RFLPs), sequence-character-
ized amplified regions (SCARs), random amplified polymorphic DNA (RAPDs),
simple sequence repeats (SSRs), amplified fragment length polymorphism (AFLPs),
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and others (Khan et al. 2011; Khan et al. 2013; Xoconostle-Cazares et al. 2010).
The genetic factors involved in quantitative characteristics of phenotypes are called
quantitative trait loci (QTLs) (Arbona et al. 2013; Bhargava and Sawant 2013;
Nezhadahmadi et al. 2013; Rana et al. 2013; Xoconostle-Cazares et al. 2010). The
use of plant breeding methods has an enormous potential to accelerate drought-tol-
erant plant production and help drought management assist these plants (Farooq
et al. 2009; Xoconostle-Cazares et al. 2010). A QTL mapping approach has identi-
fied several QTLs with major effects on grain yield and flowering under particular
hydrological conditions in crops (Bhargava and Sawant 2013; Khan et al. 2011;
Rana et al. 2013; Xoconostle-Cazares et al. 2010). Nowadays, 17 QTLs for leaf
water status traits under drought stress and 23 QTLs for seed yield under normal-
watered and drought-stressed conditions in both agricultural field and greenhouse
trials are identified by scientists (Du et al. 2009).

5.7.3 Using Planting Strategy in Agricultural Fields

In addition to commercial and laboratory techniques, there are several strategies for
drought management in agricultural fields including irrigating during periods of low
soil moisture, especially for young plants, using modern and effective methods,
selecting the appropriate place and imitating good planting practices, selecting
native plants or matching plant species to site conditions, using mulch to maintain
soil moisture, eliminating any dead or weak tissues to resist secondary problems
such as insects and herbivore invasions (Farooq et al. 2009; Khan et al. 2011;
Nezhadahmadi et al. 2013; Rana et al. 2013), and inoculating plants with symbiotic
microorganisms such as arbuscular mycorrhizal fungi (AM) (Abdelmoneim et al.
2014; Chepsergon et al. 2012).

5.8 Conclusion

Drought is a multidimensional stress factor; therefore, its effects on plants are com-
plex and can affect different aspects of plant growth, development, and metabolism.
There are several reasons for drought in agriculture system; hence, plants have
developed diverse mechanisms for resistance to drought, generally classified as
avoidance and tolerance strategies. The alteration resistance capacity of crops’
seeds and young seedlings by priming methods, production of tolerant crops by
traditional breeding methods, and the generation of transgenic plants by gene
manipulation are useful procedures in order to minimize the negative effects of
drought on agronomic plants. In addition, several strategies for drought manage-
ment in agricultural fields on multiple levels can be effective. The causes of drought,
its effects in plants, plant responses in order to resist drought, and some strategies
that can be useful for drought management are summarized in Fig. 5.1.
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Abstract

Prevailing conditions of the climate have had a drastic effect on global food secu-
rity. Various types of stresses have been producing havoc by reducing crop pro-
duction. One of the primary causes has been observed in the form of drought.
Drought generally has various kinds of impacts on human life, but its main vic-
tim is food crops. A plant has specific defense systems to combat and stay
unchanged in an environment with water stress, but this ability decreases as the
lack of water increases for a long time. The average globular yields of these pri-
mary agricultural products are admirably purposeful by enactment of crop per-
formance in millions of fields distributed transversely in series of management
practices for soil and climatic regimes; even with the global food supply compli-
cations, here we illustrate some simple measures of most widely germinated
crops based upon the location, temperature, and precipitation. The types of
responses, like reactive oxygen species (ROS), root signaling. Antioxidant
enzymes, photosynthesis, etc., discussed in the context will help us to understand
the situation with more clarity. The possible mitigation measures are also dis-
cussed in detail. A plant may be mitigated at different levels including breeding
progress in drought condition, cellular and molecular adaptations, or using sup-
plemental irrigation practices. In this paper, authors have reviewed all the aspects
that encapsulate drought stress and its response to major food crops.

Keywords
Drought stress - Plant hormones - Biochemical responses - Physiochemical
responses - Morphological responses - Food crops

S. Bakht - K. Safdar - K. U. Khair - A. Fatima - A. Fayyaz - S. M. Ali - H. Munir -
M. Farid (00)
Department of Environmental Sciences, University of Gujrat, Gujrat, Pakistan

© Springer Nature Singapore Pte Ltd. 2020 93
M. Hasanuzzaman (ed.), Agronomic Crops,
https://doi.org/10.1007/978-981-15-0025-1_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0025-1_6&domain=pdf

94 S.Bakhtetal.

6.1 Introduction

Abiotic stresses, mainly drought, salinity, temperature extremes, flooding, toxic
metals, high light intensity, UV radiation, herbicides, and ozone, are the crucial fac-
tors worldwide in lowering the crop yield in arable land. This causes a vibrant treat
to agriculture and food security (Tuteja and Gill 2013). Drought is an abiotic stress
condition and a serious threat to agriculture resulting in deteriorating the environ-
ment and a primary cause of crop loss worldwide, reducing average yields for major
crop plants such as maize, barley, wheat, rice, etc. by more than 50% (Bray et al.
2000). Abiotic stress leads to a series of morphological, physiological, biochemical,
and molecular changes that unfavorably disturb crop productivity (Wang et al.
2003). The best option for crop production, yield improvement, and yield stability
under soil moisture-deficient conditions is to develop drought-tolerant crop variet-
ies (those crops which can even survive in low water level conditions) (Turner
1989). For developing new varieties, physiological approach is much practical, but
breeding for specific, suboptimal environments involves a deeper understanding of
the yield-determining practice (Valipour 2016). Drought, salinity, extreme tempera-
tures, and oxidative stress are often interconnected and may induce similar cellular
damage. For example, drought and salinization are established primarily as osmotic
stress, resulting in the disruption of homeostasis and ion distribution in the plant/
crop cell (Serrano et al. 1999). The alteration in global productivity of major food
crops is a crucial driver of change in the cost of food, the land use decisions, and the
nutritionally adequate supply of food. Like barley, wheat and maize show a definite
negative (undesirable) yield response globally to the vibrant rise in temperature. It
is estimated that due to these pragmatic climate trend sensitivities, the increase in
temperature since 1981 brings about $5 billion per year or 40 Mt. roughly annual
combined loss of these three crops as of 2002. The results demonstrate that the
negative impacts directly impinge the crop yield on a global scale (Lobell and Field
2007).

6.1.1 Whatls a Drought?

Drought is a prolonged period of abnormally less rainfall or precipitation (for days,
months, years) in a given region, resulting in a persistent shortage of water supply,
whether atmospheric, surface water, or groundwater, depending upon the conditions
of a specific area. Drought causes noteworthy impacts upon the ecosystem and agri-
culture of the affected region and harm to the local community. The annual dry
seasons in the tropics significantly increase the chances of drought development and
subsequent bushfires. Periods of heat can considerably worsen drought conditions
by accelerating evapotranspiration (Australian Drought and Climate Change 2007).
Drought is the combined result of water deficiency, elevated temperature, and
increase in population.
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6.1.2 Types of Drought

The experts use some indicators to declare a drought condition; these gages help
local authorities, states, and governments to mitigate these drought situations appro-
priately in an affected area. Some of them are as follows:

6.1.2.1 Meteorological Drought

Meteorological drought is usually determined by the overall moisture lack in
weather/atmospheric precipitation. The factors which contribute to meteorological
drought are dry wind, increase in temperature, etc. It is used as a global indicator of
the potential water crisis if the condition prolonged. This category of drought begins
and ends instantaneously.

6.1.2.2 Agricultural Drought

Agricultural drought is defined as the reduction in atmospheric precipitation or
moisture to the extent that the soil moisture is also being affected. This kind of
drought affects both crops/plants and animals because the evapotranspiration is very
low (types of drought, 2018). This accounts for the water needs of crops during dif-
ferent growth stages. For instance, not enough moisture at planting may hinder ger-
mination, leading to low plant populations and a reduction in yield. Agricultural
drought can be seen when the meteorological drought is at play.

6.1.2.3 Hydrological Drought

In this type of drought as from its name, it is clear that the shortage or absence of
ground and surface water in a region causes hydrological drought; these result from
excessive surface water reliance and less water precipitation. Water is also required
for farming, energy, and human activities which accelerate hydrological drought. It
has worsened impacts on living organism. Hydrological drought usually occurs or
happens at the same time as meteorological drought. The decline in the quantity and
quality of surface and subsurface water is the effect of meteorological drought.

6.1.2.4 Socioeconomic Drought

This condition occurs when the demand for water exceeds the supply, i.e., the quan-
tity of drinking water and food is reduced and threatened by the alteration in meteo-
rological and hydrological conditions. Other contributing factors may be growing
population and unnecessary demands of such goods that create stress on little/less
water availability. Socioeconomic drought condition takes a very long period to get
into full paraphernalia and along to recover as well. Examples of this kind of drought
include too much irrigation or when low river flow forces hydroelectric power plant
operators to reduce energy production (Wolchover 2018). This chapter covers the
functions of drought stress in food crops, responses, and tolerance to abiotic stresses
on crop yield.
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6.2 Food Crops and Their Hydrophilic Requirements

Pakistan is blessed with four different seasons; every region of the country has its
variety of crops that flourish in the native environment to fulfill their needs. Specific
climatic factors also define the water requirements of an individual crop. These are
defined in Table 6.1.

Water need of a plant may also depend on the growth stage, type of plant, envi-
ronmental factors, and the total growing period. Food crops in Pakistan are divided
into two major categories, i.e., Kharif and Rabi crops. Figure 6.1 determines the
water requirements of Kharif crops (growth period = July to Oct also known as sum-
mer crops) at its highest stage of growth. Type of plant is also a significant factor to
understand the fluctuation in the water requirements of a plant. A fully grown maize
crop with large leaves would require more water than onions and radishes at their
peak stage. Figure 6.2 constitutes Rabi crops (grown period = Oct to March also
known as winter crops) along with their irrigation and average water depth
requirements.

6.3 Crop Responses

Due to various biotic and abiotic stresses, food productivity is being affected and is
decreasing every passing day. Plant growth and development is severely impaired
due to environmental abiotic stresses, such as high salinity, cold heavy metals, high
temperature, and drought. Drought being the most significant environmental stress
not only severely affects the plant growth and development but also affects the plant
production and the performance of crop plant. Minimization of these loses is a
major concerning part because of the ensurity of food security under climate change
(Shao et al. 2009). Drought is experienced either when there is a shortage of water
and water supply to roots becomes difficult or when the transpiration rate increases,
and as a result, moisture is not carried by the roots of the plants to the small pores.
We have also seen in recent years that the water resources for successful crop pro-
duction are decreasing, and scientists have also suggested, in many regions of the
world, that crop losses due to increasing water shortage will further worsen its
impact with time (Van Loon et al. 2016). Drought stress affects cellular membrane
integrity, osmotic adjustment, water relations, pigment content, and photosynthetic

Table 6.1 Water need and Crop water need
climatic factors Climatic factor | High Low
Sunshine Sunny (no Cloudy (no sun)
clouds)
Temperature Hot Cool
Humidity Low (dry) High (humid)
Windspeed Windy Little wind
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Fig. 6.1 Summer crops and their hydrophilic requirements

activity as well as the growth and yield of the plant (Benjamin and Nielsen 2006;
Praba et al. 2009). Climatic, edaphic, and agronomic factors affect the drought
stress, and factors that determine the dependence of stress degree of plants to
drought include plant species, their developmental stages, and some other different
accompanying stress factors. Deficiency of water leads to adaptive changes in the
plant growth and physiobiochemical processes so plants can adjust and survive in
the new environment. These changes include modification in plant structure, growth
rate, tissue osmotic potential, and antioxidant defenses of the plant (Duan et al.
2007). It is now imperative to clear the reaction and adoption of crops to the water-
deficient environment and to take measures to improve their ability to resist drought
and water deficiency and ensure high crop yield in these new stresses (Asner et al.
2016).

For example, in comparison with other crops, potato is considered a sensitive
plant to a water stress (Salter and Goode 1967) with its yields very much affected
by drought in most environments in which crop is grown up. The effect of water
stress on the plant very much depends upon the timing of the stress (Shi et al. 2017).
There are some water stresses that last for a short time which is induced due to the
high evaporative demand, particularly in hot sunny conditions when evaporative
demand exceeds the capacity of roots to supply water to shoots, and it may have an
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5 or 6 watering of 10 cm or more

Fig. 6.2 Winter crops and their hydrophilic requirements

acute temporary effect on the growth of the plant even in well-watered crops. The
prolonged drought may induce a chronic impact on plant growth and lead to prema-
ture agedness unlike the acute implications caused by hot sunny weather only. The
type of water stress experienced by the crop may also determine the different physi-
ological and morphological characters of the crop. MacKerron and Jefferies (1985)
also proposed that the total yield of the potato crop is the product of four
processes.

Drought affects the height of the plant by the crop canopy, and then height affects
the proportion of dry matter. The portioning of that dry matter in the tuber and into
the tuber is quantifiable like another process, which is indirectly linked to the stress
of drought on the crop growth and yield (Jefferies 1995).

6.3.1 Morphological Responses
Plants are responding to a wide variety due to environmental stresses on them; these

range from a change in gene expression and cellular metabolism to a change of
growth in plant and its production (Shah and Steinberg 2017).
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Morphological characteristics of the plant, i.e., a number of branches, their size,
and spatial distribution, primarily depend on the environmental conditions in which
they are planted. Species of plant and its soil resources also had a significant role in
it. Properly branched and the fully developed root system is also providing good
stability to the whole plant.

6.3.1.1 Seedling Origination and Formation

In this chapter, we will combine the different effects and the crop response and their
adaption to the condition of drought and their final effect on a crop, with implication
for plant breeding. Plant breeding is a risky course of action, so a relation must be
established between the biological process and its final contribution to “value” at
the crop level. Drought has multidimensional stress on the plant, whereas the inves-
tigation of unidimensional/singular effects of drought on the plant can also be
explored by scientific methods; due to insufficient information, the integrated thesis
may look practical and too simple and other times too speculative. A very brief
discussion on the response of the plant/crop to stress caused by drought is later dis-
cussed, leading to the question of adaptation. The most common problem in a dry-
ing seedbed in a drought-prone area is mortality (Johnson and Asay 1993). During
the emergence of young plant and its establishment, high soil temperature causes
many growth-related problems (Peacock et al. 1990). The embryo within the dry
seed is definitely dormant, and its tolerance to extreme dryness also attracts and
holds water in it. Upon germination and emergence of the young plant, the seedling
loses its tolerance. The tolerance to severe dryness was assessed of the germinated
seedling, in wheat, by the recovery of germination upon rehydration (Blum et al.
1980). In wheat, when the coleoptile was fully grown, 6 cm in length, a relatively
sharp reduction in germination recovery occurred that was from 67.2% to 32.5%,
while upon the seedling development from the onset of germination, desiccation
tolerance gradually declined (Marengo et al. 2017). There is some information seri-
ously missing upon the loss of desiccation tolerance upon germination, while some
information is only available on the acquisition of embryo desiccation tolerance in
the developing seed. In the case of wheat, crop management and the genetic
improvement of its seed are not easy because of the function of seminal roots in its
life. Drought also affects the characters of the development of plant which affect
seed establishment that is co-related to the development of grown roots, seminal
roots, and leaves in grasses (Johnson et al. 1996). Under drought stress, traits such
as seed size may influence the establishment of seed (Mian 1994). To understand
the interactions such as the process of establishment, germination, and emergence
with the status of seed and plant is still not well known. Biochemical and physiolog-
ical factors are more important here as compared to developmental factors
(Blum 1996).

6.3.1.2 Growth

A complete understanding of the process is required which involves plant growth
and its development, for the confirmation of food supply with population size.
Under different environmental conditions, crop growth and sustainability depend on
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the regulations of plant reproductive and vegetative growth patterns. Two principal
organs that make the plant growth functional are the root system and the shoot. Both
act as the source and sink of the plant body. The primary factor that temporarily or
permanently disturbs the plant development and its growth is the deficiency of
water. Water is the main component of photosynthesis and other functions of plant,
and its lack hampers more than any other environmental aspect. The primary effect
of this deficiency contributes more to poor stand formation and impaired seed ger-
mination (Harris et al. 2002).

The most drought-sensitive physiological processes that are affected by a reduc-
tion in turgor pressure are cell growth. In the result of the subsequent immense
expansion of the young cells and daughter-cell production by meristematic cell,
plants usually grow. Due to the interruption of water flow from the xylem to the sur-
rounding elongating cells, the phenomena of cell elongation of higher plants are
significantly affected (Nonami 1998).

Water scarcity also causes genetic issues in plants such as impaired mitosis, cell
expansions, and elongations that also result in the reduction of growth of plants
(Hussain et al. 2008). Water deficits reduce the number of leaves per plant and indi-
vidual leaf size and leaf longevity by decreasing the soil’s water potential. Leaf area
expansion depends on leaf turgor, temperature, and assimilating supply for growth.
Drought supressed photosynthesis process which results in reduced leaf area
(Rucker et al. 1995).

Drought also causes a reduction in the size of individual leaf and the number of
leaves per plant. The decrease in the photosynthesis process leads to the suppression
of leaf growth because leaf area growth depends on the temperature, turgor pres-
sure, and integrating supply for growth. The decline in soil’s water potential also
had a significant effect on the leaf longevity and reduction in production of fresh
and dry biomass (Zhao et al. 2006). Khan et al. (2001) led a study called “control
(six irrigations)” that is comprised of six treatments, i.e. one, two, three, four, five,
and six irrigation in maize. The results of this study show that leaf area, plant height,
and stem diameter are noticeably decreased due to increase in water stress. One of
the main factors that cause a reduction in plant height is a disturbance of decline
which plays an essential role in cell enlargement (Manivannan et al. 2007).

In the case of maize, drought has adverse impacts on a number of leaves/plants,
leaf area, cob length, plant height, and shoot fresh and dry weight. Kamara et al.
(2003) also revealed that maize biomass is reduced at the grain-filling period by
34%, maturity by 21%, and silking by 37% due to water deficiency.

6.3.1.3 Yield

Water stress had a great impact on the yield-determining processes in plants. Yield
integrated many complex processes. So, it is very difficult to interpret how plants
accumulate, combine, and show the indefinite and ever-changing processes over the
whole life cycle of crops. Grain yield is the result of association and expression of
several plant growth components. The deficiency of water leads to a severe decline
in yield traits of crop plants probably by disrupting leaf gas exchange properties
which is not only limited to the size of the source and sink tissues but also to the
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phloem loading, assimilate translocation, and dry matter portioning which are also
impaired (Farooq et al. 2009a, b). Drought stress inhibits the dry matter production
mainly through its inhibitory effects on leaf expansion, leaf development, and con-
sequently reduced light interception (Nam et al. 1998). Drought at flowering com-
monly results in barrenness. A significant cause of this, though not the only one, was
a reduction in assimilate flux to the developing ear below some threshold level nec-
essary to sustain optimal grain growth (Yadav et al. 2004). When maize plants were
exposed to drought stress at teaseling stage, it led to substantial reduction in yield
and yield components such a kernel rows/cob, kernel number/row, 100 kernel
weight, kernels/cob, grain yield/plant, biological yield/plant, and harvest index
(Anjum et al. 2011a). Drought-related reduction in yield and yield components of
plants could be ascribed to stomatal closure in response to low soil water content,
which decreased the intake of CO,, and as a result, photosynthesis decreased
(Chaves 1991; Cornic 2000; Flexas et al. 2004a, b). In summary, prevailing drought
reduces plant growth and development, leading to hampered flower production and
grain filling and thus smaller and fewer grains. A reduction in grain filling occurs
due to a reduction in the assimilate partitioning and activities of sucrose and starch
synthesis enzymes (Anjum et al. 2011b).

6.3.2 Physiological Response

6.3.2.1 Root Signaling

In plants, the primary source of water and minerals from root to shoot is xylem. The
drive of water through the plant is smoothed by xylem which is composed of cell
wall substantial with specific possessions. Under drought conditions, plant growth
and transpiration reduced from root to shoot as a result of alterations in sap compo-
sition, which is important in plant growth and development (Alvarez et al. 2008). A
widespread root structure is beneficial to upkeep plant growing at the early crop
development stage and uptake water from low soil layers that are then merely lost
by vaporization. The effect of drought on crop root signaling has many divisive
pieces of evidence. A better root development due to drought was observed in
Catharanthus roseus (Anjum et al. 2011b). Under drought, the soil becomes arid;
xylem causes transportation of root-sourced signals to leaves, which reduces water
loss at various stages and ultimately leaf growth. There are various chemicals pres-
ent in xylem sap. Cytokinin (CK), pH, abscisic acid (ABA), malate, a precursor of
ethylene, and other anonymous issues have all been concerned in root to shoot
motioning in water stress (Schachtman and Goodger 2008).

Abscisic acid has usually been observed as a hormone with diverse controlling
properties in growth and development. Under drought condition in all crops, the
level of ABA rises in both roots and leaves and causes physical response such as
stomatal closure due to alterations in genes. Under normal circumstances, a low
amount of ABA improves root development. Abscisic acid has been commonly con-
sidered a growth that is limiting stress hormone in all crops (Brunner et al. 2015).
Abscisic acid encourages stomatal shutting by triggering Ca**, K*, and anion
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channels in guard cells (Becker et al. 2003). Due to high stress on roots, ultimate
stress on leaves also occurs. A way of protecting plants against a root or shoot dehy-
dration, water loss which sometimes causes cell death, and runaway xylem cavita-
tion is leaf closure or initial response in crops. The general mechanism of drought
on leaves is multifaceted since at a given time many other factors are involved such
as CO, and light intensity (Chaves et al. 2003). As a result of low water obtainability
of roots in field-grown maize crop, there is a decrease in leaf extension lead and
stomatal closure under drought circumstances (Bahrun et al. 2002).

Cytokinins control crop development via a composite system of CK signaling.
Mutual signaling behaviour exist in the CK, and ABA metabolism and signals are
underlying altered procedures in changeable plant adaptation to stressors (Nishiyama
et al. 2011). Cytokinins are usually deliberated as opponents of ABA action on sto-
mata. It is concluded that due to low water availability, CKs must decrease. The
change in the ratio of ABA:CKs was observed as, 50% decrease in zeatin and zeatin
riboside in both stems and shoots of grape plant under low water. In sunflower,
reduction in cytokines and many clashes about other plants are detected (Davies
et al. 2005).

6.3.2.2 Photosynthesis

Photosynthesis along with cell growth are the primary affected mechcanisims of
plant under drought stress. The effect can be direct, e.g., due to flow limits through
the stomata and mesophyll or the changes of photosynthetic metabolism, and can
immensely disturb leaf photosynthetic mechanism and decrease CO,, and second-
ary effect can raise, i.e., oxidative stress (Chaves et al. 2009). Across worldwide, it
is observed that limitation of photosynthesis, crop yield, and growth is due to low
water availability. Drought affects the diffusion of CO, by stomatal closure pre-
dominantly in C; plants, i.e., wheat, rice, maize, beans, potatoes, etc. (Flexas et al.
2004a, b).

Drought cause stomatal closure and change metabolism processes, but usually,
stomatal closing is a primary response which reduces the rate of photosynthesis
even at mild drought. When there is inhabitation in metabolism, it causes a reduc-
tion in RuBP concentration which causes CO, incorporation in the process of pho-
tosynthesis. Now it is clear that stomatal closure causes a decrease in photosynthesis
metabolism due to drought than relative water content or leaf water potential. At
early stages of drought, reduced ATP production is observed (Flexas and Medrano
2002). It is observed that damaged ATP and photophosphorylation were the main
influences of restrictive photosynthesis in sunflower even in slight water scarcity. It
is now fit to recognize that there is a drought-brought root-to-leaf signing, endorsed
by low water and attainment of the vegetation through the transpiration creek, which
persuades closure of stomata and decreases photosynthesis (Medrano et al. 2002).
The decrease in photosynthesis may be from stomatal or nonstomatal factors. Maize
is the third most important crop and sensitive to water availability across the world.
It needs 500-800 mm of water throughout life series of 80—110 days. Water stress
led to failure in photosynthesis, evapotranspiration rate, stomatal activity, water use
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effectiveness, prompt water use efficacy, and intercellular CO, in contradiction to
well-watered (Anjum et al. 2011b). The effect is on net CO, endorsement and entire
series electron carriage as assessed by leaf chlorophyll fluorescence capacities. Due
to stomatal closing, less CO, is subjected to plant and low photosynthesis. In food
crops, lower net CO, lead toribulose-1,5-bisphosphate oxygenation upsurges and
develops the critical basin for photosynthetic electrons (Cornic and Fresneau 2002).

6.3.2.3 Contents of Chlorophyll

The visible light absorption, the photochemical capabilities, chemical stability, and
abundant supply of redox level are requirements of photosynthesis which are
accomplished by chlorophyll (Mauzerall 1976). Under the drought stress condition,
symptoms of oxidative stress may be the result of pigment photooxidation, and
chlorophyll degradation is due to a decrease in chlorophyll content. Photosynthetic
colorings are significant to florae mostly for reaping light and manufacture of dip-
ping powers. Both chlorophylls a and b are disposed to soil dryness (Farooq et al.
2009a, b). Drought has a direct effect on the plant such as dispersion limitation of
gases through stomatal closure and changes in mesophyll and metabolism of photo-
synthesis and has indirect effects in multiple forms such as oxidative stress which
occur from the superimposition of various stress (Chaves et al. 2009).

The primary cause of inactivation of photosynthesis under drought is loss of
chlorophyll. Loss of chloroplast skins, extreme bulge, misrepresentation of the
lamellae vesiculation (nodules on the surface), and the arrival of lipid descents are
due to a shortfall of chlorophyll under water scarcity and arid soil conditions. Due
to low water availability in drought, primary production can deficit due to a small
number of chlorophyll pigments and the low photosynthetic ability of crop. From a
physical viewpoint, leaves’ chlorophyll concentration is a limitation of critical
attention. Due to water scarcity, mostly effects occur on mesophyll cells but lesser
amount from sheath cells as a response to chlorophyll lessening in crops (Anjum
etal. 2011b).

Nikolaeva et al. (2010) have shown that three varieties of wheat crop under
drought behave differently for chlorophyll content, and at initial period, crops resist
drought and low water loss from leaves, but after 1 week due to little water obtain-
ability, the content of leaf water reduced by 5.2-6.8%. Initially, chlorophyll content
raised in the first 2 periods, but in the next period, chlorophyll content decreased by
13-15%. This reduction was not attended by variations in chlorophyll a/b relation.

6.3.3 Biochemical Responses

Biochemical responses of certain food crops combine biological catalyst to increase
the chemical reactions proceeding in a specific organic species. These responses
define the exact response of a molecule while it is going through conditions of
drought.
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6.3.3.1 Reactive Oxygen Species

In a eukaryotic cell, reactive oxygen species (ROS) is the essential biochemical
reaction that proceeds in the presence of any stress. It is the early stage defense by
a crop suffering from the water-stressed environment. As soon as drought occurs,
the ROS levels dramatically fluctuate which may result in the oxidative destruction
of proteins, lipids, and DNA (Apel and Hirt 2004). O,"~, H,O,, and OH" ions might
attack the cell membrane and increase fat peroxidation (Mittler 2002).

Another very important drought-induced ROS is malondialdehyde (MDA) which
is the main marker of oxidative damage. This might decrease the membrane stabil-
ity as the major constituents of the cell membrane are lipids and proteins (Mgller
et al. 2007). Malondialdehyde defines the range of lipid peroxidation which further
induces a radical reaction in the tissues (Anjum 2011b).

In pea plants, the range of lipid peroxidation increases 2 to 4 times under drought
conditions which were found to be correlated with the amount of protein peroxida-
tion in the cell (Moran et al. 1994).

6.3.3.2 Antioxidant Enzymes

All the plants have a natural defensive clean up system which helps them to with-
stand possible injury caused by the elevated active oxygen presence (Horvéth et al.
2007). To minimize the action caused by oxidation, plants have come up with a
mechanism requiring the use of antioxidants, for example (Caverzan et al. 2016):

1. ROS-scavenging enzymes, i.e., catalase (CAT), ascorbate peroxidase (APX),
peroxidase (POD), superoxide dismutase (SOD), etc.

2. Low-molecular-mass antioxidants such as glutathione (GSH), carotenoids, and
ascorbate (AsA) (Apel and Hirt 2004).

Under drought condition, SOD and POX decrease in the plant. For wheat, the
pretreatment of the seeds enhances drought tolerance levels (He et al. 2009). This is
achieved by specific aluminum exposer which reduces ROS accumulation (Xu et al.
2011). Maize plant presented a different reaction to seed pretreatment, i.e., increased
salt tolerance which directly relates to the amount of water uptake (Gondim et al.
2010). For rice plants, H,O, is also associated with inducing cadmium, salinity, and
abscisic acid stresses (Kao 2014).

6.3.4 Role of Plant Hormones in Drought

The yield and production of crops are reduced due to water scarcity and drought
condition. The major phytohormones, which regulate the processes in plant adapta-
tion under drought conditions, are ABA, gibberellic acid (GA), ethylene, auxin, and
CK (Wilkinson 2012). In the situation of drought stress, ABA is produced in roots
and transmitted to leaves to start the adaptation process in the plant to tackle the
drought situation through stomata closure and discrete the growth (Wilkinson and
Davies 2010). Cytokinin is known to delay premature leaf senescence and death of
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plant under drought stress. This adaptive trait of the plant is very functional for
enhancing crop production in drought (Peleg 2011). Gibberellic acid is referred to
as a positive regulator (Wang 2008). Ethylene is referred to as a negative regulator
because of boost senescence of leaf and stops the growth of roots and enhances the
shoot development and growth (Munné et al. 2004).

Drought causes a series of negative impacts on growth, fiber quality, and yield of
the cotton crop (Feng and Stewart 2003). Cotton is among the deadliest drought-
sensitive crop; it can lead to a devastating reduction in yield and quality. Drought
stress affects the growth and physiology of cotton plant (Igbal 2013). In cotton crop,
biomolecules and growth regulators like brassinosteroids and polyamine have
become a recognized process for an increase in crop yield in a situation of drought
(Ahmed 2017).

By modifying the plant genetic and molecular makeup for enhancing the plant’s
tolerance via manipulation and modification of polyamine levels can be acheived by
the inclusion of brassinosteroids in signal pathway under abiotic stress such as
drought. The procedure is useful in Bulgaria and Egypt to increase the tolerance
level of plants (Todorova 2016). Putrescine at 2 ppm and 24-epibrassinolide at 10G’
M applications generally increase the tolerance of Egyptian cotton and recorded the
highest value of yield during experimentation (Ahmed 2017).

By using plant growth-promoting rhizobacteria (PGPR), drought tolerance is
increased. Rhizobacteria are advancing by plant growth, and these microorganisms
colonize the rhizosphere of plants increasing the tolerance of plant by producing
certain hormones like phytohormones, exopolysaccharides, 1-aminocyclopropane,
and 1-carboxylate (ACC). These hormones lead to induce accumulation of osmo-
Iytes and decrease the regulation of stress response-related genes and altered the
morphology of root to tackle the drought stress. (Vurukonda 2016).

The senescence-associated gene OSAP which is identified in rice (Oryza sativa)
is involved in encoding certain protein. This protein engaged in antiapoptotic activi-
ties which present in yeast to regulate the multiple stresses. In abiotic stress such as
drought, plant is overexpressing OSAP about the balance of the hormones such as
GA, jasmonic acid (JA), phytohormones, ABA, and zeatin (Ubaidillah et al. 2016).

6.4  Possible Mitigation

The decline in the income of farmers as a result of less production of crops and its
yield basically attributed to drought and heat. According to an observation, the
maize yield reduced up to 40% and wheat up to 21% as a result of a 40% reduction
in water quantity (Daryanto et al. 2016). According to the report of the
Intergovernmental Panel on Climate Change (IPCC), the atmospheric and oceanic
temperature has become warm, and the number of greenhouse gases has sharply
increased (IPCC 2014). The big challenge to food security and livelihood security
is due to climate change. The supportive activities for agricultural adaptation also
intensified food security. The adjustment in the field of agriculture must be consid-
ered at policy and management level in a country or worldwide (Lobell 2008). The



106 S.Bakhtetal.

crop management practice application and implementation have significantly
reduced the damaging effects of heat stresses and drought and basically include
management of soil and culturing practices, the extent of irrigation, residues of
crops and mulching, and useful crop selection. Irrigation is the primary source of
drought tolerance and avoidance process. The significant advantages of irrigation
are to intensify the crop production and the stabilization of the income. Besides it,
the irrigation significantly depends upon the various social, economic, and environ-
mental factors (website). The pressure on water supplies is basically from other
users than agriculture, and to save water and to increase agricultural production
have gained significant importance for countries as more crop per drop (Luquet
et al. 2005). The essential adaptive measure taken into account to mitigate the less
production of crop yield (due to drought) includes the creation and use of more
drought-resistant genotypes (Salekdeh 2009). The primary mitigation and adapta-
tion measures by plants for drought stress are as follows.

6.4.1 Breeding Progress for Limited Water Environments

For water-restricted environment, plant breeding is always a significant problem in
dryland and rainfed agriculture. The research and methodology in the sphere of
plant breeding have been dispersed due to collaborative effort. In the present condi-
tion, due to the vibrant issue of global warming and the crisis of water supply, the
issue has gained more significance (Asif and Kamran 2011). The plant breeding for
drought resistance and tolerance is increasing for resistance against diseases in con-
ceptual design and framework. Drought resistance can be achieved by attaining its
components which are avoidance of drought, understanding of drought, and drought
reduction or elimination (Farooq et al. 2017). The widely used and applied mecha-
nism for drought resistance in crops and plants is to avoid dehydration, which is
plant’s ability to maintain its water balance. The dehydration tolerance is rare but
essential in which the plant can function in a dehydrated state.

The yield enhancement due to plant breeding can be determined by assessing the
experiments of historical cultivators for a variety of crops (Castleberry et al. 1984).
The application of stress-tolerant crops has shown a high population density of
plants, etc. The comparison of 36 successfully grown hybrids in the USA from 1934
to 1991 has depicted the increased improvement in tolerating the abiotic stresses
such as heat, drought, too cold and too hot weather, low soil fertility, etc. (Duvick
1997).

It was observed that during drought condition, the genetic increase in yield was
124 kg/h/year in flowering and 91 kg/h/year in mild grain filling.

The drought-resistant crops have developed certain physiological traits which
increases their yield during stress condition. Modern soybean species have high
water potential than old ones (Boyer 1980). Modern maize species also have high
possibility to access the soil water than the previous ones (Hammer 2009). Earlier
studies of wheat in the UK suggested that modern cultivars have large stem storage
for flowering (Shearman et al. 2005) which sustains grain filling under pressure.
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The breeding germplasm of wheat yield is high in dehydration avoidance due to
genetic variation (Blum 2018). In conclusion, the dryland and rainfed crops have
been improved successfully for drought resistance. As a whole, the efforts in plant
breeding cause genetic variation which in turn causes resistance in drought and
heat.

6.4.2 Protection of the Cells against Osmotic and Oxidative
Damages

Drought resistance in crop plants has to follow two main aspects, i.e., dehydration
avoidance and dehydration tolerance. Dehydration avoidance takes into account the
capacity of plant cells and tissue to avoid being dehydrated during water stresses.
The ability to sustain function when the plant is dehydrated defines dehydration
tolerance. Plant survival can go through either of both situations. The superior pro-
tection of plants in drought condition is to avoid osmosis and oxidative damage
(Ostad-Ali et al. 2017).

6.4.2.1 Osmotic Adjustment

The phenomena of osmotic adjustment (OA) relate that it is a process of accumula-
tion of solute in dividing cells in a case when the water supply or potential is less;
so far it helps in the regulation of turgor (Chaves and Oliveira 2004). The growth of
cells of the plant is purely dependent on the availability of water and helps in turgor
maintenance. The growing parts of plants like stem and leaves exhibit less reduction
during turgor measurement, but the enlargement of the cell is stopped during
drought condition and is mainly due to OA (Meyer and Boyer 1972; Serraj and
Sinclair 2002). Various plant phenomena like stomatal conductance, photosynthe-
sis, and leaf growth have been maintained due to osmotic adjustment under drought
conditions (Oosterhuis 1987; Chaves and Oliveira 2004). In drought conditions, the
water supply is reduced, and there are so many changes like an increase of salt con-
centration, etc. (Sauter et al. 2001). During drought stress, the solutes that accumu-
late are inorganic cations, organic acids, carbohydrates, amino acids, etc. Previous
researchers have explained that drought-resistant wheat varieties yield more than
less resistive varieties and have a considerable extent of osmoregulation (Serraj and
Sinclair 2002). The suitable solutes for plants like proline and glycine betaine help
plants against the adverse impacts of drought not only by ROS detoxification but
also by osmotic adjustment, conservation of membrane, and regulation of enzymes
(Ashraf and Foolad 2007). Enzymes like betaine aldehyde dehydrogenase (BADH),
pyrroline-5-carboxylate reductase (PSCR), and ornithine 5-aminotransferase (OAT)
have been revealed to play main roles in osmotic adjustment. Overexpression of
Arabidopsis EDTI/HDG1 1 was exposed to rise DT of poplar and cotton over greater
accrual of solutes such as proline and soluble sugars and also increases the yield of
cotton in the field (Yu et al. 2016). There are some plants within which sugars are
the most osmolytes that play a prominent role in OA, together with saccharose,
trehalose, glucose, and ketohexose. Earlier studies have revealed that
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overexpression of the sucrose:fructan-6-fructosyltransferase (6-SFT) gene from
Psathyrostachys huashanica in tobacco and the trehalose-6-phosphate phosphatase
gene OsTPPI in rice confers abiotic stress tolerance (He 2015; Ge et al. 2008).

6.4.2.2 Antioxidation

To repel the toxicity of active oxygen species, the plant cells should have a compe-
tent antioxidative defense system. The GSH prevents various cellular components
and protein status of thiol against oxidative stress, and it represents an efficient
defense system for enzymic and nonenzymic components (Pamplona and Costantini
2011). The antioxidants become unstable and reactive when they lose or accept
electrons in the presence of reactive species. In these cases, the antioxidants show
prooxidant impacts and can be dangerous, but Damiani et al. (2008) described that
the antioxidant that gives less oxidant reactivity with a less capability to produce
peroxidation is a good antioxidant. Plant tissues basically contain a variety of
enzyme scavengers of ROS to regulate the level of ROS under significant stressed
conditions (Mor et al. 2014). Both nonenzymatic and enzymatic reactions represent
the process of formation of ROS in biosystems (Zorov 2014). Nonenzymatic anti-
oxidants contain low-molecular-weight compounds, such as vitamins C and E, beta-
carotene, uric acid, and GSH, a tripeptide that comprises a thiol (sulfhydryl) group
(Blokhina and Fagerstedt 2010).

6.4.3 Managing Drought Stress by Supplemental Irrigation

Supplemental irrigation (SI) is defined as the addition of a small amount of water in
rainfed crops in a situation of water scarcity, shortage of rainfall, and drought.
Supplement irrigation has furnished the moisture to prove moisture for proper
growth and yield. The concept of supplement irrigation has three aspects. Supplement
irrigation can provide water and rain throughout the year, but it makes sure that
crops get the minimum amount of water for growing crops during a situation of
drought to get maximum yield. There are particular schedule, timing, and amount of
SI during the year. Supplemental irrigation is dependent on precipitation, the major
water resources for SI in surface water, but shallow groundwater and treated sewage
effluent are also used to provide water to crops (Oweis 1997).

6.4.4 Molecular Mechanisms Regulating Plant’s Response
Toward Drought Stress

Under environmental stress, plants have developed subtle procedures to manage
them. Due to exposure to drought stimuli, extracellular indicators seem creation of
ROS in crops, ABA response, and spread over signal transduction forces. After
receiving and broadcasting of the signals, a figure of stress-related genes is per-
suaded, important to stress alteration in plant cells. The typical growth pattern is
recovered by functional protein mechanism which protects from stress, by
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restoration of cellular homeostasis. As the osmotic pressure in the cytoplasm
decrease, the defensive cellular task of cellular arrangements constituents by a
buildup of friendly solutes such as amino acids, quaternary and other amines (e.g.,
glycine), sugar, and sugar alcohols (e.g., mannitol) (Gao et al. 2008). Research
shows that a cluster of soluble organic mixtures are added and play a role as osmo-
protectants through osmotic stress (Bartels and Sunkar 2005). Genes which work in
abiotic stress reaction and acceptance can be recognized by genetic and molecular
methods. While numerous genes had been recognized with the abundant possibility
for abiotic stress engineering, many of them can shake rice plant form, when they
are essentially overoccurred (Su and Wu 2004; Roy and Wu 2002; Gao et al. 2008).
The manifestation of genes can be changed in transgenic plants in command to get
an accepting phenotype. In some circumstances, alteration of gene method has been
positive in growing agronomic enactment of florae in the field. Consequences of
nine field tests over six harvesting periods, in wheat crop, exhibited that the HVA1
protein put substantial security from water tension in comparison to (LEA) proteins
(De Leonardis et al. 2012). In the field of technology, a very low amount of seed
plasm has been partitioned for famine acceptance. Uniting genetic factor from both
wild and cultured kind of maize crop displays potential to get genotypes with
advanced stages of patience (Manavalan et al. 2009).

6.5 Recovery After Stress Dictates Survival

After the drought stress, recovery of plant carbon balance depends upon the severity
and duration of drought. Studies have shown that maximum recovery of photosyn-
thesis cannot be achieved and is slow and incomplete. Recovery in photosynthesis
of some plants can be raised by adding photosynthetic proteins and by rewatering
(Sofo et al. 2004; Galle et al. 2007). Recovery after a severe drought is very slow.
The limiting recovery of leaf-specific hydraulic conductance is the cause of down-
regulation in plant recovery. Due to stomatal closure, the photosynthesis process
also slows down (Bogeat et al. 2007; Galmés et al. 2007). In maize, electrical sig-
nals can regulate stomatal recovery quickly than hydraulic regulation. The study has
shown that CO, is also a factor, limiting the recovery of photosynthesis. In sum-
mary, recovery of plant photosynthesis process is dependent upon multiple factors
and upon specific plant species, and then there is a need to study other factors
(Grams et al. 2007; Ennahli and Earl 2005).

6.6 Conclusion

With varying environmental conditions and abiotic stresses by each passing day,
crop productivity is decreasing severely. The global crop supply and quality are
deprived due to the problem of drought, and the phenomenon of climate change is
causing the circumstances more severe. Drought can affect seedling origination,
formation, the growth of plant roots and branches, and yield of the crop. The
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response of the plant to water deficiency is determined by severity, timing, and dura-
tion. Under water stress, root signaling and closure of stomata cause a decline in the
rate of photosynthesis process. The reduction in the tolerance level of the plant is
also reduced due to alterations in pigments and chlorophyll content. The protective
leaf guards are then quickly activated to defend photosynthesis, so that it cannot
affect irreversibly. Following drought stress, a natural defense mechanism in plants
become active by generating ROS and antioxidative enzymes, plant hormones, and
stability of cell membrane which are vital for drought tolerance.
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Escalation, and Yield Under Water Stress
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and H. K. Ishaq

Abstract

Rice (Oryza Sativa) is a grass and highly stipulated cereal crop. Water stress is
an existing and future trauma to rice production. It severely manipulates plant
growth and production that ultimately results in yield loss. Cell size, molecular
activities, tissue formation, organ establishment, flower formation, reproduction
mechanism, grain fabrication, and seed maturation are partially or fully inter-
rupted. Flowering stage is more susceptible to water stress. Reproductive organs
are structurally and functionally influenced. Fertilization failure or grain filling
loss and immature seed formation could result. Yield loss happens less severely
when water stress occurs during vegetative phases but is more severe during
panicle growth. Water stress and its tolerance to rice crop are therefore consid-
ered the critical issue under study and research. Various institutes and scientists
worldwide are trying to explore new ways and schemes to overcome this strain.
New ways are being investigated by providing suitable alternative rice harvesting
strategies than traditional ways of cropping. Most of the Asian countries are still
habitually grown rice in abundance water as they are doing so from over the
years. In different agro-ecosystems, water is going to scarce, but it is provided by
the farmer by fetching through different sources. Because farmers are in fear of
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crop loss and yield loss in case water is unavailable to their routine cropping,
they must be encouraged by introducing water efficient use and water stress-
tolerant practices in rice cropping. Scientific exertions in this contemplate still in
progress to achieve free of yield loss adopted policies and approaches. This
assessment is a part of scientific advancement to examine and inspect rice crop
effects under water stress.

Keywords
Rice crop - Rice production - Rice augmentation - Rice yield - Water stress

7.1 Introduction

Annual production of rice is vital in human foundation food. It is worldwide a chief
trade commodity and major source of about 20% dietary energy supply from rice
(FAO 2006). A biotic variation has an adverse effect on plant growth, development,
production, and yield. Rice crop from its semiaquatic origin and growth with a
diversity of ecosystems is traditionally dependent on adequate water supply, so
water stress is more vulnerable for this cereal than others (O’ Toole 2004).

Under water stress, all physiological processes of rice plant are distressing.
Though all growth and reproductive phases are influenced, flowering stage is more
susceptible because it depresses grain formation (Boonjung and Fukai 1996).
However, various study approaches show major defects in different stress condi-
tions that appear in reproductive growth during meiosis, production of mother cells,
and maturation of anther, fertilization, seed establishment, and grain yield.

Research institutes are trying to sort out rice traits linked with tolerance toward
different stress conditions by developing DNA-based techniques, to get precise and
rapid reproduction varieties. In this stair to verdict tolerance, different concepts, theo-
ries, and practical efforts have been conceived. Two ways to illuminate are suggested
as (a) activating stress receptive genes to alter biochemical levels and (b) alteration
strategies to existing soil and traditional cropping. These progressive steps will surely
promote (a) achieving tolerance against single stress and (b) developing tolerance to
numerous stresses. To treat water stress, flowering stage screening is more practical in
breeding plants. Breeding approaches toward water stress tolerance are dependent of
parent selection. From the last 80 years, these breeding activities are in progress to
achieve the desired yield against different environmental stresses (Teekam Singh et al.
2015). Rice production with elevated yielding varieties with massive fertilizers, bio-
cides, and rich irrigation is in practice (Hossain and Fischer 1995). In the future, rice
with the same dietary preference (Rosegrant et al. 2001; Sombilla et al. 2002) must
achieve yield stability in the presence of inevitable abiotic challenges.

“More crop per drop” (Molden 1997) is a decisive objective of all these research-
based study efforts. This appraisal is also an effort to consider the severity of water
deficit and its effects on rice crop. Water stress influences rice plant physiology,
grain formation, and seed development with resultant low production and yield loss.
A slight stance is added to future management and alterations to water stress toler-
ance achievement in rice production.
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Table 7.1 Nutritional Nutrients Approximate gram %
composition of rice on Moisture 108
average in different varieties® Protein 08
Fat 1.7
Ash 0.6
Carbohydrates 73.0
Dietary fibers 2.6
Amylose 26.6
Energy 349
Vitamins 0.39 mg/100
Mineral and trace 22.81 mg/100 g
elements

“Different varieties: DRRH-3, Jaya, Lalat, NDR 97,
PR 113, Salivahana, Sayasree, Savithri, TellaHamsa,
Triguna, Varalu

7.1.1 Nutritional Composition of Rice

Rice is the second major source of human diet. Its energy content is high with pro-
tein, fat, carbohydrate, calcium, iron, vitamins, minerals, and fibers (Prasad et al.
2017; Table 7.1). Nutritional value of rice depends on various factors like grain type,
soil fertility, fertilizer practices, and environmental conditions (Oko et al. 2012). Rice
varieties are continuously derived with existing traits and tolerance of drought and
salinity (GRiSP 2013). In all genotype of rice grain, high percentage (about 80%) of
carbohydrates is present. It comprises of glucose, starch, sucrose, and dextrin. The
percentage of content of various nutritional substances varies in different varieties. It
is possible through genetic engineering to get the desired variety of rice with required
nutrient values (Yousaf 1992). A variety could have the highest crude proteins, while
the other could have the highest fat content, etc. The least and highest energy value
is analyzed to be ranging from 262.94 to 398.82 J/kg. Moisture content also varies in
different varieties. Its least value is analyzed as 5.0%, while its very high value is
found as 9.6%. The choice of rice varieties to the farmers and consumers is princi-
pally dependent on their nutritious value (Oko et al. 2012).

7.1.1.1 Rice Protein

The protein substance assortment is 7.4% to 12.49%. Besides the genetic variations,
agroclimatic factors and irrigation also control protein content of rice grains (Prasad
et al. 2017). Rice protein is quality wise very good in comparison with other cereal
crops (Juliano 1993). Protein quality is dependent on amino acid composition and
digestibility (Frei and Becker 2003). Rice protein with excellent biological value, a
balance of amino acids, with higher concentration of lysine, is highly digestible (WHO
1998). Branched amino acids like isoleucine, leucine, and valine are present (Shobana
et al. 2011). Rice amino acid is elevated glutamic and aspartic acid (FAO 2006).
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7.1.1.2 Rice Lipids

In all rice varieties, the total fat substance ranged from 1.45% to 2.03% (Prasad
etal. 2017). The outer layer of the grain is its total oil content. The bran fraction and
aleurone layer have chief lipid bodies. Rice lipids are highly unsaturated fatty acids,
so considered blood cholesterol-lowering effects. Among this oleic acid is a mono-
unsaturated acid, while linoleic acid is a polyunsaturated fatty acid (Probart et al.
1993).

7.1.1.3 Rice Mineral Fractions

Mainly K, Mg, Zn, Mn, Fe, Cu, Na, and Al represent the mineral content of rice
grain, while Mo, Ni, Co, Cr, Li, and Pb are the trace elements. In different varieties
of seed, these mineral contents greatly vary in their concentration. To pile-up, these
mineral substances in a grain variety greatly depend upon its genetic variability, soil
micronutrients, and soil conditions. Some varieties possess the highest content of a
substance, while the other may just have its least amount (Prasad et al. 2017,
Table 7.2).

7.1.1.4 Rice Dietary Fibers

Total dietary fibers in rice are classified as insoluble dietary fibers and soluble
dietary fibers. These also vary in their gram percentage in different varieties of rice.
Taking an average of different varieties, total dietary fiber is about 3.05 gram, insol-
uble dietary fiber is 2.95 gram, and soluble dietary fiber is 0.97 gram (Prasad et al.
2017).

Table 7.2 Mineral and trace Mineral | mg/100 g

element content in rice on P 174

average in different varieties K 129
Mg 52.7
Ca 5.02
Zn 1.6
Na 0.78
Mn 0.80
Fe 0.58
Cu 0.20
Al 0.31
Mo 0.0829
Ni 0.0096
Co 0.0044
Cr 0.0016
Cd 0.0005
Pb 0.0012
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7.1.2 Irrigation and Water Stress

Water is essential for rice production. Both soil and seed are active in rice growth in
specific wetness. Rice harvesting is dependent on irrigation or rainfed wet soils.
Rice is traditionally grown by seed raised in the seedbed, direct wet seeding, or
direct dry seeding. Once the crop is established, the field is then kept in continuous
pond water state. Rice crop by nature for its growth and yield depends on the bal-
ance of water availability and its outflows (Smith and Hornbuckle 2013). Water
requirement for land preparation ranges from 100-150 mm (Bouman 2007) to
940 mm (Tabbal et al. 2002). This is due to the soaking and transplanting time dif-
ferences ranging from a few days to 2 months and water management control in
fields (Smith and Hornbuckle 2013). Soil type is a key factor in water management
control. In heavy clay soils, 1-5 mm per day and 25-30 mm per day in sandy soils,
percolation, and seepage are estimated (Bouman and Tuong 2001). Other water
losses from the field (Bouman 2007) involve transpiration about 70% and evapora-
tion about 30% of total evapotranspiration (Bouman et al. 2005), depending on the
dryness or wetness of climatic conditions (Smith et al. 2001).

Rice production area is going to increase and water tables are going to decrease.
Water input rates from rainfall and irrigation, soil texture for water retention, and
shallow and deep groundwater for capillary rise must balance with water losses and
outflows. Alteration of water flows to rice field results in stress. If climatic condi-
tions, soil type variation and ground water kept aside, the adaptation can be acheived
by choosing selective crop varities and water managment practices.

7.1.3 Augmentation Effect to Water Stress

The growth cycle of the rice crop is mainly divided into three phases: vegetation,
reproductive, and ripening or grain filling phase (Singh et al. 2015). All these phases
are affected by water stress, but it is more vulnerable at flowering that discourages
grain formation (Boonjung and Fukai 1996). Reduced spikelet fertility due to the
drought during meiosis in spore mother cells, resulting in premature abortion of
seeds. It also inhibits the formation of reproductive organs, i.e., ovary (Saini et al.
1983) and pollen (Saini 1997), is followed by functional failure or seed premature
abortion (Saini and Westage 2000). Pollen survival ability and fertility loss under
water stress are reported because of diverging anther maturity in a flower cluster (Jin
et al. 2013). Water stress causes inhibition in different progression steps as the spon-
taneous opening of anther, pollen peeling, pollen emergence, and fertilization
(Satake and Yoshida 1978; Ekanayake et al. 1990).
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7.1.4 Escalation Effect to Water Stress

Rice dry matter fabrication is low during and in subsequent periods of water stress.
It is sternly experienced during grain filling phase when it results in early maturity.
Eventually, individual grain mass reduced to 20% and filled grain declined to 40%.
Low dry matter production is subjective by growth phase’s combat due to water
unavailability. The growth rate is influenced by soil water accessibility (Boonjung
and Fukai 1996).

7.1.4.1 Nutritional Manipulation

Water stress affects starch synthesis genes; thus, abnormal starch accumulation and
distribution are examined (Jin et al. 2013). Carbohydrate availability influences pol-
len maturity, and its deficiency can cause pollen grain abnormality (Saini et al.
1984; Saini and Lalonde 1998; Joppa et al. 1996; Devries and Le 1970; Lalonde
et al. 1997). With soil moisture deficit, brown rice protein substance is raised, and
immature grain percentage is lowered (Renmin and Yuanshu 1989). Elevated pro-
tein can increase the dietary value of milled rice, but it can negatively link with
taste. Protein content also negatively relates to amylose content, because amylose
content decreases under water stress (Ishima et al. 1974).

7.1.4.2 Rice Plant Physiology

Water is a solvent and is the main element for translocation of minerals and metabo-
lites. It works as a reagent in plant tissue for chemical reactions. It is crucial for
turgor pressure and cell size (Carlos et al. 2008). Water stress affects photosynthesis
and transpiration influencing plant growth and activities; thus, grain filling poorly
occurs (Samonte et al. 2001).

7.1.4.3 Metabolism Persuaded

Water stress causes reprogramming of abscisic acid catabolism and gibberellin acid
signaling (Jin et al. 2013). Molecular level studies show chromosomal abnormali-
ties in moderate intensity water stress. During meiosis, certain defects appear as
prophase unpaired chromosomes; in metaphase and anaphase, chromosome segre-
gation; and in telophase, micronuclei formation. With the persistence of these
defects, 20-30% pollen grains appear nonviable (Namuco and Otoole 1986). The
specialized nutritive cell layer within anther is tapetum; microspores separated from
it cause disruption in nutrition and signaling (Jung et al. 2005; Li et al. 2006; Shi
et al. 2011; Hu et al. 2011; Zhu et al. 2013). Starch synthesis and accumulation
disruption and pollen growth abnormality are connected to the reduced activity of
invertase. Alterations in anther carbohydrate metabolism are due to water deficiency
at meiotic stage (Dorion et al. 1996; Sheoran and Saini 1996; Koojul et al. 2005,
Zhang et al. 2010).

7.1.4.4 Grain Quality
Grain quality is directed genetically as well as environmentally (Krishnan and Rao
2005). Grain filling is critical for grain quality and is subjective to water status
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(Dingkuhn and Gal 1996). In milled rice, with soil moisture deficit, protein content
is raised to relate to some extent with grain quality attributes like grain size, look,
and viscosity (Ishima et al. 1974). Extra centered whiteness of grain that affects
cooking traits is also observed in Basmati rice under water stress (Pandey et al.
2014). Grain filling, grain weight, and ultimately grain yield are significantly
reduced with normal nitrogen supply under water stress (Cai et al. 2006).

7.1.5 Yield Effect to Water Stress

Loss of yield of rice and other cereal crops is estimated in Asia due to less rain, El
Nino events, and increase in temperature (Aggarwal et al. 2000; Fischer et al. 2002).
In the rainfed systems, rice production is most severely affected as it has an esti-
mated area of 13 million ha lowland and ten million ha upland in Asia (Pandey et al.
2007). Food insecurity and rural poverty will rise in tropical and subtropical areas
(Bates et al. 2008). Yield loss is small when water stress is experienced at the veg-
etative phase. About 30% yield reduction is estimated at the flowering stage with a
compact number of the spikelet in a panicle. Yield reduction is more severe when
water stress is practiced at a panicle growth stage (Dorion et al. 1996; Sheoran and
Saini 1996; Wang et al. 2011). The number of spikelets is reduced to 60% and
flower functioning deferred and diminished are reasons to percentage loss of grain
filling (Boonjung and Fukai 1996).

7.1.6 Breeding Approaches to Water Stress

The desired cultivar must be tolerant of known stress. Alternating stress is examined
with controlled irrigation during selected phases of rice plant growth. The most
severely water stress targeted phases flowering and grain filling, are selected for
ranking cultivars. This natural selection is adaptive to stress resistance (Lafitte and
Courtois 2002). Rain fed rice breeding, by direct selection, without depriving yield
potential are also in the inspection. With defined breeding lines these varieties are
working better over the years during mild and stern water deficits (Verulker et al.
2010). Stable genotypes with high yield in different stress levels at different places
are recognized (Kumar et al. 2012).

7.1.7 Agronomic Prospects

Rice production systems with water productivity (Molden 1997), are in demand.
Irrigation needs and water stress studies have evolved a number of policies, elucida-
tions, and tactics to deal with these constraints. But these strategies and solutions
are still not fully practiced because farmers are not precisely acknowledged to the
severity of the water loss persistence. They are trying to provide required water if
not one source they approach to others although with paying the cost. There is a dire
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need to save water with less investment (Lampayan et al. 2004). Against habitual
cropping approach with extensive water supply some future terminations and altera-
tions are as follows.

7.1.7.1 Aerobic Rice System

Non-soaked and non-deluged rice grown under non-saturated soil state is a new
water economy strategy. It saves 73% water at land preparation phase and 56%
water in the growing phase (Castaneda et al. 2003). This system is based on biocides
and nutrients provided to accommodate their unavailability in aerobic assert. It is
water and labor securing scheme could be mechanized (Belder et al. 2004). Yield
outcomes accounted by this system show a specific rise in upland rainfed varieties
while a distinct fall in lowland varieties (Farooq et al. 2009).

7.1.7.2 Intermittent Irrigation Management

In general practice rice is grown under pond condition, that is, a nonflooding par-
ticularly dry soil with saturated or under low standing water irrigation (Won et al.
2005). It is by reducing the unwanted excessive runoff of flooding irrigation
(Bouman and Tuong 2001). This is efficient water using strategy it’s working capac-
ity changes with soil type and seed type. It is also proficient for better yield, as it
involves soil aeration, nutrient conscription, root magnification and intensification
(Arif et al. 2013).

7.1.7.3 Soil Saturation Culture

This is also an efficient use of water by reducing unnecessary losses, by keeping the
soil saturated and reducing surface elevation. It secures 34% water than conven-
tional ways of rice cropping (Borrell et al. 1993). Experimentation revealed this

scheme is decreasing water input without compromising yield (Bouman and Tuong
2001).

7.2 Conclusions

World’s food and economy both transactions are equally sharing rice significance.
Not only agricultural countries others as well depending on rice production and
yield due to its vitality as a food component. Increasing needs and feeds raised
dependency on existing abiotic sources. Water is essential for rice crop from its
origin and nature. With increasing demands of huge population cultivated land area
has been raised. But existing limited available water sources are insufficient and
going to scarce in future in many regions.

Rice is an elementary component of food. Its nutritious value is high with carbo-
hydrates, proteins, and minerals. Rice plant nourishing is reliant on its seed type,
seed quality, soil type, soil quality, environmental aspects, and climatic circum-
stances. Water stress is a rigorous situation for rice plant growth, acceleration, and
propagation. Water unavailability or limited supply dislocates its wholesome intake.
It disturbs plant structure and function.
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Water intake of rice is through rain water and irrigation. Soil moisture and field
irrigation requirements are largely dependent on climatic conditions. Water discrep-
ancy is influencing during different phases of plant growth especially flowering.
During meiosis1 chromosomal disruptions, anther and pollen structural and func-
tional abnormalities are observed. Afterward collapse of fertilization, grain estab-
lishment and seed maturation are also disturbed.

Water stress imbalanced rice plant’s biochemical processes, physiology, and
functioning. Grain filling defeat and seed immature abortion result yield loss.
However, it is examined that more yield loss occurs when water deficit is experi-
enced during the flowering phase in comparison with the vegetative phase. Rice is
an essential component of food and will be in the future. Its production loss is not
favored at any cost. Therefore, new ways, schemes, and technologies are continu-
ously being introduced to overcome water stress. Breeding and agronomical
approaches are in practice to gain water productivity. Customary ways of flood irri-
gation are not long lasting in the current scenario. Limited irrigation, Soil moisture
consumption, and direct seeding are going to be common practices being water
efficient policies. Selected breeding and more resistant, adaptive gene mechanisms
are also introduced and experimentally examined in rice research institutes world
over. To gain rice tolerance against water stress is decisive to achieve the desired
quantity and quality production.
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Abstract

Balanced nutrition is one of the key factors that contribute to optimum crop pro-
duction under various environmental stresses including drought and salinity.
Proper management of fertilizers leads to improved tolerance against these abi-
otic factors. In contrast, nutrient deficiency is a widespread problem, worsened
by the non-availability of water or excessive salts in the soil. The impact of nutri-
ent deficiencies includes reduced biomass accumulation, increased susceptibility
to pathogens and diseases, and stunted plant growth directly linked to yield
potential of most arable crops. Moreover, reduced tolerance to drought and salin-
ity is also associated with low nutrient uptake and accumulation in crop plants.
In this chapter, we highlighted the importance of mineral nutrients such as nitro-
gen, phosphorus, potassium, calcium, magnesium, sulphur, zinc, and boron to
crop productivity under drought and salt stress conditions. In addition, interac-

tive effects of mineral nutrients are also discussed and reported.
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Abbreviations

5-ALA aminolevulinic acid
AAO  ascorbic acid oxidase
ABA  abscisic acid

APX  ascorbate peroxidase
AQPs  aquaporins

B boron

Ca calcium

CAT  catalase

K potassium

MDA  malondialdehyde
Mg magnesium

N nitrogen

Na sodium

NaHS sodium hydrosulfide
P phosphorus

PAL  phenylalanine ammonia lyase
POX  peroxidase

ROS  reactive oxygen species

S sulfur

SA salicylic acid

SOD  superoxide dismutase

Tre trehalose

Zn zinc

8.1 Introduction

Plants being sessile face multiple adverse environmental conditions throughout their
life known as abiotic stresses, more precisely defined as any environmental factor
which exerts negative effect on optimum plant functions. The major abiotic stresses
are drought, salinity, and low and high temperature which negatively influence the
biomass production, economical yields, and ultimately survival of food crops up to
70% and hence are real threat to global food security. Drought stress affects various
morphological and molecular cascades of plant at different growth stages. The gen-
eral effects of drought stress take place at all growth stages irrespective of the plant
species (Nawaz et al. 2012; Majeed et al. 2018). In addition, escalating soil salinity
is the main cause of arable land degradation, 7% land area of the world is salt-
affected, and worryingly, the extent of salinity of salt-affected soils and continuous
spread is at alarming rate in densely populated countries (Vashev et al. 2010).
Plants adopt a wide range of resistance mechanisms to alleviate the adversities of
abiotic stresses. The production of reactive oxygen species (ROS) under such envi-
ronmental stress conditions results in activation of antioxidants such as catalase
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(CAT), peroxidase (POX), ascorbate peroxidase (APX), glutathione reductase (GR),
and superoxide dismutase (Wariach et al. 2011). Despite internal resistance of plants,
balanced nutrient supply confers resistance against abiotic stress factors. Increasing
evidence depict that reduced mineral nutritional status of plants has imposed delete-
rious impacts on plant resistance adaptations (Marschner 1995). It is evident that the
reduced absorption of mineral nutrients to plants under abiotic stresses is because of
disturbed activity of membrane transporters (Akram et al. 2009). Exogenous applica-
tion of inorganic nutrients have proved an essential approach for improving stress
tolerance in plants through cell expansion, osmotic adjustment, stomatal aperture,
charge balance, protein synthesis, and homeostasis (Wasti et al. 2017) (Fig. 8.1).
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Fig. 8.1 Schematic overview of the role of mineral nutrition in improving drought and salinity
tolerance in crop plants
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8.2 Nitrogen (N)

Under water scarce conditions, absorption of N by the plants is essential for their
growth because of its active role in structural and metabolic processes (Hassan et al.
2005). Its availability promotes the roots ability for more water and nutrients uptake.
In N-deficient soils, the processes of cell division, cell expansion, and transpiration
are severely affected through closing of stomata which contributes toward reduced
growth (Vos and Biemond 1992; Waraich et al. 2011). Rufty et al. (1988) and
Marschner (1995) suggested that enhanced N status of plants improves antioxida-
tive defense system, carbon assimilation, accumulation of soluble sugars, and
reduced photo-oxidation of chlorophyll pigments, resulting in higher cell growth
and final leaf area. Improved photosynthetic ability of plants with higher light inter-
ception owing to expanded leaf surface area has also been supposed by N supply.
The reduced activity of RuBisCO enzyme and chloroplast pigments during the pro-
cess of photosynthesis is mainly due to limited N supply. Consequently, higher cell
metabolic activities based on stromal and thylakoid proteins attributed to N addi-
tion. Under water-deficient conditions, morpho-physiological changes in plants like
reduced leaf dry biomass, excised leaf weight loss, relative dry weight, relative
water contents (RWC), and chlorophyll pigments could be alleviated with N fertil-
ization. Drought-induced alterations in RNA contents accredited to increased activ-
ity of RNAse, leading toward reduced protein contents. In sunflower and wheat
roots, nitrate reductase activity under drought stress conditions is severely affected
by nitrate deficiency, but was contrasting in the roots of maize plants (Martin and
Dasilva, 1972; Gimenez et al. 1992; Lawlor, 2002).

N maintains the metabolic function of plant at low tissue water potential, thereby
playing an important role to alleviate drought stress in cereal crops. Application of
N at vegetative stage mitigated the negative effects of drought stress in wheat (Abid
et al. 2016). Low N supply (0.16 g/kg soil) reduced the grain filling duration and
decreased final yield under water deficit conditions. However, high dose of N
(0.24 g/kg soil) induced resistance against severe drought stress and increased grain
yield, mainly due to enhanced antioxidative defense system and metabolic activi-
ties. Similarly, Shi et al. (2014) recorded a marked increase in nitrogen use effi-
ciency (NUE), water use efficiency (WUE), as well as photosynthesis and biomass
accumulation of wheat applied with N under drought stress conditions. Increased
grain yield in barley, supplemented with N under drought stress conditions, pro-
vided further evidence that N supply directly influences quantum yield and activi-
ties of antioxidative enzymes to improve yield in crop plants (Movludi et al. 2014).
Mannan et al. (2012) observed that increasing N levels improved growth and yield
in rice under water deficit conditions. Recently, a comparative study involving
application of ammonium (NH,) and nitrate (NO3) under limited water conditions
showed that NH, was more effective than NO; to induce drought resistance in rice
(Ding et al. 2015). Application of NH, significantly increased the root hydraulic
conductivity, plasma intrinsic protein (PIP), expression of root aquaporins (AQPs),
and protoplast water permeability suggesting positive association of NH, with
AQPs.
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Low winter rainfall and irrigation with brackish water are the primary causes of
salinity in soils (Maggio and Cavallaro 2011). Salt stress reduces crop growth and
production by adversely affecting metabolic activities and physiological process
including assimilation, uptake, and translocation of NO; and increases sap osmolal-
ity from 305 to 530 mOs mol kg~! in roots (Annunziata et al. 2017). Under salt-
stress conditions, nitrate reductase enzyme of nitrate reduction pathway is severely
affected by salinity. Increased activity of this enzyme in salt-tolerant plants than
salt-sensitive means has vast capacity for inducing tolerance against salinity stress.
The evidence from previous studies that glutamic acid, a primary product of N
assimilation acts as a donor of amino group for many kinds of essential amino acids
and actively involved in development of 5-aminolevulinic acid (5-ALA) and pro-
line. Accumulation of proline in plants of salinity stress helps them to survive under
such types of punitive conditions by adopting various biochemical adaptations. Its
active role in osmotic adjustment as an osmolyte protects the DNA, membrane, and
protein structures. Synthesis of ROS (O,~, H,0,, !0,) under salinity stress decreases
with proline availability because of its scavenging ability for free radicals.
Exogenous aminolevulinic acid (5-ALA) application alleviates the lethal effects of
salt stress by dominating the anti-stress properties. Production of chlorophyll pig-
ments, hemes, proteins stabilization, plant growth regulation, and cytokinins accu-
mulation is attributed to 5-ALA synthesis (Kuznetsov and Shevyakova 1999;
Watanabe et al. 2006). Application of N significantly improved the growth traits and
root system because of increased activity of nitrate reductase. In barley plants, salin-
ity stress has imposed serious impacts on reduced activity of nitrate reductase. Its
reduced activity in salinity-induced plants caused accumulation of proline and
5-ALA. The decrease in protein contents owing to salinity stress caused significant
decline in chlorophyll, 5-ALA, proline, and heme, based on N nutrition. Enhanced
synthesis of these contents promotes the activity of peroxidases enzyme for induc-
ing salt tolerance in ROS infected plants. It is well known that salinity has drastic
effects on plants growth and development in terms of reduced respiration and the
process of photosynthesis. Plants exposed to salinity stress provide protection to
physiological processes during its adaptation through increased synthesis of pro-
line, ALA, heme, and chlorophyll contents. Damage to thylakoid membrane results
in inhibition of electron transport chain on account of reduced protein-pigment
complexes in cytochromes, reaction centers, and antenna complexes of PS-I and
PS-I1I, which consequently lowers the photosynthetic efficiency of plants. Hence,
5-ALA production in response to N nutrition is accountable to synthesis of heme
and carotenoids, and mediating the plant growth through enhanced activities of anti-
oxidants as catalase (CAT), peroxidase (POX), superoxide dismutase (SOD), and
ascorbate peroxidase (APX) (Parida et al. 2003; Averina and Yaronskaya 2012;
Averina et al. 2014).

In pearl millet, application of N at the rate of 225 kg ha~! increased grain produc-
tion by 34% compared to 150 kg ha=! N supply under salts stress conditions (Heidari
and Jamshid 2010). Likewise, Abdelgadir et al. (2010) noted that increasing N level
significantly increased the straw and grain yield in salt-stressed wheat plants. A
marked effect of N fertigation (110 kg ha™') was also observed on NaCl-treated
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wheat seedlings by Fallahi et al. (2012). Application of maize with high N dose of
300 kg ha™! decreased the sensitivity of plants to salinity stress resulting in high
yield (Azizian and Sepaskhah 2014). Esmaili et al. (2008) observed that N induced
salinity tolerance in sorghum was associated with increased uptake of nutrients and
suggested that application of N fertilizers after seedling emergence could minimize
N leaching in plants. Similar results were reported by Rawal and Kuligod (2014) in
maize exposed to salinity stress. They recorded maximum nutrient uptake and high-
est yield in plants supplemented with 200 kg ha=".

8.3 Phosphorus (P)

Phosphorus (P) is actively involved in plant growth and development. Its deficiency
reduces the uptake and assimilation of nitrates by affecting the nitrate reductase
enzyme activity (Pilbeam et al. 1993). A strong relationship between leaf turgor
pressure and stomatal conductance has been reported by Radin (1984). Under
drought conditions, the deficiency of P is prevalent through impaired root absorp-
tion rate and translocation toward shoot. The relative growth rate and photosynthetic
ability of plants is negatively affected with P deficiency by reduced cell turgidity.
Indeed, P actively involved in energy processes, enzyme regulation, transport of
carbohydrates, and building of adenosine triphosphate (ATP), phospholipids,
nucleic acids, and phosphorus-proteins. The decline in net photosynthesis is attrib-
uted to decreased regeneration capacity of ribulose 1,5 bisphosphate and stomatal
conductance. In addition, plants in P-deficient soils are unable to consume photo-
assimilates for growth processes (Brooks 1986; Fredeen et al. 1989). The earlier
effect of water scarcity in plants is the P deficiency. Its availability improves plant
growth even under mild drought stress because of its active role in water status,
photosynthesis, stomatal conductance, and cell membrane stability index.
Phosphorus induces drought tolerance ability in plants through promoting symbio-
sis association of roots with mycorrhiza, leading toward enhanced water and nutri-
ents uptake. The more absorption of water and nutrients, in turn, improves nitrate
reductase activity for assimilation of nitrates. It is suggested that priming with P
nutrient also improves the growth processes under drought stress (Ajouri et al.
2004; Waraich et al. 2011).

A drastic change in morpho-physiological mechanisms through distraction in
intercellular osmotic gradient is the main cause of salinity stress. The disturbed
functioning as decreased protein synthesis, photosynthesis, enzymatic activity, P,
K*, Ca** imbalances, water relations, membrane stability index is responsible for
decreased stem width, length, diameter, pith, leaf thickness, xylem vessels, and
length of leaf vascular bundles (Semida et al. 2014). Higher salinity tolerance with
P supply has been suggested in previous reports. It is well documented that only
moderate supply of P is essential for salinity tolerance in rice plants while its higher
concentration leads toward toxicity in cells, which in turn decreases crop productiv-
ity (L'taief et al. 2012). Plants exposed to salt stress conditions causes a significant
decline in chlorophyll pigments. The decrease in green pigments reduces
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photosynthesis, which is a principal source of energy for physiological and bio-
chemical processes. A considerable decline in chlorophyll contents might be caused
by disoriented thylakoid membranes and degraded chlorophyll pigments. Indeed,
the synthesis of chlorophyllase enzyme, a proteolytic enzyme, is the cause of rapid
degradation of chlorophylls, attributed to reduced growth and assimilation rates
(Rong-hua et al. 2006).

The production of osmo-protectants like total soluble sugars, proline, and free
fatty acid contents are improved in plants of salinity stress, while its concentrations
further increase in P-rich plants. These osmo-protectants are involved in salt-tolerant
mechanism of osmotic adjustment for plants’ survival under salt-induced conditions
(An and Liang 2013).The biosynthesis of osmo-solutes also adopts strategy against
salinity stress by acting as protectants for cellular and enzymes structures. Another
reason for salinity tolerance by producing osmolytes is that behavior like N storage
compounds. The salinity tolerance responses of osmolytes in terms of N fixation
and plant development have been reported in Proteus vulgaris, Phaseolus acutifo-
lius, and Medicago sativa (Taie et al. 2013). P’s role in mitigating the salinity-
induced adversities in Pistacia vera is because of its contribution to increased sugar
contents. P’s active role in osmotic adjustment is because of higher concentrations
of produced osmolytes. Addition of P to salt-stressed plants provides support in the
pathway of sugar synthesis and its structural formation. The decrease in mineral
elements like K* under prevalent saline conditions could be related to selective
absorption and gradient competition between Na* and K* resulted in increase in
uptake of Na* in spite of K* This synergistic effect of P upon Ca*, Mg*, and K* may
be responsible for osmotic adjustment in plants for improved tolerance to salinity
stress (Shahriaripour et al. 2011; Bargaz et al. 2016).

8.4 Potassium (K)

Potassium (K) is considered the most effective element for inducing drought toler-
ance in plants. It is involved in various physiological and biochemical mechanisms
such as enzymes activation, photosynthesis, turgor pressure maintenance, and pho-
tosynthates translocation (Mengel and Kirkby 2001). Increased photosynthesis and
plant growth under drought stress conditions is attributable to improved K nutrient
status of plants. The possible way for alleviating drought adversities in drought-
stressed plants by K supply is the higher water use efficiency. Improved tolerance
ability of K-rich plants is due to its crucial role in the maintenance of osmotic poten-
tial and turgidity of the cells, which regulates the proper functioning of the stomates
(Kant and Kafkafi, 2002). K protects the plants against harmful effects of drought
by efficient utilization of soil moisture, maintaining high stroma pH, and reduced
photo-oxidative damage to the chloroplast (Cakmak 1997). Plants suffering from
abiotic stresses require more K to ameliorate their adverse effects. A high demand
for K is relatively linked with its critical role in assimilation of CO,. The decreased
leaf water potential due to drought stress conditions causes stomatal closure, which
eventually reduces CO, fixation. Among the harmful effects of environmental
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stresses like drought stress is the formation of reactive oxygen species (ROS). Its
increased production induces oxidative damage to the chloroplast particularly dur-
ing the process of photosynthesis. The abnormalities in photosynthesis and carbo-
hydrate metabolism are also associated with ROS synthesis. A more decrease in
photosynthesis in K-deficient plans under drought stress conditions is due to
decrease in K within the chloroplast and further synthesis of ROS. Therefore, to
lessen the severity of drought stress, K could be the possible way to avoid the disor-
ders of water relations, stomatal opening, cell oxidative damages, and finally photo-
synthesis (Mengel and Kirkby 2001; Jiang and Zhang 2002; Waraich et al. 2011).

Exogenous K supply enhances the biomass accumulation and influences grain
weight and yield by increasing the translocation of dry matter into grain. Moreover,
K plays a critical role in drought tolerance by increasing water use efficiency, main-
taining water balance, regulating stomatal conductance, and improving carbohy-
drate content (Hussain et al. 2016). It decreases the risk of cavitation under low
water availability, thus enabling the plants to tolerate drought stress (Trifilo et al.
2008). Application of KCl and K,SO, was observed to increase drought tolerance in
rice by increasing proline content and activities of antioxidative enzymes (Zain and
Ismail 2016). In addition, K-induced high transpiration rate increased uptake of
nutrients to alleviate the damaging effects of drought stress. Foliar spray of K (using
K,SO, as a source) before silking stage reduced kernel abortion and significantly
increased grain yield and K concentration in maize under water deficit conditions
(Shahzad et al. 2017). Similarly, soil applied with K (100 mg kg~' of soil) increased
growth and yield of two contrasting maize hybrids, viz., 32F-10 (drought tolerant)
and YH-1898 (drought sensitive), under drought stress (Aslam et al. 2013). Hussain
et al. (2017) reported that combined application of K with Zn
(150 kg ha™! K + 12 kg ha™! Zn) was more effective than individual application of
these nutrients to mitigate drought stress in maize.

In wheat, K application was observed to increase pigments (chlorophyll and
carotenoids) and activity of aminotransferase resulting in improved RWC and yield
under water deficit conditions (Jatav et al. 2014). Recent studies by Shah et al.
(2017) also showed a marked increase in wheat yield by exogenous K supply.
Exogenous K supply improves water relations and prevents the degrardation of pig-
ments and plasma membrane proteins under water stress conditions (Alam et al.
2011; Zareian et al. 2013). Safar-Noori et al. (2018) provided evidence that K appli-
cation along with salicylic acid (SA) could increase nutritional quality and grain
yield of wheat under drought stress. They observed a significant increase in water-
soluble pentosan and starch content by SA + K treatment. Likewise, Rohbakhsh
(2013) reported a marked increase in forage yield and quality of sorghum by K
application under limited water conditions.

Salt-induced effects on crop growth and productivity could be alleviated by K
application because of its direct involvement in photosynthesis, synthesis of pro-
teins, regulation of stomata, and turgor-pressure-driven solute transport in the xylem
(Ashraf 2004). Furthermore, type of cuticle or wax deposition on leaf surface, type,
source, type and applied concentration of K, growth conditions and its absorption
are the basis for its effective utilization. K deficiency causes a significant decline in
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growth of plants due to its active role in photosynthesis. The decline in leaf K con-
tents in K-deficient plants is responsible for disturbed stomatal regulation, conse-
quently affecting the rate of photosynthesis. Availability of K in guard cells,
epidermal cells, and leaf apoplast is considered to be essential for mediating the
proper functioning of stomates. It has been reported that K contributes to optimize
the water balance and assimilate partitioning in salt-stressed plants. Its essential role
as osmotic adjustment into the vacuole helps the plants to survive under stressful
environment by maintaining their water relations (Shabala et al. 2002; Akram et al.
2009). ROS production in salinity-induced plants is the main reason of unbalancing
of homeostasis, resulting in ion toxicity, osmotic stress, and lipid peroxidation,
eventually reducing permeability of cell membrane for ion leakage (Sairam et al.
2002; Kukreja et al. 2005). Improvement in salinity stress in K-enriched plants has
been reported in corn, rice, and wheat by its imperative role in activation of antioxi-
dants. A major decline in ion leakage by K supply has also been reported in salt-
induced spinach plants. Availability of K to salt-stressed plants showed positive
response in mitigating its drastic effects because of its antagonistic behavior for
uptake of Na ions. The enhancement in growth by K application under salinity
stress was also reported in rice plants (Lynch and Lauchli 1984; Kaya et al. 2001).
A significant decline in chlorophyll contents (a and b) was observed in maize plant
when exposed to salt stress conditions. The biochemical alterations which are
responsible for reducing chlorophyll pigments in salt-affected plants could be due
to degradation of proteins, chlorophyll enzymes, and chloroplast structure. It is sug-
gested that lethal effects are also in terms of reduced K*/Na* ratio of salt-stressed
plants. Addition of K improved the K nutrient concentration in plants, resulting in
higher K*/Na* ratio, which is responsible for salinity tolerance (Hernandez and
Alamansa 2002; Abbasi et al. 2012).

8.5 Calcium (Ca)

Calcium (Ca) is considered most effective in enhancing drought tolerance ability in
plants by maintaining the integrity of cell wall. It also facilitates the plants to accli-
matize and recover from drought injury by its critical role in plant metabolism. To
reduce the severe effects of drought, the possible way is the improved Ca nutrition
in drought-stressed plants. Calcium protects the plant from drought injury by regu-
lating the enzymatic activity of plasma membrane ATPase. This enzyme is actively
involved in pumping back those lost nutrients during cell damage because of Ca
deficiency (Palta 2000).

Imbalance nutritional status of salt-stressed plants is due to interaction and competi-
tion of Na* and Cl~ with other nutrients, leading to nutrient deficiencies, particularly
uptake of Ca and N. Calcium is considered an essential element for ameliorating dras-
tic effects of salinity because of its active role in varying mechanisms such as cell wall
stabilization, functional and structural integrity of plant membrane, signaling pro-
cesses, regulation and selectivity of ion transport, and enzyme activities of cell wall
(Hadi and Karimi 2012). Salinity stress causes a decrease in Ca contents in the
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cytoplasm, attributed to lower Ca signals required for stress tolerance. In various bio-
logical systems, Ca acts as messenger for inducing salt tolerance ability in plants under
harsh conditions by stimulating the system of signal transduction (Parre et al. 2007).

It has been reported that Ca has protective role in plant growth and development
even under high salinity stress. Cell reproduction and volume in cotton roots was
stimulated with supplemented Ca nutrition. Lowering of Na*/Ca** ratio has signifi-
cant impacts on cell shape and its production. The root cells become thinner and
longer due to narrow Na*/Ca®* ratio (Leidi and Saiz 1997; Cramer 2002). Transport
of water across root cell membranes from roots to leaves is affected when plants are
exposed to salinity stress because of reduced hydraulic conductivity of roots with
increased Na*/Ca** ratio. Exogenous Ca has potential to avoid the inhibition of roots
hydraulic conductivity under Na-stress (Azaizeh et al. 1992). Cell wall extension
under salinity stress is reduced with increased Na*/Ca?* ratio as it affects biosynthe-
sis of cell wall. Under high salinity levels, the biosynthesis of cellulose and non-
cellulosic polysaccharide in the cell wall is affected in cotton roots with increased
contents of uronic acid of cell wall, which eventually lose the integrity of cell wall.
Modifications in concentration of cellulose and uronic acid is prevented if plants are
supplied with Ca nutrition. With increased evidences, it is suggested that inhibition
in enzymes activity and degradation of polysaccharides could be reduced by supple-
menting Ca. Ca-deficient plants under sodium stress were observed with changed
composition of cell wall, specifically that of pectic polysaccharides (Hadi and
Karimi 2012).

8.6 Magnesium (Mg)

Magnesium (Mg) is an important element for plant development because of its
direct involvement in physio-biochemical mechanisms. Transport of photosynthates
from source to sink is prompted with Mg nutrition supply. Sufficient Mg nutrient
increases water and nutrients uptake because of increased root growth, helps in
export of carbohydrates, reducing ROS production and photo-oxidative damage to
cells under drought stress conditions. An enhanced chlorophyll is directly linked
with Mg that is bound in the chloroplast. Interveinal chlorosis in drought-stressed
plants is mostly prominent by Mg deficiency. Another reason of its deficiency in
plants is presence of competing cations such as Ca, Al, H, NH,, and Na. Reduction
in export and carbohydrates accumulation in Mg-deficient plants is the major cause
of restricted CO, fixation. Utilization of electrons is being limited to CO, fixation
due to impaired photosynthetic electron transport chain, thereby leading to ROS
generation, which causes damage to membrane lipids and chlorophyll pigments.
Tolerance to drought stress in plants is induced, however, by activating various
kinds of enzymes such as RuBisCO, protein kinases, and ATPases by Mg supply
(Mengel and Kirkby 2001; Mittler 2002; Shaul 2002; Epstein and Bloom 2004).
Harmful effects of salt stress on account of reduced photosynthesis may be due
to alterations in stomatal conductance. More negative leaf water potential and
osmotic potential under adverse conditions of salinity mediates turgidity of stomatal
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cells, which ultimately reduces stomatal regulation in plants. Crop productivity may
eventually decrease in relation to depressed photo-assimilation during the process
of photosynthesis (Xu et al. 1994). It is depicted that under salinity stress, even
plants are osmotically adjusted; water absorption could not regain their turgidity. To
balance the water loss, Mg has strong impact on maintaining the water status of salt-
stressed plants. Higher leaf stomatal conductance in Mg rich plants might be
because of decreased leaf water potential and subsequent increase in leaf turgor
pressure. Mg is involved in many enzymatic reactions, protein synthesis, osmoregu-
lation, and growth of salt-stressed plants (Furriel et al. 2000).

8.7 Sulfur (S)

Sulfur (S), due to its importance in plant growth, development, and involvement in
several defense mechanisms, is now being considered as fourth major macronutri-
ent required by plant. Its importance is evident from the fact that it is a vital con-
stituent of vitamins, pantothenic acid, and prosthetic groups. S-containing
compounds like GSH, thiols, and sulfolipids are involved in defense mechanisms
and also normal functioning of plants (Brychkova et al. 2007; Miinchberg et al.
2007). In addition, it plays key roles in enzyme activation, chlorophyll formation,
increasing photosynthesis, and synthesis of nucleic acids (Kaur et al. 2013).
Glutathione, an S-containing compound, is involved in improving the assimilation
of other nutrients. Furthermore, it stimulates the defense system against oxidative
stress (Miinchberg et al. 2007).

Sulfur plays an important role in plant growth, tolerance mechanisms, and forma-
tion of root nodules in legumes. Assimilation of S begins from the absorption of S
from soil by SULTR (sulfate transporters) genes present in the roots. However, in
S-deficient soils, plants can also absorb foliar S especially through hydrogen sulfide
(H,S) (Koralewska et al. 2008). Plants response to stress results in increased sulfate
flux compared to other ions like NO; or PO, showing that there is a high demand for
S under abiotic stress (Ernst et al. 2010). S nutrition can enhance the efficiency of
essential primary macronutrients like N and P (Azza et al. 2011), and plant needs
similar amounts of S and P (Ali et al. 2008). In cereals, S nutrition improves the effi-
ciency of N absorption and assimilation because the enzymes involved in metabolism
of N have S as their vital constituent (Salvagiotti et al. 2009; De Bona et al. 2011).

During drought stress, when leaves are only site for ABA synthesis, sulfate in the
xylem of plant acts as chemical signal for closing stomata. In addition, it also acts
as a chemical signal for ABA-dependent stomatal closure in leaves during early
stages of water stress when ABA biosynthesis is restricted to leaves (Ernst et al.
2010). In recent years, important roles of S in alleviating various stresses have been
studied in detail (Rausch and Wachter 2005). In wheat, exogenous sodium hydro-
sulfide (NaHS) supply increased RWC and biomass accumulation at seedling stage
compared to control plants under water deficit conditions. Moreover, it also upregu-
lated the ABA catabolism genes, ABA reactivation genes, and expression levels of
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ABA synthesis in the roots of wheat plants. The results from this research indicated
that exogenous NaHS can mitigate drought stress by the participation of ABA. Shan
et al. (2011) evaluated the effects of H,S application on ascorbate and glutathione
assimilation in wheat leaves under drought stress. Sodium hydrosulfide (NaHS; H,S
donor) was used as a source of S. Pretreatment with NaHS reduced the contents of
malondialdehyde (MDA) and electrolyte leakage caused by drought stress.
Moreover, pretreatment with S enhanced the activities of GR, APX, gamma-
glutamylcysteine synthetase (yGCS), and dehydroascorbate reductase (DHAR)
compared to control plants. Application of trehalose (Tre) and SA resulted in
increased activities of peroxidase (POD) and phenylalanine ammonia lyase (PAL),
increased ascorbic acid oxidase (AAO) under stress, and decreased level of lipid
peroxidation, preventing membrane leakage (Aldesuquy and Ghanem 2015). They
concluded that SA and Tre are very effective in mitigating the negative effects of
drought stress in wheat.

Salinity stress severely affects stomatal conductance leading to the restriction of
gaseous exchange in plants. Hence, CO, absorption and availability in plants reduce,
resulting in decreased rate of photosynthesis (Flexas et al. 2007). S-containing com-
pounds have the ability to modify the physiological processes of plants to increase
tolerance of plants under saline conditions (Khan et al. 2014). Hazardous effects of
salinity on rice yield and quality can be alleviated by combined application of gyp-
sum and S (Shaban et al. 2013). They reported that application of gypsum and S can
be very helpful in improving vegetative growth, grain yield, and quality of rice
grown under saline conditions. Supplementation of wheat with CaSO, at the rate of
150 kg ha-' markedly increased tillers, spike length, 1000 grain weight, grains
spike™!, and straw yield under salt stress conditions (Arshadullah et al. 2013).
Furthermore, increase in Ca, Mg, and S and a decline in Na were also observed in
grains compared to control plants, indicating that CaSO, application can signifi-
cantly increase essential macronutrients Ca, Mg, and S and avoid uptake of Na.
Khan et al. (2006) investigated the importance of S in increasing the yield and yield-
related traits of maize under saline conditions and concluded that fertilization with
60 kg ha™! S markedly improved biomass (41%), 1000-grain weight (5%), and total
grain weight (43%) in salt-stressed plants. In rice, application of 600 kg ha™' S
along with 6-day irrigation interval resulted in the highest water productivity rates
and significantly improved grain and biological yield under saline conditions (Zayed
et al. 2017). Maize seedlings treated with 60 and 80 mM CaSO, exhibited the high-
est germination percentage, mean emergence time, germination energy, mean daily
emergence, and germination speed under salt stress conditions (Riffat and Ahmad
2016). Ye et al. (2015) reported that pretreatment of wheat grains with H,S during
imbibition can increase the germination of wheat seeds by reducing the inhibitory
effects of salt stress. In addition, seeds treated with NaHS showed higher activities
of esterase and amylase compared to control plants. It also reduced the levels of
MDA and the alterations made in solidarity of plasma membrane by NaCl particu-
larly in the tips of radicle.
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8.8 Boron (B)

Boron (B) is considered as essential element because of its primary role in the integ-
rity of cell wall. Mineral nutritional supply of B plays a vital role in stimulating
plant resistance against drought stress factor. Reduced stunted growth of plants
under drought stress is related to the fact that B nutrition helps to strengthen the
plants through promoting flower retention, pollen tube formation, sugar transport,
and carbohydrates metabolism. A wide range of physiological and biochemical
changes at molecular and cellular levels are induced in drought-stressed plants.
Alleviation of these drought adversities by B nutrition is because of increased
uptake of water from the soil rhizosphere with more root hairs and mycorrhiza pro-
duction, resulting in higher CO, assimilation and stomatal conductance (Bartels and
Sunkar 2005; Christensen 2005; Gustav et al. 2008). Accumulation of polyamines
and chlorogenic acid and reduced biosynthesis of indole acetic acid (IAA) and cyto-
kinins (CK) in drought-stressed plants might be due to B deficiency. Crop produc-
tivity increased because B has a role in improving photosynthesis, water use
efficiency, and pollen viability and assimilates partitioning under water deficit con-
ditions. Imposition of drought stress caused considerable decline in leaf water
potential, while B supplementation changed the water potential more positively.
More negative leaf water potential was also perceived in B-deficient legume plants
due to reduced transpiration efficiency in response to water scarcity conditions (Wei
et al. 2005; Will et al. 2011; Upadhyaya et al. 2012).

Salt-induced reduction in growth of plants could be minimized in the presence of
B. Its increased supply causes accumulation of B in different plant organs such as
shoot, root, style, stigma, and ovary, which results in better pollination, seed setting,
and vigorous grain formation. Improved salinity tolerance in rice plants seems pos-
sible due to ion exclusion mechanisms (Mehmood et al. 2009: Aftab et al. 2015).
Reduced transpiration rate because of salinity stress has been suggested to affect the
interaction of B with salinity, its uptake through the roots, and translocation to
shoot. The root uptake of B is severely affected in salt stress conditions. Uptake of
B is predominantly based on membrane permeability in plants subjected to salt
stress. Salt-induced changes in membrane composition, changed aquaporin func-
tionality, or membrane damage, resulted in reduced B translocation to shoots.
Salinity-induced changes in transpiration rate of plants might be caused by closed
stomata and transpiration-driven water flow (Hu and Brown 1997; Wimmer and
Goldbach 2012).

8.9 Zinc (Zn)

The possible way to mitigate the damaging effects of drought stress in plants is the
efficient use of Zn nutrition. The decrease in crop productivity under environmental
stress conditions is only because of Zn deficiency. Zn supplementation under drought
conditions balances the hormonal status of plants and ensures its survival under
adverse conditions of drought. It has been suggested that drought stress alter the
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normal functioning of auxin in plants. Its application under such harsh conditions acts
as co-enzyme for the synthesis of tryptophan, a precursor for auxin production, and
thereby increases root development for improved water status of plants. In previous
studies, stunted growth and chlorotic leaves in maize, reduced photosynthesis because
of decreased intercellular CO, concentration, carbonic anhydrase activity, and stoma-
tal conductance in cauliflower, lowered osmotic potential in cabbage, and declined
transpiration rate in pecan plants were observed in Zn-deficient plants. In addition, Zn
nutrition protects the plants from oxidative damage of ROS by enhancing the activi-
ties of antioxidants and reduced activity of membrane-bound NADPH oxidase under
drought stress conditions (Waraich et al. 2011). Improvement in drought tolerance in
crop plants by Zn application is also because of protein and carbohydrate metabolism,
starch formation, and membrane integrity (Fageria et al. 2002).

Zn-nutritional status of plants is essential for higher crop productivity. Its defi-
ciency is considered a most limiting factor for plant development under salinity
stress environmental conditions (Khoshgoftar et al. 2004). It seems in previous
studies that improvement in salt tolerance in plants could be possible by Zn addi-
tive. Plants exposed to saline conditions have higher concentrations of Na* and C1~
ions. Generally, reduced drastic effects in salt-stressed plants with supplemented Zn
are because of increased membrane stability index. Enriched plants with exoge-
nously applied Zn have critical role in mediating the permeability of membranes by
sustaining the membrane lipids that are active structurally and functionally.
Instability of cellular membrane due to Zn deficiency in salt-affected plants is attrib-
utable to excessive uptake of Na* and CI~ ions at toxic level, indicating damage to
membrane permeability (Kong et al. 2005; Aktas et al. 2006). Tavallali et al. (2009)
also suggested a possible role of Zn in improving salt tolerance in plants with
reduced uptake of Na* and Cl~ ions. Absorption of Na* and CI~ ions under salt stress
conditions is the major reason of declining leaf RWC that in turn affect the relative
growth rate, which is most prominent in Zn-deficient plants. Supplemented Zn
nutrition ameliorates the drastic effects of salinity in terms of maintained water
status of plants attributable to improved vascular tissues. By maintaining the Zn
requirement of plants accumulates the Ca and K ions in the cell that provides pro-
tection to salt-stressed plants against osmotic stress and helps the roots for more
water absorption (Gadallah 2000; Mehrizi et al. 2011).
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Abstract

The environment is defined as the sum total of all biotic and abiotic factors other
than individual concerned. The various factors are called biotic and abiotic
depending upon their biological and non-biological nature. When some environ-
mental factors interfere with complete expression of cultivars/varieties potential,
they are known as stress. Stress is categorized into two types: (a) biotic stress that
includes pathogen, pests, weeds, etc., and (b) abiotic stress due to moisture
(excess/deficit), temperature (high/low), minerals (deficiency/toxicity), salinity,
soil pH, air pollution, etc. Drought, which is a major and most important abiotic
stress, acts as a constraint to productivity of legumes. It is a meteorological phe-
nomenon which implicit the lack of rainfall for a long period of time which
caused moisture reduction in soil and water shortage with a deficiency of water
potential in plant tissues. It inhibits the crop from achieving the potential yield
and severely lowers the legume production. Generally, grain legumes depend on
rainfall and are susceptible to irregular drought stress throughout its vegetative
and reproductive growth phase. During pod filling stage, drought stress is very
common in legume crops and reduced yield in the crops grown with current
rainfall. It can be minimized by developing cultivars tolerant to drought stress.
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9.1 Introduction

Stress may be described as any environmental condition which hinders the plant
from reaching its full genetic yield potential (Atkinson and Urwin 2012). Harmful
effect on the living organisms by the non-living factors in a specific set of the
domain is called abiotic stress (Satyanarayana et al. 2012). These are severe intimi-
dation to agriculture. Furthermore, it causes lesser yield due to changes in soil-
plant—atmosphere continuum. In the world, India is the leading producer, consumer,
and importer of pulses. Despite various efforts of the Government of India, the pulse
production from an area of 23.0 million ha has stabilized at around 18-20 million
tonnes against the consumption of 22-24 million tonnes, which necessitates imports
of 4-six million tonnes pulses each year, resulting in a loss of $ 2.3 billion foreign
exchange each year (Business Line 2015). Even with this level of production and
import, availability of pulses (47 g/capita/day) is far lower than the recommended
minimum requirement of 70 g/capita/day.

The pulses have great potential to bear the vagaries of the changing climate,
provided other crop management practices are strictly followed to harness achiev-
able yields. Pulses can adapt to a diverse range of edaphic and environmental condi-
tions, therefore, can constitute an important component of climate-change mitigation
and adaptation strategy. Major pulse crops in India grown during the rainy (kharif)
season (June—October) include pigeonpea, urdbean, mungbean, and cowpea, while
during the winter (rabi) season (October—April), chickpea (Cicerarietinum L.), len-
til (Lens culinaris Medikus), and peas (Pisum sativum L.) are grown. Choudhary
(2013) and Pooniya et al. (2015) reported that yield gaps in pulses at research farms
and farmer’s field ranged from 368492 kg ha™! in urdbean, 220-417 kg/ha in kid-
ney bean (Phaseolus vulgaris L.), 477-563 kg/ha in pigeon pea, 372-494 kg/ha in
cowpea, 225-601 kg/ha in chickpea, and 253-510 kg/ha in lentil. So, a comprehen-
sive study of crop reaction to the stress is the basis for regulating crops appropri-
ately. There are significant differences in the tolerance of plants to drought stress
depending upon duration and intensity of stress, species, and developmental stage
of the plant (Singh et al. 2012).

9.2 Drought Stress

Drought stress is one of the most important challenging factors faced by legume
crop producers worldwide. It can persistently limit production, and extreme events
can lead to total crop failures. There may be a reduction in yield by 50% due to
drought and heat stress, basically in arid and semiarid regions (Nam et al. 2001).
Drought stress regulates normal physiological, biochemical, and morphological
reactions of crops, which lastly reduces crop yield (Malik et al. 2006). All the
legume crops (pea, French bean, cowpea, broad bean, Indian bean, black gram,
green gram, lentil, pigeonpea, urdbean, mungbean, and chickpea) are vital sources
of amino acids and quality protein for mankind. In several food producing
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countries, severe droughts conditions take place from time to time, with comprehen-
sive effects on world food production and supply (Edmeades et al. 1992).

9.3  Drought Stress Response in Legumes

Drought stress responses categorized as morphological, physiological, biochemical,
and molecular are apparent at every phenological stage of plant growth. A compre-
hensive description of different types of drought responses is given below:

9.3.1 Morphological Responses

Growth is recognized through cell division, enlargement, and differentiation. It
involves genetic, physiological, biochemical, morphological, ecological events and
their intricate interactions. The growth and development of the plant depend on
these cases, which are affected by drought. Cell growth is the most sensitive physi-
ological processes of drought because of the low turgor pressure (Taiz and Zeiger
2006) and is a complex interaction between sources and sink. Drought debases
mitosis; cell elongation and expansion, and resulted growth reduction (Hussain
et al. 2008). Deficiency of water either permanent or temporary critically bonds the
growth and development of plant more than the other climatic factors. The primary
and leading effect of drought is low germination and development of weak plants
(Harris et al. 2002; Kaya et al. 2006).

9.3.2 Physiological and Biochemical Responses

Growth results in the production of daughter-cells, resulting in cell divisions of
meristematic cells, followed by young cells expansion. Inhibition in cell elongation
of higher plants by disruption of water flow from the xylem to the fencing elongat-
ing cells is due to severe deficiency of water (Nonami 1998). Water deficit condition
to plants affected root-to-shoot signaling and inhibits the root and shoot growth,
impaired photosynthetic machinery, oxidation of chloroplast lipids, early leaf senes-
cence, and modification in structure of pigments and proteins (Menconi et al. 1995;
Novak and Lipiec 2012; Anjum et al. 2003; Farooq et al. 2009; Estill et al. 1991).
Abscisic acid (ABA), a growth inhibitor, has long been identified as stress signal
root-to-shoot (Schachtman and Goodger 2008). A signal cascade is stimulated by
roots to the shoots via xylem during soil drying. Abscisic acid is composited in the
roots and move in the xylem to the shoot through the transpiration stream, where it
suppresses leaf expansion and the opening of stomata prior to altering leaf water
and nutrient status (Wang et al. 2000; Guerrero and Mullet 1986).

Carotenes, isoprenoid molecules forms a major part of the plant defense system,
but oxidative destruction is very common in these molecules. f-carotene is a part of
the core complexes of PSI and PSII (Andrew et al. 2008; Havaux 1998), which is
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destructed by the water stress (Kiani et al. 2008) due to development of reactive
oxygen species (ROS) in the thylakoids (Reddy et al. 2004). Reactive oxygen spe-
cies (0,7, H,O, and OH' radicals) levels increase noticeably and lead oxidative
destruction to lipids, proteins, and genetic material of the cell (Apel and Hirt 2004;
Farooq et al. 2009). The amount of highly reactive compound malondialdehyde
(MDA) increases by ROS which has been responsible for oxidative damage (Moller
et al. 2007). Antioxidant defense system presents in plants to regulate active oxygen
damage and ensuring cellular function normally (Horvath et al. 2007).

For the maintenance of leaf turgidity assimilation of solutes takes place in the
cell during drought stress. To raise tolerance level of plants to drought-stress, assem-
bling and mobilization of proline has been reported (Nayyar and Walia 2003). The
first response of plants under water stress condition is accumulation of proline
(Anjum et al. 2011; Demiral and Turkan 2004), which act as a signalling molecule
to modulate function of cell organelles, stabilize subcellular structures, scavenge
free radicals, as well as cushioning cellular redox potential (Szabados and Savoure
2009; Ashraf and Foolad 2007).

9.3.3 Molecular Response

During the previous years, DNA-based markers have become available (Kumar
et al. 2011). For transferring of resistance to stresses, DNA-based marker has been
widely used into grain legumes (Choudhary et al. 2018). To identify quantitative
trait loci (QTL) for specific drought-tolerance component traits can also be used to
slice up the genetic basis of various characters linked to drought performance (Serraj
et al. 2005). By using molecular techniques for many drought tolerance traits in
chickpea varieties, one genomic region possessing quantitative trait loci have been
identified and successfully accessed by using a marker-assisted breeding (Thudi
et al. 2014). Inclusive work has been done to unravel drought tolerance mechanism
in legume crops; however, the conception of the molecular basis of drought stress
tolerance still needs more research.

9.4 Management Strategies to Minimize Drought Stress
9.4.1 Breeding Approaches

Conventional and non-conventional strategies of breeding have been used for
improving drought tolerance in legume crops. The traditional breeding methods
require large investments in land, labor, and capital with a little success rate of
improvement. High root biomass, plant type, leaf trait, and cuticular wax present on
leaves have been used as a marker in traditional breeding (Choudhary et al. 2018).
However, DNA marker-based improvement method, which shows potential regard-
ing the improvement of legume crops, specifically for those traits where the possi-
bility of phenotyping is only late in the season of crop development, is not easy or
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is uneconomical. Recently, progress in genomics gave a better understanding of
physiological mechanisms of drought response. It added rapidness in progress of
genetic improvement of drought tolerance of the crop.

9.4.2 Exogenous Application of Hormones
and Osmoprotectants

Endogenous plant growth regulators take part in regulating the effects to abiotic
stress by refining the growth and development system of plants. Overall, there are
five major classes of PGRs: the auxins, gibberellins, cytokinins, ethylene, and
ABA. Moreover, a broad range of chemicals have been accumulated with clear
growth regulatory actions, and few of them have been illustrated to have extensive
applications in getting better growth of the plant, as well as yield and quality (Upreti
and Sharma 2016). Osmoprotectant protects cell membrane destruction by a high
concentration of inorganic ions and oxidative damage. It has been hypothesized that
installing osmoprotectant synthesis pathways is a potential way to breed stress-
tolerant crops (Rathinasabapathi 2000).

9.5 Conclusions

Drought stress is a global problem, and this situation has been made dangerous by
recent global climate change. It causes closer to stomata with a parallel decline in
net photosynthesis and water-use efficiency. Progresses have been made to develop
drought stress tolerance in legume crops through the application of conventional
and non-conventional approaches of breeding. Besides that, hormones and osmo-
protectants have been used for getting better performance of legumes. Furthermore,
dissection of drought tolerance linked gene will open the way for improving the
legumes.
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Abstract

Water is an essential necessity for proper crop growth and high yield. The
requirement of water for the crop could not be fulfilled just by the uptake by crop
roots from ground but by additional irrigation. The levels of groundwater is
depleting with increase in time due to excessive usage /wastage and high tem-
peratures this will cause defciency of water not only for irrigation but also for
human consumption. Deficiency of water in crop leads to several changes in
physiological and metabolic activities. In sugarcane crop, changes in leaf water
potential, relative water content, osmoregulators, etc. have been observed.
Sugarcane is an important crop in terms of economical purposes as it is the main
producer of sugar and bio-energy all throughout the world. The prevailing
drought condition due to the climate change scenario is hampering the productiv-
ity of the crop. To manage this problem, developing a tolerant variety for such a
condition is the best option although there are several constrains in doing so.
Furthermore, for breeding a tolerant variety, the breeder must keep in mind the
selection criteria for choosing the right parent for achieving the correct result.
This chapter is emphasizing on the breeding efforts in developing a drought-
tolerant sugarcane variety.
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Abbreviations

DEF 1 disulfide isomerase protein |

ERFs  ethylene-responsive factor proteins
HSP heat shock proteins

IGS indole-3-glycerol phosphate synthase
LEA late embryogenesis abundance proteins
ROS reactive oxygen species

Scdr 1 sugarcane drought-responsive gene 1
SOD superoxide dismutase genes

10.1 Introduction

Sugarcane (Saccharum officinarum L.) is an important crop for sugar and bio-energy
worldwide. It is one of the world’s major C, crops that mainly grow in the tropic and
sub-tropic regions. Weather- and climate-related events are the key factors for sugar-
cane production worldwide, especially in many developing countries (Zhao and Li
2015). Water is already a scarce commodity in many parts of the world, and as the
climate is changing unpredictably, this will enhance such conditions in the near future.
As the global temperatures are rapidly going up along with the frequency and precipi-
tation level, the problem of water losses are predicted to enhance further through
evapotranspiration (Lopes et al. 2011). Variation in climate is severely affecting the
water sources, and as per the present scenario, the frequencies of occurrence of
drought and floods will be increasing in times to come (Misra et al. 2016; Mall et al.
2017). Water is a requirement for any crop to grow properly which is not fulfilled
through uptake of groundwater from the soil by its roots, but also additional irrigation
is required for fulfilling the needs for the flourished crop. But if water needs are not
fulfilled through external irrigation, then this would lead to groundwater depletion by
the continuous usage of groundwater by plants for their survival (Oki and Shinjiro
2006). Water is essentiality not only for humans and animals but also for the plants for
their proper growth and development (Larcher 2006). Several studies have revealed
that deficiency of water causes changes in many physiological activities such as leaf
water potential, relative water content, etc. (Nogueira et al. 2000; Graga et al. 2010;
Silva et al. 2010). Also, as a result of water deficiency, metabolic processes were also
altered like osmoregulators increased under such conditions (Nogueira et al. 2001;
Guimaraes et al. 2008; Silva and Barbosa 2009; Medeiros et al. 2012).

10.2 Breedingin Sugarcane

Drought is a complex stress that involves a large number of genes and regular ele-
ments, and breeding a drought-resistant variety is further a complex process for a
polyploid crop. Several studies have been conducted on the way the elite genotypes
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of sugarcane respond to drought conditions (Hemaprabha et al. 2004), but there is
still a need for further study on this aspect to better understand the responses in
sugarcane for developing better and improved drought cane variety (Sanchez et al.
2002). Involvement of candidate genes as molecular markers in breeding techniques
had made a better understanding in this regard (Thorup et al. 2000; Huh et al. 2001).
Breeding a new variety plays a direct relation to the sugar industries as an improved
variety will cause a high production of sugar and alcohol. In India, the tropical
zones favor the flowering production whereas the sub-tropical region lacks behind
in this aspect due to which the flowering, seeds production and breeding techniques
are performed in the tropical region for developing improved canes for cultivation,
especially for sub-tropical regions (Scortecci et al. 2011). The basic target of a sug-
arcane breeding program is to improve the sugar content in plant with low inputs
which will be profitable both for the cane growers and sugar millers (Jackson 2005).

10.2.1 Breeding Methods in Sugarcane
10.2.1.1 Traditional Method

10.2.1.1.1 Parental Selection

Parental selection is the most important trait for developing any good cane variety
for any purpose. It is the most crucial step as yield has a direct relationship with the
environmental conditions, and the environmental changes are unpredictable so for a
breeder, the parental selection is of utmost importance (Pandey et al. 2018). In this
method, parents are wisely chosen according to the desired traits they possess so
that genotypes having a higher probability of that particular trait could be achieved.
This is of interest in respect to commercial viewpoint (Matsuoka et al. 1999). In
several stations of breeding, the selection rate for a parent depends on the progeny
performance such as if the progeny performance is far better than the standard taken
then in such a case the parent will be considered as proven parent and progeny
obtained as proven cross (Breaux 1987; Hogarth and Skinner 1987; Berding and
Skinner 1987; Heinz and Tew 1987).

10.2.1.1.2 Hybridization

Although the procedures and techniques used for crossing vary from breeders to
breeders, the basic pollination procedure remains the same. Verret (1925) had shown
that tassel stalks were harvested as soon as anthesis in flower starts, after which
these stalks were kept in a shelter used particularly for breeding purpose in an acid
solution of weak acidity. This is done to enhance the life of a flower and to make it
either bi-parental or a poly-cross parent. In bi-parental crossing, the inflorescence
possessing flowers are covered with bags (Sleper and Poehlman 2006). In poly-
crossing, cane stalks possessing flowers are cut off and kept in crossing solution of
a mixture of acids having diluted concentration. The use of a dilute mixture is to
enhance the life of stalks and for providing nutrients (Cox et al. 2000). Similar to the
bi-parental crossing, the flowers are also covered in lanterns where male flowers are
kept above female flowers to allow the former to shed their pollen on to the latter
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ones (Cox et al. 2000). After pollination has taken place, the stalks are kept in cross-
ing solution for 12—-14 days (Buzacott 1965).

10.2.1.1.3 Progeny Selection

Mamet and Domainque (1999) had shown that progeny selection varies from place
to place and depends on the tenure of the life cycle and ratoon produced from plant
crop. Progeny selection for long duration crops depends on several factors such as
disease resistance, high sucrose content, more cane weight, etc., while for short life
cycle ones it depends on number of ratoons produced by the crop (Heinz 1987).

10.2.1.2 Molecular Method

Although selecting and breeding a cane variety are the best options for developing
a variety for stress conditions, the molecular and biotechnological approaches are
also emerging as the new approach to develop tolerant varieties for such conditions.
These approaches help in developing tolerant variety either for single stress or for
multiple ones. Epstein and Rains (1987) had shown a step-wise procedure for devel-
oping a variety of molecular means. In sugarcane, Agrobacterium tumifaciens medi-
ate transformation with two inclusion LBA4404 pB1 121 construct GLY 1 bestowed
stress tolerance (Shaik et al. 2007). Any tolerance to drought and salinity in sugar-
cane was introduced in Arabidopsis tubes pyro-phosphatase (AVP1) factor which is
mediated by A. tumifaciens transformation (Kumar et al. 2014). Another way is the
involvement of candidate genes for developing a tolerant drought variety wherein
the candidate genes worked as a molecular marker (Huh et al. 2001; Thorup et al.
2000).

10.3 Constraints in Sugarcane Breeding for Stress

On a general basis, the following are the constrains in breeding a sugarcane stress-
tolerant varieties:

1. Genetic improvement in sugarcane based on performance in yield:

Stress tolerance in sugarcane is necessary for rapid stalk development but the
accumulation of sucrose in the later stages, particularly in ripening period, is encour-
aged by the environmental stress that the cane faces (Viqueira et al. 1984). Desirable
parents are most important decision for any sugarcane breeding. Diverse parents
have different acclimatization, production and productivity, resistance to biotic and
abiotic stresses which are responsible for the development of varieties of different
target environment. So there is a need to develop drought-tolerant sugarcane variety
for different water regimes, poor rainfall pattern, and poor irrigation facilities.
Generally parentage for breeding for peninsular zones of India is very different
from North India parentage. In the view of high recovery percentage, breeding for
earliness and high sugar is the most important concern. But high sucrose and early
maturity have been found hard to associate with high yield. Cytogenetically,
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sugarcane material is highly polyploid with high degree of genetical impurity. As
per cytoplasmic studies, in sugarcane breeding more importance has to be paid to
female parent than to male parent.

II. Achieving high yield potential in sugarcane tolerant to stress:

Another constrain for breeding variety for stress tolerance is to achieve high
yield potential in canes having tolerant ability towards stress condition (Bell et al.
1995; Evans and Fischer 1999). Early stomata termination and leaf shedding leads
to drought tolerance through breeding, but it is not necessary to increase yield under
water-limiting condition because drought tolerance is a complex traits and involv-
ing the many dynamic interaction. During development of drought-tolerant variet-
ies, the parameters like stalk number, height, diameter, and weight along with cane
yield in sugarcane under water regimes should be selected. Generally yield associ-
ate having linear relationship with productivity but diameter are not a stable param-
eters under stress conditions. So to enhance the drought tolerance in sugarcane,
associated trait must be selected for maximum yield under drought conditions.
Accordingly, it is possible to select genotypes under water deficit with high yield
and associated traits. Careful selection of suitable physiological traits and rapid/
nondestructive methods of quantifying them would be very valuable in improving
drought tolerance. To improve drought tolerance for target environment, a set of
characters must be identified, which can be identified very soon and must be inex-
pensive during screening. In these circumstances, physiological parameters like
chlorophyll, SPAD index, and thermal imaging are most valuable for rapid and non-
damaging screening for drought tolerance.

10.4 Breeding Efforts in Developing Drought-Tolerant Cane
Varieties

Since the past several years, cane varieties are being improved through breeding for
high production of sugar and yield. Studies are being conducted to improve the cane
yield and production in stress conditions as the frequency of occurrence due to cli-
mate change is enhanced and there is a need for developing cane varieties to flourish
under such situation particularly drought. Sreenivasan and Bhagyalakshmi (2001)
imparted drought tolerance to a variety Co 87, Co 263 wherein Co 312 worked as a
parent. S. spontaneum, Narenga and Erianthus may also impart tolerance to a vari-
ety towards drought conditions when used as a parent for breeding the variety
(Krishnamurthy 1989; Roach and Daniels 1987). Development of high yielding
varieties for different zones is major objective of All India Coordinated Research
Project on Sugarcane. Recently varieties for different zones, viz., Co 86032, Co
94008, Co 06207, CoH 119, CoPk 05191, Co 09004, Co 10026 (Peninsular Zone);
CoLk 94184, Co 0233, (North Central & North Eastern Zones); CoOr 03151, CoA
05323 (East Coast Zone); CoLk 11206 (North West Zone) (Shukla et al., 2019). The
development of drought-tolerant varieties will help in overcoming/minimizing the
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problems associated with such conditions on drought especially in relation to pro-
duction and yield.

10.4.1 Selection Criteria for Developing Drought-Tolerant Cane
Varieties

Certain selection criteria required for the development of drought-tolerant cane
varieties are as follows:

10.4.1.1 Physiological Parameters (Such as Relative Water Content,
Stomata Conductance, Photochemical Efficiency (PS Il))

Physiological parameters are important for characterizing drought tolerant geno-
types (Buckley 2005; Vinocur and Altman 2005; Shao et al. 2008; Tezara et al.
2008). Hotta et al. (2010) had shown that these parameters along with the genes
identified for this purpose can play an important role as a foundation for the devel-
opment of new tolerant varieties. Azevedo et al. (2011) and Silva et al. (2007) had
revealed that certain physiological and biochemical parameters gave positive results
in identifying the sensitive and tolerant cultivars towards drought. Selection for
physiological traits correlated with tolerance towards drought might augment the
achievement of sugarcane breeding for this purpose. Decrease in stomatal conduc-
tance was seen with the size of the plant and also with age (Meinzer and Grant
1990). Meinzer and Grant (1991) had also shown that balance between loss in water
by transpiration and hydraulic conductance has been known to maintain constant
leaf water status when an alteration in environmental conditions occurred.

10.4.1.2 Assessment of Proline Content, Trehalose Content,

and Photosynthetic Activity in Sugarcane Drought-

Tolerant Varieties
One of the important characters often used to assess whether the variety is tolerant
or not is the increase in proline content as well as photosynthetic activity in sugar-
cane (Ferreira et al. 2017). The former plays an effective role in stress phenomenon
along with their functioning in cell osmotic adjustment acting as osmoprotectant,
but Molinari et al. (2007) had shown its association with reactive oxygen species
(ROS) scavengers. Several studies have reported that proline has been associated
with drought tolerance in sugarcane (Rao and Asokan 1978; Paquet et al. 1994;
Wahid 2004; Guimaraes et al. 2008). Molinari et al. (2007) had shown that trans-
genic cane plants indicated a positive association between increase proline content
and biomass yield. Iskandar et al. (2011) had revealed that the mature canes possess
an increased concentration of amino acids but it has the lowest amount of proline
content under drought conditions. This amino acid could be used as a marker for
assessing the tolerance in canes under drought conditions (Ferreira et al. 2017).

Trehalose in sugarcane has been known for having a role in stabilization of lipids

and dehydrated enzymes (Pilon-Smits et al. 1998; Goddijn and van Dun 1999;
Wingler et al. 2000; Garg et al. 2002). Trehalose phosphate synthase has also been
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identified in drought-tolerant cane varieties (Vantini et al. 2015). It is an enzyme
that plays a role in the formation of trehalose and its production is higher in plants
under stress conditions especially under drought (Paul et al. 2008). Study on trans-
genic in sugarcane had revealed that transgenic sugarcane had a higher amount of
trehalose content due to its transformation from Grifola frondosa trehalose syn-
thase, but the higher accumulation of trehalose content had provided tolerance to
cane towards drought condition (Zhang et al. 2006). Vantini et al. (2015) had also
shown that in drought-tolerant canes high levels of trehalose genes have been
expressed.

10.4.1.3 Maintenance of Yield Performance of Cane under Drought
Condition as under Irrigated Condition

Drought tolerant canes should maintain its yield under drought conditions (Serraj

et al. 2004). Drought is a frequent and sudden occuring stress in sugarcane and there

is a need of variety with high yield potential under irrigated condition coupled with

better water use efficient which can give substantial yield even under moisture stress

condition (Mall and Misra 2017).

10.4.1.4 Performance of Cane Root System

To avoid drought, one of the important mechanisms that the crop adopt is the modi-
fication of its roots to capture the water for the process of transpiration (Fukai and
Cooper 1995; Songsri et al. 2009). Root abundance, root distribution, and amount
of total surface area used for absorption have been known as a trait used for selec-
tion of drought tolerance variety (Fitter and Hay 1987). S. spontaenum and its prog-
enies are known to be higher tolerant for drought condition than S. officanarium
(Evans 1935; Rao 1951). For breeding a good variety for drought condition, breed-
ers emphasize on the variety having deep rooting system, good ratooning ability, as
well as tolerance to disease, particularly smut mosaic and rust (Flores 2003).

10.4.1.5 Characteristics of Leaf

Another important trait considered for selection for drought tolerance is character-
istics of leaf like the type of leaves, namely, short or erect or narrow, presence or
absence of thick cuticles, pubescence, etc.

10.5 Drought-Tolerant Genes in Sugarcane

As an aid to the breeders for improving the cane varieties for drought conditions,
molecular markers play an important and strong tool (Bundock et al. 2009; Parida
et al. 2009). Detection of novel genotypes with the property of tolerance towards
drought condition is necessary for agriculture as well as economics all around the
globe. Genes associated with drought tolerance may enhance the knowledge of the
evolutionary adaptation to such type of stress. These genes may be used in develop-
ing new tolerant varieties by the process of transformation (Nepomuceno et al.
2001; Lenka et al. 2011; Kido et al. 2012). A detailed knowledge of how the plants
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will response under such condition at the molecular level is a pre-condition for
managing such conditions. The genes in response to drought generally belong to
two categories, i.e., genes encoding functional proteins and genes encoding regula-
tory proteins. The former consists of proteins like chaperones or proteases, detoxi-
fication enzymes, transporters, water channels, etc. The latter consists of those
proteins whose functioning is either related to signaling the response or to the fac-
tors associated for the transcription process (Shinozaki and Yamaguchi-Shinozaki
2007). As signal transduction encourages response to plants under such conditions,
one can easily predict whether these signals are for the adjustment of plant for such
conditions or not (Zingaretti et al. 2012). Fujita et al. (2005) had shown that to suc-
ceed over the injuries occurred due to drought conditions, plants also develop com-
plex pathways for transduction. In sugarcane, ScChi gene known as chitinase gene
is known to be involved in host-pathogen interaction (Que et al. 2014), whereas for
defense mechanism against eye spot diseases and smut, there has been an involve-
ment of 62 differentially expressed genes (possessing 19 transcript derived frag-
ments) (Borrds-Hidalgo et al. 2005) and for red rot infection differentially expressed
EST clusters have been identified (Sathyabhama et al. 2015). Almeida et al. (2013)
had revealed that as a response to foliar application of salicylic acid in drought con-
ditions, genes were expressed that play a role in synthesis/ expression of trehalose
5-phosphate and sucrose-phosphate.

Due to the complexity in the sugarcane genome, the transgenic methodology has
attracted the researchers for developing varieties having the quality of higher yield,
high content, stress tolerance and disease resistance, etc. (Nerkar et al. 2018). A
transgenic cane variety had been developed (by PT Perkebunan Nusantara (a state-
owned sugar milling conglomerate), University of Jember (East Java), and
Ajinomoto Co. Inc. Japan) for drought conditions that had shown to produce
20-30% more sugars than the commercial varieties under drought conditions in
Indonesia wherein the use of bet A gene was involved. The bet A gene has been
isolated from Rhizobium meliloti which has the capacity to produce an osmoprotec-
tant known as glycine betaine for tolerance towards drought conditions (Marshall
2014; Waltz 2014).

10.5.1 Candidate Genes

Several studies on genomic and transcriptomic levels had paved the way for identi-
fication of candidate genes which provides tolerance towards various abiotic and
biotic stresses. Superoxide dismutase and Indole-3-glycerol phosphate synthase
genes have been identified and play an important role in improving the cane variety
by molecular means and possess a promising future ahead in respect to drought
conditions (Simon and Hemparabha 2010).

10.5.1.1 Superoxide Dismutase (SOD) Genes
In sugarcane, these genes play a role in modulating the drought conditions and stud-
ies have indicated that activity of such genes acts as primary line of control in
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reactive oxygen species (ROS) scavenging process (Hemaprabha et al. 2004; Jain
et al. 2015; Sales et al. 2015; dos Santos et al. 2015; dos Santos and de Almeida
Silva 2015). Enhanced levels of these genes in canes impart tolerance towards
drought conditions (Jangpromma et al. 2012; Simon and Hemaprabha 2010). It is
known that different isoforms of SOD have been expressed in cane varieties and at
times it may show a crucial effect in canes under drought conditions as an antioxi-
dant response (Cia et al. 2012; Boaretto et al. 2014).

10.5.1.2 Indole-3-Glycerol Phosphate Synthase (IGS)

Another candidate genes identified in sugarcane for providing tolerance towards
drought is IGS. In drought condition, auxin-related genes activates IGS and other
related genes (Aloni et al. 2003).

10.5.1.3 Disulfide Isomerase Protein (DEF 1)
As a response to tolerance to stress, gene coding for disulfide isomerase protein
(DEF 1) have been expressed in tolerant cane cultivars (Vantini et al. 2015).

10.5.2 Late Embryogenesis Abundance (LEA) Proteins

These proteins are hydrophilic proteins that majorly show their function in stress
conditions, especially during drought (Magwanga et al. 2018). This gene is an
important one in respect to stress response by plants. Besides, these genes are also
accountable for the protection of macromolecules (Sakuma et al. 2006; Shinozaki
and Yamaguchi-Shinozaki 1999). In sugarcane leaf, this gene was achieved under
stress condition and being seen to play an essential part in canes that are tolerant to
drought and salinity (JinXian et al. 2009; Iskandar et al. 2011).

10.5.2.1 Heat Shock Proteins (HSP)

HSPs are conserved polypeptides set which gets synthesized as a response to abiotic
stress. The production of HSPs is a common incidence (Augustine 2016). The
occurrence of these proteins is commonly seen in a normal condition in cytoplasm
whereas, in stress condition, these proteins speedily reach to the nucleus of the cells
(Lindquist and Craig 1988). These proteins are known to play an important part in
plants grown under normal and stress conditions and help to understand the mecha-
nism of signaling under such situation as well as another process like carbohydrate
and amino acid metabolism, translation, etc. (Augustine 2016). About 44% of the
genes belonging to Hsp 70 family along with its co-chaperone have been detected
in sugarcane for biotic and abiotic conditions (Borges et al. 2001). Augustine et al.
(2015) had shown that overexpression of Erainthus arundinaceus HSP70 (EaHSP70)
in sugarcane enhances the tolerance ability of sugarcane towards drought.

10.5.2.2 Dehydrin Proteins (DHNs)
Dehydrin proteins are another type of LEA proteins of group II and have been
known to be expressed in sugarcane and other plants under drought stress condition
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(Close 1997). Wahid and Close (2007) had revealed the expression of DHN's and its
association with water status in sugarcane. Three DHNs of different molecular
masses have been revealed under drought condition and their expression was found
to be irrespective of the alteration occurring in water content in leaves (Wahid and
Close 2007). Iskandar et al. (2011) had also shown that under drought conditions,
sugarcane expresses DHN .

10.5.3 Ethylene-Responsive Factor (ERFs) Proteins

Allen et al. (1998) had revealed that these proteins consist of highly conserved DNA
binding regions of 58-59 amino acids which were specific to plants. Singh et al.
(2002) had identified two cis-elements in these proteins, namely, GCC box and C
repeat (CRT) or dehydration-responsive element (DRE). In sugarcane, Trujillo et al.
(2008) had identified a new sugarcane ethylene-responsive factor (SodERF3) which
helps in increasing the tolerance under drought and salt stress conditions.

10.5.4 Sugarcane Drought-Responsive Gene 1 (Scdr 1)

In sugarcane, Scdrl is upregulated and it was not associated with drought tolerance
of some of the varieties of sugarcane. But, the transformation of tobacco, using this
gene, conferred tolerance to multiple abiotic stresses like drought, salinity and oxi-
dative stresses (Begcy et al. 2012). Utilization of these specific stress-induced genes
and signaling cascades for inculcating stress resistance/tolerance in elite sugarcane
varieties by their overexpressing or acting upstream in response to certain stress or
multiple stresses may lead to the development of climate resilient sugarcane variet-
ies which may sustain or even improve sugarcane/ sugar productivity in the climate
change scenario. Not only this but some stress-upregulated genes in sugarcane like
Scdrl may confer tolerance to multiple abiotic stresses in some other plants like
tobacco.

10.5.5 DEAD-Box Helicase Gene

Sugarcane transgenics overexpressing PDH45, a DEAD-box helicase gene isolated
from pea, exhibited an upregulation of DREB2 (Dehydration responsive element
binding proteins)-induced downstream stress-related genes and improved tolerance
to drought and salinity (Augustine et al. 2015).

10.5.6 Other Associated Genes Related to Drought Tolerance

In sugarcane, there are several other genes which have been identified for drought
tolerance like early response to dehydration protein 4 (ERD4) (McQualter and
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Dookun-Saumtally 2007), upregulation of genes regulating intracellular redox sta-
tus (Prabu et al. 2011), RAB (responsive to abscisic acid), osmotin, choline oxidase,
and annexin (Nair 2011), etc.

10.6 Conclusion

Sugarcane is an important crop not only for sugar industries but also for bio-fuel
industries. It is one of the crops that have been bestowed with a large number of
natural qualities for facing abiotic stress. But the unpredictable changes in the envi-
ronmental conditions like prolonged conditions of abiotic stress are also causing an
effect on its productivity. Drought is one such stress which is now being frequently
observed in many sugarcane-growing areas, and sugarcane being a water-loving
crop faces difficulty in growing under such conditions. In this respect, improving
the cane varieties either through breeding (conventional or molecular approach) or
by using tissue culture methodology (such as somaclonal variation) is the need of
the time. Furthermore, in developing an improved cane variety for drought condi-
tions, there is a need for identifying newer genes and their response (expression
patterns) to manage cane growth and productivity in such conditions in the near
future.
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Abstract

Extreme temperature (cold and heat) is one of the major threats to crop produc-
tion globally. These conditions have affected the growth and development pro-
cess of a plant. High-temperature stress can lead to the poor establishment, low
floral fertility, pollen sterility, and improper grain filling which ultimately reduces
the crop production. With the course of time, to escape or avoid the stress condi-
tions, plants have developed morphological, physiological, biochemical, and
molecular responses. Increased temperature along with drought stress has
reduced the crop yield by 50%. It is a well-known fact that increasing population
and decreasing agricultural productivity will lead to foodless days for many indi-
viduals especially in developing countries. Thus, to increase the crop productiv-
ity, there is a need to develop smart crops which are tolerant to both biotic and
abiotic stress and have a high yield. Breeding programs have great importance in
providing resistance to high yielding crops. On the other side, knowledge of heat
tolerance molecular mechanism could help the scientists to develop smart crops
in lesser time than the breeding program. This chapter will provide an overview
of morphological, physiological, biochemical, and molecular response to
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high-temperature stress and will discuss the approaches that can be utilized to
provide tolerance that will ultimately result in improved crop production.

Keywords
Crop production - Abiotic stress - Extreme temperature - Reactive oxygen species -
Stress tolerance

11.1 Introduction

Plants are sessile organisms; they have no option to escape from abiotic and biotic
stress prevailing around it. So, they have developed well-conserved but complex
mechanism involving many cellular compartments, to cope up the ill effect of vari-
ous stressors. Among abiotic stressors, the high temperature is most commonly
found in many regions of the world particularly tropical and subtropical regions,
along with drought. According to Intergovernmental Panel on Climate Change
(IPCC), an increase of 4 °C in global atmospheric temperature has been recorded
since the late twentieth century (Porter et al. 2014). Warming will continue, but vari-
ability will be there according to region. Projected surface temperature change has
been shown in Fig. 11.1. Temperature plays an important role in plant growth,
development, and yield (Wheeler et al. 2000; Tubiello et al. 2007; Lobell et al.
2011). Each crop has its threshold temperature (temperature at which reduction in
the rate of growth and development of plant take place). However, the temperature
at above or well below the optimum temperature hampers the normal growth and
development of plant (Wahid 2007) (Fig. 11.1). Optimum temperatures for some
agronomic crops are displayed in Table 11.1. These biotic and abiotic stresses have
a great impact on plant, i.e., it alters the morphological, physiological, biochemical,
and molecular parameters of a plant. Numerous researches have been conducted at
breeding and biotechnological levels to understand the stress tolerance mechanism
in the plant. However, scientists across the world are successful in understanding
the mechanism until a certain level. With the advancement in science and technol-
ogy, various approaches have been utilized to develop stress-tolerant plants. In the
present chapter, we will discuss the impact of high-temperature stress on agronomi-
cally important crops and various approaches involved in the development of high-
temperature stress-tolerant crops.

11.2 Types of Heat Stress Response Exits in Plants

There are two main types of plant response to high temperature, namely, basal and
acquired thermotolerance. Basal thermotolerance refers to sudden direct exposure
of the plant to a high temperature without any acclimation. Whereas, in acquired
thermotolerance plant is subjected to a moderate temperature (priming) before
exposing to high temperature. It is the nearest mimicry of prevailing natural
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Fig. 11.1 Diagrammatic representation of molecular response during heat stress. Relatively
adopted from Wahid et al. 2007

Table 11.1 List of crops with their optimum temperature

Crops Optimum temperature References

Rice 34 °C Morita et al. (2004)
Wheat 26 °C Stone and Nicolas (1994)
Pearl millet 35°C Ashraf and Hafeez (2004)
Cool season pulses 25°C Siddique et al. (1999)
Groundnut 34 °C Vara Prasad et al. (2000)
Cotton 45 °C Rahman et al. (2004)

high-temperature condition. The survival rate is more in acquired thermotolerance
as compared to basal thermotolerance (Mittler et al. 2012).

11.3 Biochemical, Physiological, and Phenological Aspects
with Respect to Cereal Crops

Of the environmental variants, the temperature is one of the major stress causing
gradients in plants, largely the cereal crops viz., wheat, rice, maize, sorghum, and
other coarse grains are among key sufferer. As per forecast made by IPCC, the
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average temperature of earth’s surface would increase in the range of 1.4-5.7 °C by
the end of 2100 (Anonymous 2007). This prediction regarding the climatic variabil-
ity would exert deleterious impact on the primary trophic level in terms of phenol-
ogy, physiology, and biochemistry of plants.

11.3.1 Phenological Aspects

Phenology is the study of cyclic and seasonal natural phenomenon especially in
relation to climate and plant life (Keller 2015). With regard to plant phenology, high
temperature generates the alterations in biological events, such as bud break, flush-
ing, flowering, and fruit development (Gray and Brady 2016). Although all develop-
ing stages are highly temperature sensitive, pollination is among the most susceptible
phenological stages, as the viability of maize pollen reduces significantly with
exposure to temperatures above 35 °C (Herrero and Johnson 1980; Schoper et al.
1987; Dupuis and Dumas 1990). According to literature, the optimum temperature
requisite for wheat cultivation ranges between 18 and 24 °C and a slight increase
(1-2 °C) in the required range is projected to alter the wheat phenology and produc-
tion by 6% (Asseng et al. 2015). At this increased temperature range, plants exhibit
accelerated rate of anthesis, shorter grain filling rate and duration, reduced pollen
sterility, declined germination ratio, and suppressed yield (Yin et al. 2009;
Chakrabarti et al. 2013; Barlow et al. 2015; Kumar et al. 2017). Besides mentioned
alterations, the warming climate has also been recognized as a shifting factor in the
flowering regime of the wheat crop. The strong correlation between traits like pollen
viability, pollen production, anther dehiscence, and seed-set under heat stress has
made these traits important parameters of reproductive success. These parameters
can be used as candidate traits for selection in breeding programs. It is reported that
in rice, anthers dehiscence is easier in heat-tolerant cultivars than susceptible culti-
vars (Prasad et al. 2006; Jagadish et al. 2010).

11.3.2 Physiological Aspects

Among physiological processes, photosynthesis has known as a significantly weaker
section in response to elevated temperature. In general, the rising temperature
remarkably affects the photosynthetic activity of plants, influencing moisture con-
tent of leaves, opening, and closing of stomata, level of CO, concentration within
the cell (Allen and Ort 2001; Anjum et al. 2011). According to Hatfield and Prueger
(2015), high temperature speeds up the phenological processes. However, no sig-
nificant impact on leaf area or vegetative biomass could be seen in maize, besides
the reduction in grain yield. The structural components of the chloroplast are greatly
affected, including the variation in thylakoids, granum stacking, and swelling with
markedly reduced photosystem II, causing damage to cellular cytoplasm, cell
destruction, and hence cell death (Havaux 1993; Wang et al. 2009; Allakhverdiev
et al. 2008; Chen et al. 2012). Moreover, the rising temperature disrupts the protein
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machinery, RNA synthesis, enzymatic interaction, and activity of the cell. This cel-
lular disturbance and imbalance and improper functioning consequently influence
the growth and development in wheat, maize, millet, and other cereals (Das and
Roychoudhury 2014; Ergin et al. 2016).

In general, certain plant species rely on temperature cues to regulate flowering
under warmer conditions and greatly affected with rising temperature, resulting in
altered flowering time, nectar, and pollen (Wigge 2013; Thines et al. 2014). Being
temperature sensitive, physiology of flowering plants is regulated by various path-
ways, measuring day length, or photoperiod. Therefore, flower traits under warmer
conditions differ in size, anthesis, scent, pollen, and nectar contents (Scaven et al.
2013). Sagae et al. (2008) illustrated the reduced floral scent and increased the con-
tent of nectar and sugar with increasing temperature. High temperature also gov-
erned the pollen performance as well as its composition within the plant species. A
decline of 30-50% in pollen content and its viability was reported by Prasad et al.
(2003). Furthermore, high temperature degrades pollen germination, pollen, and
spikelet fertility beyond 33 °C in rice cultivation (Yang et al. 2017). Similarly, in
wheat, shortened duration of grain filling, reduced weight of kernel and reduced
yield are temperature determinants above 37 °C (Xie et al. 2015). Akin to variations
above, sorghum exhibits compressed chlorophyll level, decreased photosystem 11,
weaken antioxidative capacity, decreased content of reactive oxygen species, and
impaired thylakoid membrane at 40 °C (Prasad et al. 2008; Jain et al. 2010; Prasad
et al. 2015). In maize, however, the temperature spectrum of 33—40 °C causes poor
ear growth at pre-anthesis and silking stage, coinciding with 15 days of crop age
(Lizaso et al. 2018).

The enzyme-mediated metabolic pathways are sensitive to the elevated level of
temperature. It poses stress by generating the excessive amount of reactive oxygen
species (ROS), leading to oxidative stress (Xia et al. 2015; Mignolet-Spruyt et al.
2016; Sewelam and Schenk 2016) within plant parts. The uncoupling might have
caused the deposition of various components of stress causing agents, Viz., superox-
ide radical, hydrogen peroxide, hydroxyl radical (Tripathy and Oelmuller 2012; Das
and Roychoudhury 2014). Moreover, the oxidative stress is generated by means of
ROS which is produced by the leakage of electrons into the thylakoid membrane of
the chloroplast, wherein it disrupts the stability of the cell membrane. This thermal
stress in plants enhances the enzymatic activity which consequently increases malo-
ndialdehyde (MDA) content in rice (Hurkman et al. 2009). However, in wheat, heat
stress causes the enzyme deactivation and cell viability deterioration. Additionally,
the high temperature is known to reduce the thermostability to the tune of 28% to
54% resulting into enhanced electrolyte leakage in wheat leaves (Xu et al. 2006).
However, in sorghum, the peroxidation in lipid membrane causes injury to lipid
membrane enabling the influx of H,O, and O, (Cao et al. 2009; Tan et al. 2011). On
the other hand, the root growth in wheat inhibited by the heat stress and significantly
increased the concentration of reactive oxygen in root cell, and MDA content in
seedlings was proposed by Rodriguez et al. (2005). The hindrance of the rate of
evapotranspiration and soil moisture deficits may affect the agricultural activities
due to climatic variability (Gunawardhana and Silva 2012).
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Parameters like electron transport rate, enzyme viability, and membrane integrity
have also been used for screening heat-tolerant crops (Cottee et al. 2010). In many
crops, to characterize genetic variability in acquired thermotolerance, chlorophyll
accumulation assays have been used (Selvaraj et al. 2011). In wheat, for instance,
heat stress-induced damage of the thylakoid membrane is closely associated to
chlorophyll loss, and detection of chlorophyll content has been proposed as high-
throughput screening method for tolerance to heat (Shah and Paulsen 2003).

11.3.3 Biochemical Aspects

The biochemical reactions involved in plant growth are quite temperature sensitive;
hence the vegetative and reproductive stages show increased activity of antioxidant
enzymes, viz., peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT),
under stress conditions. At extreme climate, particularly high-temperature stress, the
plants show the accumulation of primary metabolites, including glycinebetaine, or
soluble sugars. Among secondary metabolites, polyphenols like flavonoids, antho-
cyanins, and plant steroids are active to facilitate the protection, enabling the plant to
withstand under adverse conditions (Wahid 2007; Bita and Gerats 2013). In addition
to plant metabolites, the level of phytohormones like abscisic acid (ABA), salicylic
acid, and ethylene rise, however, that of cytokinin, auxin, and gibberellic acids,
declines in the response of high-temperature stress, resulting into premature plant
senescence. This imbalance produced under stressed conditions in plants causes the
nutritional alteration, undigestibility, and compromising yield quality (Larkindale
et al. 2005; Bita and Gerats 2013). The raised polyphenol level plays a significant
role in plant defense by ROS detoxification, reduction in microbial activity, and dis-
integration of enzymes. Besides polyphenol activity, high sugar content serves as a
substratum in plant defense (Pandey and Rizvi 2009; Ferdinando et al. 2014).

11.4 Molecular Mechanisms of the Plant in Response to Heat
Stress

Plasma membrane acts as the first sensor for heat stress, inducing changes in plasma
membrane fluidity resulting in triggering downstream molecular responses (Mittler
etal. 2012). At the molecular level, the change in response to heat stress is very com-
plex but conserved across different plant species. There are many heat-responsive
genes in plants identified via transcriptomic or proteomics approaches. It can be
divided into two main groups, namely, transcriptional factors and structural genes.
Transcriptional factors act as central regulators of the heat stress response such as
heat shock factors (Hsf genes) (Scharf et al. 2012), (NAC genes) (Shahnejat-Bushehri
etal. 2012), etc. Structural genes also play an important role in conferring thermotol-
erance such as heat shock proteins (Hsp) (Lindquist and Craig 1988), antioxidant
enzymes, e.g., SOD, ascorbate peroxidase (APX), CAT, late embryogenesis abun-
dant proteins (LEA), dehydrins, etc. (Mazorra et al. 2002; Wahid 2007).
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11.4.1 Heat Shock Factor (Hsf)

Heat shock transcription factor belongs to winged helix turn helix types (Harrison
et al. 1994). They possess various domains such as DNA binding domain, an
oligomerization domain, nuclear export signal (NES), activation domain, and
nuclear localization signal (NLS) domain. In the plant, there are three classes of
Hsfs (classes A, B, and C); among these HsfA class especially HsfA1 and HsfA2
are mostly studied, and regulating mechanism in response to abiotic stress is well
understood (Liu et al. 2011; Nishizawa-Yokoi et al. 2011). The HsfA1 group plays
an important role in imparting thermotolerance in tomato (Mishra et al. 2002).
Heat shock factors regulate the expression of heat shock proteins via heat shock
elements in response to heat stress. Under normal condition, Hsf exists in mono-
mer form in the nucleus. However, under stressed condition trimerization of Hsf
monomer take place.

11.4.2 NAC Genes

The NAC genes constitute one of the largest plant transcription factors family, e.g.,
151 in rice (Nuruzzaman et al. 2010). The NAC term derived from three genes, namely,
no apical meristem (NAM), Arabidopsis transcription activation factors (ATAF), and
cup-shaped cotyledon (CUC). The N terminal of NAC protein is highly conserved in
nature but the C terminal shows divergent and it possessed functional domain (Ooka
et al. 2003). Many of the NAC gene expression are induced by hormones like ABA and
abiotic stresses such as SNAC2, NAC6, NACIO, etc. (Nakashima et al. 2009;
Nuruzzaman et al. 2013). It is involved in the regulation and fine-tuning of many
defense-responsive genes. The ANAC042 enhances plant survival after heat stress via
regulation of thermomemory-related expression (Shahnejat-Bushehri et al. 2012).

11.4.3 Hsp Genes

Many of Hsp genes are well characterized in regard to heat stress response. They
help in proper folding of proteins, prevent denaturation, and aggregation (Borges
and Ramos 2005). Based on their molecular weight, there are five main classes,
namely, Hsp100, Hsp90, Hsp70, Hsp60, and small Hsp (Schlesinger 1990). The N
terminal possessed ATPase activity and well conserved as compared to C terminal
having peptide binding ability (Craig et al. 1993). The Hsp100 and small Hsps play
an important role in thermotolerance, protein disaggregation, etc., whereas Hsp90
and small Hsps help in the stabilization of misfolded protein and interact with other
signaling molecules. The Hsp70 and Hsp60 assist in proper folding of proteins
(Park and Seo 2015).
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11.4.4 Antioxidant Enzymes

Heat stress generates reactive oxygen species (ROS) such as hydrogen peroxide
(H,0,), superoxide (O,™), hydroxide radical (OH"), etc., which has a toxic effect on
the cell, cellular organelles, and other cellular functions. For example, the plasma
membrane is the first to sense heat stress (Mittler et al. 2012). Lipid peroxidation
and other redox reaction take place which results in a change in the level of mem-
brane stability index. The level of ROS is checked by various antioxidant enzymes
such as CAT, SOD, APX, etc. (Chaitanya et al. 2002). These antioxidant enzyme
activities are used to observe and to estimate the degree of thermotolerance.

11.4.5 LEA Proteins

Late embryogenesis abundant proteins (LEA) name arise due to their high accumu-
lation during seed maturation and have a significant role in overcoming water defi-
cit condition. Based on motif types, there are five main groups, namely, LEA 1,
LEA II, LEA III, LEA 1V, and atypical LEA proteins (Battaglia et al. 2008). LEA
proteins secure integral membrane proteins and mitochondrial membrane during
dehydration condition via behaving itself as water replacement molecules
(Caramelo and Tusem 2009).

11.5 Approaches to Tackling Heat Stress in Agronomic Crops
11.5.1 Conventional Breeding

Since the onset of civilization, agriculture was considered as one of the major sources
of livelihood. Earlier breeders select the naturally occurring wild type and cultivated
field variants as better crops for breeding purpose. The selected better varieties were
served as the donor parent for the development of high yielding varieties through
conventional breeding. Conventional breeding or traditional breeding was used by
the farmers since the origin of agriculture until the 1760s. The successful results of
the first hybridization experiment carried out by Kolreuter limited the use of conven-
tional breeding (Roberts 1929). Conventional breeding approach helped in reducing
the negative effect of heat on the crop. In conventional breeding for heat stress toler-
ance, the development of high-temperature-tolerant plant is carried out in the climac-
teric region by selecting parent lines that perform well under hot conditions
(Mickelbart et al. 2015). In regions with high temperature, the thermotolerant feature
is mainly selected by local breeders as the crop from the warmer region is more toler-
ant to heat then the crops from the cooler region. This technique has proved great
importance for developing thermotolerant crop via conventional breeding (Smillie
and Nott 1979; Momonoki and Momonoki 1993; Tonsor et al. 2008; Yamamoto et al.
2011; Kugblenu et al. 2013). A cross between Indonesian “Peta” and Taiwan “Dee
Geo Woo Gen” varieties leads to the development of semi-dwarf (sd1) IR8 was the
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first variety of rice with higher harvest index. The sd1 IRS8 rice variety performed
better in nitrogen fertilizers conditions and became the symbol of a green revolution
in spite of having poor grain quality (Khush et al. 2001). International Rice Research
Institute had developed 200 rice varieties via the conventional breeding method.
IR32, IR36, IR40, IR42, IR64, and IR72 are some of the superior rice lines devel-
oped by IRRI. One of the developed variety IR64 inherited the property of multiple
and durable resistance to pests and diseases, tolerance to abiotic stresses, wide adapt-
ability, and good response for agronomic practices and management (Khush 1997).
Limitations of conventional breeding in developing heat-tolerant lines is that the
physiological and genetic bases of the improvement is not clear in this method which
further creates a hurdle for the development of markers (molecular and biochemical)
that can be used for efficient breeding programs. Moreover, the use of cross-specific
advanced starting material in conventional breeding program indicates that potential
gain over heat stress is restricted by low genetic diversity (Ladizinsky 1985; Paran
and Van Der Knaap 2007). The discovery of laws of heredity during the nineteenth
and twentieth century provided the insight into hybridization in plant breeding and
most of the breeding program presently involves the use of hybridization (Wilks
1990; Xu 2010). The limitation of the conventional breeding program was overcome
by the introduction of modern or molecular breeding which involves the use of
molecular markers.

11.5.2 Modern Breeding Approaches

The discovery of molecular marker in the nineteenth century and the limitations of
conventional breeding create the platform for modern breeding approaches. Genetic
correlation between different traits in a specific crop has made it difficult to improve
all the desire traits at the same time. Improvement of the crop for a particular trait
would influence the correlating traits both in the favorable and unfavorable way
(Falconer and Mackay 1996). Pleiotropic genes, the physical linkage between genes
in the chromosomes and population structure also affect the breeding techniques
(Hartl and Clark 1997). Modern breeding includes marker-assisted selection, QTL
mapping, and association mapping approaches to develop new and improved crop.

11.5.2.1 Marker-Assisted Selection

Marker-assisted selection (MAS) is one of the precise breeding techniques which is
based on the utilization of marker (morphological, biochemical, and molecular) for
selection of specific traits (e.g., biotic, abiotic stress tolerance, productivity, and
quality) of a particular crop. This technique is an indirect selection method (Ribaut
et al. 2001). The MAS technique has revealed the genetic basis of both biotic and
abiotic stress tolerance in crops which helped the crop to cope up with these stresses
(Lopes and Reynolds 2010; Thomson et al. 2010). Genotype x environment or
gene—gene (i.e., epistasis) interactions resulting in low breeding efficiency has
affected the MAS technique for heat stress which is a complex trait (Collins et al.
2008). Marker-assisted selection has been used in wheat for powdery mildew
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disease (Zhou et al. 2005); in rice for bacterial blight (Chen et al. 2000, 2001), blast
(Liu et al. 2003), deep roots (Chen et al. 2001) submergence tolerance (Mackill
2006; Toojinda et al. 2005), root traits and aroma (Steele et al. 2006); quality, dis-
ease resistance (Toojinda et al. 2005).

11.5.2.2 Qualitative Trait Loci Mapping

Qualitative Trait Loci (QTL) mapping is used to identify specific chromosome seg-
ments containing candidate genes for biotic and abiotic stress tolerance (Argyris
et al. 2011; Zhang et al. 2012). The QTL mapping is a method of choice and is
attaining attention across the globe because of its efficiency in identifying loci
related to stress tolerance in crops. Qualitative trait loci-based mapping is used to
have insight into the tolerance mechanism and to identify markers related to differ-
ent stresses. Various reports on QTL-based stress tolerance studies have already
been established earlier (Hirayama and Shinozaki 2010; Roy et al. 2011). Numerous
QTLs related to heat stress tolerance have been reported in various bi-parental pop-
ulations like in rice at flowering stages (Ye et al. 2012; Li et al. 2018), wheat (Paliwal
etal. 2012) and maize (Bai 2011). The QTLs linked to different traits like thousand-
grain weight (TGW), the GFD, CTD, yield are used to identify heat-tolerant variet-
ies (Pinto et al. 2010). Traits related to plant senescence can also be used to identify
tolerant varieties (Vijayalakshmi et al. 2010). Recently, a recombinant inbred line
wheat population was used to identify QTLs related to well-irrigated, heat, drought
stress conditions explaining variation up to 19.6% in grain yield in the drought,
heat, and combined stress trials (Tahmasebi et al. 2016).

11.5.2.3 Association Mapping

Association mapping is a linkage disequilibrium (LD)-based high-resolution map-
ping method which is used to identify various biotic and abiotic stress-associated
traits with the help of molecular markers (Varshney et al. 2009). Linkage disequilib-
rium is termed as the “non-random association of alleles at two or more different
loci” in a population (Flint-Garcia et al. 2003; Slatkin 2008). The LD is the best
method to study the strength of correlation between markers due to their shared
genetic history. Pair of SNP marker helps in identifying the degree to which an
allele of one SNP is inherited or correlated with an allele of another SNP within a
population (Bush and Moore 2012). Association mapping studies are more advanced
than QTL analysis because in the former, the mapping population is comprised of
diverse germplasm. This approach required the phenotypic and genotypic data of
the population along with the genetic knowledge of the germplasm (i.e., population
structure) for identifying the association. Nowadays, association genetics could
assist QTL mapping in identifying QTLs linked to a specific trait in different crop
species (Ahuja et al. 2010; Yano et al. 2016). Based on the present knowledge of
association mapping, there are two key factors which will help this approach in the
near future: integration of functional analysis or gene annotation data, i.e., post-
GWAS research (Zhang et al. 2014), and use of improved statistical and computa-
tional methods (e.g., STRUCTURE analysis, haplotypes, and SNP imputation). A
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numerous heat stress tolerance genes in different crops have been identified via
association mapping approach.

11.5.3 Biotechnological (Genetic Engineering) Approaches

The G x E interaction, epistatic effect, the effect of minor QTLs on major QTLs in
breeding program, limits the importance of breeding in the development of toler-
ance crops. Moreover, the time is taken and intensive task in conventional breeding
to produce an improved variety has also limited this technique used in developing
tolerant crops. With the increase in population and a decrease in crop productivity
due to global warming, there is a need to develop “smart crop” to feed the ever-
growing population. Thus, to overcome this problem, genetic engineering an emerg-
ing field in biotechnology has gained worldwide attention. Genetic engineering
helps in transfer of desire genes into a susceptible variety to develop transgenic
crops. A desired gene can be transferred in a variety by direct and indirect transfer
methods. Most commonly used transgenic method for development of transgenic
crop is Agrobacterium-mediated gene transfer method and biolistic bombardment
method. In this approach, firstly, desire gene is identified and then it can be trans-
ferred between the species and across the species either by a direct or indirect trans-
fer technique. Like in gene pyramiding, multiple desire genes can be transferred via
genetic modification in the same plant with the help of engineered promoters (Datta
et al. 2002). The availability of standard transformation protocols for many food
crop species has made the gene transfer process easy. In spite of great importance,
transgenic crops are not used on a large scale due to certain restrictions and ethical
issues. For cereal crops like wheat, rice and barley gene transfer methods have low
efficiency due to the transfer of non-desire genes along with the desired ones or
sometimes the desired gene does not express in the specific tissue (Takeda and
Matsuoka 2008). Thus, to overcome this problem, stress-inducible and tissue-
specific promoters have been used to provide stress tolerance along with high yield
potential and prevent the negative effects of a stress gene on plant growth under
favorable conditions (Nakashima et al. 2007). Recently, transcriptome engineering
has been used to engineered stress-tolerant plants. In this method, specific transcrip-
tion factors and signaling components are used to generate transgenic with an
expression of various stress tolerance genes. Approaches like functional genomics,
proteomics, metabolomics, and economics have also been used for the development
of tolerant crop variety.

11.6 Conclusion

Identification of key heat-responsive genes and development of thermotolerance
plant will be a crucial approach as per environmental changes prevailing now and
anticipated near future is concerned. In addition, rapid population growth also posed
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a threat to limited crop production. So, the development of thermotolerance plant
will substantiate the crop production under global warming impact.

11.7 Prospect

Transgenic/trans-genomics and molecular breeding have a major role in the devel-
opment of thermotolerance plant. Combination of functional genomics, proteomics,
and phenomics will be the approaches in the near future that will help in clearing the
pathways and their hierarchical order involved in thermotolerance.
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