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  Pref ace    

 Plants are subjected to a wide range of abiotic stresses, such as drought, salinity, 
extreme temperatures, pollution, UV radiation, etc. Abiotic stress adversely affects 
crop production worldwide, causing yield reductions for most major crops. Among 
the various abiotic stresses, drought is considered to be the most serious. Due to an 
increasing global population, drought may lead to a serious food shortage by 2050, 
when the world’s population is expected to reach ten billion. This situation may be 
worsened due to global climate change that may multiply the frequency, duration, 
and severity of water defi cit. Hence, there is an urgent need to improve our under-
standing of the complex mechanisms associated with drought tolerance and to 
develop elite crop varieties that are more resilient to drought without affecting other 
agronomic and quality parameters. Identifi cation of novel genes responsible for 
drought tolerance in crop plants will contribute to our understanding of the molecu-
lar mechanisms behind drought tolerance. The discovery of novel genes, the analy-
sis of their expression patterns in response to drought, and the determination of their 
potential functions in drought adaptation will provide the basis for effective breed-
ing strategies to enhance crop drought tolerance. The general effects of drought on 
plant growth are well known, but the effects of water defi cit at the biochemical and 
molecular levels are not well understood. Although we do not have a complete 
understanding of the biological mechanisms associated with tolerance to drought, 
tolerance can to some extent be explained on the basis of ion homeostasis mediated 
by stress adaptation effectors, toxic radical scavenging, osmolyte biosynthesis, 
water transport, and the coordination of long-distance signaling mechanisms. 
Complete elucidation of the physiological, biochemical, and molecular mechanisms 
by which plants respond to drought, including signal perception and transduction, 
as well as adaptation, is still a challenge for plant biologists. 

 In this book we present a collection of 21 chapters written by recognized experts 
in the fi eld of plant drought responses, tolerance, and crop improvement. This volume 
deals with an array of topics in the broad area of drought responses and tolerance in 
plants and focuses on plant “physiology and biochemistry.” The information pre-
sented in this book demonstrates how plants respond to drought and will ultimately 
lead to both conventional and biotechnological approaches for improvement of crop 
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productivity under drought stress and for sustainable agricultural production. We 
trust that the information covered in this volume will be useful in building strategies 
to counter the negative impacts of drought. Hopefully this volume will serve as a 
major source of information and knowledge to graduate and postgraduate students 
and researchers investigating abiotic stresses. We also believe that it will be of inter-
est to a wide range of plant scientists, including agronomists, physiologists, biotech-
nologists, molecular biologists and plant breeders who have concerns about the 
drought responses of plants and improving the drought tolerance of crop plants. 

 As editors of this volume, we are grateful to the authors of various chapters of 
this book for writing their chapters meticulously and enabling us to produce this 
volume in time. We would also like to extend our thanks to Dr. Kenneth Teng and 
the editorial staff of Springer, New York, who enabled us to initiate this book proj-
ect. Finally, our special thanks to Springer, Switzerland, for publishing this volume. 
We fervently believe that the information covered in this book will make a sound 
contribution to this fascinating area of research.  

 Mymensingh, Bangladesh     Mohammad     Anwar     Hossain      
Srinagar, Kashmir, India     Shabir     Hussain     Wani      
West Bengal, India    Soumen     Bhattacharjee      
Dunedin, New Zealand    David     J.     Burritt  
   Yokohama, Japan    Lam-Son     Phan     Tran    
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    Chapter 1   
 Drought Stress in Plants: 
Causes, Consequences, and Tolerance                     

       Seyed     Yahya     Salehi-Lisar      and     Hamideh     Bakhshayeshan-Agdam    

1.1           Introduction 

 Under both  natural and agricultural conditions  , plants are often exposed to various 
environmental stresses. Water accounts for between 80–95 % of the fresh biomass 
of nonwoody plants and plays an important role in many aspects of plant growth, 
development, metabolism, and so on [ 16 ,  33 ]. Drought is one of the most important 
and prevalent stress factors for plants in many parts of the world, especially in arid 
and semiarid areas [ 23 ]. There are several reasons for a water defi cit in plants; these 
include low rainfall, salinity, high and low temperatures, high intensity of light, 
among others. On the other hand, 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 [ 3 ,  4 ,  33 ]. Drought stress is a multidimensional stress and 
generally leads to changes in the physiological, morphological, ecological, bio-
chemical, and molecular traits of plants [ 8 ,  14 ,  35 ]. In addition, it can negatively 
affect the quantity and quality of plant growth and yield [ 17 ,  27 ,  39 ]. Plant responses 
to a water defi cit depend on the length and severity of the water defi ciency as well 
as the plant species, age, and developmental stage [ 23 ]. Many plants have developed 
resistance mechanisms to tolerate drought stress, but these mechanisms are varied 
and depend on the plant species. There are several options in drought tolerance in 
plants, including developmental, physiological, morphological, ecological, bio-
chemical, and molecular mechanisms. Typically, the  mechanisms   involved in plant 
tolerance to drought follow a general plan: maintaining cell water homeostasis 
under drought conditions. This is possible mainly by prohibiting water loss and 
increasing the water inlet to the cells, which eventually leads to normal cell 
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functions. In addition to drought tolerance, drought avoidance is another common 
drought resistance mechanism in annual plants [ 4 ,  23 ,  33 ]. Scientists have been 
tested different methods for improving plants’ capacity for drought resistance. 
However, each method has some problems and limitations because of the complex-
ity of drought effects on plants and the plants’ responses to the drought. In addition, 
several strategies for drought management in agricultural fi elds could be useful in 
order to minimize the effects of drought on plants, especially on crops. “Drought” 
is a general term usually used to describe a period without rainfall and derives from 
an agricultural context [ 33 ]. Although the terms “drought,” “ water defi cit  ,” “ dehy-
dration  ,” and “ water stress  ”can address different issues, in this text we will use these 
terms to mean an inadequate water supply for plants.  

1.2     Defi nition of  Drought   

 Plants are sessile organisms often exposed to various environmental stresses [ 18 , 
 29 ,  30 ,  39 ] including biotic and abiotic stresses [ 18 ,  29 ,  30 ,  39 ]. Drought is one of 
the most important abiotic stresses that negatively infl uences plant growth and 
development [ 29 ,  30 ,  39 ]. Drought is a normal recurrent feature of the climate [ 12 , 
 22 ,  27 ,  30 ] that occurs in almost all areas, especially arid and semiarid regions, and 
its characteristics may be very different from one region to another [ 9 ,  30 ]. 
“Drought” is a general term for the description of atmospheric or weather phenom-
ena and is commonly explained as a period without rainfall [ 9 ,  12 ,  17 ,  35 ]. Drought 
is diffi cult to defi ne; it can be described from several viewpoints, such as through 
meteorological, agricultural, hydrological, and socioeconomic lenses [ 5 ,  12 ,  17 , 
 29 ]. Generally, from agricultural and physiological viewpoints, drought stress 
occurs when the available water for plants in the soil is decreased due to low soil 
moisture at a certain time [ 12 ,  18 ]. On the other hand, water stress (defi ciency) in 
plant occurs when the transpiration rate from leaf surfaces is higher than the water 
uptake by roots [ 33 ]. This imbalance in water uptake and water losses from plants 
 mainly   occurs when the water potential of the soil is lower than the water potential 
of plant roots. Many plants, such as the water spender, water collector, and water 
saver xerophytes, can grow under drought conditions of deserts without encounter-
ing water stress. Therefore, scientists must consider that drought certainly is not 
equal to water defi ciency in plants. Mostly, the atmospheric conditions cause a con-
tinuous water defi cit by transpiration or evaporation [ 12 ,  24 ,  35 ,  36 ]. Therefore, an 
agricultural drought comes after a meteorological drought [ 5 ,  12 ,  17 ]. Usually, 
under normal conditions, drought isn’t a disaster in many regions, but it could be an 
important problem when human beings are wasteful with water [ 21 ]. In addition, in 
some regions rainfall is adequate but nonuniform precipitation leads to water stress 
in plants. Drought occurs in both developing and developed countries, and all soci-
eties are vulnerable to this natural phenomenon [ 12 ].  
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1.3     Causes of  Drought Stress in Plants   

 Today alterations in rainfall patterns in many regions occur due to global climate 
changes that are leading to increases in temperature and atmospheric CO 2  levels [ 3 , 
 12 ,  25 ,  27 ]. Global climate alterations are the main factor triggering drought stress 
worldwide [ 25 ,  30 ]. However, there are many other reasons for droughts, such as 
high temperature, high intensity of light, and dry wind, all of which increase evapo-
ration of water from soil. In addition, these factors increase water losses from plants 
and subsequently facilitate plant exposure to water stress [ 12 ,  24 ,  33 ,  35 ,  36 ]. 
Sometimes drought doesn’t occur truly because of a water defi cit in the environ-
ment. In some cases there is enough water in the soil but several soil factors, such as 
salinity, low soil temperatures, and fl ooding, prevent or decrease water uptake by 
roots and subsequently 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 [ 3 ,  33 ].  

1.4     Drought  Symptoms in Plants   

 The symptoms of drought in plants vary depending on the plant species, develop-
mental stage, growth conditions, and other environmental factors [ 3 ,  8 ,  27 ]. Drought 
severity, drought length, soil physicochemical conditions, and plant vigor are other 
factors infl uencing drought symptoms in plants. Generally, drought symptoms 
include loss of leaf turgor, drooping, wilting, etiolation, yellowing, and premature 
leaf downfall [ 2 ,  7 ,  8 ,  14 ,  17 ,  34 ,  38 ]. Also, some unusual symptoms include bark 
and twig crack, branch dieback, thinning tree and shrub canopy, necrosis, and poor 
and stunted growth. Finally, under extreme conditions, plant death occurs [ 3 ,  14 ,  34 ].  

1.5     Drought Effects on Plants 

1.5.1      Plant Growth and Development   

 Drought can severely reduce plant growth and development [ 8 ,  29 ,  35 ]. Drought is a 
multidimensional stress for plants; therefore, it can infl uence different aspects of 
plant growth and development [ 8 ,  14 ,  35 ]. In addition, drought can negatively affect 
the quantity and quality of growth and yield of plants, especially crops [ 17 ,  27 ,  39 ]. 
Plant growth and development are dependent on cell division, elongation, and dif-
ferentiation. All of these phases are affected under drought conditions by loss of 
turgor, disordered enzyme activities, and decreased energy supply from photosyn-
thesis [ 8 ,  13 ,  17 ,  18 ,  28 ,  35 ]. Plant water potential and turgor are reduced in dehydra-
tion conditions; therefore, plant cells can’t perform their normal functions [ 18 ,  29 ]. 
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Turgor reduction leads to suppressed cell expansion and growth. Cell expansion and 
growth are necessary phenomena for the initial phase of plant growth and establish-
ment [ 8 ,  38 ]. The following factors are extremely important under water-defi cit con-
ditions: the stress severity; the duration and timing of the stress; the responses of 
plants after the stress removal [ 14 ,  39 ].  

1.5.2      Morphological and Anatomical Characteristics   

 Drought can infl uence many aspects of plants’ morphological and anatomical char-
acteristics. The anatomy of a leaf and its ultrastructure are altered by water stress 
[ 16 ,  23 ,  33 ]. A decrease in leaves’ size, a lower aperture and decrease in the number 
of stomata, cell wall thickening, cutinization of the leaf surface and developed con-
ductive 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 [ 11 ,  17 ,  18 ,  24 ,  27 ,  33 ,  35 ]. 
Additionally, premature leaf senescence increases in water-defi cit situations [ 14 ,  35 ]. 
Optimal leaf area development and stomatal opening are essential factors for opti-
mal photosynthesis in plants [ 17 ]. Therefore, net photosynthesis in water-defi cit 
plants is reduced due to a low leaf area, a higher resistance for gas exchange in 
stomata, and an increase in leaf senescence [ 13 ,  25 ,  35 ,  38 ]. The main effect of 
drought stress on plant morphology is size reduction. A low photosynthesis rate is 
one of the most important factors in the reduction of plant size and biomass produc-
tion [ 14 ,  15 ,  35 ,  38 ]. Decreasing chlorophyll content is a typical symptom under 
drought stress that could change the morphology of  plants   [ 3 ,  8 ,  21 ,  25 ,  29 ]. In order 
to increase water uptake under dehydration conditions, plants expand their roots and 
produce a ramifi ed root system [ 2 ,  8 ,  14 ,  15 ,  17 ,  29 ]. An increased biomass alloca-
tion to roots under drought situations and an expansion of the plant’s root system 
generally lead to a higher capacity for water uptake [ 8 ,  14 ,  15 ,  35 ]. Accordingly, 
despite reducing the shoot growth, the root growth isn’t signifi cantly reduced under 
a mild water defi cit. Therefore, under dehydration conditions, the root-to-shoot 
ratios of plants usually increase; however, the total biomasses of plants are reduced 
considerably [ 2 ,  17 ,  33 ,  35 ,  38 ].  

1.5.3      Plant–Water Relationships   

 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 [ 8 ,  14 ,  18 ,  35 ,  39 ]. An RWC reduction is the earliest effect of 
drought on plants [ 14 ]. A low RWC decreases the leaf water potential and leads to 
stomatal closing. A higher stomatal resistance decreases the transpiration rate and 
fi nally leads to increases in the leaf temperature because transpiration is the main 
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factor controlling the leaf temperature. An increase in the stomatal resistance is an 
important reason for a high leaf temperature, especially when the light intensity is 
high. Therefore, there is a positive feedback effect between the leaf temperature and 
the stomatal resistance. However, stomatal closure increased leaf temperature overly 
at fi rst [ 3 ,  14 ,  24 ,  34 ]. Higher temperatures of leaves can lead to denaturation of 
proteins, especially enzymes. In addition, changes in membrane fl exibility are 
another effect of higher temperatures, which can infl uence different aspects of 
metabolism. These alterations are the most important reasons for a disturbance in 
cell metabolic functions such as photosynthesis, respiration, ion uptake, and min-
eral nutrition, the synthesis of important macromolecules such as amino acids and 
proteins, and others [ 8 ,  30 ,  33 ,  34 ,  39 ].  

1.5.4      Photosynthesis   

 A reduction and/or inhibition of photosynthesis is one of the main effects of drought 
in higher plants [ 8 ,  9 ,  18 ,  27 ]. There are many reasons for this effect, including a 
decrease in the leaf expansion rate and a low leaf surface, an increased leaf tempera-
ture, impaired photosynthetic machinery, and premature leaf senescence [ 8 ,  14 ,  38 ]. 
Stomatal and nonstomatal factors can be effective in inhibiting photosynthesis 
under water-defi cit situations [ 9 ,  34 ,  39 ]. Carbon dioxide limitations due to pro-
longed stomatal closure, especially under light saturation conditions, lead to the 
accumulation of reduced photosynthetic electron transport components. The accu-
mulation of these compounds can reduce molecular oxygen and give rise to the 
production of  reactive oxygen species (ROS)   such as superoxide and hydroxyl radi-
cals as well as H 2 O 2 , thus causing oxidative damage in chloroplasts [ 3 ,  8 ,  28 ,  33 ,  35 , 
 37 ,  39 ]. In addition, low CO 2  uptake due to stomatal closure is the primary stomatal-
dependent factor that decreases the photosynthesis rate due to reduced activity of 
enzymes involved in CO 2  reduction (Calvin cycle, dark reactions). The lower activ-
ity of dark reactions could lead to imbalances between the light and dark reactions 
of photosynthesis and ROS accumulation in chloroplasts [ 8 ,  14 ,  27 ,  33 ]. The ROS 
can damage the photosynthetic apparatus, including thylakoid membranes, photo-
synthetic pigments, and enzymes [ 8 ,  14 ,  33 ]. A decrease in the chlorophyll content 
of leaves under water stress is another factor involved in reduction of the photosyn-
thesis rate [ 18 ,  29 ,  34 ]. A decrease in chlorophyll content during drought stress 
depends on the duration and severity of the drought and implies a lowered capacity 
for light harvesting [ 18 ,  33 ,  34 ]. According to reports in the literature, carotenoids 
are less sensitive to water stress than chlorophylls. However, unlike chlorophylls, an 
increase in xanthophyll pigments such as zeaxanthin and antheraxanthin in plants 
under water stress has been reported. Xanthophyll pigments play a protective role in 
plants under stress, and some of these pigments are involved in the xanthophyll 
cycle, which is involved in ROS detoxifi cation [ 11 ,  14 ,  17 ,  27 ,  33 ]. The key enzyme 
for carbon metabolism in the Calvin cycle is  ribulose-bisphosphate carboxylase/
oxygenase (RuBisCO)   [ 14 ,  33 ]. The level of RuBisCO in leaves is controlled by the 
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rate of its biosynthesis and degradation. The amount and activity of RuBisCO 
decrease rapidly under water-defi cit conditions. This effect is evident in all plants 
studied, but the severity of the decrease is species-dependent [ 11 ,  14 ,  33 ]. A decline 
in RuBisCO activity is caused by the acidifi cation of chloroplast stroma, a lack of 
the substrate for carboxylation (CO 2  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 [ 2 ,  8 ,  11 ,  14 ,  33 ,  39 ]. In addition to RuBisCO, activities of some other 
enzymes involved in carbon metabolism, such as phosphoenolpyruvate carboxyl-
ase, NADP-malic enzyme, fructose-1,6-bisphosphatase, NADP- glyceraldehyde phos-
phate dehydrogenase, phosphoribulokinase, sucrose phosphate synthase, and pyruvate 
orthophosphate dikinase, decrease linearly with lowered leaf water potential under 
drought conditions [ 11 ,  14 ,  33 ]. Drought stress also disrupts the cyclic and noncyclic 
types of electron transport in the light reactions of photosynthesis [ 8 ,  33 ]. 

 A lower electron transport rate negatively affects the photophosphorylation pro-
cess (ATP biosynthesis) [ 2 ,  8 ,  11 ,  33 ] as well as the NADPH/H +  reduction [ 11 ,  14 , 
 33 ]. These alterations cumulatively disrupt the photosynthetic apparatus under 
water stress conditions [ 8 ,  11 ,  33 ]. Both of the photosystems PSI and PSII in chlo-
roplasts are affected by water-defi cit conditions mainly due to a lower electron 
transport rate and the accumulation of ROS [ 8 ,  11 ]. The responses  of   adaptive plants 
to resist drought-induced damage to the photosynthetic apparatus include thermal 
dissipation of light energy, photo destruction of the D1 protein of PSII, triggering of 
and increased xanthophyll cycle activity, water–water cycle, and dissociation of the 
light-harvesting complexes from photosynthetic reaction centers [ 8 ,  11 ,  33 ].  

1.5.5      Respiration   

 Drought tolerance is a costly phenomenon for plants, and the quantity of energy 
used to cope with it is enormous [ 8 ,  14 ]. The major consumer of fi xed carbon in 
photosynthesis is the root for growth and maintenance [ 14 ]. In addition to plant 
growth and development, environmental conditions also infl uence the respiration 
rate. Under water stress conditions, a change can occur in carbon metabolism as a 
result of diminished photosynthesis and active respiration. A plant’s growth rate is 
determined precisely by photosynthetic CO 2  assimilation and the respiration ratio 
[ 8 ,  13 ,  14 ,  18 ]. Drought-sensitive plants use a relatively greater amount of energy 
resources to absorb water from soil, especially under severe drought stress. Under 
drought stress, the tricarboxylic acid (TCA) cycle and ATP biosynthesis are nega-
tively affected and lead to a decreased respiration rate [ 3 ,  8 ,  14 ]. However, limited 
root respiration rate and root biomass production under a severe soil water-defi cit 
can improve the growth and physiological activity of plants [ 3 ,  8 ,  14 ,  15 ]. There are 
two mitochondrial electron transport pathways from ubiquinone to oxygen in plants. 
The alternative pathway branches from the cytochrome pathway and transfers elec-
trons to oxygen directly by alternative oxidase [ 8 ,  14 ]. When plants are exposed to 
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drought stress, they produce ROS in the mitochondria. These free radicals could 
damage cellular components [ 3 ,  22 ]. Alternative oxidase activity could be useful  in   
maintaining normal levels of metabolites and reducing ROS production by transfer-
ring electrons to O 2  and reducing H 2 O 2  [ 2 ,  8 ,  14 ].  

1.5.6      Mineral Nutrition   

 Water stress affects plant mineral nutrition and disrupts ion homeostasis in plant 
cells [ 2 ,  9 ,  21 ]. Generally, decreasing water availability under water stress condi-
tions limits the total nutrient availability in soil, decreases the nutrient uptake by 
roots, and fi nally reduces their tissue concentrations in plants [ 14 ,  21 ,  33 ]. 
Changing nutrient uptake by the root and their transport to the shoots is an impor-
tant effect of water defi cit on plants. Generally, drought stress leads to an increase 
in N, causes a reduction in the P concentration, and has no defi nitive effects on the 
K concentration in plants [ 2 ,  14 ,  35 ]. A decrease in the Ca content of plants has 
been reported by many researchers as well [ 2 ,  8 ,  33 ]. 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-defi cit condi-
tions is an important factor leading to disruption of ion homeostasis in plants [ 14 , 
 21 ,  29 ,  33 ].  

1.5.7      Hormonal Balance   

  Hormones   play key roles in the regulation of plant processes. Some hormones are 
involved in plant interactions with environmental stresses such as drought [ 7 ,  21 ]. 
Abscisic acid (ABA) is one of the most effective hormones in plant response to 
drought stress [ 2 ,  7 ,  8 ]. After plants are exposed to drought, ABA is synthesized in 
roots and translocates to shoots, especially leaves. Furthermore, water stress 
induces ABA synthesis in chloroplasts. In addition, the plasma membrane ATPase 
(PM-ATPase) activity decreases under water-defi cit conditions due to a lower ATP 
supply by photosynthesis and respiration. Low PM-ATPase increases the apoplas-
tic (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 stomata by a transpiration stream in the leaf apoplast. ABA 
translocation to stomata induces stomatal closure and decreases the stomatal con-
ductance 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 2  uptake by stomata leads to a reduction in the photosyn-
thesis rate in leaves [ 2 ,  7 ,  9 ,  28 ,  31 ,  33 ]. ABA plays a key role in the regulation of 
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aquaporin’s activity as well [ 8 ,  14 ]. It is well known that ABA accumulation under 
drought conditions reduces ethylene production [ 8 ,  9 ]. In contrast, auxins act as 
negative regulators of drought tolerance in plants because indole- 3- acetic acid 
(IAA) downregulation facilitates the accumulation of late embryogenesis abundant 
(LEA)  mRNA  . ABA induces the accumulation of LEA proteins, which are involved 
in plant adaptation to drought stress, especially in seeds [ 7 ,  8 ,  13 ,  27 ]. Endogenous 
cytokinin (zeatin) and gibberellin (GA3) 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 senes-
cence [ 8 ,  11 ]. Generally, drought leads to an increase in brassinosteroid (BR) accu-
mulation in plants. Brassinosteroids increase water uptake and cell membranes 
stability and can also reduce ion leakage from membrane under drought stress 
conditions [ 8 ,  29 ].  

1.5.8     Protein, Amino Acids, and Mineral  Content   

 Plants synthesize compounds such as proteins and amino acids and accumulate 
some minerals in response to drought stress [ 27 ,  29 ]. Drought conditions change the 
quantity and quality of plant proteins [ 11 ,  14 ,  29 ]. Generally, the protein content 
decreases under a water defi cit due to suppression of their synthesis. Gene expres-
sion changes during drought stress; hence, the synthesis of drought-related proteins 
and mRNAs changes consequently [ 7 ,  11 ,  27 ,  33 ]. However, the synthesis of some 
proteins and enzymes—such as LEA proteins, proteases, enzymes required for the 
biosynthesis of various osmotic- compatible compounds (osmoprotectants), 
enzymes involved in the detoxifi cation of ROS [e.g., superoxide dismutase (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—increase under drought stress [ 13 ,  14 ,  22 ,  27 ,  29 ,  33 ,  37 ,  39 ]. 

 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 [ 4 ,  16 ,  23 ,  33 ]. Compatible solutes have a low molecular weight and can 
accumulate at high concentrations without having damaging effects on the cell com-
ponents and metabolism [ 29 ,  37 ]. The accumulation of compatible solutes increases 
the cellular osmotic pressure and triggers water uptake from soil. In addition, com-
patible 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 lipophilicity. 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 [ 4 ,  16 ,  23 ,  33 ]. Proline is one of the standard amino acids known 
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as osmoprotectants [ 3 ,  14 ]. 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 fi rst reason for proline accumulation 
under drought stress. There are close relationships between proline accumulation 
and plant resistance to drought stress [ 18 ,  29 ]. Many researchers have reported that 
proline has an important role in osmotic regulation. Proline accumulation as well as 
that of other osmoprotectants lead to a lower water potential of cells and hence help 
water uptake from soil under drought conditions [ 9 ,  14 ]. In addition, proline pro-
tects cell components from oxidative stress, and its biosynthesis and degradation 
process play important roles in balancing the energy between chloroplasts and mito-
chondria [ 33 ]. 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 +  reduction in 
mitochondria is necessary for energy supply for cells as well as for recovery pro-
cesses after stress [ 24 ,  29 ,  33 ]. Proline isn’t the only compatible solute or osmopro-
tectant whose production and accumulation are induced under water-defi cit 
conditions. Compatible solutes are divided into four major groups: (1) sugars, 
including monosaccharides (e.g., fructose and glucose) and di- and oligo- saccharides 
(e.g., sucrose, trehalose, and raffi nose); (2) amino acids (e.g., proline and citrulline); 
(3) onium compounds, including tertiary and quaternary ammonium as well as sul-
fonium compounds (e.g., glycine-betaine and 3- dimethylsulfoniopropionate); and 
(4) polyols and sugar alcohols (e.g., mannitol, pinitol, glycerol, and sorbitol) [ 3 ,  9 , 
 13 ,  14 ,  31 ,  33 ,  37 ]. 

 In addition to  compatible   compounds, in some cases plants accumulate specifi c 
minerals such as NaCl in order to maintain the intracellular water potential. 
Although mineral accumulation isn’t always compatible with metabolism, some 
plants, such as halophytes, accumulate some minerals and are resistant to their dam-
ages due to specifi c mechanisms. Generally, plants accumulate minerals in the vacu-
ole and compatible compounds in the cytosol in order to balance the water potential 
of the two compartments [ 32 ,  33 ].  

1.5.9      Lipids   

 Lipids are the most abundant component of cell membranes and play an important 
role in the resistance of plant cells to environmental stresses [ 8 ,  29 ,  33 ]. Generally, 
drought stress leads to a disturbance in the association between membrane lipids 
and proteins as well as decreases the membrane-bound enzyme activity and trans-
port capacity of the bilayer [ 14 ,  21 ].  Monogalactosyldiacylglycerol (MGDG)   is a 
major leaf glycolipid that decreases after plant exposure to drought. MGDG is the 
most important component of the chloroplast membrane; accordingly, its lower con-
tent leads to destruction of the chloroplast membrane and negatively affects 
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photosynthesis. Lipid peroxidation due to oxidative damage is the well-known 
effect of drought and many other environmental stresses in plants [ 14 ,  24 ,  29 ,  33 ].  

1.5.10     Oxidative Stress as a Secondary  Stress   

 Exposure of plants to many environmental stresses such as drought leads to the 
generation of ROS, including superoxide radical (O 2  − ), hydroxyl radical (OH), 
hydrogen peroxide (H 2 O 2 ), alkoxy radicals (RO), and singlet oxygen. Oxidative 
stress is known as a secondary stress and causes oxidative damage in cells [ 8 ,  14 ,  22 , 
 27 ,  28 ,  29 ,  33 ,  39 ]. ROS may react with proteins, lipids, and other important macro-
molecules and can denaturize the structure and function of the macromolecules [ 3 , 
 8 ,  21 ,  24 ,  33 ]. Many cell compartments produce ROS under drought stress, such as 
chloroplasts, mitochondria, peroxisomes, and others [ 14 ,  22 ,  28 ]. The generation of 
ROS in biological systems is represented by both nonenzymatic and enzymatic 
mechanisms, which are dependent on some factor such as oxygen concentration in 
the cells [ 14 ]. Generally, ROS accumulation leads to DNA nicking, oxidation of 
amino acids, protein and photosynthetic pigments, lipid peroxidation, and so on [ 14 , 
 27 ,  33 ]. Plants have developed some mechanisms to avoid ROS damage. All these 
mechanisms form an antioxidant defense system, which includes both enzymatic 
and nonenzymatic components. SOD, CAT, POD, APX, and GR are some enzymes 
involved in the antioxidant responses of plants [ 3 ,  9 ,  13 ,  14 ,  17 ,  22 ,  27 ,  33 ,  39 ]. 
Glutathione, ascorbic acid, carotenoids, and α-tocopherol are some compounds 
involved in the antioxidant defense system of plants [ 8 ,  14 ,  17 ,  33 ].  

1.5.11     Molecular Effects 

 A complex set of genes participates in plant responses to drought stress [ 7 ,  8 ,  14 ]. 
Many gene expression patterns change when plants are exposed to drought [ 7 ,  8 ]. 
First, the expression of genes involved in early responses—such as signal transduc-
tion, 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 [ 8 ,  28 ,  37 ]. 
Drought sensing and signal transduction are still not clearly known. Generally, 
drought signaling is closely joined with  ABA signal transduction  . ABA plays a key 
role in plant drought responses and gives rise to drought-induced genes [ 3 ,  7 ,  9 ,  19 , 
 33 ,  37 ].  Plant gene expression   is controlled at different levels, including the tran-
scriptional, posttranscriptional, translational, and posttranslational phases [ 8 ,  9 ,  28 ]. 
Apparently, the regulation of plant response mechanisms to  abiotic stresses   includ-
ing drought stress is controlled at two levels: the transcriptional and translational 
levels [ 8 ,  14 ,  37 ]. Bioinformatics analyses have identifi ed several  transcription fac-
tors (TF)   induced under drought stress.  TFs   are classifi ed in several families, includ-
ing MYB/MYC, zinc-fi nger protein, and NAC [ 9 ,  13 ,  26 ,  27 ,  28 ,  37 ].  Translational 

S.Y. Salehi-Lisar and H. Bakhshayeshan-Agdam



11

control   is another mechanism involved in plant responses to drought and controls 
the protein production [ 37 ]. Molecular biology research has shown that plants 
respond to stress not only at the cells’ mRNA or protein level, but also at the 
 posttranscriptional phase [ 8 ,  27 ].  MicroRNAs (miRNAs)      are a class of small 
RNAs that are recognized as important modulators of gene expression at the post-
transcriptional level [ 6 ,  8 ]. Previously, many RNA molecules were counted, such as 
miR474, miR528, miR167, miR160, miR390, miR166, miR397, miR398, miR393, 
miR159, miR169, miR172, miR395, NAT-siRNAs, and tasiRNAs, which are 
involved in plant response and resistance to drought [ 6 ,  13 ]. Studies have shown that 
these miRNA molecules are involved in responses mediating with ABA, auxin sig-
naling, cell growth, antioxidant defense, osmotic adjustment, photosynthesis, and 
respiration under drought [ 6 ,  13 ,  14 ].   

1.6     Plant Responses to Drought  Stress   

 Plants are sessile organisms and must tolerate environmental stresses; hence, they 
have developed various mechanisms for resistance to the stresses. Moreover, as 
plants are multicellular organisms, their responses to environmental stresses such as 
drought are complex [ 8 ,  19 ,  27 ,  30 ,  33 ]. Generally, plant resistance to environmental 
stress is divided into two main strategies: stress avoidance and stress tolerance. 
Plant adaptation to a water defi cit is made possible by physiological, morphologi-
cal, phenological, biochemical, and molecular  responses  . The responses can range 
from being at a molecular level to being at a whole plant level. Plant strategies to 
cope with drought are summarized in the next three subsections, escape, avoidance, 
and tolerance. Although escape is generally a part of plants’ avoidance strategy, 
plants that escape from drought actually are not exposed to a water defi cit. Therefore, 
in this chapter we explain it in a separate section. 

1.6.1      Escape   

 Escape from drought is possible because of a shortened life cycle or growing season-
ally and allowing plants to reproduce before the environment becomes dry [ 2 ,  9 ,  14 ]. 
A short life cycle can lead to drought escape due to early fl owering, which is consid-
ered a form of adaptation to drought by stress avoidance [ 2 ,  14 ,  19 ]. The plant life 
cycle is dependent on the plant genotype and the environmental conditions. Drought 
escape occurs when the phenological development matches periods during which 
soil moisture is available. Therefore, early maturity and consequently early fl owering 
help plants avoid drought stress although the yield is generally decreased [ 2 ,  9 ,  14 ].  
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1.6.2      Avoidance   

 The main aim of this strategy is the preservation of a high water potential in plants. 
The chief characteristic of this strategy is reducing water loss from plants by stoma-
tal control of transpiration and maintaining water uptake from the soil by an exten-
sive and prolifi c root system [ 9 ,  14 ]. A deep and thick root system is helpful for 
exploring water from a considerable soil depth and at a large distance from the plant 
[ 2 ,  14 ,  15 ]. The cuticle and hairy leaves help to maintain a 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 plant 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 [ 14 ,  19 ,  33 ].  

1.6.3      Tolerance   

 Plants that use a tolerance strategy for drought resistance limit the number and area 
of leaves in response to water defi cit; however, this strategy leads to yield loss [ 2 ,  9 ]. 
In addition, these plants show some xeromorphic traits such as hairy leaves and the 
production of trichomes on both sides of leaves [ 14 ,  19 ,  33 ]. Hairiness reduces the 
leaf temperature, while transpiration increases light refl ectance 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 [ 9 , 
 14 ,  33 ]. The root is the main tissue to uptake water from the soil. Hence, the root 
growth rate, density, proliferation, and size are key factors infl uencing plant 
responses to drought stress. Studies have shown that an alteration in the root system 
architecture is the main factor in plant tolerance, especially when tolerance is 
defi ned as the ability of a plant to maintain its leaf area and  growth   rate during a 
prolonged vegetative stage [ 14 ,  33 ]. The accumulation of compatible solute and 
osmotic adaptation, the induction of an antioxidant system, an alteration in meta-
bolic pathways, an increase in the root/shoot ratio, and closure of the stomata are 
other mechanisms involved in plant tolerance to drought.   

1.7     Improved Drought Tolerance in Crops 
and Drought  Management   

 Scientists have tested many techniques to improve drought tolerance in crop 
plants [ 8 ,  9 ,  26 ,  33 ,  37 ]. The production of transgenic plants is one of the well-
known methods for this purpose [ 19 ,  26 ,  33 ,  37 ]. The wide range of drought-
related genes in the plant genome has opened amazing opportunities for crop 
improvement [ 19 ,  20 ,  26 ,  37 ]. With all these interpretations, in practice the 
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generation of transgenic plants cannot be completely effective for the production 
of drought-tolerant plants, because it requires a very complex and expensive 
laboratory method and generally its success rate is low [ 19 ,  26 ,  27 ,  33 ,  37 ]. 
Traditionally, there have been several efforts to generate drought-tolerant crop 
plants through usual breeding methods [ 27 ,  30 ,  33 ]. 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 [ 19 ,  37 ]. Important traits 
to use in plant breeding might include water-extraction effi ciency, water-use effi -
ciency, hydraulic conductance, osmotic and elastic adjustments, and modulation 
of leaf area [ 8 ,  13 ,  14 ,  26 ,  27 ,  30 ,  33 ,  37 ]. Genetic data can improve the effi ciency 
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 [ 37 ]. Different methods are 
employed to recognize linked markers, including restriction fragment length 
polymorphisms (RFLPs), sequence characteristic amplifi ed regions (SCARs), 
random amplifi ed polymorphic DNA (RAPDs), simple sequence repeats (SSRs), 
amplifi ed fragment length polymorphism (AFLPs), and others [ 19 ,  20 ,  37 ]. The 
genetic factors involved in quantitative characteristics of phenotypes are called 
 quantitative trait loci (QTLs)   [ 3 ,  8 ,  27 ,  30 ,  37 ]. 

 The use of  plant breeding methods   has an enormous potential to accelerate 
drought-tolerant plant production and help drought management assist these plants 
[ 14 ,  37 ]. In addition, there are several strategies for drought management in agricul-
tural fi elds on a number of levels. Useful strategies include irrigating during periods 
of low soil moisture, especially for young plants, using modern and effective meth-
ods, 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 [ 14 ,  19 ,  27 ,  30 ], and inoculating plants with 
symbiotic microorganisms such as arbuscular mycorrhizal fungi [ 1 ,  10 ].  

1.8     Conclusion 

 Drought is a prevalent stress factor especially in arid and semiarid areas and can 
affect different aspects of plant growth, development, and metabolism. Drought is a 
multidimensional stress factor and hence its effects on plants are complex. It effects 
on plants can occur on a molecular level up to a whole plant level. There are several 
reasons for drought in nature, including low rainfall, salinity, high temperature, and 
high intensity of light, among others. Plants have developed some mechanisms for 
resistance to drought; they are generally classifi ed as avoidance and tolerance strate-
gies. Plants have several options they can use for drought tolerance, including devel-
opmental, physiological, morphological, ecological, biochemical, and molecular 
mechanisms. The production of tolerant plants by traditional breeding methods as 
well as the generation of transgenic plants by gene manipulation are useful 
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procedures in order to minimize the negative effects of drought on plants. In addi-
tion, several strategies for drought management in agricultural fi elds on multiple 
levels can be effective. The  causes   of drought, drought effects and its symptoms in 
plants, plant responses in order to resist drought, and some strategies that can be 
useful for drought management are summarized in Fig.  1.1 .
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    Chapter 2   
 Drought Stress Memory and Drought Stress 
Tolerance in Plants: Biochemical 
and Molecular Basis                     

       Xiangnan     Li     and     Fulai     Liu    

2.1           Introduction 

  Global warming   will not only affect air temperature but also infl uence the amount 
and distribution of precipitation possibly leading to more frequent drought spells in 
the future (Wang et al.  2014a ). Drought is one of the major threats to plants, as water 
defi cit affects the plant–water relations at all levels from molecular, cellular, and 
organ to the whole plant (Li et al.  2014a ; Muscolo et al.  2015 ). Drought depresses 
plant growth and development, which results in the production of smaller organs, 
and hampered fl ower production and grain fi lling. Following drought, stomata close 
progressively with a parallel decline in net photosynthesis and water-use effi ciency 
(Farooq et al.  2009a ,  b ).    Stomatal conductance is controlled not only by soil water 
condition, but by a complex interaction of intrinsic and extrinsic factors (Liu et al. 
 2006 ). Depending on the availability of soil moisture, activities of the enzymes of 
carbon assimilation and the enzymes involved in adenosine triphosphate synthesis 
are decreased (Farooq et al.  2009a ,  b ). One of the major factors responsible for 
impaired plant growth and productivity under drought stress is the production of 
reactive oxygen species in organelles including chloroplasts, mitochondria, and 
peroxisomes (Farooq et al.  2009a ,  b ; Wei et al.  2015 ). The overproduction of reac-
tive oxygen species (ROS) results in the peroxidation of cellular membrane lipids 
and degradation of enzyme proteins and nucleic acids (Li et al.  2013 ). 

 A number of  physiological and biochemical processes   at molecular, tissue, 
organ, and whole-plant levels are involved in drought tolerance mechanism. 
For instance, the plant water loss is reduced by increasing stomatal resistance, and 
the water uptake is increased by developing large and deep root systems (Liu et al. 
 2006 ). Among plant growth substances, salicylic acid, melatonin and abscisic acid 
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were reported to play an important role in drought tolerance. Scavenging of reactive 
oxygen species by enzymatic and nonenzymatic systems, cell membrane stability, 
and expression of stress proteins are also vital mechanisms of drought tolerance 
(Farooq et al.  2009a ,  b ). Drought stress effects can be managed by production of 
most appropriate plant genotypes, seed priming, plant growth regulators, use of 
osmoprotectants, and some other strategies.  

2.2     Priming, Stress Memory, and Drought Tolerance 

 The increased climatic variability and more frequent episodes of extreme conditions 
also result in plants being exposed to not only one single drought event but also 
multiple abiotic stresses at different periods. Although the  abiotic stresses   occurring 
at different stages result in a higher risk of injury, earlier stress events may prime the 
plant to protect it against later stresses. A large body of evidence has shown that a 
previous exposure to different types of stress can affect the subsequent responses 
and eventually prepare the plants to more quickly or actively respond to future 
stresses (Ramírez et al.  2015 ; Walter et al.  2011 ; Li et al.  2014a ). The trigger for 
stress tolerance (the early moderate stress event) is referred  to   “priming.” Priming 
has been known as a potential way to enhance the stress tolerance of plant (Bruce 
et al.  2007 ), which is related to stress memory. Stress memory involves multiple 
modifi cations at physiological, proteomic, transcriptional levels and epigenetic 
mechanisms in plants (Kinoshita and Seki  2014 ), which can occur in any periods of 
the life cycle, including seed germination, vegetative growth, and reproductive 
growth (Ramírez et al.  2015 ; Munné-Bosch and Alegre  2013 ). Recently, many stud-
ies have focused on exploring the mechanisms of the  priming effects   and stress 
memory in the formation of drought tolerance in different plant species (Ramírez 
et al.  2015 ; Walter et al.  2011 ; Wang et al.  2014c ,  2015 ; Shukla et al.  2015 ; Li et al. 
 2015b ). In this chapter, we summarized recent advancements in physiological, bio-
chemical and molecular and cellular research related to drought tolerance formation 
in plants. The mechanisms of drought stress memory and the possible priming- 
induced cross-tolerance to other abiotic stresses are discussed. 

2.2.1     Seed Priming 

 Seed  priming is   different from plant priming, although both could result in increased 
stress tolerance.    As stated above, priming is a process where a fi rst exposure to a 
moderate stress enables plants to be more tolerant to subsequent stress events 
(Conrath  2011 ). Seed priming is pre-sowing partial hydration of seeds without 
allowing radicle emergence to improve germination rate and stress tolerance of ger-
minating seeds, and even to improve the seedling establishment. A hypothetical 
model has been proposed to illustrating the cellular physiology of priming-induced 
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stress tolerance, which involves two strategies (Chen and Arora  2012 ). First, seed 
priming sets in motion activities involved in seed germination, such as respiration, 
endosperm weakening and seed reserve (starch) degradation, which facilitate the 
transition of quiescent dry seeds into germinating state and increase the germination 
potential (Chen and Arora  2012 ; Li et al.  2013 ). Second, imposing abiotic stress to 
germinating seeds to stimulate stress responses (e.g., activation of ROS scavenging 
systems and accumulation of stress response proteins), hence inducing cross- 
tolerance (Chen and Arora  2012 ). 

 Various priming  methods,   including hydropriming, osmopriming, chemical 
priming,    hormonal priming, biological priming, redox priming, and solid matrix 
priming, have been reported to improve seed germination under osmotic stress and 
promote the drought tolerance in seedlings (Jisha et al.  2012 ) (Table  2.1 ).    
Hydropriming signifi cantly increases the root and shoot length compared with 
seedlings obtained from non-primed seeds in drought condition (Kaur et al.  2002 ). 
   In addition, hydropriming has been used as an easy seed invigoration treatment for 
maize inbred lines under salinity and drought stress (Janmohammadi et al.  2008 ). 
Also, osmopriming with PEG can improve the germination of  Bromus  seeds under 
drought (Tavili et al.  2011 ). Comparing to hydropriming, priming with PEG has a 
better effect on seed germination and seedling growth under drought (Yuan-Yuan 
et al.  2010 ). In  Agropyron elongatum , osmopriming with gibberellin (GA) and 
abscisic acid (ABA) increased CAT and SOD activities, and enhanced the drought 
tolerance, in relation to unprimed seeds (Eisvand et al.  2010 ). In addition, seed 
priming with triazoles affects turf grass growth and response to drought 
(Shahrokhi et al.  2011 ).

   Table 2.1     Various   seed priming  methods   adopted for developing drought tolerance in plants   

 Plant species  Priming methods  References 

  Cicer arietinum   Hydropriming  Kaur et al. ( 2002 ) 
  Cicer arietinum   Osmopriming with mannitol  Elkoca et al. ( 2007 ) 
  Saccharum 
offi cinarum  

 Halopriming with NaCl  Pandita et al. ( 2010 ) 

  Oryza sativa   Hydropriming, Osmopriming with KNO 3   Basra et al. ( 2005 ) 
  Oryza sativa   Osmopriming with KCl and CaCl 2   Farooq et al. ( 2010 ) 
  Oryza sativa   Osmopriming with PEG  Yuan-Yuan et al. ( 2010 ) 
  Spinacea oleracea   Osmopriming with PEG  Chen and Arora ( 2011 ) 
  Spinacea oleracea      Osmopriming  Chen et al. ( 2013 ) 
  Lesquerella fendleri   Osmopriming with PEG  Windauer et al. ( 2007 ) 
  Zea mays  and 
 Spinacea oleracea  

 Osmopriming with PEG  Chen et al. ( 2012 ) 

  Zea mays   Ascorbic Acid, Salicylic Acid, and 
Hydrogen  Peroxide   

 Ahmad et al. ( 2015 ) 

  Triticum aestivum   Hydropriming  Meena et al. ( 2014 ) 
  Triticum aestivum   Chemical priming (KH 2 PO 4 , H 2 O 2 , NO)  Giri and Schillinger ( 2003 ) 
 Bromus  Osmopriming with PEG  Tavili et al. ( 2011 ) 
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2.2.2        Plant Acclimation to Drought 

  Plant priming,   which differs from seed priming, is a process that an earlier exposure 
to biotic stress enhances plants’ tolerance to later abiotic or biotic insult (Chen and 
Arora  2012 ; Bruce et al.  2007 ). The similar process, with abiotic stress as the fi rst 
exposure instead of biotic stress, is considered as acclimation  or   hardening (Chen 
et al.  2012 ; Bruce et al.  2007 ). However, in some studies, the earlier exposure to 
abiotic stress that favors the tolerance to later stress is also called plant priming 
(Li et al.  2014a ,  2015b ; Wang et al.  2014b ,  c ). Plant priming induces stress memory, 
which is mediated by protein, transcription factors and the modifi cations in  epi-
genetics  , and this process is always accompanied by compromised plant growth 
(Chinnusamy and Zhu  2009 ; Chen and Arora  2012 ). The plants can acclimate to the 
drought event by modifi cations at morphological, metabolic, subcellular, proteomic 
and transcriptional levels, and even changes in microRNA expression. 

2.2.2.1     Stomatal Regulation and Drought Acclimation 

 Morphological changes are consequence of a wide spectrum of physiological and 
molecular programs evolved to acclimate to drought conditions (Valdes 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 capac-
ity, and both are related to water-use effi ciency (WUE). Some studies reported that 
WUE increases at moderate drought when water consumption dropped while pho-
tosynthetic rate remained high, that is, moderate drought often results in higher 
WUE (Varga et al.  2015 ; Peuke et al.  2006 ). It has also been documented that water 
supplies well below the optimum level led to a reduction in WUE as a consequence 
of stress effects, while above-optimum water supplies would result in the opposite 
tendency (Varga et al.  2013 ). Most recently, Varga et al. ( 2015 ) suggested that WUE 
decreased in some cultivars even in response to water defi cit stress during early 
growth stages, while it dropped signifi cantly when water was withheld at heading or 
grain fi lling except in the case of early maturing cultivars in wheat. 

 Stomatal regulation is one of the key mechanisms allowing plants to optimize CO 2  
assimilation versus evaporative water loss (Tombesi et al.  2015 ). The stomatal density 
(SD) has been closely related to WUE and drought tolerance (Hepworth et al.  2015 ). 
Modifi cation of SD in response to drought is contingent on the severity of drought, 
which varies among plant species (Hamanishi et al.  2012 ). For instance, drought 
decreased the stomatal numbers in wheat (Quarrie and Jones  1977 ),  Squash cotyle-
dons  (Sakurai et al.  1986 ), and  Phytolacca dioica  (Silva et al.  2009 ). However, 
increased stomatal density was observed in grass with moderate drought stress (Xu 
and Zhou  2008 ). Plants with lower SD have signifi cantly reduced levels of transpira-
tion, and were able to grow continuously under drought condition (Doheny- Adams 
et al.  2012 ). The plants with reduced SD were also found to have signifi cantly higher 
WUE (Franks et al.  2015 ). With  Arabidopsis thaliana  plant lines which have stomatal 
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densities ranging from c. 50 to 250 % of normal levels, Hepworth et al. ( 2015 ) found 
that plants with less than half of their normal complement of stomata, and correspond-
ingly reduced levels of transpiration, conserve soil moisture and are able to avoid 
drought stress but show little or no reduction in shoot nitrogen concentrations espe-
cially when water availability is restricted. By contrast, plants with over twice the 
normal density of stomata have a greater capacity for nitrogen uptake, except when 
water supply is limited (Hepworth et al.  2015 ). However, the stomatal development in 
response to drought is complicated and infl uenced by the expressions of many genes, 
such as  STOMAGEN ,  ERECTA  ( ER ),  STOMATA DENSITY AND DISTRIBUTION 1  
( SDD1 ),  and FAMA  (Hamanishi et al.  2012 ).    More factors are probably involved in 
this process (Hamanishi et al.  2012 ); further exploration of these players in the stoma-
tal development pathway would provide an increased insight into the long-term mod-
ulation of stomatal morphology in response to drought stress.  

2.2.2.2     Metabolic Responses and Drought Tolerance 

 Plants reprogramming their  metabolic pathways   to acclimate to drought stress could 
result in changes in the upstream production and downstream utilization of metabo-
lites (Baerenfaller et al.  2012 ; Suseela et al.  2015 ). Recent extensive and elegant 
metabolomics approaches have revealed that stressed plants invest in the production 
of important metabolites such as amino acids, organic acids, phenolic acids, poly-
amines, and lipids that partially mitigate stress by acting as osmoregulators, antioxi-
dants, and defense compounds (Rivas-Ubach et al.  2012 ). Drought stress can also 
alter the content and composition of leaf proteins leading to changes in the propor-
tion of structural and soluble proteins (Suseela et al.  2015 ). In oat ( Avena sativa  L.), 
the key processes involved in drought tolerance have been defi ned by metabolomic 
approach (Sanchez-Martin et al.  2015 ). During a time course of increasing water 
defi cit, metabolites from leaf samples were profi led using direct infusion- 
electrospray mass spectroscopy (DI-ESI-MS) and high-performance liquid chroma-
tography (HPLC) ESI-MS/MS and the data were analyzed using principal 
component analysis (PCA) and discriminant function analysis (DFA). The involve-
ment of metabolite pathways was confi rmed through targeted assays of key metabo-
lites and physiological experiments in oat (Sanchez-Martin et al.  2015 ). This 
metabolomics experiment highlights a drought tolerance mechanism based  on   salic-
ylate signaling pathways and the changes in carbon, antioxidant, and photooxida-
tive metabolism. To identify the metabolic traits related to drought tolerance, a 
metabolomics and phenotypic study with four contrasting lentil accessions was car-
ried out during germination and early growth stages (Muscolo et al.  2015 ). It was 
found that metabolic differences in the stress tolerance of the different genotypes 
were related to a reduction in the levels of tricarboxylic acid (TCA) cycle intermedi-
ates. In addition, ornithine and asparagine were identifi ed as drought stress-specifi c 
metabolite indicators. In wheat, some metabolic parameters were also identifi ed as 
good indicators of drought stress tolerance, such as the total protein content, 
glutamine synthetase (GS) enzyme activities, and the presence of GS isoforms. 
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 Recently, the  1 H Nuclear magnetic resonance (NMR) spectroscopy is applied 
to monitor and quantify the degree of metabolic impact induced by drought, since 
NMR can bring high-throughput spectroscopic/structural information on a wide 
range of metabolites simultaneously with high analytical precision. The main 
advantage is that it can avoid biases against various classes of compounds 
(Silvente et al.  2012 ).    The metabolic profi les in two soybean genotypes under 
short-term drought stress demonstrate critical differences in physiological 
responses between the genotypes. Metabolic changes in response to drought stress 
highlight the pools of metabolites that play key roles in the adjustment of metabo-
lism and physiology of the soybean genotypes to response to drought stress 
(Silvente et al.  2012 ).  

2.2.2.3     Photosynthetic Adaptation to Drought 

 The increased rate  of   photorespiration in plant that is observed during the onset of 
drought stress can be seen as an acclimation process to avoid an over-excitation of 
PSII under more severe drought conditions (Massacci et al.  2008 ). In cotton, photo-
synthetic electron transport is promoted during the onset of drought stress due to a 
higher effi ciency of the open PSII reaction centers (Massacci et al.  2008 ). The addi-
tional energy is used to increase the rate of photorespiration while photosynthesis is 
kept constant or slightly decreases (Massacci et al.  2008 ). Chlorophyll fl uorescence 
measurement has been proven as an effi cient and reproducible tool for evaluating 
plant susceptibility index to drought (Su et al.  2015 ; Mishra et al.  2012 ). It can be 
used in selection of drought-tolerant cultivar and comparison of photosynthetic 
electron transport among cultivars with contrasting drought tolerance. The experi-
ment with different wheat cultivars released in different years documented that the 
modern and intermediate cultivars had more sensitive stomata to water shortage, but 
the decreased activity of the PSII reaction center helped avoid damage from photo-
inhibition in these cultivars (Guan et al.  2015 ). 

  Chlororespiration   is a respiratory electron transport chain in the thylakoid mem-
brane of chloroplasts, which interacts with photosynthetic electron transport,    
involving both the non-photochemical reduction and plastoquinones oxidation with 
the corresponding consumption of oxygen (Ibáñez et al.  2010 ). It was found that the 
chlororespiration and the cyclic electron pathways play important roles in the toler-
ance to drought, and the different adaptive mechanisms to drought stress were indi-
cated in sun and shade plants. In addition, the nitrate nutrition-induced chloroplast 
downsizing also signifi cantly affects the mesophyll conductance and photosynthesis 
of rice in response to drought stress (Li et al.  2012 ). Recently, the proteomic and 
enzymatic studies documented that the main regulatory mechanisms for high 
drought tolerance of apple plants include the maintaining of Calvin cycle function 
by increasing key enzymes and stabilization of photosynthetic electron transfer, 
thus enhance net photosynthesis rate (Zhou et al.  2015 ). In addition, the response of 
signal regulatory proteins and abiotic stress-responsive proteins to drought also 
helps plants to cope with drought stress.  
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2.2.2.4     Mitochondrial Acclimation to Drought 

 One of the important  factors   determining the effect of water stress on plant productiv-
ity is its impact on mitochondrial respiration in different organs. Although specifi c 
rates of respiration are typically lower than the rate of net photosynthesis, the respira-
tions by roots and shoots play key roles in determining the carbon balance and 
productivity of plants (Atkin and Macherel  2009 ). Of the CO 2  fi xed each day by net 
photosynthesis in well-watered plants, 30–70 % is released back into atmosphere by 
the respiration of plants (Atkin et al.  2006 ; Loveys et al.  2002 ), and 50–70 % of 
whole-plant respiration occurs in the leaves (Atkin et al.  2007 ). The maintenance of 
mitochondrial respiration can also play several positive roles in helping plants grow 
and survive, both in normal and water-stress conditions (Atkin and Macherel  2009 ). 
Atkin and Macherel ( 2009 ) summarized that mitochondria and chloroplasts are 
closely connected by metabolic and signaling  networks,   and that, in intact leaves, 
photosynthesis depends to a large extent on mitochondrial functions. This reliance on 
mitochondria has the potential to be further enhanced under water- stress conditions. 
The mitochondria show a high fl exibility in electron transfer and energy dissipation, 
which is very important for optimizing the energy balance in plants under drought 
stress. Alternative oxidase (AOX) constitutes a non-energy conserving branch of the 
mitochondrial electron transport chain. AOX activity may be important to avoid reac-
tive oxygen species (ROS) generation by the chain under water stress (Wang and 
Vanlerberghe  2013 ).    A study compared leaf  AOX1a  transcript and AOX protein 
amounts in wild-type (WT)  Nicotiana tabacum  plants experiencing mild to severe 
drought, and found mild to moderate drought resulted in a progressive and modest 
increase in AOX amount, accompanied by a progressive increased expression of dif-
ferent ROS-scavenging components (Wang and Vanlerberghe  2013 ). Under these 
conditions, transgenic plants with suppressed AOX amount, due to an RNA interfer-
ence construct, were not compromised in their ability to manage ROS load and pre-
vent cellular damage. Under severe drought condition, plants lacking AOX suffered 
more cellular damage than did WT and, at the most severe stage, were found to down-
regulate rather than upregulate the transcript level of several important ROS-
scavenging components (Wang and Vanlerberghe  2013 ). In addition, WT plants could 
still recover rapidly after rewatering, but the recoverability of AOX knockdown plants 
was strongly compromised. However, a priority for future studies should be to clarify 
the ability of AOX affecting the functions of mitochondrion under drought stress.  

2.2.2.5     Proteomic Acclimation to Drought 

 High-throughput  methods   have facilitated the identifying key regulatory processes, 
genes, and proteins that provide a theoretical basis for breeding drought-tolerant 
plant varieties. Proteomics has proven to be a good tool to explore biochemical path-
ways and the complex response mechanism of plants to drought stress (Zhou et al. 
 2015 ). The proteomic study with a drought-tolerant apple ( Malus domestica  Borkh) 
cultivar suggested that the main regulatory mechanisms for high WUE under 
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moderate drought stress included the maintaining of Calvin cycle function by 
increasing the activity of key enzymes, stabilizing photosynthetic electron transfer, 
and keeping reactive oxygen species at normal level by regulating the photosynthetic 
electron transfer chain, photorespiration and ROS scavenging capability, thus pre-
venting photoinhibition, reducing ROS production, and enhancing net photosynthe-
sis rate. In addition, studies have indicated that some of the signal regulatory proteins 
and abiotic stress-responsive proteins also help plants to cope with drought stress 
(Zhou et al.  2015 ). Our recent fi nding showed that prior mild drought priming con-
tributed to the homeostasis of oxidative metabolism and relatively better photosyn-
thesis, and modifi cation of oxidative stress defense, C metabolism and photosynthesis 
related proteins, hence to less grain yield loss caused by later spring low temperature 
stress (Fig.  2.1 ) (Li et al.  2014c ).

   Drought-inducible  proteins   are divided into two main groups: abiotic stress toler-
ance proteins including chaperones, detoxifi cation enzymes, and mRNA-binding pro-
teins; and regulatory proteins such as protein kinases, protein phosphatases, or other 
signal-related proteins (Ashoub et al.  2013 ). Different plant organs (e.g., root, stem, 
and leaf) contain different drought-inducible proteins and show distinct responses to 
drought (Hao et al.  2015 ). Differentially expressed proteins (DEPs) in roots, interme-
diate sections between roots and leaves (ISRL), and leaves in wheat showed signifi -
cant changes in expression in response to drought stress and recovery. Numerous 
DEPs associated with cell defense and detoxifi cations were signifi cantly regulated in 
roots and ISRLs, while in leaves, DEPs related to photosynthesis showed signifi cant 
changes in expression. Expression of six Heat shock proteins (HSPs) potentially 
related to drought tolerance was signifi cantly upregulated under drought conditions, 
and these proteins were involved in a complex protein–protein interaction network 
(Hao et al.  2015 ). Also, in wheat, proteomic analysis showed an increased abundance 
of proteins related to defense and oxidative stress responses such as GLPs, GST, and 
SOD, and those related to protein processing such as small HSPs in roots of both 
genotypes in response to drought stress (Faghani et al.  2014 ). In common bean, the 
majority of identifi ed proteins in response to drought stress are classifi ed into func-
tional categories that include energy metabolism, photosynthesis, ATP interconver-
sion, protein synthesis and proteolysis, stress and defense related proteins (Zadraznik 

  Fig. 2.1    Global presentation on response of winter wheat to the combination of freeze and water 
stress (drought and waterlogging).    The numbers in parentheses indicate the protein spots in Table  2.2 . 
The up- and downregulation of pathways in different stress treatments as compared with the CC were 
indicated by  red  and  blue triangles , respectively.  APX  ascorbate peroxidase,  AsA  Ascorbic acid, 
 ATPase  ATP synthase,  CAT  catalase,  CYS  cysteine,  CYSase  cysteine synthase,  Cyt b   6   f  cytochrome, 
 DHA  dehydroascorbate,  DHAR  monodehydroascorbate reductase,  Fd  ferredoxin,  FNR  ferredoxin-
NADP+ reductase,  Glc - 6 - P  Glucose-6-phosphate,  GPX  glutathione peroxidase,  GR  glutathione 
reductase,  GSH  glutathione,  GSSG  oxidized glutathione,  G-3-PD  glyceraldehyde- 3- phosphate dehy-
drogenase,  MDA  monodehydroascorbate,  MDH  malate dehydrogenase,  PC  plas1tocyanin,  PEP  
phosphoenolpyruvate,  PEPC  phosphoenolpyruvate carboxylase,  P-GY  3-phosphoglycerate,  PQ  
plastoquinone,  P   680   and  P   700   PSII and PSI reaction center pigments,  Q  A  and  Q  B , PSII primary and 
secondary plastoquinone electron acceptors,  RB  Ribulose bisphosphate,  RET  respiratory electron 
transport,  R-1, 5 BCA  ribulose-1,5-bisphosphate carboxylase activase,  SAM  S-adenosyl- 
L-methionine,  SAMase  S-adenosyl- L-methionine synthesis,  SOD  superoxide dismutase,  Suc  
sucrose,  Triose - P  Triosephosphate,  UDP - Glc  Uridine diphosphate glucose,   1   O   2   singlet oxygen       
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et al.  2013 ). In addition to providing new information on the response to water depri-
vation, the proteomic study offers opportunities to pursue the breeding of wheat with 
enhanced drought tolerance using identifi ed candidate genetic markers (Hajheidari 
et al.  2007 ). The proteomic studies also provide the basic insight needed to further 
investigate the molecular regulatory mechanism of drought tolerance.  

2.2.2.6     Transcriptional  Acclimation   to Drought 

 Technological innovations over the past decades have made it possible to measure 
changes in gene expression (transcript levels) on genome-wide scales (Zhang et al. 
 2014 ; Udvardi et al.  2007 ; Urano et al.  2010 ). This enables an unprecedented over-
view of the global molecular changes occurring under drought stress. There are many 
published reports on transcriptomic variation induced by drought treatments in a 
variety of plant species (Zhang et al.  2014 ). In  Medicago , the plants were subjected 
to a progressive drought stress over 14 days by withholding of water followed by 
rewatering to expose the plant to mild, moderate, and severe drought stress before 
rehydration. Transcriptome analysis of roots and shoots from control, mildly,    moder-
ately and severely stressed, and rewatered plants, identifi ed many thousands of genes 
that were altered in expression in response to drought. Many genes with expression 
tightly coupled to the plant water potential (i.e., drought intensity), including eight 
NACs, eight MYBs, six AP2/EREBPs, six bZIPs, fi ve HDs, four bHLHs, and other 
TFs, were identifi ed suggesting their involvement in  Medicago  drought adaptation 
responses (Zhang et al.  2014 ). In chickpea, an oligonucleotide microarray was used 
for analyzing the transcriptomic profi les of unigenes in leaf and root under drought 
stress (Wang et al.  2012a ), revealing that 4815 differentially expressed unigenes 
were either ≥2-fold up- or ≤0.5-fold downregulated in at least one of the fi ve time 
points during drought stress. 2623 and 3969 unigenes were time-dependent differen-
tially expressed in root and leaf, respectively. In this study, 110 pathways in two tis-
sues were found to respond to drought stress. Compared to the control, 88 and 52 
unigenes were expressed only in drought-stressed root and leaf, respectively, while 
nine unigenes were expressed in both the tissues (Wang et al.  2012a ). Transcriptome 
analyses using transgenic Arabidopsis and soybean plants showed that the down-
stream genes of GmDREB1B;1 included numerous soybean-specifi c stress-induc-
ible genes that encode an ABA receptor family protein, GmPYL21, and 
translation-related genes, such as ribosomal proteins, indicating that soybean 
DREB1/CBF-type transcription factors function in drought stress-responsive gene 
expression (Kidokoro et al.  2015 ). Recently, many genes and transcription factors 
were identifi ed as key players for conferring ABA sensitivity and drought tolerance. 
In wheat, it was reported that an R2R3 MYB transcription factor, TaPIMP1, mediates 
drought stresses through regulation of defense- and stress-related genes (Zhang et al. 
 2012 ). In  Arabidopsis thaliana , overexpression of  FTL1 / DDF1 , an AP2 transcription 
factor, enhances tolerance to drought stresses (Kang et al.  2011 ). In rice, OsbZIP23 
is documented as a major player of the bZIP family in rice for conferring ABA-
dependent drought and salinity tolerance and has high potential usefulness in genetic 
improvement of stress tolerance (Xiang et al.  2008 ).  
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2.2.2.7     microRNAs Involved in Drought Tolerance 

 MicroRNAs (miRNAs)  are   an extensive class of endogenous, small RNA molecules 
that sit at the heart of regulating gene expression in multiple developmental  and   
signaling pathways (Zhang  2015 ). Recent studies have shown that drought induces 
aberrant expression of many miRNAs, thus suggesting that miRNAs may be a new 
target for genetically improving plant tolerance to drought stresses (Table  2.2 ). 
miRNA expression response to drought stress is genotype-dependent. For instance, 
the expression of miR168 and miR396 was induced in  Arabidopsis  (Liu et al.  2008 ) 
and tobacco (Frazier et al.  2011 ), but was inhibited in rice by drought treatment 
(Zhou et al.  2010 ). However, some species-specifi c miRNAs are found in response 
to drought. In switchgrass, 17 drought-specifi c miRNAs were identifi ed, of which 
four were conserved and 13 were switchgrass-specifi c miRNAs (Xie et al.  2014 ). In 
addition, novel species-specifi c miRNAs (hvu-miRX33, hvu-miRX34, and hvu- 
miRNA35) were found in barley induced by drought stress (Hackenberg et al. 
 2015 ). To identify genome-wide drought-responsive miRNAs in root and leaf, four 
small RNA libraries from both control and drought treated leaf and root samples 
were constructed and the small RNA populations were thoroughly sequenced 
(Eldem et al.  2012 ). The authors reported that drought signifi cantly induced the 
aberrant expression of 263 and 368 miRNAs in leaf and root tissues, respectively. In 
cotton, it was also found that the expression changes of miRNAs are dose- and 
tissue- dependent under drought stress (Wang et al.  2013a ).

   Among these drought-responsive miRNAs, miR169 is one of the largest miRNA 
families that is conserved in all plant species (Zhang  2015 ). In  Arabidopsis , miR169 
can be inhibited by drought stress, and the drought-repressed miR169 expression 
was through an ABA-dependent pathway (Li et al.  2008 ). The target of miR169, 
nuclear factor Y (NF-Y) subunit A 5 (NFYA5), was strongly induced by drought 
stress when miR169 was inhibited (Li et al.  2008 ). Constitutive overexpression of 
miR169 in transgenic tomato signifi cantly enhanced plant tolerance to drought 
stress after 7 days of drought treatment (Zhang et al.  2011 ). Under drought stress, 
non-transgenic wild-type tomato plants showed clear dehydration symptoms, while 
the transgenic plants that overexpressed miR169 grew very well. Thus, miR169 
should be a promising target for improving plant tolerance to drought stress.  

    Table 2.2    A list of studies on the roles of  miRNAs   in plant tolerance to environmental stresses   

 miRNAs  Plant species  Environmental stress  References 

 169  Solanum lycopersicum  Drought  Zhang et al. ( 2011 ) 
 169  Arabidopsis     Drought  Li et al. ( 2008 ) 
 319  Agrostis capillaris  Salinity and drought  Zhou et al. ( 2013 ) 
 394  Arabidopsis  Drought  Ni et al.  2012 ) 
 395  Arabidopsis  Salinity and drought  Kim et al. ( 2010b ) 
 396  Arabidopsis  Salinity and drought  Gao et al. ( 2010 ) 
 398  Arabidopsis  Salinity and drought  Zhou et al. ( 2007 ) 
 402  Arabidopsis  Salinity, drought, and cold  Kim et al. ( 2010a ) 
 168 and 528  Zea mays  Drought  Wei et al. ( 2009 ) 

2 Drought Stress Memory and Drought Stress Tolerance in Plants: Biochemical…



28

2.2.2.8      Hormonal Regulation   

   Abscisic Acid 

 It has long been recognized that the production  of   abscisic acid (ABA) in drying 
roots and its transport to the leaves play a key role in regulating plant water status 
during drought (Zhang and Davies  1990 ). In addition,    ABA was found to be a domi-
nant player in mediating the adaptation of the plant to other abiotic stresses, includ-
ing drought and low temperature, by improving oxygen scavenging effi ciency, 
increasing sugar accumulation and upregulating the expression of key enzymes 
(Jiang and Zhang  2001 ; Liu et al.  2013 ). In wheat, the involvement of ABA in 
drought (Ali et al.  1998 ) and low temperature stress (Lalk and Dörfl ing  1985 ) adap-
tation has been reported.    Exogenous application of abscisic acid (ABA) signifi -
cantly increased the tolerance of wheat seedlings suffering from 5 days of 15 % 
polyethylene glycol (PEG)-stimulated drought stress, as exemplifi ed by increased 
shoot lengths and shoot and root dry weights, and decreased contents of hydrogen 
peroxide (H 2 O 2 ) and malondialdehyde (MDA) (Wei et al.  2015 ). Under drought 
stress, ABA signifi cantly increased contents of Glutathione (GSH) and ascorbate 
(ASA) in both leaves and roots. ABA temporally regulated the transcript levels of 
genes encoding ASA–GSH cycle enzymes. Moreover, these genes exhibited differ-
ential expression patterns between the root and leaf organs of ABA-treated wheat 
seedlings during drought stress. In wheat, the exogenous ABA application during 
grain fi lling stage decreased seed weight and slightly reduced seed set and seed num-
ber per spike; however, the seedlings from seeds of ABA-treated plants performed 
better under temperature stress, which is related to higher endogenous ABA level, 
and increased activities of the antioxidant enzymes (Li et al.  2014b ), which can be 
expected to enhance drought tolerance as well (Fig.  2.2 ).

   Partial root-zone drying (PRD) is a water-saving irrigation strategy, which 
involves irrigating only part of the root zone, leaving the other part to dry to a pre-
determined level before the next irrigation (Wang et al.  2012b ; Plauborg et al.  2010 ; 
Liu et al.  2005a ,  2006 ). PRD allows the induction of the ABA-based root-to-shoot 
 chemical   signaling system to regulate growth and water use and thereby increase 
WUE (Jacobsen et al.  2009 ; Liu et al.  2005b ; Plauborg et al.  2010 ). Our results 
indicated that at mild soil water defi cits, stomatal conductance of potato was con-
trolled by root-originated ABA (Topbjerg et al.  2015 ; Sun et al.  2014 ,  2015 ; Liu 
et al.  2015 ; Kaminski et al.  2015 ).    As a consequence of photosynthesis rate being 
less sensitive than stomatal conductance to soil water defi cit, photosynthetic water- 
use effi ciency was improved under mild soil water defi cits (Liu et al.  2005b ).    ABA- 
based drought stress chemical  signaling play  s a key role in regulating crop vegetative 
and reproductive development and crop drought adaptation (reviewed by Liu et al. 
 2005b ). Increased concentrations of ABA in the root induced by soil drying may 
maintain root growth and increase root hydraulic conductivity; both lead to an 
increase in water uptake and thereby postpone the development of water defi cit in 
the shoot (Liu et al.  2005a ). Root ABA is also transported in the xylem to the shoot 
and is perceived at the acting sites, where it causes stomatal closure and reduced 
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leaf expansion, thereby preventing dehydration of leaf tissues and enhancing the 
chance for survival under prolonged drought (Liu et al.  2005a ). ABA-based chemical 
signaling can be amplifi ed by several factors, particularly increased pH in the xylem/
apoplast, which retains anionic ABA (Liu et al.  2004 ,  2005a ). Such an increase in 
xylem pH detected in fi eld-grown maize might have been brought about by reduced 
nitrate uptake by plants during soil drying (Wang et al.  2012c ,  d ). However, more 
attention should be paid to the network of ABA signaling of plants in response to 
drought stress.  

   Salicylic Acid 

 An early accumulation  of   salicylic acid ( SA)   affects stomatal opening, photorespi-
ration, and antioxidant defenses before any detectable change in the relative water 
content (Sanchez-Martin et al.  2015 ). These changes are likely to maintain plant 
water status, with any photo-inhibitory effect being counteracted by an effi cient 
antioxidant capacity, thereby representing an integrated mechanism of drought 
tolerance in oats (Sanchez-Martin et al.  2015 ). It was also documented that 
 SIZ1 - mediated endogenous SA accumulation plays an important role in stomatal 

  Fig. 2.2    Schematic representation of temperature and water stress tolerance in offspring induced 
by  ABA   during grain fi lling stage in wheat       
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closure and drought tolerance (Miura et al.  2013 ). In this study, the  siz1  mutation 
showed drought tolerance, while  nahG siz1  decreased the tolerance to drought 
stress. Drought stress also induced expression of SA-responsive genes, such as  PR1  
and  PR2  (Miura et al.  2013 ). Furthermore, other SA-accumulating mutants,  cpr5  
and  acd6 , exhibited stomatal closure and drought tolerance, and  nahG  suppressed 
the phenotypes  cpr5  and  acd6 , as did  siz1  and  nahG siz1  (Miura et al.  2013 ). 

 Treatment with 0.5 mM  SA   signifi cantly alleviated growth inhibition induced by 
drought in wheat seedlings, manifested by less decreased plant biomass, root length, 
and less increased lipid peroxidation (Kang et al.  2013 ). In addition,    SA signifi -
cantly increased the content of ASA and GSH under drought stress.    Analysis of 
protein expression patterns revealed that proteins associated with signal transduc-
tion, stress defense, photosynthesis, carbohydrate metabolism, protein metabolism, 
and energy production could be involved in SA-induced drought tolerance in wheat 
seedlings (Kang et al.  2012 ).  

    Melatonin   

 Melatonin ( N -acetyl-5-methoxytryptamine)    is a potent, naturally occurring antioxi-
dant that effectively scavenges both ROS and reactive nitrogen species (RNS) in 
animals and plants (Zhang et al.  2015 ; Manchester et al.  2015 ; Arnao and Hernandez- 
Ruiz  2015 ). Melatonin pretreatment signifi cantly increases the drought tolerance of 
both drought-tolerant  Malus prunifolia  and drought-sensitive  M. hupehensis  plants. 
Melatonin application results in better water conservation in leaves, less electrolyte 
leakage, steady chlorophyll contents, and greater photosynthetic performance under 
stress conditions (Li et al.  2015a ). In addition, melatonin selectively downregulates 
 MdNCED3 , an ABA synthesis gene, and upregulates its catabolic genes, 
 MdCYP707A1  and  MdCYP707A2 , thereby reducing ABA contents in drought- 
stressed plants. Melatonin also directly scavenges H 2 O 2  and enhances the activities 
of antioxidant enzymes to detoxify H 2 O 2  indirectly (Li et al.  2015a ). 

   N -acetylserotonin- O -methyltransferase (ASMT)   is a specifi c enzyme required for 
melatonin synthesis (Lee et al.  2015 ). An ASMT gene was cloned from apple root-
stock ( Malus zumi  Mats) and designated as  MzASMT1  (KJ123721). The  MzASMT1  
expression in apple leaves can be induced by drought stress. Melatonin levels in 
 MzASMT1  transgenic  Arabidopsis  plants were 2–4 times higher than those in the 
wild type.    The transgenic  Arabidopsis  plants had signifi cantly lower intrinsic ROS 
than the wild type and therefore these plants exhibited greater tolerance to drought 
stress than that of wild type (Zuo et al.  2014 ).    When melatonin was added to soils 
under drought conditions,    the resultant oxidative stress was eased and leaf senes-
cence was delayed (Wang et al.  2013b ). Transgenic Micro-Tom tomato plants over-
expressing the homologous ovine arylalkylamine N-acetyltransferase (AANAT) and 
hydroxyindole-O-methyltransferase (HIOMT) genes display loss of apical domi-
nance and enhanced drought tolerance (Wang et al.  2014a ).    The melatonin applica-
tion signifi cantly reduces chlorophyll degradation and suppresses the upregulation 
of senescence-associated gene 12 ( SAG12 ) and pheophorbide a oxygenase ( PAO ). 
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It also alleviates the inhibition of photosynthesis brought on by drought stress 
(Wang et al.  2013b ). In order to better understand the roles of this molecule in 
induction of drought tolerance, further investigations are needed.  

   Nitric  Oxide   

 Nitric oxide (NO), a key signaling molecule, is involved in mediation of drought 
stress-induced physiological responses in  plants   (Fig.  2.3 ). In marigold ( Tagetes 
erecta  L.), it was found that the promoting effect of NO on rooting under drought 
stress was dose-dependent. NO treatment attenuated the destruction of mesophyll cell 
ultrastructure by drought stress, and increased leaf chlorophyll content, maximal PSII 
effi ciency and quantum effi ciency of PSII electron transport, and hypocotyls soluble 
carbohydrate and protein content (Liao et al.  2012 ).    It is suggested that the protection 
of mesophyll cell ultrastructure by NO under drought conditions improves the photo-
synthetic performance of leaves and alleviates the negative effects of drought. In rice, 
drought tolerance of plants was strongly related to the maintenance of tissue water 
potential and enhanced capacity of antioxidants, improved stability of cellular mem-
branes and enhanced photosynthetic capacity, plausibly  by   signaling action of NO 
(Farooq et al.  2009a ,  b ). In addition, the exogenous sodium nitroprusside (SNP, nitric 
oxide donor) treatment could signifi cantly alleviate the stress injury and accelerate the 
progress of recovery (Wang et al.  2011 ). Using two NO donors, SNP and S-nitroso-N-
acetylpenicillamine, it was documented that NO induces stomatal closure and 

  Fig. 2.3    Schematic  representation   of drought tolerance induced by nitric  oxide   during germination 
and the seedling growth stages in wheat       
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enhances the adaptive plant responses against drought stress (Mata and Lamattina 
 2001 ). In SNP-treated leaves of  Tradescantia sp ., the stomatal closure was associated 
with a 10 % increase of RWC. Ion leakage, a cell injury index, was 25 % lower in 
SNP-treated wheat leaves compared with the controls after the recovery period (Mata 
and Lamattina  2001 ).    A study on the interaction between polyamine (PA) and nitric 
oxide  signaling   in adaptive responses to drought in cucumber showed that seedlings 
pretreated with PAs and subjected to water defi cit possessed early and transient NO 
production (Arasimowicz-Jelonek et al.  2009 ).    However, NO donor administration 
preceding drought had no effect on endogenous PA levels but was positively corre-
lated with an alleviation of water defi cit-induced membrane permeability and lipid 
peroxidation (Arasimowicz-Jelonek et al.  2009 ).

2.3           Drought  Stress Memory   

 Drought and other abiotic stresses are recurring environmental stresses experienced 
by plants throughout their life (Avramova  2015 ). To survive the repeated stresses, 
plants can response to later stress events in a way that may be different from their 
response during the fi rst encounter with the stress. A different response to a similar 
stress represents the concept of “stress memory” (Avramova  2015 ). During this pro-
cess, a coordinated reaction at  the   organismal, cellular, and genome levels is consid-
ered contribute to the improved tolerance in plants. In order to test the long- term 
stress memory on tuber yield and drought tolerance related traits in potato under 
drought, seed tubers produced by plants grown under well-water (non-primed tubers) 
and drought (primed tubers) conditions were sown and exposed to similar watering 
treatments (Ramírez et al.  2015 ). Higher tuber yield was produced by primed plants 
under both nonrestricted and restricted water regimes. The decrease in tuber yield 
and tuber carbon isotope discrimination with water restriction was lower in primed 
plants. In addition, it was also found that long-term stress memory consequently 
appears to be highly genotype-dependent in potato (Ramírez et al.  2015 ). In grasses, 
the responses of   Arrhenatherum elatius  plants   under a second, later drought (pre-
exposed to an earlier drought), to plants exposed to a single (only later) drought were 
compared (Walter et al.  2011 ). The results showed that the percentage of living bio-
mass after a late drought was higher for plants that were exposed to drought earlier 
in the growing season compared to single-stressed plants, even after harvest and 
resprouting after the fi rst drought. Recently, the effects of drought priming were 
exemplifi ed with sustaining  ROS homeostasis,   increasing photosynthetic rate, and 
higher grain yield when plants exposed to later abiotic stress, such as low tempera-
ture, drought, and heat (Li et al.  2015b ; Wang et al.  2014c ,  2015 ). Interestingly, 
  Arabidopsis  plants   subjected to a daily dehydration cycle display physiological and 
transcriptional stress memory: previously stressed plants showed partially closed 
stomata during a watered recovery period, facilitating water conservation during a 
subsequent dehydration stress (Virlouvet and Fromm  2015 ). 

 Many experiments have proven that the short- and long-term drought stress 
memory exist in plants (Hu et al.  2015a ,  b ; Berry and Dean  2015 ; Avramova  2015 ; 
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Thellier and Luttge  2012 ; Guan et al.  2012 ; Pecinka et al.  2009 ; Molinier et al. 
 2006 ). It should be noted that  the   mechanisms establishing short- or long-term 
acquisition of stress-induced states may be different (Fig.  2.4 ). For short-term 
drought memory, the mechanisms related to morphological adaptation, physiologi-
cal and biochemical changes, and transcriptional modifi cations have been reviewed 
above. In order to understand the mechanism of long-term drought memory in 
 Arabidopsis , chromatin marks, such as histone modifi cations, have been tested in 
primed and non-primed plants. Primed plants are identical to non-primed plants in 
growth and development, yet they display enhanced drought tolerance after a second 
stress exposure (Sani et al.  2013 ). ChIP-seq analysis of four  histone modifi cations   
revealed that the priming treatment altered the epigenomic landscape; the changes 
were small but they were specifi c for the treated tissue, varied in number and direc-
tion depending on the modifi cation, and preferentially targeted transcription factors 
(Sani et al.  2013 ). Although some of the mechanisms underlying stress memory in 
plants have been illustrated, such as morphological changes, the accumulation of 
specifi c transcription factors and protective metabolites,  and   epigenetic modifi ca-
tions, it is still important to understand cross-stress tolerance and stress memory 
from gene to ecosystem (Munné-Bosch and Alegre  2013 ).

2.4        Molecular  Mechanisms   of Drought Memory  and   
Epigenetics 

 Transcriptional evidences for drought stress memory indicate that the molecular 
mechanisms regulating production of different transcript amounts in response to single 
stress stimulation and repeated stress stimulation are different (Avramova  2015 ; 

  Fig. 2.4    Sensing and adjustment of plants to drought stress by  regulations   in physiological, tran-
scriptional, and epigenetic levels       
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Berry and Dean  2015 ).    Epigenetic mechanisms are now known to play a critical role 
in regulating gene expression through small RNAs, histone modifi cations, and DNA 
methylation (Kinoshita and Seki  2014 ).    These are inherited through mitotic cell 
divisions and probably can be transmitted to the next generation (Kinoshita and 
Seki  2014 ). In  Arabidopsis , it was found that drought signals are transduced into 
effects on gene expression (Yamaguchi-Shinozaki and Shinozaki  2005 ). The study 
on changes of histone tails in response to dehydration showed that  RD29A ,  RD20 , 
and  AtGOLS2  transcripts accumulate under drought stress, while the amounts of 
these transcripts fall to the basal level when rehydration (Kim et al.  2008 ,  2012 ).    In 
addition, alterations to trimethylated histone H3 lysine 4 (H3K4me3), which is cor-
related with active transcription, suggest that this chromatin mark may play a role in 
transcription memory for these genes since it is enriched by drought stress and 
maintained at same levels during the rehydration process (Kim et al.  2012 ). It was 
also reported that multiple exposures to drought stress enable plants to respond to a 
new stress by more rapid adaptive changes to gene expression patterns compared 
with plants not previously exposed to a drought stress (Ding et al.  2012 ,  2014 ; 
Liu et al.  2014 ; Alvarez-Venegas et al.  2014 ). Genome-wide DNA methylation pro-
fi les were investigated with regard to a possible role in memory of drought stress; 
however, no correlation has been identifi ed between gene expression patterns and 
DNA methylation levels in  Arabidopsis  (Colaneri and Jones  2013 ).  

2.5     Cross-Stress Memory 

 It is well known that temperate plants including wheat have the ability to obtain cold 
tolerance by cold acclimation (Theocharis et al.  2012 ).    Cold acclimation in plant is a 
complex process involving many morphological, physiological, and biochemical 
changes (Theocharis et al.  2012 ), including a signifi cant reduction in tissue hydration 
during cold  hardening   (Rajashekar and Panda  2014 ). Besides, evidence shows that 
drought stress alone, in the absence of low temperatures, can also induce cold toler-
ance in different plant species such as Arabidopsis, wheat, oats, rye, and strawberry 
(Rajashekar and Panda  2014 ). As similar effects and plant responses were noticed at 
cellular and transcriptional levels, the hardening and stress memory mechanisms 
may be connected (Mahajan and Tuteja  2005 ). Thus,    hardening and acquisition of 
stress memory will also prevent attack of other stresses (Walter et al.  2013 ).    Recent 
studies found that preceding exposure to a drought stress could enhance later frost 
tolerance in several plant species (Kreyling et al.  2012 ). For example, the freezing 
tolerance in Norway spruce ( Picea abies ) progenies was physiologically correlated 
with drought tolerance (Blödner et al.  2005 ). In our study, drought priming at vegeta-
tive stages alleviated photodamage due to drought and heat stresses during reproduc-
tive stage (Wang et al.  2015 ). Compared to the non-hardened plants, the hardened 
plant obtained higher grain yield, which was mainly attributed to a higher kernel 
number under drought stress and to a higher kernel weight under heat stress 
(Wang et al.  2014c ). In addition, our recent study found that drought priming at 
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vegetative stage improves  the   antioxidant capacity and photosynthesis performance 
of wheat exposed to a short-term low temperature stress at jointing stage (Fig.  2.5 ) 
(Li et al.  2015b ). Another kind of cross-stress tolerance towards herbivore induced 
by drought was caused by modifi cations of secondary compounds (Herms and 
Mattson  1992 ). However, the mechanisms underlying the cross-stress memory 
remain largely unknown.

2.6        Transgenerational Stress Memory 

 Suffi cient evidence indicates  that   the modifi cations induced by former stress events 
could stimulate a faster immune mechanism to improve stress tolerance in face of 
repeated events, while some modifi cations could be inherited to the next generation 
(Molinier et al.  2006 ). Transgenerational transmission  of   information about stress 
exposure is manifested as an increase in the somatic homologous recombination 
frequency in plants. Upregulated activity of antioxidative enzymes in maternal 
plants under drought was reported to be inherited to the next generation of 
 Arabidopsis thaliana  (Ćuk et al.  2010 ). The activity of catalase was signifi cantly 
decreased in the irradiated plants in comparison to the non-irradiated control plants, 

  Fig. 2.5    Drought priming 
improves the cold 
tolerance by modifi cation 
of antioxidant capacity and 
 photosynthesis 
  performance in wheat       
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while the activity of guaiacol peroxidase was increased. In irradiated plants, there 
was an induction of a new HSP70 protein isoform. In the non-irradiated progeny of 
irradiated plants, a signifi cant decrease in catalase and ascorbate peroxidase activity 
was noticed in comparison to plants whose parents were not irradiated (Ćuk et al. 
 2010 ). There was no signifi cant change in guaiacol peroxidase activity or induction 
of HSP70 isoforms in the progeny. This indicates that results indicate that, besides 
the already known increase in frequency of somatic homologous recombination, 
transmission of information about stress exposure can also include changes in activ-
ities of antioxidative enzymes catalase and ascorbate peroxidase. The transgenera-
tional stress memory was also found in mild heat stress, where F3 generation plant 
showed a heat-specifi c fi tness enhancement after parental plant and F1 generation 
had been treated with mild heat (Whittle et al.  2009 ). 

 It has been suggested that  the   epigenetic  mechanisms,   such as histone modifi ca-
tions and DNA methylation and acetylation, can be inherited through mitotic or mei-
otic cell divisions (Chinnusamy and Zhu  2009 ),    which support the transgenerational 
stress memory in cellular biochemistry. Recent evidence suggests that exposure of 
 Arabidopsis  plants to abiotic stresses, including salt, UV, fl ooding and extreme tem-
peratures (heat and cold), led to an increased homologous recombination frequency 
(HRF) and global genome methylation, and showed higher tolerance to the abiotic 
stress in their untreated progeny (Boyko et al.  2010 ; Pecinka et al.  2009 ). It was also 
proved that the stress-induced transgenerational responses in  Arabidopsis  depend not 
only on altered DNA methylation but also on smRNA silencing pathways, revealed by 
using  dcl2  and  dcl3  defi ciency mutants (Boyko et al.  2010 ; Pecinka et al.  2009 ). 
However, the heritability of epigenetic change induced by stress exposure was not 
confi rmed in Arabidopsis, indicating strict requirement to specifi c conditions of 
transgenerational epigenetic memory (Pecinka et al.  2009 ).  

2.7     An Integrated View and Future Prospects 

 As one of main focuses in plant-abiotic stress research, studies on plant drought 
priming and stress memory are still rare. To date, most of results on plant drought 
priming were obtained in controlled lab experiments, which might be different from 
the natural conditions. Thus, in future studies, a combination of experiments from 
controlled lab evaluations with observations and simulation under fi eld conditions 
should be performed. In addition, certain environmental responses in many seed 
crops can persist in the next sexual generation. These transgenerational effects have 
potential signifi cance in agronomy, thus it is essential to elucidate the mechanisms 
of transgenerational stress memory and to understand the possible regulation 
pathways. Collectively, to further understanding the processes  and   mechanisms of 
priming effects, ecophysiologists and molecular biologists should work together in 
order to reveal the complete regulation network at different levels and scales, such 
that management strategies could be developed to sustain crop productivity under 
future climate changes scenarios.     
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3.1         Introduction 

 Drought stress caused by lack of rainfall or declining fresh water supplies for irrigation 
imposes signifi cant limitations to growth and productivity of many plant species across 
different climatic areas. Predictive models of global  climate change   have shown that 
frequency of precipitation events and net volumes have changed drastically during the 
past one hundred years, suggesting that certain regions may experience drought epi-
sodes more frequently and of longer durations in the future (Solomon et al.  2007 ). The 
far-reaching effects of climate change in conjunction with an increasing global popula-
tion will likely contribute to greater instability in food security and underscores the 
need for greater knowledge of the specifi c mechanisms underlying drought tolerance 
across major and novel plant species. The physiological effects of long- or short-term 
drought stress have been well characterized for the major  grain crops   such as maize 
( Zea mays ), wheat ( Triticum  spp.), rice ( Oryza sativa ), and barley ( Hordeum vulgare ) 
and have also been investigated to a lesser extent in certain novel or underutilized crop 
species (Graham and Vance  2003 ; Hanjra and Qureshi  2010 ; Kang et al.  2009 ; Ruiz 
et al.  2014 ; Zwart and Bastiaanssen  2004 ). Drought stress can also impose functional 
limitations upon  non-crop species   such as trees, shrubs, and perennial grasses (Abrams 
 1994 ; Bréda et al.  2006 ; Condit et al.  1995 ; Hacke et al.  2000 ; Tester and Bacic  2005 ). 

 The extent of damage sustained during drought stress depends on  factors   includ-
ing plant species or variety, developmental stage, rate of soil water decline, fre-
quency of drought events, and duration of water defi cit (Mahajan and Tuteja  2005 ; 
Reddy et al.  2004 ). These interacting factors cause signifi cant changes at the physi-
ological, cellular, biochemical, and molecular levels preempting the observed 
decline in plant performance or net yield (Huang  2003 ; Huang et al.  2014 ). 
Substantial progress has been made to better understand plant drought tolerance 
mechanisms through research on physiological processes (water relations, carbon 
metabolism), protein metabolism, and genomic factors (Atkinson and Urwin  2012 ; 
Cattivelli et al.  2008 ). More recently, there have been signifi cant advancements in 
the ability to accurately detect and quantify low-concentration plant hormones to 
elucidate on how  hormone metabolism   may regulate whole-plant stress responses 
(Peleg and Blumwald  2011 ; Robert-Seilaniantz et al.  2011 ; Vanstraelen and 
Benková  2012 ). Investigating the earliest mechanisms through which the drought- 
response cascade is initiated in plants may aide in breeding and selecting for 
drought-tolerant lines and in developing new management techniques to minimize 
plant damages when water for irrigation is limited. 

 This chapter focuses on the recent advancements in plant hormone metabolism 
in relation to drought tolerance with the following  aims  : (1) to provide an overview 
of several major physiological drought responses that are highly regulated by plant 
hormones, including leaf senescence and antioxidant metabolism, carbon metabo-
lism, and stomatal movement; (2) to discuss the roles of different hormones includ-
ing abscisic acid, auxins, cytokinins, gibberellins, jasmonates, salicylates, and 
ethylene regulating these physiological responses during plant drought responses; 
(3) to describe the current knowledge of interactions or cross talk between various 
hormones or between hormones and other plant metabolites regulating physiologi-
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cal responses to drought stress; and (4) to summarize and propose future research 
perspectives for enhancing our understanding of hormone regulatory mechanisms 
conferring plant drought tolerance.  

3.2     Major Physiological Responses to Drought Stress 

3.2.1      Leaf Senescence and Antioxidant Metabolism   

 Leaf senescence is a key developmental process which occurs naturally during plant 
maturation and is also a common result of prolonged abiotic stress. The coordinated 
breakdown and translocation of leaf cellular constituents increases the likelihood 
for plant survival during short-term stress periods and leaf senescence may be 
reversed if stress conditions are relieved within a certain time period (Buchanan- 
Wollaston  1997 ). Chlorophyll degradation is preempted by protein and RNA degra-
dation mobilizing amino acids and nutrients towards other actively growing tissues 
or storage organs, thereby enhancing likelihood for drought survival (Buchanan‐
Wollaston et al.  2003 ; Hörtensteiner and Feller  2002 ). 

 In addition, there are extensive reviews detailing the relationship between oxida-
tive stress agents and the antioxidative mechanisms which mitigate cellular damage 
to chlorophyll (Apel and Hirt  2004 ; Blokhina et al.  2003 ; Mittler  2002 ). The bal-
ance between reactive oxygen species (superoxide radical, hydrogen peroxide, 
hydroxyl radical) and enzymatic (CAT, POD, SOD, APX, and GR) or nonenzy-
matic (GSH and ASA) antioxidants, as well as carotenoids and tocopherol, deter-
mine the extensiveness of lipid peroxidation leading to chlorophyll membrane 
failure and eventual leaf senescence (Apel and Hirt  2004 ; Prochazkova et al.  2001 ). 
As opposed to other abiotic stresses such as salinity or UV-B radiation, oxidative 
stress during drought periods may increase tocopherol, carotenoid, and glutathione, 
while ascorbate pools tend to decrease (Munné-Bosch and Alegre  2000 ; Smirnoff 
 1993 ). Additionally, plants under drought stress may suppress production of reac-
tive oxygen species and mitigate leaf senescence by decreasing cytochrome respira-
tion and utilizing alternative respiratory pathways, though the infl uence of plant 
hormones on distinct respiratory pathways is not well known (Bartoli et al.  2005 ; 
Vanlerberghe  2013 ). Recent studies which use the systems biology approach have 
begun to shed light on how specifi c hormones infl uence the balance between oxida-
tive stressors and antioxidant agents which mitigate their damaging effects on leaf 
 senescence   and are discussed below (Jibran et al.  2013 ).  

3.2.2      Carbon Metabolism   

 Carbon metabolism or carbohydrate production during photosynthesis supplies the 
substrates needed to drive an array of growth, energy, and signaling processes in 
plants. The extent to which drought stress impairs carbon metabolic processes 
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depends on the intensity, duration, and onset rate of the stress and varies based on 
plant species, maturation, and specifi c tissue type (Jaleel et al.  2009 ). It is well known 
that prolonged drought stress impairs photosynthesis either by decreasing stomatal 
aperture size limiting CO 2  diffusion into the mesophyll cells or by indirectly inhibit-
ing associated biochemical and photochemical processes (i.e., RuBisCO deactiva-
tion or slowed RuBP regeneration) (Bota et al.  2004 ; Chaves et al.  2002 ,  2009 ; 
Flexas and Medrano  2002 ; Lawlor  2002 ). However, despite these limitations, car-
bon-rich molecules such as soluble carbohydrates (hexose, sucrose, trehalose, man-
nitol), amino acids (proline), organic acids (malate, fumarate, citrate), and structural 
compounds (cellulose and lignin) typically increase within plant tissues during 
drought stress (Muller et al.  2011 ). 

 Additionally, many of these compounds act as compatible solutes within cells 
and protect subcellular structures against damaging effects of water defi cit, a topic 
which has been reviewed in detail (Chaves et al.  2002 ; Farooq et al.  2009 ; Yordanov 
et al.  2000 ). As soil water defi cit is prolonged and level of drought stress becomes 
more severe, plant growth rates will decrease which lessens net carbon demand 
while net photosynthetic rates temporarily remain less affected which maintains net 
carbon gain within the plant system (Poorter and Nagel  2000 ). Coinciding with the 
signifi cant reductions in stomatal aperture size and cellular water content, many 
plants seek to sustain photosynthesis by altering metabolic aspects such as Rubisco 
activity or activity of sugar-cleaving enzymes, among other enzymes (Muller et al. 
 2011 ). The underlying mechanisms by which carbon-containing molecules interact 
with hormonal stress-signaling pathways to initiate specifi c growth processes dur-
ing drought stress have been of particular interest to researchers over the past sev-
eral decades and current knowledge is  discussed   below.  

3.2.3      Stomatal Movement   

 Stomatal closure is the primary line of defense by which plants decrease transpira-
tional water loss to maintain cellular water content during drought stress and is 
induced by either hydropassive or hydroactive mechanisms (Murata and Mori 
 2014 ). Hydropassive stomatal closure occurs most often in environments of low 
humidity and/or high air currents and is characterized by guard cells quickly losing 
turgor due to rapid evaporative water loss without timely replenishment of water 
from adjacent epidermal cells (Wang et al.  2001 ). Alternatively, hydroactive stoma-
tal closure is a more complex process, occurring as a result of whole-plant (root and 
shoot) water defi cit and involves solute expulsion from guard cells increasing their 
osmotic potential and causing them to become fl accid and close (Kaiser and Legner 
 2007 ). The factors which contribute to hydroactive stomatal movement (opening or 
closing) under a variety of abiotic stresses have been of particular interest to 
researchers within the context of global climate change and limited water supplies 
for irrigation. 
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 Hormone profi ling techniques coupled to genetic approaches such as transcript 
profi ling and plant mutants have offered valuable insight into the signal transduc-
tion pathways preempting initiation of stomatal closure during drought stress 
(Daszkowska-Golec and Szarejko  2013 ; Dodd  2003 ). Specifi cally, ABA-mediated 
stomatal closure through signal transduction pathways and downstream effects on 
cellular ion content during drought stress has been investigated over the past several 
decades, though important factors including mechanisms of drought stress percep-
tion activating abscisic acid (ABA) as well as upstream genes in the ABA-signaling 
pathway remain to be discovered (see ABA section below). Furthermore, recent 
advances in transcriptomics and next-generation sequencing techniques have sug-
gested critical functions of other hormones and metabolites interacting with ABA 
and further contributing to stomatal closure during drought stress.   

3.3     Roles of Hormones Regulating Physiological Responses 
to Drought Stress 

3.3.1     Abscisic Acid 

 Among all classes of drought-responsive endogenous hormones currently known to 
exist within the plant system, ABA has been implicated as the primary chemical 
signal initiating stomatal responses to  drought stress   (Wilkinson and Davies  2002 ). 
Provided the abundant current knowledge, emphasis of ABA (and subsequent hor-
mones) research within this chapter will be limited to research conducted during the 
past fi fteen years. It is a well-known fact that ABA concentrations increase in 
response to drought imposition and the series of chemical reactions involving carot-
enoids for ABA  biosynthesis and catabolism   have been previously elucidated 
through a serious of experiments (Ikegami et al.  2009 ; Schwartz et al.  2003 ; 
Schroeder and Nambara  2006 ; Sridha and Wu  2006 ). 

 The  mechanisms   or intermediate signaling components by which ABA induces 
stomatal closure have also been characterized, though little was previously known 
regarding the earliest events in ABA perception initiating specifi c signal transduc-
tion pathways (Hirayama and Shinozaki  2007 ; Zhang et al.  2006 ). A recently dis-
covered family of proteins known as  PYRABACTIN (4-bromo-N-[pyridin-2-yl 
methyl] naphthalene-1-sulfonamide) RESISTANCE (PYR)/REGULATORY 
COMPONENT OF ABA RECEPTOR (RCAR)   has opened additional avenues for 
ABA-signaling research and continues to prompt new questions 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 Phosphatase 
2Cs (PP2Cs)   and  SNF1-related protein kinase 2s (SnRK2s)     , to initiate ABA recog-
nition and signaling cascades. Specifi cally, PYR/RCARs are ABA receptors while 
PP2Cs and SnRK2s are negative and positive regulators of the signaling pathway, 
respectively (Hubbard et al.  2010 ). When ABA is present and associates with PYR/
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RCARs, PP2Cs are inhibited which subsequently allow SnRK2s to become active 
and phosphorylate downstream transcriptional factors such as ABSCISIC ACID 
RESPONSIVE ELEMENTS-BINDING FACTOR 2 (ABF2) and ABI5-regulating 
downstream effects on target proteins gene expression, secondary messenger pro-
ductions, and ion transport (Fujii et al.  2009 ; Ren et al.  2010 ). Alternatively, when 
ABA is not present, PP2Cs are active and inhibit SnRK2s activity thereby preventing 
downstream ABA responses. For in-depth descriptions of the PYR/RCAR–PP2C–
SnRK2-signaling module and associated questions about the  hormonal response 
pathways  , see reviews by Hubbard et al. ( 2010 ), Joshi-Saha et al. ( 2011 ), Melcher 
et al. ( 2010 ), and Raghavendra et al. ( 2010 ). 

 Technological advancements in  next-generation sequencing   during recent years 
have produced extensive transcriptome data sets from plants under a variety of abi-
otic stresses and with or without interacting hormone factors (exogenous or endog-
enous) (Cramer et al  2011 ; Huang et al.  2008 ; van der Graaff et al.  2006 ; Zawaski 
and Busov  2014 ). Comparatively to other classes of plant hormones, the ABA- 
regulated genomic changes are two to six times greater and can be in excess of 10 % 
of the genome in  Arabidopsis  seedlings (Cutler et al.  2010 ). ABA-induced genes 
infl uence a variety of  stress-promoting factors   including enzymes to detoxify reac-
tive oxygen species, enzymes for compatible solute metabolism maintaining cell 
turgidity, protein transporters, transcription factors, and enzymes contributing to 
phospholipid signaling (Cutler et al.  2010 ; Nakashima et al.  2009 ; Nemhauser et al. 
 2006 ; Zhu  2002 ). From the transcriptomic data, there has been an increased focus on 
ABA-induced changes to  WRKY transcription factors  , one of the largest families of 
transcriptional regulators spanning across many different plant processes (Chen et al 
 2010 ). For example, rice lines overexpressing OsWRKY11 were more drought toler-
ant due to enhanced accumulation of compatible solutes such as raffi nose (Wu et al. 
 2009 ). It was suggested that ABO3/AtWRKY63 functions in ABA- mediated drought 
stress response pathways since the  abo3  mutation impairs ABA-induced stomatal 
closure (Ren et al.  2010 ). Overexpression of the ABA- inducible OsWRKY45 gene 
in  Arabidopsis  conferred enhanced tolerance to salt and drought stress possibly due 
to the plants having a higher proportion of closed stomates (Jiang et al.  2012 ; Qiu 
and Yu  2009 ). While the direct link between WRKY transcription factors and stoma-
tal movement remains to be proven, it is well known that stomatal closure upon 
drought onset is initiated by ABA-mediated calcium increases in the cytosol which 
stimulate potassium effl ux and increased water potential causing  guard cell fl accidity   
(Himmelbach et al.  2003 ; Sridha and Wu  2006 ). Identifying additional ion channels 
or transporters which contribute to polarization state of plasma membranes for potas-
sium movement has been a recent research focus and new evidence is beginning to 
suggest that inhibitors of protein kinases and protein phosphatases may further affect 
transporter capabilities (see review by Sirichandra et al.  2009 ). 

 The drought-induced increase in endogenous ABA has also been correlated to 
leaf senescence and carbon remobilization in wheat (Yang et al.  2001b ,  2003 ). The 
increase in leaf senescence due to ABA has been associated with induction of lipid 
peroxidation caused mainly by increased hydrogen peroxide content within leaf 
cells of rice (Hung and Kao  2003 ). However, low to moderate ABA concentrations 
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may mitigate downstream oxidative damages preempting  leaf senescence   by increas-
ing SOD, CAT, APX, and GR activity as well as carotenoid and tocopherol contents 
in wheat, though these benefi cial effects were no longer evident at excessively high 
exogenous ABA concentrations (Jiang and Zhang  2001 ). Jiang and Zhang ( 2002 ) 
also suggested an interrelationship between drought stress-induced ABA production 
and ROS production stimulating an upregulation of  antioxidant defense system  . 
While it may be inferred that ABA-induced oxidative stress and antioxidant metabo-
lism governing leaf senescence as well as stomatal conductance governing carbon 
infl ux for photosynthesis will likely have downstream effects on plant growth, ABA 
has recently been implicated for direct effects on various aspects of plant growth 
during drought stress. The historical view of ABA affecting plant growth implied 
that higher concentrations within the plant system would inhibit shoot growth due to 
stomatal regulation of water status during prolonged drought stress (Trewavas and 
Jones  1991 ). However, systems biology research has utilized ABA-defi cient mutants 
of maize, tomato, and Arabidopsis to suggest that ABA sustains growth of plant 
organs, namely roots, through antagonism with drought stress- induced ethylene 
production (Sharp  2002 ). The potential implications of this  hormone to hormone 
cross talk   for enhancing plant drought tolerance are discussed below.  

3.3.2     Auxins 

 The naturally occurring auxin  indole-3-acetic acid (IAA)      is synthesized within the 
rapidly dividing tissues of root and shoot apical meristems and young leaves across 
virtually all plant species (Ljung et al.  2001 ,  2005 ). Historically, the biological con-
nection between auxin and stress-induced leaf senescence has been variable depend-
ing on plant species or tissue maturity, and the specifi c leaf responses may be 
dependent not only upon auxin concentration but also cellular responsiveness or sen-
sitivity (Schippers et al.  2007 ). Some of the earliest studies showed that  leaf senes-
cence   progresses as IAA concentrations decline towards similar levels between stems 
and leaves in beans, whereas applying IAA exogenously to the distal or proximal end 
of abscission zone will delay or promote abscission, respectively (Addicott and Lynch 
 1951 ; Shoji et al.  1951 ). The gradient-dependent manner by which auxin delays leaf 
senescence has been partly explained by studying AUXIN RESPONSE FACTOR1 
(ARF1) and ARF2 genes using  Arabidopsis arf1  and  arf2  mutants (Ellis et al.  2005 ; 
Lim et al.  2010 ).   ARF1  and  ARF2  mutants  , as well as  NPH4 / ARF7  and  ARF19  
mutants, all displayed some degree of delayed leaf senescence, suggesting that the 
respective ARF transcription factors repress auxin signaling and are positive regula-
tors of leaf senescence, or, auxin is involved in the negative regulation of leaf senes-
cence. Lim et al. ( 2010 ) further demonstrated that  arf2  was more tolerant to oxidative 
stress since the mutants maintained chlorophyll content and PSII activity compared to 
wild-type plants. The presence of oxidizing ROS agents can induce auxin degrada-
tion, alter auxin transport and distribution, relocate PIN proteins for auxin transport, 
and induce auxin conjugation (Tognetti et al.  2012 ). Concurrently, gene expression 
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associated with auxin response factors, transporters, and biosynthetic enzymes has 
been shown to be stimulated by  ethylene  , which itself displays antagonism with auxin 
and is discussed further below (Peleg and Blumwald  2011 ). 

 A link between auxin content  and antioxidant capacity   was hypothesized when 
various grass species displayed increased abiotic stress tolerance following exogenous 
treatment with humic acids possessing auxin-like activity (Zhang and Schmidt  1999 , 
 2000 ; Zhang et al.  2003 ,  2007 ). More recently, a mutation of  Arabidopsis CATALASE2  
resulted in cross talk between hydrogen peroxide and auxin signaling as mediated by 
changes in glutathione redox status resulting in a hyponastic phenotype (Gao et al. 
 2014 ). Csiszár et al. ( 2004 ) showed that auxin  autotrophic tobacco callus   may resist 
oxidative damages (less cellular hydrogen peroxide and malondialdehyde) by increas-
ing GPX, GST, and GSH-PX activities, while heterotrophic tobacco callus did so 
similarly via increases to SOD and CAT activity. Finally, transgenic  Arabidopsis  with 
higher endogenous IAA content or wild-type plants treated with exogenous IAA were 
more drought tolerant due to enhanced SOD, CAT, POD, and GR activity for acceler-
ated ROS mitigation (Shi et al.  2014 ). These transgenic lines also displayed improved 
root growth or lateral rooting for water uptake, maintained metabolic homeostasis, 
and positively modulated specifi c stress- related genes (RAB18, RD22, RD29A, 
RD29B, DREB2A, and DREB2B) during drought stress. 

 Auxin has also been implicated in altering hydrogen peroxide dynamics with 
downstream signaling effects on  stomatal movement and root morphology  , both of 
which are important contributors to whole-plant drought tolerance. It was suggested 
that hydrogen peroxide contributes to the auxin-dependent responses of plasma 
membrane H + -ATPase and cytoplasmic pH controlling inward and outward potas-
sium movement to guard cells (Song et al.  2006 ). Similarly, there is increasing evi-
dence that auxins infl uence nitric oxide levels within guard cells possibly stimulating 
ion movement via these cross-membrane channels (Xiao‐Ping and Xi‐Gui  2006 ). 
More specifi cally, low auxin concentrations induced potassium infl ux and guard cell 
opening whereas increasing auxin concentrations induced potassium effl ux and clos-
ing of guard  cells   (Acharya and Assmann  2009 ; Daszkowska-Golec and Szarejko 
 2013 ). However, this can be interpreted as contradictory to the observed effects of 
exogenous auxins which counteract ABA-induced stomatal closure, possibly through 
interactions with ethylene in  Arabidopsis  (Tanaka et al.  2006 ). Throughout the litera-
ture, there exist contradictory reports regarding stomatal responses to auxins stem-
ming from organic versus synthetic forms applied, concentration dependencies, 
species or organ-specifi c responses, and potential cross talk or interactions with 
other plant hormones (Daszkowska-Golec and Szarejko  2013 ; Pospíšilová  2003 ). 

 Joo et al.  2001  suggested a novel role for auxin-induced ROS in root gravitrop-
ism by which unilateral application of auxin caused transient increases in ROS to 
mediate directional root growth and may also be interdependent with calcium sig-
naling. Alternatively,  ROS-mitigating GSH   may be closely linked to auxin transport 
since  Arabidopsis  treated with the GSH inhibitor, buthionine sulphoximine (BSO), 
displayed a loss of PIN1, PIN2, and PIN7 auxin carriers (Koprivova et al.  2010 ). 
Auxin has been implicated across a wide array of plant developmental processes 
including organogenesis and upregulating the AVP1 H + -pyrophosphatase acceler-
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ates auxin fl uxes and pyrophosphate-driven cation transport into root vacuoles 
which increases root biomass for enhanced drought tolerance (Li et al.  2005 ; Park 
et al.  2005 ). Similarly, moderate water stress may stimulate auxin transport into root 
tips and increase plasma membrane H + -ATPase activity for enhanced proton secre-
tion driving root elongation and root hair  development   (Xu et al.  2013 ). Along with 
drought perception, a myriad of environmental response pathways converge on 
auxin signal transduction with downstream effects for each stage of lateral root 
development including cell initiation, emergence of the lateral root primordial, and 
lateral root growth and orientation (Casimiro et al.  2003 ; Malamy  2005 ). Maintaining 
auxin homeostasis is an essential component of lateral root growth during drought 
stress and there is increasing evidence that cross talk interactions between auxin and 
other hormones, such as ABA, may inhibit auxin-stimulated root growth, as dis-
cussed further below.  

3.3.3     Cytokinins 

 Cytokinins are well known to infl uence many biological functions throughout the 
plant system, which one of the most well-known positive regulators of senescence, 
as demonstrated by exogenous applications or endogenous  manipulations   suppress-
ing the rate of natural or stress-induced leaf senescence (Lim et al.  2003 ; Taiz and 
Zeiger  2010 ). As CK levels decrease during stress-induced leaf senescence, genes 
for CK synthase and adenosine phosphate isopentenyl-transferase ( IPT ) are down-
regulated, genes for CK oxidase are upregulated, and until recently, little was known 
about which gene(s) directly infl uence leaf senescence by means of CK signaling 
(Lim et al.  2007 ). Unlike other hormone-signaling pathways (except ethylene), CK 
signaling comprises a histidyl-aspartyl (His-Asp) phosphorelay system by which 
 histidine kinases (HKs)   serve as cytokinin receptors which transfer a phosphoryl 
group to nuclear type-B response regulators (RRs) activating the type-A RR pri-
mary response genes (Imamura et al.  1998 ; To and Kieber  2008 ). While six distinct 
 HKs   have been identifi ed in  Arabidopsis , AHK2-4 (A for  Arabidopsis ) are localized 
on the endoplasmic reticulum, serve CK receptor functions, and have distinct roles 
in various aspects of plant growth and development (see comprehensive review by 
Ha et al.  2012 ). 

 The process of stress-induced leaf senescence can be divided into three distinct 
 phases  ; the initiation phase which involves stress perception and signal transductions, 
the reorganization phase during which changes in gene expression inducing a wide 
range of biochemical and metabolic changes including hormonal changes, and the 
terminal phase during which permanent or nonreversible cell death occurs (Munné-
Bosch and Alegre  2004 ). Drought-induced leaf senescence typically coincides with 
decreasing endogenous CK concentrations, though the hypothesis that low CK con-
tent directly triggers leaf senescence may not be accurate since CK-defi cient mutants 
typically display delayed chlorophyll degradation compared to wild-types suggesting 
that other factors such as altered source–sink responses or antioxidant profi les may 
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be responsible for the observed senescence during drought stress (Werner et al. 
 2003 ). For example,  transgenic tobacco plants   expressing the  IPT  gene driven by a 
maturation- and stress-induced senescence-associated receptor protein kinase ( SARK ) 
promoter maintained higher photosynthetic rates and delayed leaf senescence during 
drought stress and the improved drought tolerance was associated with larger pools 
of ascorbate and glutathione accounting for the lower levels of hydrogen peroxide 
(Rivero et al.  2007 ). Similarly, transgenic creeping bentgrass containing the  IPT  gene 
driven by an auto-regulated senescence-activated ( SAG12 ) promoter displayed less 
lipid peroxidation maintaining cellular integrity and photochemical effi ciency during 
 drought stress  , possibly associated with maintenance of SOD, POD, and CAT activi-
ties (Merewitz et al.  2011 ). Despite these examples and numerous other reports cor-
relating CK (exogenous or endogenous) to enhanced antioxidant capacity during 
drought stress, the stress-induced changes to signaling pathways linking cytokinins 
(CKs) to antioxidant metabolism, either directly or indirectly, are largely undefi ned 
and deserve further investigation. 

 Historically, CKs were generally regarded as antagonists to ABA throughout the 
plant system, though the literature provides contradictory reports by which CKs 
enhance, mitigate, or have neutral effects on  stomatal apertures   depending upon 
plant species, CK type, and concentration dependencies (see reviews by Acharya 
and Assmann ( 2009 ) and Pospíšilová ( 2003 )). In certain cases, increasing concen-
trations of CKs in  xylem sap   may reduce stomatal sensitivity to ABA and promote 
stomatal opening or delay the drought-induced decrease of stomatal aperture 
(Havlova et al.  2008 ; Wilkinson and Davies  2002 ). Alternatively, a reduction in 
endogenous CK content may not imply enhanced sensitivity to ABA as demon-
strated by CK-defi cient  Arabidopsis  lines which regulated the endogenous ABA:CK 
ratio and maintained stomatal aperture for photosynthetic carbon dioxide uptake 
(Nishiyama et al.  2011 ). From this, it was suggested that there may exist mutual 
regulatory mechanisms between CKs and other plant hormones which collectively 
mediate stomatal responses upon onset of adverse environmental conditions (dis-
cussed further below). Environmental cues such as drought stress may induce syn-
ergism between CKs and ABA to collectively exert antagonism upon auxin resulting 
in suppression of lateral root formation and promotion of primary root growth into 
deeper soil profi les in search of water supplies (Ha et al.  2012 ). Such effects may 
have been evident for  SAG12 - ipt  and  HSP18.2 - ipt  transgenic creeping bentgrass 
plants with greater root:shoot and CK:ABA ratios upon drought stress, though 
direct correlations between the two parameters were not clear (Merewitz et al. 
 2010 ). There are apparently discrepancies on CK effects on root growth between 
dicots, such as  Arabidopsis  and tobacco, and inhibitory effects on monocots, such 
as  creeping bentgrass  ; however, the mechanisms underlying the differential 
responses of roots to CKs between different types of plant species are unknown, 
which is likely infl uenced by a variety of plant growth factors and associated signal-
ing pathways infl uencing hormonal, nutritional, and/or source–sink relationships 
throughout different plant organs, and different sensitivity of plants to endogenous 
levels of CKs (Werner et al.  2010 ).  
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3.3.4     Gibberellins 

 Gibberellins (GAs) are a large class of diterpenoid plant hormones with over one 
hundred different chemical structures currently known to exist, though only a select 
few are biologically active and infl uence a variety of  plant growth and developmental 
processes   including seed germination, stem and root elongation, leaf expansion, 
transition from juvenile to adult phases, sex determination, and fl oral initiation (Sun 
and Gubler  2004 ; Taiz and Zeiger  2010 ; Yamaguchi  2008 ). In comparison to other 
plant hormones, there is far less information regarding contribution of GAs to 
drought tolerance and how GA content changes upon increasing level of drought 
stress (Pospíšilová  2003 ). Despite GA typically classifi ed as antagonistic to ABA, 
the few studies investigating GA contribution to stomatal function suggested that GA 
may not contribute to stomatal movement since exogenous GA had little or no effect 
on stomatal closure in  Arabidopsis  and GA-defi cient mutants had similar transpira-
tion rates compared to wild-type plants during  drought stress   (Acharya and Assmann 
 2009 ). The direct effect of GA on stomatal movement by means of exogenous appli-
cations or endogenous manipulation is a particular research area which deserves fur-
ther attention. Alternatively, Saibo et al. ( 2003 ) demonstrated that GA is the main 
 hormonal signal   inducing stomata formation on  Arabidopsis  hypocotyls and the 
GA-induced developmental signal is further regulated through interactions with 
auxin and ethylene. It would seem inherent that leaf stomatal density strictly regu-
lated by GA would be a major determinant of transpiration rates and leaf water status 
during drought stress, though this remains to be empirically proven. There is also 
considerable evidence suggesting that stomatal aperture responding to drought onset 
is regulated through multiple signaling pathways or cross talk among various plant 
hormones, including GA, as discussed in subsequent sections. 

 Along with the previously mentioned contribution of CKs to leaf senescence, 
there is increasing evidence suggesting that GAs also serve important regulatory 
functions during natural or stress-induced leaf  senescence  . For example, Rosenvasser 
et al. ( 2006 ) summarized that GA 1 , GA 4 , and GA 9  content all decreased in  Alstromeria  
and lettuce leaves upon dark-induced leaf senescence, while exogenous GA delayed 
leaf senescence in  Pelargonium ,  Taraxacum ,  Rumex ,  Nasturtium , and  Alstromeria . 
Similarly, leaf senescence was mitigated by exogenous applications of GA 4  and GA 7  
in  Lilium  plants following low-temperature storage in darkness and the benefi cial 
effects were associated with increased CAT activity and decreased lipid peroxida-
tion and proteolysis (Ranwala and Miller  2000 ). GA 3  applied as a foliar spray or soil 
drench enhanced the antioxidant potential of  Catharanthus roseus  by stimulating 
production of the indole alkaloid ajmalicine and also alleviated the toxic effects of 
cadmium in a separate study with the same plant species (Pandey et al.  2007 ; Jaleel 
et al.  2007 ). GA 3  applications mitigated oxidative stress and slowed the rate of  Paris 
polyphylla  leaf senescence by increasing endogenous GA 4  and GA 7  with potential 
downstream effects on lipid peroxidation, hydrogen peroxide content, activities of 
SOD, POD, and APX, and while a potential antagonistic interaction with ABA was 
suggested, the actual mechanisms underlying these changes remain unclear (Yu 
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et al.  2009 ). The inhibitory effects of drought stress on various morphological 
aspects of  maize growth   were reduced for plants treated with GA 3  during the vegeta-
tive growth stage, though underlying mechanisms were not explored during the 
study (Akter et al.  2014 ). Finally, the benefi cial senescence- mitigating effects of 
GA 3  were associated with a signifi cant enhancement of SOD activity in marigold 
( Calendula offi cinalis ) during drought stress (Sedghi et al.  2012 ). While we can only 
speculate on the direct link between antioxidant metabolism and GA for delaying 
leaf senescence during drought periods, it is possible that WRKY transcription fac-
tors associated with the  gibberellin-signaling pathway   are involved, which may 
exert downstream effects on ROS signaling and hydrogen peroxide accumulation for 
antioxidant response, though much more work is needed to verify the actual signal-
ing process (Jo and Hyun  2011 ). 

 The growth-promoting effects of GA by means of downstream effects on cellular 
elongation rates have been recognized for many years, though only until recently 
have advancements in  molecular biology techniques   been able to shed light on sig-
naling pathways preempting the GA-induced cellular expansion process (Fleet and 
Sun  2005 ; Olszewski et al.  2002 ; Richards et al.  2001 ; Schwechheimer and Willige 
 2009 ). Moreover, despite the well-known adverse effects of drought stress on root 
and shoot growth rates, the direct infl uence of GA on the mechanisms underlying 
cellular expansion under drought stress are not well known. One particular mecha-
nism by which GA may infl uence cellular expansion under drought stress involves 
GA 3  upregulating expansin genes  EXPA4  and  EXPB4  and xyloglucan endotransgly-
cosylase (XET) genes  XET1  and  XET1  to maintain leaf elongation rates as demon-
strated in tall fescue ( Festuca arundinacea ) under chemically induced drought 
stress (Xu et al.  2016 ). A GA-responsive transcription factor, OsPIL1, was repressed 
by  drought stress   and was associated with downregulation of expansin in the inter-
node of rice plants (Todaka et al.  2012 ). A comprehensive study by Ribeiro et al. 
( 2012 ) investigated changes in  Arabidopsis  translatome and metabolome as trig-
gered by GA and suggested that there exists a close interaction between energy 
metabolic processes and GA-mediated growth with downstream effects on cell wall 
extension, secondary metabolism, and lipid metabolism. Specifi cally, GA  and 
paclobutrazol   (PAC; GA-inhibitor) had opposing effects on the expression of genes 
encoding expansins and xyloglucan endotransglucosylase/endohydrolases (XTHs), 
products of primary metabolism including nitrates, total amino acids, and protein, 
as well as carbon allocation governing growth rates. Based on these studies which 
demonstrate that potential interactions between GA and carbon metabolism and 
growth may likely exist, it would be useful for future research to begin identifying 
which genes are responsible and identify new markers for growth potential (Ribeiro 
et al.  2012 ). Additionally, similar studies should be conducted investigating transla-
tomic and metabolomic changes conferred by GA induction or suppression and 
which changes may contribute to enhanced drought tolerance in Arabidopsis or 
other model plant species.  
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3.3.5     Ethylene 

 The gaseous plant hormone ethylene induces a triple response on plant development 
encompassing radial swelling, inhibited elongation of the epicotyl, and horizontal 
growth of the epicotyl, and is also implicated in downstream effects on various 
aspects of  plant stress responses   (Chaves et al.  2003 ; Sharp and LeNoble  2002 ; Taiz 
and Zeiger  2010 ). The current model of ethylene signaling suggests that ethylene 
molecules are sensed by a family of receptors acting as negative regulators of the 
ethylene-responsive pathway (Guo and Ecker  2004 ). More specifi cally, ethylene 
binds to the receptors and inactivates the receptor-CTR1 complex which allows 
EIN3 and EIN3-like transcription factors to accumulate in the nucleus and express 
transcription factor genes  ERF1 - 4  which initiate activation or repression of hundreds 
of downstream genes, though until recently, little was known about how these signal-
ing networks may contribute to ethylene responses during drought stress (Stepanova 
and Alonso  2009 ). Additionally, signaling pathways mediated by ethylene may also 
involve cross talk between  calcium-dependent protein kinases (CDPKs)   and  mito-
gen-activated protein kinases (MAPKs)      preempting the downstream activation of 
stress-response genes (Fujita et al.  2006 ; Ludwig et al.  2005 ; Nakagami et al.  2005 ). 

 Recent studies have suggested that expression of specifi c ethylene response fac-
tors ( ERFs)      exert downstream effects in various plant species responding to osmotic 
stresses, including drought or salinity, and the potential mechanisms by which ERFs 
promote stress tolerance have been suggested in several cases. Transgenic sugarcane 
(  Saccharum offi cinarum )   plants overexpressing  SodERF3  displayed improved 
drought tolerance as noted by enhanced plant height, leaf weight, and fl ower produc-
tion following 20-day water withholding as compared to wild-type plants, though the 
underlying mechanisms facilitating the enhanced growth were not investigated 
(Trujillo et al.  2008 ). Alternatively,  OsDERF1  is induced by drought stress and while 
transgenic rice plants overexpressing  OsDERF1  were more drought- susceptible at 
seedling stage,  OsDERF1  knockdown lines had enhanced drought tolerance at seed-
ling and tillering stages associated with lower MDA accumulation and higher accu-
mulation of  sugars and proline   suggesting specifi city of ERF  regulation   in drought 
response (Wan et al.  2011 ). Several studies which regulated ERF expression levels to 
induce downstream changes in stress tolerance have shown that enhanced drought 
tolerance may be attributed to ERFs activating transcription of specifi c stress-respon-
sive genes regulating the observed physiological changes during water withholding. 
Rice plants overexpressing  JERF3  displayed improved drought tolerance similarly 
associated with proline and sugar accumulation and the increased proline content 
was most likely due to upregulation of  OsP5CSs  encoding two key enzymes in pro-
line synthesis (Zhang et al.  2010a ,  b ). In the same study,  JERF3  also upregulated 
three stress-inducible genes,  WCOR413 - like ,  OsEnol , and  OsSPDS2 , which were 
attributed to maintaining membrane stability under drought stress. In addition to 
upregulating osmotic stress genes, upregulation of the ethylene- responsive  JERF3  
has also been shown to reduce ROS by enhancing expression of antioxidative SOD 
genes and further contributed to drought tolerance by activating photosynthetic car-
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bon assimilation/metabolism genes (Wu et al.  2008 ). ROS- responsive genes may 
contain ethylene-responsive  cis  elements, as was shown for  Zat7 ,  Zat12 ,  WRKY25 , 
and  Apx1  in  Arabidopsis  (Miller et al.  2010 ). Overexpressing  OsWR1 , a homolog of 
the wax/cutin synthesis regulatory gene  WIN1 / SHN1 , regulated the expression of 
wax-related genes  OsLACS2  and  OsFAE1 ’- L , as well as genes related to oxidative 
stress response and membrane integrity, all of which likely contributed to improved 
drought tolerance in transgenic rice plants (Wang et al.  2012 ). 

 Ethylene contributes to long-distance stress signaling upon perception of soil 
drying by means of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid 
(ACC) transported from roots to shoots, though the literature provides inconsistent 
results as to when and under which specifi c conditions  ACC transport   and ethylene 
production occurs (see review by Wilkinson and Davies  2010 ). Wilkinson and 
Davies ( 2010 ) also summarized that plants respond to ethylene biphasically with 
low or high ethylene concentrations increasing or decreasing plant growth, respec-
tively, though there is still no clear role of ethylene in maintaining shoot growth 
under drought stress conditions. The well-defi ned effects of ethylene on leaf senes-
cence and growth inhibition under drought stress has retracted from research inter-
ests of potential contributions of ethylene to drought tolerance, even though in the 
absence of detrimental growth effects under induced by high ethylene concentra-
tions, lower concentrations of ethylene may maintain  stomatal apertures   for leaf 
cooling and carbon uptake during mild to moderate drought stress (Wilkinson et al. 
 2012 ). ERFs such as ETR1 (ethylene response 1) may facilitate signaling functions 
for stomatal movement, glucose-sensing, and hydrogen peroxide biosynthesis sug-
gesting a potential link between ROS, sugars, and hormone pathways (Pinheiro and 
Chaves  2011 ). Furthermore, the ethylene-mediated reductions in shoot growth as 
well as stomatal responses under  drought stress   are highly dependent upon ABA 
accumulation in shoots, since ABA and ethylene exert antagonism upon each other 
as discussed below (Chaves et al.  2003 ).  

3.3.6     Salicylates 

 Salicylic acid (SA) is an endogenous phenolic plant hormone which serves diverse 
regulatory roles in  plant metabolism   and has been implicated in modulating specifi c 
plant responses to oxidative stress, such as the signaling cascades and regulation of 
chloroplast biogenesis with subsequent promotive effects on photosynthesis (Hayat 
et al.  2010 ). SA contributes to the initial development of stress responses and higher 
concentrations of SA within the plant system tend to induce the benefi cial responses 
promoting tolerance to  osmotic stresses   such as salinity or drought (Horváth et al. 
 2007 ). Exogenous SA applications enhanced the drought tolerance of tomato 
( Lycopersicon esculentum ) by increasing photosynthetic parameters, membrane integ-
rity, leaf water potential, chlorophyll content, and activity of nitrate reductase carbonic 
anhydrase (Hayat et al.  2008 ). Similarly, higher water content, dry mass accumulation, 
and chlorophyll content associated with maintenance of carboxylase activity and SOD 
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activity were observed in drought-stressed wheat seedlings following SA application 
(Singh and Usha  2003 ). Higher antioxidant enzyme activities limited hydrogen perox-
ide accumulation and lipid peroxidation in droughted wheat leaves previously sprayed 
with SA (Agarwal et al.  2005 ). The stimulative effect of exogenous SA on  plant anti-
oxidant components   is likely concentration- dependent as SA-defi cient mutants lack 
the ability to mitigate ROS, low concentrations (0.01–0.05 mM) of SA induce slight 
stimulation of AOX and HSPs, while optimum concentrations (0.1–0.5 mM) of SA 
initially increase ROS which themselves act as secondary messengers to dramatically 
enhance CAT, APX, SOD, GR, AOX, and HSP activities conferring the observed drought 
tolerance (Yuan and Lin  2008 ). A similar dose-dependent effect of SA was observed in 
tomato and bean ( Phaseolus vulgaris ) plants which displayed enhanced drought toler-
ance for plants grown from seed imbibed in low SA concentrations but not for plants 
grown from seed imbibed in high SA concentrations (Senaratna et al.  2000 ). 

 Interactions between SA  and hydrogen peroxide   affect the rate of ROS accu-
mulation within plant tissues which stimulates oxidative stress-induced PR gene 
expression and downstream systemic acquired response (SAR) responses (Horváth 
et al.  2007 ; Lee et al.  2006 ; Mateo et al.  2006 ). SA-mediated ROS accumulation 
may also infl uence stomatal aperture during drought responses as demonstrated 
by  siz1  Arabidopsis mutants lacking  SIZ1 -mediated endogenous SA accumula-
tion, though this is one particular area which deserves further investigation (Miura 
et al.  2013 ). Similarly, increasing SA concentrations by means of endogenous 
manipulation or exogenous applications stimulates nitric oxide (NO) synthesis,    
another key component in stress-responsive signaling cascades (Zottini et al. 
 2007 ). MAPKs have also been shown to be stimulated by SA and initiate various 
downstream defense responses including expression of key enzymes for defense 
signaling and initiation of abiotic and biotic stress responses (Bowler and Fluhr 
 2000 ; Yang et al.  2001a ; Zhang and Liu  2001 ). Despite considerable work inves-
tigating SA contribution to other  oxidative stresses   including salinity, ozone, and 
UV-B radiation, there has been far less investigation of which SA-responsive 
genes contribute to drought tolerance in plants. Exogenous SA application pro-
moted drought tolerance in wheat seedlings by enhancing the transcription of 
 GST1 ,  GST2 ,  GR , and  MDHAR  which facilitate the detoxifi cation of ROS, though 
the focus of this study was narrowed towards genes involved in the ASA-GSH 
cycle (Kang et al.  2013 ). The interaction between GSH and SA regulating ROS 
production under stress conditions may also regulate a variety of other plant pro-
cesses due to the effects on cell redox states (Horváth et al.  2007 ).   Tobacco stress -
 induced gene1  ( Tsi1 )      was shown to be induced by exogenous SA application and 
subsequently increased expression of drought stress-responsive target genes  PR1 , 
 PR2 ,  PR3 ,  osmotin , and  SAR8.2  (Park et al.  2001 ). Transcriptional profi ling of the 
 WRKY  gene family showed that genes encoding certain WRKY transcription fac-
tors are upregulated by SA application while others are upregulated by drought 
stress and that a specifi c  WRKY  gene,  12g02400 , was upregulated by both SA and 
drought stress (Ramamoorthy et al.  2008 ). However, it remains to be determined 
as to which downstream plant responses are regulated by SA- or drought-induced 
 WRKY  gene regulation. It would be interesting to know whether there exists a link 
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between SA-induced WRKY gene expression and downstream proteomic changes, 
as SA-induced growth and drought tolerance of wheat was associated with altered 
expression patterns of  proteins   facilitating signal transduction, stress defense, 
photosynthesis, carbohydrate metabolism, protein metabolism, and energy pro-
duction during drought stress (Kang et al.  2012 ).  

3.3.7     Jasmonates 

 Jasmonic acid (JA) and  methyl jasmonate (MeJA)      are biologically active lipid deriv-
atives formed by fatty acid oxidation and contribute to the regulation of various 
stress responses in plants including leaf senescence, ROS and NO signaling, anti-
oxidant metabolism, and stomatal movement (Balbi and Devoto  2008 ; Murata and 
Mori  2014 ; Taiz and Zeiger  2010 ; Wasternack  2007 ). Similar to the current state of 
SA research, jasmonates have been implicated in promoting tolerance to  abiotic 
stresses   including salinity, ozone, or UV-B irradiance through downstream effects 
on antioxidant metabolism, whereas less research has been conducted regarding the 
contribution of jasmonates to antioxidant-facilitated drought tolerance (Kumari 
et al.  2006 ). Nevertheless, several studies which have been conducted suggest jas-
monates mitigate the drought-induced oxidative burst in a similar manner as for 
other oxidative stresses, by means of increased antioxidant enzyme activities. For 
example, soybean plants treated with 50 μM MeJA had decreased lipid peroxidation 
associated with increased activities of SOD, POD, and CAT while the observed 
increase in proline concentration may have further facilitated the higher leaf water 
content for MeJA-treated plants during irrigation withholding (Anjum et al.  2011 ). 
 Cellular water retention   is also enhanced following JA application by increasing 
 betaine aldehyde dehydrogenase (BADH)   for enhanced betaine accumulation and 
subsequent osmotic adjustment in pear ( Pyrus bretschneideri ) leaf cells (Gao et al. 
 2004 ). The increased activities of SOD, POD, CAT, APX, and GR collectively 
detoxifi ed hydrogen peroxide and, in conjunction with higher proline and soluble 
sugar content, enhanced the drought persistence of caulifl ower ( Brassica oleracea ) 
seedlings following MeJA or coronatine (COR; a phytotoxin that mimics some bio-
logical activities of MeJA) application (Wu et al.  2012 ). A microarray analysis of 
over two thousand selected  Arabidopsis  genes showed that the abundance of 221 
mRNAs was highly upregulated following MeJA application and the upregulated 
mRNAs served putative functions spanning oxidative stress responses, cellular 
maintenance, as well as low and high molecular weight defense signaling (Schenk 
et al.  2000 ). More specifi cally, the reduction in transcript levels of  L -galactono- 1,4-
lactone dehydrogenase (GalLDH), APX, GR, dehydroascorbate reductase (DHAR), 
and monodehydroascorbate reductase (MDHAR) during drought stress was miti-
gated in crested wheatgrass ( Agropyron cristatum ) leaves following JA application, 
reinforcing the notion that JA also serves critical roles in regulating ascorbate and 
glutathione metabolism during drought periods (Brossa et al.  2011 ; Shan and Liang 
 2010 ). Alternatively, the increase in jasmonate content upon  drought stress   may 
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induce specifi c NAC transcription factor gene (i.e.,  ANAC019  and  ANAC055 ) 
expression with potential downstream effects on abiotic-stress cellular networks, 
though the ways in which JA-induced NACs may be utilized to promote abiotic 
stress tolerance remain largely unknown (Bu et al.  2008 ; Puranik et al.  2012 ). 

 Given that jasmonate concentrations increase in a similar manner as ABA during 
drought onset, it was hypothesized that the biologically active jasmonate deriva-
tives may positively regulate stomatal closure as drought stress severity increases 
(Acharya and Assmann  2009 ). Furthermore, whether or not jasmonates regulate 
similar mechanisms as ABA to infl uence stomatal movement was of particular 
interest. Studies which utilized  jar1  (MeJA-insensitive) mutants have shown that 
MeJA-mediated stomatal closure involves guard cell alkalization, ROS and NO pro-
duction, potassium effl ux, and slowed anion channels, all of which are similarly 
associated with ABA-induced stomatal closure (Evans  2003 ; Munemasa et al.  2007 ; 
Suhita et al.  2004 ). Further research investigating how MeJA and fl uridon ( ABA- 
inhibitor)   infl uence stomatal movement in ABA-defi cient mutants suggested that 
endogenous ABA is required to activate calcium signaling during MeJA-induced 
stomatal closure (Hossain et al.  2011 ). Additionally, stomatal closure will not occur 
for Arabidopsis mutants lacking the coronatine-insensitive1 ( COI1 ) gene likely due 
to little change in ROS and NO production or anion effl ux following MeJA applica-
tion whereas  coi1  mutants will close stomates following ABA application, indicat-
ing that  COI1  is upstream of ROS and NO in MeJA signaling (Munemasa et al. 
 2007 ). Synergism exists between JA and NO in stimulating stomatal closure in 
broad bean ( Vicia faba ) leaves such that JA enhances  NO synthesis   in guard cells 
and both JA and NO induce stomatal closure in a dose-responsive manner (Liu et al. 
 2005 ). A review by Hadiarto and Tran ( 2011 ) suggested that JA may serve important 
regulatory roles during the ABA-dependent drought responses in plants since JAZ 
(Jasmonate ZIM-domain), ABA-dependent, and drought-inducible AtMYC2 tran-
scription factors all regulate gene expression in jasmonate pathway. 

 In comparison to the extensive research regarding jasmonate-stimulated antioxi-
dant metabolism or stomatal movement, there is less known regarding how jasmo-
nates directly infl uence growth and photosynthetic processes during drought stress. 
One research area which may be of particular interest is in how jasmonates infl uence 
homeostasis of various energy-consuming processes during drought stress, as hor-
mone balance likely controls metabolic and physiological stabilization during periods 
of abiotic  stress   (Harb et al.  2010 ). For example, MeJA  pretreatment   has been shown 
to have reversible effects on nitrogen uptake inhibition and remobilization of RuBisCO 
subunits in fi eld-grown oilseed rape ( Brassica napus ), though whether JA-induced 
changes in these parameters confers drought acclimation remains unknown (Rossato 
et al.  2001 ). Furthermore, despite abundant knowledge detailing jasmonate contribu-
tions to many different  plant physiological processes   (i.e., fl oral development, senes-
cence induction, growth inhibition, root morphogenesis) under non-stress conditions, 
little is known as to how these parameters may be individually affected by JA under 
short- or long-term drought stress treatment (Santino et al.  2013 ).   
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3.4     Interactions Between Hormones and Plant Metabolites 
During Drought Stress 

3.4.1     Hormone to Hormone Interactions 

 As discussed above, multiple hormones may be involved in regulating a particular 
growth trait or physiological responses to drought stress through synergistic or 
antagonistic  interactions  , although each hormone play unique roles. The analysis of 
 Arabidopsis  mutant  phenotypes   in conjunction with transcriptomic profi ling studies 
has provided convincing evidence supporting the theory that cross talk between 
plant hormones results in antagonistic or synergistic effects on various phenotypic 
responses to abiotic stress (Depuydt and Hardtke  2011 ).  Cross talk signals   derived 
from hormone to hormone or hormone to secondary messenger (i.e., calcium or 
ROS) interactions may converge upon or be transduced by MAPK modules to regu-
late gene expression by means of transcription factor modulation (Fujita et al.  2006 ; 
Smékalová et al.  2014 ). For example, two specifi c MAPKs,  OsMPK5  and  OsEIN2 , 
have been shown to facilitate antagonism between ABA and ethylene in that RNAi 
suppression of  OsMPK5  reduces rice sensitivity to ABA, increases endogenous eth-
ylene, and reduces drought tolerance, while suppression of  OsEIN2  reduces sensi-
tivity to ethylene, increases hypersensitivity to ABA, and enhances drought tolerance 
(Sharma et al.  2013 ).  Ethylene   has also been shown to regulate many auxin-related 
genes including ARFs, transporters, and genes encoding biosynthetic enzymes, 
while genes encoding rate-limiting enzymes in ethylene biosynthesis are conversely 
regulated by auxin (Peleg and Blumwald  2011 ). Given the well-known contribution 
of ABA to stomatal closure during plant drought response, many studies have inves-
tigated how other hormones infl uence ABA-mediated stomatal closure upon water 
defi cit. Thus far, it is generally accepted that auxins, CKs, and ethylene are antago-
nistic with ABA and counteract stomatal closure while SA and jasmonates are in 
synergism with ABA and positively regulate  stomatal closure   during drought, 
though all of these hormones may differentially modulate the downstream expres-
sion of stress-related genes (Acharya and Assmann  2009 ; Nilson and Assmann 
 2007 ). For example, one of the ABA-regulated bZIP transcription factors (ABI5- 
Like1) is typically induced by drought or salinity but may also be regulated by auxin 
to then activate a variety of stress response genes including ABRE-containing genes 
related to auxin metabolism (Yang et al.  2011 ). Wang et al. ( 2011 ) also suggested 
that cross talk between ABA and MeJA occurs at the transcript level and is consis-
tent with the downstream effects of cross talk at the physiological level both in 
guard cells and other tissues.  Synergism   may exist between CKs and auxins, specifi -
cally IAA, in that CKs are positive regulators of auxin biosynthesis and the two 
hormones may establish a homeostatic feedback regulatory loop to maintain proper 
proportions in developing root tissues (Jones et al.  2010 ). Alternatively, the well-
known  antagonism   between ABA and CKs contributing to drought-induced stress 
responses may be in part facilitated by CK-receptor histidine kinases ( AHK2 ,  AHK3 , 
and  CRE1 ) acting as negative regulators of ABA and osmotic stress signaling, 
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whereas another non-ethylene histidine kinase ( AHK1 ) is a positive regulator of 
these same processes (Tran et al.  2007 ). It was also proposed that  nitrate transport-
ers   facilitating nitrate uptake may serve in hormone cross talk since NRT2.6 is regu-
lated by auxin, CKs, and ABA, whether be individually or interactively (Krouk 
et al.  2011 ). GA may be synergistic with SA as exogenous GA applications increased 
expression levels for two genes encoding SA-synthesis genes, plus transgenic 
 Arabidopsis  plants overexpressing a GA-responsiveness gene had higher endoge-
nous SA content and were more tolerant to oxidative stress (Alonso-Ramírez et al. 
 2009a ). Cross talk between GA and SA by which GA induces both SA production 
and action may also contribute to changes in source–sink relationships during 
drought stress, most notably through the effects on photosynthesis, mobilizing 
resources, and sink strength (Alonso-Ramírez et al.  2009b ). 

 The recent discovery of the JAZ (JASMONATE-ZIM DOMAIN) family  pro-
teins  , acting as JA co-receptors and transcriptional repressors in JA signaling, has 
suggested that JAZ proteins facilitate JA-mediated cross talk with auxins, ethylene, 
SA, and interestingly may be antagonistic or synergistic with GA depending on 
which plant function is of focus (Kazan and Manners  2012 ). For example, GA and 
JA are antagonistic with respect to plant growth and defense but synergistic in that 
both are required for jasmonate- and GA-mediated stamen development and male 
fertility (Cheng et al.  2009 ; Pauwels et al.  2009 ; Navarro et al.  2008 ). JAZ proteins 
facilitate synergism between JA and ethylene supporting plant defense functions and 
antagonism between jasmonates and SA or auxins by which SA- or auxin- mediated 
signaling is regulated by jasmonates (Broekaert et al.  2006 ; Leon-Reyes et al.  2010 ; 
Sun et al.  2009 ). Observations of similar developmental changes responding to dis-
tinct abiotic stress signals suggests that redundant signaling intermediates, such as 
 DELLA proteins   (negative regulators of GA signaling), facilitate cross talk between 
different phytohormones (Kohli et al.  2013 ). For example, JA was shown to interfere 
with DELLA–PIF3/4 interactions and inhibit GA-mediated hypocotyl elongation 
(Lyons et al.  2013 ). DELLAs have also been implicated in orchestrating GA and 
ABA signaling cross talk controlling  Arabidopsis  seed germination and seedling 
development under oxidative stress conditions (Yuan et al.  2011 ). During drought 
stress, increased ABA and ethylene concentrations exert antagonism on GA signal-
ing and GA-mediated growth and this cross talk occurs by means of DELLA pro-
teins, though GA interacting with other plant hormones such as SA also contributes 
to changes in growth under drought stress (Kohli et al.  2013 ; Wolters and Jürgens 
 2009 ). As described previously, ethylene exerts strict control upon drought-induced 
leaf senescence by controlling gene expression of  EIN transcription factors   and, 
more specifi cally, the EIN2 transcription factor has been shown to be similarly regu-
lated by ABA and MeJA, suggesting a means for cross talk between the three hor-
mones controlling downstream expression of  stress- responsive genes (Kim et al. 
 2011 ). Elucidating on how specifi c points in ethylene pathway interact with other 
plant hormones and whether similar mechanisms are involved across different inter-
actions to confer the plant drought responses at the physiological level, such as sto-
matal movement and growth processes, continues to be a primary focus of researchers 
(Vandenbussche and Van Der Straeten  2007 ).  
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3.4.2      Hormone to Sugar Interactions   

 Hormone regulation of plant growth and responses to drought stress not only involve 
interactions among hormones, but also interaction with other metabolites, such as 
sugars, as found in recent research. The ongoing and extensive research into cross 
talk between multiple hormone classes also suggests that sugars may exert infl uence 
upon biosynthesis or response pathways of other plant hormones, such as those 
associated with auxin or CK signaling. Sugars have been recognized to serve inte-
gral signaling functions modulating a range of growth processes throughout the 
plant life cycle and, in an attempt to understand why various genes respond to spe-
cifi c sugars or sugar phosphorylations, it was noted that  Arabidopsis  mutants with 
altered sugar responses displayed phenotypes similar to plant-hormone biosynthesis 
or signaling mutants suggesting the existence of links between sugar- and hormone- 
signaling pathways (Gibson  2005 ; Hanson and Smeekens  2009 ; León and Sheen 
 2003 ; Pinheiro and Chaves  2011 ). The initial comparable mutant screens coinciding 
with subsequent genetic and functional analyses suggested that there is extensive 
overlap between sugar, ABA, and ethylene signaling preempting various down-
stream plant processes such as root development (Eveland and Jackson  2012 ). For 
example, mutants lacking genes encoding for ABA biosynthesis or sensitivity ( aba  
or  abi , respectively) are similarly insensitive to high concentrations of glucose and 
the potential link facilitating sugars and ABA-perception cross talk might be  ABI4 , 
which encodes an AP2 transcription factor required for normal sugar response 
(Arenas-Huertero et al.  2000 ). Co-expression of a sucrose synthase gene and  ABI3  
occurred under stress conditions, as did  ABI1  with one neutral invertase, two sucrose 
synthases, and one β-amylase, all of which may serve to amplify the signaling 
capacity and phenotypic responses (i.e., stomatal closure) under drought stress 
(Pinheiro and Chaves  2011 ). Alternatively, mutants lacking genes encoding for eth-
ylene perception ( etr1 ,  ein2 ,  ein3 ) are hypersensitive to glucose while a mutant with 
negative regulation of ethylene signaling ( ctr1 ) is insensitive to glucose and the 
antagonistic relationship between ethylene and glucose may similarly be mediated 
through repression of ABA biosynthetic genes (Ghassemian et al.  2000 ; Yanagisawa 
et al.  2003 ). Studies conducted on ABA and ethylene mutants,  Arabidopsis  mutants 
( hxk ) unable to catalyze glucose phosphorylation were resistant to exogenous auxin, 
insensitive to high glucose concentrations, and the  hxk -based signaling negatively 
interacted with CKs (Moore et al.  2003 ). Tobacco transgenic lines with reduced 
levels of ASR (ABA-stress-ripening) protein displayed limited glucose metabolism 
and altered ABA and GA levels with downstream effects on leaf senescence, sug-
gesting that  Asr  may be a central signaling component between glucose, ABA, and 
GA (Dominguez et al.  2013 ). Despite the identifi cation of several novel genes pos-
sibly serving as links between sugars and auxin, the overall complexity of cross talk 
between hormones, sugars, and interacting secondary metabolites establishes the 
need for more in-depth genomic studies to show how gene expression levels change 
across thousands of  genes  , of which distinct changes can be associated with sugar 
or hormone signaling under different abiotic stress conditions (Eveland and Jackson 
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 2012 ; Kissoudis et al.  2014 ). Mishra et al. ( 2009 ) performed genome-wide expres-
sion profi ling of  Arabidopsis  seedlings which showed that over two-thirds of genes 
affected by auxin were regulated by glucose and that glucose and auxin establish 
either antagonistic or synergistic mechanisms to regulate transcription. Furthermore, 
the auxin-defi cient mutants receiving exogenous glucose displayed phenotypes 
indicative of various defects in root development, suggesting that glucose contrib-
utes to proper root development by means of auxin-based signaling functions.   

3.5     Concluding Remarks 

 There has been increasing evidence supporting the critical roles of various plant 
hormones involved in regulating plant growth and physiological responses to 
drought stress in the last decade, although this has been a research area that have 
been studied for many decades. Among various drought responses, leaf senescence, 
antioxidant metabolism, carbon metabolism, and stomatal movements are directly 
impacted or indirectly mediated by a particular or multiple hormones. Physiological 
and metabolic regulation of drought responses by hormones are well known as dem-
onstrated by extensive research in related areas discussed throughout the chapter. 
Various  transcription factors and downstream genes   controlling hormone synthesis, 
degradation, and responses or sensitivities have been identifi ed through transcrip-
tomic analysis and confi rmation through genetic transformation of overexpressing 
and silencing or mutating specifi c genes. Through the analysis of transcription fac-
tors, recent research is beginning to unravel signaling pathways of a single or mul-
tiple hormones and interactions among hormones and between hormones and other 
metabolites such as sugars, which coordinately mediate drought responses. However, 
the events or molecules in the perception of a specifi c hormone initiating specifi c 
signal transduction pathways are not completely understood. Furthermore,  cross 
talk signals   derived from hormone to hormone or hormone to sugars or secondary 
 messenger (i.e., calcium or ROS) are not yet clear. Further research addressing those 
critical questions regarding hormone-signaling perception and cross talk among 
hormones and other metabolites will provide further insights into molecular factors 
controlling hormone regulation of plant tolerance to drought stress.     
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    Chapter 4   
 Chemical Priming-Induced Drought Stress 
Tolerance in Plants                     

       Emily     Merewitz    

4.1           Introduction 

 Major agricultural industries have few technological defenses against crop loss due 
to abiotic stresses, particularly drought stress. Drought stress is a complex stress 
since it often coincides with high light stress and high temperature stress to plant 
canopies.    Nutrient limitation is also commonly encountered by plants under water 
limited conditions. These secondary stresses occur because major physiological pro-
cesses such as photosynthesis, transpiration, and respiration may become limited dur-
ing drought conditions. In addition to drought having an effect on whole- plant 
responses, cellular level processes are also severely limited due to lack of adequate 
turgor pressure and other cellular damage. Cell division, elongation, and differentia-
tion are the major processes that determine plant growth and productivity. These 
cellular processes are highly drought sensitive. Due to the complex effects of drought 
stress on multiple plant processes and the quantitative nature of genes involved in 
plant tolerance, plant breeding aimed to improve plant germplasm for drought 
tolerance is diffi cult. 

 Breeding practices,    whether classical or via biotechnological methods, are known 
to be relatively slow in producing new germplasm on the market. Additionally, 
new germplasm available on the market is not the only answer to the problem of 
abiotic stresses in agriculture. Many areas worldwide do not often have access to 
new varieties, may not have the funds for such varieties, may have restrictions 
on genetically modifi ed materials, and certain new germplasm may not function 
as predicted in all climates. Additionally, regardless of location, farmers or crop 
managers need quicker strategies or solutions for existing perennial crop species. 

        E.   Merewitz      (*) 
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For all of these reasons, plant priming technologies aimed to improve drought 
tolerance with various exogenous compounds is of extreme importance to aid in 
reducing crop losses and allow for agriculture to support growing demands from 
the human population. 

 Plant priming in this chapter is  defi ned   as the application of any exogenous com-
pound, microorganism, or abiotic stress in order to activate or enhance a plant’s own 
natural defenses in order for the plant to be better prepared for a future stress. 
In scientifi c literature, compounds that have a direct effect on acquired systemic 
immunity are most commonly referred to as priming agents. A primed state of 
plants is a unique physiological state that has specifi c molecular patterns associated 
with the state in response to pathogens, some benefi cial microbes, and chemical 
compounds. This has been termed defense priming (Conrath  2011 ). But for pur-
poses of this chapter the term priming will be used more broadly in order to expand 
the relevance of the term priming to many practices that aim to promote drought 
tolerance. Using a broad defi nition of priming in this chapter allows for a discussion 
of many types of priming practices that may not necessarily cause the same physi-
ological as does defense priming. Thus, it allows for discussion of many methods 
used for seed, foliar, and root priming of plants for drought tolerance. 

 Current priming strategies are relatively underutilized compared to the large 
availability of information on various chemistries available in scientifi c literature. 
For plant priming for drought tolerance to be an effective solution to promote agri-
cultural yields, more widespread information is needed on how these compounds 
are effective, what plants they are effective on, under what conditions are the com-
pounds effective, what is the duration of the effectiveness, and if applicable, what 
trade or brand names they are available under. What specifi c  physiological mecha-
nism   each priming compound or method is targeting and how that affects whole 
plant functioning needs to be elucidated and disseminated. In other words, many 
priming technologies still require further research in order to move from the realm 
of basic science to an effective, widespread applied agricultural technology. This 
chapter provides a broad overview of priming technologies utilized and specifi c 
compounds used exogenously to improve plant drought tolerance. Specifi cally, the 
chapter discusses various types of inorganic or organic chemistries applied exoge-
nously that induce drought responses or tolerance mechanisms in plants.  

4.2     Priming Methods 

 Priming of plants is a general concept that can include multiple strategies to 
increase tolerance to a variety of  abiotic and biotic stresses.   Predisposing plants 
to a limited degree of an abiotic or biotic stress has been shown to increase 
future tolerance to a given stress or a different stress. Plant priming is an effec-
tive way to promote drought tolerance because priming methods often harness 
the plant’s natural defenses and stress memory. For instance, Ding et al. ( 2012 ) 
have demonstrated that exposure of plants to several drought episodes increased 
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transcriptional activity related to drought tolerance in a subsequent stress period. 
A plant’s ability to be better prepared for a subsequent stress following an initial 
one is likely due to epigenetic changes or other metabolic responses (Kinoshita 
and Seki  2014 ). More details about a plant’s drought memory for drought sur-
vival are provided in Chap.   2    . 

 Chemical priming may also effectively alter a plant’s memory, supplement the 
plant’s natural response, or provide a new resource for the plant that it does not natu-
rally utilize as a survival mechanism. In this chapter, chemical priming will refer to 
the exogenous application of various types of compounds, whether it is a simple 
compound or complex formulation, which may harness different signaling pathways 
or mechanisms to promote stress tolerance. Plant priming with microorganisms will 
not be discussed here as plant–microbial interactions are the focus of Chap.   12    . 
The most common types of chemical application methods for plant priming for abiotic 
or biotic stresses are seed, root, and leaf based methods. The best priming strategy to 
be used is largely dependent on the type of compound that is in question and the 
industry in which that compound will be utilized. 

4.2.1     Seed Priming 

  Seed priming   is a  very   common practice in the agricultural seed industry. The 
seed industry has various types of priming technologies available including che-
mopriming, hydropriming, osmopriming, solid matrix priming, biopriming, 
thermopriming, and halo-priming (Paparella et al.  2015 ; Mondal and Bose  2014 ). 
The goals of the seed priming and treatment type used can vary based on the end 
use of the seed stock. Commercial seed lots are most commonly primed for 
enhanced germination potential. Other establishments such as seed banks may 
prime seeds to supplement preservation practices or prolong dormancy under less 
than optimal conditions. 

 The goals of seed priming vary but all are targeting physiological processes that 
occur prior to seed germination. These processes include seed defense mechanisms 
that preserve seed health for germination such as DNA repair and reduction of oxi-
dative stress (Paparella et al.  2015 ). Seed priming methods include chemical, physi-
cal, and biotic treatments. Generally,    priming seeds to promote crop performance by 
enhanced tolerance of abiotic and biotic stresses is less common than other seed 
priming practices. However,    since adverse environmental growing conditions and 
water resource limitations may become more and more problematic in the future, 
priming of seeds to promote crop tolerance of abiotic stresses is of growing interest 
in agriculture (Jisha et al.  2013 ). Chemical priming of seeds for abiotic stress toler-
ance has been suggested to cause mild to moderate stress on seeds to allow for better 
preparedness for response to future stresses (Gallardo et al.  2002 ). Examples of 
specifi c seed priming treatments that promote abiotic stress tolerance that are also 
may be used as foliar priming agents are discussed within Sect.  4.4  for each respective 
compound.  
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4.2.2     Foliar Priming 

 Exogenous application  of   various compounds to above-ground plants parts is a 
common practice in plant research and in agricultural practice to enhance the 
performance of a given crop. Foliar spray  priming   methods may be adopted if seed 
or root incorporation methods are not feasible, based on the intended result of the 
priming practice, or if the compound requires leaf or stem exposure for the com-
pound to be taken up by the plant. Perennial crop plants may not benefi t as much 
long-term from seed priming practices compared to annual crop plants that may be 
re-seeded every year. Root zone based priming practices may be diffi cult to incor-
porate into already established perennial crops or no-till annual cropping systems. 
Additionally, both annual and perennial crops often demonstrate drought resistance 
strategies that are in contrary to good yield production, such as escape and avoid-
ance mechanisms. For all of these reasons, foliar priming practices to improve both 
annual and perennial crop drought tolerance are of great importance to agriculture. 
Foliar priming practices can be done at any stage of the plant life cycle. Some prim-
ing compounds may have a degree of cell toxicity associated with them, so whether 
priming with a given compound should be performed on a mature plant compared 
to a seedling may vary among technologies.  

4.2.3     Root Priming 

 Priming of the  root zone   can be effective for priming compounds that are not readily 
taken up by above-ground plant  parts   or are more naturally occurring or absorbed 
by plant roots. Some chemical compounds are also best to apply to the root zone as 
they stimulate microorganism associations with roots that promote abiotic stress 
tolerance. Various plant developmental stages are also targets for root priming prac-
tices, from seedlings to mature plants. Priming of the roots is also a common 
research practice as the plants can be under uniform exposure to the compound for 
optimal evaluation of the effects of the compound, such as in hydroponics, tissue 
culture, or in various potting media types. Many of the compounds discussed below 
have been evaluated by root priming techniques.   

4.3     Physiological Targets of Chemical Priming 

 When a plant is in a primed state, it has a higher level of fi tness or readiness to take 
on a given stress. The primed plants are typically able to respond more rapidly and 
more effectively for stress protection. The rapid response is largely triggered by 
effi cient plant hormone and other stress signaling systems such as reactive oxygen 
species accumulation. All of the priming agents mentioned in the chapter have 
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many physiological targets in common or that are unique to each compound. Several 
of the priming agents largely have an effect on antioxidant responses.    Some of the 
compounds are able to illicit systemic acquired resistance (SAR)  and   induced sys-
temic resistance (ISR) pathways,    which are highly targeted by several plant priming 
methods. Abscisic acid, ethylene, auxins, and other stress associated hormones may 
also be regulated by plant priming strategies. 

 SAR responses are primarily associated with  pathogen infection,   particularly 
biotrophic pathogens. When a biotrophic pathogen infects a plant, salicylic acid 
(SA)  accumulation   serves as a systemic signal to activate defense response genes 
in the whole plant. SA signaling stimulates the production of pathogenesis-related 
(PR) proteins, which inhibit pathogen development and spread (Van Loon and Van 
Strien  1999 ).    This increases plant tolerance of the primary infection and may 
reduce secondary pathogen attack (Beckers and Conrath  2007 ). Interestingly, some 
necrotrophic pathogens are thought to have the ability to use the SA pathway 
against the plant to promote disease development (Rahman et al.  2012 ). The 
increase in SA and subsequent changes in SAR-inducible genes has been termed a 
primed state of plants. 

 Relative to biotic pathogens, less is known about how drought stress affects 
SAR responses. Abscisic acid is a key regulator of drought tolerance and is the 
hormone that stimulates stomatal closure to restrict water loss. In Arabidopsis, 
 abscisic acid (ABA) and SAR   were shown to act antagonistically since ABA accu-
mulation  suppressed   SAR responses and SAR suppressed ABA biosynthesis 
(Yasuda et al.  2008 ). This may explain in part why plants could be more suscepti-
ble to pathogen attach while under drought stress. A plant’s ability to maintain or 
accumulate SA or SAR responses while under drought stress are often associated 
with drought stress tolerance. SA,    either applied exogenously or maintained endog-
enously, have been associated with improved drought tolerance (Larkindale and 
Huang  2004 ; Senaratna et al.  2000a ,  b ; Horváth et al.  2007 ; Krishnan and Merewitz 
 2015 ). Conversely, SA application was also shown to decrease drought tolerance in 
corn ( Zea mays ; Nemeth et al.  2002 ). The differences could be related to species or 
be concentration dependent. 

 Gibberellic acid (GA) may also be  a   factor in regulating SA pathways.    GA  biosyn-
thesis   promotes the degradation of proteins known as DELLA proteins in plants. 
Higher concentrations of DELLA proteins are known to increase the resistance of 
plants to various stressors by improving salicylic acid (SA) defense pathways (Alonso-
Ramírez et al.  2009 ). If drought reduces GA concentration in plant tissues, this could 
regulate SAR responses.    More work in this area is needed to better understand SA 
accumulation,    SA exposure, and SAR activity with abiotic stress tolerance in relation-
ship to other plant hormones. A better understanding of these responses could lead to 
better use recommendations for priming agents and new priming agent chemistries. 

 Several chemical priming agents are known to be SAR  activators.   For instance, 
2,6-dichloroisonicotinic acid (INA) and acibenzolar-S-methyl (BHT) are well- 
known SAR activators (Conrath  2009 ). Exogenous application of SA has also been 
shown to regulate SAR responses (Ryals et al.  1996 ). More detailed information 
about different SAR activators and drought tolerance is described below. 
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 Plants can also be primed via  the    ISR pathway.   Whereas SAR is largely regulated 
by SA, the ISR pathway is thought to be controlled by  jasmonic acid (JA)   and eth-
ylene.    JA is a relatively newly classifi ed plant hormone that has been associated 
with the regulation of growth and promoting stress defenses in plants (Delker et al. 
 2006 ). JA may also promote defense against pathogens, particularly those that are 
necrotrophic (Rahman et al.  2012 ). Increases in JA accumulation promotes defense 
against pathogens and is involved in drought stress signaling (Hase et al.  2008 ; Yang 
et al.  2012 ). ISR priming genes are mostly associated with plant–microbe interac-
tions or applications of benefi cial organisms that may promote tolerance to drought 
stress (Cho et al.  2011 ). More details about priming with microorganisms are given 
in Chap.   12    . Specifi c effects of JA on drought tolerance are discussed below. 

 After the priming agent has signaled a plant response either by SAR, ISR, or 
other pathways, whole plant physiological responses occur that may reduce water 
loss or reduce cellular damage during drought. The increase in effectiveness of 
resistance mechanisms in the primed state varies by which priming technology is 
utilized. Several different stress resistance mechanisms may play a role in confer-
ring the priming-induced resistance. The mechanisms used by plants include those 
related to stomatal closure, maintaining turgor pressure, antioxidant defense, mem-
brane stability, and other mechanisms (Beckers and Conrath  2007 ).  

4.4     Major Priming Compounds and Their Effects 
on Drought Tolerance 

4.4.1     Inorganic Compounds 

 Adequate nutrient status of plants has long been known to be a major factor in plant 
survival of abiotic and biotic stress. Defi ciency in any essential nutrient may reduce 
plant tolerance of drought signifi cantly. Ensuring that adequate  fertilization   prac-
tices are in place and optimal soil conditions exist are essential in promoting plant 
tolerance of drought stress. Priming with inorganic compounds or plant nutrients is 
considered a practice separate from typical fertilization regimes, as the goals of the 
priming are specifi cally to promote tolerance to a given stress. 

 Chemical applications  of   macronutrients, micronutrients, or supplemental nutri-
ents is done in order to provide plants with nutrients that may become limited dur-
ing drought stress, are in high demand during drought periods, or have stress 
protective properties. Each type of salt generally has specifi c functions in plants and 
has been studied for protective effects specifi cally during drought stress either as a 
pre- or posttreatment during recovery. As there are too many nutrients required by 
plants to discuss all in depth here, a few select salts (K, Si, and Se) relevant to 
drought tolerance are discussed. The section will also discuss several other compounds 
used as priming agents. 

 Cellular requirements for K are signifi cantly elevated under drought stress due to 
the role of K in regulating stomatal aperture, osmotic relations, photosynthesis, and 
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reactive oxygen species signaling (Cakmak  2005 ). Rice plants containing trans-
genes for  increased   K absorption via K transporters have been shown to be more 
drought tolerant compared to non-transgenic plants (Song et al.  2014 ). Addition of 
K by foliar or root based applications to plants prior to drought stress has been 
shown in many studies to improve drought tolerance via both drought avoidance 
and tolerance mechanisms. For instance, in two wheat varieties contrasting in 
drought tolerance,    K supplementation to the roots played a major role in promoting 
antioxidant responses, photosynthesis, and overall biomass during drought (Wei 
et al.  2013 ). Improvements in root biomass and depth by K supplementation can 
have signifi cant impact on drought survival. Foliar application post-drought stress 
of K improved stomatal opening and recovery of photosynthesis in kentucky blue-
grass ( Poa pratensis)  during recovery from drought stress (Hu et al.  2013 ). In addi-
tion to studies done on drought stress, sources of K such as potassium phosphite 
have been shown to induce defense responses against various pathogens (Araujo 
et al.  2015 ). Thus, in addition to K playing a role in well-characterized drought 
responses, K-induced drought tolerance could also be associated with induced 
responses of secondary metabolites and plant protective compounds. Such assump-
tions need further research. 

  Silicon (Si) and selenium (Se)   are plant nutrients that are often required in trace 
amounts that are becoming more recognized for promoting health of both plants and 
animals. The amount required can differ signifi cantly among plant species. Many 
studies on major crop species have shown that Si plays a role in drought resistance 
under lab and fi eld conditions (Nolla et al.  2012 ; Shen et al.  2010 ; Chen et al.  2011 ). 
Unlike some of the other compounds discussed in this chapter, Si can regulate both 
plant metabolism and have major structural effects on plants. Si can incorporate into 
leaf epidermal tissues and in plant cell walls, which have been shown to have an 
effect on stomatal aperture, cuticle thickness, and xylem rigidity, for example (Gao 
et al.  2006 ). Other important factors related to Si-induced drought resistance include 
changes in photosynthesis rate, maintained plant water status, increased root growth, 
decreased transpiration rates, and enhanced nutrient uptake (Gao et al.  2006 ; Gong 
and Chen  2012 ; Chen et al.  2011 ; Habibi  2014 ). Recent evidence suggests that Si 
may regulate endogenous plant compounds that are considered to be priming agents 
themselves, such as polyamines (Yin et al.  2014 ). Relative to the extensive amount 
of research done on Si related to drought survival, more work needs to be done on 
Si regulation of many biochemical pathways. Regardless, Si is a promising drought 
priming agent that increases plant readiness for drought survival. 

 Much like Si,  r  esearchers have investigated the use of Se as a seed, root, or 
foliar treatment. Se has been shown to enhance the growth of plants under both 
optimal and stress conditions (Hasanuzzaman et al.  2010 ). For agronomic and for-
age crops, high levels of Se accumulation in plant tissues is a concern for human 
and animal health. Exposure to too much Se can also be toxic to plants. Thus, the 
intended crop, concentrations of applications, and purpose of the crop is a major 
consideration when investigation of Se as a priming agent is proposed. But many 
crops not destined for consumption, those crops that do not uptake high levels of 
Se, or crops with specifi c Se recommendations for priming are available may be 
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the best targets for Se treatment or priming. Applications of different forms of 
Se have several benefi ts to plants including enhancing seed germination, plant 
growth, and plant survival of stresses (Ahmad et al.  2015 ). 

 Stress protective properties of Se on a metabolic or tolerance level appear to be 
most related to its function as a component of antioxidant enzymes (Hasanuzzaman 
and Fujita  2011 ). Morphologically for drought avoidance, Se stimulates root growth 
resulting in enhanced water uptake in the roots during drought incidence (Kuznetsov 
et al.  2003 ). Plants have tolerance mechanisms to deal with high levels of Se, which 
have been found to be similar to mechanisms used in salt stress conditions. Se toler-
ance has also been shown to involve ethylene and jasmonic acid pathways 
(Van Hoewyk et al.  2008 ). Thus, priming with Se, particularly to Se sensitive plant 
species, could elicit a mild stress response that primes plants for a future stress. 
However, more research on molecular pathways regulated by Se that may specifi -
cally relate to drought survival is needed. 

 In addition to foliar or root zone applications of inorganic salts to mature plants 
or seedlings, seed priming technologies commonly use inorganic compounds as 
primary priming agents. Seed priming is thought to impose a stress on seeds or give 
them a head start with germination without the development of the radical. Priming 
of seeds has been deemed a type of false germination since genes and proteins 
involved in the two processes are largely similar (Chen and Arora  2011 ). Typically, 
inorganic salts of sodium, potassium, and magnesium or other compounds used to 
adjust the osmotic potential of solutions, such as PEG or sugar alcohols, are used for 
osmopriming of seeds. 

 Commonly,  polyethylene glycol (PEG)   is used as a seed osmopriming agent 
alone or in combination with inorganic salts such as KCl. Seed priming or osmoprim-
ing with KCl improved drought tolerance of wheat ( Triticum aestivum ; Eivazi 
 2011 ), Chinese cabbage ( Brassica rapa;  Yan  2015 ), cucumber ( Cucumis sativus ; 
İşeri et al.  2015 ), and barley ( Hordeum vulgare;  Ajouri et al.  2004 ). PEG, although 
not an inorganic salt, is commonly used to simulate the action of a salt that may 
impart osmotic or drought stress to plants. For instance, in research laboratories 
PEG is commonly added to hydroponic systems or tissue culture to simulate drought 
stress by causing osmotic stress to roots. PEG-primed plants may benefi t from sev-
eral different physiological mechanisms. PEG priming has been shown to have an 
effect on gene and protein expression of proteins involved in stress response or 
protection. For instance, catalase, a major antioxidant enzyme, has been reported to 
be upregulated due to PEG priming of Arabidopsis (Gallardo et al.  2001 ) and sun-
fl ower ( Helianthus annuus ; Kibinza et al.  2011 ) seeds. In spinach seeds ( Spinacia 
oleracea ), catalase and superoxide dismutase were downregulated during germina-
tion whereas ascorbate peroxidase activity was stimulated (Chen and Arora  2011 ). 
It seems clear that osmopriming has an effect on antioxidant responses during 
 seedling germination and growth but the specifi c antioxidant pathways that may be 
important may be species specifi c or based on the priming technique utilized. 

 In addition to antioxidant regulation, osmopriming infl uence on drought toler-
ance seems to be associated with specifi c stress associated  proteins   such as dehy-
drins or late embryogenesis associated proteins (LEAs), aquaporins, heat shock 
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proteins, and enzymes related to nutrient uptake such as nitrate reductase. In spinach, 
expression of specifi c dehydrin genes and the associated protein contents were 
found to be highly regulated by priming of seeds in response to chilling and dehy-
dration (Chen et al.  2012b ).    LEA proteins, dehydrins, and heat shock proteins have 
all been shown to be differentially regulated by osmopriming practices with either 
inorganic salts or PEG (Cortez-Baheza et al.  2008 ; Chen et al.  2012a ,  b ). Aquaporins, 
protein channels that regulate water movement across plant membranes, are also 
upregulated by osmopriming practices (Chen et al.  2013 ).    Nitrogen metabolism 
through enhanced nitrate reductase activity in primed seedlings may also play a role 
in performance and stress tolerance, as was demonstrated in tomato seeds 
( Lycopersicon esculentum ) in response to priming with K salts and PEG (Lara et al. 
 2014 ). Other processes such as ROS signaling and hormone regulation (such as 
regulation of the ABA-to-GA ratio) also are key regulators of priming induced 
changes to seeds. Thus, priming practices seem to have a wide range of effects on 
plant mechanisms involved in tolerance of dehydration.  

4.4.2     Amino Acids 

 Several  amino acids   such as proline naturally accumulate to high concentration in 
plant tissues during abiotic stress periods. Shifts in metabolism towards proline may 
play a role in osmotic adjustment, ROS scavenging, maintain cellular pH and redox 
balance, and play a role in stress signaling (Hare and Cress  1991 ; Ashraf and Foolad 
 2007 ). Wheat plants expressing the key enzyme in proline biosynthesis, Δ-pyrroline- 
5-carboxylate synthetase ( P5CS) , exhibited enhanced drought tolerance when the 
gene was under the control of a drought stress-induced promoter. The improvement 
in drought tolerance was attributed to prolines role in protecting against oxidative 
stress (Vendruscolo et al.  2007 ). Since many protective effects of proline were 
observed in plant tissues, researchers attempted to simulate such responses with 
exogenous application. Priming of plants with proline has been shown to protect 
plants from drought and other stresses. 

 Priming with proline has similar effects on plants as those that naturally occur due 
to proline accumulation in plant tissues. For instance, improved photosystem func-
tioning and enhanced soluble sugars were shown to accumulate under drought stress 
following proline application in Arabidopsis (Moustakas et al.  2011 ).    Similar results 
were found due to proline application to soybean ( Glycine max ) under salt stress 
conditions (Yan et al.  2000 ). Compared to other stresses such as salt, the effects of 
exogenous application of proline specifi cally on promoting drought stress tolerance 
is lacking for many plant species in the literature. Additional work in this area would 
be benefi cial so that rates and frequency of use are determined for various crop 
species. This is particularly true because cellular damage has been associated with 
too much proline accumulated in plant tissues (Vendruscolo et al.  2007 ) or applied 
exogenously (Hare et al.  2002 ). Therefore, proline should not be considered an inert 
osmoprotectant when used as a priming agent. 
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 Proline is also important in other priming practices and technologies. For instance, 
osmopriming of  Brassica  seeds was shown to signifi cantly enhance proline accu-
mulation of germinating seeds under salt stress (Kubala et al.  2015 ). A similar 
response of proline was noted after seed treatments with irradiation from a laser, 
known as laser priming of durum wheat ( Triticum turgidum ) seeds (Zare et al. 
 2014 ). Thus, not only is proline an effective priming agent but it is also integrally 
related to other priming practices.  

4.4.3     Nonprotein Amino Acids 

 Compounds known as nonprotein amino acids are those amino acids that are not 
directly used in translational processes resulting in protein synthesis. They are also 
known as nonproteinogenic or non-coded amino acids. Nonprotein amino acids can 
be incorporated into proteins posttranslationally but largely they are metabolic 
intermediates within biochemical pathways or are products of proteolysis (Bell 
 2003 ). Some commonly investigated nonprotein amino acids related to priming for 
drought tolerance in plants include glycine betaine (GB), γ- aminobutyric acid 
(GABA), β-aminobutyric acid (BABA), and 5-aminolevulinic acid (ALA). 

  GB is   an osmoprotectant that is readily taken up by plant leaves, transported, and 
remains stable in plant tissues (Ashraf and Foolad  2007 ). The positive effects asso-
ciated with GB in plant tissues under stress periods have made GB an interesting 
candidate for use as a priming agent. In response to salinity stress,    GB has been 
associated with protection of plants by osmotic adjustment, protection or stabilization 
of important photosynthetic enzymes such as RuBisCo, and may be a free radical 
scavenger. 

 Many successes have been demonstrated by priming with GB for drought stress, 
particularly in plants that are not naturally high GB producers such as rice ( Oryza 
sativa ), potato ( Solanum tuberosum ), soybean ( Glycine max ), and tomato 
( Lycopersicum esculentum ) (Agboma et al.  1997 ; Wani et al.  2013 ). For instance, 
supplementation with a pretreatment of exogenous GB was shown to improve phys-
iological responses including relative water content and biomass production during 
drought stress (Rezaei et al.  2012 ).    In soybean, positive effects of glycine betaine 
were exhibited during drought, which lead to increased yield, photosynthetic activ-
ity, nitrogen fi xation, and leaf biomass (Agboma et al.  1997 ). The positive effects of 
GB have also been demonstrated by transgenic means of increasing endogenous GB 
either constitutively or in response to a given stress in several species such as wheat 
( Triticum aestivum ) (He et al.  2011 ). It is important to note that the concentration of 
GB used is a signifi cant factor in the success of using GB as a priming agent. Some 
species can be more sensitive to the effects of priming with GB than others (Rezaei 
et al.  2012 ). For instance, detrimental effects on plant growth and development of 
GB application were found for tomato (Heuer  2003 ). 

 The nonprotein amino acid  GABA is   most well known as a neurotransmitter in 
animal systems (Bown and Shelp  1997 ; Shelp et al.  2012 ; Bouché and Fromm  2004 ) 
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and as the key component of the GABA shunt pathway. The function of GABA is 
less well understood in plants.    GABA is synthesized from glutamate and then con-
verted to succinic semi-aldehyde and succinate before entering the tricarboxylic 
acid cycle (Shelp et al.  2012 ). In addition to GABA playing a major role in regulat-
ing carbon and nitrogen metabolic processes in plants, GABA is involved in numer-
ous other cellular processes in plants ranging from specialized functions such as 
pollen tube development to broader functions such as being an osmolyte for abiotic 
stress protection (Fait et al.  2008 ). 

 Under drought stress  conditions   GABA rapidly accumulates in many plant spe-
cies. For instance, GABA has been shown to accumulate in soybean (Serraj et al. 
 1998 ), barley ( Hordeum vulgare ; Guo et al.  2009 ), and creeping bentgrass ( Agrostis 
stolonifera , Merewitz et al.  2012 ). Other abiotic and biotic stresses that GABA may 
be involved in providing stress protection for include salt, wounding, hypoxia, heat 
shock, and pathogen infection (Fait et al.  2005 ; Kinnersley and Turano  2000 ; Shelp 
et al.  1999 ). There is mounting evidence that GABA may act as a signal molecule 
acting in concert with phytohormones (Lancien and Roberts  2006 ; Renault et al. 
 2011 ). GABA may also limit cellular elongation under stress conditions (Renault 
et al.  2011 ). How GABA serves as a signaling molecule and how it may regulate 
both primary and secondary metabolism pathways in plants is still not fully under-
stood but are becoming clearer. It is clear that GABA plays a major role in the regu-
lation of C and N metabolism, in stress signaling, and that these two phenomena are 
likely closely linked (Michaeli and Fromm  2015 ). 

 Priming with GABA has proven to be an effective method of enhancing plant 
tolerance to several abiotic stresses. Under osmotic, stress, GABA has been shown 
to improve plant performance of black pepper plants ( Piper nigrum ; Vijayakumari 
and Puthur  2015 ). Priming peach ( Prunus persica ) fruit in GABA enhanced the 
antioxidant activity in response to chilling stress (Yang et al.  2011 ). Less informa-
tion is available regarding  priming using   GABA specifi cally for drought stress toler-
ance. In perennial ryegrass ( Lolium perenne ) plants,    GABA  application   to leaves 
prior to drought incidence was effective in improving leaf water content, reducing 
lipid peroxidation, and enhancing some antioxidant enzyme activities during 
drought (Krishnan et al.  2013 ). GABA was not an effective priming method in 
Arabidopsis plants; however, an isomer of GABA, known as BABA, was shown to 
be the most effective priming compound during drought (Jakab et al.  2005 ). 

 A soil drench method of priming plants  with   BABA seems to be the most effec-
tive and commonly reported method. In potato plants, a soil drench BABA treat-
ment caused a reduction of water loss during drought compared to plants that were 
not primed (Sós-Hegedűs et al.  2014 ). The large degree of interest in BABA has 
lead to signifi cant insight into the mechanism of why priming with BABA is effec-
tive. BABA has an effect on expression of genes related to hormonal regulation of 
biotic and abiotic stress responses such as ethylene receptors and ethylene induced 
genes (Sós-Hegedűs et al.  2014 ), salicylic acid dependent defense genes and abscisic 
acid signaling (Ton et al.  2005 ). However, some researchers have noted that the 
effects of priming with these compounds can be short lived. Despite this limitation, 
the mounting evidence that priming with BABA provides broad spectrum protection 
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to abiotic and biotic stresses via systemic mechanisms makes BABA an attractive 
candidate for many applied uses in agriculture. 

 Aminolevulinic acid ( ALA) is a   tetrapyrrole precursor  to   various photosynthetic 
pigments and may have distinct regulatory effects on photosynthesis and overall 
plant growth (Rosenthal  1982 ). ALA has been found to have plant growth regulator 
and benefi cial effects such as increasing yield under both optimal and stressed con-
ditions (Akram and Ashraf  2013 ). ALA has been shown to have several different 
physiological effects on various plant species to reduce stress damage. Positive 
effects that have been demonstrated from priming with  ALA   prior to drought stress 
include improvements in gas exchange, maintenance of chlorophyll content, photo-
chemical health, and enhanced enzymatic or nonenzymatic antioxidant activities 
(Li et al.  2011 ; Liu et al.  2011 ). In addition to drought,    priming with  ALA   has been 
shown to cause similar responses or enhancements in plant performance under salt 
stress (Yang et al.  2014 ), heavy metal stress (Ali et al.  2013 ), and cold stress 
(Korkmaz et al.  2010 ; Balestrasse et al.  2010 ). 

 Many other nonprotein amino acids are also being investigated as potential 
stress preventative priming treatments such as  p -aminophenylalanine,  L -azetidine-
2- carboxylic acid, δ-,4-aminobenzoic acid, ornithine, citruline, homoserine, 
 L -3,4- dihydroxyphenylalanine ( L -DOPA), and 5-hydroxy- L -tryptophan (5-HTP) 
(Jakab et al.  2005 ).  

4.4.4      Polyamines 

 Free  polyamines   putrescine, spermidine, and spermine are long chain amine com-
pounds primarily synthesized from S-adenosyl methionine (SAM).    Polyamines 
have hormone like properties since they are involved in cell division, differentiation, 
and DNA replication processes for plant cell growth (Kusano et al.  2008 ). They are 
also closely associated with other hormones such as ethylene. Polyamines have 
been shown to act antagonistically to ethylene since they are competing for SAM 
substrates and tend to promote opposite cellular processes such as those related to 
growth and senescence (Bitrián et al.  2012 ; Torrigiani et al.  2012 ). 

 There are major differences among species in how specifi c stresses regulate 
endogenous PA content, which is likely due to different resistance strategies (i.e., 
tolerance, avoidance, or escape) (Alcazar et al.  2011 ). Differences in  environmental 
stresses   implementation and severity among studies may also make it diffi cult to 
compare among studies. Polyamines also exist in different states in plant cells, with 
some as free polyamines, convalently conjugated (also called bound polyamines), 
or non-covalently conjugated to other macromolecules or cell structures such as 
proteins, membranes, and DNA. Due to these reasons, the regulation of polyamines 
under drought stress remains relatively uncertain. For instance, increased spermi-
dine and spermine and a reduction in putrescine in sugarcane plants under water 
stress were associated with drought sensitivity (Zhang et al.  1996 ). In leaves of a 
drought tolerant wheat compared to a sensitive one under dehydration stress, higher 
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conjugated spermidine and spermine levels were detected in the drought tolerant 
type (Liu et al.  2006 ). Due to the dynamic fl ux through polyamine pathways, 
detailed research on how to specifi cally exploit the benefi ts of each polyamine com-
pound as priming technologies has been needed. 

 Interestingly,  polyamines   appear to be naturally occurring priming agents. There 
is recent evidence that there are PA exuding  rhizobacteria ( Bacillus subtilis )   that 
appear to affect plant growth and other responses (Xie et al.  2014 ). Manmade foliar 
or root based exogenous application of PAs has been shown to be an effective strat-
egy to increase plant tolerance of various stresses and regulate plant growth. In 
relation to abiotic stresses, the mechanisms of PA improvements in tolerance are not 
fully elucidated but many studies have shown the benefi cial effects of exogenous 
application of PA or endogenous upregulation of PA on drought survival. 

 Like many of the compounds discussed so far, benefi cial effects of exogenous 
application of PA are readily observed for not only drought stress but also other 
abiotic stresses such as salt stress (Shi et al.  2013 ; Shi and Chan  2014 ).    Seed prim-
ing with polyamines has been shown to promote establishment and growth in sev-
eral plant species (Farooq et al.  2008 ; Khan et al.  2012 ), particularly during 
non-optimal germination conditions such as low or high temperatures or under salt 
stress (Korkmaz et al.  2005 ). For drought stress, wheat plants exposed to seed prim-
ing and foliar spray with polyamines were shown to be more drought tolerant than 
those not primed (Farooq et al.  2009 ). Additional research on priming for drought 
tolerance is needed to fully elucidate the mechanism and determine utility in more 
plant species.    Relative to their major effects on plants either exogenously or endog-
enously, relatively few species beyond model plant species have been evaluated  for   
PA priming. Thus, it would be desirable for more research on PA regulation, func-
tion, and effects on important crop species. See Chap.   10     for a more detailed discus-
sion on polyamine metabolism related to drought stress tolerance in plants.  

4.4.5     Reactive Oxygen and Nitrogen Compounds 

 Priming directly with reactive oxygen species (ROS) or compounds that have an 
effect on reactive oxygen species signaling or scavenging can also regulate drought 
induced oxidative stress tolerance. Hydrogen peroxide (H 2 O 2 ) is the one most com-
monly researched  ROS   as a priming agent due to its greater longevity and diffusion 
in plants compared to other ROS. H 2 O 2  is naturally produced during many cellular 
processes and in times of stress. It acts as a signaling molecule for various cellular 
processes (Mittler et al.  2011 ). H 2 O 2  priming has been shown to improve plant toler-
ance of heat, salt, chilling, and drought stress. 

 The improvements in plant performance under abiotic stresses are thought to be 
due to enhanced expression of heat shock proteins, photosynthesis, proline biosyn-
thesis, and antioxidant pathways (Hossain et al.  2015 ). In mustard ( Brassica juncea ) 
seedlings,    roots were primed with H 2 O 2  and showed enhanced antioxidant and 
methylglyoxal detoxifi cation enzymes during simulated drought stress using 
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polyethylene glycol treatment for 48 h (Hossain and Fujita  2013 ). Relative to the 
other aforementioned stresses, less is known about the specifi c mechanisms of H 2 O 2  
mediated improvements in drought tolerance. However, it does seem that H 2 O 2  
priming causes tolerance to drought stress as opposed to drought avoidance due to 
stomatal closure. Specifi c responses of plants to H 2 O 2  have been revealed such as 
improved osmolyte accumulation (Ishibashi et al.  2011 ); however, more detailed 
effects on plant responses under drought stress and whether those effects are lasting 
beyond a few days or few hours is needed. 

 Nitric oxide (NO) is also a signaling molecule that regulates oxidative stress 
responses in plants. This regulation of reactive oxygen species is thought to be inti-
mately involved in controlling cellular responses to ABA to regulate stomatal closure 
during drought stress.    Plants produce NO through several known enzymes in several 
different cellular compartments or organelles and in both leaves and roots. The known 
enzymes include nitrate reductase, nitric oxide synthase, nitrite-NO reductase, and 
xanthine oxidoreductase (Sidana et al.  2015 ). Research performed with NO donors 
and NO scavengers on various plant species has revealed that exogenous supply of 
NO induces stomatal closure whereas scavengers reverse this process (Neill et al. 
 2008 ). Genetic studies have also shown that NO is required for ABA-induced stomatal 
closure. For instance, transgenic rice with a gene for NO synthase enhanced plant NO 
activity and accumulation. The plants exhibited greater drought and salt tolerance as 
demonstrated by higher water content, less membrane damage, and greater levels of 
proline (Cai et al.  2015 ). The severity and rapidity of cellular dehydration does seem 
to play a role in determining whether the plant utilizes NO as a signaling component 
in conjunction with ABA. For instance, drying of detached leaves did not seem to 
stimulate NO-regulated stomatal closure (Neill et al.  2008 ). 

 NO plays a major role in protection from various other stress conditions in 
addition to drought including heavy metal stresses. Thus, it would seem that NO 
would serve to have additional protective effects in addition to stomatal regulation. 
The other protective effect is thought to be related to regulation of oxidative stress 
or antioxidant enzyme regulation. The effects of NO on plant antioxidant systems is 
complex since NO has been shown to regulate both antioxidants and pro-oxidants 
(Groß et al.  2013 ). Exposure of plants to high levels of NO can cause oxidative dam-
age such as to plant membranes. Lower levels of NO provide benefi cial signaling 
effects to prime plants for stress tolerance (Fukuto et al.  2000 ). Thus, effective use 
of NO as a stress priming agent requires knowledge of appropriate concentrations 
for various plant species. 

 In addition to stomatal regulation and antioxidant regulation,    NO plays a role in 
plant developmental processes. NO regulation of adventitious roots has been shown 
to play a role in drought survival in several plant species. In root tips, NO seems to 
interact with auxin regulated genes that induce cellular elongation and root forma-
tion (Sidana et al.  2015 ). The wide range of biochemical processes affected by NO 
that play a benefi cial role in promoting drought tolerance makes it a potentially 
valuable plant priming agent. Despite the ample literature on NO available, more 
information on how NO is a regulator of plant processes and whether NO may have 
utility in long term drought or applied agricultural processes is still needed.  
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4.4.6     Antioxidant Compounds 

 Since many other priming compounds have a major effect on the antioxidant sys-
tems in plants and many abiotic stresses cause the accumulation of reactive oxygen 
species, one would expect that priming with various antioxidant compounds could 
be an effective method of promoting stress tolerance.    Ascorbate and glutathione are 
two examples of antioxidant compounds that have been used in plant priming 
research. Ascorbate, or vitamin C, priming has also been called vitamin priming. 
Seed priming of rice plants for improved salt tolerance was more effective with 
ascorbate compared to other hormonal priming compounds tested  including   kinetin 
and SA (Afzal et al.  2013 ). Wheat plants also benefi ted from ascorbate priming of 
seeds, seedlings exposed to drought stress after ascorbate priming exhibited greater 
chlorophyll content, leaf area, and overall dry weight.    These increases in growth 
were associated with increased proline content under drought conditions (Farooq 
et al.  2013 ). Proteomic analysis of ascorbate priming of wheat seeds for salt stress 
tolerance has shown that ascorbate priming has a signifi cant effect on various anti-
oxidant enzymes in embryos and other defense related proteins (Fercha et al.  2014 ). 
Exogenous application of ascorbate through plant roots has been shown to reduce 
the effects of salt stress on wheat plants, but the results were specifi c to only a more 
tolerant cultivar used in the study (Athar et al.  2008 ). Similarly, seed priming with 
ascorbate likely may not be effective for all crop plants. 

  Glutathione   is a major and powerful antioxidant component in plant cells. It can 
directly scavenge free radicals and reactive oxygen compounds. It also serves to 
regulate other endogenous compounds in the cell that are also used as priming agents, 
such as NO. Some hormonal priming practices have been shown to have an effect on 
endogenous glutathione transferases content or in the redox state of glutathione 
(Csiszár et al.  2014 ; Horváth et al.  2015 ). Glutathione plays a major role in drought 
tolerance of plants and may play a role in regulating ABA signaling. Exogenous 
application of glutathione to plants increased ABA accumulation in Arabidopsis 
(Chen et al.  2012a ,  b ). In bean plants, treatment of seedlings with glutathione 
enhanced antioxidant responses and drought performance, but the effects were seem-
ingly very short term (Nahar et al.  2015 ). Relative to many of the other priming 
compounds and its recent attention in the literature for promoting stress tolerance, 
little information is available regarding the utility of glutathione as a priming practice 
specifi cally for drought tolerance. Several other antioxidant compounds exist in 
plants and also could be exploited further.  

4.4.7     Plant Hormones 

 Many of the priming practices or agents mentioned in this chapter have a signifi cant 
effect on plant hormone interactions and signaling in plants. It cannot go without 
mention that plant hormones themselves can effectively be used to prime plants for 
drought stress tolerance.    This has been called hormonal priming. Hormonal priming 
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has been used within all priming methods including seeds, foliar, and root based 
methods. An in depth evaluation of plant hormones and drought stress responses is 
covered in Chap.   3    . Here, a brief discussion of the latest knowledge of several 
hormones applied exogenously and how they have been shown to improve drought 
resistance is provided. 

 ABA is well known to be a primary drought signal from roots to shoots to cause 
stomatal closure. Exogenous application of ABA has been thoroughly shown to act 
as an antitranspirant for plants and can activate many stress responsive genes. ABA 
interacts with genes containing ABA response elements, MYC-like and MYB-like 
gene elements (Bray  2002 ). Recently, the function of ABA in regulating guard cells 
has become clearer. ABA acts as a cellular priming agent in that it primes guard 
cells to respond more readily to increased cytosolic calcium levels (Kim and Maik 
 2010 ). ABA is also involved in signaling cascades of many other priming com-
pounds. For instance, BABA primed Arabidopsis plants were shown to have 
enhanced salt and drought tolerance, which was associated with higher expression 
of SA and ABA dependent genes (Jakab et al.  2005 ). Thus, ABA is a highly impor-
tant regulatory agent of drought stress in relation to priming practices. It can act 
alone to better prepare plants for drought survival via stomatal closure or can be an 
important endogenous signal that is regulated by other priming agents. 

 ABA is highly linked to JA during drought stress. JA and the methyl ester form, 
methyl jasmonate, have been shown to play a role in drought stress tolerance and be 
required for drought responsive cellular processes. Through molecular studies using 
chemical inhibitors  of   JA and ABA, Ollas et al. ( 2012 ) showed that a rapid and 
transient increase in JA was required for ABA accumulation in roots under severe 
drought stress in citrus ( Citrus paradisi  ×  Poncirus trifoliate ). Exogenous JA has 
been shown to improve drought tolerance in multiple plant species. Treatment of 
seedlings of various  Brassica  species with 0.5 nM JA improved antioxidant activi-
ties and growth under drought stress (Alam et al.  2014 ). JA is also known to accu-
mulate or have a transient accumulation in many plant species due to drought stress 
(Ollas et al.  2012 ; Krishnan and Merewitz  2015 ). However, in tomato and a  Brassica  
species JA did not specifi cally accumulate due to drought stress however the JA 
precursor 12-oxo-phytodienoic acid did and was shown to be involved in stomatal 
regulation in conjunction with ABA (Savchenko et al.  2014 ). More research on JA 
regulation and function specifi cally for drought stress is needed. 

 As described above,    JA and SA  are   intricately connected in plant defense signal-
ing. SA applied exogenously has been shown to induce stomatal closure (Waseem 
et al.  2006 ) and improve antioxidant responses (Mori et al.  2001 ).    SA stimulation of 
defense proteins known as pathogenesis related proteins (PR) could offer better 
performance of plants under drought stress, since often pathogens may attack plants 
while weakened by drought stress. Thus, an indirect promotion of tolerance to abi-
otic stress is possible. It is clear that SA supplementation provides protection against 
many biotic and abiotic stresses. However, with respect to drought stress, whether 
SA plays a direct protective role is less clear (Horváth et al.  2007 ). A decrease in 
drought tolerance was observed in maize seedlings (Nemeth et al.  2002 ). However, 
many other studies have demonstrated that SA improves drought tolerance via 
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different methods including soaking of seeds, foliar treatment of seedlings, and root 
based applications (Bandurska  2005 ; Senaratna et al.  2000a ,  b ). Many priming 
agents are criticized for their effects being short lived. SA seems to have more pro-
longed effects as a priming agent (Kadioglu et al.  2011 ). With more research on 
rates and timing of use of SA as a priming agent in more important plant species, 
long term drought stress benefi ts could be exploited with SA priming. 

 Another group of hormones is also highly related to JA.    JA synthesis may be stimu-
lated by another large group of plant hormones known  as   brassinosteroids (BR) 
(Müssig et al.  2000 ). There are a relatively new group of hormones with over 60 BR, 
with the most bioactive ones being brassinolide, 28-homobrassinolide, and 24-epi-
brassinolide (Vardhini and Anjum  2015 ). Priming or exogenous application of brassi-
nolides has been shown to promote drought tolerance in several plant species including 
maize (Anjum et al.  2011 ), soybean (Zhang et al.  2008 ), and apple ( Malus domestica;  
Kairong et al.  2006 ). As many of the priming agents, the protective effects of BR are 
associated with the promotion of the antioxidant system and accumulation of osmo-
lytes such as proline and glycine betaine in plants (Vardhini  2014 ). 

 Many other examples  of   plant hormones promoting drought tolerance via prim-
ing technologies have been reported. For instance, promotion of rooting by auxins, 
cytokinin-induced improvements in photosynthetic attributes, and GA effects on 
seed germination have all been shown to enhance plant performance under drought 
(Eisvand et al.  2010 ; Merewitz et al.  2011 ; Akter et al.  2014 ). GA effects on drought 
tolerance are less clear and may be species dependent. Application of various levels 
of GA to maize plants prior to drought stress improved leaf water content, chloro-
phyll content, and other parameters compared to plants not treated  with   GA (Kaya 
et al.  2006 ). Negative regulators of GA, one such gene is known as  SPINDLY , were 
shown to exhibit a reduction in drought tolerance in Arabidopsis. This was demon-
strated by the vast improvement in drought tolerance of Arabidopsis that were 
mutant for the  SPINDLY  genes (Qin et al.  2011 ). However, many synthetic com-
pounds that suppress or enhance endogenous GA, known as plant growth regula-
tors, seem to promote drought tolerance in plants (Bian et al.  2009 ; Krishnan and 
Merewitz  2015 ). Suppression of GA biosynthesis in mature plants could alter mor-
phology and create a microenvironment for some plant species that contributes to 
better water use effi ciency. More details about  GA   and drought stress are reviewed 
in depth in Colebrook et al. ( 2014 ). Thus,    it seems there are multiple ways to exploit 
the functions of GA and other hormones used as priming agents or as targets for 
priming practices in order to improve plant performance under drought stress.  

4.4.8     Organic Alcohols 

  Organic alcohols   including polyols or sugar alcohols such as mannitol, glycol, 
sorbitol, myo-inositol, and glycerol are often found to accumulate in many plant 
species during times of stress.    Some alcohols such as ethanol are toxic or damaging 
to plant cells and largely accumulate due to cellular stress. However, there is 
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evidence that several of the alcohols present in plant tissues that accumulate to 
higher levels under stress conditions may play stress protective roles. For example, 
mannitol accumulation, whether naturally or by transgenic modifi cation, may be an 
osmolyte involved in osmotic adjustment (Karakas et al.  1997 ). Much information 
is available regarding the production of mannitol as an osmolyte, biosynthesis 
within photosynthetic processes, and species specifi c evidence of which plants 
actively accumulate mannitol. For mannitol and many of the polyols, less informa-
tion is available regarding the effects of these compounds used exogenously or as a 
stress priming agent. 

 There is evidence that several alcohols may be useful as stress priming agents. 
A study done on wheat roots under salt stress demonstrated that exogenous manni-
tol was effective in reducing oxidative damage due to salt stress via enhanced acti-
vation of antioxidant enzymes. Wheat plants do not naturally accumulate high levels 
of mannitol under stress conditions (Seckin et al.  2009 ). Sorbitol had positive effects 
on membrane stability of salt sensitive types of rice seedlings when applied to the 
growth media (Theerakulpisut and Gunnula  2012 ). This study demonstrated that the 
effects were cultivar specifi c as little effects were seen with sorbitol treatment on 
salt tolerant types. Like many priming compounds, the effects of organic alcohols 
can be species, cultivar, stress, and environmentally specifi c. Therefore, additional 
research and testing for effi cacy of use of various alcohols is needed.  

4.4.9     Volatile Organic Compounds 

 Plant volatile organic compounds ( VOCs) are   generally classifi ed as small or heavier 
VOCs. Small VOCs include ethylene (discussed in hormone section), methanol, iso-
prene acrolein, and others. Heavier VOCs are compounds such as terpenes, methyl 
jasmonate, methyl salicylate, and other green-leaf volatiles.    The size or potential for 
diffusion is thought to play a major role in where within plant canopies the com-
pounds may effectively signal (Baldwin et al.  2006 ). The amount of plant VOCs 
emitted has been shown to increase under drought stress conditions. This has been 
attributed to shifts in carbon allocation and metabolism. Under drought stress, carbon 
supplies may become limited to the plant due to extended stomatal closure. VOCs are 
emitted due to drought stress because of this carbon starvation as well as other fac-
tors such as increased tissue temperatures, changes in respiration rates, and as a 
mechanism to eliminate toxic compounds to preserve cellular health. However, this 
phenomenon is not yet fully understood. VOCs also play a major role in plant 
response to herbivores and other pathogens. VOCs released by plants during drought 
may cause insects to become more attracted to the stressed plants (McDowell et al. 
 2008 ). There is also evidence that VOC signals are involved in plant–plant interac-
tions. Baldwin et al. ( 2006 ) demonstrated that trees activated stress defenses after 
perceiving signals from stressed neighboring trees.    Whether VOCs plays a role in 
plant–plant interactions during drought stress and if priming with VOCs may be an 
effective way to alter abiotic stress tolerance has not been thoroughly investigated. 
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 Priming with VOCs has been shown to alter the attractiveness or have an effect 
on disease progression in plant-insect or plant–microbe interactions. Butenolide, a 
lactone compound that is a component of smoke, is one that has been tested for seed 
priming purposes (Ton et al.  2007 ). Butenolide has exhibited effects to improve 
plant defense against pathogens, low temperatures, seed vigor, and growth (Jisha 
et al.  2013 ). Little to no information is available on whether volatile organic com-
pounds such as butenolide may have utility as priming agents for improving plant 
responses to drought stress. Z-3-Hexenyl acetate (Z-3-HAC) is another VOC that 
has been used for priming. In wheat plants, Z-3-HAC enhanced the defense against 
 Fusarium graminearum . The response was largely regulated  by   SA and JA path-
ways (Ameye et al.  2015 ). As SA and  JA   are also known to be involved in abiotic 
stress tolerance, experimenting with priming with VOCs for drought tolerance may 
be warranted. 

 Microbial produced  VOCs   also  may   have an effect on plant tolerance to drought 
and other abiotic stresses. For instance, 2R,3R-butanediol is produced by the rhizo-
bacteria  Pseudomonas chlororaphis . Applied exogenously, 2R,3R-butanediol 
caused an effect on SAR and  ISR hormones   and improved drought tolerance,    which 
may be associated with improved stomatal closure (Cho et al.  2008 ).    Further 
research into this has shown that 2R,3R-butanediol can induce drought tolerance by 
inducing hydrogen peroxide and NO biosynthesis in plants (Cho et al.  2011 ). Both 
hydrogen peroxide and NO are known to be regulators of stomatal aperture (Xie 
et al.  2014 ). The implications of 2R,3R-butanediol induction of drought tolerance 
have not been fully exploited.  P. chlororaphis  has been studied as a biocontrol agent 
for several diseases but the priming for drought tolerance using bacteria that pro-
duce 2R,3R-butanediol needs to be moved beyond model species such as 
Arabidopsis.    Specifi c use of purifi ed VOCs as chemical priming agents seems to be 
a promising possibility for the future.   

4.5     Conclusion 

 As with any technology, priming  technologies   have potential pros and cons of use. 
Not all priming agents work effectively on all crops and not all priming agents have 
long term effects. Different plants have different natural tolerance mechanisms and 
thus will differ greatly in which priming compounds may be benefi cial to supplement 
to plants. The utility of some potential chemical priming agents is likely limited by 
the ease of application, cost effectiveness, potential harmful effects to humans, or the 
environment. For example, priming with NO is done using nitroprusside, a NO 
donor, which is a classifi ed drug with known harmful effects on humans. Granted, 
many commonly used chemicals in agriculture are thought to have potentially harm-
ful effects to humans or the environment. Thus, if not done already, the risks and 
benefi ts will have to be weighed for each priming agent. 

 With the large amount of research going in to plant priming practices, more 
specifi c information will become available about  the   benefi ts of priming with different 
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chemical agents for drought tolerance in more crop species. The future of priming 
for drought tolerance in plants as a method to improve crop production worldwide 
relies on such research. Fortunately, with the ever increasing speed of gene discovery, 
advances in gene expression technologies, and advances in other biochemical anal-
ysis such as proteomics, new priming compounds with new gene targets will likely 
become available. Since many agents can be combined to increase the impact of 
priming, for instance using both hormonal and salt priming compounds simultane-
ously, there is a great potential for research to reveal the most effective combina-
tions for various crop species. 

 In addition to the compounds and methods mentioned in this chapter, many other 
chemicals exist that are being researched for use as priming agents. For instance, 
various lactone compounds, compounds isolated from plant pathogens such as chito-
san, additional salts such as copper and zinc sulfate, and several other metabolites are 
being investigated for potential in mitigating drought stress damage in plants. 
Regardless of the chemical agent under investigation, the ultimate goal of priming 
for drought tolerance should be to fi nd priming methods that harness the power of 
several drought resistance mechanisms including avoidance and tolerance mecha-
nisms for a truly broad spectrum type of improvement in drought tolerance.     
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Chapter 5
Osmotic Adjustment and Plant Adaptation 
to Drought Stress

Marek Zivcak, Marian Brestic, and Oksana Sytar

5.1  Introduction

Drought negatively affects the productivity of crops and terrestrial plant ecosystems 

(Passioura 2007; Ciais et al. 2005) as well as plant biodiversity (Engelbrecht et al. 

2007). It can have a global influence on carbon gain (Buermann et al. 2007), as it is 

a global phenomenon; a varying extent of drought can be found in almost all cli-

matic zones. It is mostly connected with insufficient precipitation, but the plant 

water deficit can have many other causes. Drought highly depends on abiotic, biotic, 

and human activity–related factors, such as temperature, air humidity, winds, veg-

etation, and soil management, among others. A water deficit often leads to losses of 

crop yields, which involves the drought among the main global problems. Plants are 

exposed to drought stresses in two ways: by limiting root water uptake and by 

exceeding the transpiration rate over the threshold limit (Anjum et al. 2011a, b).

A water deficit usually affects plants, mainly through its effects on assimilation. 

However, photosynthetic drought responses are very complex and strongly depend 

on the plant development (Chaves et al. 2009). Drought stress effects can be direct 

or indirect. A decrease in carbon dioxide (CO2) availability due to a decrease in sto-

matal and mesophyll conductance represents a direct effect (Lal et al. 1996; Chaves 

et al. 2002; Flexas et al. 2012; Zivcak et al. 2013). Indirect effects are connected with 

changes in photosynthetic metabolism (Tezara et al. 1999; Maroco et al. 2002; 

Lawlor and Cornic 2002; Parry et al. 2002, among others). In conditions of limited 

CO2 diffusion, photorespiration lowers the energetic efficiency of  photosynthesis in 
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C3 plants (Ogren 1984). Other indirect effects go through oxidative stress, contribut-

ing to the nonstomatic limitation of photosynthesis (Ort 2001; Chaves and Oliveira 

2004; Foyer and Noctor 2009). Drought can lead to long-term alterations in the 

content, structure, and activity of the individual components of the photosynthetic 

apparatus (Tezara et al. 1999; Balaguer et al. 2002; Zivcak et al. 2008, 2014; 

Kohzuma et al. 2009; Brestic and Zivcak 2013).

In addition to photosynthesis, all the key processes, such as the biosynthesis of 

cellular elements, proteosynthesis, energy and lipid metabolism, membrane per-

meability, and activities of enzymes, are ceased by drought (Liu et al. 2011; 

Filippou et al. 2014). Moreover, plants adapt various changes in response to 

drought stress, such as alterations in their growth rate and plant morphology and an 

improvement in defense mechanisms (Duan et al. 2007). One of the most impor-

tant adaptive mechanisms is also an accumulation of osmotically active compounds 

(osmolytes), called osmotic adjustment (OA) (Hsiao et al. 1976; Munns 1988; 

Zivcak et al. 2009).

OA represents the lowering of the osmotic potential caused by the accumulation 

of solutes in response to a water deficit (Condon 1982; Chandra Babu et al. 1999; 

Zhang et al. 1999). The term “osmotic adjustment” can be used when new solutes 

are accumulated but not when the decrease in the osmotic potential is caused by a 

concentration of existing solutes due to water loss (Chandra Babu et al. 1999). OA 

is considered an important feature of plant drought tolerance (Levitt 1980; Jones 

et al. 1981; Blum 1988; Chandra Babu et al. 1999), but it is also a general cellular 

response to water shortage (Zhang et al. 1999). In ecosystems limited by water 

availability, plants capable of accumulating osmolytes will maintain a higher vital-

ity and better survival rates (Pintó-Marijuan and Munné-Bosch 2013). The topic of 

OA has received much attention in previous decades, and despite some controver-

sies, an agreement on several protective functions of accumulated osmolytes against 

detrimental effects of drought was achieved.

5.2  Physiological Functions of OA

Although the accumulation of osmotically active compounds represents a general 

stress response, from a functional viewpoint, two distinct roles of OA can be recog-

nized: osmoregulation and osmoprotection. These two terms are often improperly 

used as synonyms mainly because the majority of osmotically active compounds 

play both osmoprotective and osmoregulatory functions in plant tissues. The term 

“osmotic adjustment” in early studies fully corresponded to osmoregulatory func-

tion (Condon 1982; Ludlow and Muchow 1990). However, for practical reasons it is 

advantageous to dispose of a general term covering all physiological effects associ-

ated with the accumulation of osmolytes. Therefore, in the next two sections we 

present osmoregulation and osmoprotection separately, as the two distinct functions 

of OA in plants.

M. Zivcak et al.
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5.2.1  Osmoregulation

Osmoregulation, as a part of OA, represents the active lowering of the osmotic 

potential in plant cells via the accumulation of osmotically active compounds. It is 

considered an effective and beneficial component of drought resistance in plants 

(Ludlow and Muchow 1990; Chandra Babu et al. 1999) mostly because the turgor 

pressure, which is associated with a host of metabolic and physiological processes 

for which the presence of cell turgor is crucial, is maintained (Jones et al. 1981; 

Sharp et al. 1990). The decrease in osmotic potential is caused by the accumulation 

of different inorganic and organic osmolytes. The contribution of individual osmo-

lytes to the total osmoregulation depends strongly on the plant species and environ-

mental conditions. For example, inorganic ions such as K+ contribute most to the 

decrease in osmotic potential under water deficit in cereal crops (Munns et al. 1979; 

Condon 1982; Morgan 1992). However, the contribution of organic solutes can also 

be important in some species; in particular, the soluble sugars can contribute consid-

erably to the osmoregulatory function of OA. For example, sugars were reported to 

contribute more than 50 % to the decrease in osmotic potential in Sorghum (Jones 

et al. 1981). Unlike osmoprotective effects, osmoregulatory effects depend more on 

the total capacity to decrease the osmotic potential than on the composition of 

osmotically active compounds. For example, shifts in the osmotic potential as a 

result of the accumulation of osmolytes reached up to 2 MPa in wheat (Morgan 

1977, 1983; Blum et al. 1999), 1.5 MPa in rice (Lilley and Ludlow 1996), and 

1.7 MPa in sorghum (Basnayake et al. 1993). These values demonstrate the enor-

mous physical effects of osmoregulation in plant cells, resulting in several impor-

tant physiological effects of osmoregulation, described next.

5.2.1.1  Turgor Maintenance and Delayed Stomata Closure

Advantages of accumulating osmotically active solutes include the fact that tissues 

that accumulate more solutes via the process of OA can maintain positive turgor 

over a wider water potential (Ψw) range and incur less shrinkage below the turgor 

loss point, thus preventing damage to the integrity of cell membranes and other cell 

constituents and avoiding cell death associated with stress-induced leaf necrosis 

(Melkonian et al. 1982; Setter 2012). Maintaining cell turgor pressure might con-

tribute to sustaining physiological processes such as stomatal opening, photosyn-

thesis, and expansion growth (Condon 1982; Blum et al. 1983; Morgan 1984; 

Ludlow and Muchow 1990; Blum 1996; Kamoshita et al. 2001). Delayed stomatal 

closure due to a higher level of osmolyte accumulation was clearly associated with 

a higher net assimilation rate and yields in wheat exposed to postanthesis drought 

stress (Zivcak et al. 2009), which is well documented in Table 5.1.

The results of drought stress experiments with wheat genotypes of different ori-

gin grown in big pots indicated that the genotypes with a higher capacity for OA 

showed a delayed stomata closure, had a higher net assimilation rate over a longer 
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time, and, finally, had a lower yield decrease compared to genotypes with a lower 

accumulation of osmotically active compounds. These results suggest that if the 

drought stress occurs typically in the late growth stages (e.g., postanthesis drought 

stress in cereals), the extended period in which the carbon assimilation is not limited 

by stomatal closure (by virtue of OA) may provide some benefits to the crop yield 

(Zivcak et al. 2009).

On the other hand, the delayed stomatal closure can lead to faster consumption 

of soil water, and thus, the real positive effect on crop yield in some environments 

can be negligible (Serraj and Sinclair 2002). Plants with an accumulation of osmo-

lytes show a delayed carbon assimilation decrease at a lower water potential com-

pared to plants without OA. The level of osmolyte accumulation and water stress 

may be important factors that determine the balance between the benefits of turgor 

maintenance and continued carbon assimilation and stomatal control (Gebre and 

Tschaplinski 2000). In addition, turgor maintenance can be crucial for the develop-

ment and filling of grains in the spikes and panicles of cereal crops, which may posi-

tively influence the grain yield (Ludlow et al. 1990; Serraj and Sinclair 2002).

5.2.1.2  Effects of Osmoregulation at the Root Level

Another physical effect of decreasing the root water potential (which occurs because 

of osmolyte accumulation) is continuing water movement from the soil into plants 

as a result of maintaining a water potential gradient. Although the physical principle 

of this effect is clear, in many cases very little additional water can be extracted 

from the soil compared to plant needs (Serraj and Sinclair 2002).

On the other hand, OA can positively influence root growth, as turgor mainte-

nance is necessary for root elongation (Voetberg and Sharp 1991). Root depth is 

crucial for yields in dry environments (Sinclair and Muchow 2001). Results 

obtained on wheat clearly showed a greater depth of water extraction in lines with 

a high capacity for osmolyte accumulation compared to low osmotic-adjusting 

lines (Morgan and Condon 1986; Morgan 1995). OA could be greater in roots 

than in leaves (Sharp and Davies 1979; Westgate and Boyer 1985; Hsiao and Xu 

2000). In an extreme opinion, Matyssek et al. (1991) suggested diverting water 

flow from other plant organs into the roots, resulting in sustained root growth in 

dry soils, as a consequence of high osmolyte accumulation in the root tips. OA in 

roots seems to be an unappreciated topic that deserves more attention (Serraj and 

Sinclair 2002).

Table 5.1 Results of 

correlation analyses between 

capacity for osmotic 

adjustment and selected 

parameters in winter wheat 

genotypes (Zivcak et al. 2009)

Parametera r p

Stomatal conductance 0.590 0.019

Net assimilation rate 0.789 0.035

Grain yield 0.510 0.053

ar correlation index, p probability value

M. Zivcak et al.
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5.2.1.3  Survival of Extreme Drought

Osmoregulation was shown to enhance dehydration tolerance (Turner and Jones 

1980; Hsiao et al. 1984; Morgan 1984), extending plant survival under severe 

drought (Ludlow and Muchow 1990; Sinclair 2000). Although survival is not an 

important feature for annual crops during grain filling, where the crop yield is the 

measure of the plant’s success (Serraj and Sinclair 2002), it is extremely important 

in perennials. Moreover, even for annual crops, plant survival is important during a 

short period of severe stress or during stress in the vegetative stage. It was shown to 

be an important trait for trees, too (Braatne et al. 1992; Gebre and Kuhns 1991. 

Moreover, a high capacity for OA was shown to be beneficial for recovery after 

drought stress. Plants with a high accumulation of osmotically active compounds 

also exhibited a faster recovery from a drought period compared to nonadjusting 

plants (Barlow et al. 1977; Tan et al. 1992; Prasertsak and Fukai 1997).

The effect of OA on plant survival (as well as on other functions mentioned 

above) is probably associated not only with osmoregulation but also with the second 

function of osmolytes, that is, osmoprotection, which stabilizes cell functions and 

has many other specific effects, as described in detail next.

5.2.2  Osmoprotection and Specific Roles of Osmolytes

One of the complex mechanisms enabling the survival of the osmotic effects of 

abiotic stresses is the osmoprotection provided by the accumulation of compatible 

solutes. The mechanism of osmoprotection is based on associations of nontoxic 

compounds with different cellular components (Rhodes and Samaras 1994; 

Rathinasabapathi 2000; Koyro et al. 2012; Ranganayakulu et al. 2013). 

Osmoprotectants accumulate mostly in the cytosol and chloroplast; they are synthe-

sized in response to stress, are degraded after stress relief, and play a protective role 

in plant cells. They contribute to the stabilization of enzymes and proteins (Wani 

et al. 2013), mitigate damaging risks caused by free radicals, and thus protect the 

cell membrane integrity against the detrimental effects of stress factors at the cel-

lular level. Osmoprotectants should not interfere with the normal metabolic func-

tions in plant cells (Tabaeizadeh 1998; Valliyodan and Nguyen 2006; Le and 

McQueen-Mason 2006; Galvani 2007; Bohnert and Jensen 1996; Ashraf and Foolad 

2007; Conde et al. 2011; Pintó-Marijuan and Munné-Bosch 2013).

According to Singh et al. (2015), osmoprotectants eliminate the negative effects 

of drought in plants via two different mechanisms: improving the antioxidant 

defense system and sustaining ion homeostasis. To minimize injury from oxidative 

stress triggered by drought or other abiotic stresses, plants induce a response by 

activating antioxidant enzymes, including peroxidase, superoxide dismutase, ascor-

bate peroxidase, and catalase, which, together with antioxidants such as glutathione, 

ascorbate, and carotenoids, may quench the toxic effects of reactive oxygen species 

in plant cells (Gill and Tuteja 2010; Kadioglu et al. 2011; Vardharajula et al. 2011; 
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Kubis et al. 2014; Brestic et al. 2014). In stress conditions, osmoprotectants such as 

polyamines, glycine-betaine, soluble sugars, or proline have been shown to stimu-

late the activity of antioxidant enzymes or protect the enzymatic system, which 

contributes to eliminating the negative effects of free radicals in plant cells (Ashraf 

and Foolad 2007; Wei et al. 2009; Hossain and Fujita 2010; Koyro et al. 2012; 

Theerakulpisut and Gunnula 2012; Kaya et al. 2013; Filippou et al. 2014).

Ion homeostasis is a major strategy to mitigate the toxic effects indirectly caused 

by drought. Plants accumulate different osmoprotectants, providing ion homeostasis 

via the ion exchange activity (Ranganayakulu et al. 2013). Moreover, ion homeosta-

sis is ensured by the transportation potential of membrane proteins (Osakabe et al. 

2014), regulating ion influx and efflux (Niu et al. 1995). The accumulation of K+ into 

the vacuole against an electrochemical gradient is necessary to induce sufficient 

turgor for stomatal opening (Zhu 2001). Although these protective effects have par-

ticular importance in salinity stress (Zhu 2001; Munns and Tester 2008; Parihar 

et al. 2014), drought stress also leads to an impairment of the ionic balance in cells. 

In water-deficit conditions, anions and cations, such as K+ and Cl−, water transport 

systems in the plasma membrane and tonoplast induce turgor pressure changes in 

guard cells, which result in stomatal closure (Kim et al. 2010; Wani et al. 2013). In 

addition to effects of ions, the exogenous application of some organic osmolytes 

(glycine betaine, proline) was shown to be beneficial to maintaining ion homeostasis 

under conditions of drought stress (Ashraf and Foolad 2007; Zhang et al. 2014).

Osmoprotectants represent low molecular weight, highly soluble, electrically 

neutral compounds (Ahn et al. 2011) such as sugars, amino acids (proline), quater-

nary ammonium compounds (e.g., glycine betaine), and polyols. However, some 

osmoprotective effects can also be identified in inorganic ions such as potassium. 

The specific effects of individual groups of osmolytes, including references to 

research studies, are described in subsequent sections of this chapter.

5.2.2.1  Soluble Sugars

Sugars are accumulated in the leaves of different crops in conditions of stress 

(Turner et al. 1978). Sugars may represent a major part of all osmolytes in plant 

cells; for example, sugars contributed 40–50 % to the osmotic potential of plant tis-

sues of sorghum (Jones et al. 1981) and 30 % in wheat (Condon 1982). Sucrose is 

the most important soluble sugar; it can account for 70–90 % of the total sugars in 

leaves (Munns and Weir 1981). Sugars especially accumulate in conditions when 

the utilization of carbohydrates by metabolism is reduced relative to that of photo-

synthesis (Munns and Weir 1981). The presence of sugars (trehalose, sucrose, etc.) 

may protect the cell membrane integrity in conditions of drought (Bohnert et al. 

1995). Sugars provide the carbon and energy required for normal functions of plant 

metabolism and for the regulation of plant growth and development. Sugars act as 

osmoprotectants, regulating the cell osmotic status, protecting the membranes, and 

contributing to the scavenging of free radicals in plant cells (Kerepesi and Galiba 
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2000; Murakeozy et al. 2003; Livingston et al. 2009; Koyro et al. 2012). In particu-

lar, fructan may serve as a reserve source of carbohydrates and can protect plants 

against severe drought stress (Pilon-Smits et al. 1995). Similarly, trehalose is typical 

sugar important for drought resistance in desiccation-tolerant plants (Vinocur and 

Altman 2005). It acts as an osmoprotectant or osmolyte, protecting proteins and 

membranes; more specifically, in denatured proteins it leads to a decrease in aggre-

gation (Ashraf and Harris 2004; Koyro et al. 2012). Some of the most recent studies 

dealing with soluble sugars in crop plants are listed in Table 5.2.

5.2.2.2  Proline

The accumulation of proline is a typical response not only in plants, but also in 

eubacteria, protozoa, and marine invertebrates exposed to various stresses. In plants, 

proline accumulation was found in conditions of salt, drought, low temperature, 

high temperature, heavy metal stresses, anaerobiosis, UV irradiation, atmospheric 

pollution, and nutrient deficiency as well as after pathogen infection (Hare and 

Cress 1997; Saradhi et al. 1995; Siripornadulsil et al. 2002). This makes proline 

accumulation one of the most universal stress responses. The level of proline in 

stress conditions can increase to be 100 times greater than that in the control, but the 

accumulation capacity varies from species to species (Verbruggen and Hermans 

2008). The biosynthesis of proline in plants runs in the cytosol and chloroplast, but 

the degradation runs in mitochondria (Ashraf and Foolad 2007). The upregulation 

of proline biosynthesis depends on the activity of enzymes such as pyrroline-5- 

carboxylate reductase (P5CR) and pyrroline-5-carboxylate synthetase (Nounjana 

et al. 2012). However, the level of proline in plants is controlled by degradation 

(proline dehydrogenase activity), which is inhibited in stress conditions and the 

content of proline thus increases (Delauney and Verma 1993; Peng et al. 1996).

Proline is expected to have adaptive roles in plants, contributing significantly 

to stress tolerance. This amino acid acts as a compatible osmolyte, but it also 

represents the means to store nitrogen and carbon (Hare and Cress 1997). Proline 

was shown to be an efficient scavenger of free radicals (Smirnoff and Cumbes 

1989). Moreover, proline has been proposed as a molecular chaperone function-

ing in stabilization of the protein structure and as a component contributing to 

buffering of cytosolic pH, thus being important for a balance of redox status in 

plant cells (Sharma and Dietz 2006;Hoque et al. 2008; Verbruggen and Hermans 

2008; Filippou et al. 2014). Proline accumulation is part of signaling in a plant 

cell, which is important for adaptive responses of plants (Maggio et al. 2002; 

Brestic et al. 2014). Proline accumulates in the cytosol and chloroplast and con-

tributes to the protection of proteins, membranes, and enzymes against stress. It 

may also contribute to alleviating the acidosis of the cytoplasm necessary to 

maintain the NADP+/NADPH ratio (Hoque et al. 2008). Proline may also serve as 

a source of organic carbon, nitrogen, and energy during stress recovery (Tyagi 

and Sairam 2004).
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To improve plant tolerance in agriculture, the genetic manipulation of osmolytes 

such as proline was done (Hong et al. 2000; Seki et al. 2007; Székely et al. 2008; 

Rivero et al. 2007; Verbruggen and Hermans 2008). The results have shown that 

high levels of proline were not always correlated with osmotolerance (Szoke et al. 

1992; Lui and Zhu 1997). On the other hand, soybeans overexpressing the P5CR 

gene, producing a very high level of proline, exhibited significantly improved 

drought and heat tolerance compared to wild-type cultivars (De Ronde et al. 2004). 

There are numerous studies evaluating proline accumulation in response to drought; 

the most recent works are listed in Table 5.3.

Table 5.2 The most recent studies revealing the osmotic effects of soluble sugars in crop species

Crop species References

Wheat (Triticum 
aestivum)

Asthir et al. (2014), Iqbal et al. (2012), He et al. (2011), Charkazi 

et al. (2010), Javadian et al. (2010)

Maize (Zea mays) Nikolaeva et al. (2015), He et al. (2013), Javadmanesh et al. (2012)

Soybean (Glycine max) Grümberg et al. (2015)

Rice (Oryza sativa) Khan et al. (2015a, b), Joseph et al. (2015), Pandey and Shukla 

(2015), Abdelgawad et al. (2014), Deyanira et al. (2012), Todaka 

et al. (2012), Shehab et al. (2010)

Common bean 

(Phaseolus vulgaris)

Talaat et al. (2015), Abass and Mohamed (2011)

Chickpea (Cicer 
arietinum L.)

Arefian et al. (2014), Boukraâ et al. (2013)

Vetch (Vicia faba) Dawood and El-Awadi (2015)

Canola (Brassica napus) Tookalloo (2011)

Arabidopsis (Arabidopsis 
thaliana)

Dai et al. (2011)

Tobacco (Nicotiana 
tabacum)

Zhong et al. (2014)

Flax (Linum 
usitatissimum)

Gaikwad et al. (2014)

Field bean (Dolichos 
lablab)

D’Souza Myrene and Devaraj (2013)

Tomato (Solanum 
lycopersicum)

Khavari-Nejad et al. (2013), Loukehaich et al. (2012)

Pea (Pisum sativum) Lahuta and Dzik (2011)

Sugar beet (Beta 
vulgaris)

Wu et al. (2014)

Potato (Solanum 
tuberosum)

Pino et al. (2013), Farhad et al. (2011)

Pepper (Capsicum 
annum)

Sziderics et al. (2010)
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5.2.2.3  Glycine Betaine

Betaines are quaternary ammonium compounds of which glycine betaine (GB) is 

accumulated in the largest quantities and has the most important physiological func-

tions in plant cells (Ladyman et al. 1980; Grumet and Hanson 1986; Ashraf and 

Harris 2004; Zhu et al. 2005; Flowers and Colmer 2008; Koyro et al. 2012; Singh 

et al. 2015). It is one of the most important osmoprotectants, able to mitigate the 

negative impacts of abiotic stresses (Türkan and Demiral 2009).

Table 5.3 Recent studies dealing with proline accumulation during drought in crops

Crop species References

Wheat (Triticum 
aestivum)

Sarafraz-Ardakani et al. (2014), Maevskaya and Nikolaeva (2013), 

Bowne et al. (2012), He et al. (2011)

Maize (Zea mays) Nikolaeva et al. (2015), Zadehbagheri et al. (2014), Ali et al. (2013a, 

b), Ali and Ashraf (2011), Anjum et al. (2011a, b)

Soybean (Glycine 
max)

Bîrsan et al. (2015), Silvente et al. (2012)

Rice (Oryza sativa) Joseph et al. (2015), Khan et al. (2015a, b), Gurumoorthy and Singh 

(2014), Khomdram et al. (2013), Liu et al. (2012), Jha et al. (2011), 

Shehab et al. (2010), Summart et al. (2010), Somboonwatthanaku 

et al. (2010)

Barley (Hordeum 
vulgare)

Chéour et al. (2014)

Sunflower (Helianthus  
annuus)

Manivannan et al. (2015), Rabert et al. (2014)

Arabidopsis 

(Arabidopsis thaliana)

Zhao et al. (2015), Kumar et al. (2015), Aleksza et al. (2014), Kesari 

et al. (2012)

Tobacco (Nicotiana 
tabacum)

Borgo et al. (2015), Zhong et al. (2014), Vanková et al. (2012), Dobra 

et al. (2010)

Flax (Linum 
usitatissimum)

Gaikwad et al. (2014)

Tomato (Solanum 
lycopersicum)

Montesinos-Pereira et al. (2014), Ali et al. (2012a, b), Sánchez- 

Rodríguez et al. (2010)

Sorghum Gosavi et al. (2014)

Amaranthus Slabbert and Krüger (2014))

Sugar beet (Beta 
vulgaris)

Wu et al. (2014)

Potato (Solanum 
tuberosum)

Pino (2013), Evers et al. (2010)

Pepper (Capsicum 
annum)

De Britto et al. (2013), Sziderics et al. (2010)

Faba bean (Vicia faba) Ali et al. (2013a, b)

Artichoke (Cynara 
cardunculus)

Zhang et al. (2011)
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GB has multiple functions in plant cells, in particular stabilizing the enzyme’s 

quaternary structure and maintaining the membrane integrity under stress (Sakamoto 

and Murata 2000). GB is abundant in the cytoplasm and chloroplast of different—

but probably not all—plant species (Leigh et al. 1981; Rhodes and Hanson 1993; 

Allard et al. 1998). It is particularly important for grasses and cereals (Grumet and 

Hanson 1986; Colmer et al. 1995; Islam et al. 2007). The most important recent 

contributions to the research of GB’s effects appear in Table 5.4.

As mentioned, GB accumulates in the chloroplasts of some plant species in 

response to stress, but it was also reported in different kinds of microbes (Sakamoto 

and Murata 2002; Sawahel 2004; Ranganayakulu et al. 2013). This compound is 

associated with enhancing the water flow into cells to maintain the intracellular 

osmotic equilibrium and also with regulating the signal transduction cascade that is 

important for a stress response (Kumar et al. 2003; Ashraf and Foolad 2007; 

Ranganayakulu et al. 2013; Brestic et al. 2014). It was found that an increase in GB 

content, both in chloroplasts and in the cytosol, leads to a much higher increase in 

stress tolerance compared to the increase stimulated only in the cytosol (Sakamoto 

et al. 1998; Chen and Murata 2002; Park et al. 2004, 2007). GB contributes to 

osmoregulation directly (Wang et al. 2003) as well as indirectly by protecting the 

membrane stability, which is necessary for correct functions of channels and ion 

carriers (Ashraf and Foolad 2007). The protective role against reactive oxygen spe-

cies has also been confirmed (Park et al. 2004; Quan et al. 2004; Einset et al. 2007). 

Extensive research has mostly confirmed that GB accumulation has positive effects 

Table 5.4 Recent analytical studies on the function of glycine betaine in drought stress

Crop species References

Wheat (Triticum 
aestivum)

Nikolaeva et al. (2015), Rybka and Nita (2015), Gupta and Thind 

(2015), Naeem et al. (2015), Malik et al. (2015), Gupta et al. (2014), 

Talat et al. (2013), Shahbaz et al. (2012), Iqbal et al. (2012)

Maize (Zea mays) Di et al. (2015), Zhang et al. (2015), Kausar et al. (2014), He et al. 

(2013), Molazem et al. (2010)

Soybean (Glycine max) Malekzadeh (2015), Rezaei et al. (2012), Celik and Atak (2012)

Rice (Oryza sativa) Khan et al. (2015a, b), Abbasian et al. (2015), Tang et al. (2014), Niu 

et al. (2014), Pyngrope et al. (2013)

Barley (Hordeum 
vulgare)

Anbarasi et al. (2015), Taha et al. (2013)

Pea (Pisum sativum L.) Nusrat et al. (2014)

Chickpea (Cicer 
arietinum L.)

Patel and Hemantaranjan (2012)

Canola (Brassica napus 

L.)

Khalid et al. (2015), Ashrafijou et al. (2010)

Arabidopsis 

(Arabidopsis thaliana)

Ogawa and Mitsuya (2012)

Sugar beet (Beta 
vulgaris)

Wu et al. (2014), Yousif et al. (2010)
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on drought and salt tolerance in various crop plants (McNeil et al. 1999; Jagendorf 

and Takabe 2001; Sawahel 2004; Ranganayakulu et al. 2013) without having nega-

tive effects on growth and development (Alia et al. 1998; Sakamoto et al. 1998; 

Park et al. 2004).

5.2.2.4  Polyols

Polyols, sometime also called sugar alcohols, may have one of two structures: a 

cyclic structure, which describes the polyols myoinositol and pinitol, or a linear 

structure, which matches sorbitol, xylitol, mannitol, and ribitol (Tari et al. 2010). 

Sorbitol is widely distributed in plants. It is produced in parallel with sucrose during 

photosynthesis. It serves as translocation carbon and energy between sources and 

sinks (Jain et al. 2010). Mannitol, inositol, and sorbitol act as osmoregulators, 

enhancing plant tolerance to drought and other stresses (Williamson et al. 2002). 

Mannitol was found to be produced in high quantity, and its main function is prob-

ably quenching the hydroxyl radicals produced in electrochemical processes in 

plant cells (Mitoi et al. 2009; Gill and Tuteja 2010).

Inositols were shown to be important for normal growth and development, for 

biogenesis of membranes, and as a secondary messenger in signal transduction 

pathways (Loewus and Murthy 2000). Inositol and its derivatives (pinitol, galacti-

nol, etc.) act as osmoprotectants and stress-related molecules (Taji et al. 2002). 

Inositol is also utilized to store carbohydrates in the cells (Bohnert et al. 1995).

Polyols contribute to the regulation of osmotic balance and general osmoregula-

tion in plant cells. They provide significant protection of plant structures against 

indirect effects caused by drought and other stresses (Shen et al. 1997; Kanayama 

et al. 2006; Li et al. 2011). Several recent studies have shown that polyol molecules 

improve plant growth and may reduce the risk of damage caused by drought 

(Table 5.5).

5.2.2.5  Polyamines

Polyamines are small aliphatic organic molecules containing two or more primary 

amino groups. The major polyamines found in plants are putrescine (diamine), sper-

midine (triamine), and spermine (tetramine). They are engaged in different physio-

logical processes such as cell division, growth, and differentiation (Wang et al. 

2003; Alcázar et al. 2006, 2010; Kusano et al. 2007; Yamaguchi et al. 2007; Minguet 

et al. 2008). Polyamines in plant cells can exist in free or conjugated forms together 

with phenolic compounds or with proteins and nucleic acids. Their biological activ-

ity is associated with a polycationic nature; they are able to regulate the pH of cel-

lular components (Groppa and Benavides 2008; Gill and Tuteja 2010). The specific 

functions of polyamines were identified in floral initiation and development (Gerats 

et al. 1988; Masgrau et al. 1997; Hanzawa et al. 2000; Panicot et al. 2002), root 

growth (Watson et al. 1998), fruit ripening (Mehta et al. 1997, 2002), and so forth. 
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Heavy accumulation of polyamines under abiotic stress conditions has been found 

in many plant species (Evans and Malmberg 1989; Alcázar et al. 2006, 2010; 

Hussain et al. 2011). The protective role of polyamines against damage caused by 

extreme environmental stress was suggested (Liu et al. 2007; Hussain et al. 2011), 

including protective effects in conditions of water deficit (Nayyar and Chander 

2004; Yamaguchi et al. 2007; Kubis et al. 2014; Singh et al. 2015).

The metabolism of polyamines is coupled with ethylene production, which can 

be important in responses to stress (Zapata et al. 2004). In addition to the osmoregu-

latory functions of polyamines, they are involved in stomatal closure (Liu et al. 2000). 

Table 5.5 Recent analytical studies on the function of mannitol and sorbitol in crop and model 

plants

Crop species References

Wheat (Triticum 
aestivum)

Khan et al. (2013), Al-Quraan et al. (2013), Iqbal et al. (2012), 

Sultan et al. (2012), Makhloufi et al. (2015), Ahmed et al. (2015), 

Melloul et al. (2014), Kamal et al. (2013)

Maize (Zea mays) Rattan et al. (2012), Kaya et al. (2013), Nguyen et al. (2013), 

Bárzana et al. (2015), Thomson et al. (2014), Khazarin (2014), Ali 

and Ashraf (2011)

Rice (Oryza sativa) Joseph et al. (2015), Theerakulpisut and Phongngarm (2013), 

Chutipaijit et al. (2012), Jnandabhiram and Sailen Prasad (2012), 

Jha et al. (2011), Chen et al. (2015), Theerakulpisut et al. (2013), 

Cha-um et al. (2013), Soren et al. (2010)

Barley (Hordeum 
vulgare)

Wu et al. (2013)

Sunflower (Helianthus 
annuss)

Andrade et al. (2013)

Arabidopsis 

(Arabidopsis thaliana)

Acosta-García et al. (2015), Wang et al. (2015), Ding et al. (2014), 

Chan et al. (2011), Ahn et al. (2011), Dai et al. (2011), Clauw et al. 

(2010), Liu et al. (2015), Aghdasi et al. (2011)

Tobacco (Nicotiana 
tabacum)

Kumar et al. (2013), Macaluso et al. (2007), Riahi and Ehsanpour 

(2013), Pospisilova et al. (2011)

Soybean (Glycine max) Mohamed and Akladious (2014)

Flax (Linum 
usitatissimum)

Saker et al. (2014)

Tomato (Solanum 
lycopersicum)

Loukehaich et al. (2012), Al Hassan et al. (2015)

Sugar beet (Beta 
vulgaris)

Goudarzi et al. (2015), Wu et al. (2014, 2015)

Potato (Solanum 
tuberosum)

Kikuchi et al. (2015), Rahnama et al. (2011), Shi et al. (2015), Panta 

et al. (2014), Evers et al. (2010)

Pepper (Capsicum 
annum)

Sziderics et al. (2010)

Faba bean (Vicia faba) Gao et al. (2013), Hanafy et al. (2013)

Common bean 

(Phaseolus vulgaris)

Fernandez-Aunión et al. (2010), Ramalho et al. (2014)
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Moreover, polyamines are components of the antioxidant system, where they play 

the role of scavengers of free reactive oxygen radicals (Das and Misra 2004; 

Kuznetsov et al. 2007). The most recent studies on functions of polyamines in plant 

cells (Table 5.6) confirm the protective roles of polyamines in drought conditions.

5.2.2.6  Potassium and Other Inorganic Ions

The physiological function of inorganic ions in OA is thought to be mainly in osmo-

regulation, that is, decreasing the osmotic potential, with consequences for turgor 

maintenance, ability to open stomata, and so on. In conditions of drought, inorganic 

ions such as K+, Na+, and Cl− contribute dominantly to the total osmotic potential in 

many species (Munns et al. 1979; Pugnaire et al. 1999). Potassium is broadly stud-

ied as a crop nutrient; however, numerous studies also assess the function of potas-

sium in osmoregulation and osmoprotection (Table 5.7). Among all ions, potassium 

is the most important in the majority of field crops (Munns et al. 1979). For exam-

ple, the contribution of K+ to changes of the osmotic potential in wheat caused by 

drought was in the range of 40–80 % (Condon 1982; Morgan 1992). The contribu-

tion of individual osmolytes, however, depends on many factors, including the level 

of drought stress (Munns et al. 1979; Jones et al. 1981).

Table 5.6 Recent analytical studies on the function of polyamines under drought in crops

Crop species References

Wheat (Triticum aestivum) Ibrahim (2014), Marci ska et al. (2013), Rana et al. (2013)

Maize (Zea mays) Ludmerszki et al. (2014)

Common bean (Phaseolus 
vulgaris)

Abass and Mohamed (2011)

Rice (Oryza sativa) Pandey and Shukla (2015), Maisura et al. (2014), Zahra et al. 

(2013), Summart et al. (2010)

Barley (Hordeum vulgare) Fatehi et al. (2012)

Canola (Brassica napus) Nasibi et al. (2014), Saadia et al. (2012)

Millet (Setaria italica L.) Sudhakar et al. (2015)

Lettuce (Lactuca sativa) Paradisone et al. (2015)

Sunflower (Helianthus 
annuus)

Andrade et al. (2013)

Arabidopsis (Arabidopsis 
thaliana)

Saibi et al. (2015), Ogawa and Mitsuya (2012), Missihoun et al. 

(2011), Watanabe et al. (2010)

Tobacco (Nicotiana tabacum) Borgo et al. (2015), Ghahremani et al. (2014)

Flax (Linum usitatissimum) Quéro et al. (2015)

Tomato (Solanum 
lycopersicum)

Montesinos‐Pereira et al. (2014), Chaitali and Sengupta (2014), 

Sánchez-Rodríguez et al. (2010)

Potato (Solanum tuberosum) Evers et al. (2010)

Pepper (Capsicum annum) Yiu et al. (2012)
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5.3  Methods and Experimental Approaches to Assess OA

The previous chapters have clearly shown that OA is a very complex issue. The 

physiological effects depend not only on the cumulative physical effects of all com-

pounds, leading to a decreased water potential in plant tissues, but also on specific 

effects of all osmolytes. However, for screening purposes, there is a need for a fast, 

reliable method to assess the level of the overall OA, for example, to identify the 

species/genotypes with the capacity to produce more osmotically active compounds, 

without the need to analyze all key compounds contributing to OA. Moreover, the 

experimental design for testing biological material is also crucial. Therefore, in the 

next sections we present a brief summary of the main methods and propose possible 

sources of errors in OA studies.

Table 5.7 Recent analytical studies on osmotic functions of potassium under drought stress

Crop species References

Wheat (Triticum 
aestivum)

Li et al. (2015), Zia et al. (2014), Hanafy and Mohamed (2014), 

Rana et al. (2013), Al-Quraan et al. (2013), Aldesuquy et al. 

(2012), Dong et al. (2010), Nio (2009)

Maize (Zea mays) Akbari et al. (2015), Chen et al. (2014), Estrada et al. (2013), Koji  

et al. (2012), Ali et al. (2012a, b), Nawaz and Ashraf (2010)

Soybean (Glycine max) Ali Rezaei et al. (2012)

Rice (Oryza sativa) Joseph et al. (2015), Basu and Roychoudhury (2014), Bagheri et al. 

(2013, 2014), Pyngrope et al. (2013), Shehab et al. (2010)

Barley (Hordeum vulgare) Good et al. (2010), Dong et al. (2010)

Bean (Phaseolus vulgaris) Talaat (2015), Rosales et al. (2012), Fernandez-Aunión et al. 

(2010)

Brassica juncea Fariduddin et al. (2015)

Canola (Brassica napus 

L.)

Leithy et al. (2015), Hosseini et al. (2014), El Habbasha and Mekki 

(2014)

Sugar beet (Beta vulgaris 

L.)

Wu et al. (2015)

Letuce (Lactuca sativa) Eichholz et al. (2014)

Chickpea (Cicer 
arietinum L.)

Arefian et al. (2014), Hirich et al. (2014), Patel and Hemantaranjan 

(2012)

Arabidopsis (Arabidopsis 
thaliana)

Bhattacharyya et al. (2014), Zsigmond et al. (2012)

Tobacco (Nicotiana 
tabacum)

eri et al. (2013)
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5.3.1  Methods to Estimate the Accumulation of Osmotically 
Active Compounds

As previously summarized by Chandra Babu et al. (1999), several main methods 

exist to measure osmolyte accumulation in plants under water deficit:

 1. The regression method

Morgan (1992) used an estimation of osmolyte accumulation from the linear 

regressions between the relative water content (RWC) and osmotic potential (Ψs). 

The values used for this estimation can be derived from consecutive measure-

ments of parameters during a progressive drought. The nonlinear shape of the 

relationship enables the active solute accumulation (because of the active accu-

mulation of osmotically active compounds) to be recognized from the decrease in 

Ψs caused by the increase in concentration due to water loss from the tissues. 

Thus, the approach is based in principle on comparing the regression of the theo-

retical curve (without OA) with the actually measured regression. It enables the 

calculation of Ψs(non-OA) caused by the concentration effect, but not by OA:

 
Y Ys s i dnon OA initial RWC RWC ,,  ( ) = ( ) ( )éë ùû100 100

 

  where Ψs(initial) is the initial osmotic potential in well-watered plants, RWCi is 

the initial RWC in well-watered plants, and RWCd is the RWC in drought-

stressed plants. The level of OA (osmoregulatory effect of accumulated osmo-

lytes) was calculated as OA = Ψs(non-OA) − Ψs(drought), where Ψs(drought) is an 

osmotic potential measured in drought-stressed samples.

 2. The full turgor adjustment method

Another method for estimation is based on recalculating the measured osmotic 

potential to the hypothetical status of full hydration, that is, the RWC at a level 

of 100 %. OA is estimated from the difference in the calculated OP values at a 

full hydrated state—Ψs(100)—between well-watered and water-deficit plants 

(Wilson et al. 1979; Ludlow et al. 1983, 1990). For this method, measurements 

of Ψs and RWC in nonstressed and drought-stressed conditions are needed. To 

make the estimation more correct, a correction for tissue apoplastic water is 

included in the formula: Ψs(100) = Ψs [(RWC−B)/(100 − B)], where B represents 

a proportion of bound water. For example, in rice a constant value for both well- 

watered and water-deficit leaves (18 %) was used (Turner et al. 1986).

 3. The rehydration method

The principle of this method is similar to the previous one: OA is estimated from 

the difference in Ψs values at a full hydrated state—Ψs(100)—between the well-

watered and water-deficit plants. The difference lies in the fact that Ψs(100) is not 

calculated, but detached samples (both in control and drought-stressed plants) are 

fully rehydrated before Ψs is measured (Turner and Jones 1980; Blum 1989).

 4. Osmolyte accumulation effect can be estimated as the difference between the 

measured Ψs and the calculated Ψs , where the calculation of theoretical 
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Ψs(non-OA) is based on the concentration effect in a given leaf water content. 

Thus, OA is the net accumulation of solutes per unit of water in leaf tissue. The 

concentration effect on Ψs is the proportional decrease in leaf Ψs due only to the 

reduction in water content (WC) under water-deficit treatments:

 Ψs(non-OA) = (WCi/WCd) · Ψs,I, where WCi is the nonstressed water content, and 

WCd is the water content in the stressed sample. The osmotic potential is again 

calculated as OA = Ψs(non-OA)−Ψs(drought), where Ψs(drought) is the osmotic 

potential measured in drought-stressed samples (Colmer et al. 1995; Ma et al. 

2006; Ma and Turner 2006).

5.3.2  Possible Sources of Errors in Assessment of OA

All the methods proposed here to assess the OA are estimations, the preciseness of 

which is based on several assumptions. The most important assumption is that all 

inputs must be measured very precisely, as any incorrectness may lead to a very 

incorrect in estimation of the OA. It demands good practices in experimental 

design, sample handling, and measurement. Some possible sources of errors are 

highlighted below.

 1. Impreciseness of the methods

The regression method was found to be most comprehensive and had the best 

estimate of OA among the four methods; however, it is labor-intensive, as it 

requires frequent measurements of the water status (Chandra Babu et al. 1999; 

Zhang et al. 1999). The full turgor adjustment and rehydration methods are less 

demanding of time, labor, and plant tissues and more suitable for screening 

work; however, there are some risks of possible errors caused by incorrect cor-

rections or losses of solutes during rehydration (Chandra Babu et al. 1999). 

Although these methods would not always provide the same numerical results, 

the proper use of any of them should be worthwhile for comparing the capacity 

for OA in different samples.

 2. Handling plant material

For all of the methods presented here, the fresh tissue must be taken and imme-

diately measured while keeping it alive, in a fully functional state. In addition to 

preventing water loss, it is necessary to prevent overheating during handling. At 

least part of the work must be done a very short time after sampling (Nio 2009). 

Of the methods listed above, the rehydration method has the lowest demand for 

immediate work, as the only operation that must be done immediately is the 

rehydration of the detached samples. Samples can then be sealed and deep fro-

zen, and the osmotic potential can be measured from sap extracted from the tis-

sues after melting. If water loss is prevented well, the measurements can be done 

even a relatively long time after storage. This makes this method  particularly 

interesting for screening purposes, as pointed out by Chandra Babu et al. (1999). 

However, to be correct, the rehydration should not significantly alter solute con-
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centrations. Therefore, rehydration conditions (technique, length, temperature, 

etc.) for individual types of samples (different species) must be verified to reach 

full hydration without causing significant changes in osmolyte content by respi-

ration or solute efflux.

 3. Experimental design

  Although the capacity for OA is strongly inherited (Zhang et al. 1999), experi-

ments performed in different conditions may bring very different results.

  Typically, numerous relevant studies have been realized in the field. Field condi-

tions allow a gradual acclimation to water deficit and permit normal root devel-

opment, and the results are clearly relevant for further applications in the field 

(Fereres et al. 1978). Although measurements of the accumulation of osmoti-

cally active compounds in the field will always be needed (at least in the last 

step), OA in the field may be influenced by any other biotic and abiotic factors, 

and so it is very difficult to control (Chandra Babu et al. 1999). Therefore, mea-

surements in controlled conditions are also applied. Screening for OA expression 

may be useful under controlled conditions because photoperiod, temperature, 

water management, and nutrition can be regulated (Chandra Babu et al. 1999). 

The conditions can be adjusted to induce the maximum capacity for OA in 

(Glinka and Ludlow 1986). Also, the limited volume of soil water accessible to 

roots in small pots may influence the results (Fereres et al. 1978; Nio 2009).

  A specific tool for OA studies are the experiments in media with a low osmotic 

potential using additives such as polyethylene glycol (PEG). PEG is highly sol-

uble in water and has low toxicity (Lawlor 1970), and in forms with a high 

molecular weight (e.g., PEG 6000), it does not permit the biological membranes 

(Bressan et al. 1981). PEG is suitable to induce a plant water deficit by decreas-

ing the water potential of the medium (Lawlor 1970; Steuter et al. 1981). PEG 

can also be used to induce a water deficit in detached leaves in laboratory experi-

ments. However, results on OA using PEG on detached leaves were not suffi-

ciently consistent with laboratory or field experiments, and this method does not 

seem to be useful for fast screening for this trait (Nio 2009).

5.4  OA in Crop Improvement

Unlike wild species, in which stress survival is crucial, in crop plants, abiotic stress 

tolerance is measured by the ability to produce yield under adverse weather condi-

tions. In general, it is expected that there is sufficient genetic variability for traits 

related to capacity to maintain the yield and quality of products under drought stress 

in crop plants. Technological progress has increased possibilities to mine genetic 

variability and improve knowledge about the mechanisms of abiotic stress tolerance 

(Dolferus 2014).

OA has previously been suggested as an efficient selection criterion useful in 

conventional breeding programs aimed at drought tolerance in main crops (Morgan 
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1983; Blum et al. 1983; Ludlow and Muchow 1990; Tangpremsri et al. 1991; 

Belhassen et al. 1995; Zhang et al. 1999). Genetic variability in the capacity for OA 

has been found in a number of species, which suggests that genes and molecular 

markers related to OA can be useful in breeding for crop drought tolerance 

(Belhassen et al. 1995; Nguyen et al. 1997; Zhang et al. 1999). In fact, molecular 

markers and quantitative trait loci (QTLs) associated with the accumulation of 

osmotically active compounds have been found in wheat (Van Deynze et al. 1995), 

rice (Lilley et al. 1996; Price and Courtois 1999), barley (Teulat et al. 1998), sun-

flower (Jamaux et al. 1997), and many other crops (Serraj and Sinclair 2002). On 

the other hand, there are some doubts whether the upregulation of osmoregulatory 

effects provided by the accumulation of osmotically active compounds can really 

have any positive effects on yield (Quisenberry et al. 1984; Grumet et al. 1987; 

Flower et al. 1990; Serraj and Sinclair 2002).

Manipulating stress-responsive genes to enhance the production of osmoprotec-

tants is defined as one of the strategies to improve stress tolerance in plants (Reguera 

et al. 2012; Jain 2013). The effort to engineer plants upregulating the production of 

compatible osmoprotectants has taken almost two decades (LeRudulier et al. 1984; 

Singh et al. 2015). Numerous studies have shown that the enhanced synthesis of 

osmoprotectants such as proline and GB in transgenes led to higher drought toler-

ance (Holmström et al. 1996; Holmberg and Bülow 1998; Hare et al. 1998; Nuccio 

et al. 1999; Rathinasabapathi 2000). On the other hand, the role played by the accu-

mulation of osmotically active compounds in osmoregulation and osmoprotection 

in crop science has become overemphasized although many studies in transgenic 

plants overaccumulating proline, GB, mannitol, or soluble sugars show only small 

improvements in stress tolerance (Blum 1996; Nguyen et al. 1997; Hare et al. 1998; 

Zhang et al. 1999).

Another approach, which can be used directly in plant improvement, is mining 

the existing genetic diversity using molecular markers for OA and/or accumulation 

of osmoprotective compounds. Genetic variability in dehydration tolerance charac-

teristics was clearly identified in several crops and trees (Blum 1989, Gebre and 

Kuhns 1991, Morgan 1991, Tschaplinski et al. 1994, 1998). The genetic basis of 

osmolyte accumulation was already described in some species (Zhang et al. 1999). 

The QTLs for OA were identified in many species (e.g. Lilley et al. 1996; Bradshaw 

1996; Saeed et al. 2011; Ghimire et al. 2012; Mu and Li 2013; Merewitz et al. 2014; 

Ali et al. 2015; Abdelraheem et al. 2015), although a direct association with yield 

improvements was not always clear (Lilley et al. 1996).

5.5  Conclusions and Future Perspectives in OA Research

OA has become an important topic in crop research and has kept the attention of 

scientists for decades. Whereas the early studies mostly focused on osmoregulatory 

functions provided by the accumulation of osmotically active compounds, the con-

tribution of individual osmolytes to decrease the osmotic potential, and the 
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osmoregulatory capacity of crop species and genotypes, recent studies have mostly 

targeted specific osmoprotective effects of compatible osmolytes. Research on 

drought stress tolerance mechanisms, including OA, has been driven onward by a 

wide range of “omics” technologies, such as genomics, metabolomics, phenomics, 

transcriptomics, or proteomics, which enable the genetic and molecular bases of 

observed phenomena to be uncovered. Investigation of the gene expression or regu-

lation for realizing mechanisms of tolerance in particular resistant crops may help 

in translating information to other drought-sensitive crops. Considering the impor-

tance of compatible osmoprotective compounds in many plant physiological and 

biochemical functions under drought stresses, further research in the endogenous 

regulation of the metabolism of osmoprotective compounds may contribute to the 

next theoretical and practical applications in this field (Singh et al. 2015).

In addition to some success in conventional breeding using OA as a selection 

criterion, the most important progress has been made in engineering transgenic 

plants with drought stress tolerance by virtue of genes encoding osmoprotectants. 

However, the effect of the genes, which was apparent under controlled laboratory 

conditions, is often not present when introduced in field trials. This can be caused 

by the fact that testing protocols do not mimic the situation well in realistic field 

conditions, where plants experience multiple stresses and completely different envi-

ronmental conditions, with fluctuating light, temperature, wind, and biotic factors. 

One of the reasons for the limited success of transgenes is the fact that abiotic stress 

tolerance in plants is controlled by many genes working in different stress response 

pathways (Vinocur and Altman 2005). However, the stress tolerance enhancement 

was provided by a single gene modification, which can be successful in particular 

conditions, but it can fail in many other environmental situations (Tayal et al. 2004; 

Ashraf and Akram 2009). Therefore, the combination of different strategies in 

future research, such as the multigenic approach, that is, incorporating more than 

one gene in transgenic plants, may bring real success. In this regard, the synthesis 

of genes encoding osmoprotectants needs to include being coexpressed with other 

stress-related genes such as ion transporters, transcription factors, and other func-

tional genes. Combining these different approaches will result in enhanced stress 

tolerance, photosynthesis, and photoprotection and a more stable yield in transgenic 

plants. Moreover, research should also be undertaken in more realistic laboratory 

conditions that better mimic the real environment as well as in field conditions 

where the effects may be evaluated in terms of the yield, which is the ultimate target 

of improvement under drought (Khan et al. 2015a, 2015b).

Another promising tool is transcriptomics, which has yet to be efficiently used 

on this area. A paucity of notable studies was aimed at osmoprotectant-related gene 

expression under stress conditions (Barros et al. 2009; Chen et al. 2009; Kido et al. 

2013). The studies should be extended to different crops to uncover the differences 

in the expression of genes related to OA and the accumulation of osmoprotectants 

under drought stress. The results can help to unravel the mechanism of stress toler-

ance. Moreover, it can be used in breeding programs and engineering of drought- 

tolerant crop varieties in a plant-specific manner.
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Another important area is the need for new breeding approaches aimed at drought 

tolerance, for example, the application of stress-related QTLs and map-based clon-

ing methods in association with new approaches such as microarray-based expres-

sion profiling of differential gene expression as was previously used in some cases 

(Salvi and Tuberosa 2005; Walia et al. 2007; Pandit et al. 2010). These methods can 

be combined with advanced “omics” techniques, such as next-generation sequenc-

ing, which can help to explore the function of genes in drought stress responses. 

Moreover, the development of high-throughput and precise techniques, such as 

multi-SNP analysis, SuperSAGE, PhyloCSF, and others, together with tools of 

high-throughput phenotyping can aid significantly improve future approaches for 

the development of abiotic stress-tolerant plants (Khan et al. 2015a, 2015b).

In summary, despite lengthy research and an enormous quantity of experimental 

results, the topic of OA is still quite attractive and provides numerous opportunities 

and promising ways for future research. To reach the ultimate goal, which is the 

increase in yield quantity, quality, and stability in conditions limited by water sup-

ply, the efficient use of modern tools and methods is needed. Moreover, the particu-

lar target of the research needs to be selected properly, to avoid impasses of research 

related to traits without any effect on crop yield.
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    Chapter 6   
 Interplay Among Glutathione, Salicylic Acid, 
and Ethylene to Combat Environmental Stress                     

       Sharmila     Chattopadhyay    

6.1           Introduction 

 Glutathione (GSH) is nearly ubiquitous nonprotein tripeptide thiol compound found 
in both prokaryotes and eukaryotes (Kunert and Foyer  1993 ; Rennenberg  1997 ) 
except for some organisms that use other thiol cofactors (Li et al.  2003 ). One of the 
most abundant thiols, GSH is gradually gaining importance and becoming a mole-
cule of interest because of its role in plant resistance and/or tolerance to environ-
mental stress conditions. It has a vast array of functions in both plant and animal 
systems, which include the detoxifi cation mechanisms through conjugation reac-
tions, thiol transfer, scavenging of free radicals, and metabolism of various exoge-
nous and endogenous compounds. The role of GSH in plant stress defense has long 
been known (Dron et al.  1988 ; Wingate et al.  1988 ), in addition to its substantial 
role in stress tolerance and antioxidant signaling (Foyer et al.  1997 ; Foyer and 
Noctor  2005 ). Recent studies proposed a potential contribution of GSH in the 
induced defense signaling network in conjunction with other established signaling 
molecules (Gomez et al.  2004 ; Ghanta et al.  2011a ,  b ; Han et al.  2013a ,  b ). A sub-
stantial number of reports suggested the signifi cant involvement of GSH in both 
abiotic (Kocsy et al.  2000 ; Singla-Pareek et al.  2003 ; Gomez et al.  2004 ; Kumar 
et al.  2009 ) and biotic stress management (Glazebrook and Ausubel  1994 ; 
Glazebrook et al.  1997 ; Parisy et al.  2007 ; Mhamdi et al.  2010 ; Ghanta et al.  2011a , 
 b ). In this chapter, we explored the involvement of GSH with other established sig-
naling molecules to provide the stress tolerance potential in γ–ECS overexpressed 
transgenic tobacco.  
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6.2     Biosynthesis of GSH 

 The biosynthesis of GSH is well established and takes place in two ATP-dependent 
steps in all organisms, using two enzymes studied to date, except for  Streptococcus 
agalactiae,  where GSH is synthesized in a single step. This is a pseudopeptide, as 
the amino acid glutamine is bonded to cysteine through the side-chain carboxyl 
group rather than through its α-carbon carboxyl group; hence, its biosynthesis does 
not take place through the classical protein synthesis pathway. In the fi rst step, 
γ-glutamylcysteine ( γ-EC ) is synthesized from  L -glutamate and  L -cysteine catalyzed 
by the γ-glutamylcysteine synthetase ( γ-ECS ) enzyme (Fig.  6.1 ). The second step, 
which involves the formation of GSH by the addition of glycine to the C-terminal 
end of γ-EC, is catalyzed by glutathione synthetase (GS) (Meister  1988 ). Both of 
the biosynthetic enzymes are found in the cytosol and plastids of the roots and 
leaves of plants (Hell and Bergmann  1988 ,  1990  Rüegsegger and Brunold  1993 ). 
The GSH biosynthesis has recently been analyzed in photosynthetic bacteria 
( Synechocystis  spp.) (Musgrave et al.  2013 ), and its positive regulation by Lys R 
family regulators in  Sinorhizobium meliloti  has also been reported (Lu et al.  2013 ). 
The enzymes of GSH biosynthesis have also been analyzed by immunolocalization 
in leaves of  Arabidopsis thaliana . These were observed to be localized in stroma 
(Preuss et al.  2014 ).

6.3        Role of GSH in Abiotic Stress 

 Climate change and abiotic stress adversely affect agriculture and crop production. 
When a plant is subjected to abiotic stress, a number of genes are turned on, result-
ing in increased levels of several metabolites and proteins, some of which may be 

  Fig. 6.1    Biosynthetic 
pathway of glutathione       
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responsible for conferring a certain degree of protection to these stresses. The major 
abiotic stresses in plants affecting the normal growth and development are salinity, 
drought, and fl uctuation of temperature under natural conditions. 

6.3.1     Role of GSH Against Salinity 

 One of the simplest ways to get an idea about the role of GSH in stress response is 
to measure the total GSH in stressed plants. A threefold increase in cysteine and 
GSH content was observed in wild-type  Brassica napus  exposed to salt stress, but 
not in the transgenic plants overexpressing vacuolar Na+/H+ antiporter (Ruiz and 
Blumwald  2002 ). Total GSH increased as a result of salt treatment in groundnut cell 
lines (Jain et al.  2002 ). A higher GSH concentration in a salt-resistant rice variety in 
comparison to its susceptible counterpart further supports the role of GSH in salt 
tolerance (Vaidyanathan et al.  2003 ). Salt increased both the GSH content and the 
GSH/oxidized GSH (GSSG) ratio associated with the salt-induced upregulation of 
γ-ECS protein in oxidative stress–tolerant  Lycopersicon pennellii  but not in 
 Lycopersicon esculentum  (Mittova et al.  2003 ). Maintenance of a higher GSH/GSSG 
ratio in transgenic tobacco overexpressing glyoxalase showed an improved salt tol-
erance potential (Yadav et al.  2005 ). In another study, recycling of GSH was thought 
to be the possible mechanism of tolerance to salinity stress in transgenic rice overex-
pressing glyoxalase II (Singla-Pareek et al.  2008 ). The overexpression of tobacco 
 NtGST / GPX  gene (encoding a bifunctional enzyme with both glutathione- s- 
transferase and glutathione peroxidase activity) in a transgenic tobacco plant had 
improved salt and chilling tolerances because of enhanced reactive oxygen species 
(ROS) scavenging and membrane damage. The differential modulation of both glu-
tathione reductase and GSH in plants has been widely implicated for the signifi cance 
of these two enigmatic antioxidants as major components of plant defense opera-
tions (Gill et al.  2013 ). In addition, the combined effect of GSH and ascorbic acid in 
drought and salt stress in GSTU17 knockout mutants of  A. thaliana  has been reported 
(Chen et al.  2012 ). The effect on GSH homeostasis under salinity is also reported for 
 Phaseolus vulgaris  (Kaymakanov et al.  2010 ) and  Gossypium hirsutum  (Kumari 
Vinodhana et al.  2013 ). A higher level of salt tolerance  in vivo  in transgenic  A. thali-
ana  plants has also been reported after GST overexpression (Qi et al.  2010 ; Chan 
and Lam  2014 ). Similarly, the importance of several enzymes of the ascorbate–GSH 
cycle has been shown during faba bean– Rhizobium  symbiotic combination in root 
defense and adaptation against salt stress conditions (Oufdou et al.  2014 ).  

6.3.2     Role of GSH in Drought Stress 

 GSH status and its relationship to protein synthesis during water defi cit and subse-
quent rehydration have been examined in the drought-tolerant moss,  Tortula ruralis  
(Dhindsa  1987 ). Total GSH was increased as a result of a water defi cit in sunfl ower 
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seedlings and detached poplar leaves (Sgherri and Navari-Izzo  1995 ; Morabito and 
Guerrier  2000 ). The accumulation of GSH in drought-stressed cowpea leaves is also 
reported (Cruz de Carvalho et al.  2010 ). The effect on ascorbate–GSH metabolism 
following water stress is also reported on  Andropyron cristatum  leaves. Likewise, 
the combined effect of GSH and ascorbic acid in drought and salt stress in GSTU17 
knockout mutants of  A. thaliana  has been reported (Chen et al.  2012 ). The regula-
tion of ROS-mediated abscisic acid (ABA) signaling by GSH in guard cells of  A. 
thaliana  during drought tolerance has also been reported (Munemasa et al.  2013 ).  

6.3.3     Role of GSH in Metal Detoxifi cation 

 The role of GSH as a metal chelator and its specifi c application in the phytoextrac-
tion of toxic metals have been reviewed (Seth et al.  2012 ). GSH is considered a key 
player in metal-induced oxidative stress management (Jozefczak et al.  2012 ).  

6.3.4     Role of GSH Against Chilling Stress 

 According to previous reports, GSH has a signifi cant role in chilling stress. In the 
past three decades, Anderson et al. ( 1992 ) reported that a greater total GSH content 
was observed in spruce during the winter, while a greater total GSH was observed 
in chilling-tolerant maize genotypes than in sensitive lines in cool spring periods 
(Leipner et al.  1999 ). A higher accumulation of γ-ECS transcript in cold-stressed 
maize was also observed (Gomez et al.  2004 ). The role of  GPX  in salt and chilling 
stress has also been reported in  Panax ginseng  (Kim et al.  2014 ).  

6.3.5     Role of GSH in Heat Stress 

 GSH is also known to play a role in heat stress; a higher total GSH content was 
found to be associated with heat stress in wheat and maize (Nieto-Sotelo and Ho 
 1986 ; Dash and Mohanty  2002 ). The involvement of GSH in heat shock in rice has 
also been reported (Chao et al.  2009 ). The effect on ascorbate–GSH redox enzymes 
caused by heat shock has been noted as well (Locato et al.  2009 ). A similar effect 
on the plant antioxidative system following cadmium and heat stress has also been 
reported for rice (Zhao et al.  2009 ). 

 Together, GSH, which is an almost ubiquitous molecule, fulfi lls various impor-
tant roles in plant functioning, making it an effective biomolecule (Kumar et al. 
 2010 ). The reduced form of GSH is considered to protect the cell from oxidative 
damage based on its redox buffering action and abundance in the cell (Ogawa  2005 ). 
Today considerable interest has been given to the functions of GSH because of its 
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unique structural properties, abundance broad redox potential, and wide distribution 
in most living organisms (May et al.  1998 ; Meister  1988 ). GSH has also been sug-
gested as an attractive target for engineering stress tolerance in plants because of its 
multiple roles in plant defenses against both biotic and abiotic stresses (Foyer et al. 
 1997 ; Kumar et al.  2009 ; Ghanta et al.  2011b ). This tripeptide thiol is an important 
metabolite with a broad spectrum of functions, and its homeostasis is essential to 
maintain cellular redox poise and effective responses to stress in plants (Noctor 
et al.  2012 ). In addition to other reports, a cross talk of GSH with nitric oxide, car-
bon monoxide, and ROS has been reported in recalcitrant seeds of  Baccaurea rami-
fl ora  (Bai et al.  2012 ). In concert, a growing body of evidence supports the notion 
that interplay between GSH and various established signaling components leads to 
the establishment of stress tolerance potential  in planta .   

6.4     Development of Transgenic Tobacco Lines, viz.  NtGp  
Exhibiting Enhanced GSH Content 

 Tobacco ( Nicotiana tabacum  cv. Xanthi) and  Lycopersicon esculentum  seeds were 
sown on MS medium (Murashige and Skoog  1962 ) containing 3 % sucrose and 
0.8 % agar and allowed to germinate at 22 ± 1 °C (16 h of 150 μE m −2 /s light and 8 h 
darkness). 

  Plasmid construction and plant transformation :  LeECS  (γ-ECS from  L. esculen-
tum ) was PCR-cloned from 2-week-old seedlings by RT-PCR. For that, the 
1571-base-pair full-length DNA sequence of  LeECS  was amplifi ed using gene- 
specifi c primers; the PCR product was cloned into  pGEM-T  Easy vector (Promega, 
USA) and then fi nally subcloned into the binary vector  pBI 121 to obtain  NtGB  
lines. In order to obtain  NtGp  lines, the  LeECS  construct was subcloned between 
SphI and SalI in  pJIT  117 comprising the transit peptide to translocate the gene of 
interest to the chloroplast and fi nally into the binary vector  pCAMBIA  2301 at the 
KpnI site, giving rise to the fi nal construct (Russell and Sambrook  2001 ). These 
recombinant plasmids were introduced in  Agrobacterium tumefaciens  LBA4404 
and used for transformation of tobacco leaf discs independently. The regenerated 
shoots were maintained on MS medium supplemented with required phytohor-
mones and antibiotics. Finally, K R , PCR-positive T0 transgenics plants were trans-
ferred to greenhouse conditions to obtain T2 generation for further analysis. 

6.4.1     HPLC analysis of  NtGp  Lines to Estimate GSH, SA, 
and ACC Content 

 To estimate the GSH, SA, and ACC=1-aminocyclopropane-1-carboxylate (ACC) 
content of  NtGp  lines, we used the high- performance liquid chromatography 
(HPLC) system. 
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6.4.1.1     Determination of GSH Content and GSH:GSSG Ratio 

 Estimation of GSH and its ratio with GSSG was analyzed from mature tobacco 
leaves of  NtGp  lines by HPLC using a 515-HPLC pump (Waters, USA), 2475 fl uo-
rescence detector, using AccQ Tag column (Waters, USA) (Tsakraklides et al.  2002 ) 
(Fig.  6.2a, b ).

6.4.1.2        Determination of SA Content 

 SA was quantifi ed by HPLC with a fl uorescence detector, using Symmetry C-18 
reverse-phase column (5 um, 4.6 × 250 mm) at an excitation wavelength of 254 nm 
and an emission wavelength of 395 nm (Freeman et al.  2005 ) (Fig.  6.2c ).  
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  Fig. 6.2    Biochemical characterization of  NtGp  lines       
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6.4.1.3     Determination of ACC Content 

 Estimation of ACC was performed by the o-phthaldialdehyde precolumn derivatiza-
tion method. The HPLC analysis was conducted using a 515 HPLC pump with a 
2475 fl uorescence detector as mentioned above, at a fl ow rate of 0.6 mL/min. An 
AccQ-Tag (3.9 mm × 150 mm) column with an excitation wavelength of 325 nm and 
an emission wavelength of 465 nm was used (Ghanta et al.  2014 ) (Fig.  6.2d ).    

6.5     Documentation of Drought and Salt Tolerance of  NtGp  
Lines 

 The seeds of both wild-type and T2 generation of  NtGp  lines were grown in ½ MS 
media in a 16 h light/8 h dark cycle at 22 °C. For drought and salinity stress treat-
ment, 2-week-old seedlings were further transferred to ½ MS media supplemented 
with 200 mM mannitol and NaCl for an additional 72 h and the leaves were col-
lected for biochemical analysis (proline and chlorophyll estimation), RNA, and pro-
tein isolation as well as for drought and salinity stress analysis. 

  Stress analysis : The germination percentage of both wild-type and  NtGp 11 was 
measured daily after sowing it in ½ MS medium with different concentrations of 
mannitol and NaCl. The proline content was measured in 500 mg wild-type and 
 NtGp 11 leaf tissue treated with 200 mM of mannitol and NaCl after 72 h. In addi-
tion, leaf discs, approximately 1 cm in diameter, were detached from healthy, fully 
expanded leaves of wild-type and  NtGp 11 of the same age. The discs were fl oated 
in solutions of 200 mM of mannitol for 72 h, and then 100 mg of leaf tissue was 
immersed in 80 % acetone for 48 h to extract the chlorophyll (Fig.  6.3a, b ).

6.5.1       Transcript Analysis Under Stress Condition 

 In response to drought and salinity stress, γ-ECS was found upregulated at the tran-
script level in  NtGp  lines (Fig.  6.4a ). The expression level of all six abiotic stress–
induced genes, including  osmotin ,  HSP 70,  ascorbate peroxidase  ( APX ), 
 glutathione - S - transferase  ( GST ), and  glutathione peroxidase  ( EIG C08), was higher 
in the  NtGp  plant than in the wild-type plant in response to a treatment of 72 h 
200 mM mannitol and NaCl (Fig.  6.5a ). This clearly illustrated the effect of an 
enhanced GSH level on the elevated expression of abiotic stress–related genes in 
response to drought stress in the  NtGp  line.
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  Fig. 6.3    Effect of 200 mM mannitol on the ( a ) morphology and ( b ) chlorophyll content of the 
detached leaves of wild-type and  NtGp11  plants after 72 h       

  Fig. 6.4    Expression level 
of γ -ECS  in  NtGp 11 plant 
after 72 h of 200 mM 
mannitol and NaCl 
treatment by ( a ) 
semiquantitative real-time 
polymerase chain reaction 
and ( b ) Western blotting       

  Fig. 6.5    ( a ) Expression level of stress-related genes in response to 200 mM mannitol and NaCl 
treatment in wild-type and  NtGp 11 plants after 72 h       
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6.5.2         Western Blot Analysis of γ-ECS 

 The accumulation of γ -ECS  was noted more under drought stress condition in  NtGp  
line than the salinity stress–treated plants (Fig.  6.4a ), and this also corroborates
with the γ -ECS  expression through Western blot analysis (Fig.  6.4b ).   

6.6     Transcriptomic Analysis of  NtGp  Lines 

  Characterization of the expressed sequence tag (EST) sequences : In order to iden-
tify the differences in gene expression as a result of enhanced GSH content  in NtGp  
lines, subtracted cDNA libraries were constructed. For this purpose, wild-type 
leaves were used as driver and  NtGp 11 leaves were used as tester. A total of 260 
clones from the SSH cDNA library were screened for upregulated genes. 

 Transcript analysis of the SSH library identifi ed the induction of many genes 
already known to be involved in the defense/stress pathways. Interestingly, many of 
these genes employ SA in the defense mechanism, thus confi rming that SA is indis-
pensable for GSH for its action in defense. Among the genes upregulated as a result 
of an enhanced GSH level, 11 ESTs matched with PR1a in the NCBI database, 
which corroborated with the previous study where PR1a, the well-known marker 
gene of SA-mediated pathway, was induced due to γ -ECS  overexpression as well as 
by GSH feeding (Gomez et al.  2004 ). Systemic acquired resistance (SAR) is a form 
of inducible resistance that is triggered in systemic healthy tissues of locally infected 
plants (Vlot et al.  2008 ). Six ESTs were related to SAR8.2. The SAR8.2 is one of 
the gene families whose expression is induced in tobacco during SAR induction and 
contains at least 12 members (Alexander et al.  1992 ). Further, the phylloplanin gene 
represented by two ESTs had an enhanced expression level in  NtGp 11 as compared 
to the wild type. Phylloplanins are defensive proteins known to inhibit the biotro-
phic pathogen  Peronospora tabacina  (Shepherd et al.  2005 ; Shepherd and Wagner 
 2007 ). In addition, our present investigation signifi cantly indicates a role of GSH in 
inducing an ET biosynthetic pathway. Among them, ACC oxidase, which is known 
to catalyze the conversion of ACC to ET, a key step in the ET biosynthesis, was 
induced in this forward SSH library, thus suggesting a probable induction of ET 
biosynthesis under enhanced GSH conditions. We got a clue about the probable 
ET–GSH interplay from our previous work, where the enhanced expression of ACC 
oxidase and PR4 was noted in  NtGB 9 and  NtGB 19 lines (Ghanta et al.  2011b ). 
Thus, we next targeted exploring any probable cross talk of GSH with other signal 
molecules, and results demonstrate the induction of ET biosynthesis by GSH. It 
may be assumed that GSH induces the biosynthesis of ET by modulating the expres-
sion of ACC oxidase, which subsequently leads to an induction of the ET signaling 
pathway. This observation can be further corroborated with the previous reports that 
ET and SA may act synergistically to induce stress-related gene expression, although 
the nature of the SA–ET interaction is complex and less understood (Kunkel and 
Brooks  2002 ; De Vos et al.  2006 ; Pieterse et al.  2009 ).  
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6.7     Comparative Proteomic Profi ling  NtGp  Line 
Along with the Wild Type 

  Identifi cation of differentially accumulated proteins from chloroplast - enriched frac-
tion of NtGp11 : Since the transgene was directed into chloroplasts, a comparative 
profi ling of chloroplast-enriched protein fractions of the wild type and  NtGp  line 
was performed by two-dimensional gel electrophoresis (2-DE). Image analysis 
revealed an average of about 156 protein spots in the wild type and 210 protein spots 
in  NtGp 11, of which 125 spots could be matched to all gels. The overall mean coef-
fi cient of variation for the intensity of the spots marked was determined to be 38.91. 
The data were subjected to principal component analysis and results revealed that 
PC1 and PC2 explained 92 % and 5 % of variance, respectively (Fig.  6.6 ).

   It is well known that the technological advances in proteomics will allow 
researchers to obtain high-quality proteomics data for complementary studies with 
transcriptome. However, one of the major limitations of 2-DE is that high abundant 
proteins are identifi ed preferentially. Our proteome profi le revealed that the major 
category was that of energy and metabolism class, accounting for 49 % of the pro-
teins identifi ed. Some of the proteins related to energy and metabolism, namely 
chloroplast ATP synthase, ribulose-1,5-bisphosphate carboxylase large subunit, 
ribulose bisphosphate carboxylase activase, and chlorophyll a/b-binding protein 
type III, were increased in accumulation. This may be because GSH plays some role 
in stabilizing the enzymes of the Calvin cycle (Foyer and Halliwell  1976 ). In addi-

  Fig. 6.6    Functional classifi cation of identifi ed proteins from chloroplast-enriched fraction of wild 
type and  NtGp11 . ( a ) Pie chart of proteins identifi ed with increased accumulation ( gray ), decreased 
accumulation ( black ), and newly detected ( white ). ( b ) Bar graph showing functional categorization 
of proteins with increased accumulation. ( c ) Bar graph showing functional categorization of pro-
teins with decreased accumulation. ( d ) Bar graph showing functional categorization of newly 
detected proteins       
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tion, ACC synthase, a rate-limiting enzyme in ET biosynthesis, has been found to 
be induced (newly detected) in  NtGp 11, which corresponds with our transcript anal-
ysis data. The next-most abundant category was that of stress and defense, compris-
ing about 42 % of the identifi ed proteins. We identifi ed HSP70 in our analysis, 
which are a major class of chaperones involved in protein-folding and organelle 
transport and play an important role in biotic and abiotic stress responses (Boston 
et al.  1996 ). Putative serine/threonine protein kinase was also identifi ed, which rep-
resents a class of proteins that appear to act as a “central processor unit,” accepting 
input information from receptors that sense varying environmental conditions and 
stress factors and converting it into appropriate outputs such as changes in metabo-
lism, gene expression, and cell growth and division (Hardie  1999 ). The myb pro-
teins are key factors in regulatory networks controlling development, metabolism, 
and responses to biotic and abiotic stresses (Dubos et al.  2010 ) and are known to be 
induced by the exogenous application of SA (Datta et al.  2013 ). The myb protein 
was also increased in accumulation in the present study.  

6.8     Comparative Proteomics Analysis of  NtGp  Lines 
Under Stress Condition 

  NtGp 11 was noted with a better drought tolerance potential than salinity, a higher 
expression of γ -ECS , as well as higher abiotic stress–induced genes, and so further 
comparative proteomic profi ling was performed with  NtGp 11 in response to drought 
stress. The protein samples for 2-DE analyses were isolated from drought stress–
treated wild-type and  NtGp 11 leaf samples. The differentially accumulated spots as 
identifi ed by comparative protein profi ling were further identifi ed. The number of 
resolved spots from drought stress–treated wild type and  NtGp 11 were approxi-
mately 246 and 272, respectively. A total of 122 spots matched successfully, and 
144 spots were found to be altered in intensity between the drought stress–treated 
wild type and  NtGp 11. The overall mean coeffi cient of variation for intensity of the 
spots matched was determined to be 38.7. Spots showing a statistically signifi cant 
increase or decrease in response to stress treatment were excised from gels of the 
drought stress–treated wild-type and  NtGp 11 samples and were digested with tryp-
sin and identifi ed using MALDI TOF-TOF MS/MS. Among the 43 identifi ed dif-
ferentially accumulated protein spots, 58.13 % and 23.25 % spots were found 
up-accumulated [i.e., the spot intensity in  NtGp 11 is higher than in the wild type 
(control) by twofold or more] and down-accumulated (i.e., the spot intensity in 
 NtGp 11 is lower than in the wild type by twofold or more), respectively, in response 
to drought stress. Also identifi ed were 9.3 % uniquely induced protein spots in 
response to drought stress from stress-treated  NtGp 11 plants and 9.3 % protein spots 
that were restricted only to wild-type plants (Fig.  6.7 ). Several proteins remained 
unidentifi ed because the number and/or intensity of the fragment ions obtained by 
MS/MS was insuffi cient for a signifi cant hit. For further confi rmation on the role of 
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GSH in mitigating drought stress, the identifi ed differentially accumulated proteins 
in response to stress condition were distributed according to their functional catego-
ries. These proteins placed mostly into the categories of stress and defense, energy 
metabolism, carbon metabolism, gene and protein regulation, hypothetical, and 
unnamed proteins. Among the up-accumulated proteins in response to drought 
stress treatment in  NtGp 11, about 36 %, 24 %, and 20 % of the proteins were placed 
in the category of stress and defense, carbon metabolism, and energy metabolism, 
respectively. About 50 % of the down-accumulated proteins against stress condition 
in  NtGp 11 were related to carbon metabolism. Among uniquely induced proteins in 
response to stress in  NtGp 11, 50 % and 25 % of them were grouped under the energy 
metabolism and hormonal response categories, respectively. Several spots appeared 
more than once, which might be the result of different posttranslational modifi ca-
tions of proteins.

   Among the  up - accumulated  proteins in response to drought stress in  NtGp 11, 
spot nos. 4 and 13 had identifi ed to HSP70-like proteins and spot no. 12 identifi ed 
to GSH peroxidise, which also showed a correlation with its gene expression in 
response to drought stress. HSP70 as stress-inducible genes respond to environmen-
tal abiotic stresses such as high/low temperature, drought, and high salinity. The 
sHSPs play a major role in decreasing the intracellular level of ROS, thereby pro-
tecting PSII function during stress. Spot no. 16 had identifi ed to thioredoxin peroxi-
dise, which together with glutathione peroxidase might play dual and distinctive 
roles in ROS homeostasis, acting as a general scavenger and specifi cally relaying 
the ROS signal as an oxidative signal transducer in drought stress signaling. Spot 
no. 10 was identifi ed as chalcone synthase, which is a key enzyme of the fl avonoid/
isofl avonoid biosynthesis pathway. Flavonoids act as an antioxidant, which helps in 
neutralizing the effect of overproduced ROS in plant cell after drought stress. Spot 
no. 18 was identifi ed as elicitor inducible protein EIG-J7, which was reported to be 
expressed in response to a variety of stress conditions, including wounding, drought 
stress, viral infection, and SA treatment. Spot no. 14 had the homology with ACC 
oxidase, which is an important enzyme of the ethylene biosynthetic pathway and it 

  Fig. 6.7    Pie chart of differentially accumulated protein spots in response to 200 mM mannitol 
treatment in wild-type and  NtGp 11 plant after 72 h       
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can be induced by stress. Spot no. 39 had identifi ed to heme oxygenase I, which 
earlier was reported to play a protective role in plants against oxidative stress. 

 Among the  down - accumulated  proteins in  NtGp 11 in response to drought, spot 
nos. 24, 25, and 33 were identifi ed as chlorophyll a/b binding protein type I, 
Photosystem I assembly protein Ycf3, and light harvesting chlorophyll a/b binding 
protein, respectively. Several studies have postulated that these genes were down-
regulated in drought-tolerant plants in response to stress. Downregulation of these 
proteins revealed that there has been a reduction in the photosynthetic rate after 
stress treatment, which might indicate that the  NtGp 11 plant curtailed some of its 
energy expenditure from normal metabolism and utilized it for the development of 
resistance against drought stress. Spot nos. 22 and 38 were identifi ed as maturase 
and homeobox transcription factor KN3. Changes in the expression level of these 
proteins indicated that the development of tolerance against abiotic stress requires 
several changes at the gene and protein regulation levels. These results clearly sug-
gested that γ-ECS was upregulated at the transcription level by drought and salinity 
stress. Overexpression of γ-ECS resulted in enhanced GSH content in  NtGp 11 
plants, ultimately enhancing the tolerance to drought stress by enhancing the germi-
nation rate, water recovery rate, chlorophyll, and proline content compared with the 
wild-type plant, which demonstrated that GSH may be a positive regulator of 
drought tolerance. Drought stress strongly induced γ -ECS  activity in  NtGp 11, 
helped in enhancing the GSH content in the plant cell, which in turn upregulated the 
activities of stress and defense, energy metabolism, carbon metabolism, gene regu-
latory proteins and enzymes, which ultimately helped in minimizing the effect of 
drought in the  NtGp 11 plant. Taken together, we propose an interplay of GSH with 
SA and ET in mitigating drought stress. However, many further studies are neces-
sary to identify the direct GSH targets in response to drought stress.  

6.9     Conclusion and Future Perspectives 

 Plants must survive in this hostile environment as they encounter a wide range of 
stress throughout their life. To overcome this adverse situation as well as to carry 
out their normal life cycle, they have a variety of signaling molecules. The well- 
known members today are SA, JA, ET, ABA, and ROS, which plants use to combat 
various environmental stress conditions. In the past two decades, GSH has gradu-
ally gained in importance and become a molecule of interest to a number of research-
ers, especially in the fi eld of environmental stress management. Although the role 
of GSH in plant defense has long been known, a dearth of information still exists, 
however, regarding the mechanism of how GSH takes part in this complex scenario. 
We have explored the interplay of GSH with various signaling molecules such as 
SA, ET, and ABA, using the genetic engineering approach to develop and establish 
transgenic tobacco overexpressing γ -ECS  constitutively, with enhanced GSH con-
tent and abiotic/biotic stress tolerance potential. Transcriptomic as well as pro-
teomics profi ling identifi ed the genes and proteins related to SA and ET and involved 
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in providing the stress tolerance potential. Taken together, it is more than justifi ed to 
say that, GSH, a dynamic biomolecule, is an active participant in the plant defense 
signaling network primarily through its interaction with SA and ET. This study will 
open up prospects for future investigations on GSH in plant stress management.     
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    Chapter 7   
 Function of Heat-Shock Proteins in Drought 
Tolerance Regulation of Plants                     

       Sruthy     Maria     Augustine    

7.1           Introduction 

 Global warming and associated climate change is predicted to cause longer spells of 
drought than normal. One of the major environmental factors that limits plant growth 
and productivity worldwide is water stress (Valliyodan and Nguyen  2006 ; Flexas 
et al.  2006 ). Plants, because of their sessile nature, are unable to fl ee from unfavor-
able environmental conditions. Plants interact with several environmental factors, 
i.e.,  biotic and abiotic stress factors  , all affecting plant growth and development, 
which consequently become the limiting factor for food production and sustainabil-
ity (Seki et al.  2003 ; Mu et al.  2013 ). Both abiotic and biotic stresses affect the sur-
vival rate, biomass production, and crop yield (Agarwal et al.  2006 ). Abiotic stresses 
such as drought, cold, salinity, chemical pollutants, and heat stresses trigger damage 
to the plants by disrupting cellular structures and impairing major physiological 
functions (Larcher  2003 ). Almost all plants have the ability for stress tolerance, but 
its extent varies from species to species (Chaitanya et al.  2003 ). To cope with abiotic 
stress, plants adopt a series of molecular, physiological, and cellular responses. 

 Drought is one of the major abiotic stresses and is considered as the most cata-
strophic environmental stress leads to reduced plant productivity more than any 
other environmental stress (Lambers et al.  2008 ). Drought stress is an ever-grow-
ing problem, and it is one of the major limitations for crop production (Jones and 
Bradley  1992 ). Water is becoming an increasingly scarce and precious commodity. 
Currently, the agricultural sector uses 75 % of the total global consumption of 
water (Molden  2007 ). Climate change will probably reduce the available water 
further and that increasing the need for drought-tolerant crops (Hamdy et al.  2003 ). 
Besides the complexity of  drought   itself, the plant’s responses to drought are complex 
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and acquire different mechanisms when they experience drought (Levitt  1980 ; 
Jones  2004 ). In drought stress, plants exhibit morphological, biochemical, physio-
logical, and molecular changes (Greenway and Munns  1980 ; Hasegawa et al.  2000 ; 
Dubouzet et al.  2003 ). When plants are exposed to mild stress for the fi rst time, it 
enables them to perform better when exposed to severe stress for the second time. 

 Drought stress has an effect on different developmental stages of the  plant  , i.e., 
germination, maturation, and senescence (Gyoergyey et al.  1991 ; Leprince et al. 
 1993 ; Hall  1993 ; Gagliardi et al.  1995 ; Kermode  1997 ). The developmental and 
physiological processes of the plants are negatively affected by drought stress. 
Stress becomes one of the major constraints of plant  adaptation   when it occurs at 
key developmental stages such as reproduction (Hall  2001 ). In a water defi cit condi-
tion, plants experience stress at the cellular level and to protect themselves, they 
change their metabolism. The level of drought tolerance varies in plant species, 
even between genotypes of the same species, and it can be analyzed by the growth 
and productivity of the plant under drought stress conditions. Drought tolerance is 
a complex process that differs according to the severity of stress, age of the plant, 
and the water use effi ciency. Moreover, drought stress may occur along with other 
abiotic or biotic stresses leading to a multi-stress environment to the plant. 

 Any change in the optimal growth conditions is perceived by plants as stress and 
transduced in the form of signals involving protein phosphorylation and/or dephos-
phorylation, calcium sensing, protein degradation, etc. In plants, one of the major 
problems caused by abiotic stress is protein dysfunction. Heat-shock proteins are a 
group of proteins that are expressed at high levels when exposed to stress, but are 
also present in cells under normal environmental conditions. As these proteins were 
fi rst found in cells that were exposed to high temperature, they were named as heat- 
shock proteins. Hsp family in plants is larger compared to other kingdoms probably 
as a result of adaptation towards a wide range of stresses. The increase in expression 
of Hsps is transcriptionally regulated mostly by heat-shock  factors      (HSF). Heat- 
shock proteins are also called as  molecular chaperones  , which bind and stabilize 
proteins at various intermediate stages of its formation and helps in folding, assem-
bly, degradation, and translocation across membranes. The mechanisms that are 
involved in adaptation, tolerance, and resistance to water stress are still elusive. The 
genes that are involved in the protection and repair mechanism, e.g., Hsps are not 
characterized fully and their functional role remains unknown. 

 The gene expression pattern, proteomics, and transcriptomics studies have iden-
tifi ed the regulation and activation of several drought stress-related transcripts and 
proteins, which are generally classifi ed into two major groups. 

 The fi rst group (  functional proteins   ) includes proteins that probably function in 
stress tolerance. They are protection factors such as LEA (Late Embryogenesis 
Abundant) proteins, chaperones and lipid transfer proteins, proteins involved in 
repair and protection from damage, that include proteinases, protease inhibitors, 
plant defense-related proteins, detoxifi cation enzymes, and proteins involved in 
synthesis of osmoprotectants (proline, glycine betaine, and sugars). This group also 
includes proteins that have a role in cellular metabolic processes such as  carbohydrate 
metabolism, fatty acid metabolism, secondary metabolism, proteins regulated by 
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plant hormones (ABA, auxin, and JA), RNA-binding proteins, biosynthesis of plant 
hormones (ABA, ethylene, IAA, and JA), cellular structure, and organization- related 
proteins such as arabinogalactan proteins, senescence-related proteins, cytochrome 
P450, alcohol dehydrogenase, aldehyde dehydrogenase, reproduction development-
related proteins such as pollen coat-like protein and respiration-related proteins such 
as fl avin-containing monooxygenase. 

 The second group (  regulatory proteins   ) is involved in regulation of signal trans-
duction and transcription as part of drought response. These are transcription  factor  s 
of multiple gene families such as DREB, ERF, zinc fi nger, WRKY, MYB, MYC, 
HD-ZIP, bZIP, and NAC families. Among the regulatory proteins, protein kinases 
such as MAPK, CDPK, S6K, and PRK can be found. This group also includes pro-
tein phosphatases such as PP2C, PI turnover-related proteins such as PLC, PLD, 
PIP5K, DGK, and PAP, and calmodulin-binding protein and Ca 2+ -binding proteins. 
Understanding the mechanisms by which how the plants recognize environmental 
signals and transmit such signals to the cellular machinery to activate responses is a 
fundamental issue in crop improvement and is vital for the continued development 
of breeding and transgenic strategies to improve stress tolerance in  crop plants  . 

7.1.1     Mechanism of Drought  Tolerance      

 Plants have adopted different ways to  adapt   to drought stress namely drought escape, 
drought avoidance, and drought tolerance strategies. Plants that have the ability to 
escape drought show a rapid phenological development and high degree of develop-
mental plasticity and being able to complete their life cycle before physiological 
water defi cit occurs (Blum  1988 ). In drought adaptation strategies, i.e., by avoiding 
drought (growth stopped at the dry season), developing structures that help for the 
conservation of water or by increasing the water use effi ciency (Price et al.  2002 ). 
Drought tolerance is defi ned as the relative capacity of plants to maintain functional 
growth under low leaf water status. Drought-tolerant plants have developed mecha-
nisms to avoid water loss, stabilize or repair damaged proteins (Hsps, LEAs), and by 
the antioxidant mechanism.   

7.2     Heat-Shock Protein  Families   

 The Italian Scientist R. Ritossa observed a “new puffi ng pattern” in the gene expression 
of the chromosomes of  Drosophila melanogaster  after exposure to heat. This 
marked the beginning of the discovery of heat-shock proteins. Later on, these pro-
teins were identifi ed and named as heat-shock protein (HSP) (Tissieres et al.  1974 ). 
Because of its heat-shock response characteristics, i.e., increased expression under 
heat stress, researchers started studying the relationship of the synthesis of these 
proteins with stress tolerance. Heat-shock proteins were identifi ed in almost all 
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organisms (Bharti and Nover  2002 ). All the identifi ed Hsps have a carboxylic terminal 
called heat-shock domain (Helm et al.  1993 ) and the molecular weights ranging 
from 10 to 200 kDa. Hsps are also referred to as chaperones where they involved 
in the induction of signaling mechanism during heat stress (Schoffl  et al.  1999 ). 
The induced expression of heat-shock genes are mediated by the activation of heat- 
shock  transcription factors   (HSFs) that bind to the heat-shock elements in the pro-
moter region (Sorger and Nelson  1989 ). The gene coding for HSF has been isolated 
and characterized from Drosophila, yeast, mice, chicken, humans (Wu  1995 ), 
tomato (Scharf et al.  1990 ), maize (Gagliardi et al.  1995 ),  Arabidopsis  (Hubel and 
Schoffl   1994 ), and soybean (Czarnecka-Verner et al.  2000 ). 

 Heat-shock proteins of archaea have been classifi ed on the basis of  their   approxi-
mate molecular weight into: (1) Heat-shock proteins 100 kDa, i.e., Hsp100, (2) 
Hsp90, (3) Hsp70, (4) Hsp60, and small heat-shock proteins (sHsps), where the 
molecular weight ranges from 15 to 42 kDa (Trent  1996 ). The sHsps are usually 
occurring as a complex of small subunits and the molecular weight ranges from 200 
to 800 kDa (Kim et al.  1998 ). 

 The abbreviations of  Hsps   names of bacteria differ from those in eukaryotic cells 
except for sHSPs and the nomenclature is given below:

  Escherichia coli   Eukaryotic cell 

 ClpB  Hsp100 
 HtpG  Hsp90 
 Dnak  Hsp70 
 GroEL  Hsp60 

   Heat-shock proteins  in mammals   are not different from those of bacteria except 
for the presence of Hsp33 in the bacterial system (Schlesinger  1990 ). Mammalian 
Hsps were grouped into fi ve families (Kregel  2002 ) and are listed in Table  7.1 .

   Table 7.1    Families of Hsps in mammalian system, cellular location, and proposed functions 
(Kregel  2002 )   

 HSP families  Cellular location  Proposed functions 

 Hsp27 (sHSP)  Cytosol, nucleus  Microfi lament 
 stabilization, antiapoptotic 

 Hsp60  Mitochondria  Refolds proteins and prevent aggregation of 
denatured proteins, proapoptotic 

 Hsp70 family:  Antiapoptotic 
 Hsp72(Hsp70)  Cytosol, nucleus  Protein folding, cytoprotection 
 Hsp73(Hsc70)  Cytosol, nucleus  Molecular chaperones 
 Hsp75(mHsp70)  Mitochondria  Molecular chaperones 
 Hsp78(GRP78)  Endoplasmic reticulum  Cytoprotection, molecular chaperones 
 Hsp90  Cytosol, endoplasmic 

reticulum, nucleus 
 Regulation of steroid hormone receptors, protein 
translocation 

 Hsp110/104  Cytosol  Protein folding 
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   In plants, Hsps are conservatively characterized as fi ve principal classes based on 
their approximate molecular weight and they are: (1) Hsp100, (2) Hsp90, (3) Hsp70, 
(4) Hsp60, and (5) small heat-shock proteins (sHsps) (Table  7.2 ) (Schlesinger  1990 ; 
Schoffl  et al.  1999 ; Kotak et al.  2007 ). In addition to major families, other proteins 
are also reported with chaperone functions, for example, protein disulfi de isomerase 
and calnexin/calreticulin, which assist in protein folding in the endoplasmic reticu-
lum (ER). Molecular Hsps/chaperones are located in both the cytoplasm and organ-
elles, such as the nucleus, mitochondria, chloroplasts, and ER. Although the role of 
Hsps/chaperones has been revealed profoundly in other organisms, very little is 
known in plants. Here, we discuss the role of heat-shock proteins in plants along 
with the major recent fi ndings describing its relation to abiotic stress responses 
(Table  7.2  footnote). Hsps are one of the important classes of stress-responsive 
proteins that play a key role in direct stress tolerance. In addition, Hsps also act via 
cross talk with other signaling pathways and function cooperatively with other com-
ponents to decrease cellular damage.

   The general aspects of Hsps have been discussed in detail in several previous 
reviews (Waters et al.  1996 ; Boston et al.  1996 ; Vierling  1991 ; Bukau and Horwich 
 1998 ; Hartl  1996 ; Frydman  2001 ; Buchner  1999 ; Morimoto  1998 ; Ranson et al.  1998 ; 
Miernyk  1997 ).  

7.3     Role of Heat-Shock Proteins 

    The protein function is determined by its formation and folding into three- dimensional 
structures (Levitt et al.  1997 ). Fifty-percent of principle amino acid sequence is 
required for the formation of three-dimensional structure (Dobson et al.  1998 ). That 
is where the function of Hsps in the folding of other proteins is important. Hsps are 
usually cytosolic proteins and are induced by heat or any other stress at any stage of 
plant growth that has a major function in various intracellular processes. Maintaining 
the proper conformation of the protein and preventing the aggregation of non-native 
proteins are the key steps for survival of the cell under stress. In normal cellular pro-
cesses, heat-shock proteins (Hsps) are responsible for protein folding, translocation 
and assembly, degradation, stabilize proteins and membranes, and during stress con-
dition, it can assist in protein refolding. High temperature and other stresses make it 
more diffi cult for proteins to form proper tertiary structures and cause unfolding of 
some already structured proteins. When left uncorrected, they may form aggregates 
and cause the death of the cell. Hsps are induced rapidly at high levels to deal with 
this type of problem (Wang et al.  2004 ). They can play a crucial role in protecting 
plants against stress by reestablishing normal protein conformation and thus 
cellular homeostasis. Moreover, Hsps are able to protect the cells from injury and 
can also facilitate recovery and survival after return to normal growth conditions 
(Morimoto  1998 ). 

 Heat-shock proteins are also expressed under normal condition at moderate or 
low level because of their essential roles in protein maintenance, such as proper 
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    Table 7.2    Five major classes of plant Hsps/molecular chaperones and their subfamilies, including 
specifi c examples for direct involvement of Hsps/molecular chaperones in plant tolerance to stress 
(Wang et al.  2004 )   

 Classes 
 Representative 
members 

 Intracellular 
localization  Major functions  References 

 HSP70 Subfamily:  Preventing aggregation, 
assisting refolding, 
protein import and 
translocation, signal 
transduction, and 
transcriptional 
activation 

 Boston et al. 
 1996 ; 
Vierling 
 1991 ; 
Morimoto 
 1998 . 

 Dank  Hsp/Hsc70  Cytosol 
 Hsp70  Chloroplast, 

mitochondria 
 Bip a   Endoplasmic 

reticulum 
 HSP110/SSE  Hsp91  Cytosol 
 Chaperonin/
HSP60 Subfamily: 

 Folding and assisting 
refolding 

 Boston et al. 
 1996 ; Hartl 
 1996 ; 
Morimoto 
 1998 . 

 Group l  Cpn60 b   Chloroplast, 
mitochondria 

 Group ll  CCt c   Cytosol 
 HSP90  Hsp90  Facilitating maturation 

of signaling molecules, 
genetic buffering 

 Boston et al. 
 1996 ; Young 
et al.  2001a , 
 b ; Krishna 
and Gloor 
 2001 . 

 AtHsp90-1  Cytosol 
 AtHsp90-5  Chloroplast 
 AtHsp90-6  Mitochondria 
 AtHsp90-7  Endoplasmic 

reticulum 
 HSP100/Clp 
Subfamily: 

 Hsp100 d   Disaggregation, 
unfolding 

 Schirmer 
et al.  1996 ; 
Goloubinoff 
et al.  1999  

 Class l:  ClpB, ClpA/C 
 ClpD  Cytosol, 

mitochondria 
 Class ll:  ClpM, ClpN  Chloroplast 

 ClpX, ClpY  Chloroplast 
 sHSP Subfamily:  Preventing aggregation, 

stabilizing non-native 
proteins 

 Waters et al. 
 1996 ; Boston 
et al.  1996 ; 
Vierling  1991  

 l  Hsp17.6  Cytosol 
 ll  Hsp17.9  Cytosol 
 lll  Hsp21  Chloroplast 

 Hsp26.2 e  
 lV  Hsp22  Endoplasmic 

reticulum 
 V  Hsp23 e   Mitochondria 
 Vl  Hsp22.3  Membrane 

   a Enhanced accumulation of BiP in  Nicotiana tabacum  protoplast and transgenic plants conferred 
tolerance to water stress (Alvim et al.  2001a ,  b ) 
  b Deletion of LEN1 (Cpn60b) triggered cell death in Arabidopsis (Ishikawa et al.  2003 ) 
  c CCTa from the mangrove plant  Bruguiera sexangula  enhanced the salt and osmotic stress toler-
ance of  Escherichia coli  transformants (Yamada et al.  2002 ) 
  d Hsp100 functional complementation of the temperature-sensitive yeast Hsp104 mutant cells was 
shown using AtHsp101 and gmhps101 cDNAs (Lee et al.  1994 ; Agarwal et al.  2001 ) 
  e  Zea mays  mitochondrial sHsp improved mitochondrial electron transport during salt stress, mainly 
by protection of the NADH: ubiquinone oxidoreductase activity (Complex I), but it failed to pro-
tect enzymes associated with Complex II (Hamilton and Heckathorn  2001 ). A mutant of the chlo-
roplast sHsp of  Agrostis stolonifera  grass, sHsp26.2, with a point mutation that generated a 
premature stop-codon (sHsp26.2m) was isolated from a heat-sensitive variant; protein product of 
the mutant was not accumulated upon heat stress (Wang and Luthe  2003 )  
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folding of newly synthesized protein. These are found in all organisms and have 
highly conserved sequences and tertiary structures. Hsps have a role in maintaining 
the membrane integrity during stress (Tsvetkova et al.  2002 ). The correlation 
between synthesis and accumulation of Hsps and heat tolerance suggests but does 
not prove that these are related. Binding of ATP and its hydrolysis are the essential 
steps for the chaperone activity of Hsp proteins both  in vitro and in vivo    (Mayer 
and Bukau  2005 ). One hypothesis is that HspP70 participates in ATP-dependent 
protein unfolding or assembly/disassembly reactions, and they prevent the protein 
denaturation during stress (Pelham  1986 ). Heat-shock proteins are involved in alter-
ing the biochemical processes necessary for drought  adaptation   (Iba  2002 ). Based 
on the previous studies, the roles of Hsps can be categorized into three: (1) refold 
denatured proteins; (2) participation in the fi nalization of newly synthesized pro-
teins; (3) removal of protein aggregation (Trent  1996 ). 

7.3.1     Heat-Shock Protein  70   

 Heat-shock protein 70 (Hsp70) proteins are one of the large families of highly con-
served molecular chaperones and are extensively found in almost all organisms 
(Boorstein et al.  1994 ). This protein varies from 68 to 110 kDa. Hsp70 family proteins 
protect proteins under heat stress. In addition, it helps in the transport of proteins 
into mitochondria and to the endoplasmic reticulum. The sequence similarity 
between bacteria and eukaryotic Hsps is approximately 50 %, suggesting its crucial 
role in living  organisms   (Boorstein et al.  1994 ; Boston et al.  1996 ). Besides their 
known functions like prevention of aggregation and refolding of non-native proteins 
in stress condition, Hsp70 proteins also have critical roles in housekeeping activities 
under normal conditions. In addition to the stress-inducible Hsp70s, some Hsp70 
homologs are also called  heat-shock cognate 70 (HSC70)  . HSC70 are constitutively 
expressed in the cytosol, and the role is to stabilize nascent proteins that are being 
released from ribosomes, preventing the misfolding and aggregation of partially 
synthesized polypeptide chains before the end of protein expression (Boston et al. 
 1996 ; Fink  1999 ). 

  In  Arabidopsis   , the Hsp70 family has 18 members, 9 in the cytosol, 4 in the ER, 
3 in the chloroplast, and 2 in the mitochondrion (Lin et al.  2001 ; Sung et al.  2001 ). 
Most of the Hsp70 proteins in plants share similar structures compared to other 
higher eukaryotes. The Hsp70 proteins play a major role in a wide range of pro-
cesses, including the folding and assembly of newly synthesized proteins, mem-
brane translocation of organellar and secretory proteins, refolding of misfolded 
and aggregated proteins, and control of the activity of regulatory proteins (Bukau 
et al.  2000 ; Hartl and Hayer-Hartl  2002 ; Young et al.  2003 ). The Hsp70 proteins 
achieved the cellular functions through (1) the amplifi cation and diversifi cation of 
 Hsp70  genes in evolution that helps the generation of specialized Hsp70 chaperones, 
(2) Hsp70 chaperones selectively recruited the co-chaperones to fulfi ll specifi c 
cellular functions and (3) Association of Hsp70s with other chaperone systems to 
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extent their activity spectrum (Mayer and Bukau  2005 ). Hsp70 proteins along with 
their co-chaperones and cooperating chaperones constitute a complex network of 
folding machines. 

7.3.1.1      Protein Folding Process   Assisted by Hsp70 

 The function of Hsp70 in the folding of non-native proteins can be divided into 
three categories: preventing aggregation of the polypeptide, help to fold properly to 
the native state, and solubilization and refolding of aggregated proteins (Mayer and 
Bukau  2005 ). Hsp70 proteins, together with one of the co-chaperones of the 
J-domain protein (JDP) family, prevent the non-native proteins aggregation through 
association with the hydrophobic patches of substrate molecules that shields them 
from any intermolecular interactions. The crucial role of JDPs is to mediate the 
ATP hydrolysis-dependent locking of substrates into the binding cavity of Hsp70 
proteins, and this is very essential for almost all chaperone activities of Hsp70 pro-
teins (Laufen et al.  1998 ; Kelley  1999 ). Hsp70 chaperone also helps in non-native 
folding intermediates to fold to the native state (Mayer and Bukau  2005 ).    The 
mechanism behind Hsp70-chaperones role in the folding of non-native substrates is 
still  unclear  .   

7.3.2     Heat-Shock Protein  60   

  Heat-shock protein 60 (Hsp60)   was the fi rst molecular chaperone to be identifi ed 
(Vierling  1991 ), and it is also known as chaperonin 60 (cpn60). The term chapero-
nins (Hsp60) was fi rst suggested (Hemmingsen et al.  1988 ) to describe one of the 
molecular chaperone classes that are evolutionarily homologous to  E. coli  GroEL, 
a class of molecular chaperones found in prokaryotes and in the plastids and mito-
chondria of eukaryotes (Boston et al.  1996 ; Hartl  1996 ). Hsp60 also plays a major 
role in ATP-dependent protein folding like Hsp70. The Hsp60 and Hsp70 families 
share some overlapping function (Hartl  1996 ), but their structures and mechanisms 
are distinct. Hsp60 has an important role in assisting plastid proteins such as Rubisco 
(Wang et al.  2004 ). Previous studies stated that Hsp60 might participate in folding 
and aggregation of many proteins that were transported to organelles such as chlo-
roplasts and mitochondria (Lubben et al.  1989 ). Hsp60 prevents the protein aggre-
gation by binding to them after their transcription and before folding (Parsell and 
Lindquist  1993 ). Functionally, plant chaperonins are limited and the stromal 
chaperones (Hsp70 and Hsp60) are involved in attaining functional conformation of 
newly imported proteins to the chloroplast (Jackson-Constan et al.  2001 ). 
Characterization of the functions of plant chaperonins is still scanty, but it is widely 
 agreed   that they are important in facilitating plastid proteins such as  Rubisco   
(Boston et al.  1996 ; Hemmingsen et al.  1988 )  
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7.3.3     Heat-Shock Protein  90      

 Heat-shock protein 90 (Hsp90) is distinct from many other molecular chaperones, 
and the protein varies from 82 to 96 kDa. Most of the known substrates for Hsp90 to 
date are signal-transduction proteins such as signaling kinases and steroid hormone 
receptors (Young et al.  2001a ,  b ). Hsp90 requires ATP for its functions and is one of 
the most abundant proteins in the cell, i.e., 1–2 % of total cellular protein (Frydman 
 2001 ). The major role of Hsp90 is to manage protein folding (Frydman  2001 ; 
Buchner  1999 ), but it also plays a key role in signal-transduction networks, cell-cycle 
control, protein degradation, and protein traffi cking (Young et al.  2001a ,  b ; Richter 
and Buchner  2001 ; Pratt et al.  2001 ). Hsp90 proteins are widely expressed in most 
organisms and these are ATP-dependent molecular chaperones (Pearl and Prodromou 
 2006 ). Hsp90 proteins usually interact with moderately well-folded proteins that are 
involved in signal-transduction pathways and transcription regulation instead of 
binding a wide spectrum of unfolded proteins (Majoul et al.  2003 ; Zhao et al.  2005 ). 
One of the major functions of Hsp90 is to help in the formation of large protein com-
plexes involving multiple co-chaperones, including Hsp70 and Hsp40 that indicates 
a close collaboration between different chaperone families (Zhao et al.  2005 ). 
Furthermore, it might also have a role in morphological evolution and stress  adapta-
tion   in Drosophila and  Arabidopsis  (Rutherford and Lindquist  1998 ; Queitsch et al. 
 2002 ). Imai et al. ( 2003 ) reported that Hsp90 interacts with the 26S proteasome and 
plays a crucial role in its assembly and maintenance. Hsp90 also plays a major role 
in modulating the cellular signals, i.e., regulating the activity of glucocorticoid 
receptor activity (Pratt et al.  2004 ). 

 Hsp90 genes that are localized at cytosol, ER, and plastid have been isolated 
from several plant species and that shares 63–71 % amino acid similarities with 
yeast and animal origin Hsp90 gene (Krishna and Gloor  2001 ). Hsp90 chaperones 
are constitutively expressed in both prokaryotes and eukaryotes; in addition, their 
expression increases in response to stress in most organisms. In  Arabidopsis , Hsp90 
expression is developmentally regulated and responds to cold, heat, heavy metals, 
salt stress, phyto-hormones, and light and dark transitions (Krishna and Gloor  2001 ; 
Milioni and Hatzopoulos  1997 ). Rutherford and Lindquist ( 1998 ) stated that Hsp90 
also assists the functions of mutated proteins that participate in the signaling pathways 
of development and  morphogenesis     .  

7.3.4     Heat-Shock Protein 100/Clp  Family      

 Heat-shock protein 100 (Hsp100) is another class of ATP-dependent molecular 
chaperones. The Hsp100 family is the member of the larger superfamily AAA 
ATPase with diverse functional properties (Schirmer et al.  1996 ; Neuwald et al.  1999 ). 
The uniqueness of Hsp100 family is their ability to solubilize aggregated proteins 
and involvement in protein degradation (Horwich  1995 ; Boston et al.  1996 ). 
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The removal of polypeptides that are nonfunctional and potentially harmful resulting 
from degradation, misfolding, or aggregation is crucial for maintaining the cellular 
homeostasis. Unlike other Hsp100 proteins, some members are not involved in pro-
tein degradation, i.e., Hsp101, Hsp104, and ClpB. One of the cytoplasmic members 
of this class is necessary for thermal stress tolerance but not necessary for the ger-
mination and growth of the plant under normal environmental conditions (Queitsch 
et al.  2000 ; Hong and Vierling  2001 ). The functions of Hsp100 family protein are 
not restricted to thermal stress tolerance but also involve housekeeping functions, 
which are important for chloroplast development (Lee et al.  2006 ). Gurley ( 2000 ) 
suggested that Hsp100 family proteins involve and facilitate the normal situation of 
the plant after severe stress. 

 Hsp100 plays an important role in plant survival in case of severe heat stress 
(Hong and Vierling  2000a ,  b ), but it is absent in Drosophila and some vertebrates 
that depend on Hsp70 and other Hsps to prevent aggregation following refolding 
under severe heat stress (Gurley  2000 ; Xu et al.  2012 ). In  addition      to its role in 
stress tolerance, it also plays a major role under normal growth condition (Tonsor 
et al.  2008 ).  

7.3.5     Small Heat-Shock  Proteins      

 Small heat-shock proteins (sHsps) are ubiquitous molecular chaperones and the 
molecular weights ranging from 12 to 42 kDa. These are heat inducible, exhibit 
chaperone activity in vitro ,  and thermo protection in vivo. The common structure 
of this protein is an alpha-crystallin domain containing 80–100 amino acid resi-
dues present in the C-terminal region (Seo et al.  2006 ). One of the distinctive func-
tions of this class of protein is the degradation of proteins that have inappropriate 
folding. Heat-induced dissociation of sHsp oligomers may reveal the hydrophobic 
patches inside the oligomeric interface that results in binding and stabilization of 
 denatured      proteins (Van Montfort et al.  2001 ). One of the characteristic proteins is 
the sHsp ubiquitin and its molecular weight is 8.5 kDa with its bound enzymes 
(Ferguson et al.  1990 ). 

 sHsps do not have a known protein folding role, but they associate with Hsp70 
and help in the repair of denatured proteins (Lee and Vierling  2000 ). Another distinc-
tive feature of sHsps is that their activity is independent from ATP (Miernyk  1999 ). 
sHsps are not able to refold non-native proteins, but they prevent the irreversible 
unfolding or wrong protein aggregation by binding to partially folded or denatured 
substrate proteins (Sun et al.  2002 ). Previous studies showed that under in vitro con-
ditions sHsp 18.1 isolated from  Pisum sativum , and the sHsp 16.6 from  Synechocystis  
spp. binds to unfolded proteins and allows further refolding by Hsp70/Hsp100 com-
plexes (Mogk et al.  2003 ). Moreover, small heat-shock proteins play an important 
role in membrane quality control and thereby  maintaining      the membrane integrity 
under stress conditions (Nakamoto and Vıgh  2007 ).   
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7.4     Phenomena of Induction of Hsps in Plants 
During  Drought Stress      

 The major function that we know for Hsp is protein folding and traffi cking of 
signaling proteins (Vierling  1991 ; Pratt et al.  2001 ; Wang et al.  2004 ). In the cell, 
Hsps are ubiquitous and found in all subcellular locations. Hsps in higher plants 
were fi rst observed in tobacco and soybean cell culture (Barnett et al.  1980 ). The 
expression of Hsp occurs in different phases of the plant life cycle (pollen develop-
ment, seed development, and germination), and it is suggested that they might play 
a major role in stress (drought, heat, and salinity) tolerance (Almoguera and Jordano 
 1992 ; DeRocher and Vierling  1994 ; Wehmeyer et al.  1996 ). The abundance and 
diversifi cation of Hsps in plant refl ect the extensive role of Hsps in stress tolerance 
mechanism. The expression of Hsps under stress is intense, rapid, and transient sug-
gesting that it is an emergency response of the plant to the stress. Key et al. ( 1981 ) 
reported that when soybean was treated at 40 °C for four hours, ten new proteins 
identifi ed but they disappeared when treated at 28 °C for 3 h. The gene expression 
analysis in rice showed that expression of Hsp87 was high after 2 h of heat shock 
and stable even after 4 h of heat treatment. In addition, Hsp90 was also induced in 
the presence of other stresses such as drought, salinity, and cold (Pareek et al.  1998 ). 

 Liu et al. ( 2006 ) reported that Hsp90 is involved in the abiotic  stress   tolerance in 
plants, especially salinity, desiccation, high pH, and temperature. The synthesis of 
Hsp both qualitatively and quantitatively was dependent on cell or tissue type and/or 
the degree of differentiation and development. Studies also reported the presence of 
 Hsps in plants   when subjected to two or more stresses at the same time. Under natu-
ral environmental condition, heat stress is usually accompanied by drought, salinity, 
high radiation, or other abiotic/biotic stress, but the studies of this kind are scanty. 
Wallner et al. ( 1982 ) suggested that heat and drought stresses are often  correlated in 
plants. Heat stress is often coexisting with the drought stress; the expression of Hsp 
genes under drought stress is not surprising for the same reason. One such study was 
conducted in cotton plant ( Gossypium hirsutum ) under irrigated and nonirrigated 
condition, where most of the growth parameters decreased to 80–85 % (Burke et al. 
 1985 ). The sHsp 17.4 expression levels were higher in drought-tolerant  Arabidopsis  
seeds than in the non-tolerant seed. This suggests that sHsp has a protective role in 
drought stress (Wehmeyer and Vierling  2000 ). 

 The Hsps that accumulate in response to heat stress or other abiotic stress such 
as drought or salinity are developmentally regulated (Vierling  1991 ). Heikkila 
et al. ( 1984 ) reported a relationship between ABA, drought stress, and the expres-
sion of Hsp70 genes. In  Erianthus arundinaceus,  a highly drought-tolerant plant 
(Augustine et al.  2014 ), Hsp70 was expressed sevenfold higher under drought-
stressed condition compared to the irrigated plants (Augustine et al.  2015 ). 
Up-regulation of some of the Hsps is only during the photosynthetic acclimation, 
e.g., Hsc70-1 and Hsc70-3 (Vasquez-Robinet et al.  2008 ). In pine trees, the mito-
chondrial Hsps, i.e., mitochondrial Hsp70 and sHsp have a major role in high 

7 Function of Heat-Shock Proteins in Drought Tolerance Regulation of Plants



174

intensity drought stress and the expression of these genes increased at each cycle 
of severe stress (Vasquez-Robinet et al.  2008 ), which might be due to the increased 
antioxidant proteins in the mitochondria during severe drought stress. Moreover, 
they reported that a homolog of   Arabidopsis    Hsp90-7 was up-regulated in pine 
trees after rehydration. Kuznetsov et al. ( 1999 ) reported that  adaptation   of cotton 
plant to drought stress was along with  resistance      to high temperature. The induc-
tion of Hsp was reported in both laboratory and fi eld grown plants when subjected 
to drought stress (Prasad  1997 ; Augustine et al.  2014 ). 

 Hu et al. ( 2009 ) analyzed the expression profi ling of heat-stressed rice and com-
pared with the data for drought, cold, and salt stresses. From the study, they con-
cluded that Hsps and HSFs are probably involved in the cross talk of different stress 
signal networks. In general, Hsps and HSFs are induced by heat, drought, cold, and 
salinity. Previous studies reported that there is a relationship between heat stress 
and osmotic stress as both stress signaling pathways leading to the expression of 
Hsps (Dat et al.  1998 ; Lee et al.  2000 ).  

7.5     Transgenic Plants Overexpressing Hsps and Drought 
 Stress   Tolerance in  Plants      

 Global climate change causes a major threat in water availability in the past and still 
further in a larger amount of land (Hamdy et al.  2003 ), and this leads to an increased 
need for drought-tolerant crops. The variation in the expression of stress-responsive 
genes in the tolerant and sensitive plants revealed that tolerance is conferred by the 
mechanism that is genetically encoded (Bray  1993 ). One of the central themes in 
plant stress studies is the identifi cation and isolation of the stress-responsive genes. 
Stress-induced gene expression can be broadly categorized into three groups: (1) 
genes encoding proteins with known enzymatic or structural functions, (2) proteins 
with yet unknown functions, and (3) regulatory proteins. Previously, transgenics for 
abiotic stress tolerance was developed by using genes that are responsible for the 
modifi cation of a single metabolite that would ultimately lead to increased tolerance 
to drought or salt stress. In the last century, genetic improvement of grass germ-
plasms was contributed by conventional breeding (Humphreys  1999 ). Now, the 
technology is available to make pinpoint genetic changes by using direct gene trans-
fer methods like biolistic transformation and agrobacterium-mediated transforma-
tion in grass species (Sticklen and Kenna  1998 ; Wang and Ge  2006 ). Although it is 
well established that transgenic plants overexpressing heat-shock proteins show 
enhanced tolerance to heat stress, little is known for drought stress tolerance. In case 
of rice, the incorporation of  Hsp  genes provide increased heat tolerance. For exam-
ple, thermotolerance was improved in the transgenic rice by overexpressing 
 Arabidopsis Hsp101  gene (Katiyar-Agarwal et al.  2003 ). Overexpression of a rice 
chloroplast  sHsp  ( OsHsp26 )  gene      improves tolerance to heat  and   oxidative stress in 
 E. coli  (Lee et al.  2000 ), and in rice the overexpression of sHsp17.7 enhanced both 
heat tolerance and UV-B resistance (Murakami et al.  2004 ) (Table  7.3 ).
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7.6        Summary and Conclusions 

 Drought is one of the major threats facing agriculture in recent times. Climate 
change will signifi cantly affect the sustainable water content in the coming decades. 
Drought stress leads to the induced expression of stress-responsive genes, e.g., Hsps 
and increased abundance of their protein. These  stress-responsive proteins   help the 
plant to adapt to the stressful environment through physiological, biochemical, and 
molecular pathways. Most of the stresses induce proteins that are specifi c to the stress. 
However, some proteins are common and expressed in more than one type of stress. 
Cold, drought, salinity, and heat lead to the expression of some common proteins. 
Many of the stress-responsive genes have been isolated and characterized. 

 Hsps play a major role in stress tolerance mechanism and cellular protein homeo-
stasis, but we don’t yet know how Hsps act as regulatory molecules, participate in 
stress signaling mechanism and activation of stress-responsive genes. Recent study 
showed that introduction of single Hsp70 gene is suffi cient for providing stress 
(drought and salinity) tolerance in crop  plant   (Augustine et al.  2015 ). Nevertheless, 
further experiments are necessary to determine the regulatory role of Hsp. Hsps are 
thought to be expressed in both normal and stressful conditions. The molecular 
mechanisms underlying these processes and the role of Hsps in protecting plant 
from drought stress is still needed to be elucidated. Until now, the research mainly 
focuses on the identifi cation of changes in the expression of Hsps under stress. 
Moreover, in several cases, the induced expression of Hsps under stress is mostly 
based on in vitro experiments because of the lack of availability of mutants for the 
specifi c Hsp. Future research should focus mainly on the generation of mutant 
plants for specifi c Hsps (Hong and Vierling  2000a ,  b ; Hong et al.  2003 ). In addition, 
the response of the plant to more than one stress simultaneously with changes in the 
expression of Hsps is also important. A detailed study regarding the cross talk 
between Hsps and other stress response mechanisms in plants will provide a more 
in-depth understanding of acquired stress tolerance in plants. Moreover,  functional 
  identifi cation of the Hsps under drought stress will be of immense help in producing 
stress-tolerant plants using transgenic technology.     

   References 

    Agarwal M, et al. Arabidopsis thaliana Hsp100 proteins: kith and kin. Cell Stress Chaperones. 
2001;6:219–24.  

    Agarwal PK, Agarwal P, Reddy MK, Sopory SK. Role of DREB transcription factors in abiotic 
and biotic stress tolerance in plants. Plant Cell Rep. 2006;25:1263–74.  

    Almoguera C, Jordano J. Developmental and environmental concurrent expression of sunfl ower 
dry-seed-stored low-molecular-weight heat-shock protein and Lea mRNAs. Plant Mol Biol. 
1992;19:781–92.  

    Alvim FC, Carolino SM, Cascardo JC, Nunes CC, Martinez CA, Otoni WC, Fontes EP. Enhanced 
accumulation of BiP in transgenic plants confers tolerance to water stress. Plant Physiol. 
2001a;126:1042–54.  

S.M. Augustine



179

    Alvim FC, et al. Enhanced accumulation of BiP in transgenic plants confers tolerance to water 
stress. Plant Physiol. 2001b;126:1042–54.  

     Augustine SM, Syamaladevi DP, Premachandran MN, Ravichandran V, Subramonian N. 
Physiological and molecular insights to drought responsiveness in  Erianthus  spp. Sugar Tech. 
2014. doi:  10.1007/s12355-014-0312-7    .  

      Augustine SM, Ashwin NJ, Syamaladevi DP, Appunu C, Chakravarthi M, Ravichandran V. 
 Erianthus arundinaceus  HSP70 (EaHSP70) overexpression increases drought and salinity 
tolerance in sugarcane ( Saccharum  spp. hybrid). Plant Sci. 2015;232:23–34.  

    Barnett T, Altschuler M, McDaniel CN, Mascarenhas JP. Heat shock induced proteins in plant 
cells. Dev Genet. 1980;1:331–40.  

    Bharti K, Nover L. Heat stress-induced signaling. In: Scheel D, Wasternack C, editors. Plant 
Signal Transduction:  Frontiers in Molecular Biology . Oxford: Oxford University Press; 2002. 
p. 74–115.  

    Blum A. Plant breeding for stress environments. Boca Raton: CRC Press; 1988. 223 pages.  
     Boorstein WR, Ziegelhoffer T, Craig EA. Molecular evolution of the HSP70 multi gene family. 

J Mol Evol. 1994;38(1):1–17.  
             Boston RS, et al. Molecular chaperones and protein folding in plants. Plant Mol Biol. 

1996;32:191–222.  
    Bray EA. Molecular response to water defi cit. Plant Physiol. 1993;103:1035–40.  
     Buchner J. Hsp90 & Co.—a holding for folding. Trends Biochem Sci. 1999;24:136–41.  
    Bukau B, Horwich AL. The Hsp70 and Hsp60 chaperone machines. Cell. 1998;92:351–66.  
    Bukau B, Deuerling E, Pfund C, Craig EA. Getting newly synthesized proteins into shape. Cell. 

2000;101:119–22.  
    Burke JJ, Hatfi eld JL, Klein RR, Mullet JE. Accumulation of heat shock proteins in fi eld grown 

cotton. Plant Physiol. 1985;78:394–8.  
    Chaitanya KV, Sundar D, Jutur PP, Ramachandrareddy A. Water stress effects on photosynthesis 

in different mulberry cultivars. Plant Growth Regul. 2003;40:75–80.  
    Chang CC, Huang PS, Lin HR, Lu CH. Transactivation of protein expression by rice HSP101 in 

planta and using Hsp101 as a selection marker for transformation. Plant Cell Physiol. 
2007;48(8):1098–107.  

    Cho EK, Choi YJ. A nuclear-localized HSP70 confers thermo protective activity and drought- 
stress tolerance on plants. Biotechnol Lett. 2009;31:597–606.  

    Cho EK, Hong CB. Over-expression of tobacco NtHSP70-1 contributes to drought-stress tolerance 
in plants. Plant Cell Rep. 2006;25(4):349–58.  

    Czarnecka-Verner E, Yuan CX, Scharf KD, Englich G, Gurley WB. Plants contain a novel multi- 
member class of heat shock factors without transcriptional activator potential. Plant Mol Biol. 
2000;43(4):459–71.  

    Dat JF, Foyer CH, Scott IM. Changes in salicylic acid and antioxidants during induction of ther-
motolerance in mustard seedlings. Plant Physiol. 1998;118:1455–61.  

    DeRocher AE, Vierling E. Developmental control of small heat shock protein expression during 
pea seed maturation. Plant J. 1994;5:93–102.  

    Dobson CM, Sali A, Karplus M. Protein folding: a perspective from theory and experiment. 
Angew Chem Int. 1998;37:868–93.  

    Dubouzet JG, Sakuma Y, Ito Y, Kasuga M, Dubouzet EG, Miura S, Seki M, Shinozaki K, Yamaguchi-
Shinozaki K. OsDREB genes in rice,  Oryza sativa  L., encode transcription activators that function 
in drought-, high salt and cold responsive gene expression. Plant J. 2003;33:751–63.  

    Ferguson DL, Guikema JA, Paulsen GM. Ubiquitin pool modulation and protein degradation in 
wheat roots during high temperature stress. Plant Physiol. 1990;92:740–6.  

    Fink AL. Chaperone-mediated protein folding. Physiol Rev. 1999;79(2):425–49.  
    Flexas J, Bota J, Galmés J, Medrano H, Ribas-Carbó M. Keeping a positive carbon balance under 

adverse conditions: responses of photosynthesis and respiration to water stress. Physiol Plant. 
2006;127:343–52.  

      Frydman J. Folding of newly translated proteins  in vivo : the role of molecular chaperones. Annu 
Rev Biochem. 2001;70:603–47.  

7 Function of Heat-Shock Proteins in Drought Tolerance Regulation of Plants

http://dx.doi.org/10.1007/s12355-014-0312-7


180

     Gagliardi D, Breton C, Chaboud A, Vergne P, Dumas C. Expression of heat shock factors and heat 
shock protein 70 genes during maize pollen development. Plant Mol Biol. 1995;29:841–56.  

    Goloubinoff P, et al. Sequential mechanism of solubilization and refolding of stable protein aggre-
gates by a bichaperone network. Proc Natl Acad Sci. 1999;96:13732–7.  

    Greenway H, Munns R. Mechanisms of salt tolerance in non-halophytes. Annu Rev Plant Physiol. 
1980;312:149–90.  

    Grover A, Mittal D, Negi M, Lavania D. Generating high temperature tolerant transgenic plants: 
achievements and challenges. Plant Sci. 2013;205–206:38–47.  

     Gurley WB. HSP101: a key component for the acquisition of thermotolerance in plants. Plant Cell. 
2000;12:457–60.  

    Gyoergyey J, Gartner A, Nemet K, Magyar Z, Hirt H, Heberle-Bors E, Dudits D. Alfalfa heat- 
shock genes are differentially expressed during somatic embryogenesis. Plant Mol Biol. 
1991;16:999–1007.  

    Hall EA. Is dehydration tolerance relevant to genotypic differences in leaf senescence and crop 
adaptation to dry environments? In: Close TJ, Bray EA, editors. Plant responses to cellular 
dehydration during environmental stress. American Society of Plant Physiologists, Rockville: 
MD pp; 1993. p. 1–13.  

    Hall A. Crop developmental responses to temperature, photoperiod, and light quality. In: Hall AE, 
editor. Crop response to environment. Boca Raton: CRC; 2001. p. 83–7.  

     Hamdy A, Ragab R, Scarascia-Mugnozza E. Coping with water scarcity: water saving and increas-
ing water productivity. Irrig Drain. 2003;52:3–20.  

    Hamilton EWIII, Heckathorn SA. Mitochondrial adaptations to NaCl. Complex I is protected by 
anti-oxidants and small heat shock proteins, whereas complex II is protected by proline and 
betaine. Plant Physiol. 2001;126:1266–74.  

       Hartl FU. Molecular chaperones in cellular protein folding. Nature. 1996;381:571–80.  
    Hartl FU, Hayer-Hartl M. Molecular chaperones in the cytosol: from nascent chain to folded pro-

tein. Science. 2002;295:1852–8.  
    Hasegawa PM, Bressan RA, Zhu J-K, Bohnert HJ. Plant cellular and molecular responses to high 

salinity. Annu Rev Plant Physiol Plant Mol Biol. 2000;51:463–99.  
    Heikkila JJ, Papp JET, Schultz GA, Bewley JD. Induction of heat shock messenger RNA in maize 

mesocotyls by water stress, abscisic acid, and wounding. Plant Physiol. 1984;76:270–4.  
    Helm KW, Lafayete PR, Nago RT, Key JL, Vierling E. Localization of small heat shock proteins 

to the higher plant endomembrane system. Mol Cell Biol. 1993;13:238–47.  
     Hemmingsen SM, et al. Homologous plant and bacterial proteins chaperone oligomeric protein 

assembly. Nature. 1988;26:330–4.  
     Hong SW, Vierling E. Mutants of Arabidopsis thaliana defective in the acquisition of tolerance to 

high temperature stress. Proc Natl Acad Sci. 2000a;97:4392–7.  
     Hong SW, Vierling E. Mutants of  Arabidopsis thaliana  defective in the acquisition of tolerance to 

high temperature stress. Proc Natl Acad Sci. 2000b;97:4392–7.  
    Hong SW, Vierling E. Hsp101 is necessary for heat tolerance but dispensable for development and 

germination in the absence of stress. Plant J. 2001;27:25–35.  
    Hong S-W, Lee U, Vierling E. Arabidopsis  hot  mutants defi ne multiple functions required for 

acclimation to high temperatures. Plant Physiol. 2003;132:757–67.  
    Horwich AL. Resurrection or destruction? Curr Biol. 1995;5:455–8.  
    Hu W, Hu G, Han B. Genome-wide survey and expression profi ling of heat shock proteins and heat 

shock factors revealed overlapped and stress specifi c response under abiotic stresses in rice. 
Plant Sci. 2009;176:583–90.  

    Hubel A, Schoffl  F. Arabidopsis Heat shock factor: isolation and characterization of the gene and 
the recombinant protein. Plant Mol Biol. 1994;26:353–62.  

    Humphreys MO. The contribution of conventional plant breeding to forage crop improvement, in 
Proceedings of the 18th International Grassland Congress. Canada: Saskatoon; 1999.  

    Iba K. Acclimation response to temperature stress in higher plants: approaches of gene engineering 
for temperature tolerance. Annu Rev Plant Biol. 2002;53:225–45.  

S.M. Augustine



181

    Imai J, Maruya M, Yashiroda H, Yahara I, Tanaka K. The molecular chaperone Hsp90 plays a role 
in the assembly and maintenance of the 26S proteasome. EMBO J. 2003;22:3557–67.  

    Ishikawa A, et al. Deletion of a chaperonin 60 b gene leads to cell death in the Arabidopsis lesion 
initiation 1 mutant. Plant Cell Physiol. 2003;44:255–61.  

    Jackson-Constan D, Akita M, Keegstra K. Molecular chaperones involved in chloroplast protein 
import. Biochim Biophys Acta. 2001;1541:102–13.  

    Jiang C, et al. A cytosolic class I small heat shock protein, RcHSP17.8, of  Rosa chinensis  confers 
resistance to a variety of stresses to  Escherichia coli , yeast and  Arabidopsis thaliana . Plant Cell 
Environ. 2009;32:1046–59.  

    Jones PD, Bradley RS. Climatic variations over last 500 years. In: Bradley RS, Jones PD, editors. 
Climate since A.D. 1500. London: Routledge; 1992. p. 665.  

   Jones H. What is water use effi ciency? In: Bacon MA, editor. Water use effi ciency in plant biology. 
Oxford: Wiley-Blackwell; 2004. p. 27–41.  

     Katiyar-Agarwal S, Agarwal M, Grover A. Heat-tolerant basmati rice engineered by over- 
expression of hsp101. Plant Mol Biol. 2003;51:677–86.  

    Kelley WL. Molecular chaperones: how J domains turn on Hsp70s. Curr Biol. 1999;9:R305–8.  
    Kermode AR. Approaches to elucidate the basis of desiccation tolerance in seeds. Seeds Sci Res. 

1997;7:75–95.  
    Key JL, Lin CY, Chen YM. Heat shock proteins of higher plants. Proc Natl Acad Sci U S A. 

1981;78:3526–30.  
    Kim KK, Yakota H, Santoso S, Lerner D, Kim R, Kim SH. Purifi cation, crystallization and pre-

liminary X-ray crystallographic data analysis of a small heat shock protein homolog from 
 Methanococcus jannaschii , a hyperthermophile. J Struct Biol. 1998;121:76–80.  

    Kim KH, et al. Overexpression of a chloroplast-localized small heat shock protein OsHSP26 con-
fers enhanced tolerance against oxidative and heat stresses in tall fescue. Biotechnol Lett. 
2012;34:371–7.  

    Kotak S, Larkindale J, Lee U, von Koskull-Doring P, Vierling E, Scharf KD. Complexity of the 
heat stress response in plants. Curr Opin Plant Biol. 2007;10:310–6.  

     Kregel KC. Heat shock proteins: modifying factors in physiological stress responses and acquired 
thermotolerance. J Appl Physiol. 2002;92:2177–86.  

      Krishna P, Gloor G. The Hsp90 family of proteins in  Arabidopsis thaliana . Cell Stress Chaperones. 
2001;6:238–46.  

    Kuznetsov VV, Rakitin V, Zholkevich VN. Effects of preliminary heat-shock treatment on accu-
mulation of osmolytes and drought resistance in cotton plants during water defi ciency. Physiol 
Plant. 1999;107:399–406.  

    Lambers H, Chapin FS, Pons TL. Plant physiological ecology. 2nd ed. New York: Springer; 2008.  
    Larcher W. Physiological plant ecology. Ecophysiology and stress physiology of functional 

groups. 4th ed. Berlin: Springer; 2003. p. 504.  
    Laufen T, Zuber U, Buchberger A, Bukau B. DnaJ proteins. In: Fink AL, Goto Y, editors. Molecular 

chaperones in proteins: structure, function and mode of action. New York: Marcel Dekker; 
1998. p. 241–74.  

    Lee GJ, Vierling E. A small heat shock protein cooperates with heat shock protein 70 systems to 
reactivate a heat-denatured protein. Plant Physiol. 2000;122:189–97.  

    Lee YRJ, et al. A soybean 101-kD heat shock protein complements a yeast HSP 104 deletion 
mutant in acquiring thermotolerance. Plant Cell. 1994;6:1889–97.  

     Lee BH, Won SH, Lee HS, et al. Expression of the chloroplast-localized small heat shock protein 
by oxidative stress in rice. Gene. 2000;245(2):283–90.  

    Lee U, Riofl orido I, Hong SW, Larkindale J, Waters ER, Vierling E. The Arabidopsis ClpB/ Hsp100 
family of proteins: chaperones for stress and chloroplast development. Plant J. 2006;49:115–27.  

    Leprince O, Hendry GAF, McKersie BD. The mechanisms of desiccation tolerance in seeds. Seed 
Sci Res. 1993;3:231–46.  

    Levitt J. Responses of plants to environmental stress: chilling, freezing and high temperature 
stresses. 2nd ed. New York: Academic; 1980.  

7 Function of Heat-Shock Proteins in Drought Tolerance Regulation of Plants



182

    Levitt M, Gerstein M, Huang E, Subbiah S, Tsai J. Protein folding: the endgame. Annu Rev 
Biochem. 1997;66:549–79.  

    Lin BL, Wang JS, Liu HC, Chen RW, Meyer Y, Barakat A, Delseny M. Genomic analysis of the 
Hsp70 superfamily in  Arabidopsis thaliana . Cell Stress Chaperones. 2001;6:201–8.  

    Liu HC, Charng YY. Acquired thermotolerance independent of heat shock factor A1 (HsfA1), the 
master regulator of the heat stress response. Plant Signal Behav. 2012;7:547–50.  

    Liu D, Zhang X, Cheng Y, Takano T, Liu S. RHsp90 gene expression in response to several 
environmental stresses in rice ( Oryza sativa  L.). Plant Physiol Biochem. 2006;44:380–6.  

    Liu JG, et al. OsHSF7 gene in rice,  Oryza sativa  L., encodes a transcription factor that functions 
as a high temperature receptive and responsive factor. BMB Rep. 2009;42:16–21.  

    Lubben TH, Donaldson GK, Viitanen PV, Gatenby AA. Several proteins imported into chloro-
plasts form stable complexes with the GroEL-related chloroplast molecular chaperone. Plant 
Cell. 1989;1(1223):1230.  

    Majoul T, Bancel E, Triboi E, Ben Hamida J, Branlard G. Proteomic analysis of the effect of heat 
stress on hexaploid wheat grain: characterization of heat-responsive proteins from total endo-
sperm. Proteomics. 2003;3:175–83.  

    Maqbool A, Abbas W, Rao AQ, Irfan M, Zahur M, Bakhsh A, Riazuddin S, Husnain T.  Gossypium 
arboreum  GHSP26 enhances drought tolerance in  Gossypium Hirsutum . Amer Inst Chem 
Engrs. 2009;26(1):21–5.  

       Mayer MP, Bukau B. Hsp70 chaperones: cellular functions and molecular mechanism. Cell Mol 
Life Sci. 2005;62:670–84.  

    Miernyk JA. The 70kDa stress-related proteins as molecular chaperones. Trends Plant Sci. 
1997;2:180–7.  

    Miernyk JA. Protein folding in the plant cell. Plant Physiol. 1999;121:695–703.  
    Milioni D, Hatzopoulos P. Genomic organization of Hsp90 gene family in  Arabidopsis . Plant Mol 

Biol. 1997;35:955–61.  
    Mogk A, Schlieker C, Friedrich KL, Schonfeld HJ, Vierling E, Bukau B. Refolding of substrates 

bound to small Hsps relies on a disaggregation reaction mediated most effi ciently by ClpB/
DnaK. J Biol Chem. 2003;278:31033–42.  

    Molden D, editor. London, UK: Earthscan; Colombo. Sri Lanka: International Water Management 
Institute (IWMI); 2007. Water for food, water for life: A comprehensive assessment of water 
management in agriculture.  

    Montero-Barrientos M. Transgenic expression of the  Trichoderma harzianum  hsp70 gene increases 
 Arabidopsis  resistance to heat and other abiotic stresses. J Plant Physiol. 2010;167:659–65.  

       Morimoto RI. Regulation of the heat shook transcriptional response: cross talk between a family 
of heat shock factors, molecular chaperones, and negative regulators. Genes Dev. 
1998;12:3788–96.  

    Mu C, Zhang S, Yu G, Chen N, Li X. Overexpression of small heat shock protein LimHSP16.45 in 
Arabidopsis enhances tolerance to abiotic stresses. PLos One. 2013;8(12):e82264. doi:  10.1371/
journal.pone.0082264    .  

    Murakami T, Matsuba S, Funatsuki H, et al. Overexpression of a small heat shock protein, 
sHSP17.7, confers both heat tolerance and UV-B resistance to rice plants. Mol Breed. 
2004;13(2):165–75.  

    Nakamoto H, Vıgh L. The small heat shock proteins and their clients. Cell Mol Life Sci. 
2007;64:294–306.  

    Neuwald AF, Aravind L, Spouge JL, Koonin EV. AAA+: A class of chaperone-like ATPases asso-
ciated with assembly, operation, and disassembly of protein complexes. Genome Res. 
1999;9:27–43.  

    Ogawa D, Yamaguchi K, Nishiuchi T. High-level overexpression of the  Arabidopsis  HsfA2 gene 
confers not only increased thermotolerance but also salt/osmotic stress tolerance and enhanced 
callus growth. J Exp Bot. 2007;58:3373–83.  

    Ono K. Overexpression of DnaK from a halotolerant cyanobacterium  Aphanothece halophytica  
enhances the high temperature tolerance of tobacco during germination and early growth. Plant 
Sci. 2001;160:455–61.  

S.M. Augustine

http://dx.doi.org/10.1371/journal.pone.0082264
http://dx.doi.org/10.1371/journal.pone.0082264


183

    Pareek A, Singla SL, Grover A. Plant Hsp90 family with special reference to rice. J Biosci. 
1998;23:361–7.  

    Parsell PA, Lindquist S. The function of heat-shock proteins in stress tolerance degradation and 
reactivation of damaged proteins. Annu Rev Genet. 1993;27:437–96.  

    Pearl LH, Prodromou C. Structure and mechanism of the hsp90 molecular chaperone machinery. 
Annu Rev Biochem. 2006;75:271–94.  

    Pelham H. Speculations on the major heat shock and glucose regulated proteins.  Cell  46: 959-961. 
Plant Cell. 1986;6:1889–97.  

    Prasad MVN. Plant Ecophysiology. New York, NY: John Wiley and Sons; 1997. ISBN 
0-47-13157-1.  

     Pratt WB, et al. Hsp90-binding immunophilins in plants: the protein movers. Trends Plant Sci. 
2001;6:54–5.  

    Pratt WB, Galigniana MD, Harrell JM, Deranco DB. Role of hsp90 and the hsp90-binding immu-
nophilins in signaling protein movement. Cell Signal. 2004;16:857–72.  

    Price AH, Cairns JE, Horton P, Jones HG, Griffi ths H. Linking drought-resistance mechanisms to 
drought avoidance in upland rice using a QTL approach: progress and new opportunities to 
integrate stomatal and mesophyll responses. J Exp Bot. 2002;53:989–1004.  

    Qi Y, et al. Over-expression of mitochondrial heat shock protein 70 suppresses programmed cell 
death in rice. FEBS Lett. 2011;585:231–9.  

     Queitsch C, Hong SW, Vierling E, Lindquist S. Heat shock protein 101 plays a crucial role in 
thermotolerance in  Arabidopsis . Plant Cell. 2000;12:479–92.  

    Queitsch C, Sangster TA, Lindquist S. Hsp90 as a capacitor of phenotypic variation. Nature. 
2002;417:618–24.  

    Ranson NA, et al. Chaperonins. Biochem J. 1998;333:233–42.  
    Rhoads DM, White SJ, Zhou Y, Muralidharan M, Elthon TE. Altered gene expression in plants 

with constitutive expression of a mitochondrial small heat shock protein suggests the involve-
ment of retrograde regulation in the heat stress response. Physiol Plant. 2005;123:435–44.  

    Richter K, Buchner J. Hsp90: chaperoning signal transduction. J Cell Physiol. 2001;188:281–90.  
     Rutherford SL, Lindquist S. Hsp90 as a capacitor for morphological evolution. Nature. 

1998;396:336–42.  
     Sanmiya K, Suzuki K, Egawa Y, Shono M. Mitochondrial small heat-shock protein enhances ther-

motolerance in tobacco plants. FEBS Lett. 2004;557:265–8.  
    Scharf KD, Rose S, Zott W, Schoffl  F, Nover L. Three tomato genes code for heat stress transcrip-

tion factors with a region of remarkable homology to the DNA-binding domain of the yeast 
HSF. EMBO J. 1990;9:4495–501.  

     Schirmer EC, Glover JR, Singer MA, Lindquist SL. Hsp100/Clp proteins: A common mechanism 
explains diverse functions. Trends Biochem Sci. 1996;21:289–96.  

     Schlesinger MJ. Heat shock proteins. J Biol Chem. 1990;265:12111–4.  
     Schoffl  F, Prandl R, Reindl A. Molecular responses to heat stress. In: Shinozaki K, Yamaguchi- 

Shinozaki K, editors. Molecular responses to cold, drought, heat and salt stress in higher plants. 
Austin: R.G. Landes; 1999. p. 81–98.  

    Seki M, Kamei A, Satou M, Sakurai T, Fujita M, Oono Y, Yamaguch-Shinozaki K, Shinozaki 
K. Transcriptome analysis in abiotic stress conditions in higher plants. Topics Curr Genet. 
2003;4:271–95.  

    Seo JS, Lee YM, Park HG, Lee JS. The inter tidal copepod Tigriopus japonicas small heat shock 
protein 20 gene (Hsp20) enhances thermotolerance of transformed  Escherichia coli . Biochem 
Biophys Res Co. 2006;340:901–8.  

    Sharir NI, Isaacson T, Lurie S, Weiss D. Dual role for tomato heat shock protein 21: protecting 
photosystem II from oxidative stress and promoting color changes during fruit maturation. 
Plant Cell. 2005;17:1829–38.  

    Song A, Zhu X, Chen F, et al. A Chrysanthemum heat shock protein confers tolerance to abiotic 
stress. Int J Mol Sci. 2014;15(3):5063–78.  

    Sorger PK, Nelson HCM. Trimerization of a yeast transcriptional activator via a coiled-coil motif. 
Cell. 1989;59:807–13.  

7 Function of Heat-Shock Proteins in Drought Tolerance Regulation of Plants



184

    Sticklen MB, Kenna MP. Turf grass Biotechnology. Cell and Molecular Approaches to Turf grass 
Improvement. Chelsea: Ann Arbor Press; 1998.  

    Sun W, Motangu MV, Verbruggen N. Small heat shock proteins and stress tolerance in plants. 
Biochim Biophys Acta. 2002;1577:1–9.  

    Sun L, et al. ZmHSP16.9, a cytosolic class I small heat shock protein in maize ( Zea mays ), confers 
heat tolerance in transgenic tobacco. Plant Cell Rep. 2012;31:1473–84.  

    Sung DY, Guy CL. Physiological and molecular assessment of altered expression of Hsc70-1 in 
Arabidopsis. Evidence for pleiotropic consequences. Plant Physiol. 2003;132:979–87.  

    Sung DY, Vierling E, Guy CL. Comprehensive expression profi le analysis of the Arabidopsis 
Hsp70 gene family. Plant Physiol. 2001;126:789–800.  

    Tissieres A, Mitchell HK, Tracy UM. Protein synthesis in salivary glands of D. Melanogaster 
Relation to chromosome puffs. J Mol Biol. 1974;84:389–98.  

    Tonsor SJ, Scott C, Boumaza I, Liss TR, Brodsky JL, Vierling E. Heat shock protein 101 effects in 
A. thaliana: genetic variation, fi tness and pleiotropy in controlled temperature conditions. Mol 
Ecol. 2008;17:1614–26.  

     Trent JD. A review of acquired thermotolerance, heat-shock proteins and molecular chaperones in 
Archaea. FEMS Microbiol Rev. 1996;18:249–58.  

    Tsvetkova NM, Horvath I, Torok Z, et al. Small heat-shock proteins regulate membrane lipid 
polymorphism. Proc Natl Acad Sci U S A. 2002;99:13504–9.  

    Uchida A, et al. Overexpression of DnaK chaperone from a halotolerant cyanobacterium 
 Aphanothece halophytica  increases seed yield in rice and tobacco. Plant Biotechnol. 
2008;25:141–50.  

    Valliyodan B, Nguyen HT. Understanding regulatory networks and engineering for enhanced 
drought tolerance in plants. Curr Opin Plant Biol. 2006;9:189–95.  

    van Montfort RL, Basha E, Friedrich KL, Slingsby C, Vierling E. Crystal structure and assembly 
of a eukaryotic small heat shock protein. Nat Struct Biol. 2001;8:1025–30.  

     Vasquez-Robinet C, Mane SP, Ulanov AV, Watkinson JI, Stromberg VK, De Koeyer D, Schafl eitner 
R, Willmot DB, Bonierbale M, Bohnert HJ, Grene R. Physiological and molecular adaptations 
to drought in Andean potato genotypes. J Exp Bot. 2008;59(8):2109–23.  

         Vierling E. The roles of heat shock proteins in plants. Annu Rev Plant Physiol Plant Mol Biol. 
1991;42:579–620.  

    Wallner SJ, Becwar MR, Butler JD. Measurement of turfgrass heat tolerance  in vitro . J Am Soc 
Hortic Sci. 1982;107:608–13.  

    Wang ZY, Ge Y. Invited review: recent advances in genetic transformation of forage and turf 
grasses. Vitro Cell Dev Biol Plant. 2006;42(1):1–18.  

    Wang D, Luthe DS. Heat sensitivity in a bentgrass variant. Failure to accumulate a chloroplast heat 
shock protein isoform implicated in heat tolerance. Plant Physiol. 2003;133:319–27.  

       Wang W, Vinocur B, Shoseyov O, Altman A. Role of plant heat-shock proteins and molecular 
chaperones in the abiotic stress response. Trends Plant Sci. 2004;9:244–52.  

     Waters ER, et al. Evolution, structure and function of the small heat shock proteins in plants. J Exp 
Bot. 1996;47:325–38.  

    Wehmeyer N, Vierling E. The expression of small heat shock proteins in seeds responds to discrete 
developmental signals and suggest a general protective role in desiccation tolerance. Plant 
Physiol. 2000;122:1099–108.  

    Wehmeyer N, Hernandez LD, Flinkelstein RR, Vierling E. Synthesis of small heat-shock proteins 
is part of the developmental program of late seed maturation. Plant Physiol. 
1996;112:747–57.  

    Wu C. Heat stress transcription factors. Annu Rev Cell Biol. 1995;11:441–6.  
    Xin H, et al. Cloning and characterization of HsfA2 from Lily ( Lilium longifl orum ). Plant Cell 

Rep. 2010;29:875–85.  
    Xu X, Sarbeng EB, Vorvis C, Kumar DP, Zhou L, Liu Q. Unique peptide substrate binding proper-

ties of 110-kDa heat-shock protein (Hsp110) determine its distinct chaperone activity. J Biol 
Chem. 2012;287:5661–72.  

S.M. Augustine



185

    Xue Y, et al. Over-expression of heat shock protein gene hsp26 in  Arabidopsis thaliana  enhances 
heat tolerance. Biol Plant. 2010;54(1):105–11.  

    Yamada A, et al. The role of plant CCTa in salt- and osmotic stress tolerance. Plant Cell Physiol. 
2002;43:1043–8.  

    Yoshida T, Sakuma Y, Todaka D, Maruyama K, Qin F, Mizoi J, Kidokoro S, Fujita Y, Shinozaki K, 
Yamaguchi-Shinozaki K. Functional analysis of an  Arabidopsis  heat-shock transcription factor 
HsfA3 in the transcriptional cascade downstream of the DREB2A stress-regulatory system. 
Biochem Biophys Res Commun. 2008;368:515–21.  

      Young JC, et al. Hsp90: a specialized but essential protein folding tool. J Cell Biol. 
2001a;154:267–73.  

      Young JC, Moarefi  I, Hartl U. Hsp90: a specialized but essential protein-folding tool. J Cell Biol. 
2001b;154:267–73.  

    Young JC, Hoogenraad NJ, Hartl FU. Molecular chaperones Hsp90 and Hsp70 deliver pre- proteins 
to the mitochondrial import receptor Tom70. Cell. 2003;112:41–50.  

     Zhao R, Davey M, Hsu YC, Kaplanek P, Tong A, Parsons AB, Krogan N, Cagney G, Mai D, 
Greenblatt J, Boone C, Emili A, Houry WA. Navigating the chaperone network: an integrative 
map of physical and genetic interactions mediated by the hsp90 chaperone. Cell. 
2005;120:715–27.  

    Zhou Y, et al. NnHSP17.5 a cytosolic class II small heat shock protein gene from  Nelumbo 
nucifera , contributes to seed germination vigor and seedling thermotolerance in transgenic 
 Arabidopsis . Plant Cell Rep. 2012;31:379–89.  

    Zhu B, et al. Identifi cation and characterization of a novel heat shock transcription factor gene, 
GmHsfA1, in soybeans ( Glycine max ). J Plant Res. 2006;119:247–56.  

    Zhu Y, et al. Ectopic over-expression of BhHsf1 a heat shock factor from the resurrection plant 
 Boea hygrometrica , leads to increased thermotolerance and retarded growth in transgenic 
 Arabidopsis  and tobacco. Plant Mol Biol. 2009;71:451–67.    

7 Function of Heat-Shock Proteins in Drought Tolerance Regulation of Plants



187© Springer International Publishing Switzerland 2016 
M.A. Hossain et al. (eds.), Drought Stress Tolerance in Plants, Vol 1, 
DOI 10.1007/978-3-319-28899-4_8

    Chapter 8   
 Ascorbate–Glutathione Cycle: Controlling 
the Redox Environment for Drought Tolerance                     

       Lyuben     Zagorchev     ,     Denitsa     Teofanova     , and     Mariela     Odjakova    

8.1           Introduction 

8.1.1     Reactive Oxygen Species vs. Antioxidants 

 Reactive oxygen species (ROS) are continually produced in all aerobic life forms 
and plants do not make an exception. While generally regarded as detrimental by- 
products that should be detoxifi ed immediately, recently ROS were also established 
as important  signalling molecules   that may be produced on purpose at least in some 
cases. Extensive review of the production, detoxifi cation, and function of ROS in 
plants was recently provided (Apel and Hirt  2004 ). The balance between ROS  pro-
duction and scavenging   is usually regarded as the thin line that would defi ne whether 
a plant cell will live or die (Foyer and Noctor  2005b ) and the excessive ROS produc-
tion, accompanied by ineffective or insuffi cient ROS scavenging is generally 
regarded as a condition of oxidative stress (Mittler  2002 ). 

 Hydrogen peroxide (H 2 O 2 ) and superoxide anion (O 2  − ) are probably the most 
abundant ROS in aerobic organisms and consequently the scavenging mechanisms, 
involved in their detoxifi cation are the best studied. The sites and sources of produc-
tion and the respective detoxifying mechanisms in plants were summarized by 
Mittler (Mittler  2002 ). The main subcellular ROS producing compartments are 
chloroplasts, mitochondria and peroxisomes, although a signifi cant amount of O 2  −  is 
also produced in the apoplast by  NADPH-dependent oxidases   (reviewed by Marino 
et al.  2012 ) in various processes, associated with abiotic and biotic stress responses, 
developmental processes, growth etc. The deleterious effect of ROS is attributed to 
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the direct oxidation of cellular macromolecules including but not restricted to DNA, 
protein thiols and membrane lipids (Mittler  2002 ). The role of ROS was recently 
revised and the term oxidative stress, expanded to oxidative signalling (Foyer and 
Noctor  2005a ). Generally, the ROS scavenging mechanisms are subdivided into 
nonenzymatic and enzymatic (Foyer and Noctor  2005b ; Mittler  2002 ), summarized 
in Table  8.1 . The redox state of some nonenzymatic antioxidant couples such as 
glutathione/glutathione disulphide and ascorbate/ dehydroascorbate defi nes the 
redox environment to a great extent and is decisive for the fate of the cell (Kranner 
et al.  2006 ; Foyer and Noctor  2005b ,  2011 ; Birti  et al.  2011 ).

   Obviously, ROS  and antioxidants   are two important players in the cellular 
homeostasis, either in normal conditions or during oxidative stress. It seems, how-
ever, that ROS production is an inevitable consequence of all types of abiotic and 
biotic stresses such as salt (Miller et al.  2010 ), drought (Yang et al.  2015 ; Miller 
et al.  2010 ), cold (Theocharis et al.  2012 ), heavy metals (Hossain et al.  2012 ), 
pathogen attacks (Scheler et al.  2013 ), and physical damages (Suzuki and Mittler 
 2012 ) summarized by Sharma (Sharma et al.  2012 ). Hence ROS signalling and ROS 
scavenging are considered important factors in the stress response and stress toler-
ance of crop plants (Gill and Tuteja  2010 ) and the ability of some plant species or 
plant cultivars to successfully neutralize ROS might be discriminative over close 
relatives in their ability to withstand harsh environmental conditions (Yang et al. 
 2015 ). Reactive oxygen species production and scavenging in relation to  drought 
stress   response and tolerance are the focus of the current overview. 

 The NADPH oxidase-mediated mechanism of ROS production is regarded as a 
signalling rather than a harmful event. Most plant  NADPH oxidases   are membrane- 
bound or cell-wall-associated enzymes. Several studies showed the involvement of 
this mechanism in ROS-mediated activation of antioxidant mechanisms or compat-
ible solute accumulation during water defi cit in maize ( Zea mays ) (Voothuluru and 
Sharp  2012 ),  Pluchea indica  (Chang et al.  2012 ) and Arabidopsis (Ben Rejeb et al. 
 2015 ). Clearly, this is a widespread mechanism for signalling in conditions of  abi-
otic stress   and it may be related to the drought stress tolerance of particular culti-
vars. However, this is not the classical case of oxidative burst, followed by an 
increase in the antioxidant defense and will not be extensively discussed in this 
chapter. 

 The main sites of ROS production in plants are the chloroplasts, peroxisomes 
and mitochondria (Miller et al.  2010 ). Asada (Asada  2006 ) established the reaction 
centers of both photosystems (PSI and PSII) as the major sources of ROS in plants. 
Water  defi cit-induced stomatal closure   is the main defense mechanism, allowing 
reduced water losses due to transpiration especially in warm arid climate, but this 
also leads to the restriction of the CO 2  uptake, enhanced photorespiration and shift-
ing of the photosynthetic machinery to excessive production of singlet oxygen by 
PSII and H 2 O 2  by PSI. Furthermore the same cascade of events leads to overproduc-
tion of H 2 O 2  in the peroxisomes by glycolate oxidase (Noctor et al.  2014 ; Cruz de 
Carvalho  2008 ). Although not directly, but drought induces ROS production in the 
mitochondrial electron transport chains (Noctor et al.  2014 ).  C4 and CAM plants   
are not good only in reducing photorespiration and/or water losses, but also in 
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   Table 8.1    Plant nonenzymatic and  enzymatic antioxidative systems  . Multiorganelle distribution 
is used for antioxidants, found in cytosol, chloroplasts, mitochondria, and peroxisomes and in 
some cases nucleus (as for glutathione)   

 Antioxidant  Localization  Primary ROS  References 

 Nonenzymatic 
 Glutathione  Multiorganelle 

distribution 
 H 2 O 2   Noctor et al. 

( 2012 ), Foyer and 
Noctor ( 2011 ), 
Kranner et al. 
( 2006 ) 

 Ascorbate   Multiorganelle 
  distribution 

 H 2 O 2   Foyer and Noctor 
( 2011 ), Szarka 
et al. ( 2012 ) 

 α-tocopherol  Membranes  Lipid peroxyl 
radical 

 Szarka et al. ( 2012 ) 

 Flavonoids  Vacuole, Cell wall  H 2 O 2   Agati et al. ( 2012 ) 
 Sugars and sugar alcohols: 
galactinol, mannitol, raffi nose, 
and others 

 Vacuole, 
Chloroplasts 

 Hydroxyl and 
superoxide 
radicals 

 Van den Ende and 
Peshev ( 2013 ) 

 Proline  Cytosol  Hydroxyl and 
superoxide 
radicals 

 Shevyakova et al. 
( 2009 ) 

 Carotenoids  Chloroplasts  Singlet 
molecular 
oxygen and 
peroxyl radicals 

 Stahl and Sies 
( 2003 ) 

 Enzymatic 
 Superoxide dismutase   Multiorganelle 

  distribution 
 Superoxide 
radical 

 Mittler ( 2002 ) 

 Catalase  Peroxisomes  H 2 O 2   Mhamdi et al. 
( 2012 ) 

 Ascorbate peroxidase a   Multiorganelle 
distribution 

 H 2 O 2   Caverzan et al. 
( 2012 ) 

 Glutathione peroxidase a   Multiorganelle 
distribution 

 H 2 O 2 , lipid 
peroxyl radicals 

 Gaber et al. ( 2012 ) 

 Thioredoxin peroxidase a   Chloroplasts, 
mitochondria, 
cytosol 

 H 2 O 2   Mittler ( 2002 ) 

 Monodehydroascorbate 
reductase, Dehydroascorbate 
reductase, and Glutathione 
reductase 

  Multiorganelle 
  distribution 

 MDHA, DHA 
and GSSG b  

 Foyer and Noctor 
( 2011 ), Szarka 
et al. ( 2012 ) 

   a A variety of other peroxidases exists in plants, but is not included here for the conciseness of the list 
  b Please note that MDHAR, DHAR, and GR are AsA and GSH-regenerating enzymes, rather than 
antioxidant enzymes per se. However, their involvement in the antioxidant defense is so profound, 
that they are treated as antioxidant enzymes in the predominant literature  
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reducing ROS caused damages. This means neither that limiting photorespiration is 
suffi cient trait, conferring drought tolerance nor that C4 or CAM plants don’t over-
produce ROS in water deprived conditions. Effi cient antioxidative capacity is also 
needed to discriminate between drought-tolerant and sensitive lines as shown in 
maize (Yang et al.  2015 ).  

8.1.2     Defi nition and Signifi cance of Ascorbate–Glutathione 
Pathway 

 The most important of the  nonenzymatic antioxidants   comprise the so called ascor-
bate–glutathione-α-tocopherol triad (Szarka et al.  2012 ). Considering that tocoph-
erol is lipid-soluble and destined for the specifi c role of membrane protection 
(Marquardt et al.  2013 ),  ascorbate (AsA  ) and  glutathione (GSH)   remain the major, 
water-soluble, redox-active molecules. It is not exaggerated that this couple was 
called the “ heart of the redox hub  ” (Foyer and Noctor  2011 ), and it is a matter not 
only of effi ciency but also of concentrations. Both ascorbate and glutathione are 
presented in the millimolar range (Foyer and Noctor  2005a ) and their concentration 
could be further increased in folds in response to different stimuli. The abundance 
of GSH makes it, along with its oxidized form, glutathione disulphide, the main 
intracellular redox couple and thus, a signifi cant redox buffer (Kranner et al.  2006 ). 

 Since both ascorbate and glutathione were long known as potent antioxidants, it 
was not until 1976 when Foyer  and   Halliwell ( 1976 ) proposed the fi rst, and still 
valid, scheme for interconnection)    between them. According to this founding work, 
an electron fl ow from NADPH through GSH and AsA ultimately leads to reduction 
of H 2 O 2  by ascorbate peroxidase (APX; EC 1.11.1.11). Thus  monodehydroascor-
bate (MDHA)   is formed and two moles of MDHA disproportionate spontaneously 
to AsA and dehydroascorbate (DHA) at a signifi cant rate (Potters et al.  2002 ). The 
oxidized forms monodehydroascorbate, dehydroascorbate, and glutathione disul-
phide are produced, that should be recycled by monodehydroascorbate reductase 
(MDHAR; EC 1.6.5.4, NAD(P)H as electron donor), dehydroascorbate reductase 
(DHAR; 1.8.5.1, GSH as electron donor), and glutathione reductase (GR; 1.8.1.7, 
NADPH as electron donor). 

 From a biochemical point of view NADPH/NADP + , 2 GSH/GSSG and AsA/
DHA makes a perfect chain of electron donors and acceptors (Fig.  8.1 ), based on the 
standard half reduction potential, but  AsA and GSH  , though interconnected, are 
also independent players (Foyer and Noctor  2011 ). Dehydroascorbate for example 
could be reduced to AsA in a  GSH-independent mechanism  , by thioredoxin reduc-
tase (May et al.  1997 ). It was even proposed, that GSH-dependent DHA reduction 
in the classical AsA–GSH cycle is more important in optimal conditions, while in 
stressful environment the GSH-independent DHA reduction is prevalent (Gallie 
 2013 ).  Glutathione   is also capable of ROS scavenging directly through glutathione 
peroxidase (GPX; 1.11.1.9) and plays a variety of functions, ranging from protein 
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thiol protection and  xenobiotics   compartmentalization to chelation of heavy metals 
and transcriptional control (Noctor et al.  2012 ; Zagorchev et al.  2013 ). It is also 
evident as in ascorbate-defi cient  vtc1  Arabidopsis mutants, that GSH may compen-
sate the AsA defi ciency by accumulating in higher concentrations than in the wild- 
type plants in response to drought stress (Niu et al.  2013 ). These mutants, however, 
were not able to keep the growth rates of wild-type plants, even at optimal condi-
tions (Veljovic-Jovanovic et al.  2001 ), suggesting that the role of AsA is not 
restricted to ROS scavenging in the stress response.

   What is the main function of the AsA–GSH pathway in plant life? First of all, 
considering the ROS scavenging properties, it is regarded as a central mechanism 
conferring stress tolerance in plants. A book, edited by Anjum et al. ( 2010 ) was 
published recently and is fully dedicated to this subject. However, it does not deal 
strictly with the classical succession of events—electron fl ow from NADPH through 
GSH and AsA eventually reduces H 2 O 2 , derived either directly from electron trans-
port chain or from dismutation of superoxide by superoxide dismutases (Polle 
 2001 ). In a broader sense the components of the AsA–GSH pathway are involved in 
a variety of processes, ranging from  signalling and differentiation   to resistance to a 
spectrum of stress factors, either abiotic or biotic (for reference, see (Anjum et al. 
 2010 ). In the current chapter, we will discuss the role of the enzymes involved in the 
 AsA–GSH cycle   in drought stress tolerance of plants, although the mechanisms, 
underlying such resistance are common and usually confer tolerance to multiple 
stresses.   

  Fig. 8.1    Schematic representation of the ascorbate–glutathione cycle. The enzymes of the AsA–
GSH cycle are represented by  green circles     , while other enzymes in the blue circle. The standard 
half-cell reduction potential E0’ for the redox couples NADPH/NADP + , NADH/NAD + , 
GSSG/2GSH, DHA/AsA, and MDHA/AsA are shown. Values of E0’ are according to (Tinoco 
et al.  2014 ). Please note that the actual reduction potential depends on the relative concentrations 
and differs depending on physiological conditions and within different compartments of the cell. 
The fi gures in brackets represent the actual reduction potential of the respective redox couple under 
physiological conditions. For references, see (Kranner et al.  2006 ; Potters et al.  2002 ; Noctor  2006 ; 
Schafer and Buettner  2001 ). The direction of the electron fl ow from more negative toward more 
positive reduction potential (ORP, V) is represented on the top       
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8.2     Compartmentalization of the Ascorbate: Glutathione 
Cycle: Directing the Antioxidant Defense where It Is 
Needed 

8.2.1     Thylakoids Protection Keeps Photosynthesis Running 

 The  chloroplast photosystems   seem to be the most pronounced ROS source and the 
primary site of  ROS overproduction   in plants during drought stress. It is not surpris-
ing that the AsA–GSH cycle was fi rst defi ned (Foyer and Halliwell  1976 ) and best 
studied as a protective mechanism for the photosynthetic machinery in these organ-
elles. As plant catalases are almost exclusively peroxisomal proteins (Mhamdi et al. 
 2012 ), the role of AsA–GSH cycle in  H 2 O 2  scavenging   is of particular importance 
in chloroplasts. The maintenance of active photosynthesis under water defi cit 
defi nes not simply the ability of plants to survive short periods of unfavorable con-
ditions, but to sustain growth and development in the overall water depleted 
environment. 

  Plant chloroplasts   APXs are presented both in the stroma, the thylakoid lumen 
and in thylakoids, but depending on the plant species might be encoded either by a 
single gene (tobacco,   Nicotiana tabacum   ), with following alternative splicing of the 
product, or by multiple genes (Fig.  8.2 ) as in Arabidopsis (  Arabidopsis thaliana   ), 
rice (  Oryza sativa   ) and tomato (  Solanum lycopersicum   ) with differential regulation 
(Caverzan et al.  2012 ). The expression of either stromal or thylakoid-bound APX 
isoenzyme is controlled in a tissue dependent manner in the fi rst case (Ishikawa and 
Shigeoka  2008 ). The comparative contribution to drought tolerance of the thylakoid 
or stromal isoenzyme seems to be different as shown in wheat ( Triticum aestivum ) 
where the transcript levels of the thylakoid APX increased in  drought-tolerant geno-
type  , compared to the sensitive one (Se enji et al.  2010 ). Overexpression of the 
thylakoid-bound APX in rapeseed (  Brassica napus   ) also leads to increased drought 
and salt tolerance (Wang et al.  2013a ). The heterologous expression of either stro-
mal APX (from  Suaeda salsa  into Arabidopsis) (Li et al.  2012b ) or thylakoid APX 
(from   Jatropha curcas    into tobacco) (Liu et al.  2013 ) increased salt tolerance of the 
transgenic plants. It is possible that the thylakoid APXs are more important in abi-
otic stress conditions, but clearly both isoenzymes would have a positive effect.

   Dehydroascorbate reductases from plant chloroplasts were isolated and charac-
terized (Shimaoka et al.  2000 ; Foyer and Halliwell  1977 ) in spinach (  Spinacia 
oleracea   ) comparatively a long time ago and its catalytic mechanism was revealed, 
showing a much higher specifi c activity and higher substrate affi nity than other 
characterized DHA reducing enzymes (Shimaoka et al.  2003 ).  Monodehydroascorbate 
reductase   was also cloned from spinach chloroplasts and expressed as a recombi-
nant protein (Sano et al.  2005 ). Assuming the importance of chloroplasts APXs 
(and its increased activity in response to abiotic stresses) in ROS scavenging, the 
effective regeneration of AsA, to which DHAR contributes substantially, is an 
invaluable feature of tolerant plants as decrease in AsA concentration would ulti-
mately lead to inactivation and degradation of APX (Caverzan et al.  2012 ). Unlike 
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mitochondria, chloroplasts need to import AsA (Foyer  2015 ). Ascorbate is trans-
ported from the cytosol to the chloroplast stroma through a recently characterized 
transporter, AtPHT4:4, in the envelope membrane (Miyaji et al.  2015 ). Its further 
movement to the thylakoid lumen is proposed to be dependent on slow diffusion 
(Foyer  2015 ), which is by any mean, unfavorable in case of ROS overproduction. 

 The presence of GSH and GR in plant chloroplasts and their link to  AsA metabo-
lism   was fi rst proposed by Foyer and Halliwell back in 1976, thus defi ning the 
AsA–GSH cycle (Foyer and Halliwell  1976 ) and GR was further characterized as a 
key regulator of the  GSH-to-GSSG ratio   (Schaedle and Bassham  1977 ). In the latter 
study GSH was proposed to act mainly as protein thiol-protective molecule in oxi-
dative conditions. Gamble and Burke (Gamble and Burke  1984 ) studied the effect 
of water defi cit on the chloroplast GR activity in winter wheat, showing an overall 
increase, that is most pronounced when expressed as a function of the chlorophyll 

  Fig. 8.2    Schematic representation of the distribution of the AsA–GSH cycle  isoenzymes   between 
chloroplasts, mitochondria, peroxisomes, and cytosol in Arabidopsis and rice. Gene products are 
roughly situated in the respective compartment, but the precise localization of some isoenzymes is 
not refl ected (either thylakoid membrane or thylakoid lumen). Most of the cell organelles are omit-
ted for the clearness of the picture. Locuses of the particular genes are included for reference pur-
poses. Database used are The Arabidopsis Information Resource ( Phoenix Bioinformatics 
Corporation ) and (National Bioresource Project: Rice  2000 )       

 

8 Ascorbate–Glutathione Cycle: Controlling the Redox Environment for Drought…



194

content. The subcellular distribution of GR activity was studied in pea (  Pisum 
 sativum   ) leaves and it was shown, that over 77 % of the total activity is concentrated 
in the chloroplasts, with 20 % in the cytosol and 3 % in mitochondria (Edwards 
et al.  1990 ). This is not surprising, considering that light-dependent reactions of the 
photosynthetic apparatus are the major source of NADPH, and vice versa, GR is 
linked to the protection of photosystems as decreased activity is associated with 
increased H 2 O 2  production and higher sensitivity of PSII (Ding et al.  2012 ), confer-
ring higher sensitivity to environmental stresses. Glutathione may act as an electron 
donor for DHAR in the regeneration of AsA, but may also be directly involved in 
H 2 O 2  scavenging through the action of  glutathione peroxidases (GPX)  . The involve-
ment of chloroplasts GPXs in stress tolerance was also shown (Zhai et al.  2013 ). 

 A recent study by Cao (Cao et al.  2015 ) on PEG-treated tomato plants might be 
exemplary for the AsA–GSH cycle enzyme activity in drought-sensitive plants, 
showing simultaneous and gradual increase in ROS production and decrease of 
chlorophyll concentration and overall photosynthetic parameters.  PEG-treated 
plants   showed an increase in SOD, APX, and MDHAR up to the third day, accom-
panied by decrease in DHAR and GR activities. In prolonged stress, up to 12 days 
all the fi ve enzymes showed decrease in activity. Thus, it seems, that in drought- 
sensitive plants the chloroplasts antioxidant system depends mainly on AsA for 
H 2 O 2  scavenging through APX with subsequent immediate reduction of MDA by 
MDHAR and no involvement of GSH-dependent DHA reduction. This mechanism 
is however not effi cient for even comparatively short periods and lead to the gradual 
decline of photosynthetic capacity. A partially positive effect of Si-treatment was 
observed, largely linked to higher GR and DHAR activities (Cao et al.  2015 ). 
Double-transformed tobacco plants, overexpressing GR and DHAR also showed 
improved abiotic stress tolerance (Le Martret et al.  2011 ).  

8.2.2     Mitochondria 

  Mitochondria   are a well-known source of ROS production, though in smaller 
amounts compared to chloroplasts and peroxisomes (Foyer and Noctor  2005b ). The 
major sites of ROS production are complex I and complex III of the electron trans-
port chain where overreduction of the ubiquinone pool result in electron-pass to O 2  
and formation of O 2  −  . The initial step of detoxifi cation involves the action of a 
Mn-SOD that further generates H 2 O 2 . In conditions of severe drought stress the 
production of ATP in the chloroplasts is diminished. Thus, increased respiration in 
mitochondria compensates the ATP defi ciency, simultaneously leading to overpro-
duction of ROS (Miller et al.  2010 ). 

 Mitochondrial AsA–GSH cycle was fi rst defi ned in pea leaves along with the 
peroxisomal one (Jimenez et al.  1997 ) and its function in leaf senescence was pro-
posed (Jiménez et al.  1998 ). Collected data suggest that mitochondrial APX is 
membrane-bound, while MDHAR, DHAR, and GR are proposed to be matrix pro-
teins (Chew et al.  2003 ). Arabidopsis studies showed that at least some of the AsA–
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GSH cycle enzymes are dual-targeted to chloroplasts and mitochondria (Fig.  8.2 ) 
(Chew et al.  2003 ), predetermined by multiple transcription starts, as shown for 
MDHAR (Obara et al.  2002 ). This might not be a globally valid concept as Mittova 
et al. ( 2004 ) suggested, that chloroplast and mitochondrial APXs may be encoded 
by different genes and Teixeira (Teixeira et al.  2006 ) suggested an exclusively 
mitochondrion- located APX in rice. Morgante et al. ( 2009 ) summarized the data on 
dual-targeted proteins in Arabidopsis and rice and showed that at least some of the 
APX, MDHAR, and GR have been found both in chloroplasts and mitochondria. 
Ascorbate peroxidases might display both exclusively mitochondrial and exclu-
sively chloroplasts isoenzymes. However, substantial prediction differences, 
depending on the proteomics tool (Predotar, Target P or iPSORT) and lack of exper-
imental confi rmation hamper the proper analysis. 

 Plant mitochondria serve a central role during water defi cit. Their function 
includes, but is not restricted to ATP synthesis, glycine oxidation with concomitant 
matrix NADH reoxidation without energy conservation, regulation of proline con-
centrations and control of redox environment (Atkin and Macherel  2009 ). Bartoli 
et al. ( 2004 ) reported that leaf mitochondria are the main target of oxidative damage 
in stressed wheat. It should be noted, that plant mitochondria possess alternative 
oxidase (AOX; EC:1.10.3.11), an effi cient mechanism  to   prevent overaccumulation 
of ubiquinol thus uncoupling electron fl ow toward complex III and reducing ROS 
production (Blokhina and Fagerstedt  2010 ). Therefore upregulation of mitochon-
drial AOX is crucial for survival in drought conditions (Bartoli et al.  2005 ). Moreover 
AsA–GSH cycle independent regeneration of AsA from DHA also exist (Szarka 
et al.  2007 ). Plant mitochondria are able to import DHA through glucose transporter 
and to reduce it by succinate dehydrogenase (complex II), thus effectively maintain-
ing the AsA pool. The relative share of both mechanisms for DHA reduction was 
further studied (Szarka  2013 ), showing that under certain conditions either succi-
nate dehydrogenase or the GSH-dependent process may prevail.  

8.2.3     Peroxisomes 

 Plant  peroxisomes   are implicated in a variety of metabolic pathways, including pho-
torespiration, fatty acid oxidation and the glyoxylate cycle. Furthermore, plant per-
oxisomes are also well-known center of H 2 O 2  production and degradation. The 
contemporary opinion defi nes peroxisomes also as an important source of O 2  −  and 
nitric oxide (NO . ) production, and all three of them are regarded as signalling mol-
ecules, able to permeate through the peroxisomal membrane and transfer the signal 
into the cytosol (Corpas et al.  2001 ).  Peroxisomes   overproduce hydrogen peroxide 
in conditions of drought stress, mainly by metabolizing the chloroplasts-derived 
glycolate (Noctor et al.  2014 ). Next, H 2 O 2  could be dismutated by catalase or APX 
of the AsA–GSH cycle, or to serve as intracellular signalling molecule, when trans-
ported to the cytosol (Corpas et al.  2001 ; Neill et al.  2002 ). 
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 Evidences for the presence of AsA–GSH cycle enzymes in plant peroxisomes 
were published for pea leaves (Jimenez et al.  1997 ) and their role in leaf senescence 
was proposed (Jiménez et al.  1998 ). As summarized by Corpas (Corpas et al.  2001 ) 
GR and DHAR are presented in the peroxisomal matrix,    where they utilize the intra-
organelle NADPH, GSH, and AsA pools to dismutate H 2 O 2 , while peroxisomal 
APX and MDHAR are membrane-bound on the cytosolic site. During leaf senes-
cence APX and MDHAR activities decreased signifi cantly, while little or no appar-
ent change was observed in GR and DHAR activities (Jiménez et al.  1998 ). While 
the AsA/DHA ratio was not affected, a signifi cant shift toward GSSG was also 
observed. A sixfold increase in H 2 O 2  concentration in peroxisomes was accompa-
nied with little decrease of the total water-soluble concentration. On the other hand, 
stress factors, such as high salt concentrations did not lead to an actual increase in 
peroxisomal H 2 O 2  concentration (Mittova et al.  2003 ), supposedly due to diffusion 
through porines. 

 A pea leaf peroxisomal GR was fi rst purifi ed and characterized only recently 
(Romero‐Puertas et al.  2006 ). Its specifi c activity was found to be up to threefold 
higher than the specifi c activity, reported for other GR isozymes. In response to Cd 
stress, the activity of peroxisomal isozyme was increased almost two times with no 
respective increase of the protein band or increase in the overall GR activity. In 
opposite, peroxisomal GR activity in both salt-sensitive tomato ( Lycopersicon escu-
lentum ) and salt-tolerant  L. pennellii  diminished in response to salt stress (Mittova 
et al.  2003 ). Later a proteomics study established, that GR1 in Arabidopsis is dually 
targeted to the cytosol and peroxisomes (Kataya and Reumann  2010 ), and its organ-
elle import may depend on the current needs and H 2 O 2  production. 

 Peroxisomal MDHAR isozymes are well characterized in a number of plant spe-
cies. A good summary of the available data and a phylogenetic tree was presented 
by Leterrier et al. ( 2005 ) and Lisenbee et al. ( 2005 ). It seems that the different 
MDHAR isozymes are presented in both peroxisomal membrane and matrix. 
Peroxisomal MDHARs are also responsive to salt stress (Mittova et al.  2003 ) with 
an increase and overall higher activity in the salt-tolerant wild tomato species. To 
summarize, it is evident, that some of the AsA–GSH peroxisomal enzymes are dif-
ferentially affected by different abiotic stress factors, independently of the whole 
cell extract activity. The responsiveness of the peroxisomal antioxidative system 
may  rely   on MDHA (through MDHAR) or GSSG (through GR) recycling indepen-
dently rather than on electron fl ow through the AsA–GSH pathway. 

 Successful cloning and expression of putative membrane-bound peroxisomal 
APX was achieved relatively long time ago in Arabidopsis and its stress activation 
was shown (Zhang et al.  1997 ). Certain subfractions of the ER were identifi ed as a 
sorting compartment for constitutively expressed peroxisomal APX in Arabidopsis 
(Lisenbee et al.  2003 ) The cytosolic orientation of the active site of peroxisomal 
APXs was proven even earlier (Yamaguchi et al.  1995 ). Currently, two APX (APX3 
and APX5) were identifi ed as peroxisomal in Arabidopsis. As summarized and fur-
ther concluded by Narendra et al. ( 2006 ), the presence of APX in the peroxisomal 
membrane increase the stress tolerance to various factors, but did not affect substan-
tially the performance of plants in normal conditions.  
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8.2.4     Cytosol 

 Although the enzymes of the AsA–GSH cycle are mostly compartmentalized 
between chloroplasts, mitochondria and peroxisomes, where the main biochemical 
sources of ROS occur, they could be also detected in the cytosol as a general ROS 
scavenging mechanism. Hydrogen peroxide, generated in other compartments dif-
fuses in the cytosol, but it is also produced in stress conditions by cell-wall peroxi-
dases and from O 2  − , generated by a plasma membrane and cell-wall-bound NADPH 
oxidases and enters the cell by facilitated diffusion through peroxiporins, serving an 
important signalling function (Neill et al.  2002 ). The cytosolic AsA and GSH pools 
are directly involved in H 2 O 2  dismutation through the AsA–GSH cycle. 

 Early evidence of a  cytosolic APX  , involved in drought stress response was pub-
lished for pea (Mittler and Zilinskas  1994 ). Two cytosolic APXs were identifi ed in 
Arabidopsis (Fig.  8.2 ), a constitutive (APX1) and stress-inducible one (APX2), and 
their role in the cross-protection of chloroplasts was shown (Davletova et al.  2005 ). 
Rizhsky et al. ( 2002 ) showed differential response to heat stress (enhanced expres-
sion of cytosolic APX and CAT) and drought stress (leading role for glutathione 
peroxidase) in tobacco. Rice cytosolic APX knockout mutants showed increased 
sensitivity to drought, as well as salt and cold stresses (Zhang et al.  2013 ).  Transgenic 
  tobacco plants, overexpressing cytosolic APX alone (Shrivastava et al.  2015 ) or 
cytosolic APX and Cu/Zn-SOD (Faize et al.  2011 ) performed better under water 
defi cit conditions and also showed improved photosynthetic rate, confi rming the 
role of cytosolic ROS scavenging in chloroplast protection. 

 Cytosolic DHAR and MDHAR were also purifi ed and characterized in various 
plant species (summarized in Eltayeb et al.  2007 ) and it was shown that their over-
expression in transgenic plants also confers drought tolerance (Eltayeb et al.  2006 , 
 2007 ,  2011 ). Tomato peroxisomal matrix MDHAR (SlMDHAR3), highly homolo-
gous to  Arabidopsis thaliana  AtMDHAR1 was shown to manifest peroxisomal and 
cytosolic localization (Gest et al.  2013 ). Increase in cytosolic GR transcript levels in 
pea (Stevens et al.  1997 ) and transcript levels and activity in cowpea ( Vigna unguic-
ulata ) (Contour-Ansel et al.  2006 ) was detected under drought stress with delayed 
response of drought-tolerant compared to  drought-sensitive cultivars   of the latter 
(Contour-Ansel et al.  2006 ). The expression levels of cytosolic GR were shown to 
be highly increased under drought conditions in a genome-wide study, compared to 
no change in chloroplasts GR (Tahmasebi et al.  2012 ), suggesting that GSH regen-
eration in the cytosol is of higher importance in a stressful environment. 

 The AsA/(M)DHA and GSH/GSSG pools are of crucial importance to the ROS 
scavenging machinery in most if not all cell compartments. Enhanced ROS produc-
tion during drought stress determines higher demands for effective detoxifying 
capacity, directly involving either or both of these antioxidants, thus altering the 
redox state toward more unfavorable fi gures. Increased expression and/or activity of 
the (M)DHA (DHAR and MDHAR) and GSSG-reducing enzyme (GR) are inevi-
table characteristics of the drought stress response. The relative contribution may be 
different  in   the different compartments and, as shown, many of the AsA–GSH cycle 
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enzymes are dually targeted, thus allowing higher plasticity of the stress response. 
The better understanding of the drought tolerance phenomena requires a 
compartment- wide enzyme characterization rather than the overall activity mea-
surements that are rarely provided.   

8.3     The Molecular Basis of Antioxidant Defense Activation 

8.3.1     Hormonal Triggering 

 The hormonal regulation of drought stress response is primarily provided by  abscisic 
acid (ABA)  , the dominant stress-related plant hormone. ABA is a terpenoid phyto-
hormone, regulator of many developmental and functional processes as stomatal 
aperture, hydraulic conductivity, seed dormancy, etc.), which leads to changes in 
gene expression and in adaptive physiological responses. Drought and salt stresses 
for example leads to ABA-induced gene expression, followed by stomatal closure, 
lower water loss and restriction of cellular growth, occurring promptly upon the 
sensing of stress. Osmotic stress induces the gene transcription of the  ABA- 
biosynthetic pathway enzymes  , most probably by Ca 2+ -induced phosphorylation 
cascade, simultaneously inhibits ABA degradation and thus mediate responses, 
related to regulation of the water balance inside the cells and ensuring the long- 
distance signalling from the primary site of osmotic sensing (roots) to the main site 
of water evaporation control (leaves) (Zhang et al.  2006 ). ABA-induced genes 
encoded dehydrins associated proteins, ROS-detoxifying enzymes, transporters, 
regulatory proteins such as transcription factors, etc. and represses mainly proteins 
associated with growth, ribosomal function, plasma membrane, and chloroplast pro-
teins (Wang et al.  2013b ). Simultaneously a drop in  cytokinin levels  , hormones with 
opposite to ABA functions was reported under drought conditions (Carvalho et al. 
 2015 ). Expression profi les and transcriptome analyses indicated a high percentage 
of genes, signifi cantly regulated by ABA and involved primarily in the metabolic 
response to drought, salinity, and to a lesser extent to cold (Wang et al.  2013b ). 

 A recent review (Kao  2014 ) of the role of H 2 O 2  summarized that ABA increases 
the gene expression and activity of the AsA–GSH cycle enzymes (APX and GR1) 
in leaves but also increase H 2 O 2  levels in maize embryos, seedlings, and leaves. 
 H 2 O 2  production   induced by ABA was fi rst observed in guard cells and subsequently 
reported in maize seedlings exposed to water stress. In rice it was shown that ABA 
treatment increases H 2 O 2  in roots and leaves with simultaneous increase in APX and 
GR activities in rice roots which suggest that ABA-induced H 2 O 2  accumulation 
could be a signal for increasing these enzyme activities (Kao  2014 ). 

 Drought decreases cytokinin levels leading to increased shoot responses to ABA 
and to stomatal closure. Cytokinin and ABA stress-induced changes promote early 
leaf senescence and abscission, thus decreasing water loss.  SARK-IPT   
 (isopentenyltransferase under the senescence-associated-receptor protein-kinase pro-
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moter) transgenic tobacco plants in conditions of drought stress showed better water 
loss control  effi ciency   and enhanced drought tolerance together with expression of 
ROS metabolism genes, especially AsA–GSH cycle genes (Rivero et al.  2007 ). Among 
the transcriptional control and stomatal closure, ABA affects the production of ROS, 
acting as second messengers and the stable H 2 O 2  subsequently induces the accumula-
tion of various hormones as jasmonic acid (JA), salicylic acid (SA), and ethylene (ET). 
The complex network of interaction between ROS and enzymatic oxidant scavengers 
provides the response to abiotic stresses (Karuppanapandian et al.  2011 ). 

  Salicylic acid   is a phenolic plant growth regulator, with several physiological and 
biochemical functions and in particular in response to abiotic stresses affecting the 
antioxidative systems and components of the AsA–GSH cycle. Accumulation of 
endogenous SA under drought stress was reported for Arabidopsis, conferring 
higher tolerance (Okuma et al.  2014 ). Treatment with exogenous SA is generally 
shown to increase the antioxidative response. In drought stressed mustard seedlings 
it was shown that the activities of MDHAR, DHAR, GR were enhanced with a con-
comitant decrease in H 2 O 2 . This suggests that SA helps the plants to become more 
tolerant to oxidative damage and supports their enzymatic antioxidant defense in 
drought stress response (Alam et al.  2013 ). The transcript levels of eight  AsA–GSH 
cycle-related genes   were investigated in wheat seedlings under drought stress con-
ditions as well. It was found that the applied exogenous SA leads to increased tran-
scription of the  GR  and  MDHAR  genes, while the transcription of  DHAR  showed 
time-dependent manner. This allows the presumption that SA regulates the expres-
sion of mentioned above genes differentially and could cause GSH and AsA redox 
state changes under drought stress. The effect of SA showed enhancement of 
drought tolerance related to its infl uence on the transcription of the genes encoding 
the enzymes from AsA–GSH cycle (Kang et al.  2013 ). Salicylic acid induced 
drought tolerance, mediated by increased antioxidant capacity was also reported for 
maize (Saruhan et al.  2012 ), bean (  Phaseolus vulgaris   ) and tomato (Senaratna et al. 
 2000 ). This concept was, however argued by Németh et al. ( 2002 ), suggesting that 
exogenous SA increase the polyamines levels and confers cold resistance, but 
causes drought sensitivity in maize and wheat. In support of this it was shown that 
excessive accumulation of SA may trigger a PCD (Programmed Cell  Death  ) path-
way and SA under accumulating transgenic Arabidopsis plants showed lower 
decrease of the GSH/GSSG ratio, compared to wild types in NaCl-induced osmotic 
stress (Borsani et al.  2001 ). 

 Jasmonates ( JA   and derivatives) have a signifi cant role in abiotic stress response 
(drought, salt, etc.) through activation of the defensive protein encoding genes and 
regulation of plant growth and development. They may have antagonistic to SA 
signalling regulation (SA can suppress the JA-dependent response) or they can 
share signalling pathways (Wasternack  2007 ). 

 The levels of JA and  methyl jasmonate (MeJA  ) increase during stress. There are 
evidences for expression changes of  jasmonate-responsive genes (JRGs)   under 
drought stress and in particular their induction in this case. The transcript levels and 
activities of APX, GR, DHAR, and MDHAR increased under water stress and that 
presents the assumption that the accumulation of JA is involved in the regulation of 
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AsA and GSH metabolism under stress conditions (Shan and Liang  2010 ). JA has 
similar to ABA features and functions, such as stomatal closure, inhibited plant 
growth, plant senescence, and stress response involvement. They can act depend-
ently or independently with each other. It is possible that increased JA levels could 
subsequently enhance ABA levels and afterwards to result in plant drought toler-
ance. This was reported in apple (  Malus domestica   ) and barley (  Hordeum vulgare   ) 
(Shan and Liang  2010 ). A study on JA and ABA-defi cient Arabidopsis plants 
(Brossa et al.  2011 ) showed that the interconnection between the two hormonal 
control pathways is essential in drought stress tolerance, but JA rather than ABA is 
primarily involved in the control of the AsA and GSH metabolism. Meanwhile the 
GSH redox status, controlled by GR could exert control on the H 2 O 2 -mediated SA 
and JA-pathway-dependent gene expression (Mhamdi et al.  2010 ). 

  Salicylic acid   and JA-responsive  cis- elements, but also ET-responsive elements 
were identifi ed in several ROS-responsive genes as  Apx1 , in addition to other con-
trol elements which suggest a broader role for these hormone-mediated responses 
(Miller et al.  2010 ). The subfamily of ethylene response factors (ERFs) are  cis- 
 elements- binding proteins that were shown to enhance plant tolerance to multiple 
stresses and playing a role in abiotic stress responses. An osmotic- and oxidative- 
stress ERF-expressing transgenic tobacco showed better drought and salinity adap-
tation, increased expression of ROS-detoxifying enzymes (primary SOD), and 
decreased ROS accumulation (Wu et al.  2008 ). Another ET-responsive factor, the 
Arabidopsis AtERF98 was also shown to trigger the transcriptional activation of 
AsA synthesis (Zhang et al.  2012 ). 

  Brassinosteroids (BRs)   are plant hormones that take part in various physiological 
and biochemical processes like development, stem elongation, vascular differentia-
tion, root inhibition, plant immunity, induction of ethylene biosynthesis, regulation 
of gene expression, nucleic acid and protein synthesis, photosynthesis, etc. (Yang 
et al.  2011 ). They also have an important role in plant protection and response to 
different abiotic stresses, including drought, through induction of the AsA–GSH 
cycle (Jin et al.  2015 ). It was shown that BRs increase the ABA concentration in 
tomato plants under drought stress, but it is not clear if the drought tolerance was 
caused by this elevation or other factors. The activity of APX was also increased 
and it was speculated that BRs induces the biosynthesis of endogenous ABA thus 
causing upregulation of antioxidant system (Yuan et al.  2010 ). The induced by BRs 
drought stress resistance and their effect on antioxidant system was also investi-
gated in blue mustard (  Chorispora bungeana   ) (Li et al.  2012c ). The enzyme (APX 
and GR) activities increased signifi cantly in plants under drought stress after appli-
cation of BRs compared with drought stress alone. This clearly shows that BRs 
enhance the antioxidative system and improve the plants resistance to drought 
stress. All the above mentioned could mean that BRs possess regulation function or 
the increased enzyme activities could be a result of  de novo  synthesis and/or activa-
tion of the enzymes, mediated through transcription and/or translation of specifi c 
genes (Li et al.  2012c ). 

 Hormones and especially ABA play signifi cant role in plant response to abiotic 
stress, including drought. They indirectly infl uence the production of ROS, in chlo-
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roplasts, but also in peroxisomes and mitochondria and simultaneously control the 
expression of the  AsA–GSH cycle genes   and other defensive mechanisms. The 
action of different hormones is often interconnected and ABA, along with SA and 
JA are primary involved in plant response to water defi cit. Higher endogenous levels 
or exogenous addition are associated with higher activity and expression levels of 
the AsA–GSH cycle enzymes.  

8.3.2     Gene Expression Control 

 Drought stress-induced genes protect cells from water losses, protect intracellular 
macromolecules from  dehydration-induced damage   and have also a role in the regu-
lation of genes for signal transduction during plant response. These gene products 
are divided into two groups. The fi rst group consists of proteins with function in 
stress tolerance (porins), enzymes osmoprotectants biosynthetic pathways, proteins 
protecting macromolecules and membranes (LEA protein, etc.), proteases for pro-
tein turnover and detoxifi cation enzymes (including AsA–GSH cycle enzymes). 
The second group contains protein factors for regulation of  signal transduction and 
gene expression   that probably function in stress response (protein kinases, tran-
scription factors, PLC, and 14-3-3 proteins) (Hadiarto and Tran  2011 ). 

 Multiple genes are induced or repressed by abiotic stresses. The resulting prod-
ucts play role in stress response and in establishing plant stress tolerance and these 
genes may fi nd application in genetic engineering of transgenic plants with induced 
stress tolerance. Different microarray technologies were used for analyzing gene 
expression profi les of plants under  abiotic stresses   and to identify stress-induced 
genes (Nakajima et al.  2002 ; Seki et al.  2001 ). A striking similarity of the functional 
and regulatory proteins was reported for Arabidopsis and rice. They were related to 
similar stress responses at the molecular level as well (Shinozaki and Yamaguchi- 
Shinozaki  2007 ). 

 A study on ABA and PEG 6000—induced expression of the AsA–GSH cycle 
 genes in maize   showed differential response (Liu et al.  2012 ). A total of 17 genes 
were studied (8  Apx , 4  Mdhar , 3  Dhar  and 2  Gr ). Two cytosolic APXs ( Apx1.1  and 
 Apx1.2 ), one cytosolic MDHAR ( Mdhar1 ), one cytosolic DHAR ( DharR2 ), and 
one cytosolic GR ( Gr2 ) showed increased relative transcript levels in both ABA and 
PEG—treated plants in the fi rst three hours with diminishing abundance at 6 and 12 
h. Additionally  Mdhar2  (cytosolic),  Dhar1  (chloroplasts),  Dhar3  (mitochondrial) 
and  Gr1  (cytosolic) showed increased transcript levels under PEG-treatment, sug-
gesting that most of the drought-responsive AsA–GSH cycle genes are under ABA- 
dependent induction control, but ABA-independent pathway is also present. 

 Genes from the AsA–GSH cycle showed differential  transcript abundance   in 
drought tolerant, compared to drought-sensitive wheat cultivars (Se enji et al. 
 2010 ). All six APXs showed increased transcription in the tolerant, compared to the 
 sensitive one, with stromal (sAPX I and sAPX II) and thylakoid (tAPX) expressing 
greater differences than cytosolic and mitochondrial APXs). Similarly cytosolic 
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(cGR) and  chloroplasts (chlGR)   GRs were drought-inducible in the tolerant culti-
var, cytosolic (cDHAR), and chloroplastic (chlDHAR) DHARs showed constitu-
tively higher and drought-inducible expression, while no MDHAR expression 
(except for the cytosolic MDHAR II in the fi rst stages of the stress response) proved 
indicative for drought tolerance. 

 In one of the  ABA-dependent pathways   dehydration inducible genes do not 
require protein biosynthesis for their expression and contain potential ABREs ( cis - 
acting DNA elements). cDNAs for ABRE and G-box-binding proteins represents a 
large gene family and have a region adjacent to a Leu-zipper motif (bZIP). Their 
core motif determines binding specifi city of bZIP proteins, but it is still unknown 
how ABA activates them for initiation of gene transcription. There are other  cis - 
acting elements in ABA-responsive gene expression. For example, ABA- and VP1- 
dependent expression of the maize  C1  gene (encodes MYB-related transcription 
factor) is regulated from the Sph box and GTGTC motifs regulate which subse-
quently controls the anthocyanin biosynthesis during seed development.  VP1  
encodes a transcriptional activator cooperating with bZIP proteins. There is a simi-
lar to the VP1 protein in Arabidopsis (AB13). 

 There are two  cis -acting ABRE motifs for the control of  ABA-responsive expres-
sion   of the Arabidopsis  rd29B  gene and two bZIP transcription factors (AREB/
ABF) binding to them. The AREB/ABF proteins require an ABA-mediated signal 
for their activation through their ABA-dependent phosphorylation. Overexpression 
of ABF3 or AREB2/ABF4 in transgenic Arabidopsis showed reduced transcription 
and increased drought tolerance. On the other hand expression of the mutated and 
phosphorylated form of AREB1 leads to induction of ABA-responsive genes with-
out exogenous ABA application which leads to the conclusion that mutations of 
transcription factors could enhance drought tolerance (Shinozaki and Yamaguchi- 
Shinozaki  2007 ). 

 In another ABA-dependent pathway biosynthesis of protein factors is required 
for the expression of drought-inducible genes (e.g.  rd22  gene in Arabidopsis with 
67-bp region of the promoter needed for the expression and containing  DNA- 
binding protein motifs   such as MYC ( rd22BP1  is MYC homolog) and MYB (the 
 Atmyb2  gene that encodes a MYB-related protein induced by dehydration stress), 
but no ABREs). Concerning the ATMYB2 protein, in the above example, it was 
reported that it binds to MYBRS in the  rd22  67-bp promoter region and may act in 
cooperation with RD22BP1 protein as a transcription factor for gene expression. It 
was revealed that target genes of MYC/MYB in overexpressing transgenic plants to 
be alcohol dehydrogenase and ABA- or JA-inducible genes. It was shown that bZIP 
transcription factors from rice, maize, and Arabidopsis bind to G-box-like sequences 
and are also involved in the ABA-dependent pathway. In such a pathway, many 
stresses and ABA-inducible genes encode transcription factors which play a role in 
the regulation of ABA-inducible genes for drought stress response (Shinozaki and 
Yamaguchi-Shinozaki  1997 ,  2007 ). 

 There are genes induced by drought (for example  rd29A  ( lti78  and  cor78 ),  kinl , 
 cor6.6  ( kin2 ), and  cor47  ( rdl7 ) in Arabidopsis) for which expression is suggested 
that no ABA is required but they respond to exogenous ABA. For them both ABA- 
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independent and ABA-dependent regulation systems function during drought stress 
gene expression. The most signifi cant for regulation of the induction of  rd29A  
under drought conditions is a 9-bp conserved DRE (drought-responsive elements) 
(including C-repeat with CCGAC core motif) that is linked to ABA-independent 
pathway and there is an ABRE in the   rd29A  promoter   for ABA-responsive expres-
sion. For the interaction with DRE motifs there are several protein factors (DRE/C-
repeat-binding proteins with conserved DNA-binding motif). Such DNA- binding 
motifs were also reported in EREBP and AP2 proteins involved in ethylene- 
responsive gene expression and fl oral morphogenesis, respectively. These elements 
are for example  CBF / DREB1  and  DREB2  and the overexpression of  CBF / DREB1  
in transgenic plants was shown to increase stress tolerance to freezing, drought, and 
salt stresses. The  DREB2  genes are drought-induced and may activate other genes 
involved in drought stress tolerance, but their overexpression do not contribute to 
enhanced stress tolerance, which indicates that there are proteins that activate 
DREB2 posttranslationally. The overexpression of mentioned above genes shown 
similar effects both in rice and Arabidopsis, which suggests similar transcription 
factors function in abiotic stress tolerance between dicotyledonous and monocoty-
ledonous plants (Shinozaki and Yamaguchi-Shinozaki  2007 ). 

 There is also suggestion for another ABA-independent pathway for the drought 
stress response expression of genes such   rd19  and  rd21    (for thiol proteases) and 
 erdl  (for Clp protease regulatory subunit). The reported  cis -acting elements in  erdl  
promoter are involved both in stress-induced and senescence-activated gene 
expression. There are DNA-binding proteins which interact with these  cis -ele-
ments called NAC transcription factors. The drought-inducible gene that encodes 
NAC factor is  rd26  and its expression could be induced not only by stress but also 
by ABA and JA. It was reported that typical ABA-inducible genes such as  lea ,  rd , 
 erd ,  cor , and  kin  are not target genes of RD26, whereas many JA-inducible genes 
are target genes of RD26 which suggests its signifi cance as a mediator between 
ABA and JA signalling during stress responses (Shinozaki and Yamaguchi-
Shinozaki  1997 ,  2007 ) 

 It is proven that different stress signals are transmitted separately in plants to 
activate DRE-dependent transcription of the  rd29A / cor78  gene and because of these 
  trans -acting elements   that regulate DRE-dependent gene expression are important. 
For the function of the DREB1A and DREB2A proteins as  trans -acting factors were 
studied through transient expression in Arabidopsis leaf protoplasts and overexpres-
sion in transgenic Arabidopsis plants and their different functions were reported as 
DREB1A-related proteins function in the DRE/C-repeat-dependent expression of 
 rd29A  during cold stress while the DREB2A-related proteins are linked in its 
expression during drought and salt stress. All that data evidenced that these two 
protein families function as  trans -acting factors in two separate signal transduction 
pathways (Liu et al.  1998 ). 

 A number of studies indicated that genes of the AsA–GSH cycle are regulated in 
both  ABA and ABA-independent pathways  . ABRE-like sequence was reported in 
the 5′-fl anking region of fi eld mustard ( Brassica campestris )  Gr1  gene (Lee et al. 
 2002 ). Previously, two ABRE motifs were identifi ed in the 5′-fl anking region of the 
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rice  Gr2  gene (Kaminaka et al.  1998 ). Rice  Gr3 , co-localized to chloroplasts and 
mitochondria is under ABA-dependent (ABRE element) and ABA-independent 
(C-repeat/DRE-like element) transcriptional control (Wu et al.  2013 ). A grey man-
grove (  Avicennia marina   ) peroxisomal APX is also under ABRE-controlled expres-
sion, among Myc cold/freeze/dehydration  cis -acting element and ERE element 
(Kavitha et al.  2008 ). A comprehensive study on  cis -acting regulatory elements of 
the rice AsA–GSH cycle genes was recently published (Pandey et al.  2015 ). The 
frequency of control elements, involved in drought stress response showed that 
APXs are mainly under ABA-control, ABRE, but predominantly MYB-binding site 
(MBS), GRs showed a similar gene promoter distribution and no ABA-independent 
drought regulation pathway at all, MDHARs are predominantly ABRE-controlled 
and DHARs showed the strongest ABA-independent C-repeat/DRE-controlled 
transcription (Fig.  8.3 ).

  Fig. 8.3    Schematic representation of the  hormonal and transcriptional control   of the AsA/GSH 
cycle enzymes. The ABA (abscisic acid) -responsive pathway is shown in pale green. Higher 
osmotic potential (either water defi cit or high salinity) is sensed, most possibly by osmotic- 
sensitive plasma membrane Ca 2+  channels. Subsequent phosphorylation cascade leads to transcrip-
tional activation of ABA-biosynthetic pathway enzymes and increased ABA concentrations. This 
ensures the long-distance signalling and stomatal closure in order to minimize transpiration and 
water losses. The simultaneous increase in photorespiration ( red ) leads to overproduction of ROS 
in chloroplasts, peroxisomes, and mitochondria (see subtitle 1), which in turns further increase 
ABA accumulation. Two ABA-dependent ( pale green )—AREB/ABRE and MYB/MYBR and an 
ABA-independent ( yellow )—DREB2/DRE transcription activation systems (see subtitle 3.2) lead 
to the expression of the AsA/GSH cycle enzymes (dark green)—APXs, MDHARs, DHARs, and 
GRs among other stress-responsive genes and they function in ROS scavenging and AsA/DHA 
and GSH/GSSG redox state maintenance in the cytosol or are targeted to other compartments (see 
subtitles 2.1–2.4). Two other plant hormones—JA (jasmonic acid) and  SA    salicylic acid) are also 
induced by ROS and/or ABA and are further responsible for stomatal closure and AsA/GSH cycle 
gene expression ( brown )       
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8.4         Ascorbate–Glutathione Cycle and Drought Tolerance 

8.4.1     Genetic Diversity of AsA–GSH Cycle Enzymes 

 The AsA–GSH cycle enzymes in plants are all encoded by  multigene families  . 
APXs belong to class-I of the superfamily of bacterial, fungal, and plant peroxi-
dases and are proved to be with prokaryotic origin. They are found mainly in higher 
plants, but also in algae and some cyanobacteria, insects, and ascorbate-rich animal 
tissues. APX isoforms differ in molecular weight, optimal pH, stability, substrate 
specifi city, localization, and the level of response to specifi c stress conditions. For 
APXs there are two evolutionary models proposed. The fi rst one presumed that 
genetic diversity is due to interlocus recombination or gene conversion with subse-
quent natural selection and the other is based on the assumption that genes are cre-
ated by repeated duplication of existing ones, some of which function for a long 
time, while others are removed or cease to function. It is also suggested that APXs 
have a common ancestral origin, which is supported by the presence of conserved 
regions in the ion-binding area of all their isoforms. It is reported that the  APXs 
evolution   started with diversifi cation of the cytosolic and chloroplast forms, and it 
is shown that these in the same compartments from different plants are more closely 
related as well as these are in the same species from different evolutionary branches. 
It is also determined that tAPX and sAPX share high similarity except of the region 
responsible for membrane-spanning in the thylakoidal isoform, which consequently 
presumes that they are encoded by a single gene with alternative splicing. Still in 
some species it is possible that the diversifi cation of tAPX and sAPX happened 
earlier in the evolution. Cytosolic and peroxisomal APXs respectively, are proved to 
be highly homologous within many higher plant species. This data leads to the sug-
gestion that the enzymes from the same compartment have common genetic origin 
(D browska et al.  2007 ). 

 The  phylogenetic analyses   indicated also that different APX isoforms originated 
molecular evolutionary complex process of gene duplications and their structural 
organization also refl ects this process. It is proposed that cytosolic and peroxisomal 
isoforms diverged early from chloroplasts ones. Two features are found to identify 
higher plant chloroplastic isoforms—(K-[ND]-I-[ETK]-E-W-P) motif near the 
active site and (E-T-K-Y-T-[KE]-[DNTE]-G-PG-[ANEK]-[PA]-G-G-Q-S) motif 
near the heme-binding site, while generally additional single amino-acid changes 
represent the differences among the isoforms. Still these differences clearly distin-
guish chloroplastic from  nonchloroplastic isoforms   (cytosolic and peroxisome 
membrane-bound) which represent the dichotomous divergence of APXs phylog-
eny. This is used for evidencing that the nonchloroplastic isoforms were generated 
by duplication events of a single nonchloroplastic ancestral gene. There is also a 
new APX group of isoforms close to the peroxisomal isoforms, suggesting a com-
mon origin to these branches but found only in a few plants. The comparison of the 
structural organization of APX genes additionally supports the theory of a common 
origin of each isoform arising from a common ancestor for all APX genes—iso-
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forms in the same cellular compartment have a similar gene structure. The evolu-
tionary pathway was proposed to begin with a duplication event that generated the 
ancestral genes encoding the chloroplastic and the nonchloroplastic isoforms, from 
a common ancestral APX gene most likely before the divergence between 
 Viridiplantae   and  Euglenazoa   and subsequent particular evolutionary path for each 
group. Another duplication event was proposed for diversifi cation of stromal and 
thylakoid-bound isoforms of the chloroplastic APXs. The possibility of alternative 
splicing of the genes for the chloroplastic proteins recently on the evolution of a 
certain lineage of eudicots was presumed and supported by the absence of alterna-
tive splicing of the corresponding genes in rice,  Arabidopsis , and   Chlamydomonas   . 
As it concerns the diversifi cation within the nonchloroplastic APX branch, it was 
suggested to occur after the divergence of Euglenazoa and Viridiplantae possibly 
from cytosolic form as the nonchloroplastic isoform in Euglena is cytosolic. Most 
probably the peroxisomal and new APX isoforms arise from duplication of the 
ancestral APX gene, creating one gene for cytosolic and a second one for peroxi-
somal forms. Another duplication event separated peroxisomal from new APX iso-
forms (Teixeira et al.  2004 ). 

  Glutathione reductases   are encoded by a small gene family and different num-
bers of genes encoding GRs were described from different plant genomes (e.g. two 
for  Arabidopsis thaliana ,  Nicotiana tabacum  and  Pisum sativum , and three for 
 Oryza sativa  and  Populus trichocarpa ). GRs are also compartmentalized differently 
in cells—plastid, mitochondria, cytosol, glyoxysome, or peroxisome. The phyloge-
netic analysis of GR isoforms revealed the same pattern as for the APXs—there was 
a clear divergence between cytosolic and chloroplastic isoforms both divided into 
monocot and dicot subgroups. Two smaller groups were found to present in the 
monocot subgroup with no isoform found in the dicot genomes (Wu et al.  2013 ). 
The comparison of GR genes in rice and Arabidopsis, as the representatives of 
mono- and dicotyledonous plants, was also performed and the phylogenetic rela-
tionship between GR gene families showed the presence of homologous and orthol-
ogous group and revealed evolutionary conserved pyridine nucleotide-disulphide 
oxidoreductases class-I active site among the GR protein (Trivedi et al.  2013 ). 

 To study the phylogenetic relationships, genetic diversity, and evolutionary his-
tory of MDHARs, an investigation of their isoforms in the moss  Physcomitrella  was 
performed. The  MDHAR enzyme activity   is found both within the plants and ani-
mals. They also have cytosolic isoforms and isoforms positioned in different cellu-
lar compartments. The genetic diversity of available plant MDHARs showed the 
identity and conservation of the FAD/NAD-binding sites and clear division to three 
subfamilies of monophyletic origin—cytosolic, peroxisomal and chloroplast/mito-
chondrial based mainly on compartmental targeting motifs. It was confi rmed that 
the genes for the MDHAR isoforms in  Physcomitrella  share a common ancestor 
with cytosolic MDHAR genes from higher plants (they are similar to cytosolic iso-
forms except for organelle-targeting motifs). The phylogenetic analysis showed that 
cytosolic MDHAR genes’ ancestor evolved before the divergence of bryophytes. 
Even within the cytosolic clade of the higher plants, the bryophytes MDHARs form 
a separated group which confi rms that these are not orthologs with a conserved 
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function but the gene duplications have occurred after diversifi cation and specia-
tion. In addition the higher plant chloroplast/mitochondrial, membrane-bound per-
oxisomal and cytosolic MDHARs are divided into separate phylogenetic branches 
which suggest that two duplication and diversifi cation events lead to the separation 
of these subfamilies. This data in addition to the amino-acid and gene structural 
organization indicated that the chloroplast/mitochondrial MDHARs diverged early 
in evolution and that the membrane-bound peroxisomal MDHARs evolved from a 
more recent duplication event. It was also speculated that MDHARs and APXs 
families followed a similar evolutionary path (Lunde et al.  2006 ). 

  DHAR enzymes   were studied in  Eucalyptus  and three clusters encoding DHAR 
isoforms were identifi ed. In the same manner as the other AsA–GSH cycle enzymes 
DHAR branching showed phylogenetic division with regards to the cell compart-
ment—two of the clusters consisted from cytosolic isoforms and one—chloroplas-
tic. All three of them were grouped with particular previously described organelle 
isoforms and also the compartment-targeting motifs were highly similar to previ-
ously described ones (Teixeira et al.  2005 ). 

 To summarize, a clear, compartment-dependent divergence of the genes, encod-
ing AsA–GSH cycle enzymes was established in most of the studied plants and the 
subcompartmental division occurred early in the evolution. Cytosolic and peroxi-
somal isoforms are clearly different from the mitochondrial/chloroplast clade. At 
least some of the isoenzymes are products of alternative splicing, originating from 
a single gene. Dual-targeting is also common, especially for the mitochondria/chlo-
roplast gene products. The pattern of phylogenetic relationship is similar for all four 
of the AsA–GSH cycle enzymes.  

8.4.2     AsA–GSH Cycle in Drought-Tolerant vs. Drought- 
Sensitive Cultivars 

 The application of biochemical markers for fast screening of multiple cultivars for 
stress tolerance is an attractive, though not decisive approach in contemporary agri-
culture. The integration of genomics approaches, used in marker-assisted selection 
with the metabolic and physiological data analyses ensures a better understanding 
of the complex response of plants  to   drought and more successful improvement of 
drought tolerance in crops (Mir et al.  2012 ). Oxidative stress and the effectiveness 
of the antioxidative systems, including the AsA–GSH cycle, are often used as stress 
tolerance markers (Raheleh et al.  2012 ; Abbas et al.  2014 ; Devi et al.  2012 ; Zhang 
et al.  2014 ). 

 The overall value of antioxidants as stress tolerance markers is however ques-
tioned. As drought and other abiotic stresses cause enhanced ROS production with 
detrimental effect on biological membranes, proteins, and DNA (Noctor et al. 
 2014 ), more effective antioxidant systems might provide higher drought or other 
stress resistance. Higher tolerance may be achieved due to better protection of 
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 photosynthetic machinery (Shamim et al.  2013 ), reduced levels of membrane lipid 
peroxidation (Abbas et al.  2014 ) or successful maintenance of the cellular redox 
state (Marquez-Garcia et al.  2015 ). This could be achieved either by an increase in 
the antioxidant defense (Saruhan et al.  2012 ) or due to constitutively higher antioxi-
dant activity in the drought-tolerant plant (Türkan et al.  2005 ). 

 However, conclusions on drought tolerance, based solely on the antioxidative 
status should be drowned with great caution. The response is differential both in 
concentration and time manner. For example, in an experiment, screening sugarcane 
( Saccharum offi cinarum ) cultivars for drought tolerance, the sensitive one showed 
increased activity of antioxidant enzymes, compared to the tolerant one at lower 
water defi cit levels (Cia et al.  2012 ). The higher antioxidative capacity of the 
drought-tolerant cultivar is evident only at higher water defi cit levels. Similarly, no 
apparent differences or higher antioxidant activity of sensitive cultivars was 
observed after short-term drought treatment, with clear differences only after long- 
term stress (Boaretto et al.  2014 ). Assuming that drought stress would eventually 
lead to enhanced ROS production, we could defi ne a tolerant plant as this one that 
will activate its antioxidative machinery after longer exposition or higher levels of 
stress. Thus, increased activity of antioxidants at certain conditions may be associ-
ated with susceptibility rather than tolerance and misinterpretation of data. 

 The use of the AsA–GSH cycle enzymes as biochemical markers for drought 
tolerance involves not only changes in the enzymatic activity, but also isoenzyme 
profi les. Drought-inducible APXs were cloned from fi nger millet ( Eleusine cora-
cana ) (Bhatt et al.  2013 ) and peanut ( Arachis hypogaea ) (Shrivastava et al.  2015 ). 
Both are associated with better drought tolerance. Another important point here is 
that the performance of the AsA–GSH  cycle   enzymes alone is rarely credited as 
drought tolerance marker. Such experiments typically involve GSH/GSSG and 
AsA/DHA concentrations and ratios (Pyngrope et al.  2013 ), activity of other anti-
oxidant enzymes—catalase, guaiacol peroxidases, and superoxide dismutases (Cia 
et al.  2012 ), ROS (typically H 2 O 2 , more rarely O 2  − ) and levels of lipid peroxidation 
(by MDA concentration) (Abbas et al.  2014 ), glutathione-S-transferases (Le Martret 
et al.  2011 ) and osmoprotectants (Abbas et al.  2014 ). A major advantage of this 
approach is the possibility to measure all of the above by common and inexpensive 
laboratory equipment—a UV-VIS spectrophotometer. 

 Examples of comparative analyses of the AsA–GSH cycle in drought-tolerant 
and drought-sensitive cultivars of crop plants are summarized in Table  8.2 . Several 
key conclusions could be made here. The methodology for drought stress treatment 
varies signifi cantly. Different concentrations of PEG-6000 (Pyngrope et al.  2013 ; 
Sekmen et al.  2014 ) or irrigation withholding (Huseynova  2012 ; Marok et al.  2013 ; 
Chugh et al.  2013 ) are the preferred methods, but they are not directly comparable. 
Unlike other abiotic stress treatments where the concentration of the stressor is the 
easily controllable variable, in drought stress treatment results may vary  signifi cantly 
depending on the experimental system. Therefore, a unifi ed measure unit—osmotic 
potential or water availability should be used, or an internal physiological crite-
rion—relative water content (RWC), having also in mind that keeping the water 
inside the plant  is   a drought tolerance characteristic. The stress prolongation also 
varies signifi cantly among the cited studies—immediate (24–72 h) (Pyngrope et al. 
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   Table 8.2    Selected recent (2012–2015) reports on experiments, comparing drought-tolerant and 
 drought-sensitive cultivars   of various crop plants   

 Crop plant 

 AsA–GSH cycle  Reference 

 Sensitive  Tolerant 

  Oryza sativa   GSH/GSSG ratio 
decreased 

 GSH/GSSG ratio stable  Pyngrope et al. 
( 2013 ) 

 AsA/DHA ratio slightly 
decreased 

 AsA/DHA ratio stable 

 APX not changed  APX increased 
 MDHAR increased  MDHAR increased 
 DHAR slight decrease  DHAR slight increase 
 GR slight decrease   GR   slight increase 

  Triticum 
aestivum  

 APX increase  APX increase/decrease 
depending on the 
developmental stage 

 Huseynova ( 2012 ) 

 GR increase/decrease 
depending on the 
developmental stage 

 GR increase 

  Triticum durum   APX increase/decrease 
depending on the 
developmental stage 

 APX increase 

 GR slight decrease  GR increase 
  Gossypium  
  hirsutum  

 APX twofold increase  APX slight increase  Sekmen et al. 
( 2014 )  GR slight increase  GR slight increase 

  Hordeum 
vulgare  

 GSH and GSSG increase  No signifi cant change in 
GSH and GSSG 

 Marok et al. 
( 2013 ) 

 AsA and DHA increase  AsA  and   DHA decrease 
  Zea mays   GSH decrease  GSH increase up to 21 

days 
 Chugh et al. 
( 2013 ) 

 AsA decrease  AsA increase up to 21 
days 

 GR decrease  GR increase up to 21 days 
 APX not changed  APX increase up to 21 

days 
  Saccharum 
offi cinarum  

 GR increase  GR decrease in mild, 
increase in severe stress 

 Boaretto et al. 
( 2014 ) 

  Arachis 
hypogaea  

 APX decrease  APX increase up to 15 
days 

 Padmavathi and 
Rao ( 2014 ) 

 GR decrease  GR showed little change 
  Triticum 
aestivum  

 AsA decrease in leaves 
and roots 

 AsA decrease in leaves 
and roots 

 Singh et al. 
( 2012 ) 

 APX decrease in leaves 
and roots 

 APX  increase   in leaves 
and roots 

 GR decrease in leaves and 
roots 

 GR increase in leaves and 
roots 
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 2013 ), short term (about 15–20 days) (Padmavathi and Rao  2014 ) to long term 
(40–150 days) (Singh et al.  2012 ; Chugh et al.  2013 ). The overall response is also 
highly dependent on the developmental stage (Huseynova  2012 ). So, could the 
AsA–GSH cycle be used as drought stress tolerance marker? This concept is already 
questioned as a useful approach for antioxidant enzyme activity for salt tolerance 
breeding (Fan et al.  2014 ) and no dramatic changes in the redox status during 
drought stress (unless sublethal levels) were reported (Noctor et al.  2014 ). This, 
however, does not mean that the AsA–GSH cycle does not participate in drought 
stress response and numerous examples improved drought tolerance by overexpres-
sion of the enzymes in transgenic plants exist (see subtitle 5).

8.4.3        Surviving in Harsh Environment: Lessons 
from Xerophytes 

 Xerophytes are a diverse group of fl owering plants, displaying the remarkable fea-
ture of surviving in environmental conditions with little availability of liquid water. 
A number of physiological and anatomical adaptations allow them to (1) increase 
water uptake; (2) store large amount of water; (3) reduce water losses. The drought 
stress is often combined with  high   light intensity, extremely high (deserts) or 
extremely low (high mountains) temperature, which impose further metabolic chal-
lenge to cope with multiple stresses. 

 Xerophytes, like any other plant, would also undergo concomitant oxidative stress 
in conditions of low water availability. For example caper ( Capparis ovata ) seed-
lings, subjected to PEG-induced osmotic potential of -0.81 MPa displayed almost 
three times increase in MDA concentration after 14 days, accompanied with an 8 % 
decrease in RWC (Ozkur et al.  2009 ). Lipid peroxidation in  Gypsophila aucheri  after 
14 days drought treatment was also increased, although at  a   lower rate—with 9.6 % 
(Esen et al.  2012 ). In a comparative study of four xerophytic and two sensitive 
 Caragana  species, lipid peroxidation decreased or did not show changes in tolerant 
with signifi cant increase in sensitive species, while H 2 O 2  concentrations increased in 
all but one after 48 days of drought treatment (Kang et al.  2012 ). 

 It is obvious in the above mentioned examples that xerophytic plants produce more 
ROS in drought conditions, therefore a more effective antioxidant strategy is needed 
to sustain photosynthetic capacity and membrane integrity. In all cases, antioxidant 
enzymes were studied and showed a remarkable increase during stress. In  Capparis 
ovata  both APX and GR showed a threefold increase in activity,  accompanied by an 
increase in SOD, POX and CAT activities (Ozkur et al.  2009 ). The same set of fi ve 
enzymes showed increased activity during salt (100 and 300 mM NaCl treatment) and 
drought stress in  Gypsophila aucheri  with APX showing the most pronounce and 
probably drought-specifi c change (Esen et al.  2012 ). Ascorbate peroxidase and GR 
activities were also signifi cantly higher in xerophytic  Caragana  species compared to 
sensitive ones (Kang et al.  2012 ). A proteomics study also showed a sevenfold 
increase in the amount of DHAR in wild watermelon ( Citrullus lanatus ) in the condi-
tion of water defi cit after only 3 days treatment (Yoshimura et al.  2008 ). 
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 Clearly, enzymes of the AsA–GSH cycle were shown to participate in drought 
stress response of xerophytic plants. In addition, it should be noted that antioxidant 
enzymes are also a potent defense mechanism in extreme halophytes, where water 
unavailability is comparable to extreme drought. This was shown for APX (and to a 
lesser extent GR) in seepweed  Suaeda salsa  (Cai‐Hong et al.  2005 ), APX, GR, 
MDHAR and DHAR in a tolerant, compared to sensitive European searocket 
( Cakile maritima ) accession (Amor et al.  2006 ), APX, MDHAR and DHAR (with 
little decrease in GR activity) in  Salsola crassa  (Yildiztugay et al.  2014 ), subjected 
 to   gradually increasing NaCl concentrations (up to 1.5 M). These are just a few 
examples from studies on halophytes, responding to drought. Not surprising, but 
some, if not all, halophytes also perform well in water defi cit conditions as shown 
for Umari keerai ( Salicornia brachiata ) (Parida and Jha  2013 ) and AsA–GSH pro-
moted H 2 O 2  scavenging is one of several mechanisms along with compatible solute 
accumulation, conferring tolerance. In all of the examples above it seems that the 
AsA-dependent ROS scavenging through APX is the predominant event, supported 
by continuous reduction of DHA.  

8.4.4     Ascorbate–Glutathione Cycle during the Desiccation: 
Rehydration Cycle of Resurrection Plants 

 The extreme level of drought tolerance is observed in the peculiar group of  poikilo-
hydric plants  , also known as resurrection plants. Unlike all other groups that undergo 
dehydration–rehydration cycles at particular developmental stages—seeds and pol-
len, resurrection plant are characterized by the ability to lose up to 95 % of their 
water content in vegetative tissues—leaves and roots. They can survive for several 
years in this completely desiccated condition and to return to normal physiological 
state once water availability is restored (Hartung et al.  1998 ; Scott  2000 ). While all 
lichens and most bryophytes are considered desiccation tolerant (Heber and Lüttge 
 2011 ), this remarkable feature is restricted to few vascular plants (Porembski  2011 ). 
Excluding ferns the number of resurrection plant species is roughly estimated at 
around 300, belonging both to  monocots and dicots   (Porembski  2011 ). Besides the 
indisputable ecological interest, resurrection angiosperms are also an attractive 
model to study desiccation tolerance in plants (Ingram and Bartels  1996 ; Hoekstra 
et al.  2001 ) and are considered an important gene pool for drought-tolerant trans-
genic plant production (Liu et al.  2009 ; Iturriaga et al.  1992 ). 

 Desiccation tolerance in resurrection plants is like any other trait, a complex 
aggregate of genetic and metabolic strategies. An important question is whether 
resurrection plants are just better in being drought tolerant than any other plants or 
they possess some unique feature. Recent  transcriptome studies   under drought, des-
iccation and subsequent rehydration of the “trendy”   Craterostigma plantagineum    
and   Haberlea rhodopensis    revealed that both possibilities might be true (Gechev 
et al.  2012 ). These include, but is not restricted to expression of dehydration- specifi c 
proteins such as dehydrins (Rorat  2006 ) or LEA proteins (Liu et al.  2009 ), accumu-
lation of oligosaccharides (Peters et al.  2007 ) and adjustment of the photosynthetic 
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effi ciency (Gashi et al.  2013 ; Farrant  2000 ). Last, but not least, the successful revival 
of a resurrection plant may be strongly dependent on its antioxidant status (Kranner 
et al.  2002 ; Sgherri et al.  2004 ) which in turns suggest a role for the enzymes of the 
ascorbate–glutathione pathway. 

 One of the fi rst studies on the  antioxidant systems   in resurrection plants date 
back to the 1990s. In  Sporobolus staphianus  it was shown that both GSH and AsA 
tend to decrease in dehydrated plants. Simultaneously the activities of GR and 
DHAR increased approximately two fold while the activity of ascorbate peroxidase 
decreased (Sgherri et al.  1994 ). Navari-Izzo (Navari‐Izzo et al.  1997 ) studied the 
alteration in glutathione concentrations and glutathione-related enzymes during 
dehydration of Queensland rock violet ( Boea hygroscopica ). The initial stages of 
dehydration, up to 80 % RWC were characterized by GSH depletion and a shift 
toward the oxidized state—GSSG. Further dehydration lead to normalization of the 
GSSG percentage, followed by a trigger for a substantial increase in GSH concen-
tration—a twofold raise at around 50 % RWC. Such increase is related to ROS 
scavenging but also to the protein thiols’ protective role of GSH. The initial increase 
in  GSH concentration   might be crucial for the revival of resurrection plants as its 
concentration gradually decreases after the initial raise as shown in  Myrothamnus 
fl abellifolia  (Kranner et al.  2002 ). Both ascorbate and GSH depletion correlated 
with lower survival rates, but  Myrothamnus  seems not to accumulate ascorbate dur-
ing dehydration. In both cases, no signifi cant change in GR activity was observed in 
the fi rst days of dehydration. Sherwin and Farrant (Sherwin and Farrant  1998 ) 
showed that the role of glutathione reductase during dehydration of resurrection 
plants may be species-specifi c as   Craterostigma wilmsii    showed overall higher GR 
activity with a transient increase in 50 % RWC, while   Xerophyta viscosa    showed 
dramatically lower GR activity with a peak at the completely dry stage. Interestingly 
the ascorbate peroxidase assay in these plants showed an opposite pattern—higher 
activity with a peak at 50 % RWC in  Xerophyta  and a decrease of the overall lower 
activity in  Craterostigma . In phoenix fl ower ( Ramonda nathaliae ) both enzymes 
showed increased activity at 80 % RWC, followed by decrease even bellow initial 
levels at 50 % RWC (Jovanovi  et al.  2011 ). 

 Recently an increase in  GSH concentration   during dehydration was observed in 
 Boea hygrometrica  ( Jiang et al .  2007 ),  Ramonda serbica  (Sgherri et al.  2004 ) and 
 Haberlea rhodopensis  (Djilianov et al.  2011 ). The later study also provided an 
important comparison with non-resurrection, closely related plant and showed that 
the ability to accumulate GSH rather than the ability to recycle GSSG might make 
the difference at least in some desiccation tolerant plants. In   Ramonda serbica    
(Sgherri et al.  2004 ) the peaks both in total AsA and GSH concentrations were 
detected in 4.2 % RWC. 

 What happens during rehydration, or revival of the resurrection plant? Studies in 
lichens showed signifi cant increase in reactive oxygen species production during 
rehydration (Weissman et al.  2005 ). However, this was not attributed to  photosyn-
thesis  . In all studied resurrection plants the GSH + GSSG concentration declined 
during rehydration with little or no change in GSSG percentage (Djilianov et al. 
 2011 ; Jiang et al.  2007 ; Kranner et al.  2002 ; Sgherri et al.  1994 ). Simultaneously the 
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AsA concentration increased in  Sporobolus  (Sgherri et al.  1994 ) and  Myrothamnus  
(Kranner et al.  2002 ), accompanied by an increase in the APX activity in the latter. 
All these data suggest that during dehydration, resurrection plants are more con-
cerned to protect protein thiols in a GSH-dependent mechanism rather than using 
the ascorbate–glutathione pathway as a ROS scavenging machinery. Later, during 
rehydration, the probable ROS production is accompanied by increase in AsA con-
centration and normalization of GSH levels to meet the new requirements. 

 Despite their indisputable attractiveness as model organisms to study desiccation 
tolerance in plants, studies on resurrection plants are still scarce and not satisfactory. 
Few of the published research are extended into multiple aspects of the biochemical 
events during dehydration and rehydration. Moreover, it seems that there are no estab-
lished model resurrection plants—most of the working groups prefer to focus on 
locally available species. With few exceptions, there are no closely related, non- 
resurrection plant species as controls and most of the studies were performed at differ-
ent  RWC percentage   or different timeframes, thus not allowing a direct comparison.   

8.5     Engineering the Ascorbate–Glutathione Cycle for Better 
Drought Tolerance 

 Contemporary approaches toward drought-tolerant crop plants breeding include 
 marker-assisted selection   and genetic engineering. High throughput methods are 
needed to ensure fast and effi cient identifi cation of molecular markers for drought 
tolerance and subsequent breeding of cultivars with enhanced traits. Both approaches 
result in high number of journal articles though the practical application is currently 
facing substantial constraints (Xu and Crouch  2008 ). This phenomenon is mainly 
attributed to the complex nature of the  abiotic stress   tolerance trait (Wang et al. 
 2003 ) that makes the effi cient engineering of stress tolerant cultivars diffi cult to 
achieve. Currently a number of molecular markers for marker-assisted selection of 
a variety of crop plants as maize (Ribaut and Ragot  2007 ), pearl millet (Serraj et al. 
 2005 ), wheat (Fleury et al.  2010 ), rice (Siangliw et al.  2007 ) etc. exist. The applica-
tion of QTLs (quantitative trait loci) in MAS (and genome-wide selection) gives 
promising results in a variety of crops (Mir et al.  2012 ). The further identifi cation of 
candidate genes for drought tolerance, however allows for a more precise engineer-
ing of drought tolerance. 

 Wang (Wang et al.  2003 ) proposed several groups of genes and gene products as 
potential targets for drought, salinity and extreme temperature adaptation (as plant 
response to different abiotic stresses often share similar metabolic pathways) in 
crop plants. These include transcription factors, genes, involved in compatible sol-
ute biosynthetic pathways and ion transport, late embryogenesis abundant proteins 
(LEA) and  heat shock proteins (HSP)   encoding genes and antioxidants and detoxi-
fi cation genes. The members of the AsA–GSH cycle belong to the last group. The 
latter was recently proposed as an effi cient  biotechnological target   for improving of 
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plant salt tolerance (Ashraf  2009 ). Assuming the similarity of plant response to the 
osmotic component of salt and drought stress and the role of AsA–GSH pathway in 
drought tolerance as summarized in this chapter, it is not surprising that overexpres-
sion and/or heterologous expression of one or several enzymes of the cycle may also 
contribute signifi cantly to the drought adaptation of transgenic plants. Recent papers 
on this subject are summarized in Table  8.3 .

   There are several open questions that remain partially unsolved when referring to 
drought stress tolerance: (1) Whether  transgenic expression   of any AsA–GSH iso-
enzymes confer tolerance; (2) Whether transgenic expression in any compartment 
confers tolerance; (3) Whether co-expression of two or more AsA–GSH isoen-
zymes (or other antioxidant enzyme) improve drought tolerance; (4) Whether the 
expression of isoenzyme from drought or desiccation tolerant plant species improve 
drought tolerance. An important aspect of the experiments, involving transgenesis 
of the AsA–GSH cycle enzymes is the impact on multiple stress tolerance. In many, 
if not all, of the cited papers improved drought adaptation is accompanied by 

     Table 8.3    A selection of examples, involving homologous or heterologous  expression   of the 
isoenzymes of the AsA–GSH cycle in transgenic plants, conferring drought tolerance. In notes, 
co-expression of the AsA–GSH cycle enzyme and another antioxidative enzyme, and/or tolerance 
to additional abiotic stress are refl ected   

 Host plant  Source plant  Enzyme  Compartment  Note  Reference 

  Nicotiana 
tabacum  

  Pisum sativum   APX  cytosolic  Co-expression 
with Cu/
Zn-SOD 

 Faize et al. 
( 2011 ) 

  Nicotiana 
tabacum  

  Arabidopsis 
thaliana  

 DHAR  cytosolic  Ozone 
tolerance 

 Eltayeb et al. 
( 2006 ) 

  Nicotiana 
tabacum  

  Arabidopsis 
thaliana  

 MDHAR  cytosolic  Ozone and salt 
tolerance 

 Eltayeb et al. 
( 2007 ) 

  Ipomoea 
batatus  

  Pisum sativum   APX  chloroplasts  Co-expression 
with Cu/
Zn-SOD 

 Lu et al. 
( 2010 ) 

  Brassica 
napus  

  Brassica napus   APX  Thylakoid- 
bound 

 Salt-stress 
tolerance 

 Wang et al. 
( 2013a ) 

  Solanum 
tuberosum  

   Arabidopsis     
 thaliana  

 DHAR  cytosolic  Herbicide and 
salt-stress 
tolerance 

 Eltayeb et al. 
( 2011 ) 

  Lycopersicon 
esculentum  

  Lycopersicon 
esculentum  

 MDHAR  chloroplasts  Salt-stress 
tolerance 

 Li et al. 
( 2012a ) 

  Nicotiana 
tabacum  

  Salicornia 
brachiata  

 APX  peroxisomes  Salt-stress 
tolerance 

 Singh et al. 
( 2014 ) 

  Nicotiana 
tabacum  

  Arabidopsis 
thaliana  

 APX  chloroplasts  Salt-stress 
tolerance 

 Badawi et al. 
( 2004 ) 

   Arabidopsis    
 thaliana  

  Puccinellia 
tenuifl ora  

 APX  peroxisomes  Multiple 
abiotic stresses 
tolerance 

 Guan et al. 
( 2015 ) 

  Arabidopsis 
thaliana  

  Thellungiella 
salsuginea  

 APX  cytosolic  Salt-stress 
tolerance 

 Li et al. 
( 2015 ) 
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improved salt tolerance. Therefore transgenic plants, overexpressing some of these 
enzymes may be also drought tolerant, but not tested. The list of successful geneti-
cally modifi ed drought-tolerant plants might be much longer. 

 It seems that  overexpression   of any of the AsA–GSH cycle enzymes might have 
a positive effect on drought adaptation, but APX is often the enzyme of choice. 
However, in some cases it was shown that some isoenzymes might work while oth-
ers not. For example, overexpression of DHAR, but not MDHAR in transgenic 
tobacco conferred tolerance to aluminum stress (Yin et al.  2010 ). In transgenic 
Arabidopsis plants two different rice cytosolic APXs affected differentially stress 
tolerance under high salinity (Lu et al.  2007 ). Whether this is valid for drought toler-
ance should be established in the future. Overexpression of either cytosolic, chloro-
plastic, or peroxisomal isoenzymes has a positive effect on drought stress tolerance. 
Transgenic plants, expressing mitochondrial isoenzymes are not presented in Table 
 8.3 , but there are reports on positive effect on freezing tolerance in plants, express-
ing mitochondrial MDHAR (Shin et al.  2014 ). 

 In two cases APX was co-expressed with Cu/Zn-SOD either in the cytosol (Faize 
et al.  2011 ) or the chloroplasts (Lu et al.  2010 ). Co-expression of MDHAR and 
DHAR was also shown to be more effective than a single  transgene   in freezing 
 tolerance in rice (Shin et al.  2013 ). Overall, it seems that two is more than one, or in 
other words, the cooperative action of several antioxidant enzymes would give bet-
ter results in terms of stress tolerance. Although in several cases the genetic source 
is a halophyte (Singh et al.  2014 ; Guan et al.  2015 ; Li et al.  2015 ),  homologous 
overexpression   (Li et al.  2012a ; Wang et al.  2013a ) and heterologous expression (all 
other cases in Table  8.3 ) from non-tolerant plant species proved to be equally ben-
efi cial for drought adaptation of the transgenic plants. No reports on transgenic 
expression of AsA–GSH cycle isoenzyme from xerophytes were found.  

8.6     Conclusion and Future Perspectives 

 The ascorbate–glutathione cycle represent the central antioxidant mechanism in 
plants, primarily responsible for the detoxifi cation of H 2 O 2  mainly through ascor-
bate peroxidase in the major cellular compartments. The maintenance of favorable 
redox status of the major, water-soluble redox couples—2GSH/GSSG and AsA/
DHA as provided by glutathione reductase, monodehydroascorbate reductase and 
dehydroascorbate reductase is of crucial importance for the survival strategy in con-
ditions of drought stress. Constitutively higher or induced activity and expression of 
these enzymes is often associated with better adaptation to water defi cit and conse-
quently used as a biochemical marker for stress tolerance although its importance is 
questioned. 

 Several important aspects of the role of the ascorbate glutathione cycle in drought 
tolerance remain elusive. First of all, substantial differences in the activity and gene 
expression levels of the AsA–GSH enzymes were observed depending on the devel-
opmental stage, the severity and prolongation of the stress treatment. The diverse 
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compartmentalization also complicates the identifi cation of tolerance-associated 
isoenzymes. Systemic approaches toward exhaustive characterization of all AsA–
GSH isoenzymes in conditions of water defi cit and in multiple cultivars, differing in 
tolerance are still scarce and incomplete. 

 The AsA–GSH cycle enzymes are also an attractive target for genetic modifi ca-
tion to acquire cultivars with improved tolerance. It seems that overexpression of 
either of these enzymes has a positive effect on multiple stress tolerance, and the 
co-expression of two or more of the AsA–GSH cycle enzymes leads to better results 
compared to a single transgene. Drought tolerance in plants is, however, a complex 
trait, with multiple molecular players in which the regulation and the effectiveness 
of the AsA–GSH cycle is an important, but not decisive part.     
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    Chapter 9   
 Sulfur Metabolism and Drought Stress 
Tolerance in Plants                     

       Walid     Abuelsoud    ,     Felix     Hirschmann    , and     Jutta     Papenbrock    

9.1           Introduction 

  Drought stress   is one of the major environmental limitations with tremendous 
effects on the plant growth and development (Harb et al.  2010 ; Song et al.  2012 ). 
Drought stress causes a decrease in  the   crop productivity and nearly 28 % of the 
world’s soil surface is too dry for regular crop yields (Ambrosone et al.  2013 ; Bray 
 2002 ).  Drought-tolerant plants   have developed a huge spectrum of morphological, 
physiological, and metabolic adaptations to a shortage of water. A better under-
standing of these mechanisms might help develop crop plants with a higher drought 
stress tolerance. During the last years the important role of sulfur-containing com-
pounds during defense against  biotic stress   has been investigated in some detail 
(Rausch and Wachter  2005 ). Recently, a role of sulfur and sulfur-containing com-
pounds in  abiotic stress   defenses has also been postulated (Chan et al.  2013 ). 
However, so far the role of sulfur-containing compounds in stress tolerance is not 
well understood. In this review, we summarize the most important aspects in sulfur 
metabolism from our point of view that might play signifi cant roles in drought stress 
responses. A complex balancing act is required to coordinate primary and  second-
ary   sulfur metabolism during the drought stress  response   (Fig.  9.1 ).
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9.2        Uptake of Sulfur 

9.2.1     Uptake of Sulfur and Sulfate  Transporters      

 Interestingly,  sulfate   is the only macronutrient that increases in the xylem sap dur-
ing drought stress treatments. Other macronutrients, such as nitrate and phosphate, 
are not affected. These results indicate that sulfur partitioning is regulated in a 

  Fig. 9.1    Schematic overview of plant sulfur metabolism and effects of drought. Sulfate is taken up 
by sulfate  transporters   (SULTR) and activated by adenosine triphosphate (ATP) to form  adenosine 
phosphosulfate (APS)  . APS can either be reduced to sulfi te as part of the primary sulfur metabo-
lism ( red box ), or phosphorylated to 5′-phosphoadenosine 3′-phosphosulfate (PAPS) as part of the 
secondary sulfur metabolism ( green box ). Impacts of drought and regulatory effects of key 
enzymes during drought stress are indicated by  broken lines . Cosubstrates and products are not 
displayed.  ATPS  ATP sulfurylase,  APR  APS reductase,  APK  APS kinase,  SiR  sulfi te reductase, 
 OASTL  O-acetylserine lyase,  Cys  cysteine,  ABA  abscisic acid,  GCL  Glutamate cysteine lyase, 
 γ-EC  γ-glutamyl cysteine,  GSH  reduced glutathione,  ROS  reactive oxygen species,  GSSG  glutathi-
one disulfi de,  GSHS  GSH synthetase,  GR  glutathione reductase,  GPX  glutathione peroxidase,  PAP  
5′-phosphoadenosine phosphate,  SOT  sulfotransferase,  AMP  adenosine monophosphate,  XRNs  
5′-3′exoribonucleases       
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different way in comparison to nitrate and phosphate (Ernst et al.  2010 ). Sulfate is 
taken up by sulfate  transporters   from the soil. There are four groups of sulfate  trans-
porters   abbreviated SULTR with the respective number within a group. So far the 
knowledge about the expression of sulfate transporters during stress responses is 
only limited (Gallardo et al.  2014 ). In group 1, high affi nity transporters expressed 
in the roots are found. Group 2, low affi nity transporters, enables loading and 
unloading of sulfate to and from the xylem and the phloem. Transporter proteins in 
group 3 are responsible for transporting sulfate over plastid membranes. Proteins 
localized in the tonoplast enable the export of stored sulfate out of the vacuoles and 
are summarized in group 4. With respect to  abiotic stress  , the up-regulation of the 
plastidal  SULTR3 ; 1  gene in roots of several plant species, such as  Arabidopsis  and 
 Medicago , subjected to drought and salt stress is of particular interest. Remarkably, 
the expression of  AtSULTR3 ; 1  is enhanced by  abscisic acid (ABA)   and is strongly 
required for cysteine synthesis (Cao et al.  2014 ).  Cysteine   plays a major role in the 
defense against abiotic stress, because it serves as a precursor for glutathione bio-
synthesis and also as a sulfur donor for the sulfuration of molybdenum cofactor 
(Moco), acting as a cofactor in its sulfurylated form for the last reaction step of 
ABA biosynthesis. Therefore,    ABA biosynthesis and sulfur metabolism probably 
interplay during abiotic stress reactions to ensure suffi cient cysteine for ABA pro-
duction (Cao et al.  2013 ). Interestingly, another gene in group 3  AtSULTR3 ; 4  is 
co-expressed with  AtSULTR3 ; 1  in roots in response to drought. In  AtSULTR3 ; 1  and 
 AtSULTR3 ; 4  mutants, the concentration of ABA is reduced also supporting a role of 
these sulfate transporters in ABA production. 

 It was found that the microRNA395 is up-regulated in response to drought 
stress in rice. In part, the fl ux of sulfur from roots to shoots is controlled by this 
particular microRNA which limits the expression of  AtSULTR2 ; 2  to xylem paren-
chyma and  thereby   enhancing sulfate translocation to aerial parts (Kawashima 
et al.  2011 ). Therefore,  microRNA395   might be involved in maintaining the fl ux 
of sulfur towards aerial parts during abiotic stress conditions. Recently, more 
microRNAs have been analyzed for their involvement in abiotic stresses and sulfur 
defi ciency. Experiments presented added new miRNA players in a complex net-
work of gene expression regulation in plant response to a wide array of abiotic 
stresses; however, none of them was infl uenced by sulfur defi ciency (Barciszewska-
Pacak et al.  2015 ).  

9.2.2     Higher Sulfur Demand During Drought  Stress   

 The fl ux of sulfate is increased during the stress response in relation to other ions, 
like nitrate or phosphate, refl ecting a higher demand of sulfate in source organs 
during drought (Ernst et al.  2010 ). In addition, sulfate from the xylem 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 ). 
Vice versa, an effect of ABA on cysteine biosynthesis was observed (Barroso et al. 
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 1999 ). However, although it was shown that  O -acetylserine (thiol) lyase (OAS-TL) 
expression is  regulated by ABA, typical ABA- or dehydration-responsive ele-
ments in any of the regulatory key genes for sulfur assimilation were not found 
(Urano et al.  2009 ).   

9.3     Role of Abscisic Acid Under  Drought Stress   

 Under biotic and abiotic stresses, ABA acts as an  endogenous stress signal  , which 
triggers plant defenses (Adie et al.  2007 ; Kowitcharoen et al.  2015 ; Mehrotra et al. 
 2014 ; Melotto et al.  2006 ). ABA plays versatile physiological and regulatory roles 
during plant development, including bud dormancy, seed maturation and root devel-
opment.    ABA controls stomatal movement, thus allowing decreased transpiration 
under drought or salinity stresses (Ye et al.  2012 ). 

9.3.1        Biosynthesis of ABA  and   Drought Stress 

 ABA is a 15 carbon isoprenoid plant hormone, which is synthesized in plastids from 
carotenoids within almost all plant cells that contain plastids (Fig.  9.2 ). Zeaxanthin 
is subjected to epioxidation by  zeaxanthin epoxidase (ZEP)   into violaxanthin within 
the plastids. Then violaxanthin is isomerized to 9′- cis -neoxanthin, which is then 
cleaved by  9‐ cis ‐epoxycarotenoid dioxygenase (NCED)   to form the 15-carbon xan-
thoxal, a natural growth inhibitor. Xanthoxal is then oxidized fi rst into abscisic alde-
hyde and then into ABA. The later step is catalyzed by  ABA aldehyde oxidase 
(AAO)  . ZEP and NCED activities seem to be the rate limiting steps in ABA biosyn-
thesis (Xue et al.  2015 ; Ye et al.  2012 ).

      ZEP is encoded by a locus called  ABA1  in  Arabidopsis. aba1  mutants were 
shown to contain lowered levels of ABA and lower osmotic stress tolerance. Upon 
osmotic stress,  ABA1  transcripts increased in wild type   Arabidopsis    (Leon- 
Kloosterziel et al.  1996 ; Xiong et al.  2002 ). Moreover,  vp2 ,  vp5 ,  vp7 , and  vp9  
mutants of maize have blocked synthesis of carotenoids and were found to contain 
lower levels of ABA compared to wild type and grains exhibit precocious germina-
tion (Neill et al.  1986 ). This confi rms that ABA is synthesized through carotenoids 
rather than directly as a small molecule. 

 Sulfate transporter SULTR3 was found to  be       preferentially expressed in leaves 
and was shown to act in sulfate transport into chloroplasts.   Arabidopsis    mutants, 
 sultr3 ; 1 - 2  and  sultr3 ; 1 - 4 , have decreased rates of sulfate transport into the chloro-
plast and they were shown to contain lower amounts of ABA compared to wild type 
under non-stressed conditions. The  normal   levels of ABA could be restored in these 
mutants by expression of a 35S-SULTR3;1 construct (Cao et al.  2013 ,  2014 ). These 
results emphasized the importance of sulfate metabolism in chloroplasts for ABA 
biosynthesis. The connection between sulfate metabolism in chloroplasts and ABA 
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biosynthesis started to reveal when normal levels of ABA could be restored in 
 sultr3 , 1  knockout  Arabidopsis  seedlings upon feeding with cysteine (Cao et al. 
 2014 ), thus highlighting the role  of   cysteine in ABA biosynthesis. The precursor of 
cysteine   O -acetylserine (OAS)   is biosynthesized in the cytosol, mitochondria, and 
plastids through the activity of  serine acetyl transferase (SAT)  , which transfers ace-
tyl groups to serine, thus OAS. OAS in turn is converted to cysteine by the activity 
OAS-TL, which transfers sulfi de to OAS. The sulfi de is synthesized in the plastid 
through sulfate reduction pathway (Feldman-Salit et al.  2009 ). Hence, the availabil-
ity of sulfi des is of pivotal importance for cysteine biosynthesis, which in turn is 
necessary for ABA biosynthesis. 

 AAO catalyzes the last step  of      ABA biosynthesis and it is  one   of the four 
molybdenum cofactors containing enzymes in plants and its activity was corre-
lated with the level of ABA (Schwarz and Mendel  2006 ; Szepesi et al.  2009 ; 

  Fig. 9.2    Schematic overview of interaction between sulfur (S) metabolism and abscisic acid 
(ABA) biosynthesis. Sulfur supply in form of sulfate produces sulfi de as a by-product of its reduc-
tion pathway, this sulfi de fuels the biosynthesis of cysteine which acts as a vehicle for S to activate 
molybdenum cofactor (Moco) into S-Moco. S-Moco is the active cofactor necessary for the activ-
ity of  abscisic aldehyde oxidase (AAO)   enzyme that catalyzes the last step in ABA biosynthesis. 
Two more S atoms from an yet unknown donor (?), in addition to one copper atom, are required for 
the biosynthesis of metal-containing pterin (MPT), the direct precursor of Moco. Drought activates 
the biosynthesis of ABA through up-regulation of  zeaxanthin epoxidase (ZEP)   and  9‐ cis ‐epoxyca-
rotenoid dioxygenase (NCED)   expression, two key enzymes in ABA biosynthesis. Under S defi -
ciency, the expression of  NCED  and  ABA3 , the gene responsible for Moco biosynthesis, is 
activated.  OAS-TL O -acetylserine (thiol) lyase,  SAT  serine acetyl transferase       
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Zdunek-Zastocka  2010 ). The  tomato  fl acca  mutation   is defi cient in ABA and 
exhibits wilty phenotype, because their stomata resist closure (Tal et al.  1979 ). It 
was found that this mutant lacks AAO and has concomitant decreased levels of 
ABA (Sagi et al.  2002 ). For AAO activity, Moco must be sulfurated (S-Moco). 
This sulfuration step is catalyzed by Moco sulfurase, which is encoded by the 
 ABA3  gene (AT1G16540) in  Arabidopsis .  Cysteine   is the donor of sulfur in the 
Moco sulfurase catalyzed reaction (Bittner et al.  2001 ). Constitutive expression 
of  LOS5 / ABA3  locus from  Arabidopsis  in soybean alleviated wilting under 
drought stress, promoted proline accumulation and increased antioxidant enzymes 
accompanied by increased ABA levels (Li et al.  2013 ). These results link the 
ABA biosynthetic pathway to the sulfate reduction and the following cysteine 
biosynthesis pathway. Cao et al. ( 2014 ) showed that AAO activity in  sultr3  
mutants was lower compared to wild type levels. Moreover, exogenous feeding 
with cysteine could restore the normal levels of AAO activity, which were 
observed in the wild type. This also explains why  sultr3  mutants could restore 
normal ABA levels after cysteine feeding. Under low sulfur supply, the levels of 
ABA3 and NCED3 transcripts increased in both wild type  Arabidopsis  and 
 sultr3 ; 1  mutants and it was shown that the promoters of both genes contain sulfur 
defi ciency responsive elements. 

 Two more sulfur atoms are required for the synthesis of ABA. In the cytosol, 
 metal-containing pterin (MPT) synthase   produces MPT, the direct precursor of 
Moco, by transferring two sulfur atoms and one copper atom to cyclic pyranop-
terin monophosphate. The donor of these two sulfur atoms is not yet known in 
plants (Bittner and Mendel  2010 ). The  vp10  mutant of maize and  cnx1  mutants 
of  Arabidopsis , lacking the CNX1 enzyme that catalyzes that last step in the 
MPT biosynthesis, were shown to be defi cient of AAO activity and to have a 
lower ABA and  indole acetic acid (IAA)   content compared to the wild type 
(Porch et al.  2006 ). 

 Drought imposes effects indirectly through affecting steps in ABA biosynthesis. 
Xiong et al. ( 2002 ) showed that osmotic stress enhanced the transcription level of 
 LOS6 / ABA1 , encoding ZEP in  Arabidopsis , which is involved in an early step in 
ABA biosynthesis. Furthermore, they demonstrated that ABA exhibits a positive 
feedback regulation in  LOS6 / ABA1  expression. The oxidative cleavage of neoxan-
thin by  NCED   is a rate limiting step in ABA biosynthesis. It was found that levels 
of ZEP and NCED expression are increased by drought and salt stress (Xiong et al. 
 2002 ). Constitutive expression of NCED from tomato in  Petunia  under the control 
of the stress-inducible promoter  rd29A  improved the plant’s tolerance to drought 
(Estrada-Melo et al.  2015 ). The dependence of AAO on Moco cofactor that must be 
sulfurated in order to be effective in activation of AAO highlights the importance of 
sulfur metabolism for plants to cope with drought and other abiotic stresses through 
ABA-dependent mechanisms. Moreover, knockout of sulfur transferase SULTR3 
affects ABA levels (Cao et al.  2014 ; Gallardo et al.  2014 ). These results indicate a 
suffi cient sulfur supply, and coordinated sulfur metabolism is crucial for plants to 
cope with different  stresses     .  
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9.3.2     Role  of   ABA in Drought Stress Signal Cascades 

  Drought   is sensed by the root system and leads to both hydraulic and chemical sig-
nals that start in the root system and extend to shoot. Drought also triggers ABA 
biosynthesis in roots and in leaf chloroplasts and fi nally results in passive and active 
(ABA-induced) closure of stomata (Comstock  2002 ; Tombesi et al.  2015 ). However, 
the contribution of each factor is not well characterized.    ABA biosynthesis under 
drought stress imposes its effect through changes in gene expression as well as 
through a complex network of signaling. Unlike the pathway of ABA biosynthesis, 
which is well identifi ed, the mechanisms by which ABA regulates different physi-
ological and developmental processes are beginning to unfold through genetic anal-
yses accompanied by physiological analyses of   Arabidopsis    and other important 
crop plants with sequenced genomes (Munemasa et al.  2013 ; Ye et al.  2012 ). 
Gonzalez-Guzman et al. ( 2012 ) and Kuhn et al. ( 2006 ) identifi ed in a screen of a 
35S::cDNA library of  Arabidopsis  an ABA insensitive mutant that could germinate 
on a medium containing 100 μM ABA, a concentration high enough to completely 
inhibit the germination of wild type seeds. This mutant overexpressed  AtPP2CA , 
encoding  protein phosphatase type 2C (PP2C)  . PP2C is a group of protein phospha-
tases, the subgroup A is involved in the ABA signaling pathway. They act as nega-
tive regulators through binding to SNF-1 related protein kinases and inactivating 
them through dephosphorylation at the Ser/Thr residues in their activation loop 
(Umezawa et al.  2009 ). Similar results have been obtained by Gosti et al. ( 1999 ) and 
Rubio et al. ( 2009 ) in   Arabidopsis   , by Zhang et al. ( 2014 ) in   Artemisia   , and by You 
et al. ( 2014 ) in rice. These results clearly demonstrate that PP2C acts as negative 
regulator of ABA signaling. The PP2Cs, ABI1 and ABI2, are key players in ABA 
signal transduction in  Arabidopsis  (Kuhn et al.  2006 ; Yoshida et al.  2006 ). They 
negatively regulate the ABA signaling at early steps of the pathway. 

  Pyrabactin   is a synthetic sulfonamide that has been shown to act as an agonist of 
ABA (Melcher et al.  2010 ) and was shown to act through  PYRABACTIN RESISTANCE  
( PYR1 ), a START-containing protein (PYR/PYL), known to be involved in intercel-
lular lipid transport and metabolism as well as signal transduction (Park et al.  2009 ). 
Furthermore, ABA was shown to bind to PYR1 and upon binding the ABA/PYR1 
complex can bind PP2Cs group A and inhibits their enzymatic activity. This demon-
strates that PYR/PYLs are the terminal ABA acceptors in the  ABA   signaling path-
way (Ma et al.  2009 ) and they are essential for the ABA- induced stomatal closure 
under drought stress as it has been shown in tomato (Gonzalez-Guzman et al.  2012 ) 
and  Arabidopsis  (Wang et al.  2013 ).    Similar results have been shown in rice, that 
OsPP108 (group PP2C) is inducible under ABA, salt, and drought treatments. 
Constitutive expression of OsPP108 in transgenic  Arabidopsis  renders them highly 
insensitive to high levels of exogenous ABA. This adds to the evidence that PP2C 
group act as negative regulators of ABA signaling (Singh et al.  2015 ). PP2Cs are 
known to interact with SNF1 (Sucrose Non- Fermenting kinase 1)-related protein 
kinases OST1/SnRK2.6/SnRK2E that act as positive ABA regulators. OST1 func-
tions as a positive regulator of stomatal closure by activating SLAC, the ion channel, 
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and inhibits KAT1, the cation channel, in guard cell membrane (Raghavendra et al. 
 2010 ). Upon the interaction between PP2C and OST1/SnRK2.6/SnRK2E kinases, 
they lose their kinase activity, due to dephosphorylation by PP2C at Ser/Thr residues 
in their active sites (Umezawa et al.  2009 ; Vlad et al.  2009 ). 

 H 2 O 2  is produced in tissues under stress conditions. It acts as a secondary mes-
senger of ABA signaling. ABI1 (a PP2C group member) has been shown to be 
reversibly inhibited by H 2 O 2 , which was produced due to stress (Meinhard and Grill 
 2001 ). Under low water potential, ABA activates NADH oxidase to produce H 2 O 2 . 
Thus, H 2 O 2  generation during ABA signaling seems to inactivate the negative regu-
lator of the ABA response. Hence, inactivation of PP2C activities can be directly or 
indirectly  imposed   by ABA upon drought stress (Meinhard and Grill  2001 ; 
Sridharamurthy et al.  2014 ).   

9.4     Role of Sulfur-Containing  Metabolites During 
Drought Stress   

9.4.1         Glutathione   and Its Precursor Cysteine 

 Glutathione is a major antioxidant molecule in eukaryotic systems that is involved 
in maintaining the redox homeostasis of the cell, detoxifi cation of xenobiotics as 
well as regulation of cell cycle transition from G to S phases (Anjum et al.  2012 ; 
Cairns et al.  2006 ; Pasternak et al.  2008 ). It is widely spread in the plant kingdom 
and in all tissues. All plant families contain glutathione except Fabaceae, which 
contain homoglutathione instead (a homologue of glutathione, which partially or 
completely replaces glutathione) (Colville et al.  2015 ; de Carvalho et al.  2010 ). 

 Glutathione is synthesized in the cytoplasm and chloroplast through the catalysis 
of two enzymes requiring ATP. γ-glutamylcysteine synthetase (GSH1 or γ-ECS) 
catalyzes the synthesis of γ-glutamylcysteine and it exists exclusively in chloro-
plasts and was demonstrated to be the rate limiting step. Glutathione synthetase 
(GSH2 or GSHS) adds glycine to γ-glutamylcysteine to create glutathione. GSH2 
exists both in the cytoplasm and in the chloroplast (Pasternak et al.  2008 ). 

 Glutathione  transporters   are localized in the membranes of different cellular 
organelles, controlling the shuffl ing of glutathione among them, in order to keep 
cellular homeostasis, especially during biotic and abiotic stresses. However, the 
molecular identity of these transporters remains unknown to a large extent 
(Bachhawat et al.  2013 ; Bogs et al.  2003 ; Zechmann et al.  2014 ; Zhang et al.  2004 ). 
The  yeast ( Saccharomyces cerevisiae ) mutant    hgt1 , that is defi cient of glutathione 
transporter, was able to grow normally on a medium containing glutathione as the 
sole sulfur source, after its transformation with the  OsGT1  gene from rice (Zhang 
et al.  2004 ). Similarly,  BjGT1  from   Brassica juncea    was able to complement the 
 hgt1  mutant (Bogs et al.  2003 ).  BjGT1  is expressed in the leaves, to lower extend in 
stems and not in roots. The level of  BjGT1I  transcripts increased upon exposure to 
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Cd stress, indicating its role in cellular glutathione redistribution under heavy met-
als stress (Bogs et al.  2003 ). Three plastidal thiol transporters have been identifi ed 
in  Arabidopsis . Knockout mutants of these transporters showed GSH defi ciency, 
heavy metal sensitivity, and hypersensitivity to  Phytophthora  infection. These 
transporters are homologues to  PfCRT  that was shown to have a glutathione trans-
port function in  Plasmodium falciparum  (Maughan et al.  2010 ; Patzewitz et al. 
 2013 ). Subcellular compartmentation of  glutathione   is essential for proper growth 
under normal growth conditions. Maintaining the glutathione level in mitochondria 
is very essential for normal phenotypic growth in  Arabidopsis . In the   Arabidopsis 
thaliana    mutant  pad2 - 1 , defi cient of glutamylcysteine synthetase, the mitochondrial 
glutathione levels remained similar to the wild type, but they decreased in other cel-
lular compartments (Zechmann et al.  2008 ). The  rml1  mutant contained lower glu-
tathione content in all cellular compartments, including mitochondria.  rml1  showed 
a dwarf root system and small shoots and leaves, while  pad2 - 1  showed a normal 
phenotype under non-stressed conditions, thus refl ecting the importance of main-
taining glutathione levels in mitochondria for proper growth (Cheng et al.  1995 ; 
Zechmann and Müller  2010 ). 

  GSH1  knockout mutants of   Arabidopsis    that are defi cient of postembryonic 
γ-glutamylcysteine synthetase fail to develop embryos.    This can be rescued by 
external supplementation with glutathione (Cairns et al.  2006 ).  

9.4.2     Role of Glutathione and Its Precursor Cysteine 
in  Drought Stress   

 Drought affects the biosynthesis of glutathione at different pathways, either the 
enzymes of glutathione biosynthesis per se or the biosynthesis of its precursor mol-
ecules, notably cysteine. Drought affects glutathione biosynthesis enzymes at 
levels of expression and posttranslational modifi cation. The expression of 
γ-glutamylcysteine synthetase (γ-GCS) from   Vigna radiata    does not change under 
conditions of progressive drought. However, the enzymatic activity is altered during 
drought and recovery periods, thus indicating a posttranslational regulation of 
Vrγ-GCS. These changes correlated with changes in H 2 O 2  and lipid peroxidation 
levels, linking the glutathione biosynthesis process to the signals of drought stress 
(Sengupta et al.  2012 ). Similarly, the γ-glutamylcysteine synthetase activity 
increased under drought in  Arabidopsis  (May et al.  1998 ),  Nicotiana  (Kumar et al. 
 2014 ), and in  Phragmites communis  under drought and saline conditions (Chen 
et al.  2003a ,  b ). 

 The expression of  Brassica    rapa    BrECS1 and BrECS2 in transgenic rice, under 
the control of the stress-inducible promoter  Rab21 , increased the germination rate 
under salt conditions, led to a better glutathione redox state, enhanced growth and 
lowered oxidative stress and generally enhanced tolerance to  abiotic stresses   (Bae 
et al.  2013 ). Impaired expression of sulfi te reductase, a key enzyme in the synthesis 
of cysteine, which is the precursor of glutathione biosynthesis, by RNAi caused 
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early leaf senescence in tomato and it has been found to contain higher levels of 
sulfi te and sulfate and lower levels of glutathione (Yarmolinsky et al.  2014 ). 

 Upon drought stress,   Vitis vinifera    leaves expressed higher levels of SERTA2.1, 
one of the four serine acetyl transferases found in  Vitis  and that is part of the cyste-
ine synthase complex. SERTA2.1 is localized in the cytosol and plastids. High light 
and temperature did not affect the expression of this isoform, thus indicating 
drought-specifi c sulfur metabolism changes in  Vitis  (Tavares et al.  2015 ). 

 The interplay between glutathione content and  ABA signaling in guard   cells and 
the consequent stomatal closure has been demonstrated (Akter et al.  2010 ; 
Munemasa et al.  2013 ; Okuma et al.  2011 ). Glutathione has been shown to nega-
tively regulate ABA-induced guard cell movement. The  Arabidopsis cad2 - 1  mutant 
that is defi cient in γ-GCS enzyme and the application of 1-chloro-2,4- dinitrobenzene 
(CDNB), a chemical that decreases GSH content, to wild type  Arabidopsis  enhanced 
the ABA-induced stomatal closure. Restoring levels of GSH by external application 
of glutathione monoethyl ether restored the phenotype of wild type  Arabidopsis . 
The  cad2 - 1  mutant showed increased ABA-induced ROS accumulation in the pro-
toplast and enhanced ROS activation of Ca ++  permeable channels. 

 The different organelles differ in their content of glutathione under normal 
non- stressed conditions. The mitochondria contain the highest concentration of 
glutathione, ranging from 8.7 to 15.1 mM in young and old leaf apexes of 
 Arabidopsis , respectively. The second highest concentration has been found in 
nuclei (5.7–9.5 mM) followed by peroxisomes (2.6–4.8 mM) and cytosol (2.8–4.5 
mM) (Koffl er et al.  2013 ). The changes in glutathione content under drought stress 
were shown to be organelle- and stage-specifi c. The   Arabidopsis    mutant  pad2 - 1  
(glutathione- defi cient) and  vtc2 - 1  (ascorbate-defi cient) both showed a drop in the 
glutathione, but not in the ascorbate content in mitochondria and nuclei. This 
occurs at early stages of drought when soil water content dropped, but drought 
was not yet measurable in leaves. At later stages of drought, the content of gluta-
thione and ascorbate in chloroplasts and the  peroxisome   was correlated to the high 
accumulation of H 2 O 2  in vacuoles. These results may indicate that glutathione 
could function as a drought stress signal from root to shoot system at early stages 
of drought (Koffl er et al.  2014 ).   

9.5     Role of Sulfated Compounds During Drought Stress 

9.5.1     Glucosinolates 

  Glucosinolates (Gls)   are major secondary compounds found in 16 families within 
the order Brassicales, including  A. thaliana  and economically important crop plants 
such as  B. napus  (rapeseed),  B. rapa  (Chinese cabbage, Chinese mustard, bok 
choy), and  B. oleracea  (broccoli, caulifl ower, kale). Glucosinolates consist of a β- D - 
glucopyranose moiety, which is linked via a sulfur atom to a ( Z )- N -hydroximino 
sulfate ester (Fig.  9.3 ). They are divided into three groups according to their amino 
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acid precursor: aliphatic Gls, derived from Ala, Leu, Ile, Val, and Met; indolic Gls, 
derived from Trp; and aromatic Gl derived either from Phe or Tyr. The biosynthesis 
can be divided into three stages: In the fi rst stage, precursor amino acid side chains 
(only in case of Met and Phe) are elongated, by the addition of one or more methy-
lene groups. In the second stage, the precursor amino acid is transferred into the 
core Gl. In the third stage, secondary modifi cations of the amino acid side chain 
take place (Sønderby et al.  2010 ). Due to the side chain elongation and the second-
ary modifi cations, there are over 200 different Gl structures reported in the plant 
order Brassicales (Clarke  2010 ). The Gl composition and the quantity depend on the 
species, the plant organ, and developmental stage (Kliebenstein et al.  2001 ). Intact 
Gls are stored in the vacuole and are non-toxic to cells. However, when the cell tis-
sue is damaged, Gls are hydrolyzed by thioglucosidases called myrosinases, leading 
to biologically active compounds such as thiocyanates, isothiocyanates, and nitriles. 
These breakdown products of Gls function as defense compounds against insects, 
pathogens, and herbivores (Agrawal and Kurashige  2003 ; Hopkins et al.  2009 ; 
Manici et al.  1997 ; Rask et al.  2000 ; Tierens et al.  2001 ). Gl-derived isothiocya-
nates, for example, had antimicrobial activity against 7 out of 9 tested fungi and all 
out of 4 bacteria.  Pseudomonas syringae  was the most sensitive, as 28 μM isothio-
cyanates led to 50 % growth inhibition (Tierens et al.  2001 ). Furthermore, Gl break-
down products are interesting compounds for plant breeding as their consumption 
might reduce the risk of heart disease and carcinogenesis (Traka and Mithen  2009 ). 
Biosynthesis and functionality have been  reviewed   previously by Ishida et al. ( 2014 ) 
and Sønderby et al. ( 2010 ).

9.5.2           Infl uence of Drought on Gl Biosynthesis 

 As the function of Gls in response to biotic stress is overall agreed, it is still not yet 
clear what role Gls play  in   abiotic stress, including drought stress. The effect of 
drought on Gl content has been studied in several species, though with inconsistent 
results. Numerous studies agreed that drought stress elevates the Gl content, whereat 
especially the aliphatic Gl content increased, while the indolic Gls decreased or 
were not affected. These effects were shown on  A. thaliana  (Mewis et al.  2012 ), 
 B. napus  (Jensen et al.  1996 ),  B. oleracea  (Radovich et al.  2005 ),  B. oleracea  var. 

  Fig. 9.3    Sinigrin as an 
exemplary structure of a 
glucosinolate.  Sinigrin   is a 
common aliphatic, 
methionine derived 
glucosinolate found in 
Brassicaceae       
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 italica  (Paschold et al.  2000 ),  B. rapa  ssp.  rapifera  (Zhang et al.  2008 ),  B. juncea  
(Tong et al.  2014 ),  B. carinata  (Schreiner et al.  2009 ),  N. offi cinale  (Gardner  2002 ) 
and suggested for  R. nasturtium - aquaticum  (Gershenzon  1984 ). For example, in  B. 
juncea  leaves, a reduction of soil water content from 18 to 6 % for 21 days led to an 
increase of aliphatic Gls from 13.6 mg g −1  dry weight to 16.7 mg g −1 , while the 
indolic Gl content remained unaffected (Tong et al.  2014 ). In contrary, studies on  B. 
oleracea  (Robbins et al.  2005 ),  B. oleracea  var.  italica  (Khan et al.  2010 ,  2011 ), 
 Boechera holboellii  (Haugen et al.  2008 ), and  Alliaria petiolata  (Gutbrodt et al. 
 2011 ) came to the conclusion that Gls were not affected by drought as there were no 
changes or even reduction of Gl content upon drought stress. For example, in  B. 
oleracea  var.  italica , a reduction of soil water content from 70–75 to 35–40 % for 
14 days only led to an insignifi cant reduction of aliphatic Gls from 0.42 μmol g −1  
dry weight to 0.34 μmol g −1  dry weight, while indolic Gl content decreased from 
2.39 μmol g −1  dry weight to 0.92 μmol g −1  dry weight (Khan et al.  2010 ). 

 A possible explanation for the contradictory results of the studies listed above 
could be the application of different stress levels. In case of  B. napus , seed Gl con-
tent only increased after the water potential was below −1.4 MPa for approximately 
10 days, but not under mild but prolonged stress (Jensen et al.  1996 ). Khan et al. 
( 2011 ) argued similarly when discussing their observation of total Gl decrease upon 
drought stress in  B. oleracea  var.  italica  (reduction from 2.81 μmol g −1  dry weight 
to 1.26 μmol g −1  dry weight after 2 weeks of drought stress). It has to be considered, 
too, that the majority of the Gls in treated and control  B. oleracea  var.  italica  plants 
were indolic (85 % and 73 %, respectively) and a decrease of indolic Gls upon 
drought was also observed in studies arguing towards an effect of drought on Gl 
synthesis (Mewis et al.  2012 ; Schreiner et al.  2009 ; Tong et al.  2014 ). Additional 
possible explanation given for the contradicting results was genotypically different 
responses to drought stress and different vegetative stages of the  plants   (Khan et al. 
 2011 ; Schreiner et al.  2009 ). 

 Further questions remain about the potential functions of Gls in relation to 
drought stress. Are the observed changes in Gl content a specifi c answer to drought 
stress or is it an unspecifi c consequence of stress in general? The results of Schreiner 
et al. ( 2009 ) indicated an inverse correlation of leaf Gl content with the relative 
water content (RWC) of the leaves in  B. carinata . For example, when the RWC 
dropped under 75 %, for every 10 % drop in RWC, the 2-propenyl Gl linearly 
increased by 1.7 mg g −1  dry weight. Hence, it was concluded that the  Gl   metabolism 
is linked to the soil water content. A correlation of the plant’s water status with the 
total Gl was also reported for  B. napus  (Jensen et al.  1996 ). Here the Gl content 
increased at low turgor by 1.49 μmol g −1  dry weight per day of drought stress when 
the RWC was less than 82 %. Supported by fi ndings that salt stress in  B. oleracea  
var.  italica  also increased Gl concentrations (López-Berenguer et al.  2008 ), it was 
therefore suggested that Gls are involved in the process of osmotic adjustment 
(Schreiner et al.  2009 ). In  A. thaliana , drought stress also increased the concentra-
tions of  MYB29 ,  MYB76 , and  MAM1  (Mewis et al.  2012 ), which are transcription 
factors responsible for the up-regulation of aliphatic and downregulation of indolic 
Gls (Gigolashvili et al.  2008 ; Textor et al.  2007 ). These fi ndings indicate that the 
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increased Gl contents were due to a specifi c response and not a consequence of 
shifts in other connected metabolic pathways. 

 Though several studies have shown an effect of drought  on   Gl content, the func-
tion that Gls might play on a physiological level as a stress response remains unclear. 
Several studies indicated a connection of drought-induced Gl accumulation to ABA 
formation. In a topsoil drying experiment with  B. juncea , where one part of the roots 
was under drought stress, while the other was well watered, an increase of aliphatic 
Gls and ABA was only measured in the stressed part of the roots. Additionally, ali-
phatic Gl and ABA concentrations increased in the leaves, indicating a connected 
function in root-to-shoot signaling (Tong et al.  2014 ). Furthermore, it was shown 
that the application of ABA to  B. campestris  ssp.  oleifera  led to an increase of Gls 
in the seeds, especially the aliphatic 2-hydroxy-3-butenyl Gl (Bano et al.  2009 ). 
Further interactions between Gls and the plant hormone network were indicated by 
cytochrome P450 CYP79F1 and CYP79F2 RNAi mutant analyses in  A. thaliana  
(Chen et al.  2012b ). CYP79F1 and CYP79F2 catalyze the formation of short- and 
long-chained aliphatic Gls from chain-elongated methionines (Chen et al.  2003a ,  b ; 
Reintanz et al.  2001 ). The perturbation of aliphatic Gl synthesis by RNAi of 
CYP79F1 and CYP79F2 led to a decrease of aliphatic and increase of indolic Gls. 
Furthermore, a cross-talk between Gl and hormone metabolism was shown.    The 
mutants showed increased levels of ABA and cytokinins, while jasmonic acid, sali-
cylic acid and IAA decreased (Chen et al.  2012b ). Water stressed  A. thaliana  plants 
showed downregulation of  PR1 , which is a gene associated with the  salicylic acid 
pathway  , and decreased levels of 4-methoxyindol-3-ylmethyl Gl led to the conclu-
sion that the salicylic acid signaling pathway is a key element in regulating 
4-methoxyindol-3-ylmethyl Gl production from the indol-3-ylmethyl Gl precursor 
(Mewis et al.  2012 ). Further results showing a connection of Gls and the plant’s 
hormone network (Chen et al.  2012b ; Malitsky et al.  2008 ; Morant et al.  2010 ) sup-
port the suggestion of Gls playing a part in drought stress response. 

 The shifts in Gl content have been explained by a shift from primary to second-
ary metabolism upon drought stress (Schreiner et al.  2009 ; Tong et al.  2014 ), based 
on the  Growth-Differentiation Balance hypothesis   by Herms and Mattson ( 1992 ). 
According to this hypothesis, growth-related processes and differentiation-related 
processes compete for common substrates and energy. Hence, any environmental 
factor decreasing the growth rate to a degree lower than photosynthesis leads to an 
increase of the resource pool for secondary metabolites. Therefore, the increase of 
aliphatic Gls would be a rather unspecifi c result of stress instead of a specifi c answer 
to drought. This is supported by the fi ndings that Gl content in general is also 
affected by other  abiotic stresses   such as temperature and UV radiation (Schonhof 
et al.  2007a ) and increased CO 2  levels (Schreiner et al.  2006 ; Schonhof et al.  2007b ). 
It was also suggested that Gls increase as a response to oxidative stress (Schreiner 
et al.  2009 ), due to reported shifts within the aliphatic Gls towards methylsulfi nyl 
and alkenyl Gls upon drought stress in  B. oleracea  (Radovich et al.  2005 ) and  B. 
rapa  ssp.  rapifera  (Zhang et al.  2008 ). This was supported by the RNAi  CYP79F1  
and  CYP79F2  mutants, which proteomic and metabolomic data also indicated 
increased oxidative stress (Chen et al.  2012b ).  Oxidative stress   is caused by several 
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kinds of abiotic stress, such as radiation, temperature, heavy metals and drought, 
hence, the changes in Gl contents would rather indicate an unspecifi c response to 
stress in general. 

 Overall, there are several studies indicating an effect of drought on Gl contents. 
Whether or not Gls play an active role in response to drought and what function they 
have on a molecular level still remains unclear. Hence, suggested functions such  as 
  Gls playing part in osmotic regulation, interconnection with hormone signaling or 
serving as antioxidants, yet still need more experimental evidence.  

9.5.3     Accumulation of More Sulfated Compounds 
During Drought Stress 

 Beside Gls, there are several other sulfated compounds in plants. Most of them are 
sulfated by a protein family called  sulfotransferases (SOTs)   (EC 2.8.2.-). They cata-
lyze the transfer of a sulfuryl group from the ubiquitous donor 3′-phosphoadenosine 
5′-phosphosulfate to numerous compounds, such Gls, fl avonoids, brassinosteroids 
and choline (Hirschmann et al.  2014 ). There is only little information about drought- 
associated functions of sulfated compounds available. However, it was shown in 
halophytic  Limonium  species that choline- O -sulfate accumulates at high levels dur-
ing stress (Hanson et al.  1991 ). Also the respective SOT showed an increased activ-
ity under high salinity conditions (Rivoal and Hanson  1994 ). The  choline- O -sulfate   
acts as an  osmoprotectant   and is suggested to contribute to adaption to rough envi-
ronmental conditions. In comparison to other osmoprotectants that accumulate in 
halophytes, such as glycine betaine, choline- O -sulfate was advantageous in sulfate- 
containing soils (Hanson et al.  1994 ). It was suggested that choline- O -sulfate was 
preferred due to sulfate detoxifi cation properties (Hanson et al.  1994 ). 

  Sulfated polysaccharides   were found in the cell walls of all marine algae to date 
(Arad and Levy-Ontman  2010 ), but their specifi c functions remain unclear. Aquino 
et al. ( 2005 ,  2011 ) also identifi ed sulfated polysaccharides in marine angiosperms 
and could show a correlation between salinity and sulfated polysaccharides in the 
cell walls. On the other hand, there were no sulfated polysaccharides detected in  O. 
sativa  after salt treatment. Therefore, it was concluded that the presence of sulfated 
polysaccharides in the cell wall is an adaption to high salt environments. As a pos-
sible function, it was speculated that the sulfated polysaccharides increase the 
Donnan potential, thus facilitating the ion transport. Surprisingly, Dantas-Santos 
et al. ( 2012 ) also detected sulfated polysaccharides in the fresh water plants 
 Eichhornia crassipes ,  Hydrocotyle bonariensis  and  Nymphaea ampla , which sug-
gests further factors for sulfated polysaccharide production in plants. 

 Otherwise there are only indications for drought-related functions of sulfated 
compounds. The  A. thaliana  SOT12, which sulfates several substrates such as 
 fl avonones, brassinosteroids, salicylic acid and xenobiotics (Chen et al.  2015 ; 
Hirschmann et al.  2014 ), was induced by salt stress, osmotic stress, and ABA (Baek 
et al.  2010 ). Additionally, a  sot12  knockout mutant showed hypersensitivity to salt 
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stress and ABA in seed germination (Baek et al.  2010 ). Due to the broad specifi city 
of AtSOT12, it is diffi cult to make conclusions regarding its function in abiotic 
stress. It was suggested that the sulfation detoxifi es salicylic acid (Baek et al.  2010 ), 
which was shown to increase the creation of reactive oxygen species during salt and 
osmotic stress (Borsani et al.  2001 ). In  O. sativa , 35  SOTs  we identifi ed and ten of 
those showed an up-regulation upon drought stress, though in different develop-
mental stages (Chen et al.  2012a ). However, due to the unknown substrates of these 
SOTs, no further conclusions about the functions can be made. 

 The by-product of SOT catalyzed sulfation reactions,  3′-phosphoadenosine 
5′-phosphate (PAP)  , is suggested to function as a retrograde drought signal from the 
chloroplast to the nucleus. In  A. thaliana , a 30-fold increase of PAP was observed 
under drought conditions (Estavillo et al.  2011 ). The PAP content is regulated in the 
chloroplasts by the adenosine bisphosphate phosphatase SAL1, which dephosphor-
ylates PAP to adenosine monophosphate (Quintero et al.  1996 ). Consequently, a loss 
of function mutation of SAL1 led to an increase of PAP, but also to a 50 % higher 
drought tolerance. The targeting of SAL1 to the nucleus of  sal1  knockout mutants 
led to the complete complementation of PAP and drought tolerance to wild type 
levels (Estavillo et al.  2011 ). It was suggested that PAP moves into the nucleus, pos-
sibly transported by a PAPS/PAP chloroplastic antiporter (Gigolashvili et al.  2012 ), 
and there inhibits the RNA-degrading activity of 5′-3′exoribonucleases (XRNs), as 
it was previously shown in yeast (Dichtl et al.  1997 ). The XRNs degrade uncapped 
RNAs, such as excised hairpin loops that form part of precursor  miRNA  (Kastenmayer 
and Green  2000 ). Furthermore,  Arabidopsis xrn  and  sal1  mutants show similar mor-
phological and molecular phenotypes and the  sal1  mutants accumulate XRN sub-
strates. The inhibition of XRNs is assumed to lead to the prevention of 
posttranscriptional gene silencing of stress response genes (Estavillo et al.  2011 ).   

9.6     Conclusion 

 An increasing demand for sulfate during metabolic adaptation reactions during 
drought stress refl ects specifi c roles of sulfur-containing compounds. Not only 
sulfur- containing mass products such as osmolytes and osmoprotectants are formed 
but products of sulfur-containing compounds are involved in (retrograde) signaling 
pathways, like PAP. ABA biosynthesis and sulfur metabolism interplay during abi-
otic stress reactions to ensure suffi cient cysteine for ABA production. Overexpression 
of  AtSULTR3 ; 1  and/or  AtSULTR3 ; 4  might increase the concentration of cysteine 
and ABA, and therefore increase drought tolerance in these plants lines. Since 
induced expression of key genes in sulfur assimilation during drought stress was 
observed more analysis is needed to identify ABA- and drought-responsive ele-
ments within these genes. Finally, the role of Gl in drought stress responses is not 
clear because concentrations of aliphatic Gl are related to ABA formation whereas 
indole and aromatic Gl decreased during drought stress. Probably, the breakdown 
products of Gl need to be analyzed in detail before a conclusive role of Gl can be 
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described. A better knowledge of all global metabolic cross-links is a prerequisite 
for a successful improvement of drought tolerance, a multi-gene trait, in plants, 
either by conventional breeding or biotechnological means.     
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    Chapter 10   
 Effects of Elevated Carbon Dioxide 
and Drought Stress on Agricultural Crops                     

       Jong     Ahn     Chun     ,     Sanai     Li    , and     Qingguo     Wang   

10.1           Introduction 

 The atmospheric CO 2  concentration has increased exponentially from about 280 ppm 
at the beginning of the industrial revolution to about 380 ppm today, and is expected 
to double preindustrial levels during this century (Keeling and Whorf  2001 ). The 
increase in atmospheric CO 2  concentrations may contribute to climate  chang   e   
including changes in precipitation patterns and evapotranspiration (Kruijt et al. 
 2008 ; Long et al.  2004 ; Schneider  2001 ). This climate change may increase in the 
risks of drought in many areas (Bates et al.  2008 ). 

  Seasonal variability   in rainfall is one of the crucial factors contributing to varia-
tions of crop yields (Hu and Buyanovsky  2003 ). Approximately 40 % of the world 
land surface was covered by arid and semiarid areas, where drought stress is a main 
limiting factor for the conventional rain-fed agriculture (Gamo  1999 ). In some areas 
of the world, water supply is already a limiting factor for agricultural production 
(Penning de Vries et al.  1995 ). Climate change and variability will impose signifi -
cant impacts on agricultural  productivity   by altering precipitation pattern, rising 
temperature, and carbon dioxide. 

 Climate change would infl uence the hydrological cycle and water resource avail-
ability, suggesting that it has an impact on crop productivity (Evans  1996 ). Climate 
change can accelerate the hydrological cycle through altering rainfall, evapotranspi-
ration, and the intensity and frequency of extreme climate events such as fl oods and 
droughts (Watson et al.  1996 ). Under future climate, the potential and actual  evapo-
transpiration   possibly increase by the rising temperature (Riedo et al.  2001 ). The 
agricultural production is likely to be greatly impacted by a decrease in soil mois-
ture and an increase in the possible extreme events such as  droughts and fl oods   
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caused by combined effects of rising CO 2  concentrations and temperatures (Chiotti 
and Johnston  1995 ). It is therefore important to know how drought and elevated CO 2  
will affect crop growth, development, water use, and productivity. 

 There is continued interest in how agricultural crops will respond to future CO 2 , 
since CO 2  is an essential substrate for photosynthesis and limits the rate of  photo-
synthesis   in many crops at current conditions. Generally, plants sense and respond 
to elevated CO 2  through increased photosynthesis and reduced stomatal conduc-
tance. All other effects are derived from these two fundamental responses (Long 
et al.  2004 ). Elevated CO 2  stimulates photosynthesis and reduces the opening of 
plant stomata, contributing to a decrease in plant transpiration. As a result, plants 
growing in elevated CO 2  conditions will improve water use effi ciency ( WUE  , the 
ratio of rate of carbon assimilation to the rate of transpiration). 

 There are two main plants categorized into C 3 , C 4 , or C 3 –C 4  intermediate plants 
according to the spatial distribution of pathways of CO 2  fi xation within leaf tissues, 
and as crassulacean acid metabolism (CAM) plants with a temporal distribution 
(Freschi and Mercier  2012 ). C 3  plants represent over 95 % of the Earth plant spe-
cies, mainly growing in cool and wet climate areas. C 4  and CAM plants occur in hot 
and dry climatic conditions. Elevated CO 2  concentrations will, in general, lead to 
increased photosynthesis and decreased transpiration in C 3  plants. Agricultural 
crops with a C 3  photosynthetic pathway often exhibit greater assimilation responses 
than those with a C 4  pathway due to differences in CO 2  use during photosynthetic 
procedures (Amthor  1995 ; Rogers et al.  1997 ). 

 It is widely known that drought is the single most critical threat to world food 
security. Because the world’s water supply is limiting, future food demand for rap-
idly increasing population pressures is likely to further aggravate the effects of 
drought (Somerville and Briscoe  2001 ). Under  water stress conditions  , photosynthe-
sis decreases through direct effects, as the decreased CO 2  availability caused by dif-
fusion limitations through the stomata and the mesophyll (Flexas et al.  2004 ,  2007 ; 
Warren  2008 ) or the alterations of photosynthetic metabolism (Lawlor and Cornic 
 2002 ). These water stress conditions can arise as secondary effects, namely oxidative 
stress, and feedback regulation by end-product accumulation (Nikinmaa et al.  2013 ). 

 The purpose of this review is to provide: (1) an overview of physiological processes 
including photosynthesis and transpiration of agricultural crops under elevated CO 2  
and drought stress and (2) summary of recent research on those crop responses to ele-
vated CO 2  and drought stress based on fi eld experiments and crop modeling studies.  

10.2     Physiological Processes Under  Elevated CO 2    
and Drought Stress 

10.2.1      Photosynthesis   

 Two key processes occur in photosynthesis: light-dependent reactions and light- 
independent (or dark) reactions. In the former reactions, light energy is converted 
into adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate 
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hydrogen (NADPH), and O 2  is released. In the latter reactions, the enzyme Ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) captures atmospheric CO 2  
and releases three-carbon sugars by utilizing ATP and NADPH. 

 CO 2  and soil water considerably infl uence the process of photosynthesis in most 
plants by altering stomatal regulation, the ultrastructure of the organelles, concen-
tration of various pigments and metabolites. A great number of research found that 
the plant photosynthetic rates were greatly enhanced under elevated CO 2  in the 
short-term (Radmer and Kok  1977 ; Witter  1979 ), and these increases were likely to 
be more moderate due to various feedback responses and constraints in the long- 
term (Kramer  1981 ). There was a signifi cant and marked increase in photosynthesis 
of C 3  plants (Norby et al.  1999 ; Ainsworth and Long  2005 ), but there were signifi -
cant differences between species and cultivars. In C 3  plants, the maximum carbox-
ylation rate and the maximum rate of electron transport were also signifi cantly 
reduced at elevated CO 2 . There was a signifi cant increase in photosynthesis of C 4  
crops, as an indirect effect resulting through the mitigation of drought stress due to 
reduced stomatal conductance (Ghannoum et al.  2000 ). Increases in photosynthesis 
in sorghum and maize were associated with improved water status or were limited 
to periods of low rainfall where drought stress was likely ameliorated at elevated 
CO 2  (Leakey et al.  2004 ; Kimball  2006 ). 

 Photosynthetic responses to water stress are highly complex. These effects vary 
according to the intensity and duration of progression of the water stress as well as 
with the leaf age and the plant species and at different time scales in relation to plant 
development (Lawlor and Cornic  2002 ; Flexas et al.  2004 ). Both stomatal and non- 
stomatal limitations to photosynthesis are important. Photosynthesis acclimation 
under drought indirectly affects photosynthesis. This acclimation will help to main-
tain plant water status and therefore  photosynthesis.   Osmotic compounds that build 
up in response to water stress will lead to restoration of cellular homeostasis and 
detoxifi cation.  

10.2.2      Stomatal Conductance   

 The regulation of leaf stomatal conductance is a key phenomenon in plants for pho-
tosynthesis and transpiration (Medici et al.  2007 ). One of the most consistent 
responses of plants to elevated CO 2  is a reduction in stomatal conductance 
(Ainsworth and Long  2005 ). However, the responses are signifi cantly different 
among species and cultivars. As an exception, Ellsworth ( 1999 ) reported that  Pinus 
taeda  guard cells appear to be insensitive to elevated CO 2 . The decrease in stomatal 
conductance may be largely determined by stomatal aperture rather than density. 
Ainsworth and Rogers ( 2007 ) found that a decrease in the density is statistically 
insignifi cant through a meta-analysis of stomatal density responses to elevated CO 2 . 

 Guard cells sense intercellular CO 2  rather than at the leaf surface. Stomatal con-
ductance responses to elevated CO 2  may vary according to the duration of plants 
grown in elevated CO 2 . In the short term, stomatal aperture generally decreases in 
response to high CO 2 . In the long-term, stomatal conduction may acclimate to ele-

10 Effects of Elevated Carbon Dioxide and Drought Stress on Agricultural Crops



254

vated CO 2 . Ball et al. ( 1987 ) reported that stomatal conductance would decrease in 
response to elevated CO 2 . Medlyn et al. ( 2001 ) found that stomatal conductance 
only in water-stressed  Phillyrea angustifolia  was acclimated to elevated CO 2  in six 
tree species. However, there is little evidence that stomatal conductance indepen-
dently acclimates to elevated CO 2  for  Lolium perenne  grown at 600 μmol mol −1  
(Leakey et al.  2006a ,  b ). 

 The magnitude of the effect of elevated CO 2  on stomatal conductance varies 
considerably with environmental factors (Medlyn et al.  2001 ; Leakey et al.  2006a , 
 b ). There is generally a smaller effect of elevated CO 2  on stomatal conductance 
under water stress (Leakey et al.  2006a ,  b ). For example, there was no signifi cant 
change in  stomatal   conductance at elevated CO 2  in  Liquidambar styracifl ua  when 
vapor pressure defi cit was high (Herrick et al.  2004 ). For long-term water stress, 
stomatal conductance will be much less reduced in elevated CO 2  compared to ambi-
ent conditions (Leakey et al.  2006a ,  b ). A small decline in stomatal conductance 
may have protective effects against water stress, by less transpiration rate and 
improving plant water use effi ciency. 

 Under water-stress conditions, the fi rst response of plants is the stomatal closure 
to prevent the water loss due to transpiration to maintain the photosynthesis at low 
water availability (Pan et al.  2011 ). The stomata closure under water stress generally 
occurs due to decreased leaf turgor or water potential and low humidity atmosphere 
along with root-generated chemical signals (Chaves et al.  2009 ). The stomata clo-
sure is caused mainly by the action of a plant hormone, abscisic acid (ABA). High 
ABA level can cause an increase in cytosolic Ca 2+  and activation of plasma 
membrane- localized anion channels (Kohler and Blatt  2002 ). This causes potas-
sium effl ux, guard cell depolarization, loss of guard cell volume and turgor, high 
water production, and fi nally the stomata closure (Wang et al.  2012 ).  

10.2.3      Rubisco Activity and Content   

 Rubisco is usually fully active and carbamylated at current CO 2  under steady-state 
high light conditions (von Caemmerer and Quick  2000 ). Under elevated CO 2  condi-
tions, photosynthesis increases; there is an increasing demand for ATP and control 
of photosynthesis shifts from being limited by Rubisco to being limited by the 
capacity for ribulose-1,5-bisphosphate (RuBP) regeneration (Farquhar et al.  1980 ; 
von Caemmerer and Quick  2000 ). Reductions in the ATP:ADP ratio lead to a reduc-
tion in activase activity. The reductions in Rubisco activation state have been 
reported under elevated CO 2  (Cen and Sage  2005 ). 

 One of the most prominent effects of water stress is the stomata closure, which 
leads to a lower concentration of intercellular CO 2 , which in turn causes deactivation 
of Rubisco (Mumm et al.  2011 ). Medrano et al. ( 1997 ) observed that water defi cit 
conditions reduced the initial and total Rubisco activity, but it did not decrease the 
overall amount of Rubisco per unit of leaf area in subterranean clover ( Trifolium 
subterraneum ). Marques and Arrabica ( 1995 ) reported that Rubisco activity in 
 Setaria sphacelota  declined slightly under moderate water stress, but substantially 
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under severe water stress. Using transgenic tobacco plants, Gunasekera and Berkowitz 
( 1993 ) showed that a 68 % decrease in Rubisco activity did not hamper photosynthe-
sis under water-limited regimes. They concluded that drought stress may affect any 
of the steps involved in the regeneration of RuBP rather than Rubisco itself.   

10.3     Effects of Elevated CO 2  and  Drought Stress   on Crops 

 It is widely known that elevated CO 2   concentrations   contribute to the increases of 
crop photosynthetic exchange rates (CER) and yield by decreasing photorespira-
tion. This response of C 3  plants to elevated atmospheric CO 2  is higher than that of 
C 4  plants (Sage and Monson  1999 ). Increases in the growth of C 3  plants under dou-
bled atmospheric CO 2  concentrations are approximately 40–45 %, while the growth 
of C 4  plants under doubled  atmospheric   CO 2  concentrations increases by 10–20 % 
(Ghannoum et al.  2000 ). 

 The water relations for most plants exhibit improved under-elevated CO 2 , and 
showed less transpiration by inducing the partial stomatal closure. Studies have 
shown that elevated CO 2  reduces transpiration for both C 3  (Allen et al.  1994 ; Prior 
et al.  1991 ) and C 4  (Chaudhuri et al.  1986 ) plants. Using stem fl ow gauges under 
elevated CO 2 , Dugas et al. ( 1997 ) reported the reduction in whole-plant transpira-
tion for both soybean (C 3 ) and sorghum (C 4 ) crops. 

 The reduction in transpiration under elevated CO 2 , coupled with increased pho-
tosynthesis, can contribute to increase in  WUE   (Baker et al.  1990 ; Sionit et al. 
 1984 ). Kimball and Idso ( 1983 ) analyzed 46 observations for transpiration and over 
500 observations for economic yield, and suggested a doubling of WUE for a dou-
bling of CO 2  concentrations. Under elevated CO 2 , C 4  plants show a smaller response 
to elevated CO 2  than C 3  plants. However, both C 3  and C 4  plants show reduced tran-
spiration. These results indicate that WUE should be primarily controlled by tran-
spiration in C 4  plants, whereas both  photosynthesis and transpiration are   important 
in C 3  plants (Acock and Allen  1985 ). 

 Obviously,  water-stressed plants   have lower relative water content than non- 
stressed ones. For example, exposure of wheat and rice plants to drought stress 
substantially decreased the leaf water potential and transpiration rate (Siddique 
et al.  2001 ). Nerd and Nobel ( 1991 ) suggested that during drought stress, total water 
contents of  Opuntia fi cusindica  cladode were decreased by 57 %. In another study 
on  Hibiscus rosasinensis , transpiration, stomatal conductance, and WUE were 
declined under drought stress (Egilla et al.  2005 ). Abbate et al. ( 2004 ) reported that 
under limited water supply, WUE of wheat was greater than in well-watered condi-
tions due to stomatal closure to reduce the transpiration under water stress condi-
tions. Lazaridou and Koutroubas ( 2004 ) concluded that WUE of clover ( Trifolium 
alexandrinum ) was increased due to decreased transpiration rates and leaf area. In 
studies on  Artemisia tridentata  (DeLucia and Heckathorn  1989 ) and  Medicago 
sativa  (Lazaridou et al.  2003 ), drought stress increased  WUE   mainly due to a 
decrease in  stomatal conductance   with increasing water defi cit. 
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 Given the fact that elevated CO 2  can reduce  transpiration  , it has been suggested 
that this might partially ameliorate the effects of drought (Bazzaz  1990 ) and allow 
plants to maintain increased photosynthesis. This has frequently been observed 
(Acock and Allen  1985 ; Sionit et al.  1981 ; Prior et al.  1991 ). It has been suggested 
that under elevated CO 2  whole-plant water use may be differentially affected as a 
result of leaf area index (LAI) or plant size, although instantaneous WUE is 
increased. Allen ( 1994 ) reported that higher LAI could counter balance the reduc-
tion in water use. Jones et al. ( 1985 ) showed that increase  in   WUE was greater for 
plants with a lower LAI than higher LAI. 

 Elevated CO 2  intends to increase photosynthesis through raising the CO 2  gradi-
ent between the atmosphere and the inside of leaves, and consequently improve its 
conversion into carbohydrates (Rosenzweig and Hillel  1998 ). The impacts of ele-
vated CO 2  on crop yield may vary among different experimental studies due to dif-
ferences in experimental methods and its corresponding environmental conditions. 
The  free-air CO 2  enrichment (FACE)      showed that crop yield of C 3  plants such as 
rice, wheat, cotton, and sorghum increased by about 17–20 % at 550 ppm (Long 
et al.  2004 ; Ainsworth and Long  2005 ). On the other hand, the glasshouse and 
growth chamber experiments showed an 18–23 % increase in crop yield (Amthor 
 2001 ; Tubiello et al.  2007 ), and the response of crops to elevated CO 2  is slightly 
higher than the FACE results. Under elevated CO 2 , increases in the number of grains 
per plant and the harvest index lead to an increase in crop yield (Wu et al.  2004 ). 
However, the CO 2  fertilization effect may be limited by some severe environmental 
stress, such as temperature, rooting volume, light, nutrient, and drought (Batts et al. 
 1997 ; Arp  1991 ; Kramer  1981 ). 

 The impacts of drought on crop depend on the magnitude of water stress and the 
developmental stages (Sau and Mínguez  2000 ). The negative impacts of drought are 
more severe during some moisture-sensitive phenological stages (Nesmith and 
Ritchie  1992 ). In the early growth stages, extreme water stress can postpone sowing 
of crop and affect seed germination (Hu and Buyanovsky  2003 ). From emergence 
to double ridge stages,  drought stress   can signifi cantly affect the leaf expansion of 
crops (Acevedo et al.  1971 ). The leaf expansion rate of wheat is expected to be 
greatly reduced when the extractable soil water is smaller than 50 % (Meyer and 
Green  1980 ,  1981 ). During the pre-anthesis stage, the number of kernels per spike 
of wheat can be greatly reduced by drought stress (Fischer  1980 ). This result can be 
explained by considering that the number of kernels per spike largely contributed to 
grain yield particularly under drought conditions (García del Moral et al.  2003 ). 
Shpiler and Blum ( 1991 ) found that the grain yield of wheat showed the most sen-
sitivity to moisture defi cit during double ridge to anthesis stages due to the substan-
tial effect of water defi cit on both spikelet number and kernels per spike. However, 
van Herwaarden et al. ( 1998 ) reported that the grain yield of wheat was mostly 
impacted by the moisture defi cit after anthesis. The different conclusions may be 
resulted from the differences in crop varieties, fi eld management, and climatic con-
ditions. In addition, crop development can also be accelerated by soil moisture defi -
cit during anthesis (Simane et al.  1993 ). During the grain fi lling period, grain weight 
can be greatly decreased by drought stress mainly through accelerating senescence 
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rates and shortening growth duration (Hochman  1982 ). These results suggest that 
effi cacious adaptation strategies can be provided by focusing on the most moisture- 
sensitive stages.  

10.4     Interactive Effects of Elevated CO 2  and Drought 
 Stress   on Crops 

 The interaction of elevated CO 2  and water on crop growth has been studied. The 
water use of C 4  crops under elevated CO 2  decreases by reducing stomatal conduc-
tance without an increase in photosynthesis (Morison  1993 ; Leakey et al.  2006a ,  b ; 
Long et al.  2006 ). Loomis and Lafi tte ( 1987 ) reported that large changes in the sup-
plies of CO 2  and water little affected corn growth. An increase in  WUE   was found 
regardless of water supply (Surano and Shinn  1984 ). Prior et al. ( 2010 ) reported that 
elevated CO 2  signifi cantly increases WUE, suggesting better soil moisture conser-
vation at elevated CO 2 . 

 In an outdoor growth chamber study conducted by Chun et al. ( 2011 ), some 
points (denoted as “breaking points”) from high to low rates of soil water uptake 
were observed in the bottom depth (between 0.625 and 0.85 m from the surface), 
indicating a decrease in water availability. The breaking points were earlier under 
ambient CO 2  than under elevated CO 2 , suggesting that the depletion of the easily 
available water occurred later under elevated CO 2  than under ambient CO 2 . 

 The effects of elevated atmospheric CO 2  concentrations on plants under drought 
are complex. Plants reduce transpiration by closing stomata, but this substantially 
reduces photosynthetic rates. However, elevated CO 2  enhances photosynthetic rates 
in C 3  plants. If the  photosynthesis-stimulating effect   of elevated CO 2  is greater than 
the reduction in photosynthesis from drought-induced stomatal closure, the overall 
effects of CO 2  and water stress will be positive. Otherwise, the overall effects will 
be negative. Morgan et al. ( 2004 ) observed that the relative photosynthetic benefi ts 
of elevated CO 2  are generally greater in more arid environments in large-scale stud-
ies. Numerous studies have shown that increasing CO 2  may benefi t photosynthesis 
and survival during droughts of moderate duration, while the negative effects may 
overwhelm the benefi ts of elevated CO 2  where droughts become more severe. 
Elevated CO 2  caused a smaller reduction in evapotranspiration under water stress 
and different species have different responses to elevated CO 2  under water stress 
conditions. Reddy et al. ( 2000 ) found that there was no reduction in evapotranspira-
tion for cotton; however, Hunsaker et al. ( 2000 ) reported 4 % reduction in evapo-
transpiration for wheat. 

 Elevated CO 2  can alleviate drought stress and improve crop yields by improve-
ment of water use effi ciency under higher CO 2  concentrations (Allen et al.  1998 ; 
Makino and Mae  1999 ; Maroco et al.  1999 ). In the Free-air CO 2  enrichment (FACE), 
there is a 7 % increase in water use effi ciency at 550 ppm of CO 2  concentrations 
Hunsaker et al. ( 1996 ). Similarly, Allen ( 1991 ) found that there is a 10 % reduction 
in crop canopy water use under doubled CO 2 . In contrast, Yoshimoto et al. ( 2005 ) 
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reported that in a  FACE experiment  , there is a 19 % increase in WUE of rice at 587 
ppm of CO 2  concentrations. The response of crop water use to elevated CO 2  depends 
on crop species and environmental conditions. For example, a doubled CO 2  can lead 
to a decrease in evapotranspiration (ET) of rice at 26 °C, while it increased in ET at 
29.5 °C (Horie et al.  2000 ). 

 Drought stress has a great impact on the magnitude of CO 2  fertilization effect of 
a crop. Some experimental results found that there were higher increases in growth 
and yield of wheat in response to elevated CO 2  under drought stress conditions than 
under high soil moisture (Gifford  1979 ; Chaudhuri et al.  1990 ; Samarakoon et al. 
 1995 ). However, other research on wheat showed that there were greater  CO 2  fertil-
ization effects   under optimal soil water conditions than in water defi cit conditions 
(Kramer  1981 ; Kimball  1983 ; Poorter  1998 ; Wu and Wang  2000 ). Similarly, Smith 
et al. ( 2000 ) found that in dry year CO 2 , fertilization effect has no benefi cial impacts 
on desert shrub growth under severe water defi cit conditions (Acevedo et al.  1991 ). 
These results imply that suffi cient soil moisture is an important factor in maintain-
ing stomata opening and improving CO 2  conductance (Loomis and Amthor  1996 ).  

10.5     Applications of Crop Models 

 There have been many studies on investigation of the impact of water on crops using 
various crop models. For example, Yang et al. ( 2009 ) modifi ed the leaf area module 
of a soil–plant–atmosphere continuum corn simulation model (MaizeSim) to better 
simulate leaf area of corn crops at different water status and reported that the modi-
fi ed model improved the simulation of leaf area. Katerji et al. ( 2013 ) investigated 
the impacts of water stress on productivity, evapotranspiration, and water use effi -
ciency of corn and tomato crops using the  FAO AquaCrop model      (a crop water 
productivity model). They concluded that the model can be a useful tool for research 
purposes to enhance the water use effi ciency and to manage irrigation practices. 

 Crop models have been widely used to simulate the response of crops to elevated 
CO 2 . Tubiello et al. ( 2007 ) compared the simulated response of crop yield to  elevated 
CO 2  from the DSSAT-CERES which is widely used for cereal grains,  Environmental 
Policy Integrated Climate (EPIC)  , and  Agro-Ecological Zones (AEZ) models  . The 
results showed that at 550 ppm of CO 2  concentrations, the yields of C 3  crops 
increased by 10–19 %, while yields of C 4  crops only increased by 4–8 %. The mag-
nitude of CO 2  fertilization effect is close to the reported value by Long et al. ( 2006 ) 
for FACE experiments. However, the results simulated from CERES (Boote and 
Pickering  1994 ) and  EPIC/Cropping Systems Simulation Model (CropSyst)   
(Tubiello et al.  2000 ) showed a 25 % increase in C 3  crop yield for a doubling of CO 2 . 
The effects of climate change with combined CO 2  fertilization on potential crop 
yield (e.g., Tubiello and Ewert  2002 ) and water use (Asseng et al.  2004 ) have been 
investigated using crop models. However, the long-term and large- scale CO 2  fertil-
ization effect still remains uncertain. The uncertainties in land use change scenarios 
under future climate conditions may contribute to this uncertainty (Levy et al.  2004 ). 
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 The interactions of water and CO 2  not only affect the crop growth and yield, but 
also crop development. The results from FACE experiments showed that the crop 
developmental rate can be accelerated by the water and CO 2  interactions; however, 
many crop models may not be able to accurately capture these interactions due to 
the ignorance of CO 2 -related canopy temperature (Ewert et al.  2002 ; Tubiello et al. 
 1999 ). The effects of water and CO 2  interactions on canopy temperature were 
included in the  DEMETER crop model  , and Kartschall et al. ( 1995 ) reported that 
the simulated values of phenology, growth, and yields are in good agreement with 
the observed values. 

 Under dryland conditions, grain yield was highly related with evapotranspiration 
(Sadras and Angus  2006 ). The different effects of drought stress on crops were 
reported at each phenological period (Andresen et al.  1989 ). From emergence to 
anthesis, leaf area expansion can be greatly affected by water defi cit (Acevedo et al. 
 2002 ). Eitzinger et al. ( 2003 ) found that during the grain fi lling stage, crop yield was 
most sensitive to drought stress, whereas Chipanshi et al. ( 1999 ) showed the fl ower-
ing and heading periods were most sensitive stages to drought stress. The difference 
in environmental conditions and parameterization of drought stress for crop model-
ing may contribute to this discrepancy. 

 Even though lots of crop models have been developed and evaluated as discussed 
in this section, the models still need to be improved to adequately address phenol-
ogy with respect to water stress. A stomatal control and transpiration models were 
incorporated into the photosynthesis model initially proposed by Farquhar et al. 
( 1980 ) to address stomatal limitations to CO 2  assimilation (Ball et al.  1987 ). This 
approach is generally considered as one of the most popular approaches for coupled 
models of  stomatal control and photosynthesis  . However, there are still controver-
sies on the use of crop models that resulted from complexity, testability, and param-
eterization (Timlin et al.  2008 ). It is suggested that more robust and realistic 
parameters should be provided to address these controversies.  

10.6     Summary and Conclusions 

 Increasing CO 2  may change precipitation patterns and evapotranspiration, implying 
increases in the risks of drought in many areas. The impacts of elevated CO 2  and 
drought stress on growth and development of crops were discussed in the previous 
sections. The different responses of CO 2  have been reported according to the spatial 
distribution of pathways of CO 2  fi xation within leaf tissues. The response of C 4  
plants to elevated atmospheric CO 2  is lower than that of C 3  plants. Elevated CO 2  
reduces transpiration for both C 3  and C 4  plants. These results indicate that  WUE   
should be primarily controlled by transpiration in C 4  plants, while both photosyn-
thesis and transpiration are important in C 3  plants. Numerous literatures suggest that 
crops will use less water under high atmospheric CO 2  in the future than at present. 

 The use of crop models has been used for assessment of the impacts of elevated 
CO 2  and drought stress on crop growth and development. However, many crop 
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models still need to be improved to adequately address phenology with respect to 
water stress. In addition, there are still controversies on the use of crop models that 
resulted from complexity, testability, and parameterization, suggesting that more 
robust and realistic parameters should be provided to address these controversies. It 
is concluded that crop models can be a useful tool to quantify the impacts of ele-
vated CO 2  and drought stress and to assess agricultural management practices. This 
review can provide a better understanding of the interactive effects of elevated CO 2  
and drought stress on crop growth and development.     
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    Chapter 11   
 Drought Stress Tolerance in Relation 
to Polyamine Metabolism in Plants                     

       Miren     Sequera-Mutiozabal    ,     Antonio     F.     Tiburcio    , and     Rubén     Alcázar    

11.1           Introduction 

 The levels of polyamines (PAs, mainly putrescine, spermidine, and spermine) 
fl uctuate in response to a diversity of abiotic and biotic stresses. Early experiments 
several decades ago, already reported the accumulation of putrescine in response to 
potassium starvation, oxidative stress, UV treatment, drought and osmotic stresses 
in different plant species. Correlational studies and the use of PA biosynthesis inhib-
itors suggested the implication of different PAs in  abiotic stress tolerance  . However, 
it was not until the discovery of genes encoding PA biosynthetic enzymes in differ-
ent plant species that genetic manipulation of the PA pathway becomes feasible. 
Overexpression and loss-of-function approaches during the last decades support the 
conclusions provided by early polyamine researchers, pioneers of an area of research 
with promising practical applications. Current research by contemporary researchers 
in the fi eld aims at the identifi cation of PA mechanisms of action. This seems a chal-
lenging task given that PAs exert their functions through complex interactions with 
metabolic networks and diverse-signaling pathways. The overall picture currently 
involves ROS and NO signaling, ABA cross talk, GABA  biosynthesis   and interac-
tions with primary metabolism, although this is only part of it. In this book chapter, 
we focus on the role of PAs during drought stress and currently known PA  mechanisms   
of action contributing to desiccation tolerance.  
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11.2     Polyamine Metabolism and Plant Tolerance to  Abiotic 
Stress   

  Global climate change   is expected to intensify the frequency and severity of drought 
and fl ooding events in many regions worldwide, severely affecting crop production 
(Pottosin and Shabala  2014 ). As sessile organisms, plants are exposed to several envi-
ronmental stresses and have evolved diverse strategies to face life-threatening situa-
tions (Berberich et al.  2015 ). In consequence,  plant stress physiology   has been pointed 
out towards dissection of genetic elements involved in stress tolerance. In regard to 
this topic, polyamines (PAs)    are essential molecules because they participate in 
abiotic and biotic stress responses in plants (Alcázar and Tiburcio  2014 ). 

 PAs are organic polycations having variable hydrocarbon chains and two or more 
primary amino groups (Takahashi and Kakehi  2010 ). The structure and chemistry of 
the most abundant PAs in plants  diamine putrescine (Put)  ,  triamine spermidine 
(Spd)  , and  tetraamine spermine (Spm)   were elucidated in the late 1920s. It was 
revealed that they are nitrogen-containing compounds of low molecular weight 
(Alcázar et al.  2010a ). Later on, it was shown that  thermospermine (T-Spm)  , an 
isomer of spermine, was also present in higher plants (Moschou et al.  2008b ), and 
this is not a minor (qualitatively) PA (Takano et al.  2012 ). 

 In the context of individual    PAs, Put is important as a precursor for the biosyn-
thesis of higher molecular weight PAs. According to a study using transgenic 
plants with altered PA levels, Put levels must exceed certain threshold to enhance 
the synthesis of Spd and Spm under stress, such synthesis being necessary for 
recovery from stress conditions (Capell et al.  2004 ). In addition, Put oxidation in 
plants produces 4-aminobutanal, which spontaneously cyclizes to Δ 1 -pyrroline and 
can be further converted to γ-aminobutyric acid (GABA)    (Petřivalský et al.  2007 ), 
a reaction common in animals and plants (Cona et al.  2006 ). GABA is an important 
metabolite which levels tend to be altered during stress, although its function is 
currently unknown (Shelp et al.  2012 ). Spd is a higher PA that is essential during 
embryogenesis in  Arabidopsis  (Imai et al.  2004b ), its conjugates are implicated in 
protection against pathogens, detoxifying phenolic compounds, and/or serving as 
a reserve of PAs that becomes available in actively proliferating tissues (Takahashi 
and Kakehi  2010 ). No requirement for Spm under normal growth conditions has 
been demonstrated in an  Arabidopsis     mutants which cannot produce this PA (Imai 
et al.  2004a ). However, this mutant showed sensitivity to drought and salt stress 
(Yamaguchi et al.  2007 ). To date, evidence suggests that Spm plays versatile roles 
in stress response (Takahashi and Kakehi  2010 ). Regarding to Spm isomers, an 
 Arabidopsis  mutant defi cient in T-SPM synthesis has been isolated that displays 
reduced stem elongation (Kim et al.  2014 ). Indeed, T-Spm modifi es the expression 
of auxin-related genes required for vascular tissue differentiation (Tong et al. 
 2014 ). Although the potential role of T-Spm in biotic stress protection has been 
shown (Sagor et al.  2012 ; Marina et al.  2013 ), its role in abiotic stress needs further 
investigations. 
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11.2.1     The Polyamine  Biosynthetic Pathway   

 Metabolic studies indicate that the intracellular levels of PAs in plants are mostly 
regulated by anabolic and catabolic processes, as well as by their conjugation to 
hydroxycinnamic acids (Alcázar et al.  2010a ). PA biosynthesis begins with Put for-
mation. This PA is derived either directly from ornithine (Orn) by  ornithine decar-
boxylase (ODC)   or from arginine (Arg) through several steps catalyzed by  arginine 
decarboxylase (ADC)  , which produces agmatine (Agm);  agmatine iminohydrolase 
(AIH)  , and N- carbamoylputrescine amidohydrolase (CPA)  . In contrast to animals 
and fungi, in which ODC is the fi rst and rate-limiting enzyme in the synthesis of PAs, 
plants typically use ADC (Takahashi and Kakehi  2010 ). In   Arabidopsis   , Put content 
is modulated by the expression of two gene isoforms encoding ADC ( ADC1  and 
 ADC2 ), with contrasting expression patterns depending on the nature of the activa-
tion signal (Alcázar et al.  2010b ). Spd, Spm, and T-Spm are synthesized by  amino-
propyltransferases (APT)  , which transfer aminopropyl residues to amine acceptors 
Put or Spd, producing Spd, Spm, or its isomers (e.g., T-Spm), respectively. 

 The donor of the aminopropyl groups is  decarboxylated S-adenosylmethionine 
(dcSAM)  , which is formed by decarboxylation of  S-adenosylmethionine (SAM)  , 
through an enzymatic reaction catalyzed by SAM decarboxylase ( SAMDC ). 
The APTs donating aminopropyl residues to Put or Spd for production of Spd or 
Spm are  spermidine synthase (SPDS)   and  spermine synthase (SPMS)  . SDPS from 
  Arabidopsis thaliana    are encoded by two gene paralogs ( SPDS1  and  SPDS2 ). 
 SPMS  and thermospermine synthase (ACL5) are single genes in  Arabidopsis  
(Kakehi et al.  2008 ).  

11.2.2        Polyamine Catabolism and Back-Conversion 
Pathways: PAOs 

 Endogenous PA levels mostly depend on the dynamic balance between  de novo  bio-
synthesis and catabolism (Fig.  11.1 ).    PA oxidation is catalyzed by two types of amine 
oxidases (AO), copper-containing amine oxidases (CuAO), and fl avin- containing 
polyamine oxidases (PAO), which carry covalently bound FAD as cofactor (Cona 
et al.  2006 ; Angelini et al.  2010 ). The reactions catalyzed by both type of enzymes 
contribute to several physiological processes through their reaction products 
(i.e., aminoaldehydes, 1,3-diaminopropane (DAP), and hydrogen peroxide) (Šebela 
et al.  2001 ; Cona et al.  2006 ; Angelini et al.  2010 ; Fincato et al.  2011 ).

   CuAO are  frequently   found in dicots (Cona et al.  2006 ), and are homodimeric 
enzymes which exhibit high affi nity for the oxidation of the primary amino groups of 
Put and cadaverine (Cad), and lower affi nity for Spd and Spm (Moschou et al.  2008a ). 
CuAOs participates in PA terminal catabolism in the apoplast and peroxisomes 
(Planas-Portell et al.  2013 ).   Arabidopsis    carries ten putative CuAO-encoding genes, 
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four of which ( ATAO1  and  AtCuAO1 – 3 ) have been characterized.   CuAO  genes   are 
differentially modulated during development, wounding, and treatment with hor-
mones or elicitors. CuAO proteins also differ in their localization, with AtCuAO1 
and AtAO1 being apoplastic, whereas AtCuAO2 and AtCuAO3 are peroxisomal 
enzymes (Møller and McPherson  1998 ; Reumann et al.  2009 ; Planas- Portell et al. 
 2013 ), all of them involved in terminal catabolism of Put and Spd. 

 PAO catalyze the oxidation of Spd, Spm, and/or acetylated derivatives at their 
secondary amino groups (Federico et al.  1996 ; Tavladoraki et al.  2012 ). They are 
classifi ed into one of two families depending on whether they terminally oxidize 
PAs, as is the case on  Zea mays  (Federico et al.  1996 ; Tavladoraki et al.  1998 ; 
Moschou et al.  2008a ) or catalyze PA back-conversion  as   in  Arabidopsis  or  Oryza 
sativa  (Tun et al.  2006 ; Moschou et al.  2008c ; Takahashi et al.  2010 ; Fincato et al. 
 2011 ; Ono et al.  2012 ). PAOs of the fi rst family oxidize the carbon at the  endo  side 
of the N 4  of Spd and Spm, producing 4-aminobutanal and N-(3-aminopropyl)-4- 
aminobutanal, respectively (Moschou et al.  2012 ). PAOs catalyzing PA back- 
conversion oxidize the carbon at the  exo  side of the N 4  of Spd, Spm, or T-Spm (and/
or their acetylated derivatives) producing Put and Spd, respectively (Angelini et al. 
 2010 ). The most well-characterized plant PAOs involved in PA back-conversion are 
from   Arabidopsis   . This plant carries fi ve PAO-encoding genes ( AtPAO1–5 ) 
(Takahashi et al.  2010 ; Fincato et al.  2011 ). Tissue- and organ-specifi c expression 

  Fig. 11.1    Polyamine metabolism in the model species  Arabidopsis thaliana. ADC  arginine 
decarboxylase,  AIH  agmatine iminohydrolase,  CPA  N-carbamoylputrescine amidohydrolase, 
 ODC  ornithine decarboxylase,  dc-SAM  decarboxylated SAM,  ACL5   ACAULIS  5,  PAO  polyamine 
oxidase       
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studies of various   AtPAO  genes   have shown some overlapping patterns but also 
important differences. This, together with their contrasted substrate specifi city, 
suggests a functional diversity of  AtPAO  genes (Takahashi et al.  2010 ). The different 
subcellular localizations  of   AtPAO proteins also support the view that AtPAO2–4 
are localized in peroxisomes, whereas AtPAO1 and AtPAO5 are predicted to be 
cytosolic. Thus, PA catabolism in the  Arabidopsis  apoplast   is mediated predomi-
nantly by CuAO. Recently, it has been demonstrated that PA back-conversion medi-
ated by PAO and terminal catabolism mediated by CuAO are co-localized in 
peroxisomes of  Arabidopsis  (Planas-Portell et al.  2013 ). Put level at certain points 
is able to inhibit peroxisomal PAO enzymes, which goes in favor of Spd or Put ter-
minal degradation. A model was proposed where PA homeostasis is maintained by 
a tight coordination between both catabolic enzyme machineries (Planas-Portell 
et al.  2013 ).    Thus, Spm and T-Spm homeostasis relies in part on the activity of PAO 
enzymes (Fig.  11.1 ). 

 Essentially PA pools are dynamic, changing over time, and PAs also undergo 
rapid interconversion in what is called the “ polyamine cycle  ”. Furthermore, catabo-
lism of higher PAs may also lead to lower PA-releasing H 2 O 2  and Put formation 
(Pál et al.  2015 ), which has been proposed as a mechanism to induce plant stress 
tolerance (Tavladoraki et al.  2012 ) and has been related to signal transduction during 
stress, affecting different cellular compartments (Ahou et al.  2014 ; Andronis et al. 
 2014 ; Liu et al.  2014 ; Tong et al.  2014 ). Therefore, PA catabolism by AO is not 
merely a PA degradation mechanism, but an important component of PA-signaling 
pathway, and an emerging fi eld of  PA   research.  

11.2.3        Interactions of PAs with Primary Metabolism 

 PAs are major sinks of assimilated nitrogen due to their intracellular high concentration 
(Moschou et al.  2012 ). However, many studies suggest the interaction of PAs with 
primary metabolism during plant development and stress (Walden et al.  1997 ; Forde 
and Lea  2007 ; Mattoo et al.  2010 ; Minocha et al.  2014 ). A unique feature of plant 
PA metabolism is that Put, proline (Pro), and GABA are all synthesized from a com-
mon substrate: glutamate (Glu), a hub molecule of nitrogen metabolism (Mattoo 
et al.  2010 ). Glu signaling in plants presents different spatiotemporal components in 
a complex way (Forde and Lea  2007 ; Forde  2014 ), impacting in all cases amino acid 
metabolism, which is connected at several levels with carbon mobilization path-
ways. In this sense,  GABA   is also a molecule for which the function is still 
unknown, but has been related to nitrogen and carbon metabolism. At the meta-
bolic level, GABA transamination and further oxidation yields succinic acid, 
which enters directly into the Krebs cycle (Rea et al.  2004 ). Hence, a connection of 
GABA with carbon metabolism exists and has been suggested to coordinate C:N 
balance (Bouché et al.  2003 ; Bouché and Fromm  2004 ) via Glu receptors (Kang and 
Turano  2003 ). PA and GABA accumulation has been reported in both control and 
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stress conditions (Shelp et al.  2012 ). Similarly, metabolic interactions have been 
reported between PAs and sugars such as glucose and sucrose (Handa and Mattoo 
 2010 ). This is interesting because sugar signaling is emerging as an important 
element in the plant's stress response (Van den Ende  2014 ). 

 Apart from known metabolic connections described, PAs have been involved 
in the biosynthesis of other metabolites not metabolically connected. To mention 
few examples, it has recently been reported that Put acts as buffer and osmolite 
that induces proline (Pro) production, leading to maintenance of leaf water status 
under stress conditions (Kotakis et al.  2014 ). Microarray analyses of Put overex-
pressor  Arabidopsis  plants revealed both the up- and down-regulation of stress-
responsive, hormone and signaling-related genes, involved in the biosynthesis of 
auxin, ethylene (ET), ABA, gibberellin, and salicylic acid (SA). Furthermore, 
genes for auxin transport, genes coding for auxin-responsive proteins, ET and 
ABA-responsive transcriptional factors, and also jasmonate (JA)-induced proteins 
(Marco et al.  2011 ) were identifi ed. Overexpression of Spd synthase up-regulated 
the expression of various putative stress-related genes in chilling-stressed trans-
genic   Arabidopsis    compared with the wild type. These genes putatively encode 
transcription factors, calmodulin-related protein and stress-protective proteins, 
such as  RD29A  (Kasukabe et al.  2004 ).  Arabidopsis  plants with increased Spm 
levels showed altered expression of genes involved in the biosynthesis of JA, 
ABA, and SA, receptor-like kinases, mitogen-activated protein kinases and genes 
with a role in calcium regulation (Marco et al.  2011 ). In tobacco, Spm accumula-
tion caused up-regulation of transcripts for anti-oxidative enzymes, especially 
those induced by abiotic stresses, such as salt, cold, or acidic stress (Wi et al., 
2006). In agreement with this, it was demonstrated that T-Spm modifi es the 
expression of auxin-related genes (Tong et al.  2014 ). 

 The identifi cation of PA-regulated downstream targets and the discovery of 
connections between PA and other stress-responsive molecules (mostly related to 
primary metabolism) have opened new possibilities to investigate the function of 
individual PAs at molecular level (Pál et al.  2015 ). However, further studies are 
needed to elucidate the PA-signaling pathways (Shi and Chan  2014 ).   

11.3     Implications of the  PA   Pathway During the Drought 
Stress Response 

 Drought  stress   is a tremendous limitation for plant growth and hence, crop productivity. 
Upon severe environmental stresses such as drought, plants activate physiological, 
metabolic and defense systems to survive and sustain growth. PA accumulation 
has been associated with plant tolerance during water stress in different species 
(Liu et al.  2007 ; Groppa and Benavides  2008 ; Alcázar et al.  2010a ; Takahashi and 
Kakehi  2010 ; Minocha et al.  2014 ; Shi and Chan  2014 ). 
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11.3.1     Changes in Primary Metabolism Induced By  Drought   

 Reduction of photosynthetic activity, accumulation of organic acids and osmolytes, 
and changes in carbohydrate metabolism are typical, physiological, and biochemi-
cal responses to stress (Valliyodan and Nguyen  2006 ; Xiong et al.  2002 ). Plant 
features associated with tolerance mechanisms are multigenic, and thus, diffi cult to 
elucidate. Omics approaches and gene expression studies have identifi ed the activa-
tion and regulation of several stress-related transcripts and proteins, generally clas-
sifi ed into two major groups. One group is involved in signaling cascades and in 
transcriptional control, whereas the other in membrane protection such as osmopro-
tectants or antioxidants (Valliyodan and Nguyen  2006 ). The fi rst group is consti-
tuted by  transcriptions factors (TFs)  , which are essential components in the abiotic 
stress signal transduction  of   ABA-dependent and ABA-independent pathways. TFs 
also function in hubs with other proteins partners, and inside dynamic networks 
serving as interacting nodes between different pathways (Lindemose et al.  2013 ). 
TFs that contribute to water stress signaling include basic leucine zipper (bZIP type) 
proteins, APETALA 2/ethylene-responsive element-binding factor (AP2/ERF 
type), NAM/ATAF1/CUC2 (NAC type), or MYB domain-containing proteins 
(MYB type) (Hadiarto and Tran  2011 ; Lindemose et al.  2013 ; Todaka et al.  2015 ). 
The synthesis of  osmoprotectants   or compatible solutes is one another mechanism 
by which plants adapt to water defi cit (Valliyodan and Nguyen  2006 ). Redox metab-
olism and associated signaling also participate in tolerance against abiotic stress 
(Munné-bosch et al.  2013 ). 

 The most signifi cant changes regarding primary metabolism after water stress 
are related to carbon mobilization and reallocation. One of the fi rst things occurring 
during dehydration is that cell division and expansion are severely inhibited (Xiong 
et al.  2002 ). The  oxidative stress  , generated as secondary effect, may cause damage 
to the photosynthetic apparatus (Ort  2001 ). This is in part because carbon uptake is 
further reduced due to the concomitant or earlier inhibition of growth (Chaves and 
Oliveira  2004 ), and also because it may allow plants to divert energy resources to 
generate protective molecules (Xiong et al.  2002 ). However, it is generally accepted 
that the decrease in photosynthetic rate is primarily due to marked stomatal closure, 
mainly mediated by ABA (Chaves et al.  2002 ). 

 Regarding sugar molecules, the signaling role is not fully understood. 
Nonetheless, there is evidence of cross-talk mechanisms between hexoses and 
ABA. An increase in acid invertase activity was observed in leaves of dehydrated 
maize plants, in accordance with a rapid accumulation of glucose and fructose, 
which was highly correlated with a xylem-located ABA increase (Trouverie et al. 
 2003 ). Conversely, in stressed  Arabidopsis  seedlings  , glucose promoted the tran-
scription of several genes in ABA  biosynthesis   (Cheng et al.  2002 ). In any case, 
sugars being transported into the xylem of dehydrated plants, or an abrupt increase 
of sugars in the apoplast of guard cells under high light or stress, are mechanisms 
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that likely exert an important infl uence on ABA- mediated stomatal dynamics   
(Wilkinson and Davies  2002 ). Lately, trehalose has emerged as  redox-signaling 
molecule   with a proposed role on stress (Luo et al.  2008 ; O’Hara et al.  2013 ; 
Krasensky et al.  2014 ). Trehalose degradation and glucose production have been 
associated with drought tolerance (Van Houtte et al.  2013 ).  Raffi nose oligosaccha-
rides (RFOs)   (Van den Ende  2013 ; Elsayed et al.  2014 ) are also important molecules 
during drought. RFOs accumulation occurs during drought stress, and they function 
as osmolites maintaining cell turgor (Bartels and Sunkar  2005 ; Nakabayashi et al. 
 2014 ) and antioxidants that alleviate the accumulation of ROS under stress condi-
tions (Nishizawa et al.  2008 ; Van den Ende and Valluru  2008 ; Bolouri-Moghaddam 
et al.  2010 ; Nakabayashi et al.  2014 ). Sugars or hydrocarbons are also involved in 
the control of the expression of different genes related to lipid and nitrogen metabo-
lism (Price et al.  2004 ; Weisman et al.  2010 ), both altered by drought stress. 

 Regarding to nitrogen metabolism, amino acids or metabolites related to their 
metabolism are the most altered molecules by drought  stress   (Kalamaki et al.  2009 ; 
Mao et al.  2010 ; Nakabayashi et al.  2014 ), in some cases to cope with oxidative 
stress (Lehmann et al.  2009 ), or to promote the functioning of central metabolic 
pathways implied in redox balance (Araújo et al.  2010 ; Obata et al.  2011 ). On the 
other hand, the homeostasis of  reactive nitrogen species (RNS)   like nitric oxide (NO) 
is a key-signaling element during stress including drought (Qiao and Fan  2008 ; 
Tanou et al.  2009 ; Zhao et al.  2009 ; Filippou et al.  2011 ; Fan et al.  2013 ; Ziogas et al. 
 2013 ), in part because of its relation with stomatal closure (García- Mata and 
Lamattina  2003 ; Neill et al.  2008 ) and lateral root induction (Sun et al.  2015 ).  

11.3.2     Evidences Supporting a Role for PAs  in   Drought 
Tolerance 

 During the last decade, different approaches have been undertaken to generate plants 
tolerant to abiotic stress. Genetic engineering of PA pathway or exogenous applica-
tion of PAs has been reported. From these approaches, the main conclusion is that PAs 
provide tolerance against water stress at different levels and in different species of 
agronomical interest such as maize, rice, cacao, or wheat (Bae et al.  2008 ; Mao et al. 
 2010 ; An et al.  2012 ; Agudelo-Romero et al.  2014 ; Hatmi et al.  2014 ). This might be 
because their increased concentration gives in some way protection to cells, or because 
PA degradation products are signal molecules that trigger  defense   signaling. 

11.3.2.1        Genetic Engineering Approaches for the Manipulation of PA 
Homeostasis 

 By the use of transgenics approaches, it has been possible to determine that increases 
in the levels of major PAs in plants are related to drought  stress tolerance  . Constitutive 
 ADC  expression in rice provided a continuous supply of Put, which was necessary to 
synthesize suffi cient Spd and Spm after SAMdc induction during drought stress. 
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This mechanism was determinant to provide stress tolerance in transgenic rice (Capell 
et al.  2004 ). On the other hand, overexpression of  SPDS  gene in   Arabidopsis    gener-
ated almost two-fold increases of free Spd levels which were associated with toler-
ance to drought, and induction of TF involved in drought protection (Kasukabe et al. 
 2004 ). To distinguish the role of Put from that of Spd and Spm, transgenic rice was 
generated overexpressing  ADC  or  SAMdc . The ADC overexpressors showed a marked 
increase in all PAs and drought-tolerant phenotypes. SAMdc overexpressors exhibited 
a similar behavior to the wild-type plants although the recovery was signifi cantly 
more robust. Authors assigned an immediate protective effect to Put and protective 
effect to Spm, which was associated to recovery (Peremarti et al.  2009 ) 

 Indirect stimulation  of   PA biosynthesis has also been reported to lead to drought 
tolerance. Overexpression of a TF of the MYBs family (R2R3 type-MYB gene) 
stimulated the expression of  ADC  gene during several stresses including drought, 
thus increasing PA levels. The mutants were tolerant to water deprivation in part by 
modulation  of   PA metabolism (Sun et al.  2014 )  

11.3.2.2        Exogenous Application of PAs and Use of PA Biosynthesis 
 Inhibitors   

 Generation of plants completely depleted of PAs is not possible. However, by the 
use of plants defective in the production of at least one major PA, followed by exog-
enous application (rescue), it has been possible to understand more about the physi-
ological functions of PAs in plants.  Arabidopsis  mutants   defective in the production 
of Spm ( acl5/spms ) were sensitive to drought stress, this phenotype was cured by 
Spm pretreatment but not by addition of Put or Spd, which led to the notion that the 
induction of PA biosynthetic pathway after drought stress is necessary to overcome 
the stressful condition by means of Spm production, assigning a possible protective 
role for this higher PA (Yamaguchi et al.  2007 ). Nonetheless, pretreatment after 
exogenous addition of Put, Spd, and Spm improved drought tolerance in 
Bermudagrass (Shi et al.  2013 ). Proteomic approaches indicated an enhancement of 
enzymes involved on ROS metabolism, proline, and sugar content after pretreat-
ment with higher PAs specially Spm, in the same manner enhancement of proteins 
related to electron transport and energy pathways was observed after all kinds of 
pretreatments (Shi et al.  2013 ), establishing that improvement of abiotic stress plant 
tolerance can be achieved by exogenous  PA     addition (Table  11.1 ).

11.4             PA Modes of Action During Drought  Stress   Tolerance: 
ABA, NO, and ROS 

11.4.1     Importance of ABA in the  Drought Stress Response   

 Water availability is an essential feature to plant physiology. In that sense, ABA is 
extremely important (Desikan et al.  2004 ). In brief, water stress induces gene 
expression towards ABA  biosynthesis  , with a concomitant accumulation and 
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   Table 11.1    Genetic engineering of PA metabolism and its effects  on   drought stress tolerance   

 Species 
 Stimulus/genetic 
approach 

 Drought 
phenotype  Remarks  Citation 

  Oryza sativa   Constitutive 
generation of Put 

 Tolerant  Put pools are determinant to 
produce enough Spd and Spm 
to present drought tolerance 

 Capell et al. 
( 2004 ) 

  Arabidopsis 
thaliana  

 Over-production 
of Spd 

 Tolerant  Spd was associated with 
expression of TF involved on 
drought protection 

 Kasukabe 
et al. ( 2004 ) 

  Arabidopsis 
thaliana  

 Mutants 
defective in Spm 
production 

 Sensitive  Drought sensitivity was 
rescued only after Spm 
exogenous addition. 

 Yamaguchi 
et al. ( 2007 ) 

  Arabidopsis 
thaliana  

 Exogenous 
addition of Spm 

 Tolerant  Spm has a protective role on 
drought stress 

 Yamaguchi 
et al. ( 2007 ) 

  Arabidopsis 
thaliana  

 Overexpression 
of Glutamate-
synthase 
( SINAGS1 ) 

 Tolerant  Accumulation of PA 
precursors (e.g., Orn, Arg, 
and Glu) is necessary to 
drought stress alleviation 

 Kalamaki 
et al. ( 2009 ) 

  Oryza sativa   Overexpression 
of  ADC  

 Tolerant  Put exerts a direct protective 
effect during stress 

 Peremarti 
et al. ( 2009 ) 

  Oryza sativa   Overexpression 
of  SAMDC  

 NP  Spm might have a protective 
role during stress recovery 

 Peremarti 
et al. ( 2009 ) 

  Arabidopsis 
thaliana  

 Overexpression 
of  ADC2  

 Tolerant  Put production by ADC2 is 
involved on drought stress 
tolerance 

 Alcázar et al. 
( 2010b ) 

 Egyptian 
cotton 

 Overexpression 
of SAMDC 

 Tolerant  Spm accumulation led to 
drought tolerance of cotton 
transgenics varieties 

 Momtaz et al. 
( 2010 ) 

  Arabidopsis 
thaliana  

 T-DNA mutants 
for  ADC, SPDS, 
SPM  

 NP  PAs back- conversion pathway 
is involved on drought 
response rather than SPM 
terminal oxidation 

 Alcázar et al. 
( 2011 ) 

  Arabidopsis 
thaliana  

 Expression of 
 ADC  under 
stress- inducible 
promoter 

 Tolerant  Put generation is stress-
inducible and correlates with 
induction of stress-responsive 
genes 

 Alet et al. 
( 2011 ) 

  Solanum 
lycopersicum  

 Overexpression 
of  SAMDC  

 Tolerant  Spd and Spm enhancement 
lead to tolerance against 
biotic and abiotic stress on 
the whole plant 

 Hazarika and 
Rajam ( 2011 ) 

  Arabidopsis 
thaliana  

 Overexpression 
of  ADC / SAMDC  

 NP  Transcriptomic profi ling 
revealed Put and Spm induce 
ABA biosynthetic genes 

 Marco et al. 
( 2011 ) 

  Arabidopsis 
thaliana  

 Overexpression 
of  PtADC  on  adc  
mutant 

 Tolerant  ADC inhibitor  D -Arginine 
reversed drought- tolerant 
phenotype and ROS 
scavenging properties of 
PtADC 

 Wang et al. 
( 2011 ) 

  Arabidopsis 
thaliana  

 T-DNA mutants 
for  CuAO1  

 NP  Put oxidation by CuAO1 is 
involved on ABA-mediated 
stomatal closure 

 Wimalasekera 
et al. ( 2011 ) 

(continued)
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redistribution of this plant hormone in the guard cells surrounding the stomata. This 
triggers highly interactive signaling cascades, where a consequent movement of 
ions across the membrane, leads to release of water and turgor loss of guard cells, 
causing stomatal closure. ABA and its role after water deprivation have been exten-
sively studied and reviewed (Bray  1997 ; Desikan et al.  2004 ; Cutler et al.  2010 ). 

 The role of ABA role during drought is unquestionable, but later on it was dis-
covered that ABA was not the only molecule in stomatal signaling. In the early 
2000s, it was demonstrated that ABA treatment of  Arabidopsis  guard cells induced 
an oxidative burst by H 2 O 2  that resulted in stomatal closure (Pei et al.  2000 ). Soon, 
it was observed the same mechanism in other species thus establishing that the gen-
eration of ROS was essential for ABA- induced stomatal closure   (Desikan et al. 
 2004 ). Sources for the generation of this ROS were proposed. Early experiments 
using tobacco epidermal cells led to the notion that fl avin-containing enzymes such 
as peroxidases or AOs (e.g., PAOs) were responsible for H 2 O 2  production (Allan 
and Fluhr  1997 ). However, further investigations suggested that NADPH oxidase- 
mediated H 2 O 2  release is required for ABA-mediated stomatal closure (Kwak et al. 
 2003 ). During the same period, NO was also found essential for stomatal dynamics. 
Reports on pea, wheat, and maize provided evidence that NO is a signaling compo-
nent in ABA-mediated stomatal closure (Neill et al.  2002 ) after drought imposition 
(García-Mata and Lamattina  2003 ) through a feedback mechanism in which NO 
synthesis is required for ABA-induced stomatal closure and ABA enhances NO 
synthesis in guard cells (Neill et al.  2002 ). Recent reports have also demonstrated 
that  S -nitrosylation by NO may also modulate ABA-mediated signaling, exerting a 
negative regulation on an ABA-dependent kinase (OST1), which increases the com-
plexity of ABA-NO interaction referred to stomatal dynamics (Wang et al.  2015 ). 

  Sugar metabolism   is also related to ABA induction, glucose is necessary to 
induce ABA synthesis (Cheng et al.  2002 ) and sucrose is produced after ABA 
induction during drought stress (Trouverie et al.  2003 ). Obviously, ABA is a hub 
molecule for stress signaling as PAs are, thus, the interaction between both is of 
relevance during drought stress.  

Table 11.1 (continued)

 Species 
 Stimulus/genetic 
approach 

 Drought 
phenotype  Remarks  Citation 

  Cynodon 
dactilon  

 Exogenous 
addition of Put, 
Spd, and Spm 

 Tolerant  Proteins involved with ROS 
balance were stimulated by 
higher PAs. All treatments 
stimulated energy-related 
pathways 

 Shi et al. 
( 2013 ) 

  Nicotiana 
tabacum  

 Overexpression 
of MYB type TF 

 Tolerant  Overexpression of MYB type 
TF induce  ADC  gene after 
drought stress maintaining 
increase PAs 

 Sun et al. 
( 2014 ) 

 White clover  Spm exogenous 
addition 

 Tolerant  Protective Spm effect may be 
due to enhancement of sugar 
metabolism and dehydrin 
biosynthesis 

 Li et al. 
( 2015 ) 
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11.4.2     Modulation of PA Metabolism By ABA: Involvement 
in Stomatal Aperture 

 In   Arabidopsis   , drought-mediated induction of PA biosynthetic enzymes ADC, 
SPDS, and SPMS and subsequent increases in PAs levels is an ABA-dependent 
response (Alcázar et al.  2006 ). A similar trend was observed in  ADC  expression in 
response to salt stress (Urano et al.  2004 ) and cold stress (Cuevas et al.  2008 ). 
Conversely, in   Lotus tenuis    Put exerts a positive regulation on  NCED  (an essential 
ABA biosynthetic gene) promoting ABA formation in response to drought, while 
the levels of higher PAs did not show alteration (Espasandin et al.  2014 ). Feedback 
mechanism between Put and ABA cannot be ruled out. Indeed, transcriptomic anal-
yses of transgenic  Arabidopsis  plants accumulating Spm by  SAMDC1  or SPMS 
overexpression showed signifi cant increases in the expression of important ABA 
 biosynthetic genes   (e.g.,  NCED ) followed by ABA accumulation, and up-regulation 
of genes associated with water deprivation and defense response including drought- 
related TFs (Marco et al.  2011 ). Interestingly,  SPMS  is an ABA-inducible gene 
(Rambla et al.  2010 ), which might be linked with a role for Spm during water stress 
(Yamaguchi et al.  2007 ). The connection between PAs and ABA is not trivial, and 
some overlapping functions between Put and Spm regarding to ABA have been sug-
gested (Minocha et al.  2014 ).  

11.4.3     Interactions with ROS and NO Signaling: Are PAOs 
the Main Drivers in the PA-Abiotic Stress Response? 

 Previous observations relate PAs to ROS through H 2 O 2  via their catabolism path-
way; nonetheless, their relationship appears to be more complex. H 2 O 2  derived from 
PA degradation not always leads to the same effect. Transgenic tobacco plants over-
expressing  ZmPAO  showed low apoplastic Spd and Spm levels under control condi-
tions (due to their degradation), as well as lower levels of ROS because of an 
enhancement of anti-oxidative machinery (Moschou et al.  2008a ). Surprisingly, 
these transgenic plants were sensitive to oxidative stress compared with the wild 
type, leading to the notion that PAs itself were key elements of the oxidative response 
(Moschou et al.  2008a ). Another aspect is that it is becoming increasingly clear that 
ROS derived from PA oxidation is necessary to trigger stress responsiveness. In this 
sense, AOs like PAO enzymes are emerging modulators of ROS-related signaling, 
instead of being only PAs catabolism enzymes. A recent study demonstrated that 
Spd oxidation by  PAO3  is required for balanced respiration, proposing that this 
peroxisomal PAO is a key element for balancing superoxide/hydrogen peroxide 
production. Spd homeostasis by  PAO3  was demonstrated to be involved in ROS 
production other than H 2 O 2 , and the ratio (O 2  •− /H 2 O 2 ) showed to be an important 
signal for transcriptional induction (Andronis et al.  2014 ). 
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 At present, PA researchers recognize that NO biosynthesis and PA metabolism 
are tightly related. Spd and Spm are able to promote NO biosynthesis in  Arabidopsis  
 seedlings  , root tip, and primary leaves (Tun et al.  2006 ). A recent report in citrus 
seedlings provided evidence that there is a tissue-specifi c modulation of  PAO  
expression, when oxidative/nitrosative stress is imposed as pretreatment. In both 
cases, pretreated plants showed salinity tolerance, suggesting that PAs may repre-
sent a molecular link between oxidative and nitrosative signaling (Tanou et al. 
 2012 ). The same authors further demonstrated that PAs are able to reprogram oxida-
tive and nitrosative status as well as the proteome of salt-stressed plants (Tanou 
et al.  2014 ) suggesting a feedback mechanism between these three elements. 

 A signifi cant reduction in NO release was observed in   Arabidopsis cuao1    sug-
gesting that this AO might be involved in NO biosynthesis induced by PAs. 
Interestingly, these mutants were insensitive to exogenous addition of ABA 
(Wimalasekera et al.  2011 ). In grape, it has been demonstrated that ABA is an 
upstream signal for induction of PA exodus to the apoplast, and subsequent activa-
tion of PA catabolic pathway. H 2 O 2  derived from PAO-mediated oxidation is a sig-
nal for stomatal closure (Konstantinos et al.  2010 ). Moreover, tomato seedlings 
under drought stress showed that signifi cant increases of higher PAs stimulated 
ABA biosynthesis, which was positively correlated with increased PAO activity 
(Zhang and Huang  2013 ). PAO enzymes seem to be part of the signaling mechanism 
triggering plant defense. However, further investigations are necessary to under-
stand the nature of these effects. 

 A recent work reported that ABA-mediated stomatal closure involves a coordi-
nated mechanism in which ABA downstream targets were not just H 2 O 2  and NO 
(Xie et al.  2014 ). In this report, the novelty relies in the involvement of hydrogen 
gas (H 2 ), which seems to be highly induced by ABA and is a subsequent stimulator 
of signaling by H 2 O 2  and NO. The cascade involves activation of an outward/
rectifying K +  channel of the guard cell (GORK) in an ROS/RNS-dependent manner 
(Xie et al.  2014 ). Interestingly, the connection between ROS and PA signals for 
activation of plasma membrane cation channels have been established in  Arabidopsis  
(Pottosin et al.  2012 ; Pottosin and Shabala  2014 ). 

 ABA dynamics are complex; nonetheless, multiple lines of evidence discussed 
above suggest that there is a biologically active interplay between these molecules 
and the triad H 2 O 2 -NO-PAs, especially induced after stress signals.   

11.5     Conclusion 

 Polyamine pathway engineering enables the development of crops tolerant to differ-
ent types of abiotic stresses, those including drought, salinity, freezing and oxida-
tive stress. The discovery of PA back-conversion opens new possibilities for the 
accumulation of Spm and Spd, for which the biosynthesis is tightly regulated. 
Future research in PA transport and PA exchange between plants and soil microbes 
will enable the development of crops with improved PA contents by root uptake.     
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    Chapter 12   
 Plant–Rhizobacteria Interaction and Drought 
Stress Tolerance in Plants                     

       Cohen     Ana     Carmen     ,     Piccoli     Patricia    ,     Bottini     Rubén    , 
and     Salomon     María     Victoria   

12.1           Introduction 

 By 2050 the world’s population will reach 9.1 billion and food production will be 
insuffi cient (Tomlinson  2013 ). This has been a source of debate and worry for many 
ages, and it was estimated that the farmers will produce 50–70 % more food to feed 
population (FAO, Food and Agriculture Organization). In an effort to adjust to the 
exponential trends of growth population, the farmers all over the world have been 
using chemical fertilizers and synthetic herbicides and pesticides to increase  crop 
yield  . In addition to the chemical advances, high-yield crops have been also devel-
oped and introduced. However, while the goal of conventional agriculture is to 
maximize yields, biodiversity and environmental health are usually not preserved 
(Phalan et al.  2011 ). The uses indiscriminately of these products have increased the 
emission  greenhouse gases  , key factor in climate factor (Eisenhauer et al.  2012 ). 
Also, they are very expensive and can harm the environment if are not used cor-
rectly causing continuous environmental degradation. The soil, water systems 
around the fi elds, and rhizosphere microorganisms are polluted by chemical prod-
ucts, thus the interaction between host plants and bacteria may be impacted as well 
(Compant et al.  2010 ; Eisenhauer et al.  2012 ). 

 On the next century, it has been predicted that global climate will change drasti-
cally and a range of parameters will be affected in this moving environment 
(Houghton et al.  2001 ). It’s widely accepted that climatic change produces an 
increase in atmospheric  CO 2    concentration and in temperature (IPCC, Climate 
Change,  2007 ); in some area, it is expected to decrease soil water content, with the 
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concomitant increase of droughts. Environmental deterioration has become a great 
problem to sustainable crop production because it causes a signifi cant loss of plant 
productivity (Munns  2005 ), and it is becoming more severe and widespread. It’s 
estimated that drought covers approximately 41 % of earth’s land surface (Reynolds 
et al.  2007 ). Higher plants are in permanent relationship with their environment, and 
they are strongly dependent on its effects. 

 Environmental stresses cause signifi cant loss of plant productivity.  Abiotic 
stresses  , e.g., light UV, temperature, drought, soil salinity, air pollution, and mechan-
ical damage directly affect crop production (Vickers et al.  2009 ). Drought is one of 
the main environmental factors that negatively affect plant growth and development, 
and it restricts agricultural productivity (Boyer  1982 ). In plants,  drought   is associ-
ated with other stresses, for example, osmotic stress produced by cellular dehydra-
tion, which diminishes cell expansion (Bartels and Sunkar  2005 ). Moreover, 
drought, in turn, brought some other signifi cant problems as high vapor pressure, 
increase of soil salinity, and diminish nutrient availability and mechanical imped-
ance to root growth (Wilkinson and Davies  2010 ). According to the intensity and 
duration of drought, the plants respond to differential water status through a series 
of molecular, cellular, and physiological events (Chaves et al.  2003 ,  2009 ). 

 One of the best known effects of water restriction in plants is by increment of 
ABA biosynthesis and/or decrease in its  catabolism   (Bray  2002 ; Tardieu et al. 
 2010 ). This produces modifi cations in physiological and genes expression (Seki 
et al.  2002 ; Shinozaki and Yamaguchi-Shinozaki  2007 ). ABA has a great impact on 
stomatal closure to reducing  water loss   and limit of gas exchange reducing transpi-
ration and photosynthesis (Liu et al.  2005 ; Xu et al.  2008 ; Zhang et al.  2009a ,  b ). 
ABA increases in leaf by increasing  ABA transportation   (via xylem) since the roots 
are in contact with the dry soil (Schachtman and Goodger  2008 ). 

 A water defi cit causes a decrease in water potential and turgor loss, stomatal 
closure, and disruption of membrane integrity along with protein denaturation. 
 Stomatal closure   in response to water defi cit causes a decline in the rate of photo-
synthesis (Chen and Murata  2008 ). Also, inhibition of photosynthesis enzymes and 
photosystem II activity can occur (Guóth et al.  2009 ; Corrêa de Souza et al.  2013 ). 
As consequence, drought produces a reduction in biomass accumulation and in 
plant yield (Vile et al.  2012 ). 

 Elevated temperature and drought due to climate change might induce changes 
in plant physiology and root exudation. This combined effect might modify the 
composition, abundance, and activity of plant-associated microorganism communi-
ties which depend on the exudates of these roots for their survival (Whipps  1990 ). 
The bacterial communities which live in the rhizosphere are also able to colonize 
plant roots. They have benefi cial effects on plant growth and on  crop yield   and/or 
quality and they are known like PGPR (plant growth-promoting rhizobacteria, 
Kloepper and Schroth  1978 ; Kloepper et al.  1991 ). Numerous authors informed that 
PGPR positively affected plant growth subjected to drought stress and plant-associ-
ated microorganisms are important factors that infl uence the response of plants to 
 climate change   (Compant et al.  2010 ). 
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 PGPR can improve plant growth by direct and indirect mechanism. The latter has 
been found in most PGPR strains by inhibiting the growth of plant pathogens (Glick 
and Bashan  1997 ; Persello-Cartieaux et al.  2003 ; Bashan and de-Bashan  2005 ; 
 2010 ). Among PGPR genuses that are  biological control agents   are cited: 
 Agrobacterium, Bacillus, Burkholderia, Pseudomonas , and  Streptomyces.  They 
suppress plant disease by inducing systemic resistance or by antibiotics production, 
and synthesis of hydrogen cyanide HCN (Bano and Musarrat  2003 ; Bashan and 
 de-Bashan  2010 ; Tan et al.  2013 ). 

 Among the direct mechanisms, we may mention plant growth regulators (PGR) 
production (Arshad and Frankenberger  1993 ; Costacurta and Vanderleyden  1995 ; 
Glick  1995 ; Bastián et al.  1998 ; Bloemberg and Lugtenberg  2001 ; Bottini et al. 
 2004 ; Cohen et al.  2008 ; Piccoli et al.  2011 , Cohen et al.  2015a ,  b ), fi xation of atmo-
spheric nitrogen (Boddey and Dobereiner  1995 ), phosphate and minerals solubiliza-
tion, and siderophore production (Barea et al.  1976 ; Kloepper et al.  1989 ; Glick 
 1995 ; De Freitas et al.  1997 ; Rodriguez and Fraga  1999 ; Richardson  2001 ; Chen 
et al.  2006 ; Rodriguez and Fraga  1999 ; Ayyadurai et al.  2007 ; Hu et al.  2009 ; Jha 
et al.  2009 ; Sharma et al.  2011 ). In addition to these promotion mechanisms, there 
are many researches that show the use of PGPR not only increases plant’s growth 
under ideal condition but also increases plant’s resistance to damaging effects of 
environmental stresses like  drought   (Mayak et al.  2004a ; Cohen et al.  2015a ,  b ), 
salinity (Egamberdieva  2008 ; Mayak et al.  2004b ; Zahir et al.  2004 ; Kaymak et al. 
 2009 ; Tank and Saraf  2010 ; Ahmad et al.  2011 ), nutrient defi ciency, and heavy 
metal contamination (Chanway and Holl  1994 ). These mechanisms include PGR 
production (that will be discussed in the next section), lowering of stress-induced 
ethylene (Glick et al.  2007 ; Zahir et al.  2009 ), production of exopolysaccharides, 
regulating nutrient uptake, and enhancing the activity of antioxidant enzymes (Glick 
et al.  2007 ; Sandhya et al.  2009 ). In addition, some PGPRs are used to remediate 
and rehabilitate non-fertile and contaminated land into fertile ones (Glick  2010 ). 

 In the recent years, there is a signifi cant interest in eco-friendly and sustainable 
agriculture. Therefore, one strategy could be the use of PGPR as inoculants for 
biofertilization, phytostimulation, and biocontrol (Lugtenberg and Kamilova  2009 ; 
Babalola  2010 ). Frequently, the researchers use a bacterial consortium (co- 
inoculation with more than one strain) to obtain mayor results, so the bioinoculants 
are effective to protect the plant from disease under yield condition, to increase 
nutrient availability for plants (N, P, K, Ca, Mg, Fe, and Mn) (Freitas et al.  2007 ; 
Dursun et al.  2010 ) and to participate in carbon, nitrogen, sulfur, and phosphorous 
cycling. In this way, the use of PGPR in the form of biofertilizers is an effective 
supportive strategy to provide crop nutrition due to high price and contamination 
environmental concerns about the  chemical fertilizers   (Cakmakci et al.  2006 ). 
Furthermore, these bioinoculants contribute to the development of sustainable agri-
culture under stressed conditions (Glick et al.  2007 ; Dodd and Pérez-Alfocea  2012 ; 
Berg et al.  2013 ). Also, with the rise of organic agriculture, the demand of PGPR 
biofertilizers has been increasing. These are a promising solution for sustainable, 
environmentally friendly agriculture (Tsavkelova et al.  2006 ). Furthermore, 
 Azospirillum  and  Pseudomonas  strains have capacity to degrade glyphosate in 
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maize plants growing in fi eld to minimize the persistence of xenobiotic compound 
in the environment (Travaglia et al.  2015 ). Biofertilizer containing effi cient PGPR 
may improve crop production, reduce agrochemical use, and support eco-friendly 
sustainable food production.  

12.2     Plant Growth Regulators 

 The PGR are a group of naturally occurring, organic substances involve in physio-
logical process such as growth, differentiation, and development, as well as 
responses against both  biotic and abiotic stresses   (Schmelz et al.  2003 ; Davies 
 2010 ). As it was mentioned, several bacteria also have the ability to produce differ-
ent PGRs, and it has been proposed as one of the main direct mechanisms by which 
bacteria exert the benefi t for the plant, increasing its growth and yield (Piccoli and 
Bottini  2013 ). In the literature, there are many studies that provide evidence regard-
ing how PGPRs exhibit their capacity to improve plant development due to the 
infl uence of PGR production. 

12.2.1     Auxins 

  Auxins   are recognized as the most active plant growth stimulators, mainly  indole- 3- 
acetic acid (IAA)     , implicated in cell division and enlargement, root initiation, tissue 
differentiation, and tropistic responses (Davies  2010 ). IAA biosynthesis is wide-
spread among plant-associated bacteria since it has been suggested that more than 
80 % of isolates are able to produce IAA via different biosynthetic pathways (Patten 
and Glick  1996 ; Spaepen et al.  2007 ); and it is quantitatively produced in high 
amounts by a diverse set of both symbiotic and free living bacteria (Tsavkelova 
et al.  2005 ; Karadeniz et al.  2006 ). It has been shown for PGPR such as  Azospirillum , 
 Pseudomonas , and  Bradyrhizobium  that the positive effect on root proliferation 
found in plants is correlated with bacterial IAA (Vessey  2003 ; Spaepen et al.  2007 ). 
Also, it was related to the increase in branches number and oil content (Asghar et al. 
 2002 ). Furthermore, it was suggested that the enhancement of root growth and 
development via bacterial IAA results in a greater root surface area which allows 
the plant to access more nutrients from soil (Vessey  2003 ), and in an augment of 
root exudation which stimulates bacterial colonization (Lambrecht et al.  2000 ). The 
effect of IAA in plants has been related with cytokinins, which are other PGR 
involved in aspects as cell division, leaf senescence, apical dominance, nutrient 
mobilization, and chloroplast differentiation (Sakakibara  2010 ) that bacteria have 
the ability to synthesize. Various bacterial organisms are reported to synthesize 
them (Akiyoshi et al.  1987 ; Taller and Wong  1989 ; García de Salamone et al.  2001 ; 
Karadeniz et al.  2006 ). Regarding to the effect in plants, Arkhipova et al. ( 2005 , 
 2007 ) found that  Bacillus subtilis  produces cytokinins and that may be involved in 
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increase its content in lettuce and enhance the plant growth under drought condi-
tions; and Noel et al. ( 1996 ) reported that  Rhizobium  inoculation promote root 
growth of canola and lettuce probably via IAA and cytokinins. Besides these ante-
cedents, the implication of cytokinins produced by bacteria on growth plants 
requires other studies in  ord  er to fully elucidate its role.  

12.2.2     Ethylene 

 The gas  ethylene   is a hydrocarbon PGR that controls processes such as germination, 
senescence of organs, fruit ripening and abscission, as well as stress responses to 
biotic and abiotic stress (Nehring and Ecker  2010 ). Although some bacteria produce 
ethylene (Mansouri and Bunch  1989 ; Weingart and Völksch  1997 ), the main stud-
ied modulating effect of PGPR on its concentration in plants, is the production of 
the enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase which was 
found in a diversity of bacteria (Vessey  2003 ; Glick  2005 ). This enzyme cleaves the 
immediate precursor molecule of ethylene in plants (the ACC), so bacteria that pro-
duce this enzyme promote plant growth by lowering the level of ethylene in the 
plant, thereby allows the plant to resist effi ciently a wide variety of environmental 
stresses such as salt and heavy metal toxicity (Burd et al.  1998 ; Glick  2005 ; Mayak 
et al.  2004b ; Siddikee et al.  2011 ).  

12.2.3      Gibberellins   

 Also, it has been reported that bacteria are able to synthesize the terpenic PGR gib-
berellins (GAs) and ABA already mentioned above. Gibberellins are hormonal 
diterpenes involved in several processes in higher plants, including seed germina-
tion, stem, leaves and root growth, fl oral induction, and fl ower and fruit growth 
(Sponsel and Hedden  2010 ). Although the production by bacteria is known from 
several years ago (Bottini et al.  1989 ), little is known regarding to GA synthesis 
pathway in these microorganisms. However, the capacity to produce them has been 
reported in bacteria such as  Azospirillum lipoferum  and  A. brasilense  (Bottini et al. 
 1989 ; Janzen et al.  1992 ),  Acetobacter diazotrophicus ,  Herbaspirillum seropedicae  
(Bastián et al.  1998 ),  Bacillus subtilis  and  B. licheniformis, B. cereus  (Gutiérrez- 
Mañero et al.  2001 ),  Burkholderia  sp. (Joo et al.  2009 ), and  Pseudomonas fl uores-
cens  (Salomon et al.  2014 ). The inoculation of GA-producing bacteria showed 
positive effects on growth of diverse plants, which was evidenced in a number of 
studies extensively revised by Bottini et al. ( 2004 ) and Piccoli and Bottini ( 2013 ); 
the GAs produced by bacteria has been related to promote root and shoot growth in 
rice (Yanni et al.  2001 ), reversal of dwarfi sm in rice and maize seedlings and black 
alder (Lucangeli and Bottini  1996 ,  1997 ; Gutiérrez-Mañero et al.  2001 ), increase 
total carbohydrate accumulation (Bastián et al.  1999 ) and enhance growth of  Pinus 
pinea  (Probanza et al.  2002 )  and   pepper (Joo et al.  2004 ).  
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12.2.4     Abscisic  Acid   

 ABA (subject of analysis in this chapter) is a sesquiterpene stress signaling hor-
mone that becomes elevated in plants under water stress because it is directly 
involved in regulation of stomatal aperture-closure (Davies and Zhang  1991 ; Jiang 
and Zhang  2002 ). ABA production has been reported in the well-characterized 
PGPR  Azospirillum  as well as  Bacillus  and  Pseudomonas  (Karadeniz et al.  2006 ; 
Forchetti et al.  2007 ; Cohen et al.  2008 ,  2009 ; Salomon et al.  2014 ). The ABA- 
producing bacteria have been related to increases in ABA content in the plant 
thereby helping them to cope with drought, which is analyzed and extended in the 
following section.   

12.3     Role of ABA Produced by PGPR in Plants Submitted 
to Drought Stress 

 Climate change and other anthropogenic factors have exacerbated the droughts 
(frequency and severity, IPCC  2014 ). Drought stress is considered one of the major 
detrimental limiting the growth events, nutrient uptake and metabolism, and the 
crop productions worldwide, especially in areas where irrigation is an inevitable aid 
to agriculture (Boyer  1982 ; Engelbrecht et al.  2007 ; Lambers et al.  2008 ; Farooq 
et al.  2009 ; Li et al.  2009 ). Agricultural drought is the lack of moisture required for 
normal plant growth and development to complete the  life cycle   (Manivannan et al. 
 2008 ). Areas that are currently major producers could deal drastic yield decreased 
caused by lack of water. A continuous shortfall in precipitation coupled with higher 
 evapo-transpiration   demand leads to drought (Mishra and Cherkauer  2010 ). Plants 
have the capacity to perceive environmental stress signals and rapidly regulate their 
physiology and metabolism to cope them (Jiang and Zhang  2003 ; Seki et al.  2007 ). 
That means morphological adaptation and responses at biochemical and genetic 
levels including maintenance of water-use effi ciency, net carbon gain, and osmotic 
adjustment (Bohnert et al.  2006 ; Farooq et al.  2009 ). In water defi cits, increase ABA 
biosynthesis and/or ABA deactivation (Bray  2002 ; Ren et al.  2007 ; Huang et al. 
 2008 ), triggering downstream responses that confer drought tolerance to plants, or 
prepare the plant to resist water loss. Physiological responses to drought include 
 stomatal closure   (Zhang and Outlaw  2001 ), decrease in photosynthetic activity and 
vegetative shoot growth, modifi cation in cell wall elasticity, imbalance between pro-
duction of reactive oxygen species and antioxidant defense (Hu et al.  2006 ) and 
generation of toxic metabolites (Ahuja et al.  2010 ). 

 ABA has long been recognized as an endogenous messenger that module several 
physiological processes controlling plant response to biotic and abiotic factors. 
Different abiotic stress-inducible genes are controlled by ABA, however, others are 
ABA independent (Yamaguchi-Shinozaki and Shinozaki  2005 ). In addition, ABA 
regulates a variety of plant processes, including seed development, modulation of 
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growth and development, fruit ripening, and responses to environmental stress 
thereby improving the plant water uptake capacity (De Smet et al.  2006 ; Zhang 
et al.  2009a ,  b ). ABA plays an important role in the regulation of  stomatal closure   
during drought and in the decrease stomatal conductance ( g  s , Tardieu and Davies 
 1992 , Davies et al.  2005 ) to regulate the balance between water loss (Davies and 
Zhang  1991 ), CO 2  uptake, and assimilation. The increase in leaf ABA is crucial for 
the decrease in mesophyll conductance ( g  m ) under drought conditions (Mizokami 
et al.  2015 ). ABA sprayed on leaves promotes growth in  Ilex paraguariensis  plants 
by alleviating diurnal water stress and dry matter accumulation in stem and leaves 
(Sansberro et al.  2004 ) and ABA induces leaf growth in maize by augmenting water 
movement in the plant because of increased tissue hydraulic conductivity (Tardieu 
et al.  2010 ). In tomato, ABA overproduction enhanced transpiration effi ciency and 
root hydraulic conductivity, thereby affecting leaf expansion through improvements 
in water status (Thompson et al.  2007 ). Also,  ABA treatments   increase yield under 
moderate water restriction in fi eld-grown wheat and carbohydrates redistribution 
(Travaglia et al.  2012 ); also ABA enhance the transport of photo-assimilates from 
leaves and stem to developing grains, without that modify the quality (Travaglia 
et al.  2007 ,  2010 ). In grape, ABA enhances fruit yield (Quiroga et al.  2009 ) and 
increases sugar transport and promotes carbon allocation toward sink organs 
involved in  plant survival   (roots and fruits; Moreno et al.  2011 ; Murcia et al.  2015 ). 

 ABA is found in organism form different kingdoms from higher plants, bryo-
phytes, algae, fungi, and bacteria (Zeevaart  1999 ; Takezawa et al.  2011 ), and it can 
modulate physiological functions of various organisms. More recently, this hor-
mone has been identifi ed as an endogenous pro-infl ammatory cytokine in human’s 
granulocytes (Bruzzone et al.  2007 ; Bassaganya-Riera et al.  2011 ). In plants, ABA 
biosynthesis is formed by cleavage of C40 carotenoids involving an oxidative cleav-
age to give rise  xanthoxin  , followed by two-step conversion to ABA (Nambara and 
Marion-Poll  2005 ). Reports on ABA production by PGPR was detected by radioim-
munoassay (Kolb and Martin  1985 ; Belimov et al.  2001 ); latter ABA has been char-
acterized with more accuracy by full scan mass spectrometry in chemically defi ned 
growth cultures of  A. brasilense  Sp 245,  Arthrobacter koreensis ,  and B. lichenifor-
mis  (Perrig et al.  2007 ; Cohen et al.  2008 ; Sgroy et al.  2009 ; Piccoli et al.  2011 ).  A. 
brasilense  Sp 245 increase ABA production in culture medium plus NaCl (Cohen 
et al.  2008 ). Moreover,  Corynebacterium  sp. converts ABA to dehydrovomifoliol 
in vitro and possessed vomifoliol dehydrogenase activity (Hasegawa et al.  1984 ). 
 Rhodococcus  sp. P1Y and  Novosphingobium  sp. P6W can metabolize ABA in vitro 
as a sole carbon and energy source using ABA-supplemented medium (Belimov 
et al.  2014 ). The ABA biosynthetic pathway in bacteria has not been elucidated yet. 
It was proposed that bacterial-synthesized ABA is a product of  carotenoid metabo-
lism   ( Marasco and Schmidt-Dannert 2008 ), and we have some evidences that the 
gene CtrZ, responsible of the synthesis of  xanthoxine   in plants, is expressed in  
P. fl uorescens  Rt6M10 cultures (Domínguez et al.  2011 ). 

 One possibility to increase crop growth and tolerance stress conditions is to use 
PGPR as bioinoculants (Barea et al  2005 ; Azcón and Barea  2010 ; Calvo et al.  2014 ). 
It is necessary that PGPR can colonize the plant root and survive in rhizosphere 
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(Normander and Prosser  2000 ). Among the PGPR more studied appear  Azospirillum, 
Azotobacter, Acetobacter, Bacillus, Burkholderia, Paenibacillus, Pseudomonas, 
Rhizobium , and  Serratia  (Glick  1995 ; Kloepper et al.  1989 ; Bashan et al.  2014 ; 
Cohen et al.  2015b ). However, the plant response to stress is regulated by signaling 
molecules that may be generated by the plant or its associated microbial populations 
(Marasco et al.  2012 ; Bakker et al.  2014 ). 

 It is accepted that PGPR such as  Azospirillum  sp. are very effective in enhancing 
the ability of plants to become established and to cope with stress situation such as 
drought, salt, and nutrient limitation (Azcón and Barea  2010 ; Creus et al.  1997 ,  1998 , 
 2004 ; Bashan and de-Bashan  2010 ; Cohen et al.  2015a ,  b ). We will focus on results 
found with  Azospirillum  sp. in our group and by other researchers related to PGR. In 
a study with maize plants, we show that  A. lipoferum  increase ABA levels and reverse 
the effects of inhibitors of ABA and GA synthesis (fl uridone and prohexadione- Ca, 
respectively). In well-watered (WW) plants, fl uridone application decreases the ABA 
levels and it affects growth (shorter plants) than those submitted to a period of  water 
stress  . These ones, don’t control water loss effi ciently, which in turn reduces cell 
turgidity, decreases growth, and as a consequence reduces shoot and root dry weight. 
However,  A. lipoferum  application reverses growth parameters at the level of control 
(WW) in fl uridone-plants, suggesting that might supply the plant with ABA as to 
cover the defi cit produced by  fl uridone  . This also affects the relative water content 
(RWC) in both, WW and D-stressed plants, and  A. lipoferum  reverse this effect 
(Cohen et al.  2009 ). These results are confi rmed in  Arabidopsis  mutant  aba 2-1 
(defective in ABA biosynthesis), and wild-type Col-0 plants (Cohen et al.  2015a ,  b ). 

 Recently, we analyzed the effects of  Azospirillum brasilense  Sp 245 strain (Sp 
245) on  Arabidopsis thaliana  plants and their relation with ABA and we proposed 
a model to explain the benefi cial bacteria effects (see Fig.  12.1 ).

   In in vitro grown system, Sp 245 colonizes the roots and rosettes of  Arabidopsis  
wild-type Col-0 (Col-0) and on  aba 2-1 plants. The root architecture in plants inocu-
lated (Col-0+Sp 245 and  aba 2-1+Sp 245) is modifi ed by increasing the main root 
length, the number of  lateral roots (LR)   that also are longer and roots  fresh weight 
(FW)   than the non-inoculated (Col-0 and  aba 2-1), while Col-0 plants present fewer 
LR than  aba 2-1 mutants. This effect had been observed in our preliminary experi-
ments where plant-fl uridone increased the LR length and number (Cohen et al. 
 2007 ), something that was observed previously by Deak and Malamy ( 2005 ). Thus, 
ABA-signaling pathway could participate in this response.  Azospirillum  sp. pro-
duces both IAA (Crozier et al.  1988 ; Bashan and de-Bashan  2010 ) and GAs (Bottini 
et al.  1989 ,  2004 ). So, IAA and GA 3   Azospirillum -produced taking part in the sig-
naling cascade that changes the root architecture it could compensate the effect of 
the ABA lessening LR development. The root system of pot-grown Col-0+Sp 245 
plants were higher than Col-0. It favored exploration of the whole soil volume of the 
pot, so increasing the ability to obtain water from the soil under  water stress   accord-
ing to the RWC soil . Also, different PGPR produce small amounts of IAA increasing 
considerably the development of roots, plant growth, and its crop productivity 
(maize, rice, sorghum, potato, canola, among the most cited, reviewed by Kloepper 
et al. ( 1989 ). 
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 In the rosettes, Sp 245 increase leaf area (LA) and FW as consequence of root 
branching that improves the active area in water and nutrient uptake. ABA is well 
known to be essential in plant responses to D. In in vitro  system , Sp 245 augments 
the plants  ABA levels   in rosettes of Col-0 and  aba 2-1 plants, but more markedly in 
 aba 2-1. The  aba 2-1 treatment have 63 % less ABA as compared to Col-0 plants, 
while  aba 2-1+Sp 245 plants show higher ABA levels than Col-0; this was the fi rst 
report showing the effects of Sp 245 in  aba 2-1 mutants confi rming that endophytic 

  Fig. 12.1    Morpho-physiological and biochemical changes in ( a ) Col-0D and ( b ) Col-0D+Sp 245 
 Arabidopsis  plants against drought (D). In ( a ) Col-0D plants, the maximum photochemical effi -
ciency of photosystem II ( F  v / F  m ), chlorophylls (Chl), carotenoids levels, RWC leaf , rosette DW (dry 
weight), fl ower number, plant survival, and seed yield were decreased ( green box ), compared with 
water plants (Col-0 W) while the abscisic acid ( ABA)  , stomatal closing, lipid peroxidation, and 
proline were increased ( red box ). The total phenolic compounds (TPC) and anthocyanins levels 
were not modifi ed signifi cantly ( gray box ). Whereas that in ( b ) Col-0D+Sp 245, ABA, and proline 
increased much more than ( a ), TPC and anthocyanins levels, fl owers number, and seed yield were 
augmented ( red box ). However, these plants were not modifi ed the stomatal closing,  F  v / F  m , Chl 
and carotenoids levels, RWC leaf , rosettes DW, lipid peroxidation, and plant survival compared to 
Col-0W ( gray box )       
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Sp 245 produces ABA per se and/or increases the plant biosynthesis of ABA in both 
Col-0 and  aba 2 - 1, indicating that  Azospirillum  has the enzyme involved in this reac-
tion (Cohen et al.  2015a ,  b ). 

 During D, ABA induces  stomatal closure   to minimize water loss through transpi-
ration. In plants grown in pots, the ABA levels increased sixfold in Col-0D com-
pared to those under Col-0WW conditions. However, Col-0WW+Sp 245 and 
Col-0D+Sp 245 augmented 1.5- and 18-fold the ABA levels, respectively. This aug-
ment in ABA levels may prepare the plant to cope better with unfavorable environ-
mental conditions. Also, Sp 245 delay water losses after cutting rosettes by 
controlling stomatal closure through increasing ABA levels which is confi rmed by 
(1) the highest leaf RWC leaf  found in Col-0+Sp 245 plants confi rms once again the 
capability of inoculated plants to control water loss; (2) the  gs  diminish in these 
plants that reach the wilting point later than the Col-0 probably because they have 
more ABA than the non-inoculated (even though Col-0+Sp 245 plants had greater 
LA). Col-0D+Sp 245 plants, in plate as well as pots, were less affected than 
Col-0D. All these differences in the physiologic response of inoculated plants to 
drought are in part explained by a better control of stomata closure mediated by 
ABA. Drought caused an accentuated increase in  ABA levels   when compared to 
those WW; however,  Azospirillum  increased the ABA levels under both WW and 
drought conditions (Cohen et al.  2015a ,  b ). Other strains like  B. licheniformis  
increased ABA content 70-fold and  P. fl uorescens  40-fold in grape leaf tissues. This 
is correlated with water loss rate assay, where the plants inoculated with  P. fl uores-
cens  and  B. licheniformis  lost 4 % and 10 % less water than controls, respectively 
(Salomon et al.  2014 ). Also,  Paenibacillus polymyma  and  Rhizobium tropici  inocu-
lated in bean plants altered hormonal balance and stomatal conductance (Figueiredo 
et al.  2008 ). Nevertheless, tomato  fl acca  and  notabilis  mutants defi cient in ABA 
inoculated with  Rhodococcus  sp. P1Y and  Novosphingobium  sp. P6W decreased 
root and/or leaf ABA concentrations (Belimov et al.  2014 ). 

 The increment in chlorophyll and enhanced photosynthesis is a well-known 
response of plants to inoculation with several PGPR (Deka Boruah and Dileep Kumar 
 2002 ; Bashan et al.  2006 ; Zhang et al.  2008 ). Sp 245 increases photosynthetic (total 
chlorophylls and carotenoids) and photoprotective pigments (total phenolic com-
pounds, TPC and anthocyanins). However, photoprotector pigments are incremented 
only under drought conditions (Cohen et al.  2015a ,  b ). These latter compounds are 
related with stress conditions in grapevine with Solar UV-B and ABA treatments 
(Berli et al.  2010 ,  2011 ), and the fi rst have photoprotective role due to radiation fi lter-
ing and/or ROS quenching through the powerful antioxidative capacity (Kumar 
 2011 ; Sperdouli and Moustakas  2012 ). Additionally, phenolic compounds may also 
enhance protection against  oxidative stress  , as they possess chemical structures capa-
ble of scavenging free radicals (Blokhina et al.  2002 ; Berli et al.  2010 ). ABA applica-
tions in wheat and grapevines plant treated whit ABA present higher content of 
 carotenoids   (Travaglia et al.  2007 ,  2009 ,  2010 ; Berli et al.  2010 ) indicating that inoc-
ulation with  A. brasilense  Sp 245 may be involved in this process. Also, under 
drought stress, wheat plants inoculated with  Azospirillum  showed an enhanced 
osmotic adjustment that maintains cell turgor, so preventing degenerative processes 
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(Creus et al.  2004 ). ABA application to maize hybrids DK390 increases the ability to 
maintain the water status and to combat  oxidative stress   via antioxidant enzymes 
(Corrêa de Souza et al  2014 ). Drought stress induced changes in lipid peroxidation 
that can be quantifi ed by  malondialdehyde (MDA) levels  . Under drought conditions, 
Col-0 plants had elevated MDA levels (high lipid peroxidation), while Col-0+Sp 245 
and Col-0+ABA were similar maintaining at lower levels their values (less damage). 
This indicates that these plants are protected against the adverse effects of oxidative 
stress and demonstrate the effi ciency of both  A. brasilense  Sp 245 and ABA to induce 
antioxidative defense mechanisms. Also, Col-0+Sp 245 increased the concentration 
of proline compared to Col-0 or Col-0+ABA (Cohen et al.  2015a ,  b ). Proline contrib-
utes to osmotic adjustment during stress allowing the plant to obtain water even with 
very low soil water potentials, and it protects the structure of membranes during 
extreme dehydration (Meloni et al.  2001 ).  Azospirillum  enhance osmotic adjustment 
in wheat plants under drought stress preventing degenerative processes (Mayak et al. 
 2004a ,  b ). These results indicate the effi ciency of the Sp 245 and ABA to induce 
antioxidative defense mechanisms in plants.  Proline synthesis   also was reported with 
 Burkholderia  sp.,  Arthrobacter  sp., and  Bacillus  sp. in stressed plants (Dodd and 
Pérez-Alfocea  2012 ). 

 The other mechanism that increase drought tolerance was found with 
 Paenibacillus polymyxa  in  Arabidopsis thaliana  plants and where augmented 
mRNA transcriptions of a drought-response gene ERD15 (EARLY RESPONSE TO 
DEHYDRATION 15, Timmusk and Wagner  1999 ).  Pseudomonas mendocina  inoc-
ulated in lettuce plants increase phosphatase activity in roots and proline accumula-
tion in leaves (Kohler et al.  2008 ).  Pseudomonas  sp. inoculated in maize plants 
increased solutes and modifi ed antioxidants status in drought conditions (Sandhya 
et al.  2010 ).  Pseudomonas  sp. inoculated in  Ociumum basilicum  improves plant 
growth, as well as  auxin   and protein contents under drought stress conditions 
(Heidari et al.  2011 ).  Pseudomonas aeruginosa  GGRJ21 strain elicits water stress 
tolerance in mug bean plants by accelerating the accumulation of antioxidant 
enzymes, cell osmolytes, and consistently advancing the up-regulation of stress- 
responsive genes: dehydration-responsive element-binding protein (DREB2A), 
catalase, and dehydrin in PGPR-treated plants (Sarma and Saikia  2014 ). 

   Azospirillum  strains   improve plant–water relationships and cell wall elasticity 
with higher seed yield in sorghum and wheat (Sarig et al  1988 ; Creus et al.  1997 , 
 1998 ,  2004 ). It is also observed in  Bacillus thuringiensis  that it is able to increase 
plant water uptake in  Retama sphaerocarpa  (Marulanda et al.  2006 ). As was 
explained before, Col-0+Sp 245 enlarged the root system so improve root explora-
tion, suggesting an increased ability to obtain water from the soil under water stress 
with higher RWC soil  (Cohen et al.  2015a ,  b ). Such ability may be related to the pres-
ence of aquaporins, as it was seen in  Azospirillum -inoculated barley seedlings 
where a higher root expression of aquaporin gene was detected (Zawoznik et al. 
 2011 ). On the other hand, Dardanelli et al. ( 2008 ) reported that  A. brasilense  pro-
mote root branching in bean seedling roots and increased secretion of fl avonoids 
and lipochitooligosaccharides. Also,  Proteus penneri  Pp1,  Pseudomonas aerugi-
nosa  Pa 2 , and  Alcaligenes faecalis  AF3 increase exopolysaccharides (EPS) in maize 
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plants. The EPS produced by bacteria protect the microbes against inhospitable 
conditions and enable their survival. 

 Water stress signifi cantly decreases infl orescences and fl owers number, rosettes 
and infl orescence  dry weight (DW)  , seed yield, and plant survival. Col-0+Sp 245 
plants (pot-grown) increased different parameters evaluated as both vegetative and 
reproductive stages in WW and drought conditions. The Col-0WW+Sp 245 
increased the infl orescences DW and seed yield; however, fl owers number, seed 
yield per plant, and their survival rate are increased in Col-0D+Sp245 alleviating in 
part the effect of drought (Cohen et al.  2015a ,  b ). A recent study demonstrates that 
Sp 245 increase maximum photochemical effi ciency of photosystem II ( F  v / F  m ) in 
Col-0D+Sp 245 plants whereas  F  v / F  m  decreased in Col-0D plants (results unpub-
lished). In  Arabidopsis , the growth increases and photosynthesis was attributed to 
the emission of volatile compounds by  B. subtilis  strain GB03, and there are evi-
dence that it is modulated by ABA signaling (Zhang et al.  2008 ). 

 Col-0D+Sp 245 affect the whole  life cycle   of the plant, accelerating its growth 
rate and shortening its vegetative period, providing evidence of the relevant effect of 
the bacteria in agricultural production (Cohen et al.  2015a ,  b ). Poupin et al. ( 2013 ) 
reported similar results with  Burkholderia phytofi rmans  PsJN in  Arabidopsis  plants. 
However, other bacterium strain, i.e., GB03, delayed fl owering in  Arabidopsis  (Xie 
et al.  2009 ; Bresson et al.  2013 ). Thereby, fl owering time depend in part on the soil 
bacteria strains or the PGPR strains applied to the plant. 

 The fi ndings of the work allow us to postulate a model to explain the physiological, 
biochemical, and morphological changes that allow inoculated plants tolerate drought 
condition. In other words, the Sp 245 inoculation on  A. thaliana  under drought condi-
tions has an impact on the increase of  F  v / F  m , plant biomass, and seed yield production 
(Fig.  12.1 ). The enhancement in root surface, RWC leaf  and ABA levels induced by Sp 
245 was correlated with a higher sensitivity of inoculated plants to close stomata when 
experiencing D. However, the increase in photosynthetic and photoprotective com-
pounds and the decrease in RWC soil  and MDA levels suggest that  Azospirillum  enhances 
plant tolerance to drought and seed yield by additional biochemical mechanisms that 
include phytohormones production, comprising ABA, and also augmenting osmopro-
tectors compounds like  proline   and also  photoprotective pigments  .  

12.4     Conclusion and Future Perspective 

 The productivity of important agricultural crops is drastically reduced when they 
experience stress induced by both biotic and abiotic factors. Climate change is 
anticipated to further reduce water availability for agriculture in near future. It is 
evident from the above explained the capacity of PGPR to help agricultural yield to 
increase their tolerance and adaptation to drought conditions. It is relevant to sug-
gest that PGPR alone or with ABA applications could help improve agricultural 
production in crops in which the irrigation is not possible if they have drought. Also, 
as useful tools to increase crop yield in an effi cient and ecological way substitute the 
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old practices from the green revolution with a new agriculture based on biotechno-
logical technique.     

  Acknowledgments   This chapter was supported by Fondo para la Investigación Científi ca y 
Tecnológica (FONCYT, PICT 2008 1666 to R. Bottini and PICT 2007 02190 to P. Piccoli), 
Consejo Nacional de Investigaciones Científi cas y Tecnológicas (CONICET, PIP 2008 to 
P. Piccoli), and Secretaría de Ciencia y Técnica-Universidad Nacional de Cuyo to A. Cohen, 
R. Bottini and P. Piccoli. A. Cohen, R. Bottini and P. Piccoli are fellows of CONICET.  

   References 

    Ahmad M, Zahir ZA, Asghar N, Asghar M. Inducing salt tolerance in mung bean through coinocu-
lation with rhizobia and plant-growth promoting rhizobacteria containing 1- aminocyclopropan
e- 1-carboxylate deaminase. Can J Microbiol. 2011;57:578–89.  

    Ahuja I, de Vos RC, Bones AM, Hall RD. Plant molecular stress responses face climate change. 
Trends Plant Sci. 2010;15(12):664–74.  

    Akiyoshi DE, Regier AD, Gordon MP. Cytokinin production by  Agrobacterium  and  Pseudomonas  
spp. J Bacteriol. 1987;169:135–40.  

    Arkhipova TN, Veselov SU, Melentiev AI, Martynenko EV, Kudoyarova GR. Ability of bacterium 
 Bacillus subtilis  to produce cytokinins and to infl uence the growth and endogenous hormone 
content of lettuce plants. Plant Soil. 2005;272:201–9.  

    Arkhipova TN, Prinsen E, Veselov SU, Martynenko EV, Martynenko EV, Kudoyarova GR. Cytokinin 
producing bacteria enhance plant growth in drying soil. Plant Soil. 2007;292:305–15.  

    Arshad M, Frankenberger Jr WT. Microbial production of plant growth regulators. In: Metting Jr 
FB, editor. Soil microbial ecology. New York: Marcel and Dekker; 1993. p. 307–47.  

    Asghar H, Zahir Z, Arshad M, Khaliq A. Relationship between  in vitro  production of auxins by 
rhizobacteria and their growth-promoting activities in  Brassica juncea  L. Biol Fert Soils. 
2002;35:231–7.  

    Ayyadurai N, Ravindra Naik P, Sakthivel N. Functional characterization of antagonistic fl uorescent 
pseudomonads associated with rhizospheric soil of rice ( Oryza sativa  L.). J Microbiol 
Biotechnol. 2007;17:919–92.  

     Azcón R, Barea JM. Mycorrhizosphere interactions for legume improvement. In: Khanf MS, Zaidi 
A, Musarrar J, editors. Microbes for legume improvement. Vienna: Springer; 2010. p. 237–71.  

    Babalola OO. Benefi cial bacteria of agricultural importance. Biotechnol Lett. 2010;32:1559–70.  
    Bakker MG, Schlatter DC, Otto-Hanson L, Kinkel LL. Diffuse symbioses: roles of plant-plant, 

plant-microbe and microbe-microbe interactions in structuring the soil microbiome. Mol Ecol. 
2014;23:1571–83.  

    Bano N, Musarrat J. Characterization of a new Pseudomonas aeruginosa strain NJ-15 as a poten-
tial biocontrol agent. Curr Microbiol. 2003;46(5):324–8.  

    Barea J, Navarro M, Montoya E. Production of plant growth regulators by rhizosphere phosphate- 
solubilizing bacteria. J Appl Bacteriol. 1976;40:129–34.  

    Barea J-M, Pozo MJ, Azcón R, Azcón-Aguilar C. Microbial cooperation in the rhizosphere. J Exp 
Bot. 2005;56:1761–78.  

    Bartels D, Sunkar R. Drought and salt tolerance in plants. Crit Rev Plant Sci. 2005;24(1):23–58.  
   Bashan Y, de-Bashan L. Plant Growth-Promoting. In: D. Hillel (Editor-in-Chief), Encyclopedia of 

soils in the environment, Vol. 1. Oxford: Elsevier; 2005, p. 103–15.  
   Bashan Y, Bustillos JJ, Leyva LA, Hernandez J-P, Bacilio M. Increase in auxiliary photoprotective 

photosynthetic pigments in wheat seedlings induced by  Azospirillum brasilense . Biol Fertil 
Soils. 2006;42:279–285.  

      Bashan Y, de-Bashan L. How the plant growth-promoting bacterium  Azospirillum  promotes plant 
growth. A critical assessment. Adv Agron. 2010;108:77–136.  

12 Plant–Rhizobacteria Interaction and Drought Stress Tolerance in Plants



300

   Bashan Y, de-Bashan LE, Prabhu SR, Hernandez J-P. Advances in plant growth-promoting bacte-
rial inoculants technology: Formulations and practical perspectives (1998-2013). Plant Soil. 
2014;378(1-2):1–33.  

    Bassaganya-Riera J, Guri AJ, Lu P, Climent M, Carbo A, Sobral BW, Horne WT, Lewis SN, Bevan 
DR, Hontecillas R. Abscisic acid regulates infl ammation via ligand-binding domain- 
independent activation of peroxisome proliferator-activated receptor gamma. J Biol Chem. 
2011;286(4):2504–16.  

     Bastián F, Cohen AC, Piccoli P, Luna V, Baraldi R, Bottini R. Production of indole-3-acetic acid 
and gibberellins A 1  and A 3  by  Acetobacter diazotrophicus  and  Herbaspirillum seropedicae  in 
chemically-defi ned culture media. Plant Growth Regul. 1998;24:7–11.  

   Bastián F, Rapparini F, Baraldi R, Piccoli P, Bottini R. Inoculation with Acetobacter diazotrophi-
cus increases glucose and fructose content in shoots of Sorghum bicolor (L.) Moench. 
Symbiosis 1999;27:147–156.  

    Belimov AA, Safronova VI, Sergeyeva TA, Egorova TN, Matveyeva VA, Tsyganov VE, Borisov 
AY, Tikhonovich IA, Kluge C, Preisfeld A, Dietz KJ, Stepanok VV. Characterization of plant 
growth promoting rhizobacteria isolated from polluted soils and containing 1- aminocycloprop
ane- 1-carboxylate deaminase. Can J Microbiol. 2001;47:242–52.  

     Belimov AA, Dodd IC, Safronova VI, Dumova VA, Shaposhnikov AI, Ladatko AG, Davies 
WJ. Abscisic acid metabolizing rhizobacteria decrease ABA concentrations  in planta  and alter 
plant growth. Plant Physiol Biochem. 2014;74:84–91.  

    Berg G, Alavi M, Schmidt CS, Zachow C, Egamberdieva D, Kamilova F, Lugtenberg B. Biocontrol 
and osmoprotection for plants under salinated conditions. In: de Bruijn FJ, editor. Molecular 
microbial ecology of the rhizosphere. Hoboken: Wiley-Blackwell; 2013. p. 561–73.  

      Berli FJ, Moreno D, Piccoli P, Hespanhol-Viana L, Silva MF, Bressan-Smith R, Cavagnaro JB, 
Bottini R. Abscisic acid is involved in the response of grape ( Vitis vinifera  L.) cv. Malbec leaf 
tissues to ultraviolet-B radiation by enhancing ultraviolet-absorbing compounds, antioxidant 
enzymes and membrane sterols. Plant Cell Environ. 2010;33:1–10.  

    Berli FJ, Fanzone M, Piccoli P, Bottini R. Solar UV-B and ABA are involved in phenol metabolism 
of  Vitis vinifera  L. increasing biosynthesis of berry skin polyphenols. J Agric Food Chem. 
2011;59:4874–84.  

    Bloemberg GV, Lugtenberg BJ. Molecular basis of plant growth promotion and biocontrol by rhi-
zobacteria. Review. Curr Opin Plant Biol. 2001;4(4):343–50.  

    Blokhina O, Virolainen E, Fagerstedt KV. Antioxidants, oxidative damage and oxygen deprivation 
stress: a review. Ann Bot. 2002;91:179–94.  

    Boddey RM, Dobereiner J. Nitrogen fi xation associated with grasses and cereals: recent progress 
and perspectives for the future. Fert Res. 1995;42:241–50.  

    Bohnert HJ, Gong Q, Li P, Ma S. Unraveling a biotic stress tolerance mechanism-getting genomics 
going. Plant Biol. 2006;9:180–8.  

      Bottini R, Fulchieri M, Pearce D, Pharis RP. Identifi cation of gibberellins A 1 , A 3  and iso-A 3  in 
cultures of  Azospirillum lipoferum . Plant Physiol. 1989;90:45–7.  

      Bottini R, Cassán F, Piccoli P. Gibberellin production by bacteria and its involvement in plant 
growth promotion and yield increase. Appl Microbiol Biotechnol. 2004;65:497–503.  

     Boyer JS. Plant productivity and environment. Science. 1982;218:443–8.  
     Bray EA. Abscisic acid regulation of gene expression during water-defi cit stress in the era of the 

 Arabidopsis  genome. Plant Cell Environ. 2002;25:153–61.  
    Bresson J, Varoquaux F, Bontpart T, Touraine B, Vile D. The PGPR strain  Phyllobacterium bras-

sicacearum  STM196 induces a reproductive delay and physiological changes that result in 
improved drought tolerance in  Arabidopsis . New Phytol. 2013;200:558–69.  

    Bruzzone S, Moreschi I, Usai C, Guida L, Damonte G, Salis A, Scarfì S, Millo E, De Flora A, 
Zocchi E. Abscisic acid is an endogenous cytokine in human granulocytes with cyclic ADP- 
ribose as second messenger. Proc Natl Acad Sci U S A. 2007;104(14):5759–64.  

    Burd GI, Dixon DG, Glick BR. A plant growth promoting bacterium that decreases nickel toxicity 
in plant seedlings. Appl Environ Microbiol. 1998;64:3663–8.  

C.A. Carmen et al.



301

    Cakmakci R, Dönmez F, Aydın A, Sahin F. Growth promotion of plants by plant growth-promoting 
rhizobacteria under greenhouse and two different fi eld soil conditions. Soil Biol Biochem. 
2006;38:1482–7.  

    Calvo P, Nelson L, Kloepper JW. Agricultural uses of plant biostimulants. Plant Soil. 
2014;383(1-2):3–41.  

    Chanway CP, Holl FB. Ecological growth response specifi city of two Douglas-fi r ecotypes inocu-
lated with coexistent benefi cial bacteria. Can J Bot. 1994;72:582–6.  

    Chaves MM, Maroco JP, Pereira JS. Understanding plant responses to drought-from genes to the 
whole plant. Funct Plant Biol. 2003;30:239–64.  

    Chaves MM, Felxas J, Pnheiro C. Photosynthesis under drought and salt stress: regulation mecha-
nisms from whole plant to cell. Ann Bot. 2009;103:551–60.  

    Chen TH, Murata N. Glycinebetaine: an effective protectant against abiotic stress in plants. Trends 
Plant Sci. 2008;13(9):499–505.  

    Chen YP, Rekha PD, Arun AB, Shen FT, Lai WA, Young CC. Phosphate solubilizing bacteria from 
subtropical soil and their tricalcium phosphate solubilizing abilities. Appl Soil Ecol. 
2006;34(1):33–41.  

    Cohen AC, Pontin M, Bottini R, Piccoli P.  Azospirillum brasilense  and ABA improve growth in 
 Arabidopsis thaliana , 19th International plant growth substances association meeting. México: 
Puerto Vallarta; 2007.  

       Cohen AC, Bottini R, Piccoli P.  Azospirillum brasilense  Sp 245 produces ABA in chemically- 
defi ned culture medium and increases ABA content in Arabidopsis plants. Plant Growth Regul. 
2008;54:97–103.  

     Cohen AC, Travaglia C, Bottini R, Piccoli P. Participation of abscisic acid and gibberellins pro-
duced by entophytic  Azospirillum  in the alleviation of drought effects in maize. Botany. 
2009;87:455–62.  

              Cohen AC, Bottini R, Pontin M, Berli FJ, Moreno D, Boccanlandro H, Travaglia CN, Piccoli PN. 
 Azospirillum brasilense  ameliorates the response of  Arabidopsis thaliana  to drought mainly 
via enhancement of ABA levels. Physiol Plant. 2015a;153(1):79–90.  

               Cohen AC, Bottini R, Piccoli P. Role of abscisic acid producing PGPR in sustainable agriculture. 
In: Maheshwari DK, editor. Bacterial metabolites in sustainable agro-ecosystem. New York: 
Springer; 2015b (in press).  

     Compant E, van der Heijden MGA, Sessitsch A. Climate change effects on benefi cial-plant micro-
organism interactions. FEMS Microbiol Ecol. 2010;73:197–214.  

    Corrêa de Souza T, Magalhães PC, de Castro EM, Pereira de Albuquerque PM, Marabesi MA. The 
infl uence of ABA on water relation, photosynthesis parameters, and chlorophyll fl uorescence 
under drought conditions in two maize hybrids with contrasting drought resistance. Acta 
Physiol Plant. 2013;35:515–27.  

    Corrêa de Souza T, Magalhães PC, de Castro EM, Carneiro NP, Padilha FA, Gomes Júnior 
CC. ABA application to maize hybrids contrasting for drought tolerance: changes in water 
parameters and in antioxidant enzyme activity. Plant Growth Regul. 2014;73(3):205–17.  

    Costacurta A, Vanderleyden J. Synthesis of phytohormones by plant-associated bacteria. Crit Rev 
Microbiol. 1995;21(1):1–18.  

     Creus C, Sueldo R, Barassi C. Shoot growth and water status in  Azospirillum -inoculated wheat 
seedlings grown under osmotic and salt stresses. Plant Physiol Biochem. 1997;35:939–44.  

     Creus CM, Sueldo RJ, Barassi CA. Water relations in  Azospirillum -inoculated wheat seedlings 
under osmotic stress. Can J Bot. 1998;76:238–44.  

      Creus CM, Sueldo RJ, Barassi CA. Water relations and yield in  Azospirillum  inoculated wheat 
exposed to drought in the fi eld. Can J Bot. 2004;82:273–81.  

    Crozier A, Arruda P, Jasmim JM, Monteiro AM, Sandberg G. Analysis of indole-3-acetic acid and 
related indoles in culture medium from  Azospirillum lipoferum  and  Azospirillum brasilense . 
Appl Environ Microbiol. 1988;54:2833–7.  

    Dardanelli MS, Fernandez de Cordoba FJ, Espuny MR, Rodriguez Carvajal MA, Soria Diaz ME, 
Gil Serrano A, Okon Y, Megias M. Effect of  Azospirillum brasilense  coinoculated with 

12 Plant–Rhizobacteria Interaction and Drought Stress Tolerance in Plants



302

 Rhizobiumon Phaseolus  vulgaris fl avonoids and Nod factor production under salt stress. Soil 
Biol Biochem. 2008;40:2713–21.  

  Davies P. The plant hormones; their nature occurrence and function. In: Davies P, editor. Plant 
Hormones. Biosynthesis, Signal Transduction, Action. Dordrecht: Kluwer Academic Press; 
2005;1–15.  

     Davies P. The plant hormone: their nature, occurrence and functions. In: Davies PJ, editor. Plant 
hormones: biosynthesis, signal transduction, action. Dordrecht: Springer; 2010. p. 1–15.  

     Davies WJ, Zhang JH. Root signals and the regulation of growth and development of plants in 
drying soil. Annu Rev Plant Physiol. 1991;42:55–76.  

    De Freitas JR, Banerjee MR, Germida JJ. Phosphate solubilizing rhizobacteria enhance the growth 
and yield but not phosphorus uptake of canola ( Brassica napus  L.). Biol Fertil Soil. 
1997;24:358–64.  

    De Smet I, Zhang H, Inze D, Beeckman T. A novel role for abscisic acid emerges from under-
ground. Trends Plant Sci. 2006;11:434–9.  

    Deak KI, Malamy J. Osmotic regulation of root system architecture. Plant J. 2005;43:17–28.  
    Deka Boruah HP, Dileep Kumar BS. Plant disease suppression and growth promotion by  fl orescent 

Pseudomonas  strain. Folia Microbiol. 2002;47(2):137–43.  
     Dodd IC, Pérez-Alfocea F. Microbial amelioration of crop salinity stress. J Exp Bot. 

2012;63:3415–28.  
    Domínguez JE, García Lampasona S, Cohen AC, Salomon MV, Piccoli P. Estudio del gen CrtZ, 

intermediario clave en la vía del Ácido Abscísico en Pseudomonas fl uorescens, aisladas de 
raíces de plantas de vid. Tucumán: XVII Congr. SAMIGE; 2011.  

    Dursun A, Turan M, Ekinci M, Gunes A, Ataoglu N, Esringü A, Yildirim E. Effects of boron fertil-
izer on tomato, pepper, and cucumber yields and chemical composition. Commun Soil Sci 
Plant Anal. 2010;41:1576–93.  

    Egamberdieva D. Plant growth promoting properties of rhizobacteria isolated from wheat and pea 
grown in loamy sand soil. Turk J Biol. 2008;32(1):9–15.  

     Eisenhauer N, Cesarz S, Koller R, Worm K, Reich PB. Global change belowground: impacts of 
elevated CO 2 , nitrogen, and summer drought on soil food webs and biodiversity. Global Change 
Biol. 2012;18:435–47.  

    Engelbrecht BMJ, Comita LS, Condit R, Kursar TA, Tyree MT, Turner BL, Hubbell SP. Drought 
sensitivity shapes species distribution patterns in tropical forests. Nature. 2007;447:80–2.  

     Farooq M, Wahid A, Kobayashi N, Fujita D, Basra SMA. Plant drought stress: effects, mecha-
nisms and management. Agron Sustain Dev. 2009;29:185–212.  

    Figueiredo MVB, Burity HA, Martinez CR, Chanway CP. Alleviation of drought stress in common 
bean ( Phaseolus vulgaris  L.) by co-inoculation with  Paenibacillus polymyxa  and  Rhizobium 
tropici . Appl Soil Ecol. 2008;40:182–8.  

    Forchetti G, Masciarelli O, Alemano S, Alvarez D, Abdala G. Endophytic bacteria in sunfl ower 
( Helianthus annuus  L.): isolation, characterization, and production of jasmonates and abscisic 
acid in culture medium. Appl Microb Biotechnol. 2007;76:1145–52.  

    Freitas ADS, Vieira CL, Santos CERS, Stamford NP, Lyra MCCP. Caracterização de rizóbios iso-
lados de Jacatupé cultivado em solo salino no Estado de Pernanbuco, Brazil. Bragantia. 
2007;66:497–504.  

    García de Salamone IE, Hynes RK, Nelson LM. Cytokinin production by plant growth promoting 
rhizobacteria and selected mutants. Can J Microbiol. 2001;47:404–11.  

      Glick BR. The enhancement of plant growth by free-living bacteria. Can J Microbiol. 
1995;41:109–17.  

    Glick BR, Bashan Y. Genetic manipulation of plant growth-promoting bacteria to enhance biocon-
trol of fungal phytopathogens. Biotechnol Adv. 1997;15:353–78.  

     Glick BR. Modulation of plant ethylene levels by the bacterial enzyme ACC deaminase. FEMS 
Microbiol Lett. 2005;251:1–7.  

      Glick BR, Cheng Z, Czarny J, Cheng Z, Duan J. Promotion of plant growth by ACC deaminase- 
producing soil bacteria. Eur J Plant Pathol. 2007;119:329–39.  

    Glick BR. Using soil bacteria to facilitate phytoremediation. Biotechnol Adv. 2010;28:367–74.  

C.A. Carmen et al.



303

    Guóth A, Tari I, Gallé A, Csiszár J, Pécsváradi A, Cseuz L, Erdei L. Comparison of the drought 
stress responses of tolerant and sensitive wheat cultivars during grain fi lling: changes in fl ag 
leaf photosynthetic activity, ABA levels, and grain yield. J Plant Growth Regul. 
2009;28:167–76.  

     Gutiérrez-Mañero F, Ramos-Solano B, Probanza A, Mehouachi J, Tadeob F, Talon M. The plant- 
growth- promoting rhizobacteria  Bacillus pumilus  and  Bacillus licheniformis  produce high 
amounts of physiologically active gibberellins. Physiol Plant. 2001;111:206–11.  

   Hasegawa S, Poling SM, Maier VP, Bennett RD. Metabolism of abscisic acid: bacterial conversion 
to dehydrovomifoliol and vomifoliol dehydrogenase activity. Phytochem. 1984;
23(12):2769–2771.  

    Heidari M, Mousavinik SM, Golpayegani A. Plant growth promoting rhizobacteria (PGPR) effect 
on physiological parameters and mineral uptake in basil ( Ociumum basilicum  L.) under water 
stress. ARPN J Agric Biol Sci. 2011;6(5):6–11.  

   Houghton JT, Ding Y, Griggs DJ, Noguer M, Vander Linden PJ, Xiaosu D (2001) Climate change 
2001: the scientifi c basis. In: Houghton JT, Ding Y, Griggs DJ, Noguer M, Vander Linder PJ, 
Dai X, Maskell K, Johnson CA (eds). Cambridge: Cambridge University Press, p. 1–83.  

    Hu H, Dai M, Yao J, Xiao B, Li X, Zhang Q, Xiong L. Overexpressing a NAM, ATAF, and CUC 
(NAC) transcription factor enhances drought resistance and salt tolerance in rice. Proc Natl 
Acad Sci U S A. 2006;103:12987–92.  

    Hu J, Lin X, Wang J, Chu H, Yin R, Zhang J. Population size and specifi c potential of P-mineralizing 
and P-solubilizing bacteria under long-term P-defi ciency fertilization in a sandy loam soil. 
Pedobiologia. 2009;53:49–58.  

    Huang D, Wu W, Abrams SR, Cutler AJ. The relationship of drought-related gene expression in 
 Arabidopsis thaliana  to hormonal and environmental factors. J Exp Bot. 2008;59:2991–3007.  

   IPCC (Intergovernmental Panel on Climate Change 2007): Climate Change 2007: The Physical 
Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change. Solomon S, Qin D, Manning M, Chen Z, Marquis 
M, Averyt FB, Tignor M, Miller HL (eds).   Cambridge University Press    , Cambridge, United 
Kingdom and New York, NY, USA, 996 pp  

    IPCC (Intergovernmental Panel on Climate Change). Climate Change 2014: Synthesis Report. In: 
Core Writing Team, Pachauri RK, Meyer LA, editors. Contribution of Working Groups I, II 
and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 
Geneva: IPCC; 2014. 151 p.  

    Janzen R, Rood S, Dormar J, McGill W.  Azospirillum brasilense  produces gibberellins in pure cul-
ture and chemically- medium and in co-culture on straw. Soil Biol Biochem. 1992;24:1061–4.  

    Jha BK, Pragash MG, Cletus J, Raman G, Sakthivel N. Simultaneous phosphate solubilization 
potential and antifungal activity of new fl uorescent pseudomonad strains,  Pseudomonas aeru-
ginosa ,  P. plecoglossicida  and  P. mosselii . World J Microbiol Biotechnol. 2009;25:573–81.  

    Jiang M, Zhang J. Water stress-induced abscisic acid accumulation triggers the increased genera-
tion of reactive oxygen species and up-regulates the activities of antioxidant enzymes in maize 
leaves. J Exp Bot. 2002;53:2401–10.  

    Jiang M, Zhang J. Cross-talk between calcium and reactive oxygen species originated from 
NADPH oxidase in abscisic acid-induced antioxidant defense in leaves of maize seedlings. 
Plant Cell Environ. 2003;26:929–93.  

    Joo G-J, Kang S-M, Hamayun M, Kim S-K, Na C-I, Shin D-H, Lee I-J.  Burkholderia  sp. 11096BP 
as a newly isolated gibberellin producing bacterium. J Microbiol. 2009;47(2):167–71.  

    Joo G-J, Kim Y-M, Lee I-J, Song K-S, Rhee I-K. Growth promotion of red pepper plug seedlings 
and the production of gibberellins by  Bacillus cereus ,  Bacillus macroides  and  Bacillus pumilus . 
Biotechnol Lett. 2004;26:487–91.  

      Karadeniz A, Topcuoğlu SF, İnan S. Auxin, gibberellin, cytokinin and abscisic acid production in 
some bacteria. World J Microbiol Biotechnol. 2006;22:1061–4.  

    Kaymak HC, Guvenc I, Yarali F, Donmez MF. The effects of bio-priming with PGPR on germina-
tion of radish ( Raphanus sativus  L.) seeds under saline conditions. Turk J Agric For. 
2009;33(2):173–9.  

12 Plant–Rhizobacteria Interaction and Drought Stress Tolerance in Plants

http://www.cambridge.org/features/earth_environmental/climatechange/wg1.htm#_blank


304

   Kloepper JW, Schroth M (1978) Plant growth promoting rhizobacteria on radishes. Prov. IV Int 
Conf Plant Pathol Bacteria, Angers 2:879–82.  

      Kloepper JW, Lifshitz R, Zablotowicz RM. Free living bacterial inocula for enhancing crop pro-
ductivity. Trends Biotechnol. 1989;7:39–44.  

    Kloepper JW, Zablotowiez RM, Tipping EM, Lifshitz R. Inorganic plant growth promotion medi-
ated by bacterial rhizosphere colonizer. In: Keister KL, Gregan PB, editors. The rhizosphere 
and plant growth. Dordrecht: Kluwer; 1991. p. 315–26.  

    Kohler J, Hernández JA, Caravaca F, Roldán A. Plant-growth promoting rhizobacteria and arbus-
cular mycorrhizal fungi modify alleviation biochemical mechanisms in water-stressed plants. 
Funct Plant Biol. 2008;35:141–51.  

    Kolb W, Martin P. Response of plant roots to inoculation with  Azospirillum brasilense  and to 
application of indole acetic acid. In: Klingmüller W, editor.  Azospirillum  III: genetics, physiol-
ogy, ecology. Berlin: Springer; 1985. p. 215–21.  

    Kumar KR. Plant responses to water stress: Role of reactive oxygen species. Plant Signal Behav. 
2011;6(1):1741–5.  

    Lambers H, Raven JA, Shaver GR, Smith SE. Plant nutrient-acquisition strategies change with soil 
age. Trends Ecol Evol. 2008;23(2):95–103.  

    Lambrecht M, Okon Y, VandeBroek A, Vanderleyden J. Indole-3-acetic acid: a reciprocal signal-
ling molecule in bacteria–plant interactions. Trends Microbiol. 2000;8:298–300.  

    Li YP, Ye W, Wang M, Yan XD. Climate change and drought: a risk assessment of crop-yield 
impacts. Clim Res. 2009;39:31–46.  

    Liu F, Jensen CR, Shahanzari A, Andersen MN, Jacobse S-E. ABA regulated stomatal control and 
photosynthetic water use effi ciency of potato (Solanum tuberosum L.) during progressive soil 
drying. Plant Sci. 2005;168(3):831–6.  

    Lucangeli C, Bottini R. Reversion of dwarfi sm in dwarf-1 maize (Zea mays L.) and dwarf-x rice 
(Oryza sativa L.) mutants by endophytic  Azospirillum  spp. Biocell 1996;20:223–228.  

   Lucangeli C, Bottini R. Effects of Azospirillum spp. on endogenous gibberellin content and growth 
of maize (Zea mays L.) treated with uniconazole. Symbiosis 1997;23:63–72.  

    Lugtenberg B, Kamilova F. Plant-growth-promoting rhizobacteria. Annu Rev Microbiol. 
2009;63:54–6.  

    Manivannan P, Jaleel CA, Somasundaram R, Panneerselvam R. Osmoregulation and antioxidant 
metabolism in drought stressed  Helianthus annuus  under triadimefon drenching. C R Biol. 
2008;331(6):418–25.  

    Mansouri S, Bunch AW. Bacterial ethylene synthesis from 2-0 × 0-4-thiobutyric acid and from 
methionine. J Gen Microbiol. 1989;135:2819–27.  

    Marasco EK, Schmidt-Dannert C. Exploring and accessing plant natural product biosynthesis in 
engineered microbial hosts. In: Kayser O, Quax WJ, editors. Medicinal plant biotechnology: 
from basic research to industrial applications. Weinheim: Wiley; 2007. p. 287–317.  

    Marasco R, Rolli E, Ettoumi B, Vigani G, Mapelli F, Borin S, et al. A Drought resistance- promoting 
microbiome is selected by root system under desert farming. PLoS One. 2012;7:48479.  

    Marulanda A, Barea JM, Azcón R. An indigenous drought-tolerant strain of  Glomus intraradices  
associated with a native bacterium improves water transport and root development in  Retama 
sphaerocarpa . Microb Ecol. 2006;52:670–8.  

     Mayak S, Tirosh T, Glick BR. Plant growth-promoting bacteria that confer resistance to water 
stress in tomatoes and pepper. Plant Sci. 2004a;166:525–30.  

      Mayak S, Tirosh T, Glick BR. Plant growth promoting bacteria confers resistance in tomato plants 
to salt stress. Plant Physiol Biochem. 2004b;42:565–72.  

    Meloni DA, Oliva MA, Ruiz HA, Martinez CA. Contribution of proline and inorganic solutes to 
osmotic adjustment in cotton under salt stress. J Plant Nutr. 2001;24:599–612.  

   Mishra V, Cherkauer KA. Retrospective droughts in the crop growing season: Implications to corn 
and soybean yield in the Midwestern United States. Agr Forest Meteorol. 2010;150(7–8):
1030–45.  

    Mizokami Y, Noguchi K, Kojima M, Sakakibara H, Terashima I. Mesophyll conductance decreases 
in the wild type but not in an ABA-defi cient mutant ( aba 1) of  Nicotiana plumbaginifolia  under 
drought conditions. Plant Cell Environ. 2015;38:388–98.  

C.A. Carmen et al.



305

    Moreno D, Berli FJ, Piccoli P, Bottini R. Gibberellins and abscisic acid promote carbon allocation 
in roots and berries of grape plants. J Plant Growth Regul. 2011;30:220–8.  

    Munns R. Genes and salt tolerance: bringing them together. New Phytol. 2005;167(3):645–63.  
   Murcia G, Pontin M, Reinoso H, Baraldi R, Bertazza G, Gómez-Talquenca S, Bottini R, Piccoli 

P. ABA and GA 3  increase carbon allocation in different organs of grapevine plants by inducing 
accumulation of non-structural carbohydrates in leaves, enhancement of phloem area and 
expression of sugar transporters. Physiol Plant. 2015. doi:  10.1111/ppl.12390     (in press).  

    Nambara E, Marion-Poll A. Abscisic acid biosynthesis and catabolism. Annu Rev Plant Biol. 
2005;56:165–85.  

   Nehring RB, Ecker JR. Ethylene responses in seedling growth and development. InPlant Hormones 
Springer Netherlands. 2010;1:358–376.  

    Noel ITC, Sheng C, Yost CK, Pharis RP, Hynes MF.  Rhizobium leguminosarum  as a plant I growth- 
promoting rhizobacterium: direct growth promotion of canola and lettuce. Can J Microbiol. 
1996;42:279–83.  

    Normander B, Prosser JI. Bacterial origin and community composition in the barley phytosphere 
as a function of habitat and pre-sowing conditions. Appl Environ Microbiol. 
2000;66(10):4372–7.  

    Patten CL, Glick BR. Bacterial biosynthesis of indole-3-acetic acid. Can J Microbiol. 
1996;42:207–20.  

    Perrig D, Boiero L, Masciarelli O, Penna C, Cassán F, Luna V. Plant growth promoting compounds 
produced by two agronomically important strains of  Azospirillum brasilense , and their implica-
tions for inoculant formulation. Appl Microbiol Biotechnol. 2007;75:1143–50.  

    Persello-Cartieaux F, Nussaume L, Robaglia C. Tales from the underground: molecular plant- 
rhizobacterial interactions. Plant Cell Environ. 2003;26:189–99.  

    Phalan B, Onial M, Balmford A, Green RE. Reconciling food production and biodiversity conser-
vation: Land sharing and land sparing compared. Science. 2011;333:1289–91.  

     Piccoli P, Travaglia C, Cohen A, Sosa CP, Masuelli R, Bottini R. An endophytic bacterium isolated 
from roots of the halophyte  Prosopis strombulifera  produces ABA, IAA, gibberellins A 1  and A 3  
and jasmonic acid in chemically-defi ned culture medium. Plant Growth Regul. 2011;64:207–10.  

     Piccoli P, Bottini R. Abiotic stress tolerance induced by endophytic PGPR (Chapter 3). In: Aroca 
R, editor. Progress in symbiotic endophytes, Soil biology book series. Dordrecht: Springer; 
2013. p. 151–63.  

    Poupin MJ, Timmermann T, Vega A, Zuñiga A, González B. Effects of the plant growth-promoting 
bacterium  Burkholderia phytofi rmans  PsJN throughout the life cycle of  Arabidopsis thaliana . 
PLoS One. 2013;8, e69435.  

   Probanza A, Garcíıa JAL, Palomino MR, Ramos B, Manero FJG. Pinus pinea L. seedling growth 
and bacterial rhizosphere structure after inoculation with PGPR Bacillus (B. licheniformis 
CECT 5106 and B. pumilus CECT 5105). Appl Soil Ecol. 2002;20:75–84.  

    Quiroga AM, Berli F, Moreno D, Cavagnaro JB, Bottini R. Abscisic acid sprays signifi cantly 
increase yield per plant in vine yard grown wine grape ( Vitis vinifera  L.) cv.  Cabernet sauvi-
gnon  through increased berry set with no negative effects on anthocyanin content and total 
polyphenol index of both juice and wine. J Plant Growth Regul. 2009;28:28–35.  

    Ren H, Gao Z, Chen L, Wei K, Liu J, Fan Y, Davies WJ, Jia W, Zhang J. Dynamic analysis of ABA 
accumulation in relation to the rate of ABA catabolism in maize tissues under water defi cit. 
J Exp Bot. 2007;58:211–9.  

    Reynolds JF, Stafford Smith DM, Lambin EF, Turner BL, Mortimore M, Batterbury SPJ, Downing 
TE, Dowlatabadi H, et al. Global desertifi cation: building a science for dry land development. 
Science. 2007;316:847–51.  

    Richardson AE. Prospects for using soil microorganisms to improve the acquisition of phosphorus 
by plants. Aust J Plant Physiol. 2001;28:897–906.  

     Rodriguez H, Fraga R. Phosphate solubilizing bacteria and their role in plant growth promotion. 
Biotechnol Adv. 1999;17:319–39.  

    Sakakibara H. Cytokinin biosynthesis and metabolism. In: Davies PJ, editor. Plant hormones: bio-
synthesis, signal transduction, action. Dordrecht: Springer; 2010. p. 95–114.  

12 Plant–Rhizobacteria Interaction and Drought Stress Tolerance in Plants

http://dx.doi.org/10.1111/ppl.12390


306

      Salomon MV, Bottini R, de Souza Filho GA, Cohen AC, Moreno D, Gil M, Piccoli P. Bacteria 
isolated from roots and rhizosphere of  Vitis vinifera  retard water losses, induce abscisic acid 
accumulation and synthesis of defense-related terpenes in in vitro cultured grapevine. Physiol 
Plant. 2014;151(4):359–74.  

   Sandhya V, Ali SZ, Grover M, Reddy G, Venkateswarlu B. Alleviation of drought stress effects in 
sunfl ower seedlings by the exopolysaccharides producing Pseudomonas putida strain GAP-
P45. Biol Fertil Soils. 2009;1:46(1):17–26.  

    Sandhya V, Ali SZ, Grover M, Reddy G, Venkateswarlu B. Effect of plant growth promoting 
 Pseudomonas  spp. on compatible solutes, antioxidant status and plant growth of maize under 
drought stress. Plant Growth Regul. 2010;62(1):21–30.  

    Sansberro P, Mroginski L, Bottini R. Abscisic Acid promotes growth of  Ilex paraguariensis  plants 
by alleviating diurnal water stress. Plant Growth Regul. 2004;42:105–11.  

    Sarig S, Blum A, Okon Y. Improvement of water status and yield of fi eld-grown grain sorghum 
( Sorghum bicolor ) by inoculation with  Azospirillum brasilense . J Agric Sci. 1988;110:271–7.  

    Sarma RK, Saikia R. Alleviation of drought stress in mung bean by strain  Pseudomonas aerugi-
nosa  GGRJ21. Plant Soil. 2014;377:111–26.  

    Schachtman DP, Goodger JQD. Chemical root to shoot signaling under drought. Trends Plant Sci. 
2008;13:281–7.  

    Schmelz EA, Engelberth J, Alborn HT, O’Donnell P, Sammons M, Toshima H, Tumlinson III 
JH. Simultaneous analysis of phytohormones, phytotoxins, and volatile organic compounds in 
plants. Proc Natl Acad Sci. 2003;100(18):10552–7.  

    Seki M, Narusaka M, Ishida J, Nanjo T, Fujita M, Oono Y, Kamiya A, Nakajima M, Enju A, 
Sakurai T, et al. Monitoring the expression profi les of ca 7000 Arabidopsis genes under 
drought, cold and high-salinity stresses using a full-length cDNA microarray. Plant 
J. 2002;31:279–92.  

    Seki M, Umezawa T, Urano K, Shinozaki K. Regulatory metabolic networks in drought stress 
responses. Curr Opin Plant Biol. 2007;10:296–302.  

    Sgroy V, Cassán F, Masciarelli O, Del Papa M, Lagares A, Luna V. Isolation and characterization 
of endophytic plant growth-promoting (PGPB) or stress homeostasis regulating (PSHB) bacte-
ria associated to the halophyte  Prosopis strombulifera . Appl Microbiol Biotechnol. 
2009;85:371–81.  

    Sharma S, Kumar V, Tripathi RB. Isolation of phosphate solubilizing microorganism (PSMs) from 
soil. J Microbiol Biotechnol Res. 2011;1:90–5.  

    Shinozaki K, Yamaguchi-Shinozaki K. Gene networks involved in drought stress response and 
tolerance. J Exp Bot. 2007;58:221–7.  

    Siddikee MA, Glick BR, Chauhan PS, Yim WJ, Sa T. Enhancement of growth and salt tolerance 
of red pepper seedlings ( Capsicum annuum  L.) by regulating stress ethylene synthesis with 
halotolerant bacteria containing 1-aminocyclopropane-1-carboxylic acid deaminase activity. 
Plant Physiol Biochem. 2011;49:427–34.  

     Spaepen S, Vanderleyden J, Remans R. Indole-3-acetic acid in microbial and microorganism-plant 
signaling. FEMS Microbiol Rev. 2007;31:425–48.  

    Sperdouli I, Moustakas M. Interaction of proline, sugars, and anthocyanins during photosynthetic 
acclimation of  Arabidopsis thaliana  to drought stress. J Plant Physiol. 2012;169:577–85.  

    Sponsel VM, Hedden P. Gibberellin biosynthesis and inactivation. In: Davies PJ, editor. Plant hor-
mones: biosynthesis, signal transduction, action. Dordrecht: Springer; 2010. p. 63–94.  

    Takezawa D, Komatsu K, Sakata Y. ABA in bryophytes: how a universal growth regulator in life 
became a plant hormone? J Plant Res. 2011;124:437–53.  

    Taller BG, Wong T-Y. Cytokinins in  Azotobacter vinelandii  culture medium. Appl Environ 
Microbiol. 1989;55(1):266–7.  

    Tan S, Jiang Y, Song S, Huang J, Ling N, Xu Y, Shen Q. Two  Bacillus amyloliquefaciens  strains 
isolated using the competitive tomato root enrichment method and their effects on suppressing 
 Ralstonia solanacearum  and promoting tomato plant growth. Crop Prot. 2013;43:134–40.  

    Tank N, Saraf M. Salinity resistant plant growth promoting rhizobacteria ameliorates sodium chlo-
ride stress on tomato plants. J Plant Interact. 2010;5:51–8.  

C.A. Carmen et al.



307

    Tardieu F, Davies WJ. Stomatal response to abscisic acid is a function of current plant water status. 
Plant Physiol. 1992;98:540–5.  

     Tardieu F, Parent B, Simonneau T. Control of leaf growth by abscisic acid: hydraulic or non- 
hydraulic processes? Plant Cell Environ. 2010;33:636–47.  

    Thompson AJ, Andrews J, Mulholland BJ, McKee JM, Hilton HW, Horridge JS, Farquhar GD, 
Smeeton RC, Smillie IR, Black CR, Taylor IB. Overproduction of abscisic acid in tomato 
increases transpiration effi ciency and root hydraulic conductivity and infl uences leaf expan-
sion. Plant Physiol. 2007;143:1905–17.  

    Timmusk S, Wagner GH. The plant-growth-promoting rhizobacterium  Paenibacillus polymyxa  
induces changes in  Arabidopsis thaliana  gene expression: a possible connection between biotic 
and abiotic stress responses. Mol Plant Microbe Interact. 1999;12:951–9.  

    Tomlinson I. Doubling food production to feed the 9 billion: a critical perspective on a key dis-
course of food security in the UK. J Rural Stud. 2013;21:81–90.  

     Travaglia C, Cohen AC, Reinoso H, Castillo C, Bottini R. Exogenous abscisic acid increases car-
bohydrate accumulation and redistribution to the grains in wheat grown under fi eld conditions 
of soil water restriction. J Plant Growth Regul. 2007;26:285–9.  

    Travaglia C, Reinoso H, Bottini R. Application of abscisic acid promotes yield in fi eld-cultured 
soybean by enhancing production of carbohydrates and their allocation in seed. Crop Pasture 
Sci. 2009;60:1131–6.  

     Travaglia C, Reinoso H, Cohen AC, Luna C, Castillo C, Bottini R. Exogenous ABA increases yield 
in fi eld-grown wheat with a moderate water restriction. J Plant Growth Regul. 
2010;29:366–74.  

   Travaglia C, Balboa G, Espósito G, Reinoso H. ABA action on the production and redistribution 
of fi eld-grown maize carbohydrates in semiarid regions. Plant Growth Regul. 
2012;1:67(1):27–34.  

    Travaglia C, Masciarelli O, Fortuna J, Marchetti G, Cardozo P, Lucero M, et al. Towards sustain-
able maize production: Glyphosate detoxifi cation by  Azospirillum  sp. and  Pseudomonas  sp. 
Crop Prot. 2015;77:102–9.  

    Tsavkelova EA, Cherdyntseva TA, Netrusov AI. Auxin production by bacteria associated with 
orchid roots. Microbiology. 2005;74(1):46–53.  

    Tsavkelova EA, Klimova SY, Cherdyntseva TA, Netrusov AI. Microbial producers of plant growth 
stimulators and their practical use: a review. Appl Biochem Microb. 2006;42:117–26.  

      Vessey JK. Plant growth promoting rhizobacteria as biofertilizers. Plant Soil. 2003;255:571–86.  
   Vickers CE, Gershenzon J, Lerdau MT, Loreto F. A unifi ed mechanism of action for volatile iso-

prenoids in plant abiotic stress. Nat Chem Biol. 2009;1:5(5):283–91.  
    Vile D, Pervent M, Belluau M, Vasseur F, Bresson J, Muller B, Granier C, Simonneau T. 

 Arabidopsis  growth under prolonged high temperature and water defi cit: independent or inter-
active effects? Plant Cell Environ. 2012;35:702–18.  

    Weingart H, Völksch B. Ethylene production by  Pseudomonas syringae  pathovars  in vitro  and  in 
planta . Appl Environ Microbiol. 1997;63:156–61.  

    Whipps JM. Carbon economy. In: Lynch JM, editor. The rhizosphere. Wiley: Chichester; 1990. 
p. 59–97.  

    Wilkinson S, Davies WJ. Drought, ozone, ABA and ethylene: new insights from cell to plant to 
community. Plant Cell Environ. 2010;33:510–25.  

    Xie X, Zhang H, Paré PW. Sustained growth promotion in  Arabidopsis  with long-term exposure to 
the benefi cial soil bacterium  Bacillus subtilis  (GB03). Plant Signal Behav. 2009;4:948–53.  

    Xu ZZ, Zhou GS, Wang YL, Han GX, Li YJ. Changes in chlorophyll l fl uorescence in maize plants 
with imposed rapid dehydration at different leaf ages. J Plant Growth Regul. 2008;27:83–92.  

    Yamaguchi-Shinozaki K, Shinozaki K. Organization of cis-acting regulatory elements in osmotic- 
and cold-stress-responsive promoters. Trends Plant Sci. 2005;10:88–94.  

   Yanni YG, Rizk RY, El-Fattah FK, Squartini A, Corich V, Giacomini A, de Bruijn F, Rademaker J, 
Maya-Flores J, Ostrom P, Vega-Hernandez M. The benefi cial plant growth-promoting associa-
tion of Rhizobium leguminosarum bv. trifolii with rice roots. Functional Plant Biology. 
2001;21:28(9):845–70.  

12 Plant–Rhizobacteria Interaction and Drought Stress Tolerance in Plants



308

    Zahir ZA, Arshad M, Frankenberger Jr WT. Plant growth promoting rhizobacteria application and 
perspectives in agriculture. Adv Agron. 2004;81:96–168.  

    Zahir ZA, Ghani U, Naveed M, Nadeem SM, Asghar HN. Comparative effectiveness of 
 Pseudomonas  and  Serratia  sp. containing ACC-deaminase for improving growth and yield of 
wheat ( Triticum aestivum  L.) under salt-stressed conditions. Arch Microbiol. 
2009;191:415–24.  

    Zawoznik MS, Ameneiros M, Benavides MP, Vázquez S, Groppa MD. Response to saline stress 
and aquaporin expression in  Azospirillum -inoculated barley seedlings. Appl Microbiol 
Biotechnol. 2011;90:1389–97.  

    Zeevaart J. Abscisic acid metabolism and its regulation. In: Hooykaas P, Hall M, Libbenga K, edi-
tors. Biochemistry and molecular biology of plant hormones. Amsterdam: Elsevier Science; 
1999. p. 189–207.  

     Zhang H, Xie X, Kim MS, Kornyeyev DA, Holaday S, Paré PW. Soil bacteria augment  Arabidopsis  
photosynthesis by decreasing glucose sensing and abscisic acid levels in plant. Plant 
J. 2008;56:264–73.  

     Zhang M, Yuan B, Leng P. The role of ABA in triggering ethylene biosynthesis and ripening of 
tomato fruit. J Exp Bot. 2009a;60(6):1579–88.  

    Zhang SQ, Outlaw Jr WH. Abscisic acid introduced into the transpiration stream accumulates in 
the guard-cell apoplast and causes stomatal closure. Plant Cell Environ. 2001;24:1045–54.  

     Zhang Y, Zhu H, Zhang Q, Li M, Yan M, Wang R, Wang L, Welti R, Zhang W, Wang 
X. Phospholipase Da1 and phosphatidic acid regulate NADPH oxidase activity and production 
of reactive oxygen species in ABA-mediated stomatal closure in  Arabidopsis . Plant Cell. 
2009b;21:2357–77.    

C.A. Carmen et al.



309© Springer International Publishing Switzerland 2016 
M.A. Hossain et al. (eds.), Drought Stress Tolerance in Plants, Vol 1, 
DOI 10.1007/978-3-319-28899-4_13

    Chapter 13   
 Signaling Role of ROS in Modulating Drought 
Stress Tolerance                     

       Ana     Laura     Furlan     ,     Eliana     Bianucci    , and     Stella     Castro   

13.1           Introduction to  Drought-Induced Oxidative Stress   
and ROS Signaling 

 For a long time, the symptoms associated with  ROS   accumulation were considered 
harmful to biomolecules and termed  oxidative stress  , indicating a negative misbal-
ance between oxidant generation and antioxidant provision. Nowadays, the signal-
ing function of ROS has been recognized as a fundamental principle in cellular 
communication, and the concept of the redox regulatory network of the cell has 
been developed as a central element in acclimation (Dietz  2008 ; Jacquot et al. 
 2013 ). As synthesized by Dietz ( 2014 ), six functional elements that co-operate in 
the  redox regulatory network   can be identifi ed:  redox input elements  that feed elec-
trons to the redox regulatory network, such as NADPH, ferredoxin, and glutathione 
(GSH);  redox transmitters  that transfer and distribute the electrons to downstream 
proteins (i.e., thioredoxin, glutaredoxin);  redox target proteins  that have redox- 
sensitive thiols controlled by transmitters and includes a vast number of proteins 
members of metabolic pathways, translation, and transcription;  redox buffers pro-
teins  that are accumulated in a high amount in organelles, such as the Rubisco in 
chloroplasts that possess a high number of cysteins susceptible for oxidation;   redox 
sensors    that deliver information from ROS to the redox regulatory network and 
make the cross-talk with other signaling pathways;  fi nal electron acceptors  are 
low- molecular- mass redox species such as ROS, reactive nitrogen species (RNS), 
reactive sulfur species (RSS), and reactive carbonyl species (RCS). It is interesting 
to note that the fi nal electron acceptors include reactive and nonreactive molecules 
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that can be considered both toxic by-products and signals in the redox regulatory 
network. The activation of acclimation mechanisms in response to non-challenged 
tissues (or abiotic stresses, to distinguish from biotic stress) is termed  systemic 
acquired acclimation (SAA)   (Baxter et al.  2014 ).  Drought   is an environmental fac-
tor that limit CO 2  fi xation and reduce the NADP +  regeneration by the Calvin cycle, 
consequently, the over-reduction of the photosynthetic electron transport chain 
occurs, producing superoxide radicals and singlet oxygen in the chloroplasts (Shao 
et al.  2007 ,  2008 ).  Abscisic acid (ABA)   also increases the production of ROS, 
which serve as a signaling intermediate to promote stomatal closure (Yan et al. 
 2007 ) via the H 2 O 2  generation and indirectly via the Mehler reaction and photores-
piration (Cruz de Carvalho  2008 ). It is important to highlight that the activation of 
different kinds of all these sources  of   ROS determines different responses in an 
overall view. In this sense, temporal and spatial coordination of ROS signals will 
determine the response to a specifi c stimulus. Regarding the temporal coordination 
of ROS signals in plants, RBOHD-dependent long-distance signals play an impor-
tant biological role in the SAA response of plants to heat or high light (Suzuki et al. 
 2013 ). A biphasic production of ROS comprising a primary phase that occurs within 
minutes and a secondary phase that occurs within hours/days was described by 
several authors (Soares et al.  2009 ; Kunihiro et al.  2011 ; Mittler et al.  2011 ). There 
is a general agreement in the explanation that the rapid burst of ROS is required for 
the second phase of ROS production responsible for the regulation of downstream 
pathways and plant acclimation to stress. Recent fi ndings reveal that these two 
phases of the ROS burst are linked via a ROS wave that communicates the initial 
ROS burst in the local tissue to the systemic tissue via a cell-to-cell relay mecha-
nism supporting the concept of SAA mentioned previously (Suzuki et al.  2013 ). In 
the other dimension, the spatial coordination of ROS signals in plants, some studies 
demonstrated differences in transcripts or metabolites related to redox state between 
different types of tissues and even among different leaves during SAA. In this sense, 
Gordon et al. ( 2012 ) reported that, in systemic leaves, transcript levels of ZAT10, 
and  Redox Responsive Factor 1 (RRTF1)   transcripts were accumulated in response 
to local high light treatment. As expected, a spatial–temporal interaction is possible 
as well, in this  way   SAA of plants to heat stress was correlated with activation of 
the ROS wave and transient accumulation of ABA in systemic tissues, and these 
responses were suppressed in a mutant lacking RBOHD or ABA (Suzuki et al.  2013 ). 
The mentioned results indicate that RBOHD-dependent ROS and ABA accumula-
tion in terms of temporal and spatial interactions mediate SAA to heat stress (Suzuki 
et al.  2013 ). Non-toxic levels of ROS must be maintained to accomplish the role 
of ROS as signaling molecules. Thus, a balance between ROS production and 
ROS-scavenging pathways is essential (Mittler et al.  2004 ).    In plants, NADPH oxi-
dases,  respiratory burst oxidase homologues (RBOHs),   are key components in the 
network of ROS production (Suzuki et al.  2011 ). RBOH proteins produce superox-
ide (O 2  ·– ) at the apoplast, which dismutates to H 2 O 2  spontaneously or catalytically 
by the action of  superoxide dismutase (SOD)   (Lin et al.  2009 ). Besides, regulatory 
mechanisms of RBOH protein homologues make the activation of members of the 
family of proteins to become highly specifi c to respond to different stressors. 
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These regulatory mechanisms depend on well-known signaling components including 
protein phosphorylation, Ca 2+ , calcium-dependent protein kinases (CDPKs), and 
phospholipase Dα1 (PLDα1) (Lin et al.  2009 ; Drerup et al.  2013 ; Dubiella et al. 
 2013 ). However, the current information shows that RBOH proteins are not the 
only source for ROS in plant cells. Other producing pathways for ROS are photo-
synthesis (via the electron transport chain and photosystems I and II), respiration 
(via the electron transport chain), glycolate oxidase, oxalate oxidase, xanthine oxi-
dase, amine oxidase, excited chlorophyll, fatty acid oxidation, and peroxidases 
(Mittler  2002 ). 

 In this chapter, we discuss the recent advances in understanding the cellular sig-
naling networks of plant acclimation to drought. The current knowledge on hor-
monal signal perception and transduction is integrated in the context of plant 
signaling networks under drought and the interaction of these molecules with other 
signals are discussed in the context of  SAA  .  

13.2      Downstream Signaling Events  : ROS Sensing 

  Plant cell   can sense, transduce, and translate the ROS signals into appropriate cel-
lular responses through the involvement of redox-sensitive proteins.  Redox- 
sensitive proteins   operate through reversible processes of oxidation/reduction 
switching “on” and “off” in a redox-dependent manner, constituting the candidates 
for  ROS   sensing. Cys S-glutathionylation and S-nitrosylation are just two of the 
possible reversible oxidative modifi cations that may be involved in redox signaling 
during drought (Colville and Kranner  2010 ). A specifi ed mechanism underlying the 
sensing of ROS in plant cells has not been revealed yet; however, three mechanisms 
of ROS sensing were proposed: unidentifi ed receptor proteins, redox-sensitive tran-
scription factors and phosphatases (Huang et al.  2012 ). In this regard, numerous 
studies revealed that ROS interact with other  signal transmission components  , such 
as phytohormones, MAPK cascades, and calcium ions (Xia et al.  2015 ); despite 
this, the initial steps of ROS perception are still ignored. 

 Redox-response transcription factors act upstream to a cascade of other tran-
scription factors. In this way, ROS accumulated in the cytosol can be detected in 
plants. Thus, in   Arabidopsis thaliana    the redox-sensitive protein NPR1 (non- 
expressor of pathogenesis-related gene 1) is involved in the transduction of redox 
changes induced by salicylic acid, and, also is a key regulator of SA-mediated sup-
pression of signaling via jasmonic acid (Love et al.  2008 ; Leon-Reyes et al.  2009 ). 
In addition, ROS could produce a global shift in the main cellular redox buffers 
such as glutathione or thioredoxins and then be perceived by sensitive proteins that 
interact with these components. Specifi city may be conferred by peroxidases that 
transmit oxidative signals to sensitive proteins such as transcription factors as 
revealed in the  Gpx3 yeast protein  , which after peroxide oxidation, activates the 
oxidized transcription factor, Yap1 (Delaunay et al.  2002 ). This has been proposed 
as a general mechanism of peroxide-based signaling taking into account several 
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examples such as the oxidation of  redox-sensitive green fl uorescent protein (roGFP)  . 
These fi ndings support the concept that some peroxidases have the capacity to act 
as H 2 O 2 -dependent protein thiol oxidases when they are in the proximity of oxidiz-
able proteins (Gutscher et al.  2009 ). Another level of regulation was described by 
Benina et al. ( 2015 ) in   A. thaliana    lines expressing a FLAG-tagged ribosomal pro-
tein to immunopurify polysome-bound mRNAs before and after oxidative stress. 
These authors revealed that ROS-responsive transcripts are regulated both by the 
common mechanisms that control translation, including the presence of uAUGs and 
5′-UTR length, but also potential specifi c mechanisms as two uncharacterized cis- 
elements enriched in the 5′-UTRs. This study showed a novel mechanism underly-
ing ROS signaling in plant tissues. Mitogen-activated protein kinases (MAPKs)    
cascade can indirectly activate other transcription factors. It is well known that ser-
ine/threonine protein kinases sense ROS and activates some MAPKs by calcium. 
This protein kinase is also activated by  phosphoinositide-dependent kinase-1 
(PDK1)   through phospholipase-C/D-phosphatidic-acid pathway. The expression of 
an   A. thaliana    gene (OXI1) encoding a serine/threonine kinase is induced in 
response to biotic (  Peronospora parasitica   ) and abiotic (cold, osmotic, heat) H 2 O 2 - 
generating stresses. 

 Another aspect to consider when redox regulatory networks are involved is the 
role of cells being in a reductive state, thus generating a reductive signaling. In this 
case,  thioredoxins   are implicated in the regulation of enzyme activity in response to 
environmental changes in light conditions (Schürmann and Buchanan  2008 ). During 
pathogen challenge, a reductive signaling has been described for the NPR1-TGA 
transcription factor interaction in the regulation of the expression of pathogenesis- 
related (PR) genes (Després et al.  2003 ; Mou et al.  2003 ). Besides, in chloroplasts, 
several enzymes are activated by disulfi de reduction. However, the detailed mecha-
nisms that drive the cytosolic reductive signaling remain to be elucidated. In this 
regard, the protein folding mediated by protein disulfi de isomerases oxidized by 
homologous endoplasmic reticulum oxyreductins can be inadequate in the insuffi -
ciently oxidizing conditions of the compartment (Sevier and Kaiser  2008 ). However, 
the importance of reductive stress in other subcellular compartments which main-
tain reducing environment remains to be determined. Two concepts of reductive 
stress can perhaps be distinguished. In the fi rst, over-reduction of redox-active com-
pounds would favor production of ROS. Such effects are well described in plants at 
the level of electron transport chains and refl ect increased ROS production rates 
caused by over-reduction of auto-oxidizable compounds. The second type of reduc-
tive stress involving modifi cations of protein function through a drop in the redox 
potential of pyridine nucleotides, thioredoxins, or glutathione was suggested by 
Foyer and Noctor ( 2009 ). 

 After ROS sensing, downstream signaling events amplify the ROS signal and 
transduce the response to counteract the environmental constraint. Such mecha-
nisms implicate Ca + ,  calcium-binding proteins   such as calmodulins, G-proteins, and 
phospholipids that mediate phosphatidic acid accumulation. All these mechanisms 
will be discussed in the following sections.  
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13.3     Achieving Specifi city in ROS Signaling 

 ROS are relatively simple molecules,    thus some unanswered questions are how: 
(a) ROS signals generated in a compartment or a particular cell are specifi c for a 
determined stimulus; (b) ROS increases act as specifi c signals to trigger an appro-
priate acclimation response; (c) ROS signal generated in a group of cells can be 
transferred to the entire plant and still being stress specifi c. Mittler et al. ( 2011 ) 
exposed several explanations: the fi rst is that ROS activate the cellular signaling 
network of cells and together with ROS achieve the required specifi city. These sig-
nals could be small peptides, hormones, lipids, cell wall fragments, and others. The 
second is that the ROS signal has specifi c oscillation patterns carrying a decoded 
message similar to calcium signals. Then, the different amplitude, frequency, and/or 
localization of the signal could be perceived and decoded to trigger specifi c gene 
expression patterns. A third possibility is that each cellular compartment or indi-
vidual cell has its own set(s) of ROS receptors to decode ROS signals generated 
within it, which are then transferred by other networks such as calcium and/or pro-
tein phosphorylation. Finally, a combination of the different mechanisms described 
above is probable. 

 The fi rst possibility described by Mittler et al. ( 2011 ) is in accordance with the 
mechanism proposed by Möller and Sweetlove ( 2010 ). The authors reported that 
oxidatively damaged proteins can originate oxidized peptides that can behave as 
specifi c and selective secondary ROS messengers to the nucleus. Evidences that 
support these statements are that mitochondria and other plant cell compartments 
contain oxidized proteins. Some of these oxidations are irreversible and can occur 
on the side-chain of Pro, His, Arg, Lys, and Thr-producing ketone or aldehyde 
derivatives (protein carbonyls) (Möller et al.  2007 ; Sweetlove and Møller  2009 ). 
 Carbonylated proteins   were found in chloroplasts, peroxisomes, and in a greater 
extent in mitochondria of wheat (  Triticum aestivum   ) leaves during drought stress 
(Bartoli et al.  2004 ). Another aspect that contributes to achieve specifi city is that 
depending on the ROS species their reactivity and capacity of generation of protein 
modifi cations will be different (Halliwell and Gutteridge  2007 ). Thus, oxidized 
peptides acting as secondary ROS messengers can regulate gene expression in a 
compartment, sub-compartment and ROS-species-specifi c manner. Proteolytically 
produced peptides can function as retrograde signals to coordinate mitochondrial 
and nuclear gene expression (Koppen and Langer  2007 ; Tatsuta  2009 ). One of the 
protein modifi cations triggered by ROS accumulation is the reversible redox mod-
ulation of Cys residues, and this modifi cation can trigger the formation of disul-
fi des with other protein thiol groups or soluble thiols such as  glutathione  , as well as 
production of more oxidized sulfur states (sulfenic, sulfi nic, and sulfonic groups). 
 Thiol modifi cation   is a canonical mechanism of oxidative signaling, for instance, 
in the bacterial oxyR and the yeast Yap1 systems (Delaunay et al.  2002 ). Other 
mechanisms are glutathionylation and the oxidation of  methionine residues to sulf-
oxide forms (MetSO)   that can be reversed by  peptide methionine sulfoxide reduc-
tases (PMSR)  . Besides, different forms of protein oxidative damage can occur by 
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reaction with lipid peroxidation products, or by conjugation with sugars ( glycation  ) 
or their oxidation products ( glycoxidation  ). Highly oxidized proteins, found in all 
cellular compartments, are generally assumed to lose their catalytic activity (Møller 
and Kristensen  2004 ; Davletova et al.  2005a ). Although “damage” may be a useful 
term for oxidation-induced loss of function at the protein level, it is misleading 
when applied at levels of greater complexity (e.g., whole cells, tissues, or organ-
isms). In accordance with this statement, the development and response to environ-
mental stresses of   A. thaliana    and maize is controlled by mechanisms of protein 
oxidation (Johansson et al.  2004 ; Kurepa et al.  2008 ). Mano ( 2012 ) described other 
reactive species with signaling functions as  reactive carbonyl species (RCS)   which 
designates the α,β-unsaturated aldehydes and ketones that are derived from  lipid 
peroxides (LOOH)  . In HepG2 cells, the activity of transcription factor Nrf2 
(NF-E2- related factor 2) is dependent on its redox-sensitive inhibitor Keap1 (kelch-
like ECH-associated protein 1). Under non-stressful conditions, the transcription 
factor Nrf2 is bound to Keap1. The formation of this complex triggers the ubiqui-
tination of Nrf2 and subsequent proteasomal degradation (Botzen and Grune  2007 ). 
Under stress conditions, RCS levels rise and the exposure of Keap1 changes its 
conformation and becomes unable to bind Nrf2, resulting in the increased Nrf2 
concentration. Further Nrf2 migrates into the nucleus and up-regulates the tran-
scription of genes encoding antioxidant enzymes and other defensive proteins 
(Farmer and Davoine  2007 ; Kaspar et al.  2009 ; Kaspar and Jaiswal  2010 ). 
Interestingly, Nrf2 homologues were not found in the  A. thaliana  genome, although 
some genes show similarity to Keap1 and are considered to be involved in RCS 
signaling (Farmer and Davoine  2007 ). These data reveal that another actor in the 
redox regulatory network may be RCS. More evidences pointing in the direction of 
RCS as mediators in redox signaling are the enzymatic control of RCS production/
elimination and the RCS ability to cross biological membranes and diffuse for rela-
tively long distances. Also, recent studies show that RCS activate specifi c receptors 
(Forman et al.  2008 ; Yadav and Ramana  2013 ). The degradation and resynthesis of 
RCS-modifi ed proteins contribute in the reversible aspect of RCS signaling 
(Forman et al.  2008 ). On the other hand, sulfur-containing molecules, particularly 
where the sulfur atoms are at higher oxidation states, can behave as reactive sulfur 
species or RSS (Giles and Jacob  2002 ).  Hydrolysed nitrosothiols   give rise to 
 sulfenic acids   which have important biological activity in signal transduction and 
metabolic regulation. RCS have the potential to be signaling molecules due to: (1) 
their level is tightly controlled in vivo; (2) they are suffi ciently stable, small, and 
hydrophobic to diffuse across biological membranes; (3) they bind to specifi c 
receptors, triggering a chain of events within the cell; (4) the signaling effects trig-
gered are reversible Semchyshyn ( 2014 ). A similar hypothesis could be described 
for RNS and RSS. 

 Compartmentation is another way to achieving specifi city in redox signaling 
(Foyer and Noctor  2015 ). The different compartments of the cell are not all equally 
buffered; even inside organelles the distinct areas have different antioxidant capaci-
ties, as is the case with the highly reducing stroma in the chloroplasts versus the 
limited antioxidant capacity of the lumen. On the other hand, the  cytosol   has greater 
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redox stability being important for signaling involving the gene expression because 
the cytosolic redox state directly infl uences that of the nucleus. In the opposite side, 
the apoplast is where the oxidative burst and many oxidant-requiring reactions 
occur. This is the site of production of hydroxyl radicals and other strong oxidants 
and antioxidants, such as SOD, ASC, and GSH are in low levels (Pignocchi and 
Foyer  2003 ). In this compartment, the presence of ascorbate oxidase suggests that 
ascorbate is in the oxidative state and glutathione is thought to be degraded here 
(Ohkamu-Ohtsu et al.  2007 ; Parsons and Fry  2012 ). The  vacuole   has similar redox 
characteristics to the apoplast, where the reduced states of antioxidants are in low 
levels and reductant enzymes are not present at quantifi able amounts according to 
the available information. Moreover, the vacuole accumulates GSSG probably from 
the cytosolic pool to diminish the excessive oxidation from the cytosol during stress 
(Noctor et al.  2013 ). 

 Understanding the mechanisms by which plants achieve the specifi city in signals 
derived from ROS is of fundamental importance to describe the processes underly-
ing stress acclimation responses and hence develop more  stress-tolerant crops   to 
improve production effi ciency in a growing world population.  

13.4     Interaction  of   ROS Signaling with Other Signaling 
Pathways 

  Signal transduction pathways   are the link between the sensing mechanism and the 
genetic response. Among the intermediates in the process that links ROS with the 
gene expression that will end with the plant-adaptive response, there are molecules 
such as protein kinases, calcium, and hormones that traduce and amplify the signal. 

13.4.1      Protein Kinases   

 Eukaryotic  mitogen-activated protein kinase (MAPK)   cascades transduce environ-
mental and developmental cues into intracellular responses. In a general model, 
stimulated plasma membrane receptors activate MAP kinase kinase kinases 
( MAP3Ks  ; also called MAPKKKs or MEKKs) or  MAP kinase kinase kinase 
kinases (MAP4Ks)  . Sequential phosphorylations ensue as MAP3Ks activate down-
stream MAP kinase kinases ( MAP2Ks  ; also called MKKs or MEKs) that in turn 
activate MAPKs. Then, MAPKs target effector proteins, which include other 
kinases, enzymes, or transcription factors. The deactivation and regulation of 
MAPK activity are mediated by tyrosine and serine-/threonine-specifi c phospha-
tases (Suarez Rodriguez et al.  2010 ). It is well known that MAPKs mediate drought 
responses being ABA and ROS intermediates in the signaling pathway. In alfalfa, 
p44MKK4 (MAP kinase kinase) gene expression and kinase activity are activated 
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under drought conditions in an ABA-independent manner (Jonak et al.  1996 ). The 
expression of AtMEKK1 and AtMPK3 in   A. thaliana    can be induced by drought 
(Mizoguchi et al.  1996 ). Under the same conditions, OsMSRMK2 and OsMAPK5 
were activated in rice plants (Xiong and Yang  2003 ). In addition, the expression 
patterns of MaMAPK and ZmMPK3 suggested that activities of MAPKs are molec-
ular mechanisms of drought tolerance in Malus and maize (Peng et al.  2006 ; Wang 
et al.  2010 ). The putative  rice   MAPKKK gene (DSM1) overexpressed in rice 
increased the tolerance to dehydration stress regulating early responses to drought 
stress by scavenging ROS (Ning et al.  2010 ). Moreover, some MAPKs constitute 
hubs for biotic and abiotic stress signaling as the cotton MAPK GhMPK16 which is 
functionally involved in pathogen resistance, drought tolerance, and ROS accumu-
lation (Shi et al.  2011 ). In  A. thaliana , exogenous H 2 O 2  can activate MPK1 and 
MPK2 (Ortiz-Masia et al.  2007 ), MPK3 and MPK6 (Kovtun et al.  2000 ), MPK4 
(Nakagami et al.  2006 ), and MPK7 (Doczi et al.  2007 ). The overexpression of the 
Nicotiana H 2 O 2 -dependent ANP1 (a homologue of NPK1) enhanced abiotic stress 
tolerance in transgenic tobacco (Kovtun et al.  2000 ) and maize (Shou et al.  2004a , 
 b ). Similarly, the overexpression of DSM1, a Raf-Like MAPKKK, increased toler-
ance to dehydration and oxidative stress at  the   seedling stage in rice (Ning et al. 
 2010 ). Transgenic tobacco overexpressing ZmMPK7, a maize MAPK gene, showed 
improved protection by peroxidases during osmotic stress (Zong et al.  2009 ). 
Taking together the literature reveals that a co-regulation and interaction of the 
MAP kinase pathway and ROS signaling within the cellular signaling framework 
exist. Thus, the understanding of MAP kinase as a hub in signaling under environ-
mental adversity  increased  .  

13.4.2      Calcium   

 An important second messenger released in response to a variety of  biotic and abi-
otic stress  es and mediator of  stress-response reaction  s as well as of developmental 
processes is calcium (Ca 2+ ) (Steinhorst and Kudla  2013 ). Ca 2+  has diverse functions 
in plants and its accumulation patterns are characterized by specifi c signatures that 
determine temporal and spatial features that can vary in terms of amplitude, fre-
quency, and duration encoding information in response to particular stimuli (Dodd 
et al.  2010 ; Kudla et al.  2010 ). Ca 2+  functions in concert with other important sec-
ond messengers, being ROS one of the most signifi cant. Taking into account, the 
generation of ROS in a controlled manner by NADPH oxidases and recent fi ndings 
that point to connections between ROS and  Ca 2+  signaling pathways  , a cell-to-cell 
communication and thereby long-distance transmission of signals in plants is sug-
gested (Steinhorst and Kudla  2013 ). In this regard, a burst of ROS production medi-
ated by RBOH proteins is initiated in plant cells in response to many different 
abiotic stresses. This ROS production is conducted by neighboring cells initiating a 
long-distance signal termed the ROS wave (Mittler et al.  2011 ; Gilroy et al.  2014 ). 
This process is integrated with the Ca 2+  wave through the action of vacuolar ion 
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channel  two pore channel 1 (TPC1)  , a cation permeable channel, implicated in 
calcium- induced calcium release, which phosphorylates and activates the ROS- 
producing RBOHD by the  Ca 2+ -dependent protein kinase (CPK)  . This triggers the 
activation of SAA in plants exposed to local stimuli such as high light or heat 
(Suzuki et al.  2013 ). Convincing evidence for this model with regard to pathogen 
responses exist, however, is a challenge to investigate the overall signifi cance of the 
Ca 2+ -dependent phosphoregulation of ROS-producing NADPH oxidases for other 
physiological processes (Steinhorst and Kudla  2013 ). One example was described 
by Miller et al. ( 2009 ), in   A. thaliana    where local heat stress application induced 
systemic heat stress responses through ROS waves generated by the NADPH oxi-
dase RBOHD activated by Ca 2+ -regulated kinases. This mechanism was associated 
with the fi nding that  cyclic nucleotide-gated ion channels (CNGCs)   can facilitate 
Ca 2+  infl ux in response to heat stress (Gao et al.  2012 ; Tunc-Ozdemir et al.  2013 ). 
Therefore, after exposition to local heat stress, it was suggested that CNGCs are 
responsible for Ca 2+  infl ux and enable signal propagation through the activation of 
RBOHD, resulting in systemic  heat stress tolerance  . Another example of abiotic 
stress-mediated induction of calcium waves through NADPH oxidase activity was 
described in root tips of  A. thaliana  exposed to salt stress which resulted in the ini-
tiation of a Ca 2+  wave that traveled and spread through the roots to the aerial parts 
of the plant at 2.4 cm/min (400 μm/s). An interesting fi nding was the fact that Ca 2+  
wave propagated through the root cortex and endodermis layers, demonstrating 
cell-type specifi city. In addition, it was dependent on the function of the vacuolar 
ion channel TPC1 (Choi et al.  2014 ). Taking together the background information 
that reveals the increasing evidence of systemic acquired resistance to abiotic 
stresses, it may be suggested that similar mechanisms could be described in plants 
exposed to drought stress in the nearest  future  .  

13.4.3        Hormones 

 Increasing evidence supports the concept that ROS are essential second messengers 
in  hormone signaling   that coordinately regulate plant development and stress toler-
ance (Xia et al.  2015 ). Hormones regulate plant development and stress tolerance 
through the hormone-dependent activation of ROS production, often through the 
activation of NADPH oxidases, which are encoded by RBOH genes in plant 
genomes (Sagi and Fluhr  2006 ). Particularly, in this section, the mode of action of 
the hormone ABA, which is essential in drought stress response, will be focused. 
An approach to examine the potential infl uence of ROS in the drought response was 
investigated by Noctor et al. ( 2014 ) who analyzed how many of the drought-induced 
genes were induced by different oxidative stress conditions. The authors extracted 
the responses of the drought-induced genes to different oxidative stresses from 
Genevestigator (Hruz et al.  2008 ). Data were available for externally supplied H 2 O 2  
(Davletova et al.  2005b ), paraquat (which mainly stimulates light-dependent pro-
duction of superoxide and H 2 O 2  in the chloroplast), the fl u mutant (excess singlet 
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oxygen production in the chloroplast; Laloi et al.  2007 ), and the photorespiratory 
 cat2  mutant (excess H 2 O 2  in the peroxisomes; Queval et al.  2012 ). The authors 
revealed that of the drought-associated genes that were induced by these three oxi-
dative stresses, 57–72 % were also induced by ABA. These percentages were higher 
than the overall proportion of the  drought-induced genes   that were induced by ABA 
(173 of 375; 46 %). This was consistent with a close relationship between oxidative 
stress and ABA in ROS-dependent drought responses. ABA is a  stress hormone   that 
plays a general role in developmental processes as well as being a key regulator of 
plant responses to abiotic stresses (Xiong et al.  2002 ). In addition to the roles in 
ABA-induced stomatal closure, ROS production is also critical for ABA-mediated 
stress tolerance of seedlings. Drought stress or ABA treatment enhance ROS accu-
mulation in maize, together with increased expression of genes encoding antioxi-
dant enzymes and their activities (Jiang and Zhang  2002 ). Additionally, ROS 
scavengers block ABA-induced increases in antioxidant activities (Zhang et al. 
 2006 ). Besides, NADPH oxidase plays a role in ABA-induced ROS accumulation 
(Jiang and Zhang  2003 ; Zhang et al.  2006 ). In tomato, ABA induces ROS accumu-
lation in chloroplasts; however, the DPI-dependent inhibition of NADPH oxidase 
or silencing of RBOH1 partially blocked ABA-induced ROS accumulation and 
associated increases in antioxidant enzymes (Zhou et al.  2014 ). In this way, Furlan 
et al. ( 2014 ) demonstrated the accumulation of AREB1  transcripts   during the stress 
period, which was associated with ABA accumulation in peanut plants as described 
in previous studies (Furlan et al.  2012 ). Increased transcript levels of AREB1 in 
stressed  peanut   were also described by Hong et al. ( 2013 ). Interestingly, following 
rehydration,  AREB1 transcript levels   were lower than in control conditions. The 
transcript AREB1 can be down-regulated as consequence of declining ABA accu-
mulation. In peanut, drought stress initiated ABA accumulation, which may trigger 
H 2 O 2  production as demonstrated in Furlan et al. ( 2013 ). Closely associated with 
this fi nding, the up-regulation of ferritin, a protein involved in Fe sequestration, 
could be instrumental to prevent the formation of hydroxyl radicals in the presence 
of H 2 O 2  under this stress condition (op den Camp et al.  2003 ). The marker transcript 
Fer1 is activated in response to excess light and is associated with oxidative stress 
(Oelze et al.  2012 ). In peanut nodules, increased expression of Fer1 was correlated 
with H 2 O 2  accumulation, suggesting, for the time being, that Fer1 is a suitable 
marker of oxidative stress in this plant system as well. The protein RPR-10, which 
is homologous to RPR-10 from   Retama raetam   , is strongly expressed in peanut 
plants under drought stress (Pnueli et al.  2002 ; Luo et al.  2005 ). It has been sug-
gested that RPR-10 acts as a dehydrin or chaperone similar to small heat-shock 
proteins based on the high number of polar residues per total number of side chains 
found in PR-10 (~40%) compared with dehydrin (~50%) (Pnueli et al.  2002 ). 
Structural or regulatory genes that are expressed in a stimulus-specifi c manner were 
used as marker transcripts to assess the possible involvement of signaling pathways 
(Fig.  13.1 ). Accepting RPR-10, AREB1, and Fer1 as powerful stress markers 
allowed describing effi cient recovery after relief of the water defi cit: accumulation 
of each transcript was reversed after rehydration (Furlan et al.  2014 ).
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13.4.4           An Example of Interaction of ROS Signaling 
with Other Signaling Pathways 

 An interesting example that reveals the interaction between hormones, protein 
phosphatases, and ROS is the perception and transduction of ABA during drought 
stress. Current information indicates that the earliest events of ABA signal trans-
duction occur via a module made up of proteins belonging to three protein classes: 
Pyracbactin Resistance/Pyracbactin resistance-like/Regulatory Component of 
ABA Receptor (PYR/PYL/RCARs) proposed to be the ABA receptors,  Protein 
Phosphatase 2Cs (PP2Cs)   which act as  negative regulators  , and SNF1-related pro-
tein kinase 2 s (SnRKs) which are  positive regulators   (Park et al.  2009 ; Umezawa 
et al.  2009 ). In the presence of ABA, the PYR/PYL/RCAR-PP2C complex forma-
tion inhibits PP2C activity (Fujii et al.  2009 ; Park et al.  2009 ; Santiago et al.  2009 ), 
thus activating SnRKs which target membrane proteins, ion channels, transcription 
factors, and trigger transcription of ABA-responsive genes (Sheard and Zheng 
 2009 ; Soon et al.  2012 ). The PYR/PYL/RCAR ABA receptors are a soluble ABA 
receptor family while PP2Cs are negative regulators of  ABA signaling  . ABA bind-
ing to PYR/PYL/RCARs induces a conformational change that exposes the inter-
action surface allowing for favorable binding of some PP2Cs (Cutler et al.  2010 ). 

  Fig. 13.1    Model of response  of   peanut plants to drought stress. ABA regulates the expression of 
many genes, the products of which may function in dehydration tolerance. ABA activates a protein 
kinase which, in turn, phosphorylates Ser–Thr residues sites in conserved regions of AREB1. The 
ABA-dependent multisite phosphorylation of AREB1 regulates its own activation and induces the 
transcription of stress-response genes (Furihata et al.  2006 ). In peanut, such genes are  RPR-10 , a 
hypothetical dehydrin, and  Fer1  which codes a ferritin, a protein that sequestrates Fe and dimin-
ishes Fenton reactions. ABA also promotes the stomatal closure in guard cells, a process mediated 
by ROS accumulation, and limits CO 2  availability decreasing photosynthesis and increasing ROS 
production.  →  Indicate positive interactions; ┤ indicate inhibitory interactions       
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As positive regulators of  ABA signaling   are a group of plant-specifi c Ser/Thr 
kinases, SnRK2s, which phosphorylate basic-domain leucine zipper (bZIPs) tran-
scription factors and induce gene expression. ABA  gene expression   requires mul-
tiple cis- elements (also called ABA- responsive elements  ; ABREs—PyACGTGG/
TC), or combinations of an ABRE with a coupling element such as CE1, CE3, and 
DRE/CRT (Gomez-Porras et al.  2007 ; Zhang et al.  2005 ). Proteins that bind to 
ABRE are called  ABRE-binding (AREB)   or ABRE-binding factors (ABFs) (Uno 
et al.  2000 ). AREB/ABFs are transcription factors members of the bZIP subfamily 
with 13 members in   A. thaliana    (Yamaguchi-Shinozaki and Shinozaki  2006 ; 
Correa et al.  2008 ). AREB/ABF proteins are phosphorylated and consequently 
activated in multiple conserved RxxS/T regions (Uno et al.  2000 ; Furihata et al. 
 2006 ). The fi nding that MAPKs mediate ABA signaling in guard cells of drought-
stressed plants emerged after the convergence of the knowledge that ROS mediate 
ABA signaling in guard cells (Zhang and Klessig  2001 ; Jammes et al.  2009 ) and 
components of the ABA-activated MAPKs are also activated by ROS (Desikan 
et al.  2004 ). Considering all the available information, the proposed model of 
action of ABA is that following ABA perception in guard cells, active SnRK2 
kinases such as OST1 (released from inhibition by PYR/PYL/RCAR-mediated 
sequestration of PP2Cs) phosphorylate the NADPH oxidase RbohF, leading to 
ROS accumulation. ROS activate two MAPKs, MPK9 and MPK12, which function 
positively to regulate ABA-mediated stomatal closure. An intriguing aspect is that 
considering the family of NADPH oxidases, RBOHD mediates only pathogen and 
RBOHF only ABA signals (Mersmann et al.  2010 ). It is noteworthy that guard cells 
can differentiate between ROS generated by the different RBOHs and couple to 
distinct MAPK pathways; however, the signaling pathways are presently unclear. 
   Additional ABA signal perception and transduction modules were proposed as 
potential ABA  receptors   including the G-protein-coupled receptor (GCPR)-type G 
proteins (GTG1 and GTG2) and ABA-binding protein (ABAR)/Mg-chelatase H 
subunit (CHLH)/Genomes uncoupled 5 (GUN5), but more research will be required 
to clarify these mechanisms.   

13.5      Transcription Factors   

 As explained before, ABA is the hormone of stress and is responsible for the 
adaptive response of plants. Based on results of studies that showed that exoge-
nous ABA triggers the expression of transcripts related to  drought stress toler-
ance  , an ABA-dependent pathway was described. This ABA- dependent signaling 
system   is composed of (1) AREB/ABF (ABA-responsive element-binding pro-
tein/ABA- binding factor); and (2) MYC/MYB (Busk and Pagès  1998 ). However, 
some genes are not dependent on ABA, since some mutants lacking the ABA 
signal expressed the transcripts coding for genes involved in the stress response. 
In this case, the ABA-independent genes are: (1) the CBF/DREB (cold-binding 
factor/dehydration- responsive element binding); and (2) the NAC and ZF-HD 
(zinc-fi nger homeodomain) (Saibo et al.  2009 ). 
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 In the ABA- dependent pathway  , the bZIP transcription factors ABRE-binding 
protein (AREB)/ABRE-binding factor (ABF) )   can bind to ABRE and activate 
ABA-dependent gene expression (Uno et al.  2000 ). The activation of the AREB/
ABF proteins has been shown to require an ABA-mediated signal, which is ABA- 
 dependent phosphorylation   (Furihata et al.  2006 ). Cloning and transgenic analysis 
of a DREB1-related transcription factor, CBF4 in  A. thaliana , showed that regula-
tion of DRE elements is also mediated by an ABA-dependent pathway. Genes of 
the CBF/DREB1 family are mainly induced by cold stress, but the drought- inducible 
gene CBF4 functions to provide crosstalk between DREB2 and CBF/DREB1 regu-
latory systems. CBF4 gene expression is up-regulated by drought and ABA, but not 
by cold stress. Other important transcriptional regulators, such as the MYC and 
MYB proteins, are known to function as activators in one of the ABA- dependent 
regulatory systems   (Abe et al.  2003 ; Valliyodan and Nguyen  2006 ). 

 In the ABA-independent pathway, the  dehydration-responsive element (DRE)  , a 
9-bp conserved sequence, TACCGACAT, is an essential cis-element component of 
the promoter regions of drought- and cold-inducible genes (Yamaguchi-Shinozaki 
and Shinozaki  2006 ). Transcription factors from the  ethylene-responsive factor 
(ERF)  /APETALA2 (AP2) family that bind to these DRE/C-Repeats (CRT) ele-
ments were isolated and termed  C-Repeat binding factors (CBF)  / dehydration 
responsive element-binding factors (DREB)   and their conserved DNA-binding 
motif is A/GCCGAC. Two identifi ed DREB proteins namely DREB1 and DREB2 
are involved in two separate signal transduction pathways under low temperature 
and dehydration, respectively. Despite this, in the   A. thaliana    genome, at least six 
DREB2 homologues other than DREB2A and DREB2B were described. In this 
organism, among the eight DREB2-type proteins, DREB2A and DREB2B are 
thought to be major transcription factors that function under drought and high- 
salinity stress conditions (Sakuma et al.  2002 ). For its activation, the DREB2A pro-
tein requires posttranslational modifi cation, such as phosphorylation (Sakuma et al. 
 2006 ). The DREB2A transcriptional activation domain is between residues 254 and 
335 in   A. thaliana    protoplasts, and deletion of a region between residues 136 and 
165 transforms DREB2A to a constitutive active form. It is noteworthy that both 
DREB2A and DREB1A can bind to the DRE sequence, but the DNA-binding speci-
fi cities of each to the neighboring sequences of the DRE core motif were slightly 
different; therefore, the downstream genes of each are partially different. The avail-
able information reveals that the stability of the DREB2A protein is important for 
its activation, and the activated  DREB2A   regulates drought stress-responsive gene 
expression, which enhances drought stress tolerance in plants (Sakuma et al.  2006 ). 

 The NAC and  ZF-HD (zinc-fi nger homeodomain)   is another family of tran-
scription factors involved in plant developmental processes and stress responses to 
abiotic factors (Saibo et al.  2009 ). This family contains a highly conserved 
N-terminal DNA-binding domain and a diversifi ed C-terminal domain (Hu et al. 
 2008 ). The names of the fi rst three described TFs containing NAC domain, namely 
NAM (no apical meristem), ATAF1-2, and CUC2 (cup-shaped cotyledon), are the 
origin of the name of the family (NAC) (Aida et al.  1997 ). The cis-element of NAC 
TF [ NAC-recognized sequence (NACRS)]   was also identifi ed in  A. thaliana  (Tran 
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et al.  2004 ). NAC TFs increased the tolerance to drought stress in several species 
such as  A. thaliana ,  Oryza sativa , and  Setaria italica  (Tran et al.  2007 ; Zheng et al. 
 2009 ; Puranik et al.  2011 ). 

 Among the different families of Zn-fi nger TFs, the C 2 H 2 -type was described as 
involved in several stress signaling pathways (Huang et al.  2007 ; Xu et al.  2008 ). 
Another class of Zn fi nger TFs that has been implicated in abiotic stress signaling is 
the ZF-HD, which is characterized by the presence of Zn-fi nger-like motifs upstream 
of a homeodomain (Windhovel et al.  2001 ). Interestingly, the co-expression of the 
stress-inducible ZFHD1 and NAC transcription factors enhances the early respon-
sive to dehydration 1 (ERD1) gene expression in   A. thaliana    (Tran et al.  2007 ). 
Thus, revealing that these transcription factors can modulate the stress responses by 
interacting with other TFs. Figueiredo et al. ( 2012 ) revealed that seven novel TFs 
bind to the promoter and interplay to repress the expression of OsDREB1B, modu-
lating the response to different abiotic stresses. Together with previous reports, the 
authors suggested that Zn-fi nger TFs may be a pivotal component in the regulation 
of DREB1/CBF genes in  plants  . 

 Because plants are exposed to complex environment, it is expected to fi nd more 
signaling components involved in plant responses to abiotic stresses. A candidate is 
the  heptahelical protein 1 (HHP1)  , a negative regulator in stresses. HHP1 is a negative 
regulator in ABA and osmotic signaling and is suggested to be a novel signaling com-
ponent in the cross-talk between  cold   and  osmotic signaling pathway  s in  A. thaliana  
(Chen et al.  2010 ).  

13.6     Antioxidant Systems as Redox Signal  Transmitters   

 Plants possess an enzymatic and nonenzymatic antioxidant defense system that 
allow maintaining ROS in a low quantity and protect cells from oxidative damage. 
The subcellular localization and biochemical properties of antioxidant enzymes, 
their induction at the enzyme and gene expression level and the associated nonen-
zymatic scavengers make the antioxidant system an effi cient mechanism to control 
ROS accumulation temporally and spatially (Shao et al  2008 ). As mentioned in 
previous sections ROS are important molecules functioning as signals acting in 
stress conditions, a process that requires the presence of redox-sensitive proteins 
that can be reversibly oxidized/reduced depending upon the cellular redox state 
(Shao et al.  2007 ). These  redox-sensitive proteins   can be oxidized by ROS directly 
or indirectly via nonenzymatic compounds, such as GSH or thioredoxins, which are 
major players in redox signaling when antioxidants are involved (Shao et al.  2008 ). 
Noctor et al. ( 2014 ) suggest that thiol-based enzymes may have antioxidative and 
signaling functions through changes in glutathione or TRX redox potentials with 
repercussions for sensitive target proteins, or by structural changes in the enzymes 
themselves and knock-on effects on their partners. Although the main role of heme- 
based antioxidative enzymes may be to antagonize ROS signaling by decreasing 
ROS concentrations, the enzyme increase may itself be an integral part of the 
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signals that are generated (Tripathi et al.  2009 ). Examples in the literature revealed 
that an   A. thaliana    GPX can couple H 2 O 2  reduction to oxidation of a transcription 
factor to allow the oxidation of components involved in ABA signaling during 
drought (Miao et al.  2006 ). Moreover, forward genetics suggests that CAT is an 
ROS- dependent activator of signals involved in cell death or autophagy, possibly 
through a secondary CAT-peroxidase reaction (Juul et al.  2010 ; Hackenberg et al. 
 2013 ). Furlan ( 2014 ) reported that in peanut plants exposed to drought stress and 
rehydration, the content of the thiol GSH did not show changes. However, the con-
tent of the oxidized form was reduced, although the effect may not have biological 
signifi cance, since it contributed to only 1–3% of the total GSH. The lack in GSSG 
accumulation has been reported in other species experiencing drought which con-
trasted with other stresses where glutathione oxidation was evident (Noctor et al. 
 2014 ). A possible explanation may be that changes in thiol status were involved in 
redox signaling pathways and consequently, the activity of thiol- dependent antioxi-
dant enzymes may have an indirect role in signaling (Noctor et al.  2014 ). Besides, 
in peanut, increased antioxidant enzyme activity revealed by transcript accumula-
tion of genes coding for CuZn-SOD, GR, and GST and the specifi c activity of APX, 
CAT, GR, and GPX (Furlan et al.  2014 ) may be linked to ABA accumulation, since 
the antioxidant system was induced by external application of ABA as described by 
several authors (Zhou et al.  2005 ; Bright et al.  2006 ; Zhang et al.  2007 ; Lu et al. 
 2009 ). Further research is necessary to reveal the interaction of thiols and antioxi-
dant enzymes with ABA in signaling responses to drought  stress  .     
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    Chapter 14   
 Improving Crop Yield Under Drought Stress 
Through Physiological Breeding                     

       Veena     Pandey      and     Alok     Shukla   

14.1           Introduction 

  Drought stress   is a major constraint to crop production worldwide and improving 
yield stability under drought is a major goal of recent studies so as to ensure food 
security. Crop yield severely reduces under drought stress and this might be attrib-
uted due to drought induced reduced stomatal conductance, reduction in CO 2  assim-
ilation rates, photosynthetic pigments, small leaf size, reduced stems extension, 
disturbed plant water relations, reduced water-use effi ciency, reduced activities of 
sucrose and starch synthesis enzymes and reduced assimilate partitioning, leading 
to a reduction in plant growth and productivity (Anjum et al.  2011 ). Recently, sev-
eral plant traits that govern yield under drought stress have been identifi ed and are 
being used for crop improvement practices, but still various bottlenecks are to be 
addressed. To facilitate the development of tolerant cultivars which can survive and 
give better yield under drought conditions, a thorough understanding of the various 
morphological, physiological and molecular characters that govern the yield under 
water stress condition is a prerequisite (Pandey and Shukla  2015 ). A major chal-
lenge for the genetic improvement of drought  resistance   is the lack of complete 
molecular basis for drought perception, signal transduction, and stress adaptation. 
Thus it’s a challenge to unravel the complex mechanisms of drought resistance in 
crops through more intensive and integrative studies in order to fi nd key functional 
components or machineries that can be used as tools for engineering drought- 
resistant crops (Hu and Xiong  2014 ). Breeders have made exciting progress in 
improving and developing drought-tolerant crops, but these still cannot meet the 
demands of food security in the face of an increasing world population, global 
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warming, and a water shortage (Hu and Xiong  2014 ). Therefore, the aim of this 
article is to review complex drought associated physiological traits used in plant 
breeding for improved drought tolerance.  

14.2     Breeding for Improved Drought Tolerance 

  Plant breeding   aims to develop cultivars which fi t well in specifi c environment and 
to develop production practices for high yield. The increase in crop yield under 
drought through breeding and selection remains the primary method of choice under 
stressed conditions. Breeders use a step-wise selection procedure to screen the best- 
performing genotypes and fi nally promising varieties is evaluated in farmers fi elds 
(Fischer et al.  2003 ). Breeders create new gene combinations and useful variability 
among genotypes by intercrossing parents that possess desirable characteristics or 
by introducing new germplasm from another breeding program (Bänziger et al. 
 2000 ). Progress in any breeding program is based on the amount of genetic vari-
ability available, effectiveness of selection and heritability of the trait (Graham et al. 
 2008 ). However, the lack of effective selection criteria and low heritability of  grain 
yield (GY)   under   drought are the major reasons for the slow progress in breeding 
drought-tolerant varieties (Ouk et al.  2006 ). 

 New crop varieties with improved  drought resistance (DR)   have been developed 
through conventional breeding approaches in the past decade which adopts mainly 
a large-scale backcross strategy to develop new varieties with improved DR and 
high yield potential. Recent research has shown that varieties developed through 
direct selection for  grain yield (GY)   under drought-stress and non-stress conditions 
from progenies derived from crosses of drought-tolerant donors and high-yielding 
drought-susceptible varieties provide a yield advantage under drought (Venuprasad 
et al.  2008 ; Kumar et al.  2008 ) in addition to maintaining a high yield potential 
under non-stress conditions. For example, in rice, the International Rice Research 
Institute made 322 crosses between 3 elite recurrent and 163 donor varieties of 
diverse origins (Yu et al.  2003 ). The backcross progenies derived from these crosses 
that showed higher yields than the recurrent parents were selected in severe-drought 
lowland or upland nurseries (Lafi tte et al.  2006 ). Similarly, Shanghai Agrobiological 
Gene Center developed new rice varieties with improved DR and high yield by 
performing large scale crossing and backcrossing using elite rice varieties as recur-
rent parents and upland drought-resistant rice as donors (Hu and Xiong, 2014). In 
recent years, a series of water-saving and drought-resistant crop varieties have been 
developed and released by breeders. 

 Selecting for improved phenotype has some limitations especially when interest 
is focused on more complex physiological traits. A more accurate way of selection 
would be at the genetic level where markers linked to the gene(s) or  quantitative 
trait loci (QTLs)   underlying the trait can be screened for. A prerequisite for geno-
typic selection is the establishment of associations between traits of interest and 
genetic markers. Understanding the genetic control of physiological traits and the 
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linkage of these physiological characteristics to molecular markers on  chromosomes, 
and ultimately the gene(s) underlying the trait is the future of plant breeding 
(Graham et al.  2008 ). Molecular breeding approaches such as marker-assisted back-
crossing, marker-assisted recurrent selection and genome-wide selection have also 
been suggested to be integrated in crop improvement strategies to develop drought- 
tolerant cultivars that will enhance food security in the context of a changing and 
more variable climate (Mir et al.  2012 ). Recently identifi cation of QTLs underlying 
desirable phenotypic traits becomes crucial for molecular breeding approaches. 
Thereafter, transfer of the identifi ed QTL underlying drought resistance-associated 
traits is done, followed by evaluation of the effect of the transferred QTL on plant 
phenotype (Kosová et al.  2014 ).  

14.3      Physiological Traits   Used in Breeding Programmes 

 Physiology forms the basis of proper phenotyping and thus a full understanding of 
physiology is needed to design the traits targeted by various breeding approaches. 
The use of physiological traits in a breeding programme, either by direct selection 
or through a surrogate such as molecular markers, depends on their relative genetic 
correlation with yield, extent of genetic variation, heritability and genotype × envi-
ronment interactions. A large number of studies have identifi ed several physiologi-
cal traits, whose presence is associated with plant adaptability to drought-prone 
environments (Cattivelli et al.  2008 ). The early escape from drought stress, through 
the manipulation of plant phenology, is the most commonly exploited genetic strat-
egy used to ensure relatively stable yields under terminal drought conditions 
(Richards  1991 ). Traits such as small plant size, reduced leaf area, early maturity 
and prolonged stomatal closure lead to a reduced total seasonal evapo-transpiration 
(Fischer and Wood  1979 ; Karamanos and Papatheohari  1999 ). Osmotic adjustment, 
accumulation and remobilization of stem reserves, superior photosynthesis, heat- 
and desiccation-tolerant enzymes, etc. are other important physiological traits under 
drought environment. However, it is important to establish their heritability and 
genetic correlation with yield in target environments (Mir et al.  2012 ). The impor-
tance of roots for water and nutrient capture and to increase yield under drought 
stress has been rediscovered in recent years (Turner et al.  2014 ). 

 Physiologists and breeders developed a general model for drought adaptation of 
wheat at CIMMYT (Reynolds et al.  2005 ), that encompasses traits including: pre- 
anthesis growth, access to water as a result of rooting depth or intensity that would 
be expressed by a relatively cool canopy, water-use effi ciency (WUE), transpiration 
effi ciency (TE) indicated by carbon isotope discrimination (CID) of leaves, and 
WUE of spike photosynthesis associated with re-fi xation of respiratory CO 2 , and 
photoprotection including energy dissipation, antioxidant systems and anatomical 
traits such as leaf wax. This model is used to assist in taking breeding decisions by 
permitting a strategic approach of accumulating drought adaptive alleles by cross-
ing parents with contrasting drought-adaptive mechanisms (Mir et al.  2012 ). Several 
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studies have shown that breeding for an enhanced WUE, TE and various root traits 
allows reduced water loss via transpiration, more water acquisition from soil and 
 comparatively   higher yield under stress conditions. Though the identifi cation of 
various physiological traits for drought-adaptation and yield stability is time con-
suming, but once successful, the benefi ts are likely to be signifi cant. 

14.3.1     Breeding for Improved Water Use Effi ciency, 
Transpiration Effi ciency and Carbon Isotope 
Discrimination 

 Various plant physiological traits have a major effect on plant water use and breed-
ing for these important traits might be substantial for avoiding dehydration under 
water limited conditions. Under such situations, maximizing soil moisture use is a 
crucial component of drought avoidance, which is generally expressed by  WUE  . 
Where additional water is not available to the crop, higher water‐use effi ciency 
( WUE)   appears to be an important strategy to improve crop performance (Araus 
et al.  2002 ). Condon et al. ( 2004 ) suggested three key processes which can be 
exploited in breeding for high water-use effi ciency: (1) moving more of the avail-
able water through the crop rather than it being wasted as evaporation from the soil 
surface; (2) acquiring more carbon (biomass) in exchange for the water transpired 
by the crop, i.e. improving crop transpiration effi ciency; (3) partitioning more of the 
achieved biomass into the harvested product. Agronomic parameters like photosyn-
thetic rate,  relative water content (RWC)   and stomatal conductance show strong 
positive correlations with WUE, whereas transpiration rate expresses negative cor-
relation with WUE under drought (Akram et al.  2013 ). 

 For WUE,  CID      seems to be the best estimate and is based on higher affi nity of 
the carbon-fi xing enzyme (Rubisco) for the more common  12 C isotope over the less 
common  13 C. Δ 13 C (ratio of   stable isotopes       13 C    :   12 C    ) has been used as a surrogate for 
WUE and has been successfully used for tomato (Martin and Thorstenson  1988 ), 
wheat (Rebetzke et al.  2002 ) and rice (Impa et al.  2005 ). Under drought conditions, 
CID is negatively correlated to transpiration effi ciency (Cabuslay et al.  2002 ; Kondo 
et al.  2004 ) and WUE (Impa et al.  2005 ) at the leaf level. A lower discrimination 
value indicated higher WUE. For cereals such as wheat or barley grown in 
Mediterranean-type environments, higher yields have often been associated with 
high Δ 13 C, even in relatively dry locations (Araus et al.  2003 ). CID measured on 
non-stressed leaf tissue during early development was used to select for transpira-
tion effi ciency (TE) in environments where a conservative use of  water   early in the 
cycle is necessary to compensate for extremely limited water availability during 
grain fi lling (Condon et al.  2004 ). Thus, CID has been suggested as an indirect tool 
for selecting plants having higher  WUE  , TE and yield under drought (Akhter et al. 
 2010 ; Mohankumar et al.  2011 ). 

  TE   (the ratio of mass accumulation to transpiration) is under genetic control 
(Masle et al.  2005 ) and is considered as a potential trait for drought stress 
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(Manavalan et al.  2009 ). Increased  TE   is often suggested as a critical opportunity 
for genetic improvement for increased crop yields in water-limited environments 
(Sinclair  2012 ). The use of CID is expanded as an indirect way to assess TE at the 
plant level. For instance, a negative relationship was found between TE and CID in 
wheat (Ehdaie et al.  1991 ), peanut (Rao et al.  1993 ; Wright et al.  1994 ), sunfl ower 
(Lambrides et al.  2004 ) and barley (Anyia et al.  2007 ). A similar conclusion was 
drawn from a study in wheat (Monneveux et al.  2006 ), where the relationship 
between the grain Δ 13 C and yields showed a strong association only under post- 
anthesis water stress, whereas no or a weak relationship was found under condi-
tions of residual moisture, pre-anthesis water stress, or full irrigation.  

14.3.2     Breeding for Canopy Temperature and Canopy 
Temperature Depression 

  Canopy temperature (CT) measurements   have been widely used in recent years to 
study genotypic response to drought. Blum et al. ( 1989 ) used canopy temperatures 
of drought stresses wheat genotypes to characterize yield stability under various 
moisture conditions. A positive correlation was found between a drought suscepti-
bility index and canopy temperature in stressed environments. Drought susceptible 
genotypes which suffered relatively greater yield loss under stress tended to have 
warmer canopies at midday. CT had widespread application in stress breeding, as it 
readily integrate the effects of many plants within a crop canopy and hence reduce 
the errors associated with plant-to-plant and leaf-to-leaf variation. Genotypes with 
cooler canopy temperatures can be used to indicate a better hydration status. Cooler 
 CT   is positively associated with yield under drought stress and both physiological 
(Lopes and Reynolds  2010 ) and genetic (Pinto et al.  2010 ) evidence suggests this to 
be associated with a root capacity. It is used routinely, particularly for stress diag-
nostic and breeding selection of stress adapted genotypes. Under drought condi-
tions, it is related to the capacity to extract water from deeper soil profi les and 
agronomic WUE, while under irrigated conditions it may indicate photosynthetic 
capacity, sink strength or vascular capacity depending on the genetic background, 
environment and developmental stage (Pietragalla  2012 ). 

 In plant breeding and selection for drought resistance the interest is in fi nding 
genotypes that maintain transpiration, gas exchange and therefore a lower canopy 
temperature as compared with other genotypes under the same fi eld conditions. 
Relatively lower canopy temperature in drought stressed crop plants indicates a 
relatively better capacity for taking up soil moisture and for maintaining a relatively 
better plant water status by various plant constitutive or adaptive traits (Blum  2009 ). 
Recent data show   CT     to be associated with deeper roots under drought (Lopes and 
Reynolds  2010 ). Studies using various crops including wheat (Rebetzke et al.  2013 ), 
rice (Horie et al.  2006 ), sorghum (Mutava et al.  2011 ), potato (Prashar et al.  2013 ) 
and maize (Shaibu et al.  2015 ) have all reported that canopy temperatures can be 
associated with yield and could therefore be used as a selection technique (Grant 
et al.  2007 ; Zia et al.  2013 ). 
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  Canopy temperature depression (CTD)  , the difference between air temperature 
( T  a ) and canopy temperature ( T  c ) is another trait which is being used successfully as 
a selection criterion for tolerance to drought in breeding programs.  CTD   has played 
an important role to search physiological basis of grain yield where high CTD 
(CTD =  T  a − T  c ) value indicate cool canopy. It has been used in various practical 
applications including evaluation of plant response to environmental stress like 
drought (Blum et al.  1989 ; Rashid et al.  1999 ). CTD effected by biological and 
environmental factors like water status of soil, wind, evapotranspiration, cloudiness, 
conduction systems, plant metabolism, air temperature, relative humidity, and con-
tinuous radiation (Reynolds et al.  2001 ), has preferably been measured in high air 
temperature and low relative humidity because of high vapour pressure defi cit con-
ditions (Amani et al.  1996 ). CTD shows high genetic correlation with yield and high 
values of proportion of direct response to selection (Reynolds et al.  2001 ), indicat-
ing heritability and therefore amenability of this trait to early generation selection. 
Under dryland conditions, grain yield and mean CTD were correlated positively 
(Royo et al.  2002 ). Bilge et al. ( 2008 ) found that CTD was positively correlated with 
grain yield, spike yield, and grain numbers per spike. This positive correlation 
between CTD and grain yield showed that CTD can be used for selection criteria in 
breeding programs. 

 In an study conducted by Balota et al. ( 1993 ), CTD was measured in wheat under 
dryland and irrigation at preheading, anthesis and one to fi ve weeks after anthesis 
and they observed that the best linear correlations between yield and CTD were 
obtained when CTD was sampled at anthesis and good estimates were also obtained 
from 1 to 3 weeks from anthesis. Balota et al. ( 2007 ) and Reynolds et al. ( 1997 ) 
suggested that during heading/anthesis stage would be the best time for measuring 
CTD regarding to high correlation with grain yield. According to Bilge et al. ( 2008 ), 
at late periods of heading in bread wheat, CTD value  positively   correlates with grain 
yield and grain numbers per spike. Abdipur et al. ( 2013 ) evaluated the effi ciency of 
canopy temperature depression at different growth stages for screening drought tol-
erant wheat genotypes. They found that CTD had signifi cant correlation with grain 
yield at anthesis half-way and medium milky stage and concluded that can be used 
as potential selection criterions for grain yield and wheat drought tolerance in 
breeding programs. The signifi cant correlation of CT and CTD with mean produc-
tivity and stress tolerance index is well established (Guendouz et al.  2012 ). 
Mohammadi et al. ( 2012 ) showed that the lower canopy temperature under different 
water availability conditions caused higher grain yield. Therefore, CT and CTD can 
be used as a selected criterion in plant breeding for drought tolerance. 

 Guendouz et al. ( 2013 ) found signifi cant correlation between fl ag leaf refl ectance 
and canopy temperature and proved the effi ciency of using leaf refl ectance at RB 
(red and blue wavelength) in screening for drought tolerance in durum wheat culti-
vars. They observed that under non irrigated condition CTD correlated signifi cantly 
and negatively with refl ectance at Red and Blue; but under irrigated conditions 
canopy CTD correlated signifi cantly and negatively with leaf refl ectance at Red 
(654 nm). In addition, under non irrigated conditions there is a signifi cant and posi-
tive correlation between canopy temperature (CT) and leaf refl ectance at Red and 
Blue (450 nm).  
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14.3.3     Breeding for Light  Interception   and Radiation-Use 
Effi ciency 

 Crop biomass production depends on the ability of the canopy to intercept the 
incoming  photosynthetically active radiation (PAR)  , which is a function of  leaf area 
index (LAI)   and canopy architecture; and to convert this radiation into new biomass, 
i.e.  radiation use effi ciency (RUE)   (Sinclair and Muchow  1999 ). RUE is the key 
factor determining the crop yield and is related to crop biomass and LAI. It is 
affected by abiotic factors such as drought (Jamieson et al.  1995 ; Ali et al.  2012 ). 
Irrigated crops allow RUE to remain relatively stable throughout the growth cycle; 
however, water defi cits decrease RUE, particularly during early grain fi lling. If 
crops function in a continual adjustment phase to stress, there might be little benefi t 
to reducing RUE in response to water stress. Water-stress related reductions in RUE 
are reported to occur in barley (Legg et al.  1979 ). Wajid et al. ( 2007 ) reported that 
when drought stress was imposed before or after anthesis, the primary cause of 
reduced RUE was a decrease in intercepted light, which ultimately reduced the pho-
tosynthetic products being sent to the economical organ of the plant. To obtain a 
high yield from a given cultivar under dryland conditions, it is necessary to achieve 
optimum RUE (Miranzadeh et al.  2011 ). Peter ( 2010 ) evaluated effects of different 
survival strategy (escape/tolerance) and canopy structure (tillering ability) on cereal 
RUE under drought during grain fi lling and concluded that higher tillering ability 
more effi ciently utilized incident PAR for biomass  production   and yield under suf-
fi cient as well as insuffi cient water supply. 

 LAI or  green area index (GAI)   are precise ways of estimating the light-capturing 
capacity of a canopy and, although light interception tends to saturate at LAI >3, the 
distribution of leaves can effect RUE (Parry et al.  2011 ). Light interception (LI) 
reduces as the plant encounters water defi cits, as leaf expansion is reduced or as 
leaves senesce (Bruce et al.  2002 ). Changes in the effi ciency of light interception 
and in the costs for light harvesting along the light gradient from the top to the bot-
tom of the plant canopy are the major means by which an effi cient light harvesting 
is achieved (Gratani  2014 ). During prolonged water defi cits, cassava reduces its 
canopy by shedding older leaves and forming smaller new leaves leading to less 
light interception, another adaptive trait to  drought    (El-Sharkawy  2007 ). The  yield 
potential (YP)  , expressed as a function of the light intercepted (LI)     and radiation- 
use effi ciency (RUE) (whose product is biomass), the partitioning of biomass to 
yield (the HI) and the focus of improving all the three components should be under-
taken through complex physiological trait -based breeding (Mir et al.  2012 ).  

14.3.4     Breeding for Stomatal Characters 

 Stomata are specialized epidermal structures that control the exchange of water and 
carbon dioxide between the plant and atmosphere (Xu and Zhou  2008 , ). Stomatal 
resistance (SR) (s cm −1 ) is a character leading to water regulation of plants. 
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This character has been used widely as a criterion to screen  water-stress tolerant 
varieties   by several researchers (Blum et al.  1981 ; Jones  1987 ; Gumuluru et al. 
 1989 ; Araghi and Assad  1998 ). Since most of the water escapes through the stomata 
(Wang and Clarke  1993 ), stomatal size and frequency are among factors which 
infl uence stomatal resistance. While selecting drought tolerant wheat genotypes, 
stomatal resistance is a better indicator than leaf water potential and plant resistance 
to water fl ow (Adjei and Kirkham  1980 ). Reduction of stomata frequency and size 
could be used in obtaining water stress resistance (Mehri et al.  2009 ). Stomatal 
conductance had a positive genotypic and phenotypic correlation with grain yield 
(Shaibu et al.  2015 ). 

 Theoretically, it is expected that plants with low stomatal resistance have more 
dry matter production due to more gas exchange. In water-stress conditions, the 
effect of stomatal resistance depends on intensity and type of water-stress. When the 
amount of water is limited in respect to the duration of water-stress, any factor that 
promotes transpiration can bring the plants to a lethal level of leaf water content at 
the end of the period of water-stress. In this situation, plants lose a considerable 
amount of their vegetative growth which could contribute to assimilation after 
stress. In this situation low SR does not contribute to plant production particularly 
when the duration of water- stress   is long. Conversely, when there is a considerable 
amount of water in the soil so that water supply is adequate in respect to water-stress 
duration, low SR provides a situation for the plants that they can take up more water 
from the soil and also contribute to higher water content of tissues by the end of the 
stress period (Mohammady  2011 ). 

 With regard to stomatal resistance, another aspect to be considered is the dura-
tion of stomatal  closure  . Stomatal closure for a long period negatively affects poten-
tial crop yield (Venora and Calcagno  1991 ). Therefore, it seems that partial closure 
of stomata particularly at mid day when temperature is high and opening of stomata 
when temperature is not high are benefi cial to plant yield. Under water-stress condi-
tions, SR mainly plays its positive role through water conservation and consequently 
by reducing water loss. In this situation, plants endure water-stress without severe 
damage (Mohammady  2011 ). 

 The leaf stomata is a pivotal controlling the exchange of CO 2  and water vapor, 
although such processes may be affected by many environmental variables includ-
ing light, water status, temperature and CO 2  concentration. Under water stress, pho-
tosynthesis limitation can result from both stomatal and non stomatal effects, 
depending on drought intensifi cation and species (Boyer et al.  1997 ; Xu and Zhou, 
2008). Stomatal behavior and density measurements have the advantage of being 
rapid, requiring little space and allowing precise control of environmental condi-
tions. In general, tolerant cultivars effi ciently decreased their water loss by means of 
the reduction in stomata density, dimensions and area and consequently avoid 
 dehydration effects. According to Mehri et al. ( 2009 ), drought tolerant wheat geno-
types have less stomata and sensitive genotypes have more stomata. Recently, 
Kusvuran et al.  2010  indicated that more tolerance to drought is related to less sto-
mata density in leaf in control conditions. Thus, stomatal conductance has been 
proposed as a selection tool for drought tolerance. Interspecifi c differences occur in 
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species in their response and relationship of stomatal conductance to leaf water 
potential as stomatal conductance is controlled by complex interaction of intrinsic 
and extrinsic factors and not soil water availability alone. Nevertheless, studies 
mainly show that stomata close with increasing drought. Therefore, measuring sto-
matal characters (size and frequency) and control of water loss can aid in identifi ca-
tion of desirable genotypes. These screening  methods   can be used to phenotype 
large populations to identify chromosomal regions controlling stomatal opening and 
closing and toward breeding crops with optimal stomatal response with some plas-
ticity in behavior, so that stomata remain open under ample water conditions but 
close as water defi cit increases (Obidiegwu et al.  2015 ).  

14.3.5     Breeding for Improved Root Traits 

 Plant root growth encompasses a remarkable genetic diversity in terms of growth 
patterns, architecture, and environmental adaptations. In order to harness this valu-
able diversity for improving rice response to drought, an understanding of key root 
traits and effective  drought response mechanisms   is necessary. The ability to grow 
deep roots is currently the most accepted target trait for improving drought resis-
tance, but genetic variation has been reported for a number of traits that may affect 
drought response. Rice genotypes that have deep, coarse roots with a high ability of 
branching and penetration and higher root to shoot ratio are reported as component 
traits of drought avoidance (Gowda et al.  2011 ). Capacity for deep root growth and 
large xylem diameters in deep roots may improve root acquisition of water when 
ample water at depth is available. While small xylem diameters in targeted seminal 
roots save soil water deep in the soil profi le for use during crop maturation (Comas 
et al.  2013 ). 

 Signifi cant genetic variation exists among different plant genotypes for root mor-
phological  traits   (O’Toole and Bland  1987 ) such as root diameter, root depth, root 
pulling force, deep root to shoot ratio, root number, root growth, and root penetra-
tion ability. 

 Breeding of new cultivars with excellent root quality ensures absorption of water 
from deeper soil layers under low soil moisture and help in more effi cient utilization 
of water for potato production. Positive correlation between root mass, shoot mass 
and fi nal tuber yield led to suggestion of using root mass in the plow layer as a selec-
tion criterion for potato (Iwama  2008 ). Another approach to the selection of deep 
rooting genotypes is to measure the pulling resistance (PR) of  roots   (Stalham and 
Allen  2004 ). Deeper/profuse roots were found to increase plant access to water 
from deeper soil layers and support greater crop growth under drought conditions 
(Price et al.  2002 ; Sinclair  2011 ). Therefore, in several crops such as chickpea 
(Silim and Saxena,  1993 ), wheat (Reynolds et al.,  2007 ) and rice (Yadav et al.  1997 ; 
Price et al.  2002 ), deeper/profuse roots are targeted to improve grain yield under 
rainfed conditions. However, some recent studies (Zaman-Allah et al.  2011a ,  2011b ) 
reported that selection for yield under terminal drought conditions was not 
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 essentially dependent on deeper/profuse root systems, but rather on several other 
critical traits that contribute to soil moisture conservation during late season water 
defi cits. These traits include  low leaf conductance under   non-limited water condi-
tions during the vegetative stage, low leaf expansion rate when soil moisture is still 
non- limiting for plant growth and a restriction of plant growth under progressive 
exposure to stress and a higher  fraction of transpirable soil water (FTSW)    thresh-
olds that reduce transpiration, thus avoiding rapid soil water depletion (Mir et al. 
 2012 ). Early vigorous root proliferation may be a useful selection trait for maintain-
ing yield under restricted water level (Puértolas et al.  2014 ). In addition to these 
factors, the hydraulic characteristics of the plant, and its interaction with the soil 
environment is highly signifi cant in drought adaptation (Vadez  2014 ). 

 The relationship between root growth and grain  yield   under drought is complex. 
Positive associations between root length and grain yield have been documented in 
rice (Mambani and Lal  1983 ; Lilley and Fukai  1994 ). In contrast, Ingram et al. 
( 1994 ) found no signifi cant association between the two traits. Recently, Kashiwagi 
et al. ( 2015 ) screened contrasting chickpea accessions which comprise rich diver-
sity for root traits, such as root biomass and rooting depth under the terminal drought 
and concluded that increasing rooting depth/biomass will increase the uptake of 
water and yield in chickpea, although such an increase may be metabolically 
expensive.   

14.4     Role of Major Drought Associated QTLs in Breeding 

 Tolerance to drought is a complex quantitative trait controlled by several small 
effect genes or QTLs and is often confounded by differences in plants phenology 
(Fleury et al.  2010 ). To address the complexity of plant responses to drought, it is 
vital to understand the molecular mechanisms of yield  stability  . A large number of 
studies are been conducted to characterize the genetic basis of drought resistance by 
analyzing the QTLs for yield. However, identifi cation of most precise and consis-
tent QTL across the environments and genetics backgrounds is essential for their 
successful use in  Marker-assisted selection (MAS)  . Recently,  MAS   technology   in 
crop breeding has been deployed in breeding practices to improve crop DR. The 
common strategy is to introgress major QTLs for drought-resistant donor genotypes 
into high- yielding   but less drought-resistant or drought-sensitive recipient parents. 
This means that the superior cultivars developed contain only the major QTLs from 
the donor, and the whole genome of the recurrent parent remains. For example, the 
drought tolerant variety PY84 was developed by introgressing root trait QTLs in the 
elite rice cultivars IR64 and Kalinga (Steele et al.  2006 ). Numerous QTLs for 
drought-tolerant traits have been identifi ed in major crops, and many attempts have 
been made to use these major QTLs to develop drought-tolerant crops. However, 
very few have proven successful, owing mainly to the infl uence of genetic back-
ground and the environment (Hu and Xiong  2014 ). 

 A QTL mapping approach concerning both shoots and roots has been carried 
out in rice and a number of QTLs identifi ed. Candidate genes and ESTs 
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(Expressed Sequence Tags) have been identifi ed underlying QTLs for drought toler-
ance (Diab et al.  2004 ). Recent development of molecular linkage maps of rice and 
other advances in molecular biology offer new opportunities for  drought resistance 
breeding  . Several QTLs with large effects on grain yield and/or fl owering unique to 
particular hydrological conditions is reported by several researchers (Bernier et al. 
 2007 ; Kumar et al.  2007 ; Venuprasad et al.  2009 ). Du et al. ( 2009 ) identifi ed a total 
of 40 quantitative trait loci (QTLs) in soybean: 17 for leaf water status traits under 
drought stress and 23 for seed yield under well-watered and drought-stressed condi-
tions in both fi eld and greenhouse trials. Dixit et al.  2014a  identifi ed three QTL—
 qDTY   3.1   (RM168-RM468),  qDTY   6.1   (RM586-RM217), and  qDTY   6.2   
(RM121-RM541)—for grain yield of rice under drought.  qDTY   3.2   is another most 
consistent QTL identifi ed for GY under drought (Ding et al.  2011 ; Dixit et al.  2012 , 
 2014b ). Effect of major GY QTL differ across varying drought intensities. For 
example, Bernier et al. ( 2009 ) reported an increasing effect of  qDTY   12.1   on GY with 
increasing intensity of drought. Swamy et al. ( 2013 ) and Dixit et al. ( 2014a ) reported 
the effect of specifi c combinations of QTL on GY  under  drought. 

 Studies have also identifi ed genomic regions associated with yield under stress. 
 Chromosome regions   (e.g. near umc11 on chromosome 1 and near csu133 on chro-
mosome 2) with QTLs controlling a number of morpho-physiological traits and GY 
across populations and conditions of different water supply have been identifi ed in 
maize (Tuberosa et al.  2002 ). Tuberosa et al. ( 2002 ) reviewed QTLs for abscisic 
acid (ABA) concentration and root traits, both of which are involved in the adaptive 
response to drought in maize. The rice grain yield QTL region on chromosome 2 
was reported to contain QTLs for leaf rolling, leaf drying, canopy temperature, 
productive tiller number, and stress recovery in this mapping population (Gomez 
et al.  2010 ). Nine and 24 QTLs for physio-morphological and plant production 
traits were identifi ed in managed and natural drought stress conditions in rice, 
respectively. Yield QTLs that were consistent in the target environment over sea-
sons were identifi ed on chromosomes 1, 4, and 6, which could stabilize the produc-
tivity in high-yielding rice lines in a water-limited rainfed ecosystem. These yield 
QTLs also govern highly heritable key secondary traits, such as leaf drying, canopy 
temperature, panicle harvest index and harvest index (Prince et al.  2015 ).Prince 
et al. ( 2015 ) observed Three QTL regions on chromosome 1 (RM8085), chromo-
some 4 (I12S), and chromosome 6 (RM6836) which harbor signifi cant additive 
QTLs for various physiological and yield traits under drought stress in rice.  

14.5     Conclusion 

 Drought is a major constraint for agriculture production worldwide, and continu-
ously changing climatic conditions are making the situation even more worst. Thus 
there is urgent necessity to understand mechanism of crop production, so that effec-
tive strategy can be adopted to prevent expected food crises in future. Factors like 
WUE, TE, CID, CT, CTD, RUE, stomatal and root characters determine plant pro-
ductivity under drought conditions and can be used as a selected criterion in plant 
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breeding for improved drought tolerance. However, the progress in breeding for 
drought resistance is rather slow due to the complexity of the trait and poor under-
standing of the genetic basis and mechanism of drought resistance in real fi eld con-
ditions. Therefore, it’s a challenge for the breeders to integrate effectively all those 
available strategies to get the desired level of tolerance to drought. 

 To address the complexity of plant responses to drought, it is also important to 
understand the molecular mechanisms of yield stability. Thus, a large number of 
studies conducted recently are focused on characterizing the genetic basis of drought 
resistance by analyzing the QTLs for yield. A large number of QTLs for drought- 
tolerant  traits   have been identifi ed in major crops and many superior cultivars devel-
oped by introgressing them in plants through breeding. However, further studies are 
required to investigate new QTLs for yield and their role under stressed 
conditions.     
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Chapter 15
Photosynthesis, Antioxidant Protection, 
and Drought Tolerance in Plants

Irada M. Huseynova, Samira M. Rustamova, Durna R. Aliyeva, 
Hasan G. Babayev, and Jalal A. Aliyev

15.1  Introduction

Drought tolerance is considered to be a quantitative trait manifesting complex phe-

notypic and genetic control (McWilliam 1989; Saleh et al. 2014). Because of global 

environmental changes and increase in the world population, maintaining plant pro-

ductivity under drought conditions is of great importance (Takeda and Matsuoka 

2008). Interest in research of physiological and biochemical processes improving 

plant tolerance against adverse environmental factors has been increasing recently 

(Bray et al. 2000; Wang et al. 2003). From this point of view the study of stress 

effects on physiological and biochemical processes occurring in higher plants is 

considered to be actual.

The main food product for more than 35 % of the world population is wheat. 

Among crops wheat more attracts the attention of researchers because of its genetic 

properties and tolerance against water deficiency. From this point of view one of the 

major duties of selectionists is finding ways for improving drought tolerance and 

productivity of wheat. Drought, which is one of the stress factors, adversely affects 

plant growth and development and sharply reduces its productivity. Drought 
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changes colloidal-chemical composition of cytoplasm leading to water deficiency, 

protein decomposition, and the decrease in organic compounds accumulated in 

plants (Taiz and Zeiger 2006). The decline in water potential caused by high tem-

perature and drought leads to the induction of osmotic stress (Molinari et al. 2007). 

their functions (Foyer et al. 1994; Noctor and Foyer 1998; Mittler 2002), cause 

peroxidation of membrane lipids (Mead 1976), inactivate enzymes (Fucc et al. 

1983 2005). The plant response to stress is 

dependent on the degree and duration of stress. Drought causes an excessive accu-

-

-

-

between drought stress and the antioxidant ability of wheat, maize, and rice plants 

(Lascano et al. 2001; Jiang and Zhang 2002 2006).

Understanding the genetic and physiological bases of drought tolerance in crop 

plants is necessary for developing drought tolerant genotypes through conventional 

breeding. Plant response to drought has very complex nature and must be viewed as 

a whole system and large scale identification of probable dehydration stress-related 

genes or QTLs is necessary. The appropriate technology and resources are required 

for QTL cloning, which is a very time-consuming procedure. Therefore, marker- 

assisted selection (MAS) and highly productive cultivar development provide great 

advantages. Molecular maps, developed with DNA markers, are used in the identi-

fication of QTLs. The establishment of the molecular maps became possible due to 

the recent achievements in functional genomics including bacterial artificial chro-

-

matic tools for comparative genomics (Budak et al. 2013).

15.2  Antioxidant Defence System of Wheat  
Under Drought Stress

under normal as well as stress conditions. The main reason of cell damage caused 

2000). 

2 2), 

2˙
−

2˙), singlet 

2 3 -

1994 2
·− and H2 2 are mainly formed in chloroplasts due to the electron acceptor 
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of PS I. Wherein singlet oxygen is formed as a result of the electron transfer from 

electron transport chain of mitochondria. Mitochondria are very sensitive to oxida-

tive stress. Lenaz (1998) studied lipid and protein peroxidation and mutations of 

mitochondrial DNA caused by oxidative stress. If plants have no defence mecha-

functions. For example, superoxide radical forms hydroxyl radical as a result of the 

Fenton reaction. Hydroxyl radical is very toxic and capable of lipid peroxidation 

and destroying DNA and proteins (Arora et al. 2002). Moreover, recently an opin-

(ABA) is formed leading to the formation of the signaling cascade in cells and sto-

matal closure in response to drought stress. This process is very important under 

2 uptake for 

channels. Thus, the sequence of processes occurring in cells under drought stress is 

as follows: physiological water deficiency-stomatal closure regulated by ABA- 

2

concentrations, while they are too harmful and can cause plant death at higher con-

centrations (Slesak et al. 2007).

H2 2 and MDA are considered to be major indicators of drought stress in plants. 

Their amount during stress is dependent on plant species, stress duration, and plant 

drought showed that H2 2

2012

drought. After 35-day exposure to water stress H2 2 amount increased in 30-day- 

old T. durum seedlings (Miller et al. 2010), whereas in 3-month-old T. aestivum 

H2 2 amount decreased and MDA increased (Simova-Stoilova et al. 2009). The 

amount of peroxide groups is considered to be one of the major markers of oxida-

tive stress. Numerous experimental data obtained recently show that one of the 

universal response reactions of plant cells to extreme environmental conditions is 

2007; 

Pandey et al. 2010

in lipid structures of the cell membrane. This process consists of three phases: ini-
.) are 

produced under the influence of various stressors. At the next stage these radicals 

2 2
.). Then they 

affect unsaturated lipids and produce organic peroxides and new radicals. In other 

words, lipid peroxidation occurs and its main sign is an increase in MDA amount. 

Peroxides are chemically active compounds and their structures are similar to H2 2 

structure. Termination occurs due to the interaction between radicals and antioxi-

considered to be initial mediators of the antioxidant system activation. A high 
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stress and plants try to maintain their amount in a level necessary for normal cell 

-

tection system includes mainly antioxidant enzymes—superoxide dismutase, cata-

lase, peroxidase, and also fat-soluble antioxidants—tocopherol, ubiquinone, retinol, 

carotenoids; water-soluble antioxidants-glutathione, ascorbic acid, etc. (Alscher 

et al. 1997

oxygen. Induction of antioxidants is dependent on the degree of stress. High or low 

light intensities, high salt concentrations, long-term drought accompanied by high 

temperature, etc. lead to the induction of antioxidants and activities of the oxidative 

stress enzymes. Antioxidants play an important role in the plant protection against 

-

ols, carotenoids, phenolic compounds and also proline and glycine betaine 

(Allakhverdiev et al. 2007

well as control the regulation of protein structures.

of the plant pigment system, maintaining functional activity of chlorophyll and pro-

tection of photosynthetic apparatus against singlet oxygen under stress conditions. 

According to Krieger-Liszkay (2004), β-carotene with α-tocopherol is the primary 

α- and γ-tocopherols play an important 

role in 1 2 neutralizing. They participate in the protection of PS II and its D1 protein 

especially under stress conditions (Kruk et al. 2005).

Ascorbic acid controls physiological processes such as growth, differentiation of 

tissue and organs, and metabolism in plants. Its main function under stress is 

decreasing concentrations of superoxide and hydroxyl radicals.

-

1993

as follows:

→ betaine aldehyde → glycine betaine

The first step is catalyzed by choline monooxygenase (Brouquisse et al. 1989) 

and the second one by betaine aldehyde dehydrogenase (Weigel et al. 1986).

The changes in activities of the oxidative enzymes occurring under stress are 

dependent on plant species. For example, in sunflower seedlings and a herbaceous 

plant Aegilops squarrosa the activity of superoxide dismutase decreased under water 

stress (Badiani et al. 1990). In contrast, significant increases of the enzyme activity 

were observed in wheat (Sairam et al. 1998) and rice (Sharma and Dubey 2005) 

under drought conditions. Simova-Stoilova et al. (2010) detected increases in cata-

lase activity under drought and the enzyme activity appeared to be higher in sensi-

tive genotypes compared with tolerant ones. Another research revealed decreases of 

2005).

Activities of ascorbate peroxidase and glutathione reductase increased in wheat 

2002 2002) exposed to 

water deficiency.
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-

1997).

moderate drought at the stage of germination showed that tolerant genotypes were 

2007 2004) detected that rice plants exposed to 

of H2 2

was observed to be more productive compared with a sensitive genotype (N118).

H2 2 (Lei et al. 2006). However, Sofo and co-authors (2005

2 2 in the olive 

tree roots exposed to a long-term stress. Some biochemical parameters were studied 

for drought tolerant (M. prunifolia) and sensitive (M. hupehensis) varieties of apple 

under 12-day water deficiency (Wang et al. 2012). There were no significant 

changes in antioxidant parameters and lipid peroxidation in control variants. Under 

drought conditions H2 2 and MDA increased more in M. hupehensis compared with 

were higher in the M. prunifolia variety. But no marked differences were observed 

better maintained and amounts of H2 2 and MDA were less in the tolerant variety. 

This shows that antioxidant enzymes can decrease harmful effects induced by 

drought in the tolerant M. prunifolia variety.

Thus, the main purpose of the presented work was the study of effects of long- 

term soil drought on physiological, biochemical, and molecular processes occurring 

in contrasting wheat genotypes during the generative development periods. The 

obtained data can contribute to the more comprehensive understanding of mecha-

nisms affecting physiological, biochemical, and molecular processes and finding 

ways for improving productivity under long-term soil drought conditions.

15.2.1  Plant Material and Experimental Conditions

Two contrasting durum wheat (Triticum durum Desf.) genotypes from the gene 

Barakatli-95—short stature, with vertically oriented small leaves and grain yield of 

6.0–7.0 th−1 -

ented small leaves and grain yield of 7.0–8.0 th−1, drought sensitive. Plants were 

grown in the field over a wide area under normal water supply and drought condi-

varieties were watered till the end of the vegetation, while for experimental variants 

drought was imposed at the stage of intensive growing from April to June. 

-

ness, as this period is the most sensitive to water deficiency and plants are more 

exposed to water stress.
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15.2.2  Determination of Glycine Betaine Content

(1983 -

eter at 365 nm. Betaine amount was defined from calibration curve, using commer-

cial preparation (Serva) as a standard.

15.2.3  Determination of Hydrogen Peroxide Content

Hydrogen peroxide content was assayed with the redox active indicator xylenol 

orange according to Bellincampi et al. (2000). Supernatant absorbance was measured 

2 2.

15.2.4  Determination of Malondialdehyde Content

1968). MDA concen-

tration was estimated by subtracting the nonspecific absorption at 600 nm from the 

absorption at 532 nm, using an absorbance coefficient of extinction (155 mM−1 cm−1).

15.2.5  Isolation of the Enzyme Extract

To obtain total cell extract, wheat leaves and roots were homogenized in a medium 

100 mM Na-phosphate buffer (pH 7.8), 0.1 % Triton×-100, then filtered and centri-

fuged for 20 min at 15,000×g. The resulting supernatant was used for analysis of 

antioxidant enzymes.

15.2.6  Determination of the Isoenzyme Spectrum 
of Antioxidant Enzymes

electrophoresis according to the method of Davis (Davis 1964). A separating gel of 

-

-

phoretic separation, the gels were stained for different isoenzymes.
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15.2.7  Determination of Isoenzyme Spectrum of CAT

Staining of catalase lines was performed by the method of Anderson (Anderson 

et al. 1995 2 2 for 10 min and developed in a 

3 and 1 % K3 6) (w/v) solution for 10 min.

15.2.8  Determination of Isoenzyme Spectrum of BPO

et al. (2002). For analysis of benzidine peroxidase isoenzymes, the gel was incu-

sodium acetate buffer (pH 5.0) and 2.5 mL 3 % H2 2/100 mL benzidine solution.

15.2.9  Determination of Isoenzyme Spectrum of GR

1996). Identification of the isoforms occurred as a result of the reaction 

of glutathione, reduced by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-tetrazolium 

bromide and 2,6-dichlorophenol indophenol when shaking in the dark for 1 h.

15.2.10  Statistical Analysis

The paper presents data of three experiments carried out in three biological repli-

-

plant organs—root is known to be directly exposed to stressors such as soil drought 

and salt. Accumulation of H2 2 and MDA is considered to be the main indicator of 

oxidative stress. The long-term soil drought led to the H2 2 increase in leaves and 

roots (Table 15.1). There were no marked changes in the amount of H2 2 in the 

control variants during the active development period. The lowest H2 2 content was 

well-watered and drought stress conditions. These results are consistent with previ-

ous reports about tomato (Behnamnia et al. 2009) and wheat (Alexieva et al. 2001; 

Luna et al. 2005) plants.

Malondialdehyde is one of the most important indicators of plant tolerance 

against stress. There have been a number of reports confirming that different stress 

effects inhibit biochemical processes in cells, which is accompanied by the intensi-

fication of lipid peroxidation and MDA accumulation (Shao et al. 2005a, b; Tatar 
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2008). Under stress conditions the level of MDA accumulation is different 

in wheat genotypes with contrasting tolerance. The level of MDA content under 

water deficiency was found to increase in leaves and roots of both tolerant and 

sensitive lines compared with control variants (Table 15.2).

accumulation of MDA occurred compared to the beginning of the vegetation, while 

MDA content decreased in the tolerant Barakatli-95 variety, indicating a less dam-

aging impact of drought on the leaves of this variety. In susceptible wheat geno-

types an increase of lipid peroxidation level was more significant, probably due to 

the characteristic properties of the membrane structures of plant cells. The highest 

of milk ripeness in both control and stressed variants (7.7 and 8.3 μmol/g fresh 

weight).

The experiments showed that MDA amount was higher in roots at the beginning 

of drought. It declined a little at the milk ripeness stage, remains stable till the end 

of drought in control variants, and sharply increased in stress variants. Its amount 

genotype compared with control variants. Thus, the tolerant genotypes accumulate 

less H2 2 and MDA than sensitive ones and are less subjected to oxidative stress 

effects. Similar results were obtained in experiments performed with olive (Sofo 

et al. 2004), sunflower (Bailly et al. 1996), and coffee (Queiroz et al. 1998) plants.

deficit conditions. Differences between tolerant and sensitive forms have been 

15.3).

The glycine betaine content of the shoots and roots was significantly different 

between genotypes, as was the response of the genotypes to drought. The results 

from this experiment suggest that Barakatli-95 may be more tolerant to drought 

The table shows dynamics of the level fluctuations of glycine betaine in wheat 

in the tolerant wheat genotype compared with the sensitive one. At the end of onto-

variant and nearly tenfold increase compared with its content at the beginning of the 

response to water deficiency and it is one of the most effective protective reactions. 

-

lular osmotic potential; (b) controlling pH of cytoplasm; (c) stabilizing the structure 

1997; Allakhverdiev et al. 2007). At the same 

of biosynthesis; decrease of degradation; changes in transport; decomposition of 
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metabolism and adaptation to environmental stress conditions. Based on the 

tolerance of wheat plants to water deficit because of the regulation of ion homeosta-

-

types displayed one, three, seven isoforms in leaves and three, six, seven isoforms 

in roots, respectively.

There is a wide range of peroxidase isoforms in plants. Spectrum of peroxidase 

forms is characterized by a very high lability, which gives reason to classify them 

as markers of physiological state of the plant. Multiple forms of peroxidases per-

form different functions in plants: some are involved in the processes of growth, 

while others have a protective role, providing the opportunity to obtain energy 

required for plants under stress for sustaining their vital functions. Three isoforms 

of benzidine peroxidase in leaves and six isoforms in roots were detected in the 

spectrum of the enzyme with intensifying soil drought. Isoenzyme spectrum analy-

sis revealed more intensive staining of some bands of peroxidase isoenzymes 

15.1), which apparently 

indicates the possibility of de novo synthesis of the enzyme.

Jang et al. (2004) showed a link between peroxidase isoenzyme composition and 

against pathogen infection. Based on the data, the authors concluded that the stress 

caused by the penetration of the pathogen had a significant effect on the gene expres-

15.2).

Fig. 15.1 left) and roots (right) of 

wheat grown under drought. (c) watering, (d) drought, (a) Barakatli-95, (b

steady current of 30 mA. 45 μg of protein was applied per lane
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There are conflicting data on changes in the activity of glutathione reductase 

2007). Long- 

Pennisetum 
clandestinum (Muscolo et al. 2003). Yannarelli et al. (2007) found that treatment 

Triticum 
aestivum L.), grown at a moderately toxic cadmium concentration (100 μM). There 

Dubey 2005 2002) under water deficiency. Lascano 

et al. (2001

of glutathione and ascorbic acid under drought stress. The tolerant genotypes were 

less subjected to oxidative damage than sensitive ones.

Analysis of the catalase isoenzyme content revealed only one isoform of the 

enzyme with a low electrophoretic mobility in wheat leaves, both in stressed and 

2001), whereas 

in the roots one isoform was found under normal and three isoforms under drought 

conditions. Stress associated with long-term soil drought in the roots of wheat has led 

to an increase in the heterogeneity due to the formation of two new sedentary forms 

15.3

activity increase is associated with a gradual increase in the concentration of hydro-

gen peroxide due to the dismutation reaction. Furthermore, catalase has a low sub-

strate affinity and starts to operate at relatively high peroxide contents.

The results showed that intensification of drought in the active development 

period leads to the increase in H2 2 causing an adequate increase in catalase activ-

ity. Thus, the obtained data characterize the quantitative and qualitative changes in 

enzymes in different organs of wheat genotypes under long-term soil drought. The 

observed heterogeneity of individual forms of enzymes may have adaptive value 

and is a measure of resistance to water stressor.

Fig. 15.2 left) and roots (right) of 

wheat grown under soil drought. (c) Watering, (d) drought, (a) Barakatli-95, (b

a steady current of 30 mA. 40 μg of protein was applied per lane
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15.3  Dynamics of Changes of Some Physicochemical 
and Kinetic Parameters of Carbonic Anhydrase in Leaf, 
Awn, and Root Cells of Wheat Under Drought

2 and bicarbonate 

proceeds very slowly, which led to the idea of the necessity of the catalytic factor in 

1932; 

1933) in erythrocytes of mammalians. Then it was detected in 

animals (Shpak 1980), plants, microalgae (Pronina 2000; Moroney et al. 2001), 

archae- and eubacteria (Supuran 2011; Smith and Ferry 2000).

families (α, β, γ
acid sequences and they evolved independently of each other (Ludwig 2011; 

1996; Dudoladova et al. 2004; Smith and Ferry 2000). 

The family of α evolutionarily younger than β- and γ 2010; 

Smith and Ferry 2000 -

ent. So α 2000; Supuran 2011), γ
have three-dimensional structures (Ferry 2010), while β
having structures from dimer to octamer (Smith and Ferry 2000; Zimmermann and 

Ferry 2008; Ferry 2010).

2003), cytoplasm (Hiltonen 

et al. 1998 2003), chloroplast, mitochondria, and carboxysomes 

(Moroney et al. 2001; Yu et al. 1992).

Fig. 15.3 left) and roots (right) of wheat grown 

under soil drought. (c) Watering, (d) drought, (a) Barakatli-95, (b

30 mA. 40 μg of protein was applied per lane

I.M. Huseynova et al.
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Ci) is one of the major metabolites in liv-

ing cells, useful for different forms of life functions and this may be the reason of 

Ci 2 

3
−. There are other enzymes in living organisms, which substrates and 

2 3
−

2 3
−

2 3
− production. Due to this 

2011; Zabaleta et al. 2012; Fan et al. 2015

fundamental processes such as transport of Ci compounds and ions, carbon concen-

2015) and regula-

regulation of the Ci flow between cells and outer space and also between tissues and 

intracellular compartments (Pronina et al. 2002).

-

2

physiological and biochemical bases of this reduction. Some authors believe that 

2 assimilation occurs due to stomatal closure, 

which prevents water loss under drought and fulfills gas exchange, leading to the 

2 1996; 

2002 -

phorylation in chloroplasts, reduced ATP synthesis under drought leading to reduc-

2 

acceptor in photosynthesis. As stomatal closure occurs in both cases, photosynthetic 

2 concentration. 

Moreover, the irreversible decline in photosynthesis under severe drought occurs 

2 concentration, but also due to the reduced 

synthesis of photosynthetic enzymes.

shortage of drinking water caused by drought, salinization of soils make necessary 

the developing highly productive plant varieties, tolerant to drought. Therefore, the 

study of physiological and biochemical mechanisms of drought tolerance is of great 

importance.

Durum wheat (Triticum durum
chosen as the study objects. The Barakatli-95 variety is highly productive (70–80 

(70–80 cwt/ha), but drought sensitive.

exposed to artificial soil drought created by ceasing watering in the phase of active 

growth of flag leaves and generative organs on May and at the beginning of June. 

Another group was watered till the end of the vegetation. The experiments were 

carried out during active growth phases—the end of tube formation, flowering, ear-

ing and ear filling with control and stressed plants. Samples were taken at the same 

day after 2–3 h of illumination.
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To obtain the enzymatic extract, samples of roots, awns, and flag leaves were 

washed with distilled water and dried on the filter paper. 7 mL of homogenization 

material. Homogenization was performed for 2 min with 30 s intervals at 4 

homogenate was filtered through two layers of capron cloth and the obtained filtrate 

was centrifugated for 10 min at 500×g. The supernatant was centrifugated again for 

30 min at 5000×g and the obtained supernatant was used for the research.

15.3.1  CA Activity

activity of H+ ions in the СО2 + H2 → H+
3
− reaction (Wilbur and Anderson 

1948

by adding 10–200 μL of the enzyme preparation. The reaction started by adding 3 

2. The final volume of the reaction mixture was 

The enzyme activity was estimated in conventional units according to the for-

1964).

 
U T T= -10 10( / )

 

where T0 is non-enzymatic reaction (control) time, T—enzymatic reaction time, 

U—the enzyme activity in conventional units.

2

2 was determined using reverse titration 

2.

15.3.2  Relative Water Content

the method described in Tambussi (2005

to the formula:

 
RWC M M M M= - -100 % ( ) / ( )F d T d  

where MF is leaf fresh mass, Md leaf dry mass, and MT mass after saturation.

I.M. Huseynova et al.
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15.3.3  Determination of Kinetic Parameters

The study of kinetic parameters was carried out with purified enzyme preparations. 

-

2. The reaction rate constant Km (Michaelis–Menten constant) and maximum 

rate of (Vmax) the reaction were calculated using the Lineweaver Burk procedure.

15.3.4  Determination of Chlorophyll Concentration

2002).

15.3.5  Determination of Protein Concentration

1977). 

BSA was used as a standard protein marker for constructing calibration curve.

decreased gradually in the first leaf and increased in the second leaf reaching the 

maximum value on the 14–16th days. This tendency was also observed in flag and 

preceding leaves.

The enzyme activity was also strongly dependent on pH of the reaction medium 

and the optimum pH was found to be between 8.3 and 8.5. The strong dependence of 

-

1975), pea 

1972

of chick-pea leaves was thermolabile. The enzyme activity increased until tempera-

2015).

-

mer of 55–60 kDa. It was detected that a symmetric pick of this isoform with Stokes 

1989).

molecular forms for the study of physiological functions and kinetic properties of 

of wheat leaves is localized in chloroplasts of mesophyll cells and there is a strong 

2

et al. 1985). The enzyme has only one isoform which does not change in leaves, 

roots, and awns under drought.

15 Photosynthesis, Antioxidant Protection, and Drought Tolerance in Plants



364

Barakatli-95 variety compared with the highly productive and drought sensitive 

-

ductivity and drought tolerance are different not only at the level of the primary 

-

lism and transportation, and in the distribution of photoassimilates among different 

organs of wheat (Aliyev et al. 1996).

carboxylating enzymes and factors contributed to high productivity of intensive 

wheat genotypes. Table 15.4

Barakatli-95 variety increased until the end of the active vegetation phases, after a 

certain period of time it stabilized and decreased beginning from the grain filling 

then it decreased for a short period of time and the vegetation period of this variety 

2 assimilation, which was more pro-

nounced in the flowering and earing phases, decreased sharply beginning from the 

days compared with Barakatli-95 under drought conditions. It is thought to be an 

adaptive response for protection of this drought sensitive variety against long-term 

very different from that of glumes and grains (Table 15.4).

The dependence of the maximum reaction rate on the substrate concentration 

was studied for the kinetic characterization of the enzyme and the values of Km and 

Vmax

obtained data are presented in Table 15.4 and Fig. 15.4.

the obtained active fraction was ultrafiltrated again, precipitated and used for the 

study of the kinetic parameters.

2 hydratation reaction shows high catalytic 

Burk plots, the enzyme-substrate interaction follows the Michaelis-Menten kinetics 

in leaves of both varieties and in control as well as stressed variants (Fig. 15.4). As 

seen in Fig. 15.4a, bKm values in leaves and roots were higher in drought variants 

compared with control ones and in flag leaves of the both variants these values were 

lower than in roots of the Barakatli-95 genotype. The values of Vmax decreased in 

both organs and this decrease was more marked in flag leaves under drought. Figure 

15.4c, d

leading to the decline in photosynthetic intensity, which was more pronounced under 

and they were 1.5–2 times less compared with the same parameters in leaves.

The similar tendency was observed in the active growth phase of the plant, but in 

I.M. Huseynova et al.
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Fig. 15.4
concentration in the phase of flowering in leaf and root cells of the wheat varieties under drought 

conditions. (a) Barakatli-95 leaf, (b) Barakatli-95 root, (c d
root, 1-control (watered), 2-experiment (drought)

Table 15.5
varieties in the flowering phase under drought

Km (mM) Vmax, (mM/mg·min) pKm

Barakatli-95 Watered Leaf 0.81 2.47 7.5

1.23 1.63 7.43

Drought Leaf 1.0 2.0 7.5

5.55 0.36 7.43

Watered Leaf 1.49 1.34 7.5

3.33 0.6 7.45

Drought Leaf 2.38 0.84 7.5

3.57 0.56 7.45
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Barakatli-95 in both variants and both organs. Ionization coefficient (Table 15.5) 

was also determined using graphical method of Dixon (1953). pKm was found to be 

between 7.43 and 7.5 which corresponds only to the histidine imidazole ring. 

Similar data (Pocker and Ng 1973) were presented earlier including results obtained 

2003) and chick-pea (Aliyev et al. 1996) leaves. It 

changes occur in their active centers under drought.

15.4  Assessment of Wheat Genotypes Using TRAP Marker 
Linked to Cell Membrane Stability

The identification of several yield QTLs have been performed recently in wheat 

plants using linkage analysis and association mapping. Measurements related to 

plant productivity, which is the most crucial trait to breeders, have been used for the 

determination of the most QTLs for drought tolerance in wheat. However, these 

studies are impeded because of the complexity involving multiple loci and interac-

tions between genotype and environment. As QTLs established in one environment 

may not be confirmed in other, it is difficult to describe productivity with respect to 

water use and its accurate phenotyping is also a challenge. Therefore it is necessary 

to take into consideration the environmental varieties and carry out large scale phe-

notyping in multiple fields. QTLs associated with specific components of drought 

response have been identified in studies performed with T. durum, T. aestivum, and 

T. durum × T. dicoccoides mapping populations. But the genomic regions associated 

with individual QTLs are still very large and unsuitable for screening in breeding 

programs (Budak et al. 2013).

For the identification of agronomically desirable alleles that exist at QTLs, 

genomics based methods contributing to the more effective improvement of the 

drought tolerance and high productivity under drought conditions are used. 

Identifying QTLs controlling important traits in wheat under drought stress is 

important for developing cultivars that are improved for those traits (Tuberosa and 

Salvi 2006). The recent study revealed some QTLs for physiological traits under 

drought stress in wheat (Barakat et al. 2013 2013; Saleh et al. 2014).

Marker assisted selection reducing problems associated with genotype–environ-

ment interactions can improve the selection efficiency and combine different toler-

ance traits into a single efficient genotype. Molecular markers are considered to be 

an effective tool for obtaining genetic information and during the last few years their 

use in the assessment of genetic diversity in wheat (Triticum aestivum L.) has 

increased (Manifesto et al. 2001 2004; Barakat et al. 2010

studies or QTL mapping of productivity related traits can be used for the identifica-

tion of potential markers for stress tolerance. Molecular markers providing methods 

for the determination of quantitative traits such as drought tolerance are very impor-

tant for increasing selection efficiency. Molecular markers are plentiful, independent 
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of tissue or environmental effects, and allow cultivar identification in early stages of 

plant development. Therefore, they are a useful complement to morphological and 

physiological characterization of cultivars. Molecular characterization of cultivars is 

also useful for evaluating potential genetic erosion (Manifesto et al. 2001). It is nec-

essary to understand the genetic basis of phenotypic variability for improving wheat 

was developed and used in genetic mapping recently (Li and Quiros 2001; Hu and 

2003; Liu et al. 2005; Wang et al. 2005; Al-Doss et al. 2011 -

-

very useful in the study of plant genomics involved in genetic mapping and marker-

trait association (Liu et al. 2005 -

2003; Al-Doss 

et al. 2011; Barakat et al. 2013). There have been also reports on the identification 

-

et al. 2013; Saleh et al. 2014; Moustafa et al. 2014

markers can be used in breeding for drought tolerance in wheat (Saleh et al. 2014).

Tolerance to drought stress is determined by the ability of plants to maintain mem-

1974). Water deficiency can seri-

2000). Drought causes a significant decrease in lipid content (Martins Júnior et al. 

2008) and more pronounced changes are observed in polar lipids (Yordanov et al. 

2000). Water deficiency leads to disruption of the interactions between lipids and pro-

teins of membranes, as well as changes in the permeability of the membranes. Saneoka 

et al. (2004 2009) studied the dependence of 

Lentil under stress and non-stress conditions. According to these authors plasmatic 

membrane is stable in genotypes under non-stress conditions. The stability of cell 

membrane has been exclusively used as selection criteria for different abiotic stresses 

such as drought and high temperature in wheat, rice, cotton, and sorghum (Habibpor 

et al. 2011). Associations between cell membrane stability and different agronomic 

2004). So, the ability of plants to maintain membrane integrity under drought is con-

sidered to be a determinant for plant drought tolerance (Abdullah et al. 2011).

15.4.1  Extraction of Plant DNA

(Murray and Thompson 1980). Fresh plant tissue as a fragment of leaf was minced 

in liquid nitrogen, suspended in 1000 μ
β-mercaptoethanol), and 
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the tubes were gently mixed. Next the tubes were placed in a water bath and incu-

bated for 10 min at 60 

g) for 10 min at room temperature. 

After centrifugation the supernatant was carefully selected (taking care not to cap-

600 mL of cold isopropanol was added, mixed well, and left at room temperature for 

3–5 min. At this stage we can observe the dispersed DNA precipitate. The tube 

-

trifuge (15,000×g) for 10 min. The precipitate was washed several times with 70 % 

ethanol, dried in a thermostat at 56 

complete dissolution of the DNA in a buffer.

15.4.2  DNA Quantification

at λ
USA). Purity of the genomic DNA was determined by the ratio of absorptions at 

A260/A280. Quality of the DNA was checked on the basis of performance of the 

extracted DNA samples in 0.8 % agarose gel stained with 10 mg/mL of ethidium 

15.4.3  DNA Amplification

Polymerase chain reaction was performed by Williams et al. (1990). DNA amplifi-

cation was performed in a 25 μL reaction mixture volume, containing 10× buffer, 

20 ng of the genomic DNA, 0.2 μM primer, 200 μM of each of the following: dATP, 

2, and 0.2 units of Taq-polymerase in the 

15.6).

Table 15.6

Primers Nucleotide sequences (5′→3′)
Localization in 

chromosomes fragment, bp

5A 290
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reaction products were separated by electrophoresis in a 1.2–2 % agarose gel in the 

-

mined with respect to 1 kb DNA marker. Statistical analysis included binary matrix 

molecular weight on the electropherogram were noted.

of Agriculture (Baku) acted as a research object (Table 15.7). Plants were cultivated 

for the screening (Saleh et al. 2014).

15.5), 

the studied 17 durum (Triticum durum Desf.) and 48 bread (Triticum aestivum L.) 

wheat genotypes. It suggests that QTL for cell membrane stability is present on 

-

tions, in other words, the presence of QTL of interest in the mentioned genotypes 

15.7).

Membrane stability which is one of the physiological traits, correlating with 

plant performance under drought is considered to be a useful measure of wheat 

1981). The associated molecular mark-

ers at a major locus contributing to water-stress tolerance can be identified for the 

1994). However, 

Fig. 15.5 Triticum Arrow indicates the 290 bp. 

M-molecular weight marker (1 kb plus DNA ladder). (1 2) Mugan, (3) Shiraslan-23, (4) 

Ag bugda, (5) Alinca-84, (6) Kakhraba, (7) Tartar, (8) Mirvari, (9) Sharq, (10 11) 

Barakatli-95, (12 13) Shirvan bugda, (14
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in most cases screening a relatively large number of individuals in the population is 

required for identifying molecular markers associated with important genes or traits 

(Lawson et al. 1994 -

ular bases of the traits including interactions among the different component traits 

with the environments must be taken into consideration in the breeding for complex 

traits (Tester and Langridge 2010). Due to their insensitivity to environment, DNA 

Table 15.7

Triticum durum Desf.

+ Mugan +

Shiraslan-23 + Ag bugda +

Alinca-84 + Kakhraba +

Tartar + Mirvari +

Sharq + Shirvan-5 +

+ Barakatli-95 +

Tartar-2 + +

+ Shirvan bugda +

Shirvan-3 + +

Triticum aestivum L.

Akinchi-84 + +

Pirshahin + Pirshahin 1 +

+ Ugur +

Dagdaş + Parzivan-1 +

Shafag + Shaki-1 +

Mirbashir-128 + Nurlu-99 +

+ +

Yegana + +

Zirva-80 + Azamatli-95 +

Zirva-85 + Tale-38 +

Aran + +

Azeri + №97 (130/21) +

Murov + №50 (130/32) +

Murov-2 + Bezostaya +

Səba + N-6 −

Taraggi + Layagatli-80 +

Bayaz + N-20 +

Shafag 2 + Agali +

Fatima + Farahim +

Az 026 + +

Ni 447 + Parvin +

Sonmaz + Marxal +

Baba75 + N-17 −

Zager + N-50 +

N-8 − Saratovskaya 29 +

N-9 − Mahmud ++ +
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markers associated with the genomic regions are suitable for selecting genotypes 

with increased drought tolerance. Molecular markers linked to the drought toler-

ance trait are considered to be a more reliable tool for selecting drought tolerant 

genotypes at early stages (Saleh et al. 2014).

15.5  Conclusion and Future Perspectives

The obtained data characterize the quantitative and qualitative changes in antioxi-

dant enzymes in different organs of wheat genotypes under long-term soil drought. 

The observed heterogeneity of individual forms of enzymes may have adaptive 

value and is a measure of resistance to water stressor. These results can be used as 

practical biochemical parameters for selection of drought tolerant wheat genotypes 

when selecting drought tolerant cultivars for breeding in arid regions.

The study of long-term drought effects on wheat productivity showed that pro-

ductivity could be related to the tolerance of the variety. The differences in changes 

-

trasting tolerance, the increased activity in awns compared with flag leaves and 

roots during earing and grain filling phases, the increased activity in roots compared 

with flag leaves in the grain filling phase and slight differences between organs in 

changes of Km and Vmax values in the earing, flowering, and grain filling phases are 

thought to be adaptive traits against stress factors.

-

ity of the cell membrane. Therefore, application of quantitative trait loci (QTLs) 

analysis to study the physiological traits will improve our understanding genetic 

factors that influence these complex traits.
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    Chapter 16   
 Glyoxalase Pathway and Drought Stress 
Tolerance in Plants                     

       Mohammad   Rokebul     Hasan    ,     Ajit     Ghosh    ,     Charanpreet     Kaur    , 
    Ashwani     Pareek    , and     Sneh     Lata     Singla-Pareek    

16.1           Introduction 

 Crop plants are constantly exposed to a broad range of environmental stresses. Of 
which, drought is the most devastating one that barriers agroecosystem productivity 
(Lambers et al.  2008 ; Farooq et al.  2011 ). It adversely affects plant metabolism, 
growth, development, and survival, and thus, is a constraint for plant productivity 
worldwide (Ahuja et al.  2010 ; Hasanuzzaman and Fujita  2011 ; Hasanuzzaman et al. 
 2012 ). In addition, climate prediction models indicate more severe and frequent 
droughts in future, thereby drastically impacting global crop production (IPCC 
 2008 ; Manavalan et al.  2009 ). Being sessile and sensitive organisms, plants have 
evolved a wide range of molecular programs to readily sense, respond, and cope 
with changing environments in order to protect themselves from these unforeseen 
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variations (Ahuja et al.  2010 ). Response mechanisms to drought stress involve 
changes at morphological, physiological, and biochemical levels (Zhu  2001 ). 
Re-programming in gene expression occurs under stress conditions causing altera-
tions in plant biochemical, transcriptomic, and proteomic machinery (Cohen et al. 
 2010 ; Ahuja et al.  2010 ). In such situations, tolerance to stress can be achieved 
through modulation of several genes or by organizing the action of different genes 
from various cellular biochemical pathways (Sasaki-Sekimoto et al.  2005 ). 

 As a common phenomenon,    stress leads to excessive production of certain dele-
terious chemical entities such as reactive oxygen species ( ROS)   and methylglyoxal 
(MG) in plants (Yadav et al.  2007 ; Hossain and Fujita  2010 ; Hossain et al.  2011a ). 
MG is a ubiquitous metabolite generated as a concomitant of  intracellular meta-
bolism   and, therefore, exists in all cells during normal physiological growth and 
development conditions and accumulates to higher concentrations under many 
environmental stresses (Yadav et al.  2008 ). It is responsible for oxidative stress 
either through increased production of ROS or by forming  advanced glycation end 
products (AGEs)      with macromolecules (Kalapos  2008 ; Sousa Silva et al.  2013 ). As 
it accumulates  at   higher concentrations under stress conditions, plants have evolved 
several detoxifi cation mechanisms to combat the so-called  dicarbonyl and oxidative 
stress   caused by MG. The primary route for MG  detoxifi cation   is the thiol- dependent 
glyoxalase system which catalyzes the conversion of cytotoxic MG (2-oxopropanal) 
to  D -lactic acid via S-D-lactoylglutathione ( SLG     ) (Fig.  16.1 ). The presence of the 
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  Fig. 16.1    Different routes of methylglyoxal formation and detoxifi cation system in plants. 
Nonenzymatic generation of MG through β-elimination of phosphate group from enediolate phos-
phate intermediate is the central route of MG synthesis in plants. Besides, metabolism of amino 
acids, fatty acids, and ketone bodies contribute to MG formation; fi rst enzyme GLY I converts 
hemithioacetal formed from spontaneous combination of MG and GSH into S- D -lactoylglutathione 
which is then converted to  D -lactate by GLY II, regenerating GSH in the system.  DHAP  dihydroxy-
acetone phosphate,  GAP   D -glyceraldehyde-3-phosphate       
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glyoxalase pathway has been reported in several plant species and involves two 
enzymes, GLY I and GLY II, which have been purifi ed as well as physiologically 
and biochemically characterized and functionally validated from various plant spe-
cies (Yadav et al.  2007 ; Hoque et al.  2007 ; Hasanuzzaman and Fujita  2011 ; Hossain 
et al.  2014 ). The effi cient role of this pathway in stress management has been exten-
sively studied in various living organisms, including prokaryotes to eukaryotes, and 
has been shown to be associated with abiotic stress adaptation (Kaur et al.  2014a ). 
Here, we discuss basic molecular programs suggested to confer tolerance to drought 
stress alongside their envisaged approaches. Special emphasis will be given on 
molecular mechanisms of glyoxalase pathway mediated drought stress tolerance in 
plants.

16.2        Effects of Drought on Plant Health 

 Drought is harmful for the plant growth and development with varying effects based 
on the severity of the stress. The plants also display a variety of responses on expo-
sure to drought conditions causing alterations at both  morphological and molecular 
levels   (Farooq et al.  2009 ). Drought condition in plants results in alterations in  rela-
tive water content  , water and nutrient relations, photosynthesis, assimilate partition-
ing and respiration thereby, limiting economic yield (Farooq et al.  2009 ). Siddique 
et al. ( 2001 ) reported that the relative water content, transpiration rate of wheat and 
rice under drought stress was lower than control ones.  Nutrient contents   such as 
P and PO 4  3−  in the plant tissue decreased signifi cantly under drought conditions, 
because of lowered PO 4  3−  mobility as a result of lower water availability (Peuke and 
Rennenberg  2004 ). Drought negatively affects plant photosynthetic effi ciency 
caused by a reduction in leaf expansion, hampered photosynthetic machinery, and 
early leaf senescence (Wahid and Rasul  2005 ). The metabolism of carbohydrate, 
concentration of sucrose in leaves and their export rate decreased due to an increase 
in the  acid invertase activity   caused by drought stress (Kim et al.  2000 ). Liu and Li 
( 2005 ) observed that the biomass of shoot and root, photosynthesis, and respiration 
rate of root reduced sharply in wheat exposed to severe drought conditions. Drought- 
induced yield reduction has been reported in pigeon pea also where a 40–55 % 
decrease in seed yield was observed at the fl owering stage (Nam et al.  2001 ). 

  Environmental factors   activate a variety of plant responses to drought stress, 
from altered gene expression and cellular metabolism to adjustment in proper 
growth and development, thus enabling them to survive under such conditions 
(Yamaguchi-Shinozaki and Shinozaki  2006 ; Rampino et al.  2006 ; Perera et al.  2008 ; 
Oh et al.  2009 ; Wilson et al.  2009 ). Under drought conditions, gene expression 
related to various processes such as signaling which includes  transcription  factors   
(like NAC family genes, basic leucine zippers, MYB-type transcription factors, 
zinc fi ngers, and ethylene-responsive factors) and  protein kinases   (like calcium- 
dependent protein kinase and CBL-interacting protein kinase);  osmolyte biosynthe-
sis   (e.g., trehalose biosynthesis); accumulation of antioxidants (like Mn-superoxide 
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dismutase); and several other processes are known to be affected (Sahoo et al.  2013 ). 
It has been reported that the severity as well as duration of the drought stress is 
determinate for economic yield  reduction   in many commercial fi eld crop species 
(Table  16.1 ). In order to survive under stressful conditions plants must upregulate 
 MG and ROS detoxifi cation processes   to avoid cellular damage and also to maintain 
steady state in different plant physiological processes. In this article we shall discuss 
the effect of drought stress at biochemical and molecular levels only.

16.3        Methylglyoxal Synthesis, Toxicity, and Accumulation 
Under Drought Conditions 

 MG is unavoidably produced during metabolism even under normal physiological 
conditions (Yadav et al.  2005 ; Hossain et al.  2009 ). The generation rate of MG var-
ies depending upon the organism, tissue, cell, and physiological conditions (Yadav 
et al.  2005 ) and is formed via different  nonenzymatic and enzymatic pathways   
(Richard  1993 ). In plants, spontaneous synthesis of MG by nonenzymatic mecha-
nisms is considered to be the central route for its generation under normal and stress 
circumstances (Fig.  16.2 ). The nonenzymatic formation of MG occurs via removal 
of  phosphoryl group   through β-elimination from 1,2-enediolate of triose sugars, 
 dihydroxyacetone phosphate (DHAP)   and   D -glyceraldehyde-3-phosphate (GAP)  , 
during glycolysis (Phillips and Thornalley  1993 ; Richard  1993 ). Under stress, in 
order to maintain metabolic homeostasis, the  glycolysis   increases resulting in dis-
proportion in the pathway. As a result, excessive MG is inevitably produced as a 
byproduct of glycolysis during such conditions. Apart from glycolysis, several 
other sources for MG generation have also been reported and include oxidation 
of aminoacetone (Lyles and Chalmers  1992 ), ketone bodies (Aleksandrovskii 
 1992 ), and acetone (Casazza et al.  1984 ; Koop and Casazza  1985 ) (Fig.  16.1 ). 

   Table 16.1    Loss in  plant   yield due to drought stress in some important fi eld crops   

 Sl No.  Crop  Growth stage  Yield reduction (%)  References 

 1  Rice  Reproductive 
(severe stress) 

 48–94  Lafi tte et al. ( 2007 ) 

 2  Rice  Grain fi lling 
(severe stress) 

 60  Basnayake et al. ( 2006 ) 

 3  Wheat  Stem elongation + 
anthesis 

 22  Akram et al. (2011) 

 4  Barley  Seed fi lling  49–57  Samarah ( 2005 ) 
 5  Maize  Grain fi lling  79–81  Monneveux et al. ( 2006 ) 
 6  Sunfl ower  Reproductive  60  Mazahery-Laghab et al. 

( 2003 ) 
 7  Soybean  Reproductive  46–71  Samarah et al. ( 2006 ) 
 8  Chickpea  Reproductive  45–69  Nayyar et al. ( 2006 ) 

M.R. Hasan et al.



383

Besides these, Maillard (Thornalley et al.  1999 ) and lipoperoxidation (Esterbauer 
et al.  1982 ) reactions also contribute to nonenzymatic sources of MG.

   Excessive MG is toxic to the  cell inhibiting cell proliferation   (Ray et al.  1994 ). 
It can easily react with amine groups of proteins, nucleic acids, and lipids in an 
irreversible manner and form  methylglyoxal-derived Advance Glycation End 
Products (MAGE)  . MG forms hydroimidazolone derivate (three related structural 
isomers; MG-H1, MG-H2 and MG-H3), argpyrimidine and tetrahydropyrimidine 
(THP) with arginine residues (Gomes et al.  2006 ) and also with lysine residues 
forming CEL [N ε -(carboxyethyl)lysine] and MOLDs (methylglyoxal–lysine 
dimers) (Gomes et al.  2006 ), and upon reaction with nucleic acids it generates 
MGdG {3-(2-deoxyribosyl)-6,7-dihydro-6,7-dihydroxy-6-methylimidazo-[2,3-b]
purine- 9(8)-one} and CEdG [ N 2-(1-carboxyethyl)-deoxyguanosine] adducts 
(Thornalley  2003a ). In addition, amine-containing basic phospholipids (phosphati-
dylethanolamine and phosphatidylserine) react with MG and form lipid linked 
 AGEs   (carboxymethylethanolamine) (Brown et al.  2005 ). Furthermore, MG has 
also been shown to induce ROS formation and apoptosis by  activation of signal-
regulating kinase (ASK1)   (Du et al.  2001 ). The  toxicity   of MG is also evident from 
its ability to cause increased sister chromatin exchange, endoreduplication, DNA 
strand breaks as well as inducing point mutations (Chaplen  1998 ). Moreover, it is 
associated with inhibition of normal growth and development (Hoque et al.  2012c ) 
and results in a number of diverse detrimental effects including the formation of 
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  Fig. 16.2    Correlation between MG and ROS generation and their effects on cellular functions 
during drought stress in plants. MG exhibits direct inhibitory effects on proteins, lipids, and nucleic 
acids, resulting in carbonyl stress. Generation of ROS and depletion of glutathione is an indirect 
effect, causing cell damage or death and has been referred to as oxidative stress       
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advanced glycation end products ( AGEs  ) and infl uencing the antioxidant defense 
system (Wu and Juurlink  2002 ; Hoque et al.  2010 ). MG levels rise to  toxic concen-
trations   in plants on exposure to drought stress. In rice, MG concentration at physi-
ological conditions is about 27.5 ± 1.2 and 62.3 ± 3.2 μmol/g fresh weight in root and 
shoot, respectively, which increase two- to sixfold in response to drought (Yadav 
et al.  2005 ). In another study, MG concentration is reported to increase 1.63-fold as 
compared to control condition after 24 h of  drought stress   in pumpkin seedlings 
(Hossain et al.  2009 ).  

16.4     Methylglyoxal Detoxifi cation Pathways 

 Methylglyoxal (MG) is a physiological highly reactive genotoxic and cytogenic 
α-oxoaldehyde compound. Due to highly reactive properties of MG, its concentra-
tions must be kept below the threshold levels to sustain cellular homeostasis. 
Whatever route through which MG is produced, it is primarily detoxifi ed by the 
ubiquitous glyoxalase pathway (Thornalley  1993 ). Recent investigations in plants 
have demonstrated the involvement of the glyoxalase system in  drought stress toler-
ance   (Hossain et al.  2009 ; Hasanuzzaman and Fujita  2011 ). Apart from glyoxalase 
pathway, there are other enzymes involved in the detoxifi cation process as well 
(Kalapos  1999 ). 

16.4.1      Glyoxalase Pathway   

 The glyoxalase pathway is a ubiquitous mechanism for cellular metabolism of MG 
in the living systems and operates in the cytoplasm of cells in both prokaryotes and 
eukaryotes. At the time of its discovery in 1913 (Neuberg  1913 ; Dakin and Dudley 
 1913 ), it was believed to be a single enzyme. Later in 1951, involvement of two 
enzymes for MG detoxifi cation was reported (Racker  1951 ). The thiol-dependent 
glyoxalase system comprises two enzymes, glyoxalase I (GLY I; S-D lactoylgluta-
thione lyase; EC 4.4.1.5) and glyoxalase II (GLY II; hydroxyacylglutathione hydro-
lase; EC 3.1.2.6). The fi rst enzyme of the pathway, GLY I, catalyzes the conversion 
of MG to  S- D -lactoylglutathione   with the help of reduced glutathione (GSH), while 
the second enzyme, GLY II, converts S- D -lactoylglutathione to  D -lactic acid and 
regenerates GSH back to the system (Racker  1951 ) (Fig.  16.1 ). MG detoxifi cation 
is highly dependent on the availability and concentration of endogenous GSH and 
thus, insuffi ciency of cellular GSH leads to the accumulation of  MG  . The overex-
pression studies of glyoxalase enzymes have demonstrated that glyoxalases can 
 prevent excessive accumulation of MG in plants under stress conditions, acting 
primarily by maintaining intracellular antioxidant pools (Singla-Pareek et al.  2003 ; 
Hoque et al.  2007 ; Hasanuzzaman and Fujita  2011 ; Hasanuzzaman et al.  2011 ; 
El-Shabrawi et al.  2010 ; Ghosh et al.  2014 ). Additional information on the 
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biological function of glyoxalase system comes from the molecular engineering 
studies of the corresponding genes. Several investigations provide a potential frame-
work for understanding the physiological roles of the glyoxalase system in higher 
plants in response to various stresses. However, underexpression of glyoxalase I in 
tobacco showed increased levels of MG leading to cytotoxicity resulting in failure 
of seed germination (Yadav et al.  2005 ). In addition, it was reported that glyoxalase 
enzymes increased the tolerance of plants to drought-induced oxidative damage by 
maintaining the GSH/GSSG ratio (Hasanuzzaman and Fujita  2011 ). Further, upreg-
ulation of GLY I and GLY II can confer stress tolerance to plants. 
It was reported that drought  stress   enhanced GLY II transcript expression in  Brassica  
and rice (Yadav et al.  2007 ; Saxena et al.  2005 ).  

16.4.2      Non-glyoxalase Pathways   

 In addition to glyoxalases, there are other ways in which MG can be detoxifi ed in 
the plant system. Since MG contains both ketone and aldehyde groups, it can read-
ily undergo oxidation or reduction reactions (Kalapos  1999 ; Yadav et al.  2008 ). 
Consequently, the enzymes which are involved in oxido-reduction can catalyze the 
conversion of MG to either acetol or lactaldehyde. Enzymes such as aldo-reductases 
and dehydrogenases catalyze such reactions (Fig.  16.1 ). ALR1 (Alcohol; NADP- 
oxido- reductase, EC. 1.1.1.2), ALR2 (alditol: NAD poxido-reductase, EC. 1.1.1.21), 
and ALR3 (carbonyl reductase; EC. 1.1.1.184) are representatives of reductase fam-
ily involved in MG detoxifi cation. These ALRs have been shown to possess broad 
substrate specifi city and are potentially involved in MG detoxifi cation in the plants. 
Overexpression of aldose/aldehyde reductase ( ALR ) in tobacco plants has been 
shown to confer tolerance against drought stress. The transgenic plants exhibited 
reduced loss of photosynthetic effi ciency and decreased lipid peroxidation, thiobar-
bituric acid reactive species (TBRS) and H 2 O 2  accumulation as compared to non- 
transgenic plants (Hideg et al.  2003 ). Further, pyruvate dehydrogenases are found in 
abundance in plants and have also been shown to catalyze MG detoxifi cation 
(Baggetto and Lehninger  1987 ). Therefore,    effi cient detoxifi cation of MG might be 
a sustainable strategy for tolerance against various stresses (Hasanuzzaman and 
Fujita  2011 ).   

16.5      Correlation   Between MG and ROS Production 

 In plants, stress is generally associated with increased levels of MG and ROS such 
as superoxide radical (O 2  – ), singlet oxygen ( 1 O 2 ), hydrogen peroxide (H 2 O 2 ), and 
hydroxyl radical (OH · ) (Van Breusegem et al.  2001 ; Chaves et al.  2003 ; Reddy et al. 
 2004 ). Being a potent and highly reactive glycating agent, it accelerates inactivation 
of antioxidant defense mechanism (Martins et al.  2001 ; Thornalley  2003b ).  MG   is 
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interlinked with ROS, as evident from the generation of ROS during both formation 
and decomposition of MG in different cellular reactions (Table  16.2 ). In plants, MG 
hampers normal physiological metabolic functions either directly or indirectly 
through generation of ROS in cells (Hoque et al.  2012a ,  c ) (Fig.  16.2 ). ROS can 
readily react with various biologically important  macromolecules   such as proteins, 
lipids, and DNA, resulting in oxidative damage and impedes the normal cellular 
metabolic functions (Apel and Hirt  2004 ; Foyer and Noctor  2005 ). Prolonged 
drought stress accelerates overproduction of MG as well as ROS resulting in oxida-
tive damage (Yadav et al.  2005 ; Smirnoff  1993 ). Thus, excessive accumulation of 
ROS can overcome the  antioxidant defense system   and results in alteration in meta-
bolic processes, reduction in photosynthesis, interruptions in cellular coordination 
leading to growth retardation, reduced fertility, causes premature senescence and 
death of plants (Hossain et al.  2011b ; Saito et al.  2011 ; Krasensky and Jonak  2012 ). 
Therefore, ROS should be regulated in plants through the synchronization of ROS 
production and ROS  scavenging systems   to withstand oxidative damage by homeo-
static regulation of signaling events (Foyer and Noctor  2005 ).

16.6        Impairment of Cellular Functions by MG and ROS 

 MG and ROS are generated during the course of metabolism in vivo and are highly 
reactive glycation agents. The probable involvement of ROS in reactions between 
MG and macromolecules was fi rst reported by Szent-Györgyi in the 1960s (Szent- 
Györgyi  1968 ). Later in the 1970s, the interaction between protein amines and MG 
was investigated (Kon and Szent-Györgyi  1973 ). Moreover, the ROS generating 
ability of MG was also reported (Kalapos et al.  1993 ). Currently, little information 
is available regarding the role of MG and ROS under drought stress conditions in 
plants. However, relationship of MG and ROS with cellular macromolecules had 
been studied over the course of time and can be utilized to study the emerging role 
of glyoxalase in plant drought tolerance. This section concentrates on understand-
ing the mechanism of MG and ROS toxicity in the plants. 

   Table 16.2    Correlation  between   MG and ROS generation   

 Sl No.  Reaction  Catalyst  Reference 

 1  Aminoacetone + O 2  → MG + NH 4  + H 2 O 2   Semicarbazide sensitive 
amine oxidase (SSAO) 

 Yu et al. ( 2003 ) 

 2  Aminoacetone + O 2  → MG + NH4 + O 2  −   Fe 2+   Dutra et al. 
( 2001 ) 

 3  Acetol + O 2  → MG + H 2 O 2   Galactose oxidase  Johnson et al. 
( 1985 ) 

 4  MG + H 2 O + O 2  → Pyruvate + H 2 O 2   Glyoxal oxidase  Kersten and 
Kirk ( 1987 ) 

 5  MG + e −  → MG −  + O 2  → MG + O 2  −   PSI  Saito et al. 
( 2011 ) 

M.R. Hasan et al.



387

16.6.1     MG-Mediated Disruption in Cellular  Functioning   

 Being a strong electrophile, MG can readily modify functional groups of various 
macromolecules and thus, infl uences their biological activity (Kalapos  1994 ). It 
disturbs cellular metabolism upon excessive accumulation and is directly involved 
in imposing carbonyl stress (Fig.  16.2 ), when MG levels supersede detoxifi cation 
capability of glyoxalase I and other related enzymes, then carbonyls bind to protein, 
lipids, and other macromolecules, thereby leading to ROS generation and that 
advanced to apoptosis or to malfunction (Kalapos  2008 ). It is also inhibiting the 
activity of various important cellular enzymes, including glycolytic enzymes, intra- 
mitochondrial enzymes, Na + -K + -ATPase, transport proteins and enzymes participat-
ing in cell defense (Leoncini et al.  1980 ; Kun  1950 ; Mira et al.  1991 ; Ferguson et al. 
 1998 ; Vander Jagt et al.  1997 ; Amicarelli et al.  2003 ). Further, it is also capable of 
reacting with nucleic acids, and is suggested to be a carcinogenic, mutagenic, and 
teratogenic agent (Hasegawa et al.  1995 ; Sugimura and Sato  1983 ; Chaplen  1998 ; 
Brambilla et al.  1985 ). GSH is a well-known  intracellular antioxidant agent   involved 
in the protection of cells from oxidative stress (Sen  1997 ). It may be trapped as S-2- 
hydroxyacylglutathione at excessive accumulation of MG and subsequently causing 
GSH depletion (Kalapos et al.  1992 ). However, MG can act as directly as cytotoxic 
agent affecting various cellular machineries or it can reduce GSH concentration 
under stress condition. It is reported that a signifi cant decrease in GSH levels occur 
in the presence of various concentrations of MG (Kalapos et al.  1992 ). Additionally, 
MG also decreased the thiol containing proteins level in isolated mitochondria (Kun 
 1950 ). Finally, MG inhibits the activity of several enzymes (Kalapos  1994 ) and also 
 depletes   GSH levels both in vivo and in vitro (Amicarelli et al.  2003 ).  

16.6.2     ROS-Mediated Disruption in Cellular  Functioning   

 Despite their toxic nature, ROS actually have a double role in vivo depending on 
their concentration, duration and site of action, preceding encounter to stress, etc. 
(Miller et al.  2010 ). In general, low doses are treated as signals that mediate at least 
some part of the responses towards stress while at certain levels of phytotoxicity, 
they cause a great threat that may in due course lead to programmed cell death 
(Gechev and Hille  2005 ). When the cellular ROS concentration exceeds beyond 
the threshold levels, then living systems can be said to be in a state of “oxidative 
stress” (Fig.  16.2 ). Abiotic stress such as drought leads to excessive accumulation 
of ROS due to imbalance in cellular homeostasis (Sharma and Dubey  2005 ). They 
can pose cellular damage by triggering oxidation of proteins, peroxidation of 
lipids, damage to nucleic acids, inhibition of enzyme activities, activation  of 
   programmed cell death ( PCD  ) eventually leading to death of the cells (Reddy 
et al.  2004 ; Sharma and Dubey  2005 ; de Carvalho  2008 ; Ahuja et al.  2010 ; 
Karuppanapandian et al.  2011 ).   
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16.7      Drought Induced Alteration   in Expression 
of Glyoxalase Genes  

 The role of glyoxalase genes has been demonstrated under  abiotic stress conditions   
through various transcriptomic studies.  Stress-induced alterations   in glyoxalase 
gene expression clearly suggest a direct role of glyoxalase genes in stress adaptation 
and acclimation pathway. Upon mannitol treatment, a two- to threefold upregula-
tion in GLY I expression has been observed in different tissues such roots, stems, 
and leaves (Espartero et al.  1995 ). GLY I preferentially accumulates in the  phloem 
sieve elements   as revealed through immunohistochemical localization analysis. 
Further, a dose-dependent GLY I transcript analysis has also been performed in 
 Brassica juncea  in response to salt, drought, and heavy metal stresses (Veena and 
Sopory  1999 ). A signifi cant two- to threefold enhancement in the level of GLY I 
transcript was observed in response to 400 mM mannitol. In order to identify novel 
genes involved in desiccation tolerance in the foliage of the grass  Sporobolus stap-
fi anus , Blomstedt et al.  1998  prepared a cDNA library from the desiccated leaf tis-
sue. After differential screening, six clones including  GLY I   have been identifi ed 
that show increased transcript abundance and thus might be associated with desic-
cation tolerance. Northern blot analysis showed a threefold increase in GLY I tran-
script in response to dehydration as compared to the fully hydrated tissue and a 
twofold increase in response to subsequent drying. In   S. stapfi anus   , GLY I tran-
scripts are also induced by 1.6-fold after treatment with ABA. Moreover, microar-
ray analysis of transgenic plants overexpressing  NAC transcription factor   genes 
shows upregulation of several stress-inducible genes including GLY I and resulting 
transgenic plants show signifi cant tolerance towards drought stress (Tran et al. 
 2004 ). Further, a sharp fourfold upregulation in GLY I expression has been observed 
after transcriptome profi ling of wild type and co-suppressed MSI1 (chromatin 
assembly factor 1)  Arabidopsis  lines (Alexandre et al.  2009 ). Apart from activation 
of GLY I transcripts, co-suppressed MSI1 plants have increased levels of free pro-
line and showed  enhanced   tolerance towards drought. A noticeable increase in the 
GLY I transcript was also observed in  pumpkin seedlings   in response to different 
stresses including drought, salinity, heavy metal, and heat (Hossain et al.  2009 ). 
Moreover,  genome wide expression analysis   of   Arabidopsis    and rice using microar-
ray data identifi ed several glyoxalase members with altered expression in response 
to drought stress (Mustafi z et al.  2011 ). An upregulation in expression of  AtGLYI3 , 
 AtGLYI6 , and  AtGLYI7  genes occurs in a time-dependent manner under drought 
conditions in Arabidopsis seedlings, whereas  AtGLYI2 ,  AtGLYI4 , and  AtGLYI9  are 
downregulated under such conditions. Similarly,  rice glyoxalase genes  ,  OsGLYI2, 
OsGLYI6 , and  OsGLYI11 , are induced, but  OsGLYI5  and  OsGLYI10  are downregu-
lated in response to  drought stress   in the rice seedlings. Expression of rice GLY I 
transcripts were further analyzed in the 2 weeks rice seedlings in response to differ-
ent abiotic stresses such as heat, cold, dehydration, wounding, MG, salt, and oxida-
tive stress by qRT-PCR (Kaur et al.  2013 ). A 4.5-fold upregulation in   OsGLYI - 11.2  
expression   was observed, followed by  OsGLYI-7.1  under drought conditions; while 
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other members  OsGLYI-2 ,  OsGLYI-8 , and  OsGLYI-11.3  showed sharp decline in 
gene expression. Furthermore, differential gene expression studies in soybean leaf 
tissues revealed upregulation of GLY I family members along with other regulatory 
and functional genes under drought stress (Le et al.  2012 ). 

 Like GLY I, expression of GLY II transcript was also found to vary under differ-
ent stresses. Expression of rice  GLY II   gene was analyzed in response to various 
abiotic stresses such as desiccation, salinity, heat, cold, and ABA and SA treatment 
(Yadav et al.  2005 ). Signifi cant accumulation of GLY II transcript was found in 
response to all stress agents. Desiccation stress resulted in the accumulation of GLY 
II transcript in a short duration of 15 min followed by  gradual   increase in accumula-
tion with time till 2 h (Yadav et al.  2007 ).  Genome wide transcript analysis   of rice 
GLY II transcripts showed strong induction of all GLY II members in response 
to drought stress (Mustafi z et al.  2011 ). Amongst the  Arabidopsis   GLY II genes, 
the expression of  AtGLYII1  and  AtGLYII2  was found to be highly upregulated in 
response to drought stress in both shoot and root tissues (Mustafi z et al.  2011 ). 
However  AtGLYII3 ,  AtGLYII4 , and  AtGLYII5  were downregulated in response to 
drought stress in both shoot and root tissues in Arabidopsis.  

16.8      Drought Induced Alteration   in Levels of Glyoxalase 
Proteins 

 Proteins are vital components of living organisms that are directly involved in vari-
ous physiological and metabolic pathways of cells. Hence, studying variations in 
levels of glyoxalase proteins or their enzyme activities will give more precision in 
understanding the role of these enzymes in stress adaptation and in effi cient moni-
toring of the stress response. Activity of glyoxalase has been monitored by various 
research groups under different environmental stimuli. Initial reports have revealed 
an increase in  GLY I activity   during cell division (Deswal et al.  1993 ) and prolifera-
tive callus cultures of groundnut ( Arachis hypogaea  L.cv. JL24) (Jain et al.  2002 ). 
To identify the altered proteins during drought stress, functional proteome studies 
have been performed and have secured an important place in the era of comparative 
and functional genomics. To investigate the mechanism of plants’  osmotic stress 
response  , rice protein profi les were monitored from mannitol-treated plants using 
 proteomics approach   (Zang and Komatsu  2007 ). Proteins from the basal part of leaf 
sheaths showed strong induction in levels of GLY I protein in response to stress. To 
study the changes in wheat grain proteome in response to drought,  two-dimensional 
gel electrophoresis   among three wheat genotypes with different genetic background 
was performed under well-watered and drought conditions (Hajheidari et al.  2007 ). 
The overall effect of drought was highly signifi cant and about 650 spots were repro-
ducibly detected and analyzed. Mass spectrometry analysis using  MALDITOF/
TOF   led to the identifi cation of 57 proteins with signifi cant alteration. A signifi cant 
downregulation (twofold) in GLY I protein levels was observed in the  susceptible 
genotypes  , with no or insignifi cant changes in the tolerant counterpart. 
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 Further,  GLY I   protein was also identifi ed in a two-dimensional gel electrophoresis 
experiment carried out in two distinct sunfl ower genotypes in response to drought 
(Castillejo et al.  2008 ). The susceptible genotype showed a decrease  in   the intensity 
of the 17 spots out of 28 altered proteins. The proteins that showed a decline in their 
levels included a GLY I protein, along with some other important proteins such as 
 photosystem II oxygen-evolving complex protein 1  ,  carbonic anhydrase  ,  RubisCO 
large and small subunits  , ferredoxin-NADP +  reductase, phosphoglycerate kinase, 
glyceraldehyde-3-phosphate dehydrogenase, aldolase and superoxide dismutase. 
Furthermore, comparative proteomic analysis of differentially expressed chickpea 
and rice extracellular matrix proteins also led to the identifi cation of a GLY I protein 
during dehydration stress (Bhushan et al.  2007 ; Pandey et al.  2010 ). GLY I protein 
was also found to be signifi cantly upregulated in the nuclear fraction of chickpea 
in response to dehydration stress (Pandey et al.  2008 ). In addition, analysis of 
drought responsive leaf proteome of a C3 xerophyte,  Citrullus lanatus  also revealed 
alteration in levels of GLY I protein (Akashi et al.  2011 ). 

 Signifi cant increase in levels of GLY I protein and  GLY I activity   was observed 
in onion bulb in response to various stress treatments (Hossain et al.  2007 ). An 
induction of 1.3- to 1.4-fold was observed in both the levels of GLY I protein and 
activity in response to drought stress. A sharp increase in GLY I activity (1.27-fold) 
was observed after 24 h of drought stress in pumpkin seedlings (Hossain et al. 
 2009 ). A similar pattern of induction was observed in GLY II enzyme activity in 
response to drought. The potential role of various chemical compounds in increas-
ing drought tolerance by enhancing glyoxalase enzyme activity has been deter-
mined by different studies (Hasanuzzaman and Fujita  2011 ; Alam et al.  2013 ). For 
instance, drought stress induced oxidative damage of rapeseed seedlings could be 
reversed by the pretreatment of selenium that enhances the activities of antioxidant 
and  MG detoxifying enzymes   (Hasanuzzaman and Fujita  2011 ). Selenium pre-
treated rapeseed seedlings exposed to various degrees of drought stress showed a 
sharp rise in their ascorbic acid level, reduced glutathione content, and maintained 
a high GSH/ GSSG ratio      as compared with the drought-stressed plants without sele-
nium treatment. It has been reported that pretreatment with 25 mM of selenium 
resulted in a 23 % increase in GLY I activity and also a signifi cant increase in GLY 
II activity in rapeseed seedlings as compared to control. A similar study showed that 
exogenous addition of salicylic acid in mustard seedlings mediates short-term toler-
ance against drought stress by upregulating the antioxidant defense and glyoxalase 
pathway (Alam et al.  2013 ). Drought  stress   resulted in a sharp decline in the level of 
ascorbate, relative water content, and chlorophyll content in the mustard seedlings, 
but increased their proline, malondialdehyde, and H 2 O 2  levels. However,  salicylic 
acid supplementation   in the drought stressed seedlings enhanced ascorbate, reduced 
glutathione, chlorophyll, and relative water content, as well as decreased the GSSG 
level to maintain the ratio of GSH/GSSG. Salicylic acid supplemented drought 
stressed seedlings also enhanced the enzyme activities of GLY I, GLY II, and 
 different antioxidant enzymes as compared to drought-stressed plants without sali-
cylic acid supplementation. Moreover, temperature (either heat or cold)-shock posi-
tively modulates the oxidative protection in salinity and drought stressed mustard 
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( Brassica campestris  L.) seedlings in a very similar mechanism by increasing 
 glyoxalase activity (Hossain et al.  2013a ,  b ). Seedlings pre-exposed to either heat- 
shock or cold-shock conditions positively modulate the activities of GLY I and GLY 
II, and maintain lower levels of GSSG, H 2 O 2 , and  malondialdehyde   as compared to 
the control as well as non-treated drought stressed seedlings.  

16.9      Signaling Roles   of MG in Regulation of  Stomatal 
Closure   and Stress Responsive Gene Expression 

 Despite having inhibitory effects on cell growth, MG has been shown to possess 
signaling roles in bacteria (Campbell et al.  2007 ), humans (Kang et al.  1996 ; 
Akhland et al.  2001 ), and yeast (Maeta et al.  2005 ; Takatsume et al.  2006 ). However 
in plants, role of MG in signal transduction is less studied. Nonetheless, it has been 
reported that MG induces ROS formation (Hoque et al.  2012a ) and that ROS medi-
ates  abscisic acid (ABA)   and  methyl jasmonate (MeJA) signaling pathways   in guard 
cells related to stomatal regulation (Munemasa et al.  2007 ). Hoque and coworkers 
have shown that MG induces stomatal closure in a reversible manner and also 
induces generation of ROS in  Arabidopsis  (Hoque et al.  2012a ). It was found that 
MG induced signifi cant accumulation of ROS and also increased cytosolic Ca 2+  
oscillations in the guard cells which were suppressed by pretreatment with SHAM 
(salicylhydroxamic acid). SHAM-sensitive peroxidases diffuse extracellular oxida-
tive burst into the intracellular space contributing to intracellular ROS accumulation 
in the guard cells and trigger stomatal closure via a Ca 2+ -dependent pathway (Hoque 
et al.  2012a ). Additionally, it was also observed that MG was also engaged in inhib-
iting light-induced stomatal opening via the modifi cation of C-terminal region of 
KAT1, an inward-rectifying potassium channel thereby inhibiting K +  infl ux into the 
guard cells (Hoque et al.  2012b ). The involvement of MG in regulation of stomatal 
movements indicates towards its role in signal transduction pathways in drought 
stress adaptation. Because of closure of stomata is the primary response of almost 
all plants to drought to prevent transpirational water loss (Mansfi eld and Atkinson 
 1990 ). Regulation  of   stomata may result in response to decrease in leaf turgor or low 
humidity atmosphere (Ludlow and Muchow  1990 ; Maroco et al.  1997 ). In response 
to drought, MG levels have been reported to increase up to sixfold depending upon 
the crop species (Yadav et al.  2005 ). 

 Further, MG is capable of altering expression of genes known to be involved in 
drought stress adaptation. For instance, MG was found to affect the transcript levels 
of ABA-dependent genes, RD29B and RAB18, which are generally induced 
in response to dehydration. MG could signifi cantly induce RD29B (fi vefold) and 
RAB18 (threefold) gene expression that too in a concentration-dependent manner 
(Hoque et al.  2012c ). In addition, MG has also been shown to enhance expression 
of triose phosphate isomerase ( OscTPI ) and  OsETHE1  in rice (Sharma et al.  2012 ; 
Kaur et al.  2014b ). Moreover, global gene expression profi les in rice in response to 
exogenous MG showed its involvement in signal transduction. MG affected the 
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expression of  various   genes involved in stress-induced signal transduction cascades 
such as protein kinases (mitogen-activated protein kinase, calcium/calmodulin-
dependent protein kinases, Ser/Thr protein kinase, histidine kinase, and receptor-
like kinase) and transcription factors (bZIP, AP2 domain- containing protein, NAM, 
WRKY, and zinc fi nger proteins), which were signifi cantly represented in the per-
turbed transcriptomes, indicating an interlink between MG and  stress- responsive 
signal transduction pathways   (Kaur et al.  2015 ). Collec tively, MG plays a signifi -
cant role in signal transduction possibly acting as a stress signal molecule in plants, 
where it conveys signals to the cellular machinery to maintain the cellular homeo-
stasis towards adaptation in drought stress.  

16.10     Conclusion and Future Perspective 

 The pathways involved in drought stress adaptation in plants are regulated at both 
physiological and molecular levels. Molecular information of response and toler-
ance mechanisms is likely to pave way for engineering plants that could make them 
withstand drought stress. Many achievements have been made over the last few 
years in understanding the protective role of glyoxalases in MG detoxifi cation under 
drought conditions (Fig.  16.3 ). Drought stress leads to increased accumulation of 
MG and MG-derived ROS. It is now well known that MG has deleterious effects on 

ROS MG
Anti-oxidant

enzymes

Drought
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Inhibits cellular
function

Cell damage
and Death

a

MG GSH
Anti-oxidant

enzymes

Drought

ROS

Redox balance
restored 

Drought
tolerance

Glyoxalase
system

b

  Fig. 16.3    Role of glyoxalase pathway in drought stress adaptation. During drought, MG and ROS 
levels increase which then impair the redox balance of cell. MG levels also induce ROS generation 
through the formation of AGEs, resulting in ROS-mediated cellular injury and death ( a ). Increase 
in glyoxalase activity through overexpression helps in maintaining cellular redox homoeostasis 
under drought stress by reducing MG levels and regenerating GSH back into the system, thereby 
decreasing ROS generation which leads to improved drought tolerance ( b )       
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plant growth and development and that glyoxalase pathway serves an important 
detoxifi cation role in the living systems. Several transcriptome and proteome stud-
ies carried out to identify genes involved in drought stress response have revealed a 
link between glyoxalases and drought stress adaptation indicating glyoxalase path-
way to be a crucial intracellular component of plant stress response. Further, MG 
transmits signals to the cellular machinery for inducing changes in plant transcrip-
tome, transcription factors, protein kinase as well as regulation of stomatal move-
ments for adaptation to drought stress conditions. However, the specifi c role of MG 
as a signal molecule itself or as a component in signaling cascade in plants needs 
further investigation for deeper understanding of its role in stress response and 
tolerance.
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    Chapter 17   
 Drought Tolerant Wild Species Are 
the Important Sources of Genes and Molecular 
Mechanisms Studies: Implication 
for Developing Drought Tolerant Crops                     

       Imrul     Mosaddek     Ahmed    ,     Umme     Aktari     Nadira    ,     Guoping     P.     Zhang    , 
and     Feibo     B.     Wu    

17.1           Introduction 

 Drought is the single largest abiotic stress factor leading to reduced crop yields and 
dramatically threatens the food supply worldwide. Furthermore,  global climate 
change   is projected to have a signifi cant impact on temperature and precipitation 
profi les, with increasing incidence and severity of drought stress. Increasing demand 
by municipal and industrial users further reduces the amount of water available for 
irrigated crops. One of the sustainable and cost-effective solutions for increasing 
crop stability and productivity is genetic improvement for higher tolerance to 
drought  stress   (Ashraf et al.  2009 ; Blum  1988 ). While natural selection has favoured 
mechanisms for adaptation and survival, breeding activity has directed selection 
towards increasing the economic yield of crop species. However, tolerance to 
drought stress is a quantitative trait controlled by many different genes. Thus, 
improvement of tolerance of crop plants to drought is proved to be somewhat elu-
sive to plant breeders (Lopes et al.  2011 ). 

 A long process of domestication, especially modern breeding and cultivation 
programs, primitive landraces has been replaced by modern cultivars. This process 
of “ genetic erosion  ” in many domesticated plants has been under way for decades, 
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many other crop plants, many of the ancient landraces have vanished, and the 
genetic diversity of the cultivated forms has become signifi cantly reduced (Ellis 
et al.  2000 ). Due to the rapid loss of genetic variation through cultivar replacement, 
modern crop varieties have become more sensitive to abiotic and biotic stresses, and 
their monotonous genetic background has been a bottleneck to the breeding of 
improved cultivars. 

 Development of crop varieties for improved drought resistance requires the 
knowledge of physiological mechanisms and genetic control of the contributing traits 
at different plant developmental stages. Water defi cit accelerates abscisic acid (ABA) 
biosynthesis, which decreases stomatal conductance to minimize transpirational 
losses. To cope with such challenges, understanding the effects of drought on plants 
and morphological and physiological adaptations is crucial. Recently, the utilization 
of drought tolerant wild species and the rapid advances in molecular biological, func-
tional genomics, and transgenic technologies have facilitated drought-related studies, 
resulting in signifi cant progress in the identifi cation of related genes and gene regions 
and dissection of some of its molecular aspects. The existing literature on drought 
stress was reviewed to assess the present position and to identify research gaps to 
address future research needs. This chapter provides an overview of present under-
standing of drought response and tolerance of wild species and summarizes current 
research on the enhancement of the growth and yield ability currently unrecognized 
in water-limited environments. Strategies used previously to achieve progress in 
drought environments are analyzed, improvements were proposed, and attempts have 
been made to assess the potential impacts of current research endeavor.  

17.2     Mechanism of  Drought Stress Tolerance   

 Three main mechanisms reduce crop yield by soil water defi cit: (1) reduced canopy 
absorption of photosynthetically active radiation, (2) decreased radiation-use effi -
ciency, and (3) reduced harvest index (Earl and Davis  2003 ). Desiccation is a much 
more extensive loss of water that can potentially lead to gross disruption of metabo-
lism and cell structure and eventually to the cessation of enzyme catalyzing reac-
tions. Drought is characterized by reduction of water content, turgor, total water 
potential, wilting, closure of stomata, and decrease in cell enlargement and growth. 
The isolation and characterization of genes conferring tolerance to stress by expres-
sion in  genetic modifi ed (GM) crops   requires the previous, in-depth understanding 
of the mechanisms plants use as a response to stress, which together with the aca-
demic interest of the topic has stimulated the study of these mechanisms over the 
last two decades. These studies have revealed a series of basic, conserved stress 
response pathways, apparently used by all plants tolerant as well as sensitive which 
are activated at the cellular level in response to different types to  abiotic stress  , and 
include: (1) the control of water transport, ion transport and ion homeostasis, to 
prevent cellular dehydration and to maintain osmotic balance, including the com-
partmentalization of toxic ions in the vacuole and the synthesis and accumulation of 
compatible solutes or osmolytes in the cytosol; these  osmolytes   have additional 
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functions as osmoprotectants, directly stabilizing proteins and cellular structures 
under dehydration conditions and protecting the cell against oxidative stress as 
scavengers of  reactive oxygen species (ROS)  ; (2) synthesis of specifi c protective 
proteins, such as osmotine, heat-shock proteins, and late embryogenesis abundant 
(LEA) proteins; and (3) synthesis of antioxidant compounds (reduced glutathione, 
fl avonoids and other phenolics, carotenoids, vitamins C and E, etc.) and activation 
of enzymatic antioxidant systems (superoxide dismutase, catalase, ascorbate per-
oxidase, glutathione peroxidase, glutathione reductase, etc.), induced in response to 
oxidative stress generated either directly (e.g., by ozone or high UV irradiation) or 
secondarily by other stressful environmental conditions (Ashraf et al.  2009 ; Hussain 
et al.  2008 ; Munns  2002 ; Vinocur and Altman  2005 ; Wang et al.  2003 ; Zhu  2001 ).  

17.3        Drought Tolerance in Wild Species for Cultivated 
Variety Improvement 

 Over the next few decades we must boost crop productivity if we are to feed a grow-
ing world population, which will reach more than 9 × 10 9  people by 2050; and we 
should do it in the frame of a sustainable agriculture, with an increasing scarcity of 
new arable land and of water for irrigation. To meet the needs of the growing world 
population, it is essential to effectively utilize dehydrated and salted soil by devel-
oping crop varieties that are well adapted to drought and salt stress. However, the 
progress toward developing drought- and  salt-tolerant crops   is signifi cantly ham-
pered by the physiological and genetic complexity of these traits. Considering the 
limitations of traditional plant breeding, the most promising strategy to achieve this 
goal will rely on the generation of transgenic plants expressing genes conferring 
tolerance. We propose wild stress tolerant species as more suitable models to inves-
tigate these mechanisms, as well as a possible source of biotechnological tools 
(“stress tolerance”  genes  , stress-inducible promoters) for the genetic engineering of 
stress tolerance in crop plants. 

17.3.1        Rice 

 Common wild rice ( O. rufi pogon  Griff.), as the progenitor of cultivated rice ( O. 
sativa  L.), constitutes the primary gene pool for  rice genetic improvement   (Second 
 1982 ; Oka  1988 ; Wang et al.  1992 ). During the course of domestication from wild rice 
to cultivated rice, profound changes of agronomic traits and genetic diversity occurred, 
and the number of alleles of cultivated rice was only 60 % that of wild rice, suggesting 
that many alleles of wild rice were lost during the course of domestication, which led 
to lower genetic diversity of the cultivated rice (Sun et al.  2001 ). Because of the nar-
row genetic base of cultivated rice, it is necessary to explore primitive and broad 
genetic resources. The wild rice may offer abundant genetic resources in drought tol-
erance research as it has more novel alleles than cultivated  rice  .  
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17.3.2      Wheat   

 Wild emmer wheat is important for its high drought tolerance, and some of   T. dicoc-
coides  genotypes   are fully fertile in arid desert environments. Wild emmer wheat 
accessions were shown to thrive better under water-limited conditions in terms of 
their productivity and stability, compared to durum wheat. The  wild emmer gene 
pool   was shown to offer a rich allelic repertoire of agronomically important traits 
including drought tolerance (Saranga et al.  2008 ; Peleg et al.  2005 ; Peng et al.  2011 ; 
Peng et al.  2013 ). Hence,  T. dicoccoides  is an important source of drought-related 
genes and highly suitable as a donor for improving drought tolerance in cultivated 
wheat species.  

17.3.3      Barley   

    Wild barley  H.   spontaneum    ,  thereafter named  Hsp , is the direct ancestor of culti-
vated barley and contains valuable novel genes for barley improvement (Baum et al. 
 2003 ; Ceccarelli et al.  2004 ; Forster et al.  1997 ; Grando et al.  2001 ; Ivandic et al. 
 2000 ). Because there is no biological isolation barriers with the cultivated barley, 
crossing between  H. spontaneum  and  H. vulgare  was possible in nature (Harlan 
 1976 ) and it makes  H. spontaneum  accessible for immediate use in barley  breeding  , 
and allows for improved agronomic characteristics of cultivated varieties such as 
drought and salt tolerance. Many studies have described the variation in populations 
of wild barley and its potential contribution of useful alleles for crop improvement 
(Grando and Ceccarelli  1995 ; Ivandic et al.  2003 ; Volis et al.  2002 ; Baum et al. 
 2003 ), and Nevo and Chen ( 2010 ) summarized drought tolerances in wild relatives 
for barley  improvement  .  

17.3.4      Sunfl ower   

  Helianthus annuus  ssp.  Annuus  L. constitutes a potential genetic resource because 
it has naturalized in the semiarid zone of central Argentina. The assessment of these 
genetic materials for tolerance to water defi cit matters because they represent a 
source of genes for drought tolerance, useful to sunfl ower breeding.  Drought- 
resistant genotypes   should be achieved using phenotypic traits easy to identify. 
Parameters such as leaf area are widely used to characterize the performance under 
stress.  Leaf temperature   is an easily measured physiological parameter that allows 
an indirect way to estimate plant transpiration and is well correlated with water 
availability. Relative water content indicates the ability to retain water from the soil 
and expresses plant osmotic adjustment capacity (Blum  1989 ).  
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17.3.5      Soybean   

 The wild ancestor of soybean,  Glycine   soja    (Sieb. and Zucc.) also known as wild 
soybean, is perhaps the most genetically diverse resource available to soybean 
breeders that will cross freely with the domesticate (Harlan and de Wet  1971 ). An 
annual plant, it is commonly found throughout China and most of Asia, including 
its arid regions (Hymowitz and Singh  1987 ). Wild soybean has been the object of 
two previous water defi cit studies; drought resistance was found to be superior to 
soybean in one case (Chen et al.  2006 ) but similar to soybean in the other (James 
et al.  2008 ). Physiological  processes   of wild and domesticated soybean were not 
compared, so the basis for the putative drought resistance is unresolved. There are 
no reports of using wild soybean as a source of drought resistance in breeding, in 
large part because no wild soybean accessions have been verifi ed as resistant.  

17.3.6      Chickpea   

 The genus  Cicer  consists of nine annual species including the cultivated chickpea, 
 Cicer   arietinum    L., 33 wild perennials, and one unspecifi ed wild (van der Maesen 
 1987 ). The world annual  Cicer  species is limited to 572 accessions held in nine gene 
banks, many of which are possibly duplicates or misidentifi ed (Shan et al.  2005 ). So 
far, the existing germplasm has been evaluated for drought resistance, mainly using 
cultivated chick peas (Serraj et al.  2004 ; Kashiwagi et al.  2006 ). Although wild 
  Cicer  species   have been evaluated for different biotic and abiotic stresses (Singh 
et al.  1998 ; Collard et al.  2001 ; Toker  2005 ; Sharma et al.  2006 ), there are only a 
few reports regarding drought resistance in annual wild  Cicer  species (Kashiwagi 
et al.  2005 ), and none in perennial wild  Cicer  species. The purpose of this study was 
to evaluate perennial wild  Cicer  species for drought resistance and compare them 
with annual wild   Cicer  species   and cultivated  chickpeas   (Table  17.1 ).

17.4            Conventional Breeding for Drought Tolerance 

 Conventional improvement to obtain new individuals is based on their genetic varia-
tion and uses the selection to incorporate better characteristics into the progeny. For 
this purpose, two plants processing desirable traits are selected and then crossed to 
exchange their genes, so that the offspring has new genetics arrangement. 
 Conventional breeding   has been going on for hundreds of years, and is still com-
monly used today. During the last century, conventional breeders at different 
renowned international research centers have made considerable strides in develop-
ing drought tolerant lines/cultivars of some important food crops. For example, 
breeding approach started at the  International Maize and Wheat Improvement 
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Center (CIMMYT)  , Mexico in the 1970s for developing drought tolerant maize is 
worth mentioning. A number of maize hybrids developed by the CIMMYT scien-
tists were found superior to all those developed by private enterprises, in terms of 
growth and grain yield under drought-prone environments (Bänziger et al.  2004 ). 
Moreover, at CIMMYT, a new synthetic hexaploid has been developed by crossing 
the diploid wild ancestor,   Aegilops tauschii  (goat grass)  , with tetraploid durum 
wheat ( Triticum turgidum  var.  durum ). These  hexaploid synthetics   containing a 
complete D-genome from  A. tauschii  have provided a signifi cant new variation for 
tolerance to both biotic and abiotic stresses (Villareal et al.  1994 ; Valkoun  2001 ). At 
CIMMYT, more than 1000 accessions of  A. Tauschii  have been evaluated and new 
hexaploid lines developed. A signifi cant new genetic variation in these newly devel-
oped hexaploid wheat has been observed for  abiotic stresses   including drought 

   Table 17.1    Drought tolerant cultivars/lines of different crops developed through  conventional 
breeding   at different centers/institutions   

 Crop 
 Cultivars/
Line  How developed 

 Centers/institutions 
involved  Reference 

 Wheat 
( Triticum 
aestivum  L.) 

 Willow 
Creek 

 Through breeding in single 
replication observation 
(SROB) nurseries 

 Montana 
Agricultural 
Experiment Station, 
Sydney 

 Cash et al. 
( 2009 ) 

 NE01643  A bulk breeding procedure was 
used and approximately 50 % 
of F3 population was visually 
selected on the basis of 
agronomic appearance 

 Nebraska 
Agricultural 
Experiment Station 
and the USDA-ARS 

 Baenziger 
et al. 
(2008) 

 Barley 
( Hordeum 
vulgare  L.) 

 Giza 126  Selected for drought resistance 
in an F3 population received 
from ICARDA, initially 
originating from a single cross 
Baladi Bahteem/SD729-Por 
12762BC 

 International Center 
for Agricultural 
Research in the Dry 
Areas (ICARDA) 

 Noaman 
et al. 
( 1995 ) 

 Giza 
2000 

 The pedigree breeding method 
was used for development and 
it was originated from the 
cross between the Egyptian 
local cultivar Giza 121 and the 
line 366/13/1 (Giza 117/
Bahteem 52//Giza 118/FAO 
86) 

 Barley Research 
Department, 
Agricultural 
Research Center at 
Giza, Egypt 

 Noaman 
et al. 
( 2007 ) 

 Maize ( Zea 
mays  L.) 

 Oh605  22 selected full-sib progenies 
from the AAE population were 
intermated with 30 full-sib 
progenies obtained from 
OhS3267LAN plants 

 Ohio State 
University (OSU), 
Ohio Agricultural 
Research and 
development Center, 
USA 

 Pratt and 
Casey 
(2006) 

 Chickpea 
( Cicer 
arietinum  L.) 

 FLIP 
87-59C 

 Developed by crossing 
ILC3843 with FLIP87 

 International Center 
for Agricultural 
Research in the Dry 
Areas (ICARDA) 

 Singh 
et al. 
( 1998 ) 
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stress (Valkoun  2001 ). Useful variation for drought tolerance has also been identi-
fi ed in  Triticum urartu, T. boeticum, T. dicoccoides  (Valkoun  2001 ), and  Aegilops 
geniculata  (Zaharieva et al.  2001 ). However, in view of Skovmand et al. ( 2001 )   A. 
tauschii    is the predominant source of variation for drought tolerance. Furthermore, 
breeding approach started at ICARDA, Aleppo, Syria in the 1980s for developing 
drought tolerant  barley   is worth mentioning. In barley, many elite barley cultivars 
are produced by  conventional breeding      and some of them are still used as good 
materials for studies and barley breeding. For instance, Giza 126, selected for 
drought resistance in an F3 population received from ICARDA, initially originating 
from a single cross Baladi Bahteem/SD729-Por 12762BC (Noaman et al.  1995 ). 
Giza 132 derived from an F3 population and the pedigree method of breeding was 
used and Giza 132 originated from the cross Rihane-05//As46/Aths/3/Aths/Lignee 
686 (Noaman et al.  2007 ). Plant breeders, at the  Field Crops Development Centre 
(FCDC)   Lacombe, AB, Canada, have developed  a   drought  tolerant   barley cultivar 
“Bentley” in 2009, which is derived from crossing I92125 with TR229 (Juskiw 
et al.  2009 ). These drought tolerant cultivar/lines of barley provide a sound testa-
ment that conventional plant breeding played a considerable role during the last 
century not only for improving the quality and yield of crops, but also for improving 
 abiotic stress   tolerance including drought tolerance. However, now there is a gen-
eral consensus of the plant breeders that empirical plant breeding is a highly time- 
consuming as well as a cost- and labor-intensive approach. While transferring 
desired genes from one plant to other through the conventional plant breeding, a 
number of undesired genes are also transferred simultaneously; and reproductive 
barriers limit transfer of favorable alleles from interspecifi c and inter-generic 
sources. As an alternative strategy to conventional breeding,  marker-assisted selec-
tion (MAS) breeding   and  genetic engineering breeding   are being employed emphat-
ically worldwide for improving stress tolerance of most  crops  .  

17.5     Marker-Assisted Selection Breeding for Drought 
 Tolerance   

 Through marker-assisted selection (MAB)  breeding   it is now possible to examine 
the usefulness of thousands of genomic regions of a crop germplasm under drought 
stress, which was, in fact, previously not possible. By examining the breeding value 
of each of the genomic regions, the breeder can coalesce genes of multifarious ori-
gins in novel ways, which was not possible previously with conventional breeding 
tools and protocols (Table  17.2 ).

   Drought tolerance is a complex quantitative trait controlled by several combina-
tions of genes and gene families which are not easy to select simultaneously. 
 Quantitative trait loci (QTL) analysis   has proven to be a valuable method in discov-
ering the genetic basis of quantitative traits. Dissection of drought tolerance, a com-
plex quantitative phenotype, affected by multiple loci requires the identifi cation of 
related QTLs (Ashraf,  2010 ). 
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 In rice, for example, a number of drought-related QTL have been identifi ed for 
different growth and physiological traits involved in drought tolerance (Lafi tte et al. 
 2004 ). For example, Courtois et al. ( 2003 ) found 28 QTL responsible for various 
root characteristics involved in drought resistance. Similarly, 14 QTL related to 
osmotic adjustment have been identifi ed in an independent study on rice (Robin 
et al.  2003 ). In another study pertaining to identifi cation of QTL related to root traits 
and osmotic adjustment in rice, 36 QTL related to some key root traits and 5 related 
to osmotic adjustment were identifi ed (Zhang et al.  2001 ). While assessing the role 
and genetic mechanism of  leaf water potential (LWP)   in japonica rice ( Oryza sativa  
L. sub sp.  japonica ) under various water-limited regimes of upland and lowland 
environments, Yan-Ying et al. ( 2008 ) detected 6 QTL for LWP. Of the 6 QTL, the 
two for LWP at predawn in upland (wpiu 1and wpiu 4) and one for LWP at midday 
in upland (wpu 6) explained 5.4 %, 7.9 %, and 10.0 % of the phenotypic variation, 
respectively. 

 In wheat, the position of genes exhibiting a signifi cant effect on ABA accumula-
tion due to drought stress was identifi ed using a series of single chromosome substi-
tution lines and populations obtained from a cross between a high-ABA-producing 
cv. Ciano 67 and a low-ABA-producing cv. Chinese Spring (Quarrie et al.  1994 ). 
They observed that chromosome 5A carries gene(s) for ABA accumulation. 
MAPMAKER-QTL showed that the ABA  quantitative trait locus   is located between 
the two loci Xpsr575 and Xpsr426, approximately 8 cM from Xpsr 426. Genetic loci 
known to be involved in the control of specifi c traits in cultivated barley can now be 
targeted and investigated in the wild barley gene pool in the search for novel and rare 
alleles.    Recent advances in molecular genetics are creating exciting new approaches 
for testing and development of more drought resistance crops. The effi cient use of 
genetic variation from  H. vulgare  ssp.  spontaneum  in breeding programs depends on 
the analysis of important traits and the establishment of genetic relationships. The 
genetic diversity and genetic marker associations with plant traits and site of origin 
eco-geography in wild barley have been studied using many  markers, including stor-
age proteins, isozyme polymorphisms, restriction fragment length polymorphism 
(RFLP), random amplifi ed polymorphic DNAs (RAPDs), simple sequence repeats 
(SSR), amplifi ed fragment length polymorphism (AFLP) markers, and  single nucle-
otide polymorphisms (SNPs)  .   H. vulgare  ssp.  spontaneum    possesses more variation 
than cultivated barley and many alleles are associated with specifi c environments 
(Forster et al.  2000 ). For instance, with some efforts a set of drought tolerant acces-
sions may be identifi ed that carries tolerant alleles at different QTLs. Such acces-
sions can be used as donor parents in  marker-assisted back crossing (MABC) 
program   to transfer the tolerant alleles in elite barley lines. The near- isogenic lines 
generated that way can be characterized further to confi rm the QTLs, provide more 
precise estimates of allele effects and assess whether individual QTL are equally 
effective to drought stress (Roy et al.  2010 ). In another study, Rostoks et al. ( 2006 ) 
used high-throughput SNP  genotyping   assays and demonstrated that the  linkage 
disequilibrium (LD)   present in elite barley germplasm, after accounting for popula-
tion structure, can be effectively exploited to map traits by using whole- genome 
association scans with several hundreds to thousands of markers. By using  DArT 
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(Diversity Array Technology)   markers on a collection of 192 barley  genotypes   that 
represented landraces, old- and contemporary cultivars sampling key regions around 
the Mediterranean basin and Europe, Comadran et al. ( 2009 ) investigated patterns of 
genetic diversity and LD and found that the collection was a suitable resource for 
association mapping. By combining the DArT marker data with the yield data in 
mixed model analyses, Comadran et al. ( 2011 ) identifi ed several QTLs for yield 
under drought conditions in Mediterranean basin. Many efforts are presently aimed 
at building drought tolerance into  barley  , but many challenges still remain. Therefore, 
barley improvement under  drought   stress environments can be further enhanced 
through the use of wild barley as a rich source of genetic variation that could be 
transferred into high yielding barley varieties. Thus, there is a need to seek more 
effi cient approaches for genetically tailoring crops for enhanced drought tolerance  

17.6     Proteins and Genes Associated  with   Drought Tolerance 

 To study the dynamics of  plant metabolism   under stress and unravel regulatory 
mechanisms in place, it is important to combine the traditional more descriptive 
physiological approaches with the techniques of functional genomics, namely the 
high-throughput methods for transcriptomic, proteomic, metabolomic, and ionomic 
analysis. In wheat and barley, transcript, protein, metabolite profi ling studies 
 conducted in the last couple of years are shown in Table  17.3 . For example, changes 
in protein profi le of barley in response to drought stress were analyzed using a  pro-
teomics technique   (Kausar et al.  2013 ; Ashoub et al.  2013 ). Alterations in proteins 
related to the energy balance and chaperons were the most characteristic features to 
explain the differences between the drought-tolerant and the drought-sensitive 
accessions. Further alterations in the levels of proteins involved in metabolism, tran-
scription, and protein synthesis were identifi ed  under   drought stress in barley 
(Ashoub et al.  2013 ). Kausar et al. ( 2013 ) observed that metabolism-related proteins 
decreased in sensitive, but increased in tolerant genotype under drought stress. 
Photosynthetic-related proteins were decreased and increased among the three sen-
sitive and three tolerant genotypes, respectively. These results suggest that chloro-
plastic metabolism and energy-related proteins might play a signifi cant role in the 
adaptation process of barley  seedlings   under drought stress.

      Probable drought-related genes and QTLs, identifi ed in “omics” and “QTL map-
ping” studies, should be further characterized, prior to their use in the development 
of better yielding cultivars (Fig.  17.1 ). Elucidation of these components includes 
analyzing their gene and protein structure, and determining their roles and interac-
tions in the complex network of stress response signaling (Farooq et al.  2009 ). Their 
functional relevance to drought tolerance should be shown and eventually confi rmed 
with transgenic studies. This section summarizes the recent research regarding the 
characterization of drought-related genes and its proteins, and functional genomics 
studies.
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   Several families of transcription  factors  , including DREB⁄CBF, ERF, MYK, 
MYB, AREB⁄ABF, NAC and HDZip, have been shown to be involved in the regula-
tion of drought response in plants (Yamaguchi-Shinozaki and Shinozaki  2006 ). The 
advent of genomics has offered a comprehensive profi ling for the changes in gene 
expression resulting from exposure to drought. A number of genes have shown their 

Screening genotypes for
drought tolerance

Developing materials
for analysis

QTL maps of
desirable traits

Gene cloning and 
characterization

Marker-assisted
selection (MAS)

Conventional plant 
breading

Transgenic plants for 
drought tolerance

Developing materials 
carrying QTL

Developing materials 
carrying multiple 

gene

Drought tolerance genotypes

Identification of 
candidate genes

Field evaluation

Cultivar release

  Fig. 17.1    Schematic framework for evolving and developing drought tolerant crop cultivars. 
Using developed materials, QTL  analysis   and gene mapping are conducted. For  gene cloning  , 
identifi ed genes or major QTL are analyzed in detail using a large size population. A cloned gene 
for drought tolerance is transferred into widely adapted varieties. To develop the materials carrying 
the gene or QTL for drought tolerance, DNA markers which linked to the gene or QTL are used 
for marker-assisted selection. Similarly, marker-assisted selection and conventional breeding 
approaches are used to incorporate desirable traits in crops. Promising genotypes are evaluated in 
laboratory and fi eld and used for release of crop cultivars. Cited from Ahmed et al. ( 2015 ).       
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involvement in drought response mechanism (Table  17.4 ). A brief description of 
these functionally characterized barley genes is given as follows.

   Dehydrins ( Dhns )   , peripheral membrane proteins which functionally protect the 
cell from drought stress or temperature change, are among the most frequently 
observed proteins in plants under water stress (Suprunova et al.  2004 ). A total of 13 

    Table 17.4       Genes involved in drought tolerance in rice, wheat, and barley   

 Gene  Mechanism of action  Reference 

  TaPIMP1   Transcription factor: R2R3 type MYB TF  Liu et al. ( 2011 ) 
  TaMYB3R1   Transcription factor: MYB3R type MYB TF  Cai et al. ( 2011 ) 
  TaNAC (NAM/ATAF/
CUC)  

 Transcription factor: plant-specifi c NAC 
(NAM/ATAF/CUC) TF 

 Tang et al. ( 2012 ) 

  TaMYB33   Transcription factor: R2R3 type MYB TF  Qin et al. ( 2012 ) 
  TaWRKY2, TaWRKY19   Transcription factor: WRKY type TF  Niu et al. ( 2012 ) 
  DHNs   Stability of plant membrane (dehydration 

tolerance) 
 Karami et al. 
( 2013 ) 

  Dhn3, Dhn9   Improved Chl a, b contents, osmotic 
adjustment, stomatal conductance, plant 
biomass, and grain yield 

 Karami et al. 
( 2013 ) 

  LEA  ( HVA1 )  Overaccumulation of LEA proteins increases 
drought tolerance 

 Liang et al. ( 2012 ) 

  HvNACs   Leaf senescence, root development  Christiansen et al. 
( 2011 ) 

  MYB   Growth and development  Tombuloglu et al. 
( 2013 ) 

  CBF⁄DREB   protection of cell from damage and desiccation  Morran et al. 
( 2011 ) 

  HvWRKY38   Improved survival and biomass accumulation 
following dehydration stress 

 Xiong et al. ( 2010 ) 

  Hsdr4   Osmotic adaptation in barley  Suprunova et al. 
( 2007 ) 

  eibi1   Leaf water conservation  Chen et al. ( 2004 ) 
  OsABA8ox3   Controlling ABA level and drought stress 

resistance in rice 
 Cai et al. ( 2015 ) 

  OsDHODH1   Overexpression of the OsDHODH1 gene in 
rice increased the DHODH activity and 
enhanced plant tolerance to drought stresses 

 Liu et al. ( 2009 ) 

  OsMAPK5   Overexpression  CaMV35SP , survivability  Xiong and Yang 
( 2003 ) 

  OsCDPK7   Calcium-dependent protein kinase, 
overexpression  CaMV35SP,  plant growth, 
 F  v / F  m  

 Saijo et al. ( 2000 ) 

  OsCIPK12   CBL-interacting protein kinase, 
Overexpression  CaMV35SP , survivability 

 Xiang et al. ( 2007 ) 

  OsSIK1   Improved drought and salt tolerance, with 
increased activities of peroxidase and 
superoxide and lower accumulation of H 2 O 2  

 Ouyang et al. 
( 2010 ) 
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 Dhn  genes were found on four barley chromosomes (Choi et al.  1999  ; Choi and 
Close  2000 ; Rodriguez et al.  2005 ).  Dhn1, Dhn2,  and  Dhn9  (previously reported for 
 Dhn4a ) were mapped to the long arm of chromosome 5H;  Dhn3 ,  Dhn4 ,  Dhn5 , 
 Dhn7 ,  Dhn8 , and  Dhn12  were allocated to the long arm of chromosome 6H;  Dhn6  
and  Dhn13  were allocated to chromosome 4SH;  Dhn10  and  Dhn11  were identifi ed 
on chromosome 3HL.  Dhn1  and  Dhn2  are completely linked, together with  Dhn9 , 
and are located in the same QTL region of salt tolerance, freezing tolerance, and 
ABA accumulation. The drought-tolerant or drought-resistant mechanism of these 
genes is different, and the expression of some stress-related genes was shown to be 
linked to stress-tolerant QTLs (Cattivelli et al.  2002 ). This may be due to differen-
tial expression patterns and furthermore indicates that each member in this family 
has a specifi c function in the process of plant response to drought.  Dhn  genes 
( Dhn  1, 3, 5, 6, and 9) were also found in wild barley ( H. spontaneum ), and these 
genes were not expressed in well-watered plants. High polymorphism with no 
 geographic structure was found in  Dhn5  in a collection of wild barley from  the 
  Mediterranean across the Zagros  Mountains   and into Southwest Asia, and moderate 
polymorphism associated with geographic structure was found in  Dhn9  locus 
(Morrell et al.  2003 ). In wild barley, the role of  Dhn1  in drought tolerance is 
 supported by several reports on co-localization of such QTLs with  Dhn  genes, 
e.g., QTLs for RWC (Relative Water Content) (Teulat et al.  2003 ) and winter-hardi-
ness (Pan et al.  1994 ; van Zee et al.  1995 ) overlapping with a cluster of  Dhn  genes 
on chromosome 5H. Wide allelic variation was found at the  Dhn4  locus in  H. spon-
taneum  germplasm from Israel (Close et al.  2000 ). High polymorphism with no 
geographic structure was found in  Dhn5  in a collection of wild barley from the 
Mediterranean across the  Zagros Mountains   and into south west Asia, and moderate 
polymorphism associated with geographic structure was found in  Dhn9  locus 
(Morrell et al.  2003 ). Karami et al. ( 2013 ) reported that, under drought stress condi-
tion,  Dhn1, Dhn3, Dhn5, Dhn7  and  Dhn9  were exclusively induced in drought-tol-
erant barley variety Yousef, and the relative gene expression of  Dhn3, Dhn9  had the 
direct correlations with Chl a, b contents, osmotic adjustment, stomatal conduc-
tance, plant biomass and grain yield, and the negative correlations with MDA and 
electrolyte leakage levels. The evaluation of the relative expression of the  Dhn4  
gene showed more sensitive protective reactions in more resistant genotypes. In 
Okal (cold tolerant) and Tadmor (drought tolerant), a higher relative expression 
after ABA application was observed by  Melišová et al. (2011) . 

 NAC (NAM, ATAF1/2, and CUC2)    domain proteins are transcriptional factors 
conserved in plant species and reported to play diverse roles in various processes 
including plant developmental, abiotic, and biotic stress responses (Zheng et al. 
 2009 ). In a recent study,  T. aestivum  NAC (NAM/ATAF/CUC)  transcription factors 
(TFs)   were identifi ed in silico, phylogenetically classifi ed and characterized, and 
their expression profi les were monitored in response to ABA and drought stress. In 
response to these treatments,  TaNAC4a  and  TaNAC6  exhibited similar expression 
trends, suggesting an ABA-dependent regulation of drought, while in the case of 
 TaNTL5  and  TaNAC2a , the changes in the expression were not parallel (Tang et al. 
 2012 ). Molecular characterization of novel   HvNACs  genes in barley   suggests 
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conserved functions in the areas of secondary cell wall biosynthesis, leaf senes-
cence, root development, seed development, and hormone-regulated stress responses 
(Christiansen et al.  2011 ). Stress-responsive  NAC1  ( SNAC1 ) is predominantly 
induced in the guard cells by water scarcity condition (Hu et al.  2006 ). 

 Expression of the  late embryogenesis abundant ( LEA )   gene is usually associated 
with plant response to dehydration. In barley, products of  LEA  genes ( HVA1 ) might 
play a role in vegetative growth of  Tibetan hulless barley   (Liang et al.  2012 ). Barley 
  HVA1    confers drought and salt tolerance in transgenic maize (Nguyen and Sticklen 
 2013 ), dehydration tolerance in transgenic rice via cell membrane protection 
(Chandra Babu et al.  2004 ) and in transgenic wheat by improving biomass produc-
tivity and water use effi ciency under water defi cit conditions (Sivamani et al.  2000 ). 
Overexpression of  HVA1  generates tolerance to salinity and water stress in trans-
genic mulberry ( Morus indica ) (Lal et al.  2008 ). 

  Myeloblastosis oncogenes (MYB)   are involved in several processes of growth 
and development, and response to stress in plants. One of the major classes of TFs 
involved in ABA-dependent stress responses is MYB TFs, and in the recent years, 
there has been a focus on the elucidation of bread wheat R2R3 and MYB3R type 
MYB TFs, known to be involved in ABA  signaling of drought  . The R2R3 type 
MYB  TaPIMP1  was originally described as the fi rst defense related MYB in wheat; 
however, detailed analyses indicated that  TaPIMP1  is also induced by abiotic 
stresses,    particularly drought. In addition, the induction of its expression by ABA 
and its inability to bind to the DRE-box element as indicated by EMSA suggest that 
TaPIMP1 acts in the ABA-dependent pathways of drought response (Zhang et al. 
 2012 ). Similarly,   TaMYB33   , another drought responsive R2R3 type MYB, was 
shown to be induced by ABA treatment, and the overexpression in Arabidopsis 
plants could not detect a signifi cant increase in DREB2, suggesting that  TaMYB33  
is also involved in ABA-dependent mechanisms (Qin et al.  2012 ). In barley,   MYB  
gene   has been identifi ed which encodes for R2R3-type MYB protein and possibly 
involved in both boron stress and divergent regulation mechanisms in plants 
(Tombuloglu et al.  2013 ). The  dehydration-responsive element-binding proteins 
(DREBs)   or  C-repeat-binding proteins (CBFs)   were responsible for gene regulation 
under water defi cit condition. A number of DREB homologs have deen identifi ed in 
wheat and, although DREB2-mediated drought response is not fully elucidated yet, 
enhanced drought tolerance through DREB-mediated pathways is considered to 
involve LEA proteins (Egawa et al.  2006 ). However, two different wheat DREB 
( TaDREB2  and  TaDREB3 ) factors strongly regulate many different  CBF⁄DREB  
genes from barley, which leads to the substantial improvement of barley capacity to 
survive during severe drought and frost stresses (Morran et al.  2011 ). WRKY tran-
scription factors are key regulators of many plant processes, which are involved in 
several stages of growth of plant, response to stress and developmental stages. 
These  WRKY genes   have been reported to take part in dehydration tolerance. A 
constitutive expression of the barley  HvWRKY38  transcription factor enhances 
drought tolerance in turf and forage grass (Xiong et al.  2010 ). In another study, 
WRKY type transcription factors ( TaWRKY2  and  TaWRKY19 ) which are known to 
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be involved in plant abiotic stress response and ABA signaling were identifi ed com-
putationally, localized to the nucleus and shown to bind specifi cally to  cis -element, 
W box. This report revealed that  WRKY19  as a component of both ABA and DREB 
pathways, showing  WRKY19  expression level, was responsive to ABA application, 
and in transgenic  WRKY19  defi cient plants, the expression levels of DREB pathway 
components were altered (Niu et al.  2012 ). 

 In search of drought-resistant  genes   in wild barley, a novel gene  Hsdr4  was iden-
tifi ed by Suprunova et al. ( 2007 ). Analysis of the  Hsdr4  promoter region revealed a 
new putative  miniature inverted-repeat transposable element (MITE)   and several 
potentially stress-related binding sites  for   transcription factors (MYC, MYB, LTRE, 
and GT-1), suggesting a role of  Hsdr4  in plant tolerance to dehydration stress (Nevo 
 2013 ). The   Hsdr4    was mapped to the 3HL within a region that was previously 
shown to affect osmotic adaptation in barley. 

 Seiler et al. ( 2011 ) reported that under terminal drought stress, ABA and its deg-
radation products (phaseic acid and diphaseic acid) increased in barley fl ag leaves 
and 19 of the 41 ABA metabolism genes exhibited differential regulation in fl ag 
leaves. The incidental discovery of a spontaneous wilty mutant ( eibi1 ), hypersensi-
tive to drought in a desert wild barley in Israel, led to the identifi cation of a major 
gene contributing to the generation of cutin and enabling land life (Chen et al. 
 2004 ).  eibi1  expressed the highest relative water-loss rate among the known wilty 
mutants, showing to be one of the most drought-sensitive mutants.  eibi1  had the 
same  abscisic acid (ABA)   level, the same ability to accumulate stress-induced ABA, 
and the same stomatal movement in response to light, dark, drought, and exogenous 
ABA as the wild type. Thus,  eibi1  was neither an ABA-defi cient nor an ABA- 
insensitive mutant. The transpiration rate of  eibi1  was closer to the chlorophyll 
effl ux rate than to stomatal density. A fi ne-scale genetic mapping of the  eibi1  locus 
on chromosome 3H is perfectly collinear with the equivalent region on rice chromo-
some 1 (Chen et al.  2011 ). 

 Some TFs and drought-responsive proteins need  to   be phosphorylated/dephos-
phorylated or modifi ed by posttranslational regulation to become active, and genes 
encoding  mitogen-activated protein kinase (MAPK)   cascades, calcineurin B-like 
protein interacting protein kinase (CIPK), calcium-dependent protein kinase ( CDPK   
or CPK), and receptor-like kinases have roles in drought stress signaling and regula-
tion pathways (Table  17.4 ).   OsMAPK5    was the fi rst characterized protein kinase in 
rice for regulating drought and other abiotic stresses, but it negatively regulates 
biotic stress (Xiong and Yang  2003 ). Two types of Ca 2+ -sensing protein kinases, 
CIPK and CDPK, are also involved in stress signaling.  OsCDPK7  and  OsCIPK12  
overexpressing rice showed increased tolerance to drought (Saijo et al.  2000 ; Xiang 
et al.  2007 ). The observed DT in rice conferred by  OsCIPK12  correlated with a 
signifi cant increase in the proline and soluble sugar content after exposure to 
drought stress conditions (Xiang et al.  2007 ). Among the other cases, overexpres-
sion of the receptor-like protein kinase gene  OsSIK1  resulted in improved drought 
and salt tolerance, with increased activities of peroxidase and superoxide and lower 
accumulation  of   H 2 O 2  (Ouyang et al.  2010 ).  
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17.7     Genetic Transformation for Enhanced Drought 
 Tolerance  —Transgenic Approach 

 The capacity of stably inserting a wide collection of drought-related genes to 
plant genomes has opened amazing opportunities for crop improvement. 
 Transgenic approach   is being pursued actively throughout the world to improve 
traits including tolerance to biotic and abiotic stresses in a number of crops 
(Ashraf et al.  2008 ). As with salt stress, plant responses to drought stress are 
complex, because it involves many genes with additive effects, so the prospects of 
improving drought tolerance in crops seem not to be very bright. Despite this, 
efforts have been made during the last few decades to generate transgenic lines of 
different crops, which have shown improved tolerance to drought stress. Currently, 
barley transformation is in a developmental phase, and various barley genotypes, 
alternative target tissues and methodologies are tested for developing an effi cient 
technique for barley  genetic transformation   (Forster et al.  2000 ). The fi rst fertile 
transgenic barley plants were produced by particle bombardment of immature 
embryos, and a cultivar Golden Promise features prominently in this study (Wan 
and Lemaux  1994 ). As following, Golden Promise has become a standard geno-
type for barley transformation with various tissues including immature embryos, 
callus, and microspores for plasmid bombardment. On the other hand,  Golden 
Promise   is an extremely important cultivar, which has been widely used for 
genetic studies including genetic map construction and development of doubled 
haploidy (DH) populations. 

 So far, some important genes isolated from barley were  proved   with function 
involving in salt tolerance. For instance,  HVA1  was isolated and characterized from 
 Hordeum vulgare  L. aleurone layers and was found to be stress induced (Hong 
et al.  2005 ). Similarly, a LEA gene  HVA1  (which encodes a group 3 LEA protein) 
from barley was engineered in rice (Xu et al.  1996 ), and wheat (Sivamani et al. 
 2000 ). Both rice and wheat transformed lines so produced showed enhanced toler-
ance to drought stress. In another experiment, overexpression of barley  HvCBF4  
enhances tolerance to drought stress in transgenic rice (Oh et al.  2007 ). Constitutive 
expression of the barley  HvWRKY38  transcription factor enhances drought toler-
ance in turf and forage grass (Xiong et al.  2010 ). 

 Like in the case of plant salt tolerance (Ashraf and Akram  2009 ), most of the 
drought tolerant transgenic lines of different crops developed are based on only a 
single gene transformation, whereas the claims of the scientists regarding the per-
formance of the lines with respect to drought tolerance seem to be overstated as 
earlier reported in the case of salt tolerance (Flowers  2004 ; Ashraf and Akram 
 2009 ). Thus, manipulation of a number of genes predominantly involved in stress 
tolerance to transgenic plants seems to be a plausible approach. This will certainly 
allow pyramiding of desirable traits to achieve considerable advance in barley 
drought  tolerance  .  
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17.8     Conclusions and Future Perspectives 

 Drought is one of the most severe stresses limiting plant growth and yield. A 
broad range of biochemical and physiological traits have been implicated in 
drought stress tolerance. Considerable advances have been made in understand-
ing the plant’s adaptation in stress environments and complex genetics involving 
multitude of gene and stress tolerance mechanisms. There is a great potential of 
genetic breeding for drought tolerance through the contribution of wild species to 
the identifi cation of drought QTLs and functional markers. Importantly, several 
QTLs for key morphophysiological characteristics and yield were identifi ed 
under water-limited conditions through creation of linkage maps using parents 
with different drought coping abilities. In recent decades, application of high-
throughput screening, “omics” strategies on wild species different crops with dif-
ferential drought tolerance coping abilities, has revealed several stress-related 
candidate gene (s) or gene block (s). Furthermore, using a variety of bioinformat-
ics, molecular biology, and functional genomic tools, drought-related candidates 
were characterized, and their roles in drought tolerance were studied. Major 
drought-related molecules were revealed to be signal transduction pathway com-
ponents and transcription factors. 

 To explain the quantitative differences in the responses to environmental stress 
of tolerant and sensitive species, it could be assumed that certain proteins encoded 
by “stress tolerance” genes playing essential roles in the mechanisms of tolerance 
have a higher intrinsic activity in the tolerant species than the homologous pro-
teins from the sensitive one. These proteins could include, among others, ion 
transporters of the plasma membrane or the tonoplast, enzymes involved in osmo-
lyte biosynthesis, enzymatic antioxidant systems, or proteins regulating the 
expression or activity of any of them. On the other hand, the differences in the 
response could also be due to differences in the level of expression of the corre-
sponding genes, either because of the relative strength of their promoters or 
because of their regulatory mechanisms. For example, the expression of a particu-
lar gene could be stress-inducible in a tolerant species, but not in a related non-
tolerant taxon. 

 Therefore, stress-tolerant wild plants also represent a possible source of new, 
more effi cient biotechnological tools for the genetic improvement of stress toler-
ance in crop plants: genes conferring higher levels of tolerance by overexpression in 
transgenic plants (as compared to homologous genes isolated from stress-sensitive 
species), or stress-regulated promoters which could be used for the controlled 
expression of any putative stress tolerance gene. Research exploiting recent 
advances in genomics technologies has made it possible to dissect and resynthesize 
molecular regulation of drought and manipulate crop genomes for drought toler-
ance. The future efforts will be to integrate and translate these resources into practi-
cal higher yielding fi eld products.     
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    Chapter 18   
 Tailored Responses to Simultaneous Drought 
Stress and Pathogen Infection in Plants                     

       Aanchal     Choudhary    ,     Prachi     Pandey    , and     Muthappa     Senthil-Kumar    

18.1           Introduction 

 With the changing global climate, a series of  environmental factors   are modifi ed 
concurrently, along with changes in their intensity and timing. Thus plants are 
exposed to combinations of abiotic and biotic stressors whose combined impact can 
adversely  affect   crop performance and survival (Mittler  2006 ; Atkinson and Urwin 
 2012 ).    Of the possible biotic and abiotic stress combinations, simultaneous drought 
stress and pathogen infection is one of the best studied combinations (Mayek-Perez 
et al.  2002 ; McElrone et al.  2003 ; Sharma et al.  2007 ; Király et al.  2008 ; Xu et al. 
 2008 ; Carter et al.  2009 ; Wang et al.  2009 ; Ramegowda et al.  2013 ). Drought is one 
of the most damaging and frequently occurring abiotic factors that can potentially 
alter the outcome of plant–pathogen interactions (Sharma and Pande  2013 ). 
 Phenotypic responses   of plants exposed to drought stress and pathogen infection 
vary depending on the severity and duration of each stress and also differs with 
pathogen type, e.g., fungi, oomycetes, bacteria, or viruses (Olson et al.  1990 ; 
McElrone and Forseth  2004 ; Achuo et al.  2006 ; Xu et al.  2008 ). Based on these fac-
tors, the combination of drought and pathogen infection can have two outcomes. In 
the fi rst scenario, the two stressors can act additively, and result in enhanced damage 
to the plant. For example, drought has been shown to aggravate many fungal 
(Mayek- Perez et al.  2002 ), bacterial (McElrone et al.  2001 ; Mohr and Cahill  2003 ), 
and viral (Olson et al.  1990 ; Prasch and Sonnewald  2013 ) infections in plants. The 
susceptibility is attributed to drought-induced increase in abscisic acid (ABA) in 
plants which then suppresses their defense against pathogens mediated by salicylic 
acid, jasmonic acid, and ethylene signaling. Few other drought-induced physiologi-
cal changes like accumulation  of   osmolytes and nutrient leakage have been reported 
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to enhance disease in plants by enriching nutrient supply for the pathogens (Mayek- 
Perez et al.  2002 ). Additionally, some pathogens can infl uence plant water relations 
leading to low water potential in plant cells, thereby, increasing the effects of water 
defi cit (English-Loeb et al.  1997 ; Smit and Vamerali  1998 ; Audebert et al.  2000 ; 
Amtmann et al.  2008 ; Goel et al.  2008 ; Mittler and Blumwald  2010 ; Choi et al. 
 2013 ). In the second scenario, the simultaneous exposure to drought and pathogen 
infection can alleviate the effect of either or both the stresses thereby enhancing 
plants tolerance to the stresses. For example, drought stress has been shown to 
increase plant tolerance towards some pathogens like  Botrytis cinerea  and 
 Pseudomonas syringae  (Achuo et al.  2006 ; Ramegowda et al.  2013 ).    Moreover, 
pathogen-mediated alleviation of drought stress has also been reported in some 
cases. For example,  infection   with  Cucumber mosaic virus  (CMV)    led to improved 
drought tolerance of plants like  Capsicum annum, Solanum lycopersicum  and 
 Nicotiana tabacum  (Xu et al.  2008 ). This has been attributed to increased levels of 
osmoprotectants (trehalose) and antioxidants (anthocyanins and ascorbic acid) (Xu 
et al.  2008 ).    Infection with  Tobacco mosaic virus  (TMV) enhanced ABA level in  N. 
tabacum  (Whenham et al.  1986 ),    which points towards the probable role of ABA in 
virus infection-mediated drought resistance in plants.    Thus, ABA might act as a 
global regulator of stress responses and facilitate fi ne-tuning of plant stress responses 
to focus on the more severe threat (Anderson et al.  2004 ; Yasuda et al.  2008 ; Ton 
et al.  2009 ).  

18.2     Plant Responses Under Combined Stress: Tailored 
Responses 

 Plants have developed specifi c mechanisms that allow them to detect environmental 
changes and respond to complex stress conditions. Findings from the recent studies 
suggest that some of the responses triggered under combined stress are different 
from the responses seen in plants exposed to the same stressors individually 
(Rizhsky et al.  2002 ,  2004 ; Anderson et al.  2004 ; Mittler  2006 ; Asselbergh et al. 
 2008 ; Atkinson and Urwin  2012 ). Combinatorial stress results in novel interactions 
 between   signaling components, which makes the response of the plant distinct from 
its response to single stresses. Thus, under combined stress, plants exhibit “tailored 
adaptation strategies,” which are customized specifi cally to the stress combinations 
(Atkinson and Urwin  2012 ). Rather than producing an additive response pertaining 
to each stress, plants instigate some entirely new responses specifi c for each stress 
combination (Atkinson and Urwin  2012 ; Atkinson et al.  2013 ; Prasch and Sonnewald 
 2013 ,  2015 ; Rasmussen et al.  2013 ; Rivero et al.  2013 ; Bostock et al.  2014 ; 
Kissoudis et al.  2014 ; Suzuki et al.  2014 ). This differential response is necessary to 
 effi ciently   balance resource allocation between growth and defense and to help the 
plant respond to stress in a way that does not hamper its fi tness (Herms and Mattson 
 1992 ; Smith  2007 ; Bechtold et al.  2010 ). 
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 Plant’s response to concurrently occurring biotic and abiotic stresses varies with 
the severity, timing, and duration of each of the stressors involved (Atkinson and 
Urwin  2012 ). The detailed study of plant responses to combined drought and patho-
gen infection has revealed that some of the responses shown were similar to that 
evoked under the individual stresses (Fig.  19.1a ). Such responses are thus “shared” 
between a plant subjected to the two stressors separately and in combination. Apart 
from the  shared responses  , several unique responses (indicated in the Fig.  19.1a  as 
“C”) are also seen under combined stress, implying that the response is not merely 
the additive effect of single stress responses (Atkinson and Urwin  2012 ; Atkinson 
et al.  2013 ). In certain situations, plant prioritizes its response towards the more 
severe threat, i.e., the stress which is more damaging and requires immediate 
attention.

   Thus, the  adaptation strategies   of plants under combined stress constitute differ-
ent types of responses depending upon the nature and severity of the stresses (Fig. 
 19.1b ). As mentioned above, the response can be new and not observed under either 
of the individual stress conditions (unique response) or be similar to the responses 
evoked by each of the single stresses (shared responses). However, these shared 
responses can be selectively activated or repressed under combined stress and thus 
be tailored according to the varying severity of the two stresses encountered (priori-
tized responses). In some cases, the stress combination can also lead to nullifi cation 
of the effects of the two stresses on plants (canceled response). Therefore, in order 
to truly characterize the response of plants to simultaneously occurring stresses, 
each stress combination should be studied as an entirely new stress (Mittler and 
Blumwald  2010 ). A brief discussion on the different categories of tailored response 
is provided in the section below. 

18.2.1     Unique Responses 

 Recent studies have indicated that  the   combination of drought and pathogen evokes 
unique responses in plants, which are not seen when each stress is imposed indi-
vidually (Choi et al.  2013 ; Prasch and Sonnewald  2013 ).  These   unique responses 
have been studied only at the molecular level. For example, the exposure of  Vitis 
vinifera  plants to the combined drought and  Xylella fastidiosa  infection for 4 weeks 
led to the modulation of 90 transcripts out of which 39 were unique to the combined 
stress treatment (Choi et al.  2013 ). Similar results were reported in yet another study 
wherein the combined virus, drought, and heat treatment to  A. thaliana  plants led to 
differential expression of 776 unique transcripts (Prasch and Sonnewald  2013 ; 
Ramegowda and Senthil-Kumar  2015 ). These “unique” genes were not seen in tran-
scriptional profi le of the individually stressed plants. Re-analysis of the microarray 
results of Prasch and Sonnewald ( 2013 ) by Ramegowda and Senthil-Kumar ( 2015 ) 
revealed that these unique genes constitute several WRKY transcription factors, 
signaling proteins like receptor like kinases and protein phosphatases.    These results 
suggest that combined stress treatment leads to a reprogramming of gene expression 
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  Fig. 19.1    Hypothetical  model   depicting tailored responses in plants exposed to combined drought 
stress and pathogen infection. ( a ) Venn diagram shows plant’s response to drought (stress I), patho-
gen (stress II), and their combination (stress III, an altogether new stress). DC— responses   shared 
between drought stress and combination stress, PC—responses shared between pathogen and com-
bined stress, and DPC—responses shared among drought stress, pathogen and combined drought 
and pathogen. ( b ) Schematic representation of modulation of plant  adaptation strategies   under 
combined stress. N—response under optimal growth conditions, A—response to drought, B—
response to pathogen infection, last column illustrates the three types of tailored responses under 
combined stress. Row 1—novel responses ( c ) induced only under combined stress. These responses 
are not seen under single stress situations. Row 2 and 3—under combined stress, the adaptation 

 

A. Choudhary et al.



431

of plants.    The presence of combined stress specifi c unique molecular responses 
have also been seen in case of drought and heat stress combinations (Rizhsky et al. 
 2002 ,  2004 ; Rampino et al.  2012 ; Johnson et al.  2014 ) which further authenticates 
the tailoring of molecular responses to stress combinations. Although not much 
information is available in this regards, this preliminary information supported by 
further studies is useful to unravel the mechanism behind the unique responses seen 
under the combined stress conditions.  

18.2.2     Prioritized Responses 

 Apart from the unique responses, certain responses,    characteristic of the individual 
stresses, are also observed when plants are exposed to combined stresses.    Being 
common to the two individual stress conditions, these responses are termed as 
shared responses. However, these shared responses are further attuned to the com-
bined stress. Plants when challenged with two stresses simultaneously prioritize 
their response towards the more damaging stress, overriding the defense pathway 
for the less severe stress (Prasch and Sonnewald  2013 ; Rasmussen et al.  2013 ). This 
results in suppression of responses to the stress, which is less severe. For example, 
plants exposed to water defi cit and pathogen infection simultaneously often show 
weakened defenses and enhanced susceptibility to the pathogen (Audebert et al. 
 2000 ; Amtmann et al.  2008 ; Goel et al.  2008 ; Mittler and Blumwald  2010 ). In the 
study conducted by Atkinson and Urwin ( 2012 ), the combined effect of drought and 
infection with root-knot nematodes  Meloidogyne incognita  on nutritional quality of 
tomato was investigated.    The physiological responses of the plants were compared 
for different stress treatments and the levels of antioxidants in fruits were analyzed. 
Signifi cantly higher levels of fl avonoids were found in infected plants compared to 
controls, while a little or no change in fl avonoid concentration was reported as a 
result of water stress only.    Interestingly, when the two stresses were applied simul-
taneously, the heightened accumulation of fl avonoids seen under nematode stress 
was reduced to a level which was not signifi cantly different from the control and 
water-stressed plants. This can be explained by the drought-induced accumulation 
of ABA which in turn inhibits the transcription of defense and pathogen-responsive 
genes, thus preventing nematode-induced fl avonoid accumulation (Anderson et al. 
 2004 ). The carotenoids (lycopene and β-carotene) concentration was signifi cantly 

Fig. 19.1 (continued) strategies are prioritized for the more severe stress among the two. In 2 and 
3, response under combined stress resembles the response to drought and pathogen alone, respec-
tively. Row 4—Responses evoked independently under single stresses are absent under combined 
stress. Fig. 19.1 (continued) ( c ) Illustration depicting tailored molecular responses under com-
bined stress. Each symbol represents a gene product and the number represents their level relative 
to control. In row 1 and 2, level of the gene product shared between two stresses changes in mag-
nitude under combined stress. Row 3 depicts response at the gene level prioritized for a particular 
stress, in this case drought. The proposed models are general and can be extended to few other 
stress combinations as well       
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reduced in water-stressed tomatoes but remained unaffected by nematode stress. 
However, under combined stress the expected reduction in the carotenoids level was 
not seen. The antagonism between drought- induced   ABA and ethylene may be the 
reason for observed inhibition in carotenoid accumulation (Anderson et al.  2004 ). 
Additionally, when water defi cit and nematode infection occurred in combination, 
the plant’s physiological response was more similar to that of water stress alone in 
the early harvested tomatoes but to nematode stress alone in the late- harvested 
tomatoes. These results support the hypothesis that plant stress responses are spe-
cifi cally tailored to the exact combination of environmental stresses encountered, to 
the extent that the plant responds to whichever stress is most severe, overriding the 
pathway for the less severe stress (Anderson et al.  2004 ).    The prioritization of 
responses as a mechanism to focus plants metabolism in deploying  their   adaptation 
strategies towards the high impacting stress can be seen as an effective strategy sup-
porting the concept of growth-defense trade-offs in plants (Huot et al.  2014 ).  

18.2.3     Canceled Responses 

 Interaction of two stresses can also lead to amplifi cation of the tolerance responses, 
i.e., when two stresses are imposed simultaneously, their effect on plants get “can-
celed” resulting in enhanced plant tolerance to combined stress as compared to 
individual stress conditions (Rasmussen et al.  2013 ).    Adaptation strategies that are 
not suffi cient to protect the plants under individual stresses act in unison under the 
combined stress and  the   negative impact of the two stresses is canceled. Canceled 
responses were reported under salt and heat stress combination. For example, some 
proteins, induced during salt stress (e.g., choline monooxygenase, chloroplastic 
ATP synthase, V-type proton ATPase catalytic subunit A) and heat stress (e.g., heat 
shock 70 kDa protein) in  Suaeda salsa , were unchanged during combined salt and 
heat treatment (Li et al.  2011 ). Canceled response in case of drought and pathogen 
stresses have not yet been reported. 

 In addition to the above mentioned types of responses that are exhibited by plants 
as a part of tailored adaptation strategy to counter the combined stress, the “tailor-
ing” can also be observed at the molecular level. Combined stress may lead to the 
expression of a new set of genes, which are not expressed under individual stress 
conditions. The molecular response of plants to the two stress conditions and their 
combination also consists of several commonly regulated genes. However, a change 
in their expression level can be seen under combined stress (Prasch and Sonnewald 
 2013 ).    Broadly there can be three different scenarios as indicated in Fig.  19.1c . In 
case I, the gene product reached beyond the additive level under combined stress,    
while in case II, the relative level declined and reached closer to that seen under 
control. Case III depicts prioritization of responses towards a particular stress, 
wherein the gene product related to plant response to one stress (in this case, 
drought) is upregulated at the cost of the gene product involved in defense against 
the other (pathogen stress) (Fig.  19.1c ).   
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18.3     Tailored Responses of Plants to Combined Drought 
and Pathogen Stress 

18.3.1     Morphophysiological Responses 

 A study comparing the responses of ten ecotypes of  Arabidopsis thaliana  under two 
individual and combined abiotic stresses revealed that there were no unique mor-
phophysiological responses evoked under combined stress.    The responses observed 
under combined stress were shared and majorly prioritized for one of the stresses 
(Vile et al.  2012 ). Some recent reports have indicated the prioritization of stomatal 
defense  responses   under simultaneously imposed biotic and abiotic stimuli. When 
 Vicia faba  and  A. thaliana  were subjected to a combination of biotic stress 
( Escherichia coli  or  Pseudomonas syringae ) and several abiotic stresses including 
water defi cit, stomatal responses to abiotic stresses were found to override the 
responses to biotic stresses (Ou et al.  2014 ). Similar inferences were obtained from 
another study on the effect of combined drought and virus infection on  A. thaliana  
plants. The microscopic analysis of length-width ratio of stomata of  A. thaliana  
plants subjected to concurrent  Turnip mosaic virus  (TuMV) infection, heat, and 
drought stress in single, double, and triple combinations revealed that stomata were 
closed under combined treatments of virus and drought, and virus and heat, as well 
as during the triple stress, while heat stress alone or virus infection resulted in sto-
matal opening (Prasch and Sonnewald  2013 ).    Also,  X. fastidiosa,  a wilt causing 
pathogen, infl uenced the water status (indicated by measurement of leaf water 
potential, stomatal conductance and transpiration rate) of  V. vinifera  and thus aggra-
vated the effect of drought on the plants (Choi et al.  2013 ).  

18.3.2     Transcriptomic and Metabolic Responses 

 Till date only four studies have documented the global transcriptome and metabo-
lome changes in plants simultaneously exposed to combinations of various biotic 
and abiotic stresses (Atkinson et al.  2013 ; Choi et al.  2013 ; Prasch and Sonnewald 
 2013 ; Rasmussen et al.  2013 ). The recurrent observation from all these studies is 
that the adaptation strategies of a plant are specifi cally tailored in accordance with 
the combination of stresses it encounters and their severity. As mentioned earlier, 
the molecular responses can be either unique or shared. A study undertaken by 
Rasmussen et al. ( 2013 ) revealed that 61 % of the transcriptome  changes   in  A. thali-
ana  in response to combined stress were not predictable from the responses to sin-
gle stress treatments (cold, heat, high light, salt, and fl agellin). The uniqueness in 
molecular response seen under combined stress stems from the induction of certain 
unique transcripts and from selective activation or repression of transcripts respon-
sive to a particular stress. A total of 23 genes were specifi cally expressed when 
 A. thaliana  plants were subjected to a combination of drought, heat, and TuMV 
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(Prasch and Sonnewald  2013 ). Among these most of the genes encoded stress 
responsive proteins. Ramegowda and Senthil-Kumar ( 2015 ) reanalyzed the tran-
scriptomic data from the above experiment using Bio Conductor package in R sta-
tistical program and reported a total of 1370 genes differentially expressed under 
combined drought and virus infection. Interestingly, out of 1370 genes, 98 genes 
were unique to virus stress and 157 were unique to drought stress, while 776 were 
unique to combined drought stress and virus infection. The  stress-specifi c genes   
upregulated under individual drought and virus infection were 16 and 29, respec-
tively, and the number increased to 72 under combined stress (Prasch and Sonnewald 
 2013 ; Pandey et al.  2015 ). Most of the stress combination specifi c genes belonged 
to the category of transcription factors and other regulatory genes including dehy-
dration responsive element binding 2A (DREB2A) and genes encoding zinc fi nger 
proteins. Other combined stress associated genes reported were those encoding pen-
tatricopeptide repeat containing protein, abi5 binding protein (AFP1), cold-regu-
lated 47, and universal stress protein family protein. A time-dependent modulation 
was shown in the transcriptome of   V. vinifera  plants   upon exposure to combined 
drought and  X. fastidiosa  infection (Choi et al.  2013 ). No signifi cant change in the 
transcriptome was seen in the early phase (4 weeks posttreatment); however, the 
number of differentially expressed genes increased with increasing stress exposure 
(8 weeks posttreatment) and a total of 90 unique transcripts were seen in combined 
stressed plants. An early upregulation of 9-cis epoxycarotenoid dioxygenase 
(NCED), an ABA biosynthesis gene, was also reported only under combined stress. 
These genes are characteristic examples of unique responses under combined stress. 

 Apart from unique responses, prioritized molecular responses have also been 
observed under combined stresses. Rasmussen et al. ( 2013 ) reported that among the 
transcripts resulting in antagonistic responses under combined stress, 5–10 % are 
prioritized under combined stress. In another report, the transcript profi le of  A. 
thaliana , under simultaneously imposed drought and   Heterodera schachtii ,   was 
shown to be more similar to the expression profi le of the plants exposed to water 
defi cit alone than that of the nematode infected plant (Atkinson et al.  2013 ). Prasch 
and Sonnewald ( 2013 ) also provided evidence for  the   prioritization of plant’s 
responses towards abiotic stress at the cost of defense responses against biotic 
stress. The enhanced expression of defense genes that mediates basal as well as 
 R -gene-mediated resistance in virus infected   A. thaliana    was abolished under com-
bined virus, heat, and drought stress. In the combined stress situation, only six   R  
genes   were differentially regulated and none of them were commonly regulated 
between virus and combined stress, indicating changes in the defense program. One 
of the genes exclusively downregulated under combined stress was ribosomal pro-
tein S6 ( RPS6 ).  RPS6  has been shown to mediate resistance via enhanced disease 
susceptibility ( EDS1 ) against  P. syringae  pv.  syringae  effector HopA1 (Kim et al. 
 2009 ) as well as against fungal pathogens. These observations indicate the differen-
tial response of plants towards abiotic and biotic stresses, which resulted in prefer-
ential deactivation of defense responses against various pathogens. 

 The cytoplasmic protein response ( CPR)   marker genes constitute another class 
of shared molecular response under combined drought and virus infection in 
 A. thaliana  (Prasch and Sonnewald  2013 ). It is speculated that enhanced CPR 
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 supports viral-replication and systemic cell-to-cell spread of the virus in the plant,    
resulting in increased susceptibility of the host plants (Mayer and Bukau  2005 ; 
Prasch and Sonnewald  2013 ). 

 Metabolic profi ling of plants subjected to combined drought and TuMV treat-
ment revealed the preferential accumulation of tricarboxylic acid (TCA) cycle inter-
mediates and the amino acids derived from them (Prasch and Sonnewald  2013 ). 
Under drought stress, increased levels of proline help to protect against osmotic 
stress (Hanson and Hitz  1982 ). Interestingly, a combination of drought and virus 
infection resulted in  increased   proline accumulation (Prasch and Sonnewald  2013 ). 
Altogether, the results obtained from transcriptomic and metabolic studies refl ect 
upon the complexity in plant’s responses under the combined stress scenario and 
highlight the fact that the mechanism of plants’ tolerance to combined stresses can-
not be completely understood from single stress studies.   

18.4     Conclusions and Future Perspectives 

 The changing climatic conditions impact plants both in terms of stress severity and 
number of stresses. Hence, understanding the effect of the combined abiotic and 
biotic stresses on growth and development of plants is important. It has been shown 
in recent studies that plants tailor some of their responses to the stress combination. 
This either involves complete reprogramming of plant molecular responses leading 
to the prioritization of responses towards the more severe stress, or modulation in 
the magnitude of the shared responses. The tailored responses depends on the nature 
and intensity of the stresses involved, the age of the plant at which the stress in 
encountered, and the inherent stress tolerance nature of the plant species. 

 Recent studies have shed preliminary, but useful information on the combined 
stress response of plants. Further identifi cation of the genes involved in tailored 
response and their complete mechanistic understanding can help in formulating the 
signaling networks and pathways involved in combined stress response. This can not 
only help in strengthening our knowledge about the unconventional and unique plant 
adaptation strategies but can also provide important leads for the development of crops 
that can effi ciently tolerate simultaneously occurring drought and pathogen stresses.     
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    Chapter 19   
 Manipulation of Programmed Cell Death 
Pathways Enhances Osmotic Stress Tolerance 
in Plants: Physiological and Molecular 
Insights                     

       Thi     My     Linh     Hoang    ,     Brett     Williams    , and     Sagadevan     G.     Mundree    

19.1           Introduction 

  Programmed cell death (PCD)   is a physiological and genetically controlled process 
that is evolutionarily conserved across kingdoms. PCD allows multicellular organ-
isms to eliminate excessive or damaged cells which arise during development and in 
response to abiotic and biotic stress (Williams and Dickman  2008 ; Fomicheva et al. 
 2012 ). Programmed cell death has been studied extensively in animals and the 
underlying mechanisms in plants are gradually being discovered.

    The roles of PCD during  the   development of animals were thoroughly reviewed 
in Fuchs and Steller ( 2011 ), especially in regulation of structure sculpting and driv-
ing morphogenesis, deletion of unwanted or redundant transient functional struc-
tures, control of cell numbers and elimination of unwanted and potentially dangerous 
cells. In plants, PCD is involved in many stages of development from the embryo to 
reproduction and ageing such as embryogenesis, somatic embryogenesis (Giuliani 
et al.  2002 ; Suarez et al.  2004 ; Hill et al.  2013 ), sex determination in unisexual spe-
cies (Dellaporta and Calderon-Urrea  1994 ; Beers  1997 ), seed development (Young 
and Gallie  2000 ) and senescence (Greenberg  1996 ; Yen and Yang  1998 ; Simeonova 
et al.  2000 ; Yoshida  2003 ). PCD also plays an  important   role in the elicitation of 
defence mechanisms. For example, the hypersensitive response, which occurs at the 
site of pathogen attack and involves programmed cell death of infected as well as 
uninfected adjacent bystander cells, is one of the strategies that plants employ to 
prevent pathogen invasion (Lam et al.  2001 ; Lam  2004 ). 

 Although programmed cell death plays important roles during development and 
in response to environmental stimuli, it may be benefi cial or detrimental to the plant 
depending on the context (Williams and Dickman  2008 ). Being sessile, plants are 
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particularly vulnerable to aberrant environmental conditions including saline soils 
and water defi cit. To mitigate osmotic  stress  , plants implement a range of strategies; 
however, if these mechanisms are unable to cope with the prolonged stress imposed 
the plant will implement selective PCD as a last ditch effort to survive; sacrifi ce a few 
cells for the greater good of the organism as a whole (Hara-Nishimura et al.  1991 ; 
Greenberg  1996 ). Paradoxically, studies have shown that inhibition of PCD during 
stress promotes survival (Dickman et al.  2001b ; Awada et al.  2003 ; Shabala et al. 
 2007 ; Wang et al.  2009b ; Li et al.  2010 ; Hoang et al.  2014 ,  2015 ). In the following 
sections we will provide an overview of programmed cell death and the physiological 
and molecular basis of the enhancement of tolerance to osmotic stress associated with 
drought and salinity through the prevention of programmed cell death in plants.  

19.2     Programmed Cell Death: An Overview 

19.2.1     PCD:    A Physiological Mechanism for Normal 
Development 

 Regulation of  homeostatic balance   between cell division and cell death is funda-
mental for proper development and well-being of all multicellular organisms (Rudin 
and Thompson  1997 ). Genetically regulated mechanisms in multicellular organisms 
not only determine which cells live but also which cells die (Raff  1992 ; Chinnaiyan 
and Dixit  1996 ). To keep balance with the number of new cells arising from the 
body’s stem cell populations, about ten billion cells die every day in adulthood. This 
normal homeostasis is regulated through  apoptosis  —one form of programmed cell 
death (Renehan et al.  2001 ). Apoptosis is extremely important during various devel-
opmental processes and normal physiology (Elmore  2007 ). The sculpturing of 
shape during developing limb to form foetal fi ngers and toes together with the 
resorption of the tadpole tail during metamorphosis into a frog are two well-known 
examples of the programmed cell death involvement in normal development 
(Zuzarte-Luís and Hurlé  2002 ). Evidence indicates that abnormal regulation of pro-
grammed cell death especially apoptosis is associated with a wide range of diseases. 
Insuffi cient apoptosis results in excessive cell accumulation causing autoimmunity 
 or   cancer; inappropriate cell death can lead to chronic degenerative diseases, heart 
failure, cerebral ischemia, Alzheimer disease, infertility and immunodefi ciency 
(Kondo  1988 ; Leijon et al.  1994 ; Edwards  1998 ; Danial and Korsmeyer  2004 ; Rami 
et al.  2008 ; Lukiw and Bazan  2010 ; Whelan et al.  2010 ; King and Cidlowski  1998 ).  

19.2.2     PCD: As  a   Host Defence Mechanism Against Biotic 
and Abiotic Stresses 

 In addition to development,    PCD pathways are also used for adaptation to environ-
mental stresses (Vaux et al.  1994 ; Mittler and Lam  1996 ; Vaux and Strasser  1996 ). 
The Hypersensitive response (HR) of plants to  pathogen infection   is one example. 
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Plants lack of an  active immune system   which can produce specialized cells, such 
as T cells in animal systems that can attack, disable and eliminate pathogen, they 
instead, induce programmed cell death as one of general defence strategies (Lam 
et al.  2001 ; Lam  2004 ). During interaction between biotrophic pathogens and host 
plants, programmed cell death in the form of HR helps plants to prevent infection as 
biotrophy by defi nition require living cells for growth and colonization. However, in 
some instances plants infected by necrotrophic pathogens, e.g.   Sclerotinia sclerotio-
rum   , cell death is disadvantageous for the plant as necrotrophic pathogens require 
dead or dying cells for nutrients. The role of PCD  in   plant–pathogen interaction, 
therefore, depends upon the context and in some circumstances the host is involved 
in the process as a passive participant (Williams and Dickman  2008 ). 

 Cell death in response to  abiotic stress   provides an advantage to plants in some 
circumstances but not in others. For example, programmed  cell death   during 
hypoxia-induced aerenchyma formation in root of maize enables the plants to sur-
vive and develop in wetlands where there is limited or no oxygen present (Drew 
et al.  2000 ). However, in response to most of other abiotic stresses such as drought, 
salinity, heat, cold, wounding, UV radiation, aluminium, acifl uorfen, sulfentrazone, 
menadione and hydrogen  peroxide  , prevention of cell death brings more benefi t to 
the plants than execution of cell death as evidenced in many studies (Dickman et al. 
 2001b ; Lincoln et al.  2002 ; Qiao et al.  2002 ; Li and Dickman  2004b ; Xu et al.  2004 ; 
Doukhanina et al.  2006 ; Shabala et al.  2007 ; Wang et al.  2009a ,  b ; Kabbage et al. 
 2010 ; Li et al.  2010 ; Hoang et al.  2014 ,  2015 ).  

19.2.3     PCD:  A   Conserved Mechanism 

 Programmed cell death particularly  apoptosis  , the physiological form of PCD, has 
been studied for more than 40 years and is known to occur in many species across 
all kingdoms. For example, human Bcl-2 can partially complement  Caenorhabditis 
elegans  Ced-9 mutants even though the two genes have limited sequence homology. 
The animal-derived anti-apoptotic genes  Ced-9  and  Bcl-2  confer tolerance to a wide 
range of biotic and abiotic stresses, upon overexpression in plants (Qiao et al.  2002 ; 
Chen and Dickman  2004 ; Shabala et al.  2007 ; Wang et al.  2009a ; Paul et al.  2011 ). 

 Since the fi rst evidence that a genetic programme existed for physiological (pro-
grammed) cell death came from studying development in the nematode   Caenor-
habditis elegans    (Kerr et al.  1972 ; Horvitz et al.  1982 ; Ellis and Horvitz  1986 ; Vaux 
et al.  1988 ) the study of pathways and regulation of programmed cell death has been 
carried out on several model systems including  C. elegans , the vinegar fl y  Drosophila 
melanogaster  and the mouse. The conservation of the core apoptotic machinery has 
been found across vast evolutionary distances from worm to human; however, it is 
somewhat obscure in plants (Williams and Dickman  2008 ; Fuchs and Steller  2011 ). 

 As the  core apoptotic machinery   is conserved across kingdoms, details of a well- 
studied programmed cell death model would be helpful to  establish   an understand-
ing of programmed cell death in plants. In the next section we will review the 
literature of mammalian PCD pathways.   
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19.3      Apoptosis  : A Genetically Controlled Cell Death 

 Three types of programmed cell death have been categorized in mammals based on 
morphological criteria: apoptosis (type I), autophagy (type II) and necrosis (type 
III) (Kourtis and Tavernarakis  2009 ; Kroemer et al.  2009 ). Other forms of cell death 
 in mammals   related to infl ammation response during pathogen invasion have also 
been observed. This includes pyroptosis (or caspase-1-dependent cell death) and 
necroptosis (or programmed necrosis) (see review by Bergsbaken et al. ( 2009 ) and 
Vandenabeele et al. ( 2010 )). Amongst the aforementioned types, apoptosis has been 
the most studied and the best understood form of PCD in mammals. Apoptosis is a 
genetically controlled and highly orchestrated cell death. Cells undergoing apopto-
sis have distinct morphological changes including cell shrinkage, membrane bleb-
bing, chromatin condensation, apoptotic body formation and fragmentation, minor 
modifi cation of cytoplasmic organelles, and the apoptotic bodies  were   engulfed by 
resident phagocytes in vivo (Gilchrist  1998 ; Bredesen  2000 ; Collazo et al.  2006 ; 
Kroemer et al.  2009 ). 

19.3.1     Execution of  Apoptosis   

 The execution of apoptosis in mammals relies on the activation of caspases ( c yste-
ine  asp artic acid specifi c prote ases ), a family of highly specifi c cysteine proteases 
that are ubiquitously expressed, as inactive precursors ( zymogens  ) with little or no 
protease activities (Fuchs and Steller  2011 ).  Caspases   can be thought of as the cen-
tral executioners of apoptotic pathways because they bring about most of the visible 
changes that characterize apoptotic cell death. For example, hallmarks of apoptosis 
such as DNA fragmentation and membrane blebbing are associated with caspase-3 
activities (Hengartner  2000 ; Zimmermann et al.  2001 ). Genetic evidence also 
showed that caspases and their activators play central roles in apoptosis (Cecconi 
et al.  1998 ; Los et al.  1999 ; Zheng et al.  1999 ; Luthi and Martin  2007 ). 

 The  mammalian caspase family   can be divided into two subfamilies. The fi rst one 
is involved in infl ammation, where caspases act  as pro-cytokine activators   and include 
members of caspases-1, -4, -5, -11, -12, -13 and -14. The other subfamily is involved 
in  apoptosis   and includes caspase-2, -3, -6, -7, -8, -9 and -10. The apoptotic subfamily 
can be further categorized into two subgroups: initiator caspases caspase- 2, -8, -9 and 
-10; and executioners or effector caspases caspase-3, -6 and -7 (Zimmermann et al. 
 2001 ; Shi  2002 ; Boatright and Salvesen  2003 ; Fomicheva et al.  2012 ). 

 Since unregulated caspase activity would be lethal for a cell,  caspases   are syn-
thesized as single-chain zymogens and stored in the cytoplasm as relatively inactive 
precursors (pro-caspases). Pro-caspases must undergo an activation process during 
apoptosis to become active caspases (Srinivasula et al.  1998 ; Yang et al.  1998 ; Chen 
and Wang  2002 ; Boatright and Salvesen  2003 ; Shi  2004 ). 
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 The activation of caspases during  apoptosis      has been reported to occur through 
three signalling pathways defi ned as the extrinsic, intrinsic and perforin/granzyme 
pathways (Elmore  2007 ).  The   extrinsic pathway is associated with a group of trans- 
membrane proteins, “ death receptors  ”, which act as surface sensors for the presence 
of specifi c extracellular death signals from ligands of  tumour necrosis factor (TNF)   
family (Fomicheva et al.  2012 ). Death receptors transmit apoptotic signals initiated 
by specifi c death ligands and can activate the caspase cascade  within   seconds of 
ligand binding (Vaux and Korsmeyer  1999 ).  The   extrinsic pathway of  caspase   acti-
vation is initiated by the ligation of the respective ligand (FasL) to the death receptor 
(Fas) to form microaggregates at the cell surface. This complex allows the adaptor 
molecule FADD (Fas-associated protein with death domain) to be recruited to 
it cytosolic tail by a multi-step mechanism. FADD recruits pro-caspase-8 or pro- 
caspase- 10 by protein–protein interaction via homologous death effector domain 
(DED) to assemble a  death-inducing signalling complex (DISC)  . During DISC 
assembly pro-caspase-8 or pro-caspase-10 is activated and released to cytoplasm 
where it cleaves and hence activates downstream caspase, typically caspase-3. The 
active caspase-3 cleaves several death substrates leading to the well-known apop-
totic hallmarks including nuclear fragmentation, DNA fragmentation, membrane 
blebbing and other morphological and biochemical changes (Chinnaiyan et al. 
 1995 ; Algeciras-Schimnich et al.  2002 ; Boatright and Salvesen  2003 ; Yin et al. 
 2006 ; Portt et al.  2011 ; Fomicheva et al.  2012 ). The extrinsic pathway is responsible 
for elimination of unwanted cells during development, immune system education 
and immune system-mediated tumour removal (immune-surveillance) (Boatright 
and Salvesen  2003 ). 

  The    intrinsic pathway   involves the participation of mitochondrion as a central 
organelle; therefore, it is also termed as  mitochondrial pathway  . The mitochondrial 
pathway is induced by several stimuli such as UV radiation, DNA damage, voltage 
changes, oxidative stress [hydrogen peroxide (H 2 O 2 ) or nitrogen oxide (NO)] or 
growth factor withdrawal (starvation), resulting in the dissipation of mitochondrial 
membrane potential and increased permeability. The permeabilization of the mito-
chondrial outer membrane leads to the release of apoptogenic molecules and pro-
teins including cytochrome c, certain caspases, endonuclease G, Smac/Diablo and 
 apoptosis inducing factor (AIF)   from the inter-membrane space of mitochondrion to 
cytoplasm, resulting in both caspase-dependent and caspase-independent PCD 
(Brenner and Mak  2009 ; Paul  2009 ). The release of cytochrome c into cytosol  and 
  the presence of dATP are essential requirements for apoptosis mediated by mito-
chondria (Liu et al.  1996 ; Goldstein et al.  2000 ; Purring-Koch and McLendon 
 2000 ). Upon releasing, cytochrome c binds to Apaf-1 (apoptotic protease activating 
factor-1, the mammalian homolog of  C. elegans  Ced-4) in the presence of dATP to 
form an Apaf-1 complex (Zou et al.  1997 ; Hu et al.  1999 ) which then binds to pro- 
caspase- 9 to assemble an oligo-protein complex termed “ apoptosome  ” (Cain et al. 
 2000 ; Gupta  2001 ; Acehan et al.  2002 ; Gewies  2003 ). The apoptosome activates 
caspase-9 by dimerization (Purring-Koch and McLendon  2000 ; Pop et al.  2006 ). 
Active caspase-9 activates downstream caspase, typically caspase-3, resulting 
in apoptosis.  The   intrinsic pathway is used to eliminate cells in response to 
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 chemotherapeutic drugs, ionizing radiation, mitochondrial damage and certain 
developmental cues (Boatright and Salvesen  2003 ). 

 The  perforin/granzyme pathway   involves the cytotoxic T cells and secretion 
of the transmembrane pore-forming molecule perforin with a subsequent release of 
cytoplasmic granules which contains two most important components: serine prote-
ase granzyme A and B (Elmore  2007 ).  Granzyme B   can activate pro-caspase-10 
through the cleavage of this protein at aspartate residues; it can also cleave factors 
like inhibitor of caspase activated DNAse (ICAD) (Sakahira et al.  1998 ). Granzyme 
B can also cleave and activate Bid causing a release of cytochrome c, thereby acti-
vating the intrinsic pathway of cell death (Russell and Ley  2002 ). 

 Although each pathway is capable of functioning independently, cross-talk 
between pathways is common. For example, three pathways cooperate to enhance 
 apoptosis   through a BH3-only protein member of Bcl-2 pro-apoptotic protein, Bid 
(Li et al.  1998 ; Barry and Bleackley  2002 ); and more importantly, these pathways 
converge, leading to the activation of the effector caspase- 3   (Schimmer  2004 ; 
Williams and Dickman  2008 ).  

19.3.2      Regulation of Apoptosis   

 Apoptosis can be regulated in a number of ways including regulators of the death 
receptors (extrinsic pathway), regulators of mitochondrial-driven PCD (intrinsic 
pathway) and direct regulator of caspases through  Inhibitor of Apoptosis (IAP) pro-
teins  . The regulation of apoptosis mediated by death receptors occurs at multiple 
levels including regulation of expression of ligands and death receptors and regula-
tion of intracellular regulatory molecules (Chen and Wang  2002 ). Meanwhile mem-
bers of B cell lymphoma 2 (Bcl-2) protein family provides a critical role in regulation 
of mitochondrial-driven PCD pathway. They can either disrupt or maintain the 
integrity of mitochondrial membranes, thereby promote or prevent the release of 
apoptogenic proteins such as cytochrome c from inter-mitochondrion membrane 
space which can activate pro-caspase-9 through assembling of apoptosome leading 
to apoptosis (Zheng et al.  1998 ; Heiden et al.  1999 ; Chen and Wang  2002 ; Youle 
and Strasser  2008 ; Fuchs and Steller  2011 ; Martinou and Youle  2011 ). Bcl-2 family 
members are characterized by the presence of one or more conserved sequence 
motifs within α helical segments known as  Bcl-2 homology (BH) domains   desig-
nated BH1, BH2, BH3 and BH4. These BH domains are the only areas of sequence 
conservation between family members and strongly infl uence whether the family 
member is pro- or anti-apoptotic (Danial  2007 ; Williams and Dickman  2008 ). Many 
members of the Bcl-2 family have a conserved C-terminal transmembrane region 
(TM) that is responsible for their localization on the outer mitochondrial membrane, 
endoplasmic reticulum and nuclear envelope to the cytosolic aspect (Strasser et al. 
 2000 ; Soriano and Scorrano  2010 ). Bcl-2 family members can be divided into two 
groups: pro-apoptotic and anti-apoptotic depending upon their functions. At least 
four models of how Bcl-2 family members regulate apoptosis have been proposed 
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[see review by Strasser et al. ( 2000 )]. However exact mechanistic details of how 
Bcl-2 proteins regulate cell death remain unknown (García-Sáez  2012 ). 

 Although pro-caspases have a low protease activity,    this activity is signifi cant; 
and since pro-caspases are widely expressed in living cells, unregulated caspase 
activation would be lethal. Therefore cells must have an effi cient mechanism to 
prevent unnecessary caspase activation.  Inhibitor of apoptosis (IAP) protein   is one 
of an important family of caspase inhibitors (Fuchs and Steller  2011 ). The fi rst 
member of the IAP family was identifi ed by Crook et al. ( 1993 ) from the baculovi-
rus   Cyndia pomonella   . Since then several IAPs have been characterized (Birnbaum 
et al.  1994 ; Clem and Miller  1994 ; Hay et al.  1995 ; Rothe et al.  1995 ; Roy et al. 
 1995 ; Deveraux et al.  1997 ; Huang et al.  2000 ). 

 IAP family members are characterized by the presence of one to three  baculovi-
ral IAP repeat (BIR) domains  , a region of approximately 70 amino acids. In some 
IAP members, BIR domains allow them to bind to and inhibit initiator and effector 
caspases as well as downstream proteases, thereby preventing apoptosis (Deveraux 
and Reed  1999 ; Vaux and Silke  2005 ). Unlike FLIP [FLICE (other name of caspase- 
8)-inhibitory protein] or Bcl-2 anti-apoptotic proteins which can only regulate death 
receptor or mitochondrial-driven PCD pathways, respectively, IAPs are unique in 
that they are capable of inhibiting both extrinsic and intrinsic pathways due to their 
inhibition of caspase cleavage at the initial phase of the cascade (Straszewski- 
Chavez et al.  2004 ). 

 The activity of IAP family members is regulated by IAP antagonists, a protein 
family whose members can bind to the BIR domain of IAP and inactivate the anti- 
apoptotic function. In Drosophila the anti-apoptotic activity of DIAP1 has been 
 reported   to be blocked by  reaper ,  hid  and  grim  encoded proteins (Goyal et al.  2000 ). 
In mammalian systems the three well-known IAP antagonists are Smac ( s econd 
 m itochondria-derived  a ctivator of caspases), Diablo ( D irect  IA P  b inding protein 
with  lo w pI) and HtrA2/Omi identifi ed by Du et al. ( 2000 ), Verhagen et al. ( 2000 ) 
and Suzuki et al.( 2001 ), respectively.   

19.4        Programmed Cell Death in Plants 

19.4.1     Plant  PCD   During Development and with Abiotic 
and Biotic Stress 

 Most of the functions of PCD (apoptosis and autophagy) that were witnessed in 
other multicellular organisms such as in animals are also observed in plants. For 
example, the involvement of PCD in  tissue remodelling   has been reported in leaf 
shape remodelling of the lance plant (Gunawardena et al.  2004 ). PCD functions in 
deletion of temporary functional structures that are no longer required for the plant 
development such as suspensor and aleurone layer cells (Pennell and Lamb  1997 ; 
Bozhkov et al.  2005 ). The  aleurone   is the outer surrounding layer of endosperm, a 

19 Manipulation of Programmed Cell Death Pathways Enhances Osmotic Stress…



446

store of nutrients materials, in mature seeds. The death of aleurone layer cells  during 
seed germination in cereals is an example of the function of PCD in removing a no 
longer required structure during plant development. Nutrients required for the 
growth of the embryo during seed germination are initially obtained from the store 
in the embryo and subsequently from mobilization of the materials stored in the 
endosperm. The hydrolytic process of materials stored in endosperm required 
hydrolytic enzymes which are synthesized in aleurone cells (Kuo et al.  1996 ; Wang 
et al.  1996b ; Fath et al.  2000 ). However,  aleurone layer cells   are not required for 
young plants and are therefore programmed to die after contributing their hydrolytic 
enzymes usually a few days after seed germination (Wang et al.  1996b ; Bethke et al. 
 1999 ; Fath et al.  2000 ,  2002 ). 

 PCD also plays a key role in the specialization  of   cells including the develop-
ment of xylem tracheary elements (Fukuda et al.  1998 ; Groover and Jones  1999 ) or 
cell death in root cap cells which protect the root meristem (Wang et al.  1996a ). 
Additionally, PCD plays a role in the redistribution of nutrients, for example, cell 
death during senescence recycles nutrients from older to younger organs (Greenberg 
 1996 ; Yen and Yang  1998 ; Simeonova et al.  2000 ; Yoshida  2003 ). PCD occurs 
throughout the plant life cycle in many sites of the plants (Pennell and Lamb  1997 ). 

 In terms of defence, as mentioned in previous section, PCD is induced as general 
defence strategies in plants to compensate for the absence of immune system as well 
as the inability to move to escape environmental challenges during pathogens inva-
sion. The decision to kill adjacent uninfected cells to create a “barrier of death” 
separating the pathogen from healthy tissues help plants minimize the detrimental 
effects of pathogens invasion (Dangl and Jones  2001 ; Lam et al.  2001 ; Lam  2004 ). 
Hypoxic conditions in maize triggered cell death in the cortex of the roots and stem 
to form aerenchyma which facilitates an effi cient transportation of oxygen from 
aerial organs to waterlogged stem bases and roots is another example of PCD func-
tion to enable plants to cope with unfavourable environmental conditions (Pennell 
and Lamb  1997 ; Drew et al.  2000 ). 

  The   functions of PCD in plants and animals appear to be conserved with some 
typical morphological features of PCD in animals such as cell shrinkage, DNA 
cleavage and DNA fragmentation were also observed during plant PCD, the  question 
about the similarity of molecular mechanisms involved in PCD between the two 
kingdoms remain unanswered (Fomicheva et al.  2012 ). Plant cells display several 
unique features compared to their animal counterparts including the presence of 
chloroplast, vacuoles and totipotency. Additionally, unlike animal cells, plant cells 
are held together by rigid cell walls which prevent active phagocytosis; plants also 
lack “true” caspases. Despite intense searches, caspases, which are the most charac-
teristic proteases  and   known to have essential functions in the initiation and execu-
tion of apoptosis in animal cells, have yet to be found in plants (Vartapetian et al. 
 2011 ; Domínguez and Cejudo  2012 ). However a number of caspase-like proteases 
in plants have been identifi ed including metacaspases (Uren et al.  2000 ),  vacuolar 
processing enzymes (VPE)   (Hatsugai et al.  2004 ) and subtilisin-like proteases (sas-
pases and phytapases) (Chichkova et al.  2004 ,  2010 ; Coffeen and Wolpert  2004 ). 
Although plant caspase-like proteases have been identifi ed, their target proteins and 
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the way in which they are activated, regulated and participate in plant PCD  pathways 
awaits further investigation. 

 It has been suggested in the literature that plants do not exhibit “classical” apop-
tosis (van Doorn  2011 ). Van Doorn ( 2011 ) therefore proposed a classifi cation of 
plants PCD in which two categories of PCD were described: vacuolar plant cell 
death and necrotic plant cell death. There are many cases of plant PCD however, not 
falling within either of the proposed categories. Classifi cation of plant PCD there-
fore should base  on   other criteria such as molecular mechanisms and basic compo-
nents of PCD apparatus rather than morphology alone (Fomicheva et al.  2012 ). 
Other authors, Reape et al.( 2008 ), described three different modes of programmed 
cell death in plants including  apoptotic-like PCD (AL-PCD)  , autophagy and necro-
sis. Reape et al. ( 2008 ) also proposed an apoptotic-like regulation of PCD in plants 
in which mitochondrial membrane permeabilization plays a central role via the 
forming of  permeability transition pore (PTP)  , which is induced by the changes in 
phosphate and/or ATP level, build-up of Ca 2+  and ROS production following cellu-
lar stress (Reape and McCabe  2010 ).  

19.4.2        Plant PCD Regulators 

 Similar to the case of true caspases, attempts to identify plant homologues of mam-
malian core regulators of apoptosis using informatics tools at the primary sequence 
level such as BLAST or FASTA have failed. A search for functional similarity based 
on prediction from structural similarity has been conducted with the assumption 
that distantly related proteins may have limited overall (undetectable) sequence 
homology but key features such as helical structure, hydrophobicity, water accessi-
ble surfaces, electrostatic potential, fold and catalytic sites may be conserved; 
and functional predictions can be made independently of the primary sequence 
(Doukhanina et al.  2006 ; Kabbage and Dickman  2008 ). Using this approach, a fam-
ily of   Bcl-2  associated gene product (BAG) proteins   of   Arabidopsis    was identifi ed 
by profi le-sequence (PFAM) and profi le-profi le (FFAS) algorithms (Doukhanina 
et al.  2006 ). The BAG family has been identifi ed in yeast and animals, and is 
believed to function through a complex interaction with signalling molecules and 
molecular chaperones; under stress conditions, the BAG proteins recruit molecular 
chaperones to target proteins and modulate their functions by altering protein con-
formation (Sondermann et al.  2001 ; Takayama and Reed  2001 ). The search of the 
  Arabidopsis thaliana    genome sequence resulted in recognition of seven homologues 
of the BAG proteins family with limited sequence but high structural similarity to 
their human counterparts and contained putative Hsp70 biding sites (Doukhanina 
et al.  2006 ). Of the seven homologues of BAG family in  Arabidopsis thaliana,  four 
are with domain organization similar to animal BAGs including AtBAG1-4 which 
are predicted to localize in cytosol, and three (AtBAG5-7) contain a calmodulin- 
binding motif near the BAG domain. This is a novel feature associated with plant 
BAG family and possibly refl ecting differences between animal and plant PCD 
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(Kabbage and Dickman  2008 ). AtBAGs have been speculated to bind Hsp70 in a 
manner similar to their animal counterparts; this is at least the  case   of AtBAG4. 
AtBAG4 conferred tolerance to a wide range of abiotic stress in transgenic tobacco. 
AtBAG6 may have a role in basal resistance by limiting disease development in 
  Botrytis cinerea    .  The functional differences between AtBAG4 and AtBAG6 lead to 
a hypothesis that the BAG family has developed specialized roles for cell regulation 
(Kabbage and Dickman  2008 ). Similarly to their mammalian counterparts, the pro-
posed function of plant BAG proteins is to coordinate signals for cell growth and to 
induce cell survival or cell death pathways in response to stress (Doukhanina et al. 
 2006 ).   Arabidopsis    BAG family members are localized to a variety of subcellular 
organelles for a range of cellular functions including the important function in PCD 
pathways and cytoprotection (Williams et al.  2010 ). 

 Despite limited understanding of the molecular mechanisms driving programmed 
cell death in plants, there is no doubt that PCD occurs in plants during develop-
ment and during the interaction between plants, the environment and pathogen 
 challenge  .  

19.4.3        Plant PCD-Induced Factors 

 PCD has been reported to be triggered in many plant species during abiotic and 
biotic stress. For example, salinity stress-induced PCD has been reported in barley 
(Hatsugai et al.  2006 ),  Arabidopsis  (Huh et al.  2002 ), rice (Li et al.  2007 ; Liu et al. 
 2007 ; Jiang et al.  2008 ), tobacco (Doukhanina et al.  2006 ; Shabala et al.  2007 ) and 
tomato (Li et al.  2010 ); Drought-induced PCD in tobacco (Awada et al.  2003 ); 
fungi-induced PCD in tobacco (Dickman et al.  2001a ). Reactive oxygen species 
(ROS)  signals   that originate from different organelles such as chloroplast and mito-
chondria can also trigger PCD (Foyer and Noctor  2005 ; Rhoads et al.  2006 ). In 
plants, ROS can play a dual role acting as both toxic compounds and secondary 
messengers in signal transduction pathways in a variety of scenarios (Miller et al. 
 2008 ,  2010 ). ROS levels were reported to increase in plants resulting in signifi cant 
cellular damage during drought and salinity stress (Borsani et al.  2005 ; Zhu et al. 
 2007 ; Xu et al.  2010 ). Other factors such as UV radiation, DNA damage, voltage 
changes, oxidative stress [hydrogen peroxide (H 2 O 2 ) or nitrogen oxide (NO)] or 
growth factor withdrawal (starvation) can also trigger cell death  in plants   (Lam 
 2004 ; Roos and Kaina  2006 ; Nawkar et al.  2013 ).   

19.5     Physiological Basis of Anti-apoptotic Genes Enhance 
Tolerance to  Osmotic Stress in Plants   

  Anti-apoptotic genes   have been reported to enhance tolerance to a range of abiotic 
and biotic stresses including drought  and    salinity   for more than a decade. However, 
the physiological basis of stress tolerance especially cell membrane integrity, ion 
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homeostasis, photosynthesis effi ciency and relative water content in plant expressing 
anti-apoptotic genes exposed to osmotic stress associated with salinity was reported 
recently (Hoang et al.  2014 ,  2015 ). The expression of anti-apoptotic gene in plants 
suppresses programmed cell death induced by stress, thereby promoting survival. 
The decision of whether a given cell should live or die is essential for the well-being 
of all multi-cellular organisms (Metazoan). Under several stimuli, this decision 
depends on the result of a battle between anti-apoptotic (pro-survival) and pro-
apoptotic proteins or signals (Li and Dickman  2004a ; Williams and Dickman  2008 ). 
The ratio of anti-apoptotic (pro-survival) versus pro-apoptotic (pro-death) proteins 
also regulates PCD sensitivity (Fulda et al.  2010 ). The master switch of the cell life/
death decision during osmotic stress associated with  salinity stress   is the “balance 
of the pro-death and pro-survival signals” of the system. By exogenous expression 
of an anti-apoptotic (pro-survival) gene, researchers have pushed the plant to make 
the “life decision” at the onset of a given stress. Expression of pro- survival genes 
coincided with reduced pro-death signals such  as   ROS levels which in turn sup-
ported the maintenance of cell membrane integrity and ion homeostasis. This main-
tenance promoted sustained photosynthetic effi ciency which in turn provided 
energy for growth. Well-maintained growth further dilutes the ion concentration in 
cells which helps maintain ion homeostasis leading to the increased membrane 
integrity, relative water content, net photosynthesis and fi nally growth and yield 
(Fig.  19.1 )   . 

19.5.1     Suppression of Stress-Induced Cell Death in Plants 

    Hallmark features of apoptotic-like cell death in plants have been observed during 
drought and  salinity stress  . Exogenous expression of a range of PCD related genes 
from different sources have shown evidence of cell death suppression, thereby 
enhancing tolerance to those stresses in plants (Li et al.  2010 ; Hoang et al.  2014 , 
 2015 ). One of the established methods for detecting apoptotic hallmarks is the 
 T erminal deoxynucleotidyl transferase d U TP  N ick  E nd  L abelling (TUNEL)  assay   
(Fig.  19.2 ). TUNEL assay is a broad use assay for detecting the nick end of DNA 
resulted from the DNA fragmentation during apoptosis. Nucleic acid in TUNEL 
positive cells are selectively stained and fl uoresces green, indicating the presence of 
apoptotic-like bodies, whereas all nucleic acid is counter-stained with propidium 
iodide and fl uoresces  red  .  

19.5.2     Reactive Oxygen Species, Water Retention and Cell 
Membrane Integrity 

 Homeostasis of cellular  ROS   levels promotes maintenance of  cellular membrane 
integrity  . Studies have shown that ROS-induced cell death can result from oxidative 
processes such as membrane lipid peroxidation, protein oxidation, enzyme inhibition 
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and DNA, RNA damage (Mittler  2002 ). The cell membrane is the fi rst site of signal 
perception as well as the primary defence against abiotic stresses including salinity 
and it is one of the most  vulnerable targets for   ROS due to the predominance of lipids 
(Ghosh et al.  2011 ). The maintenance of cell membrane integrity and stability under 
water stress is an important component of tolerance against water defi cit (caused by 
drought and salinity stress) in plants. 

 ROS  levels   in plants expressing anti-apoptosis genes from different sources were 
maintained at signifi cantly lower levels compared to those in wild-type plants (Li 
et al.  2010 ; Hoang et al.  2015 ).  The   low level of ROS causes less damage to mem-
brane of plant under osmotic stress associated with salinity (Hoang et al.  2015 ). 
Among the four types of ROS (O ·  2 , OH · , NO ·  and H 2 O 2 ), H 2 O 2  is a relative long-life 
molecule (1 ms) and it can diffuse some distance cross-linking cell wall structural 
proteins and more importantly H 2 O 2  itself can stimulate further ROS accumulation 
and function as a local trigger of PCD (Levine et al.  1994 ; Dat et al.  2000 ). H 2 O 2  can 

Osmotic stress

Transgenic plant 
expressing anti-apoptotic 

genes
Wild type plant

Low ROS levels Increase ROS levels

Maintain ion homeostasis Ion disequilibrium

Maintain photosynthetic
efficiency

Low photosynthetic
efficiency

Maintain growth Growth ceased

PCD suppressed PCD induced

Osmotic stress tolerance Osmotic stress sensitive

Maintain membrane integrity Membrane damage

  Fig. 19.1    Schematic proposing salinity-induced cell death switch for salinity stress tolerance in 
plant       
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originate from photosynthesis, photorespiration, respiration and many other cellular 
processes. It is a potent inhibitor of photosynthesis as it can inhibit CO 2  fi xation up 
to 50 % (Foyer and Shigeoka  2011 ).  

19.5.3      Ion Homeostasis   

 Transgenic plants expressing anti-apoptotic  gene   from different sources accumulate 
low Na + , high K +  and maintain low Na + /K +  ratios during  salinity stress   (Hoang et al. 
 2014 ,  2015 ). This is probably a result of the maintenance of cell membrane integrity 
in transgenic plants expressing the anti-apoptotic gene during salinity stress. High 
Na +  levels are toxic to cells because Na +  has similar physicochemical properties to 
K + , it can compete with K +  for major binding sites in key metabolic processes such 
as enzymatic reactions, ribosome functions and proteins biosynthesis in the cyto-
plasm leading to disturbance in metabolism (Shabala and Cuin  2008 ; Marschner 
 2011 ; Wang et al.  2013 ). In addition Na +  can displace Ca +  from plasma membranes 

  Fig. 19.2    Overexpression of anti-apoptotic  gene   OsBAG4 showed evidence of cell death suppres-
sion during osmotic stress associated with salinity stress (100 mM NaCl) in rice ( Oryza sativa  L.). 
 WT  Wild type,  PI  propidium iodide,  TUNEL  terminal deoxynucleotidyl transferase dUTP nick end 
labelling. Images were taken under a confocal microscope. Magnifi cations as indicated       
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inducing K +  leaks out of the cytoplasm across the plasma membrane (Cramer et al. 
 1985 ). This results in a decrease in cytosolic K +  concentration and effects the Na + /
K +  ratio, hence leads to a disturbance of metabolism. Under typical physiological 
condition, the infl ux of Na +  into plant cells is through the H + -ATPase channel which 
is responsible for general transport of ions and nutrients through the plasma mem-
brane; plants maintain a low cytosolic Na + /K +  ratio as it is necessary for providing 
favourable conditions for continued physiological and metabolic activity. During 
salinity stress increased extracellular Na +  concentrations create a large electrochem-
ical gradient that favours the passive transport of Na +  into the cell through K +  trans-
porters result in high cytosolic Na +  concentration (Blumwald  2000 ). To maintain 
low cytosolic Na +  concentrations, plant cells need to extrude Na +  of the cell or 
compartmentalize Na +  into vacuoles. The main mechanism for Na +  extrusion in 
plant cells is mediated by the plasma membrane H + -ATPase (Sussman  1994 ). As the 
cell membrane in wild-type plants was damaged during  salinity stress   it could not 
use this strategy to pump Na +  out of the cell; hence the Na +  concentration was 
recorded at high levels in leaf cells of those plants. On the contrary, transgenic 
plants expressing  anti-apoptotic genes   can maintain cell membrane integrity and 
therefore could use the H + -ATPase to extrude Na +  thus maintaining a low concentra-
tion of Na +  in cytoplasm. The high maintenance of low cytosolic Na +  concentrations 
facilitates a high concentration of K +  therefore ensuring a low Na + /K +  ratio that 
could offer an optimal cellular environment for enzymes function thus supporting 
metabolism. The high  cytosolic K +    concentration in plants expressing anti-apoptotic 
genes enables the plants to inhibit PCD. Cytosolic K +  have been suggested to be 
related to the PCD process as it can affect caspases and caspases-like activities in 
animal and plants, respectively. Low cytosolic K +  content in animal tissue correlates 
with high caspase activity; and the activation of K +  effl ux, the main cause of cyto-
solic K +  content decrease, in plant cells leads to PCD hydrolase activation (Hughes 
and Cidlowski  1999 ; Shabala  2009 ; Demidchik et al.  2010 ).  

19.5.4     Chlorophyll Content, Maximal Photochemical 
Effi ciency, Photosynthetic Rate and Growth 
Under Osmotic and Ionic Stress Associated 
with Salinity 

  Photosynthesis   is a fundamental physiological process that provides a source of 
energy for plants to grow and cope with environmental stresses. Under  drought   
and  salinity stress  , sensitive cultivars usually display chlorophyll damage, less effi -
ciency of PSII and low photosynthesis effi ciency meanwhile the tolerant cultivars 
can maintain these parameters quite well (Dionisio-Sese and Tobita  2000 ; Ismail 
et al.  2007 ; Cha-Um et al.  2009 ). The expression of anti-apoptotic genes in trans-
genic tobacco led to the maintenance of chlorophyll content as well as the maximal 
photochemical effi ciency of PSII (Shabala et al.  2007 ). Photosynthetic rate, growth 
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and yield components were also maintained higher in rice expressing anti-apoptotic 
genes during salinity stress (Hoang et al.  2015 ). Transgenic rice expressing  anti- 
apoptotic genes    AtBAG4, Hsp70, OsBAG4, p35  and  SfIAP  maintain growth rate 
(shoot growth, dry weight, number of tillers) and yield components (number of 
panicles per plant and number of spikelets per panicle) during  salinity stress  . This is 
probably also a result of the maintenance of high cytosolic K +  in transgenic rice 
plants expressing  AtBAG4, Hsp70, OsBAG4, p35  and  SfIAP  (Hoang  2014 ). It is well 
known that salinity causes two types of stress on plants: (1) osmotic  stress   which 
affects plant growth immediately and is caused by excess salt outside the roots and 
(2)  ionic stress   which develops over time and is due to a combination of ion accu-
mulation in the shoot and an inability to tolerate the ions that have accumulated 
(Munns  2002 ; Munns et al.  2006 ; Munns and Tester  2008 ). In low salt environments 
plant cells can take up water and nutrients from the soil solution to support 
higher osmotic pressures compared to that of soil solution. However, in high salt 
environments, the osmotic pressure of the soil exceeds that of plant cells (osmotic 
stress) and reduces the ability of plants cells to take up soil water and minerals 
(Kader and Lindberg  2010 ). In response to osmotic stress, shoot growth rate 
decreases immediately (Munns and Tester  2008 ). High  cytosolic K +    in transgenic 
plants expressing pro-survival genes helped the plants to adjust osmotic stress and 
maintain high growth rates because one of the important cellular roles of K +  is to 
contribute to adjustment of osmotic pressure, hence maintain cell turgor (Maathuis 
and Amtmann  1999 ). The maintenance of growth rate leads to higher yield compo-
nents in transgenic rice expressing anti-apoptotic genes in comparison to wild-type 
plants which had very low cytosolic K +  under salinity stress condition (Hoang 
 2014 ). Another factor that causes reduced growth rates in high salt environments is 
inadequate photosynthesis due to limited carbon dioxide uptake as a consequence of 
stomatal closure (Zhu  2001 ). Transgenic rice plants expressing  anti-apoptotic genes   
such as  AtBAG4, Hsp70, OsBAG4, p35  and  SfIAP  maintained high net photosynthe-
sis which provided ample energy for their growth and development.   

19.6     Molecular Basis of Anti-apoptotic Genes Enhance 
Tolerance to Abiotic Stress in Plant 

19.6.1     Prevention of Protein  Misfolding   

  Abiotic stresses   usually cause protein dysfunction; therefore, one of the most impor-
tant strategies for cells survival under stress is maintaining proteins in their confor-
mations and preventing the aggregation of non-native proteins (Timperio et al. 
 2008 ). Members of the highly conserved heat shock protein family are chaperones 
that play a key role within the promotion of correct protein folding and proteostasis 
control (Hartl et al.  2011 ). A defi nitive  feature   of the BAG (Bcl2 anthanogen gene) 
family of proteins is their ability to bind and facilitate the function of HSPs 
(Doukhanina et al.  2006 ; Williams et al.  2010 ). The expression of  anti-apoptotic 
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genes   such as  Hsp70 ,  AtBAG4  and  OsBAG4  may assist in the folding of proteins and 
prevention of protein denaturation in high ROS environments, thus maintaining effi -
ciency of cellular processes and mitigating the production of ROS and plant damage 
under stress condition (Hoang  2014 ). Portt et al. ( 2011 ) proposed a schematic rep-
resentation of the processes involved in inducing stress-mediated cell death and its 
inhibition by key anti-apoptotic proteins. In that scheme stress induced an unknown 
substrate that mediated activation of BH3-only BcL-2 proteins, mitochondria (or 
other ROS producing system such as NADPH oxidase) and sphingomyelinase. This 
activation led to the action of at least three pro-apoptotic messengers including 
active Bax, increased ROS and sphingolipid ceramide, thereby causing cell death. 
 Heat shock proteins (HSPs)   were proposed to function as anti-apoptotic proteins by 
blocking that unknown substrate, thereby preventing the generation of active Bax, 
increasing ROS and sphingolipid ceramide.  

19.6.2     Direct Sequestering ROS 

     Abiotic stresses   cause enhanced generation of ROS in plants due to disruption of 
cellular homeostasis (Sharma et al.  2012 ). In plants, ROS are versatile molecules 
playing dual roles as both toxic compounds and signal transduction molecules that 
mediate responses to environmental stresses, pathogen infection, developmental 
stimuli and even PCD (Miller  et al .  2008 ,  2010 ). The onset  of   PCD pathways is 
triggered by increased ROS levels, among other signals, that originate from a vari-
ety of organelles including the chloroplast and mitochondria (Foyer and Noctor 
 2005 ; Rhoads  et al .  2006 ). During  salinity stress  , ROS levels have been reported to 
increase causing signifi cant injury and eventual death (Borsani et al.  2005 ; Zhu 
et al.  2007 ; Chawla et al.  2013 ). If left unchecked, copious ROS production can 
denature proteins and damage cell membrane through the lipid peroxidation. 
Evidence showed that expression of the anti-apoptotic gene  p35  inhibited H 2 O 2 - 
induced PCD in insect cells by directly sequestering ROS. The antioxidant function 
of p35 has been attributed to the presence of metal-binding sites in the proteins that 
could enhance its antioxidant property and/or its three-dimensional structure con-
tains some amino acids that confer electro-dynamically stable confi guration condu-
cive to ROS-trapping. The antioxidant role of p35 was also supported by the 
chemical radio-protectors formed by six cysteine residues in its sequence which can 
react with certain ROS in a  constant   rate (Sah et al.  1999 ).  

19.6.3     Selective Degradation of Cellular Proteins 

 The ability to confer tolerance to  salinity stress   of the anti-apoptotic  gene     SfIAP    was 
attributed to its E3 ubiquitin ligase activity (Kabbage et al.  2010 ).  SfIAP  has been 
transformed into tobacco and tomato and reported to confer tolerance to salinity, 
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heat, fumonisin B1 and resistance to necrotrophic fungus   Alternaria alternate    
(Kabbage et al.  2010 ; Li et al.  2010 ). All aspects of a plant’s life are controlled by 
the regulated synthesis of new polypeptides and the precise degradation of pre- 
existing proteins ( proteolysis  ). Ubiquitin/26S proteasome is arguably the dominant 
proteolytic system in plants (Smalle and Vierstra  2004 ). Proteolysis via Ubiquitin/26S 
proteasome pathway requires sequential enzyme activities including a ubiquitin 
activating enzyme (E1) which forms a thioester bond with the C terminus of ubiq-
uitin in the presence of ATP and then transfers the activated ubiquitin to a ubiquitin 
conjugating enzyme (E2), E2 then transfers ubiquitin directly to a  ubiquitin-ligating 
enzyme   (E3) which transfer ubiquitin to the targeted substrate (Smalle and Vierstra 
 2004 ; Kabbage et al.  2010 ). The expression of   SfIAP    in tobacco resulted in accumu-
lation of ubiquitinated proteins that assist the selective degradation of cellular 
 damaged proteins generation during salt stress. In a presence of a proteasome inhib-
itor, no signifi cant accumulation of ubiquitylated proteins in plant expressing the 
anti- apoptotic gene  SfIAP  was observed and  SfIAP  showed no protection during 
 salinity stress   in those plants (Kabbage et al.  2010 ) 

 In summary, expression of anti-apoptotic genes enhances tolerance to 
 environmental stresses in plants through a number of approaches ranging from cel-
lular to the whole plant. These approaches facilitate the plants to maintain normal 
physiological and cellular process, thereby successfully coping with stresses.   

19.7     Implication and Future Directions 

 In the next 50 years there will be a massive challenge to sustain an ever-increasing 
global population. Between the years 1980 and 2000 global population boomed 
from 4.4 billion through to 6.1 billion, however, food production increased by 50 %. 
By 2050 this problem will be exacerbated with world population predicted to reach 
9.6 billion. In order to sustain this increased population, global food within the next 
50 years will have to match that which occurred in the last 10,000 years combined. 
This is a challenge because there is very little potential for future expansion of ara-
ble lands whilst climate predictions suggest that a larger portion of the globe will be 
subjected to erratic environmental conditions and abiotic stress (Eckardt  2009 ; FAO 
 2009 ,  2012 ; Cominelli et al.  2013 ). Two abiotic stress factors that signifi cantly hin-
der world crop production are soil water defi cit and salinization (Munns  2011 ). 
Researchers have shown that manipulation  of   PCD pathways can be applied to 
monocots and dicots for enhancing stress tolerance to a range of abiotic and biotic 
stresses. Currently we are able to produce crops with enhanced drought and salinity 
tolerance that survive in the glasshouse, however, once applied in the fi eld the toler-
ance fails due to combined stresses. One approach with prospective application for 
the generation of the “next frontier of crop plants” with broad-spectrum tolerance is 
the exogenous expression of genes that suppress innate Programmed Cell Death 
(PCD) pathways.     
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Chapter 20
Antioxidant Signaling and Redox Regulation 
in Drought- and Salinity-Stressed Plants

Ananya Chakrabarty, Manashi Aditya, Nivedita Dey, Nabanita Banik, 
and Soumen Bhattacharjee

20.1  Introduction

Drought and salinity are two of the most important environmental cues limiting 

crop production worldwide. Globally, the annual losses in agricultural production 

from salt-affected land are approximately US$12 billion (Qadir et al. 2008; Flowers 

et al. 2010). In addition, the worldwide cost of drought events to agriculture is at 

least an order of magnitude higher. As a consequence of global land salinization, the 

frequency of drought events is also expected to increase. Thus, breeding crops for 

salinity and drought stress tolerance is absolutely essential for future food security.

Plants need to regulate an intricate metabolic balance of multiple pathways for 

the maintenance of cellular homeostasis, especially under environmental stress. 

Unfavorable environmental cues, particularly drought and salinity, were shown to 

disrupt the redox balance by aggravating the production of reactive oxygen species 

(ROS), causing oxidative injury (Miller et al. 2010; Ben Hamed et al. 2013). In fact, 

as a consequence of the uncoupling of different pathways, high-energy electrons are 

often transferred to molecular oxygen to form ROS (Mittler 2002; Miller et al. 

2010; Bhattacharjee 2005, 2014). The uncontrolled generation of ROS (1O2, O2
∙−, 

H2O2,
∙OH, RO∙, RCO, etc.) causes nonspecific oxidative damage to almost every 

important class of cellular macromolecules (Apel and Hirt 2004; Bhattacharjee 

2012; Mittler et al. 2004). However, under optimal environmental conditions, the 
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production of ROS is low and under tight control of the antioxidative defense 

system.

The fundamental relationship between ROS production and stress tolerance is 

not as straightforward as one may expect. The past decade witnessed several studies 

suggesting that ROS integrate signaling pathways involved in plant growth, 

 development, gravitropism, hormonal action, and many other physiological phe-

nomena (Mittler 2002, 2004; Apel and Hirt 2004 2005a, b; Miller 

et al. 2008; Bhattacharjee 2012; Hossain et al. 2015). In a number of these cases, the 

generation of ROS is genetically programmed, and ROS are used as second mes-

2005a, b; Bhattacharjee 

2012). Thus, it appears that ROS have pleiotropic effects in plants (Storey 1996; 

Bhattacharjee 2012). When ROS are produced in a well-ordered manner within 

specific compartments, they have key roles in plant stress response, growth, and 

development. However, when ROS are produced in excess, the resulting uncon-

trolled oxidation leads to cellular damage and eventual cell death. Under this situa-

tion, to prevent oxidative damage yet allow the beneficial functions of ROS to 

and Foyer 1998a, b).

Depending on the severity and duration of drought and salinity stress as well as 

on the developmental stage during which the plant is exposed to those unfavorable 

environmental cues, the redox homeostasis of the plant will change. Overenergization 

and a reduction of the redox components in the Z-scheme of photosynthesis and 

mitochondrial electron transport chain (ETC) are the main causes of redox imbal-

ance in plant cells (Fig. 20.1). The reactions of the photosynthetic carbon oxidation 

cycle in the peroxisome also significantly contribute to the formation of ROS 

(Fig. 20.1). Another important source of ROS in plant cells, particularly upregulated 

under stress, is membrane-bound Rboh. Plants use an efficient ROS-detoxification 

mechanism involving antioxidative enzymes, molecules, and quenchers. The com-

ponents of the antioxidative defense system is found in almost all cellular compart-

ments, demonstrating the significance of ROS detoxification in cellular homeostasis 

and survival (Fig. 20.1).

Drought and salinity are the most important environmental constraints that have 

been found to enhance the generation and accumulation of ROS, causing oxidative 

deterioration and thus limiting plant productivity (Abbasi et al. 2007; Koussevitzky 

et al. 2008; Miller et al. 2010). Accordingly, under this situation the role of the anti-

oxidative defense system is found to be extremely crucial for maintaining redox 

homeostasis and resuming normal growth and development in plants. While oxida-

tive stress is triggered by the accumulation of ROS under drought and salinity, 

potentiating oxidative damage, several other studies have implicated the central role 

of ROS in the signaling network associated with drought and salinity stress acclima-

tion and adaptation (Mittler et al. 2004; Miller et al. 2010; Hossain et al. 2015).). 

Therefore, the two somewhat opposing functions of ROS, that is, as toxic metabo-

lite and as beneficial signaling component under drought and salinity stresses, 

underscore the need to elucidate the mechanism that influences the ROS–antioxi-

dant interaction at the metabolic interface to determine the subsequent fate of the 
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cell. Elucidation of the redox-regulatory metabolism and ROS–antioxidant interac-

tion and their associated signaling under drought and salinity stresses will not only 

provide an insight into plant response to drought and salinity stresses but will also 

help us to map out strategies to enhance the tolerance of crops under those environ-

mental constraints.

20.2  Redox Homeostasis and Regulation in Plants

Redox reaction, or the transfer of electrons, is a natural process for cell metabolism 

and occurs during biological energy transduction in the inner mitochondrial and 

thylakoid membranes. Any condition that leads to loss of redox homeostasis because 

of the overaccumulation of prooxidants may be referred to as oxidative stress. As a 

consequence, cellular compounds undergo redox modification resulting from the 

imbalance between prooxidant–antioxidant ratios caused by different unfavorable 

environmental cues. This disequilibrium has been correlated with altered physio-

logical conditions and many diseases in the plant kingdom. Despite the fluctuations 

in external environment, plants always thrive to maintain a constant internal envi-

ronment. Redox regulation is the key in adjusting plant metabolism and develop-

ment to the prevailing environmental conditions. In mitochondria and chloroplasts, 

ATP. Alterations in carbon metabolism and energy balance during stress have been 

reported in both these organelles. To avoid excessive accumulation of ROS and 

oxidative damage, a highly regulated system is needed to maintain coordination 

between these organelles, including reversible redox regulation of proteins by thiol–

disulfide exchange, regulation of phosphoproteins, activation of signaling pathways 

by ROS-responsive regulatory genes, and ROS–antioxidant interactions (Foyer and 

2009; Suzuki et al. 2011).

The redox state of a chloroplast is primarily regulated through the plastoquinone 

(PQ) pool and involved in activation of the state transition that balances and main-

tains the photosynthetic energy distribution between PSI and PSII in the short term. 

In the long term, imbalances in energy distribution between the two photosystems 

are counteracted by adjusting the photosystem stoichiometry, changing the abun-

dance of reaction center and light-harvesting proteins (Zer and Ohad 2003; Dietzel 

and Pfannschmidt 2008).

Mitochondrial functions during increased respiratory activities and photorespira-

tory metabolism are sensitive to oxidative damage. Oxidized lipids such as polyun-

saturated fatty acids generated under these conditions were known to inhibit 

tricarboxylic acid cycle activity, disturbing carbon and nitrogen metabolism (Taylor 

et al. 2002, 2004; Mueller 2004).In the inner mitochondrial membrane, the activi-

proteins optimize the flow of electrons, preventing overreduction of the mitochon-

drial ETC (mtETC) and generation of excess ROS. These are regarded as regulators 
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2007; Rasmusson 

and Wallstrom 2010).

Redox regulation and ROS metabolism are interlinked and involve the coordi-

nated function of mitochondria, chloroplasts, and other organelles (Dinakar et al. 

2010

and other factors can influence the energy flow and redox fluctuations among chlo-

2007 2009). 

Therefore, these organelles are interconnected to a wider redox network and require 

a high regulation and coordination under abiotic stress conditions. To initiate redox 

regulation and relative contribution of each organelle to the redox network would 

require monitoring the redox states in chloroplasts and mitochondria simultane-

ously. ROS network genes and redox regulatory enzymes such as the ascorbate–glu-

tathione (ASC–GSH) cycle enzymes monodehydroascorbate reductase (MDHAR), 

glutathione reductase (GR), and glutathione peroxidase (GPX) are known to express 

both in chloroplasts and in mitochondria (Mittler et al. 2004). These two organelles 

are also sources of retrograde signaling. A deviation from regular redox homeosta-

sis can be sensed in the chloroplast and mitochondria and transmitted to the nucleus 

by retrograde signaling cascades, and the nucleus will subsequently modulate 

anterograde control (Woodson and Chory 2008).

In plants, ubiquitous small-molecule redox couples are used as signaling mole-

cules that limit damage from potentially harmful ROS (Sierla et al. 2013). Cellular 
+/

molecules for plant responses to stress.

ROS-induced cellular redox modifications lead to oxidation of free thiol side 

chains on cysteines of regulatory proteins. Reversible modifications of the cysteine 

thiol include the covalent attachment of nitric oxide (S-nitrosylation), thiol hydrox-

ylation (S-sulfonation), disulfide bridge formation (S-thiolation), covalent attach-

ment of glutathione (S-glutathionylation), and further oxidation of sulfonic groups 

to the sulfenic and sulfonic states. ROS also directly damage proteins by altering 

amino acids, oxidizing tyrosine, tryptophan, histamine, and methionine (Moller 

et al. 2007). Hence, the modified proteins appear to be ideal candidates for a signal-

ing event that yields different modified products resulting in the activation of differ-

ent sets of genes (Apel and Hirt 2004). In the ASC–GSH cycle, the newly formed 

hydrogen peroxide (H2O2) can be decomposed by the mitochondrial peroxidase 

activities dependent on the antioxidants ASC for the enzyme ascorbate peroxidase 

(APX), thiol reductant GSH for the GPXs, and thioredoxin/peroxiredoxin system 

(Trx/Prx). The oxidized forms of ASC generated are then reduced by the flavin 

-

way and by dehydroascorbate reductase (DHAR) using GSH as electron donor. 

Oxidized GSH (GSSG) is reduced by GR and oxidized by thioredoxin reductase, 

2009) (Fig. 20.1).
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20.3  ROS Metabolism and Their Regulation Under Drought 
and Salinity Stresses

Plant metabolism is sensitive to environmental changes; an imbalance in its path can 

induce oxidative stress in cells by the generation and accumulation of ROS, which 

cause the oxidation of cellular components, interfere in metabolic activities, and 

affect membrane integrity. ROS production in mitochondria has been reported to 

increase under salinity and drought conditions. Furthermore, oxidative damage 

the ETC was found to be damaged via oxidative stress while complex II was dam-

aged directly by salt (Hamilton and Heckathorn 2001). Hence, changes in ROS 

levels caused by the perturbation of the respiratory complex I have been proposed 

to trigger a mitochondrial retrograde signal (Rhoads and Subbaiah 2007). The adap-

tive response of plants induced by salt stress is well documented in Arabidopsis. 

Out of 300 salt stress–induced genes, more than half had a predicted mitochondrial 

localization (Heazlewood et al. 2007). In general, an induced expression of antioxi-

dant defense genes is usually correlated with enhanced salt stress tolerance (Attia 

et al. 2008).

The ROS are produced in plant cells via a number of routes, and most of the cel-

lular compartments have the potential to produce ROS (Bhattacharjee 2005 

(Fig. 20.1). Drought and salinity are the most important constraints in crops, result-

ing in large yield losses and limiting the average yield increase (Chen et al. 2013; 

Agarwal et al. 2013). During drought and salinity stresses, ROS can produce in 

different cell organelles that are very important for plant survival. In chloroplasts, 

photosystems I and II (PSI and PSII) are the major sites for the production of singlet 

oxygen (1O2) and superoxide ions (O2
∙−). In mitochondria, complex I, ubiquinone, 

and complex III of the ETC are the major sites for the generation of O2
∙− (Gill and 

Tuteja 2010). The cell organelles follow different patterns for ROS metabolism and 

regulation (Miller et al. 2010).

Chloroplast: The reaction centers of photosystems I (PSI) and II (PSII) in a chlo-

roplast’s thylakoids are a major ROS source in plant cells. ROS production in the 

chloroplast is largely based on overreduction of the photosynthetic redox carriers 

under excess excitation energy conditions, or when the energy exceeds the amount 

required for photosynthetic CO2 assimilation (Mϋhlenbock et al. 2008; Asada 

2006). Under water stress conditions (drought and salinity stresses), reduced CO2 

availability due to stomatal closure and exposure to continuous excessive light 

direct higher electron leakage to molecular oxygen, thus generating O2
∙− at PSI by 

the Mehler reaction either directly or via ferredoxin, a stromal protein (Asada 2006) 

(Fig. 20.1). Actually, the limitation on CO2
+ regeneration 

through the Calvin cycle (PCRC). As a result, an overreduction of the photosyn-

thetic ETC takes place (Cruz and de Carvalho 2008). A membrane-attached copper/

zinc superoxide dismutase (Cu/ZnSOD) in the vicinity of PSI detoxifies the O2
∙− 

into H2O2. A membrane-bound thylakoid ascorbate peroxidase (tylAPX) reduces 
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the H2O2 to water (H2O); this is also referred to as the water–water cycle. In this 

process, ASC is oxidized to monodehydroascorbate (MDHAs) radicals. MDHAs 

are reduced back to ASC via GSH (Pfannschmidt 2003) (Fig. 20.1). Prx and Trx 

were shown to play an important role providing antioxidative protection via the 

detoxification of photochemically produced H2O2 in chloroplasts during drought 

and oxidative stresses (Dietz et al. 2006; Vieira Dos Santos and Rey 2006). The 

leakage of electrons to O2 in the Mehler reaction was increased approximately 50 % 

in drought-stressed wheat than in unstressed wheat, as estimated in previous stud-

ies; with sunflowers, electron leakage of thylakoid membrane to O2 was also 

increased under drought stress (Cruz and de Carvalho 2008). 1O2 is generated at 

PSII by excited triplet-state chlorophyll at the P680 reaction center and in the light- 

harvesting complex (LHC) when the PQ pool becomes overreduced (Krieger- 

Liszkay 2005; Asada 2006).Under drought stress a real threat for the chloroplast is 

the production of the hydroxyl radical (OH∙) through “iron-catalzsed” reduction of 

H2O2 by both SOD and ASC, which can damage the thylakoid membrane and pho-

tosynthetic apparatus (Vranova et al. 2002; Cruz and de Carvalho 2008). H2O2 has 

a positive role in reducing the 1O2, and treatment with exogenous H2O2 promotes the 

oxidation of quinone A (QA), the primary PQ electron acceptor, which increases the 

photosynthetic electron transport flow and decreases the generation of 1O2 during 

stress (Karpinska et al. 2000; Asada 2006). A transmembrane protein with an 

ankyrin-repeat motif has been identified as a component of signal transduction path-

ways that influences the abscisic acid (ABA)–induced accumulation of ROS under 

salinity stress (Sakamoto et al. 2008; Witzel et al. 2009).Water-stressed conditions 

also cause retrograde signaling. 1O2 accumulated in the chloroplast is sensed or 

mediated to the nucleus via a concerted action of two chloroplast proteins, 

EXECUTER1 and EXECUTER2. In the nucleus or cytosol, the blue light photore-

ceptor cry1 is involved in the 1O2-mediated stress response.

Peroxisome: Peroxisomes produce H2O2 at high rates in drought and salinity 

stresses. In these stressed conditions, reduced water availability and stomatal clo-

sure decrease the CO2/O2 ratio in mesophyll cells and increase photorespiration and 

the production of glycolate. Under drought stress the photorespiratory pathway is 

enhanced, especially when maximum RuBP oxygenation has taken place because 

of a decrease in CO2 fixation (Cruz and de Carvalho 2008

collaborators (2002a, b), the oxidation of glycolate by glycolate oxidase in peroxi-

somes produces the majority of H2O2 during photorespiration. It was had estimated 

that over 70 % of the total H2O2 was produced by photorespiration under drought 

stress (Cruz and de Carvalho 2008). Catalases are the major antioxidative enzymes 

that detoxify H2O2 in peroxisomes, under increased photorespiration conditions 

(Mittler et al. 2004; Vandenabeele et al. 2004). During photorespiration under 

drought stress, H2O2 is produced in peroxisomes, where the thiol enzyme of PCRC 

inhibits H2O2 (Cruz and de Carvalho 2008). APX and the ASC–GSH cycle can also 

help to scavenge H2O2 in peroxisomes (Jiménez et al. 1997). Sometimes salinity can 

decrease AsA and GSH content and induce lipid peroxidation in peroxisomes (Mittova 

et al. 2003). Peroxisomal polyamine oxidase (POX) may help in the regulation of 
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drought-responsive genes by balancing ROS generation and scavenging (Kamada-

2008; Miller et al. 2010). Photorespiration itself is also beneficial 

for plants during drought stress. Due to a reduced rate of RuBP carboxylation, it can 

protect the photosynthetic apparatus from photoinhibition by dissipating energy 

through an alternative path (Cruz and de Carvalho 2008).

Mitochondria and apoplast: ROS production in mitochondria has been shown to 

increase significantly under drought and salinity stresses (Bartoli et al. 2004; Pastore 

et al. 2007). Increased mitochondrial respiration during water stress causes 

 generation of ROS including O2
∙−, which, in turn, reduces to H2O2 during the 

 transfer of lectrons from the cytochrome electron transport system to O2

et al. 2004; Rhoads et al. 2006). Overreduction of the ubiquinone (UQ) pool caused 

by perturbation in mitochondrial ETC function increases ROS production (Rhoads 

et al. 2006). Mitochondrial AOX maintains the reduction state of the UQ pool, low-

ers ROS production in mitochondria, and uncouples ATP production, preventing 

 programmed cell death (PCD) induced by downregulation of the cytochrome path-

2004). Manganese-SOD (Mn-SOD) converts O2
∙− to H2O2 and 

O2 in the initial step of the ROS detoxification (Arnholdt-Schmitt et al. 2006; 

Rhoads et al. 2006).

The apoplast is also an important site for H2O2 production in drought and salinity 

stresses (Hu et al. 2006 2009). AtRbohD and AtRbohF of 

Arabidopsis
cells generating ROS that are required for ABA-induced stomatal closure (Kwak 

et al. 2003; Torres and Dangl 2005). The accumulation of H2O2 in the apoplast is 

thought to be involved in acclimation responses of plants (e.g., growth and cell wall 

strengthening) to drought and salinity stresses (Ros Barceló 2005

et al. 2009).

20.3.1  Hormonal Regulation

ROS-induced responses and signaling under dehydration stress induced by salinity 

and drought are intertwined with plant hormonal responses. Ethylene (ET) biosyn-

thesis is an early response, and later, salicylic acid (SA), jasmonic acid (JA), and 

ABA are produced. ET and SA signaling promote enhanced ROS production and 

PCD, whereas JA attenuates this by reducing ROS production. The connections 

between oxidative stress and auxin were recently discovered. Defects in the antioxi-

dative capacity of a Trx and GSH mutant resulted in altered auxin homeostasis and 

development (Bashandy et al. 2010). Iglesias et al. (2010) have shown that auxin 

receptor mutants were more tolerant to H2O2 under salinity stress. Gibberellin sig-

naling is linked with ROS by stimulating the destruction of the nuclear growth–

repressing DELLA proteins that regulate transcript levels of antioxidant enzymes 

(Achard et al. 2008).

ABA, on the other hand, plays an important role in integrating dehydration stress 

signals and controlling downstream stress responses. ABA levels are continuously 
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adjusted by the plant in response to the changing water status of the soil. The mech-

anism includes both ABA-dependent and ABA-independent processes. It has been 

suggested that various stress signals and ABA share common elements in the sig-

naling pathway that crosstalk to maintain cellular homeostasis (Thomashow 1999; 

Shinozaki and Yamaguchi-Shinozaki 2000).

In Arabidopsis several ABA-deficient mutants such as aba1, aba2, and aba3 

have been reported (Koornneef et al. 1998). Environmental conditions such as dehy-

dration and salt stress activate ABA-dependent and -independent gene expression 

systems involving ABA responsive element (ABRE) binding factors/ABA- 

responsive element binding proteins, MYC/MYB, drought-responsive element 

(TFs) (Agarwal and Jha 2010)

During drought stress, cytokinin (CK) levels decrease, increasing shoot responses 

to ABA, leading to stomatal closure (Goicoechea et al. 1997). These stress-induced 

changes in CKs and ABA level promote early leaf senescence, which leads to leaf 

2000).

Ethylene response factors (ERFs) were suggested to enhance plant tolerance to 

dehydration stress. Transgenic tobacco expressing JERF3, an osmotic- and 

oxidative- stress responsive ERF, showed enhanced tolerance to drought and salinity 

stresses and decreased accumulation of ROS (Wu et al. 2008).

20.3.2  Osmolyte-Mediated Regulation

To facilitate water uptake during drought and saline conditions, plants accumulate 

solutes such as proline and glycine betaine (GB) (Ashraf and Foolad 2007). These 

osmolytes were suggested to be important for protecting cells against increased 

levels of ROS accumulation under stress conditions. Dehydration stress leads to 

proline production in the cytosol and the vacuole (Aubert et al. 1999; Miller et al. 

2010) and was shown to facilitate the defense against harmful ROS. By quenching 
1O2 and directly scavenging HO∙

and membranes (Matysik et al. 2002). According to one study, transgenic wheat 

plants that accumulated higher proline than wild type exhibited less membrane lipid 

peroxidation during drought, indicating a role for proline in reducing ROS damage 

during drought (Vendruscolo et al. 2007). Impaired proline accumulation has been 

found to enhance the accumulation of ROS, which subsequently not only enhances 

plant sensitivity to salinity and dehydration stress but also potentiates oxidative 

damage (Miller et al. 2010).

On the other hand, GB is known to accumulate mainly in the chloroplast and 

maintain PSII efficiency under dehydration stress conditions (Ben Hassine et al. 

2008) Exogenous GB treatment prevents salinity-induced structural damage to 

ROS-producing organelles, (Ashraf and Foolad 2007). These results suggest role 

of proline and GB in the regulation of ROS metabolism under salinity and 

drought stress.
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20.4  Enzymatic and Nonenzymatic ROS Scavenging 
Under Drought and Salinity Stress

It is now well accepted that ROS accumulation is crucial to plant development as 

2005a, b). The excessive forma-

tion of ROS, which disrupts redox homeostasis of the cell, is called oxidative stress. 

Since these oxy free radicals are strong oxidants and very toxic, organisms have 

developed different systems to detoxify these radicals that involve various antioxi-

dative enzymes, small-molecular-weight antioxidants, quenchers, and more. Strong 

regulation of these enzymes is essential to keep the content of ROS under tight 

2002a, b) (Table 20.1). In addition to the antioxidative enzyme, 

there is also a nonenzymatic component of the scavenging system consisting of 

antioxidative molecules such as ASC, GSH, α-tocopherol, and carotenoids (Diaz- 

Vivancos et al. 2008). ROS scavenging enzymes such as SOD, catalase (CAT), 

APX, and GR, in combination with ASC and GSH, play a pivotal role in ROS 

detoxification in plant cells. Many redox-active phenolics, carotenoids, and tocoph-

erols are also essential for ROS detoxification.

Superoxide dismutase: SOD is ubiquitous and a primary scavenger of ROS in 

plant. In transgenic plants, SOD is upregulated under higher salt or drought stress, 

which leads to overexpression of SOD (Badawi et al. 2004). Thus, SOD plays a 

critical role in the survival of plants under environmental stress. SOD made the first 

line of defense against ROS. Four different isoenzymes of SOD, namely, Cu/ZnSOD 

(dimmers, found in the cytosolic fraction and also in chloroplasts in higher plants), 

MnSOD enzymes (tetramers, found in the mitochondria and peroxysome), and 

FeSOD (present in chloroplasts), are found in plant cell. The activity of SOD isoen-

zymes can be detected by their sensitivity to potassium cyanide and H2O2. The upreg-

ulation of SOD occurs to cope with oxidative stress caused by abiotic stress and has 

a critical role in the survival of plants under salt and drought stress (Gambarova and 

Gins 2008; Kukreja et al. 2005; Gapinska et al. 2008). The distribution of SOD 

Table 20.1 Stimulation of antioxidant enzymes in response to drought and salinity-induced 

oxidative stress

Stresses Antioxidant enzymes Plant species References

Drought SOD, GPX, APX, 

MDHAR, DHAR, and GR

Oryza sativa Bhattacharjee (2012), Sharma and 

Dubey (2005), Sharma et al. (2012)

SOD, CAT, and GPX Beta vulgaris Sayfzadeh and Rashidi (2011),  

Sharma et al. (2012)

SOD, APX and GR Triticum 
sativum

Sgherri et al. (1994), Sharma et al. 

(2012)

Salinity SOD, CAT, GPX,  

APX, GR

O. sativa Sharma et al. (2012)

GPX O. sativa Mittal and Dubey (1991)

APX, GST, GLX Ι,  
SAM synthase

Hordeum 
vulgare

Witzel et al. (2009)
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isoenzymes is also distinctive (Torres 2010). A comparison of the effects of drought 

and water stress on wheat genotypes suggests that different mechanisms participate 

in ROS detoxification. ROS-detoxifying enzymes have been shown to be inefficient 

in plants subjected to drought-induced oxidative stress (Chen et al. 2010). Eyidogan 

and Oz (2005) noted three SOD activity bands (MnSOD, FeSOD, and Cu/ZnSOD) 

in Cicer arietinum under salt stress. Furthermore, a significant increase in the activi-

ties of Cu/ZnSOD and MnSOD isozymes under salt stress was observed by Pan 

et al. (2006). An increase in SOD activity following drought stress was noted in 

three cultivars of Phaseolus vulgaris (Zlatev et al. 2006), Alternanthera philoxeroi-
des (Wang et al. 2008), and Oryza sativa (Sharma and Dubey 2005). Under high 

light condition, drought significantly increased the SOD activity in comparison to 

low light. In an interesting study, Rossa et al. (2002) observed that transgenic rice 

plants overexpressing OsMT1a demonstrated enhanced drought tolerance (Yang 

et al. 2009). The overexpression of MnSOD in transgenic Arabidopsis plants also 

showed increased salt tolerance (Wang et al. 2004). The overexpression of MnSOD 

in transformed Lycopersicon esculentum plants also showed enhanced tolerance 

against salt stress (Wang et al. 2007).

Catalase: CAT, the first antioxidant enzyme to be discovered and characterized 

(Mhamdi et al. 2010), is a heme-containing enzyme that catalyzes the dismutation 

of H2O2 into H2O and O2. The enzyme occurs in all aerobic eukaryotes, and its func-

tion is to remove the H2O2 generated in peroxisomes by oxidases involved in the 

β-oxidation of fatty acids, photorespiration, and purine catabolism and during oxi-

dative stress (Mittler 2002; Vellosillo et al. 2010). This is also a result of the prolif-

eration of peroxisomes during stresses, which might help in the scavenging of H2O2 

that diffuses from the cytosol (Lopez-Huertas et al. 2000). CAT has one of the high-

est turnover rates for all enzymes: One molecule of CAT can convert about six mil-

lion molecules of H2O2 to H2O and O2 per minute. Various isoforms of CAT have 

been described in several plant species (Dat et al. 2003; Vandenabeele et al. 2004). 

The three isoforms present in Arabidopsis, namely, CAT-1, CAT-2, and CAT-3, have 

been noticed to function under stress (Frugoli et al. 1996). The CAT1 gene is mainly 

expressed in pollen and seeds, CAT2 in photosynthetic tissues but also in roots and 

seeds, and CAT3 in vascular tissues and in leaves. The isozymes CAT1 and CAT2 

are localized in peroxisomes and the cytosol, whereas CAT3 is a mitochondrial 

isozyme. Stress conditions that reduce the rate of protein turnover, such as salinity 

and drought, reduce CAT activity (Karuppanapandian et al. 2006a, b; 

Karuppanapandian and Manoharan 2008; Chen et al. 2010; Hojati et al. 2010). CAT 

is a light-sensitive protein that has a high rate of turnover; environmental stresses 

that reduce the rate of protein turnover, such as salinity and drought, cause the 

depletion of CAT activity (Boguszewska et al. 2010; Mhamdi et al. 2010). Kukreja 

et al. (2005) reported an increase in CAT activity in C. arietinum roots under salinity 

stress, whereas, in another study, Sharma and Dubey (2005) reported a decrease in 

CAT activity in rice seedlings under drought stress. The Escherichia coli CAT 

encoded by the katE gene overexpressed in O. sativa conferred tolerance to trans-

2007). Eyidogan and Oz (2005) 
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reported a significant increase in CAT activity in C. arietinum leaves under salt 

treatment. Similarly, an increase in the CAT activity in C. arietinum roots following 

salinity stress was noted by Kukreja et al. (2005). Srivastava et al. (2005)reported a 

decrease in CAT activity in Anabaena doliolum
Stoilova et al. (2010) reported increased CAT activity in wheat under drought stress, 

especially in sensitive varieties. In another study, Sharma and Dubey (2005) reported 

a decrease in CAT activity in rice seedlings following drought stress. Pan et al. 

(2006) studied the combined effect of salt and drought stresses and found that it 

decreases the CAT activity in Glycyrrhiza uralensis seedlings. Transgenic rice 

plants overexpressing OsMT1a showed increased CAT activity and thus enhanced 

tolerance to drought (Yang et al. 2009). Thus, all the experimental evidence strongly 

supports the role of CAT associated with redox buffering, which has a putative role 

in stress tolerance under heat and dehydration stress in plant cell.

Ascorbate peroxidase: APX is thought to play the most essential role in scavenging 

ROS and protecting cells in higher plants, particularly under environmental stress. 

APX is involved in scavenging of H2O2 in water–water and ASC–GSH cycles and 

utilizes ASC as the electron donor. APX uses ASC as a hydrogen donor to break 

down H2O2 to form H2O and MDHA Asada 2000) (Table 20.2). O2˙ˉ generated at the 

membrane surface can thus be trapped and converted immediately to H2O2, which is 

scavenged by membrane-bound APX (Asada 2000, 2006). The APX family consists 

of at least five different isoforms, including the thylakoid (tAPX) and glyoxisome 

membrane (gmAPX) forms as well as the chloroplast stromal soluble form (sAPX) 

1998a, b). Enhanced activity of 

APX was also found in salt-stressed A. doliolum (Srivastava et al. 2005). Sharma and 

Dubey (2005) found that mild drought–stressed plants had higher chloroplastic APX 

activity than control grown plants, but the activity declined at the higher level of 

drought stress. According to Koussevitzky et al. (2008), cytosolic APX1 plays a key 

role in the protection of plants from a combination of drought and heat stress. It has 

also been noted that the overexpression of APX in Nicotiana tabacum chloroplasts 

enhanced plant tolerance to salt and dehydration stress (Badawi et al. 2004). Yang 

et al. (2009) correlated the enhanced tolerance of OsMT1a overexpressing trans-

genic rice plants to drought stress with the increase in APX activity. In one study, the 

expression patterns of APX were analyzed in roots of etiolated O. sativa seedlings 

OsAPX1 and 

OsAPX2), two peroxisomal APXs (OsAPX3 and OsAPX4), and four chloroplastic 

APXs (OsAPX5–OsAPX8) were quantified in the rice genome. It was noted that 150 

OsAPX8 and the activities of APX, 

but there was no effect on the expression of OsAPX1–OsAPX7 in rice roots (Hong 

et al. 2007). Transgenic Arabidopsis plants overexpressing OsAPXa or OsAPXb 

exhibited increased salt tolerance. It was found that the overproduction of OsAPXb 

enhanced and maintained APX activity to a much higher extent than OsAPXa in 

2007). O2˙ˉ generated 

at the membrane surface can thus be trapped and converted immediately to H2O2, 

which is scavenged by membrane-bound APX (Asada 2000, 2006

cytosolic APX showed upregulation during drought stress in the alfalfa nodule 

2007). Transgenic Arabidopsis plants overexpressing cytosolic APXs 
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exhibited an increased tolerance to salt stress compared to wild- type plants (Lu et al. 

2007). All the experimental data conclusively support the significant role of APX in 

redox status and associated oxidative stress tolerance under dehydration stress.

Guaiacol peroxidase (GuPX): Guaiacol is a heme-containing protein, and an 

important peroxidase group, found in the cytoplasm and apoplast, oxidizes a large 

number of organic compounds such as phenols, aromatic amines, hydroquinones, 

and others. In most plants, about 90 % of the peroxidase activity is referred to as 

GuPX (Foyer et al. 1994). Among the various antioxidants, GuPX can be consid-

ered one of the key ones since both its extra- and intracellular forms participate in 

the breakdown of H2O2. Induction in GuPX activity has been reported in common 

bean (P. vulgaris) nodules under salinity stress conditions (Jebara et al. 2005). An 

initial increase in GuPX activity in both the leaf and root tissues of green gram 

(Vigna radiata) (Panda 2001), cowpea (Cavalcanti et al. 2007), and rice (O. sativa) 

(Koji et al. 2009) has been reported under salinity stress. Some studies reported the 

increased GuPX activity under drought stress conditions in various plants, including 

sunflower (Gunes et al. 2008) and poplar (Xiao et al. 2008). Under sublethal salinity 

conditions, the level of GuPX activity has been used as a potential biomarker to 

evaluate the intensity of stress. An enhancement in GuPX activity suggests that this 

enzyme serves as an intrinsic defense tool to resist stress-induced oxidative damage 

in plants (Cavalcanti et al. 2007; Koji et al. 2009). A concomitant increase in GuPX 

activity in both the leaf and root tissues of V. radiata (Panda 2001) and O. sativa 

(Koji et al. 2009) has also been reported under salinity stress.

Glutathione reductase: GR, a flavoprotein oxidoreductase found in both prokary-

otes and eukaryotes, is a potential enzyme of the ASC–GSH cycle and plays an 

essential role in the defense system against ROS by sustaining the reduced status of 

GSH (Edwards et al. 1990; Creissen et al. 1994). GR catalyzes the reduction of GSH, 

a molecule involved in many metabolic regulatory and antioxidative processes in 

of GSSG and is thus important for maintaining the GSH pool (Rao and Reddy 2008). 

Eyidogan and Oz (2005) reported increased GR activity in the leaf tissue of C. ari-
etinum L. cv. Gokce under salt stress, whereas Kukreja et al. (2005) noted increased 

GR activity in C. arietinum roots following salt stress. Sharma and Dubey (2005) 

noted a significant increase in GR activity in drought-stressed O. sativa seedlings.

Glutathione peroxidase: GPXs are a large family of diverse isozymes that use GSH 

to reduce H2O2 and organic and lipid hydroperoxides and therefore help plant cells 

2002a, b). Millar et al. (2003) identified a family 

of seven related proteins in the cytosol, chloroplasts, mitochondria, and endoplas-

mic reticulum, named AtGPX1–AtGPX7, in Arabidopsis. It has also been reported 

that PHGPx
(Sreenivasulu et al. 2004), heavy metal stress (Li et al. 2011), oxidative stress (Li 

et al. 2000, 2004), and mechanical stimulation (Depège et al. 1998). It was noted 

that GPX activity in transgenic Gossypium hirsutum seedlings was 30–60 % higher 

under normal conditions, but was not different than GPX activity in WT seedlings 

under salt stress conditions (Light et al. 2005).
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Monodehydroascorbate reductase: In plants, MDHAR is an enzyme of the GSH–

ASC cycle that is a major antioxidant protecting cell damage against ROS. This 

enzyme is found in chloroplasts, the cytosol, mitochondria, glyoxysomes, and leaf 

2002a, b; Mittler 2002). MDHAR is a FAD enzyme that 

is mainly present as chloroplastic and cytosolic isozymes. Two enzymes are involved 

directly to recycle ASC, and DHAR. However, MDHA is itself an efficient electron 

1998a, b; Asada 2000) Sharma and Dubey (2005) 

reported that the activities of enzymes involved in the regeneration of ASC, that is, 

MDHAR, DHAR, and GR, were higher as compared to untreated control in drought-

stressed rice seedlings. The overexpression of MDHAR in transgenic tobacco 

increased the tolerance against salt and osmotic stresses (Eltayeb et al. 2007). 

MDHAR exhibits a high specificity for MDHA as the electron acceptor, preferring 

1999) studied the multi-

step reduction of FAD in detail. The first step is the reduction of the enzyme FAD to 

form a charge transfer complex. The reduced enzyme donates electrons succes-

sively to MDHA, producing two molecules of ASC via a semiquinone form. It is 

well established that the disprotonation by photoreduced ferrodoxin (redFd) in the 

thylakoids is of great importance. Since redFd can reduce MDHA more effectively 

-

koidal scavenging system. Therefore, MDHAR only functions in the presence of 

1999). 

Dehydroascorbate reductase: DHAR is a major antioxidant in plants that detoxi-

fies ROS and maintains photosynthesis. DHAR helps in regeneration of ascorbic 

acid (ASA) from its oxidized state. MDHA formation is followed by the univalent 

oxidation of ASA. Then MDHA is converted to dehydroascorbate (DHA), which is 

a divalent oxidation product. DHA is then reduced to ASA by DHAR in a reaction 

that requires GSH (Eltayeb et al. 2007). DHAR has been found to strongly influence 

the control stomatal opening and closing and hence plays a vital role in water use 

economy of plants under dehydration stress (Chen and Gallie 2005). An increase in 

DHAR activity was found to be associated with salt tolerance in Arabidopsis 

(Ushimaru et al. 2006; Eltayeb et al. 2006) and with drought and ozone stress toler-

ance in tobacco (Eltayeb et al. 2006)

Glutathione S-transferases: Glutathione transferases are now known as glutathi-

one S-transferases (GSTs). GSTs are used in the detoxification of herbicides, hor-

mone homeostasis, vacuolar sequestration of anthocyanin, tyrosine metabolism, 

hydroxyperoxide detoxification, regulation of apoptosis, and plant responses to 

biotic and abiotic stresses (Dixon et al. 2010).GSTs have the potential to remove 

Gapinska et al. (2008) observed that under salinity stress in L. esculentum roots, the 

activity of GST was increased. In an experiment drought-tolerant and drought- 

-

cantly higher activity of GST and CAT for scavenging H2O2 (Jogeswar et al. 2006). 
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Superoxide dismutase SOD EC O O H H O O, . . . :1 15 1 1 2 22 2
2 2 2( ) + + + ® +- -

CCatalase CAT EC H O H O O

Ascorbate peroxidase A

, . . . : ‰1 11 1 6 2 2 2 2( ) ® +
PPX EC H O ASA H O DHA

peroxidaseGlutathione GP

, . . . :1 11 1 11 22 2 2( ) + ® +
XX EC H O GSH H O GSSG

Monodehydroascorbate reduc

, . . . :1 11 1 9 2 2 2( ) + ® +

ttase MDHAR EC

MDHA NAD P H ASA NAD P

Dehydroasco

, . . . :1 6 5 4( )
+ ( ) ® + ( )+

rrbate reductase DHAR EC
DHA GSH ASA GSSG

, . . . :1 8 5 1
2

( )
+ ® +

20.4.1  Nonenzymatic Antioxidants

α-Tocopherol: α-Tocopherol is present in the cell membrane and functions as a 

chain-breaking antioxidant (Blake et al. 1987). Once the tocopherol radical is 

formed, it can migrate to the membrane surface and is reconverted to α-tocopherol 

by reaction with ASC or GSH. Tocopherol is a lipid-soluble antioxidant known as a 

potential scavenger of ROS and lipid radical. In biomembranes, it has both antioxi-

dant and nonantioxidant functions. Tocopherol acts as a 1O2 scavenger and gives 

thylakoid membrane stability. It is located in the thylakoid membrane of the chloro-

plast. Tocopherol has four isomers, among which α-tocopherol has the highest anti-

oxidative activity.(Kamal-Eldin and Appelqvist 1996). In the leaves of many plant 

species, α-tocopherol is found in high levels, but the leaves are low in γ-tocopherol. 

It is estimated that one molecule of α-tocopherol can lead to energy transfer (Munné- 

Bosch 2005). Under severe dehydration stress, which affects membrane lipids, the 

role of tocopherol seems very promising for stabilizing membranes.

Ascorbic acid: ASA is one of the most powerful antioxidants in most plant cell 

types, organelles, and the apoplast (Horemans et al. 2000; Smirnoff 2000). It occurs 

in all plant tissues, usually at higher levels in photosynthetic cells and meristems. Its 

concentration is reported to be highest in mature leaves with a fully developed chlo-

roplast and highest chlorophyll. About 30–40 % of the total ASC is in the chloro-

plast, and stomatal concentrations as high as 50 mM have been reported (Foyer and 

2005a, b). In the aqueous phase, AA donates electron in a wide range of 

enzymatic and nonenzymatic Enzymatic ROS-scavenging reactions under drought 

and salinity stress reactions and in detoxification of ROS compound. ASA detoxi-

fies O2
∙−, OH∙, and 1O2 and H2O2 to H2 1998a, 

b). ASA regenerates TOC from the tocopheroxyl radical, which provides membrane 

protection (Horemans et al. 2000; Smirnoff 2000). Oxidation of ASA occurs in two 

steps: First, MDHA is produced and if this compound is not rapidly reduced to form 

ASCs, it disproportionates into ASA and DHA. ASA is also implicated in the pH-

mediated modulation of PSII activity, and its downregulation is associated with 
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zeaxanthin formation. The role of ASA under salinity and drought stress in operat-

ing several antioxidative defense mechanisms, including the ASC–GSH pathway, is 

extremely significant.

Carotenoids: Carotenoids are pigments found in plants and microorganisms. They 

are lipid-soluble antioxidants that have a multitude of functions in plant metabo-

lism, including oxidative stress tolerance. They are also referred to as antenna mol-

ecules; they absorb 450–570 nm of the visible spectrum and pass the captured 

energy to the chlorophyll. Another important role is to detoxify various forms of 

ROS. Carotenoids can protect the photosystem by reacting with liquid peroxidation 

products to terminate chain reactions, by scavenging 1O2 and dissipating the energy 

as heat, by reacting excited chlorophyll molecules to prevent the formation of 1O2, 

or by dissipating excess excitation energy through the xanthophyll cycle. β-carotene 

in photosynthetic tissue may be accomplished via the direct quenching of chloro-

phyll, which prevents 1O2 generation and thereby inhibits oxidative damage caused 

by abiotic stresses, including salinity and drought (Collins 2001). After the quench-

ing of chlorophyll, energy is transformed into carotenoids from chlorophyll, which 

leads to the formation of ROS in low concentrations (Mortensen et al. 2001) .

20.4.2  Mannitol

In response to salinity, mannitol is accumulated in many plant species (Stoop et al. 

1996). Mannitol accumulation does not affect photosynthesis. The mannitol- 

synthesizing ability was introduced into transgenic tobacco by the E. coli mt1D 

gene encoding mannitol dehydrogenase. Transgenic tobacco plants accumulate 

more mannitol, but these plants were said to be more salt-tolerant. (Tarczynski et al. 

1993). Mannitol mainly scavenges hydroxyl radicals from cells (Smirnoff 2000). 

This might be significant for plants exposed to drought and high salinity as there is 

strong evidence that the oxidative generation of active oxygen species increases 

under such conditions (Biehler and Fock 1996).

20.5  ROS–Antioxidant Interaction in Redox Signaling 
Under Drought and Salinity Stress

It is obvious that various abiotic stresses lead to the overproduction of ROS in 

-

mately results in oxidative stress (Gill and Tuteja 2010). Drought and salinity 

stresses are two of the most important abiotic stresses that crops can experience. 

Drought and salinity response in different plants depend on the species’ inherent 

“strategy” and the duration and severity of the period of drought, which essentially 
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is the outcome of the plant’s oxidant–antioxidant interaction (Fig. 20.1). A pro-

longed period of drought stress will result in oxidative damage from the overpro-

duction of ROS (Cruz and de Carvalho 2008). In stressed conditions, the production 

2000; 

Porcel et al. 2003). In optimized conditions, ROS are not toxic; rather, they are help-

ful in signaling processes and in expressing a number of genes useful in numerous 

physiological plant processes like root hair growth, stomatal closure, and PCD. If 

the amount of ROS exceeds the amount that can be removed by enzymatic (SOD, 

CAT, APX, GR, MDHAR, DHAR, GPX, GuPX, and GST) or nonenzymatic (ASA, 

GSH, phenolic compounds, alkaloids, nonprotein amino acids, and α-tocopherols) 

antioxidant systems (Table 20.1) or if the normal amount of antioxidants is depleted, 

then damage appears in the photosynthetic apparatus and leads to cell destruction 

because of oxidative stress (Gill and Tuteja 2010). Differential antioxidant capaci-

ties were found to be absolutely associated with changes to the competence of 

redox-regulatory metabolisms of closely related germplasms (Table 20.2).

Drought: Drought stress affects vital metabolic functions and maintenance of tur-

gor pressure (cell expansion and formation). In this situation, to minimize water 

loss, plants naturally close their stomata. But stomatal closure also decreases the 

CO2 supply within the plant leaves and CO2 fixation in photosynthesis, which dis-

turb the well-tuned balance between ROS production and scavenging processes 

(Mittler 2002). ROS including highly reactive 1O2, OH∙, O2
−, and H2O2 can damage 

cells under drought stress by different oxidative processes such as membrane lipid 

peroxidation, enzyme inhibition, protein oxidation, and damage of nucleic acids 

(Grene 2002). In different plants, diverse antioxidase activities are found against 

drought stress. SOD, peroxidase (POD), CAT, and APX form the antioxidase sys-

tem (Chen et al. 2013). SOD is the center of the antioxidase system, which is wide-

spread in the plant body (Scandaliol 1993). Again, as members of the antioxidase 

system, POD and CAT play a very important role in drought stress (Chen et al. 

2013). Previous research showed that the protective enzymes of rice seedlings were 

significantly increased by pretreating seeds with 10–50 % polyethylene glycol than 

by pretreating seeds with water (Sun et al. 2010). In wheat, rice, pea, tepary bean, 

and olive trees, water stress increases SOD activity, causing increased oxidative 

stress tolerance of plants (Cruz and de Carvalho 2008). In sunflower seedlings, how-

ever, SOD activity decreased under water stress conditions, which might help to 

keep stomata slightly open and avoid complete inhibition of CO2 fixation (Cruz and 

de Carvalho 2008). It is an adaptive feature of plants in drought stress (Cruz and de 

Carvalho 2008). Multiple previous studies of drought stress effects in plants showed 

that APX, CAT, GR, and GPX/GST were increased during drought stress in differ-

ent plants. APX activity increased in rice, wheat, cotton, maize, pea, and so on; CAT 

increased in alfalfa, drought-tolerant rice, maize, pea, and so on; increased activity 

of GR was found in maize, wheat, cowpea, tepary bean, common bean, cotton, 

spring wheat, and more; and GPX/GST activity was found to increase in drought- 

tolerant varieties of rice. Increased APXs scavenge elevated intracellular H2O2 

under drought stress, whereas increased GPXs protect biomembranes reacting with 
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Trx (Cruz and de Carvalho 2008). According to Malan et al. 1990, in maize, 

enhanced activity of antioxidative enzymes shows increased drought tolerance of 

the plants. Antioxidants like ASA, GSH, carotenoid, and others play an important 

role in balancing the concentration of ROS in plant cells by directly or indirectly 

quenching the ROS (Shao et al. 2008). Several plasma membrane–anchored protein 

kinases (receptor-like kinases, or RLKs) act as signal transducers under drought 

stress (Xiong et al. 2002; Marshall et al. 2012). RLKs are plant-specific, containing 

a transmembrane domain and intracellular kinase domain with or without an extra-

cellular domain or only containing an intracellular kinase domain (Shiu and 

Bleecker 2001, 2003; Jurca et al. 2008; Vij et al. 2008). RLKs sense environmental 

stimuli leading to homodimerization or heterodimerization, which is followed by 

autophosphorylation of the cytoplasmic kinase domain, and downstream signaling 

components are activated by transphosphorylation (Morris and Walker 2003). A 

cytoplasmic RLK gene of rice named GROWTH UNDER DROUGHT KINASE 

(GUDK) is drought inducible and required for grain yield. Loss-of-function gudk 

mutant lines show a reduction in photosynthesis under controlled drought stress at 

the vegetative stage and show sensitivity to salinity and osmotic stress at the seed-

ling stage. Transactivation assays confirmed that GUDK is required for activation of 

stress genes by TF OsAP37 and regulation of the grain yield in rice (Ramegowda 

et al. 2014 -

their target genes, constitute large regulatory networks that control metabolic path-

ways in the response to drought stress. They are involved in drought stress responses, 

including ABA response, osmoprotection, and antioxidant defense, by downregu-

lating the respective target genes encoding regulatory and functional proteins (Ding 

et al. 2013).

Salinity: Plant response under salt stress showed decreasing stomatal conductance, 

which can avoid excessive water loss and decreases the intracellular CO2 concentra-
+ (final acceptor of electrons in PSI) and 

increases the leakage of electrons to O2 (Abogadallah 2010). In salinity stress, the 

ratio of Ca2+ or K+ + + concen-

tration and membrane lipid peroxidation are enhanced (Abogadallah 2010). At a 
+ severely inhibits many enzymes, including pho-

tosynthetic ones (Munns et al. 2006). In salt-acclimated plants, increased primary 

metabolites linked to amino acid and nitrogen or carbohydrate and polyol metabo-

lism have been found that play a great role in scavenging ROS and excess accumu-

lated ammonium ions, osmotic adjustment, membrane and protein protection, and 

so forth (Ashraf and Akram 2009). Depletion of organic acids under salt stress fol-

lowing decreased photosynthesis may be involved in compensating for ionic imbal-

ance .A salt-sensitive O. sativa cultivar Taipei 309 can tolerate the oxidative stress 

elevated SOD and H2O2 activity. Activities of APX and CAT were normal as in 

control condition; an early increase in GR activity and no extensive increases in 

lipid peroxidation were found. It also balanced the decline of the GSH concentration, 
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increased the GSSG concentration, and returned to the concentration seen in normal 

control culture. In barley, the salt-tolerant cultivar induces high expression of 

S-adenosylmethionine (SAM) synthase, which catalyzes SAM, the universal donor 

(Roje 2006; Witzel et al. 2009). Another one is a carboxymethylenebutenolidase- 

like protein with a dienelactone hydrolase (DLH) domain. In plants, DLH substrates 

are unknown, but the presence of it in plants under salt stress suggests that it has a 

regulatory role in redox metabolism. The higher abundance of peroxidase in the 

tolerant variety suggests that cell wall modifications may occur there to reduce ion 

influx under salinity stress. The ROS scavenging activity was performed by GST 

and lactoylglutathione lyase (Glyoxalase Ι) in this plant (Witzel et al. 2009).

A high concentration of salt in the soil solution can prevent water uptake, which 

induces water-deficit effects as found in drought stress. So it is simple to find simi-

larities in the signaling and response of salinity and drought-stressed plants includ-

ing ABA biosynthesis, closing of stomata, and increased production of compatible 

osmoprotectants and antioxidants (Tippmann et al. 2006). There is also significant 

signaling crosstalk between drought and salinity stresses (Shinozaki et al. 2003). 

The stress is recognized by ROS and modulation of intracellular calcium (Ca2+) 

directly or mediated by receptor. Then the signals through the specific phosphoryla-

tion cascades like mitogen-activated protein kinases (MAPKs) and calcium- 

dependent protein kinases (CDPKs) interact with TFs and response genes and 

respond to stress (Fig. 20.1). Due to limitation of photosynthesis in drought and 

salinity stresses, the redox status of mitochondria is changed and promotes increased 

ROS production along with downstream signaling pathway (Tippmann et al. 2006). 

For the dual nature of ROS, antioxidant systems play an additional role in redox 

signaling to optimize the amount of but not entirely remove ROS. Enhanced pro-

duction of ROS during stress acts as a signal to initiate the stress response. Those 

signaling pathways include MAPK cascade, the Ca2+ binding calmodulin, histidine 

kinase sensor, TFs, and so on (Apel and Hirt 2004). Another important messenger 

in drought stress is ABA. All these signaling pathways are interconnected. ABA 

biosynthesis is essential for the activation of many protective measures in drought 

and salinity stresses and starts with the decrease in water potential (Tippmann et al. 

2006; Cutler et al. 2010; Raghavendra et al. 2010; Weiner et al. 2010). ABA initiates 

several genes mediated through ABA-responsive cis- and trans-acting factors 

(Chaves et al. 2003; Golldack et al. 2014). In the promoters of some of the genes, a 

specific ABRE is found that is upregulated during drought stress (Shinozaki et al. 

2003; Yamaguchi-Shinozaki and Shinozaki 2005, 2006). There is also an ABA- 

independent signaling pathway for drought-induced gene expression containing a 

DRE (Tippmann et al. 2006). Drought-induced genes encode proteins with repair 

and damage control functions along with the proteins related to metabolic, osmotic, 

and structural adjustment (Ingram and Bartels 1996). Proline biosynthesis increases 

the concentration of compatible osmoprotectants in the cells, and ROS scavenging 

proteins limit damage by secondary oxidative stress (Chaves et al. 2003). In the case 

of salinity stress, the salt overly sensitive (SOS) pathway was studied in Arabidopsis 

(Zhu et al. 2007 + triggers a cytosolic Ca2+ signal. Ca2+ change in salt- 
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stressed condition is sensed by a calcium binding protein encoded by SOS3. The 

Ca2+-bound SOS3 then interacts with SOS2 and forms a complex to regulate the 
+/H+ antiporter) to reestablish ionic 

homeostasis within cells (Zhu et al. 2007 +/H+ antiporter) 
+ in the vacuole to maintain the intracellular K+ status, 

and overexpression enhances the salt tolerance of Arabidopsis plants (Apse et al. 

1999). In drought and salinity stresses, five signal transduction pathways that are 

both ABA dependent and ABA independent are followed. MYB2 and MYC2 

express the ABA-inducible gene RD22
ABA-responsive stress gene (Fig. 20.1). The bZIP-type AREB/ABF TFs AREB1, 

AREB2, and AREB3 cooperatively target ABRE-dependent gene expression 

(Yoshida et al. 2010). DRE mainly regulates genes of drought and salinity stresses. 

DREB2s are important TFs in dehydration and high salinity stress-responsive gene 

expression. The ERD1
Yamaguchi-Shinozaki 2007).

20.6  Antioxidant and Redox Sensing Under Drought 
and Salinity Stresses

ROS-mediated signaling under abiotic stress including drought and salinity stresses 

largely involves heterotrimeric G-proteins (Joo et al. 2005) and protein phosphory-

lation regulated by specific MAP kinases and protein Tyr phosphatases (Kovtun 

et al. 2000; Gupta and Luan 2003; Rentel et al. 2004). The biochemical and struc-

tural bases of kinase pathway activation by ROS remain to be established in plants, 

but thiol oxidation likely plays a key role. The best-characterized redox signal trans-

duction system in plants is the stromal ferredoxin–Trx system, which functions in 

the regulation of photosynthetic carbon assimilation (Fig. 20.2). Signal transmis-

sion involves disulfide–thiol conversion in target enzymes and is probably achieved 

by a light-induced decrease in the Trx redox potential (Setterdahl et al. 2003). Thiol 

groups are likely important in other types of redox signal transduction, including 

ROS sensing by receptor kinases, such as ETR1 (Desikan et al. 2005). Thiol-based 

regulation may be important in plant acclimation to environmental change, particu-

larly where redox interactions play a key role in the orchestration of the dehydration 

and salinity stress response. In plants, as in other organisms, thiol-containing 

domains are oxidized by ROS, either directly or indirectly, to give relatively stable 

oxidation products with modified physical conformations or biochemical activities 

(Bauer et al. 1999; Delauney et al. 2002). In addition to disulfides, other oxidized 

species of Cys sulfur that may be important in redox sensing include sulfenic acid 

and glutathionylated Cys, sulfenyl amide groups, and sulfur–metal bonds. All these 

signaling mechanisms are outcomes of the direct effect of ROS on TFs or proteins 

of signal transduction pathways operating under salinity and dehydration stress.

Overexpression of TFs like Zat10, Zat12, and JERF3 enhance the expression of 

ROS-scavenging genes and tolerance to salinity and dehydration stress (Wu et al. 
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2008; Miller et al. 2010). Furthermore, overexpression of mitogen-activated kinase 

kinase (MAPKK1) in Arabidopsis enhances the activities of the MAPK cascade, 

which is also activated by the ROS–antioxidant signaling network under salinity 

and dehydration stress. The net outcome of ROS–antioxidant interaction is that defi-

ciency in MKK1 resulted in increased ROS production and enhanced stress sensi-

tivity (Xing et al. 2008).

Recently, the role of antioxidative enzymes apart from their traditional scaveng-

ing function has become evident in signaling (Fig. 20.2). Knockout of the APX1 

gene was shown to perform and grow better than wild-type plants under salinity 

stress (Miller et al. 2007). Similarly, the APX1-deficient mutant of Arabidopsis that 

eventually caused elevated accumulation of H2O2 caused induction of several 

defense genes under stress (Davletova et al. 2005a, b). Likewise the antisense CAT1 

and APX1 in tobacco are found to be suffering from oxidative damage, but their 

double antisense lines became more tolerant (Rizhsky et al. 2002). In fact, the over-

expression of Zat7 was found to be associated with the knocked-out Apx plant, 

which resulted in enhanced expression of defense transcripts such as WRKY 70, 

NHX1, AOX1, and others, offering dramatic tolerance of plants to dehydration and 

salinity stress (Ciftci-Yilmaz et al. 2007).

The role of antioxidants and redox-sensing mechanisms in conferring stress tol-

erance of plants under salinity and dehydration stress can be further corroborated by 

examining the role of several ROS-responsive transcripts encoding TFs and signal-

ing proteins (Fig. 20.2). A good number of ROS-responsive transcripts encoding 

TFs are found to be upregulated (≥2) in apx1 plants under oxidative stress, salinity 

(WRKY 70, CERK1), and dehydration stress (CML 38, ANACO53). Although the 

role of these ROS-responsive regulators are not precisely known, experimental evi-

dence supports their role in specific acclimation to each salinity and dehydration 

stress in accordance with the typical role of redox regulation.

20.7  Conclusions and Perspective

The redox signal transduction with antioxidants and ROS interacting at the meta-

bolic interface is a universal feature of plants. We have presented an interpretation 

of how plant cells, through a series of interacting components with different antioxi-

dant buffering capacities, determine the fate of the cell under salinity and dehydra-

tion stresses. The unfavorable environmental cues trigger on specific signaling that 

is controlled or buffered by antioxidants through modulation of redox status and 

sensing mechanisms. As a consequence, several redox-sensitive signal transductions 

in locations such as thylakoids, apoplast, cytosol, and ER occur. In fact, both prooxi-

dants and antioxidants contribute their signaling role using several cell signaling 

pathways (kinase-dependent and -independent pathways) and redox-sensing mech-

anisms. In these signaling episodes, antioxidants not only are the passive onlook-

ers, but rather function as key signaling compounds that establish a dynamic 

metabolic boundary between stress perception and physiological response. The 
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current data suggest the role of both nonenzymatic and enzymatic antioxidants as 

key arbitrators of intracellular redox status and potential with their differential sta-

tus between cellular compartments permitting antioxidant-driven vectorial signal-

ing. How antioxidants and ROS quenchers initiate and control redox signal 

transduction and subsequently trigger differential expression of genes associated 

with the performance of the plant under salinity and dehydration stress will be the 

most fascinating subject of future research in plant redox biology.
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    Chapter 21   
 Determination of Compositional Principles 
for Herbaceous Plantings in Dry Conditions                     

       Dagmar     Hillová    

21.1           Introduction 

 The current processes of urban growth and urbanization in synergy with climate 
change have multiple negative impacts on all environmental parameters (Fernández- 
Canero et al.  2011 ).    In urban areas, in contrast to peri-urban and rural areas, this 
pressure is more extreme, related to higher atmospheric pollution levels caused by 
traffi c and other anthropogenic emissions, but also to limiting water availability and 
higher temperatures typical of the city microclimate (Ferrini and Fini  2013 ). 
Practices such as building green infrastructure and water conservation are increas-
ingly being seen as the best practices in climate adaptation.  Green technologies and 
infrastructure solutions   are often implemented such as managing storm-water, fi lter 
water, slow runoff, or reducing local ambient heat, and clean air, helping to reduce 
greenhouse gas emissions, noise control, glare and refl ection reduction, and can 
provide shade that reduces man-made cooling needs and hence electricity demand, 
wind control, privacy, screening of objectionable views and objects (Foster et al. 
 2011 ; Robinette  1984 ). However, drought condition in urban environment leads to 
poor vitality and plant decline. There is an urgent need to develop and apply com-
prehensive concepts for sustainable plantings in dry conditions (Pauleit  2003 ). 

 This chapter deals with approaches that have been useful in herbaceous planting 
design specifi cally designed to reduce water use relative to uniform turfgrass land-
scapes (St. Hilaire et al.  2008 ), water-intensive herbaceous plantings or ornamental 
annual fl ower bed plantings. The main approach in too many cities, especially when 
it is needed to reduce or completely eliminate the use of irrigation water, has been 
to  substitute   water-intensive herbaceous plantings by new drought resistant and low 
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maintenance concept of herbaceous planting. We must realize that turf is not 
 necessary for aesthetic enhancement and can be replaced with low ground cover and 
other plant materials to achieve the same affect. The turf must be used (really 
functional), for example, for lawn-dependent activities (sport, active recreation), 
and maintenance practices could be to break away from the fi ne, precise clipped 
lawn in large parks in favour of meadow-like turf (Robinette  1984 ).  

21.2     New Approaches in Planning Herbaceous Perennials 
in Urban Environment 

 The last  years   have seen a tide of interest in the development of nature in cities, and 
an increasing amount  of   landscape development in urban areas has involved the use 
of naturalistic plantings and ecologically inspired planting design, in contrast to 
more traditional, formal planting styles (Özgüner et al.  2007 ). The new aesthetically 
pleasing and ecologically sound approach, not to mention economically appealing 
develops as a consequence of decline of nature, lack of funding to adequately main-
tain and develop urban green spaces and extreme climate mainly of arid regions and 
microregions. 

  Low water use landscaping,   water effi cient landscaping and Xeriscaping are key 
water conservation approaches promoted in not only periodically water-defi cit 
regions (Smith and St. Hilaire  1999 ). Also, in humid continental climate, in inten-
sively developed urban cities are formed small green unit-structures, often associ-
ated with paved surfaces (traffi c roundabouts and stripes along paths, roads and 
other corridors) with different ecosystems (Sjöman et al.  2015 ), similar to arid 
regions, requiring similar approaches. Research of  low water use landscaping o  r 
water-effi cient landscaping is strongly needed all around the world to develop her-
baceous planting design, which can reduce water consumption without compromis-
ing landscape functionality or aesthetics (St. Hilaire et al.  2008 ). Nevertheless, these 
new drought tolerant, sustainable planting types or xeriscaping require to develop a 
new landscape ethic and aesthetic consciousness in planting the landscape (Robinette 
 1984 ).    This requirement resonates in the professional community for several years. 
Dunnett and Hitchmough ( 2004 ) and Dunnett ( 2004 ) emphasize that in urban con-
text, designed nature-like vegetation must be strongly informed  by   aesthetic prin-
ciples if it is to be understood and valued by the public at large. All planting if it is 
to be successful involves compromise between what is aesthetically desirable and 
what is possible in the ecological reality. 

 In the United States,    there is an important awareness of garden design and its 
impact on water consumption embodied in concept such as water-wise landscaping 
and xeriscaping (Fernández-Canero et al.  2011 ). The awareness of drought and 
critical economic incentive thresholds can signifi cantly infl uence participation in a 
xeriscape conversion programme (Sovocool et al.  2006 ).    Xeriscape incorporates 
seven key  principles  : (a) sound landscape planning and design, (b) limitation of turf 
to appropriate, functional area, (c) use of water-effi cient plants, (d) effi cient 
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 irrigation (usually by a means other than spray irrigation), (e) soil amendments, (f) 
use of mulches and (g) appropriate landscape maintenance (Sovocool et al.  2006 , 
Fernández-Canero et al.  2011 ). 

  Xeriscape approach   in American arid areas are replaced in European  countries   
by (a) German school of low maintenance herbaceous plantings with traditionally 
used perennials plants known as ‘SilberSommer’ style, (b) North American prairie 
planting design for urban green space representative by Cassian Schmidt and (c) 
‘The Sheffi eld School’ of natural plant communities planting design as aesthetic 
and ecological models for low maintenance design. 

 In all cases and in all  regions   the specifi cation, selection and installation of xeric 
adapted or low water use plants should always be one of the fi rst strategies sug-
gested when considered about planning a new landscape or renovating or redesign-
ing an older one for use in water-effi cient landscaping (Robinette  1984 ; Sun et al. 
 2012 ). Choice of plant species to urban environment should not be entirely dictated 
by what survives in dry conditions, but consideration should be given for support-
ing those species that provide the greatest ecosystem service potential (Blanusa 
et al.  2013 ).  The   xeric adapted or drought plants should in this respect also be: (a) 
plant with a cooling effect (Wolf and Lundholm  2008 ), (b) fi re-retardant vegetation 
which can reduce the frequency and severity of brush fi res, (c) erosion control 
plants—protect the soil facilitate infi ltration of rainwater for recharging the 
groundwater supply, and reduce run-off, (d) shade effect, shade reduces the need 
for irrigation by decreasing the loss of water from both the soil and plants (Robinette 
 1984 ). A number of studies worldwide have investigated stress tolerance, particu-
larly survival and growth rates, ecological function and cooling potential of herba-
ceous plant selection on extensive and semi-extensive green roof (Blanusa et al. 
2013), but other herbaceous landforms (meadows, undergrowth, ornamental beds 
and borders) are unclear.  

21.3     Defi ning the Selection Criteria and Screening 
Techniques 

 Evidently,    ornamental plants are very much undervalued in targeting research on 
drought resistance (compared with crop plants). Recently, landscape architects, in 
the conception of herbaceous plantings, selected suitable plants according to habitat 
classifi cation defi ned by Hansen and Stahl ( 1993 ), or used identifi cation and selec-
tion potential species from natural vegetation systems and habitats, where plants are 
exposed to environmental conditions similar to those in inner-city environments 
(Sjöman et al.  2015 ). In spite of the responsible selection of perennials, herbaceous 
plant composition in urban plantings look like unaesthetic, often because of nega-
tive morphological changes of plants in the dry conditions. Extreme conditions of 
the urban environment in interaction with climate change puts pressure on reviewing 
previously processed systems of herbaceous perennial habitats. The fact  that   global 
warming much has changed does not mean that previous knowledge is worthless, 
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only that the old lessons must be updated if they are to modern templates for drought 
tolerant landscaping (Werick and Palmer  2008 ). 

 Thus, there is a strong need to  increase   systematic work on selection of herba-
ceous perennials adapted to dry urban conditions. Selection criteria are directed 
toward growth, survival and suffi ciently aesthetic appearance for at least 6–10 years. 
Screening techniques should (a) mass fi eld selection to discover sources of resistant 
(Sjöman et al.  2015 ), (b) trial planting over a wide area and under highly variable 
conditions, (c) assess plant performance at the critical developmental stage, (d) be 
completed in a relatively short periodical time, (e) use relatively small quantities of 
plant material and (f) be capable of screening large group of taxa. Although many 
techniques are available for examining plant water relationships, most of these are 
too laborious and time consuming (Johnson  1980 ; Ferrini and Fini  2013 ) for use in 
plant selection for drought tolerant landscaping. 

 When assessing the drought response of ornamental herbaceous perennials were 
used experimental methods of analysing the  growth traits  (leaf area, dry weights), 
physiological traits evaluated  water regime  (relative water content, water use effi -
ciency, osmotic potential, water potential, turgor potential),    physiological traits 
evaluated  gas exchange  (stomatal conductance, net photosynthesis, photosynthetic 
capacity, CO 2  assimilation, transpiration),  anatomical traits  (content of leaf 
pigments,    accumulation and mobilization of proline, ammonium, soluble carbo-
hydrates, soluble sugars—sucrose, glucose, fructose, and their degree of polymer-
ization),     appearance traits  (visual quality rating, growth index) (Zollinger et al. 
 2006 ; Hillová et al.  2011 ; Prevete et al.  2000 ; Chapman and Auge  1994 ; Garland 
et al.  2012 ; Anjum et al.  2011 ; Paganová et al.  2015 ).    Laboratory methods and tech-
niques are often time consuming and usually destructive for the determination of 
physiological state of plants. Sample may by analysed only one time, so monitoring 
of changes during vegetation period is practically impossible. For the long-term 
monitoring of state of plants directly in fi eld conditions, apparatuses for non-
destructive measurements are needed (Sochor et al. 2014). 

 In the last years,     chlorophyll fl uorescence analysis has   become one of the most 
powerful and widely used techniques available to plant physiologists and ecophysi-
ologists (Maxwell and Johnson  2000 ), which permits early detection of stress before 
physical signs of deterioration become evident (Percival and Sheriffs  2002 ). 
Application of chlorophyll  a  fl uorescence has been applied in drought stress mea-
surement, but the conclusions are controversial, especially on the usefulness of maxi-
mum quantum effi ciency of PSII ( F  v / F  m ) (Guo and Tan  2015 ). Steady-state 
chlorophyll fl uorescence ( F  s ) measurements are an easy means to monitor changes in 
plant photosynthesis, and therefore, provide a rapid assessment of plant stress 
(Cendrero et al.  2012 ). Chlorophyll fl uorescence values obtained from excised leaves 
of plants subjected to dehydration in vitro (Percival  2005 ; Faraloni, et al  2011 ) pro-
vided a measurable indicator of whole-plant performance following drought in situ 
and to gain a greater understanding of alteration in leaf photosynthetic properties 
between species (Percival and Sheriffs  2002 ). The fast measurement of steady-state 
chlorophyll fl uorescence ( F  s ) on excised leaves of plants gives the landscape 
architects the tools for selecting and sorting a wide range of traditional use of 
perennials, as well as the ever-expanding assortment new varieties. 
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 Fast and affordable method of measurement Φ PSII  (quantum effi ciency of PSII) 
was used for comparing 15 taxa sorted into  different   habitats refl ecting their ecologi-
cal requirements and proper garden habitat according to Hansen and Stahl ( 1993 ), 
identifi ed by the numbers of subdivision within the main garden habitats (HS identi-
fi cation) and short habitat description (HS description) referred to in Table  21.1 . 
Depending on the Φ PSII  values obtained from excised leaves of plants subjected to 
dehydration stress for 24 h, herbaceous perennials could be ranked in fi ve main 
groups, as shown Table  21.1  and Fig.  21.1 : (a) a group of four taxa ( Salvia offi cinalis  
‘Purpuranscens’,  Salvia offi cinalis ,  Geranium macrorrhizum ,  Geranium  ×  manifi cum  
‘Rosemoor’), which was found to be the most ‘resistant’  and   which retained Φ PSII  
values more than 0.75, and difference in values compared to the initial values are less 
than 0.05, (b) a group of four taxa ( Stachys offi cinalis ,  Geranium  ‘Philippe Vapelle’, 

    Table 21.1    Sorting herbaceous  perennials   into different habitats according to Hansen and Stahl 
(1993), and their Φ PSII  values obtained from excised leaves of plants subjected to dehydration stress 
for 24 h   

 Species 
 HS 
identifi cation  HS description 

 ΦPSII (no 
units) 

  Salvia offi cinalis  
‘Purpurascens’ 

 3.3.1.     Drought-resistant dwarf and 
sub-shrubs 

 0.78 ± 0.021 g  

  Geranium 
macrorrhizum  

 2.1.2.  Widely spreading plants for sun and 
semi-shade on the woodland edge 

 0.77 ± 0.014 g  

  Geranium  ×  magnifi cum  
‘Rosemoor’ 

 2.1.2.  Widely spreading plants for sun and 
semi-shade on the woodland edge 

 0.77 ± 0.028 g  

  Salvia offi cinalis   3.3.1.  Drought-resistant dwarf and 
sub-shrubs 

 0.75 ± 0.060 g  

  Perovskia atriplicifolia   3.3.1.  Drought-resistant dwarf and 
sub-shrubs 

 0.68 ± 0.088 f  

  Stachys offi cinalis   2.1.8.  Plants for an open woodland edge on 
dry to moist, sandy, silica-rich soils 

 0.67 ± 0.095 e,f  

  Geranium  ‘Philippe 
Vapelle’ 

 2.1.2.  Widely spreading plants for sun and 
semi-shade on the woodland edge 

 0.65 ± 0.060 e,f  

  Geranium maculatum  
‘Chatto’ 

 2.1.2.  Widely spreading plants for sun and 
semi-shade on the woodland edge 

 0.60 ± 0.218 e  

  Stachys offi cinalis  
‘Hummelo’ 

 2.1.8.  Plants for an open woodland edge on 
dry to moist, sandy, silica-rich soils 

 0.53 ± 0.210 d  

  Waldsteinia geoides   1.1.1.     Low, shade-tolerant plants  0.40 ± 0.223 c  
  Stachys grandifl ora   2.2.2.  Plants loosely bound to the woodland 

edge 
 0.37 ± 0.101 c  

  Rudbeckia fulgida  var. 
 speciosa  

 3.4.6.  North American wild perennials with 
border character 

 0.36 ± 0.071 c  

  Brunnera macrophylla   2.2.2.  Perennials loosely bound to the 
woodland edge 

 0.22 ± 0.101 b  

  Epimedium  ×  versicolor  
‘Sulphureum’ 

 1.1.1.  Low, shade-tolerant perennials  0.20 ± 0.078 a,b  

  Alchemilla mollis   2.2.2.  Plants loosely bound to the woodland 
edge 

 0.14 ± 0.043 a  
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 Geranium maculatum  ‘Chatto’*,  Perovskia atriplicifolia ) which maintained Φ PSII  
values between 0.74 and 0.60, and difference in values compared to the initial values 
are 0.05–0.15 (0.52*), (c) a group of one taxa ( Stachys offi cinalis  ‘Hummelo’), which 
maintained Φ PSII  values between 0.59 and 0.50, and difference in values compared to 
the initial values are 0.16 and 0.30, (d) a group of three taxa ( Stachys grandifl ora , 
 Waldsteinia geoides ,  Rudbeckia fulgida  var.  speciosa ), which maintained Φ PSII  values 
between 0.49 and 0.35, and difference in values compared to the initial values are 
0.31–0.45 and (e) a group of three taxa ( Epimedium  ×  versicolor  ‘Sulphureum’, 
 Brunnera macrophylla ,  Alchemilla mollis ), the most ‘susceptible’ to dehydration, 
which maintained Φ PSII  values between 0.15 and 0.34, and difference in values com-
pared to the initial values are more than 0.5.

    Mentioned groups do not fully correspond with the traditional use of perennials 
sorting into groups according to Hansen and Stahl ( 1993 ). The group A, which was 
found to be the most ‘resistant’, also contains  typical   woodland edge plants 
( Geranium macrorrhizum ,  Geranium  ×  manifi cum  ‘Rosemoor’), often enough to 
create a weed-proof groundcover, thrive on nutrient-rich, predominantly moist but 
also intermittently dry soils (Hansen and Stahl  1993 ). The group B also represents 
a mixture of typical xerophytic plants and typical woodland edge plants ( Geranium  
‘Philippe Vapelle’,  Geranium maculatum  ‘Chatto’). 
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  Fig. 21.1    The difference  in   values Φ PSII  obtained from excised leaves of plants subjected to dehydration 
stress for 24 h compared to the initial values       
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 In horticultural practice, the assortment of  the   genus  Geranium  L. is considered 
particularly suited to the urban environment (Brtáňová  2015 ). It is worth noting also 
inclusion of varieties and native species ( Salvia offi cinalis  ‘Purpuranscens’,  Salvia 
offi cinalis ) uniformly in Group A, and conversely ( Stachys offi cinalis ,  Stachys 
offi cinalis  ‘Hummelo’) in different groups A and B, which is in accordance that 
‘border perennials’ (those plants, that are the result of many years breeding and selec-
tion), demand the intensive maintenance (Hansen and Stahl  1993 ; Hillová  2012 ; 
Scarfone  2007 ), including irrigation. Also based on these results, we can conclude 
that  the   chlorophyll fl uorescence measurements carried out in vitro on dehydrated 
detached leaves could be used as a valid tool for the rapid screening of different 
herbaceous and woody perennials (Faraloni et al.  2011 ; Percival and Sheriffs  2002 ; 
Percival  2005 ) resistant to drought stress.  

21.4     The Draft Standard for Planning and Management Dry 
Tolerant Landscaping 

 Clear guidance is needed for landscape architects, city planners, local authorities 
and other practitioners on how best to manage public urban green spaces in order to 
respond  to   climatic change (Ferrini and Fini  2013 ) or for planning and management 
dry tolerant landscaping. The landscape designers must be aware of responsible 
landscape practices,  the   landscape installation contractors must be aware of what 
can and should be done to save the maximum amount of water, the landscape main-
tenance personnel need to be aware of what can be done, who can do what, and 
when it can be done, whether before, during or after installation (Robinette  1984 ). 

 Recently, the practice used only a recommendation  for   xeriscape households but 
 recommendations   for the public sector are missing. The standard for planning and 
management dry tolerant landscaping should be defi ned guidance for (a) site assess-
ment and their modifi cation, (b) plant selection, (c) dry tolerant planting design and 
(d) management dry tolerant landscaping, in order to ensure extend life, maintain or 
improve the aesthetic appearance, vitality and health, and therefore the functionality 
of herbaceous plantings in urban areas. 

21.4.1     The Guidance for Site Assessment and Modifi cation 

 It’s important to improve all aspects about plant  placement   (Morrison  2004 ), what 
in case drought resistant plantings mainly means providing the erection of wind 
barriers to reduce the dehydration of the soil around the plants (Robinette  1984 ). 

 Urban soils often have low organic matter content, low and unbalanced nutrient 
contents and or low nutrient availability due to a high soil pH (Ferrini and Fini  2013 ) 
(Fig.  21.2 ). Soils which have been stripped of topsoil or compacted during construc-
tion do not retain water well (Robinette  1984 ). Adding organic matter (Fig.  21.3 ) 
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  Fig. 21.2    Naturalistic  design   of drought resistant herbaceous perennials (1 year old) with gravel 
mulching on original anthropogenic substrate after construction (Nitra city center, Slovak 
Republic)       

  Fig. 21.3    Naturalistic  design   of drought resistant herbaceous perennials (1 year old) with gravel 
mulching on complete replacement of the original substrate by growing medium (Nitra city center, 
Slovak Republic)       
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or moisture retaining materials (Dunnett and Kingsbury  2004 ), like a lignite and 
zeolite that are able to retain the water in soil, improves the water effi ciency of the 
soil and provides better values of physiological and growth parameters (Sochor 
et al.  2014 ; Robinette  1984 ).

    Very discussed access  to   drought resistant herbaceous planting is the application 
of mulches, which are able to conserve soil moisture (Robinette  1984 ) through little 
heat radiation of the soil surface and kept evaporation to a minimum (Ferrini and 
Fini  2013 ). Except this, the application of mulches reduces soil compaction and 
suppresses weed growth and enriching the soil (Robinette  1984 ; Fenzl and Kircher 
 2009 ; Baroš and Martinek  2011 ; Baroš et al.  2014 ). Low-maintenance plantings 
should be mulched by gravels fraction (4/6–8/22 mm) of minimum thickness 
5–7 cm (Trevisan-Smykalova  2004 , Fenzl and Kircher  2009 ; Baroš and Martinek 
 2011 ; Hillová  2012 ).  

21.4.2     The Guidance for Plant Selection 

 Obviously the fi rst step  in   conserving water and thus energy in park areas is to select 
those plants which will require less water through their effective lifetime (Robinette 
 1984 ). But which are these plants? We are able to sort their responsibly? The 
research was mainly concerned to arid regions, but what we need to do in the urban 
environment? Landscape architects and their research delay behind the threats of 
climate change that brings extreme drought conditions in cities. The plant species 
must be used fulfi lling site needs as well as water conservation goals. 

 Currently landscape architects applied the certifi ed methodologies which recom-
mended herbaceous perennials plant list suitable for low-maintenance plantings 
(Fenzl and Kircher  2009 ; Baroš and Martinek  2011 ; Trevisan-Smýkalová  2004 ) or 
rural plantings (Baroš et al.  2014 ).    Herbaceous perennial plant lists contained in the 
methodologies have the ability to make the work of landscape architects more effec-
tive and ensure long performance plantings based on professional proposal, estab-
lishment and maintenance. Drawing up (development) of similar herbaceous 
perennial sets focused on drought conditions in urban environment became the goal 
of research on Slovak Agricultural University. 

 Composition of those drought resistant sets of plants must always be based on 
knowledge of the ecological and growing requirements of plants (Hansen and Stahl 
 1993 ) correlated with drought-stress tolerance measurement (Paganová et al.  2015 ), 
knowledge about sociability of plants (Hansen and Stahl  1993 ; Baroš and Martinek 
 2011 ; Hillová  2012 ) and life strategies of plants (Grime  2002 , Hitchmough and 
Dunnet  2004 ) and last but not least understanding and acceptance of self-regulatory 
principles in the composition of herbaceous perennials sets.  
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21.4.3     The Guidance for Dry Tolerant Planting Design 

 The conception of using drought resistant herbaceous planting is based on changing 
the appearance of an area in the landscape so that it will be more naturally mani-
cured and thus will require the use of less water (Robinette  1984 ). Uniform  plant-
ings   of a limited number of species must be avoided (Fig.  21.4 ). Through careful 
selection and grouping plants communities of aesthetically compatible plants can be 
created which can satisfy our desire for visual uniformity. Increasing biodiversity 
and keeping good species diversity in plantings is always a wise management deci-
sion (Ferrini and Fini  2013 ). The effi ciency of  water use   can be improved by com-
positional principles of herbaceous planting in dry conditions: (a) increasing in the 
density of plant cover (Ferrini and Fini  2013 ), (b) proportional planting of succulent 
plants with high resistance to drought and other perennial plants and grasses with 
rapid regenerative capacity (Wolf and Lundholm  2008 ), (c) proportional planting of 
different growth form (Hitchmough and Dunnet  2004 ), (d) proportional planting of 
plant growth strategy (Grime  2002 ) and (e) proportional planting of performance 
criteria (longevity, vegetative spread, competitiveness, speed of establishment, self- 
seeding) (Kingsbury  2008 ).

   The herbaceous perennial plantings designed under the guidance for dry tolerant 
planting design should be able to long-term resilience (6–10 years) without supple-
mentary irrigation or exploring the options of sprinkler or drip irrigation systems in 
establishing watering priorities and altering irrigation practices to use irrigation 
water more effi ciently (Robinette  1984 ).  

  Fig. 21.4    Uniform conventional  planting   of drought resistant herbaceous perennials (2 years old), 
with bare gaps left from dead plants (Nitra city center, Slovak Republic)       
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21.4.4     The Guidance for Management Dry Tolerant 
Landscaping 

 The long-term maintenance  plan   is essential to the water conservation process. 
Herbaceous planting cultivation practices to conserve water would include the (a) 
minimize nitrogen levels of fertilize, (b) maximize weeding, to remove competition 
from ornamental landscape planting areas (Robinette  1984 ) and (c) regularly 
renewal of mulch layer (Robinette  1984 ; Hillová  2012 ). 

 The specifi city  of   maintenance drought resistant planting is based mainly on the 
concept of naturalistic or ecologically based ornamental design with higher degree 
of self-regulation system in maintenance, which creates an attractive and dynamic 
planting in time and space (Baroš and Martinek  2011 ; Hillová  2012 ).    The plantings 
maintaining dynamic balance and the landscape maintenance personnel only par-
tially regulate plantings. The man who provides the maintenance of planting must 
be equipped with knowledge and experience with the herbaceous perennials assort-
ment and skill and experience to selectively manage those dynamic community 
requiring selective maintenance management of individual taxa.   

21.5     Conclusion and Future Perspectives 

  Climate changes   and extreme conditions of the urban environment have been forced 
landscape architects, landscape managers and practitioners of green areas to look 
for new approaches of the herbaceous perennials planting design, especially when 
the demand for greening of urban areas were related to non-compliant growth con-
ditions, and traditional assortment is unable to provide long-lasting and functional 
plantings. The most important steps in the functional application of herbaceous 
perennials are (a) to select compositional sets of herbaceous perennials (from the 
traditional species and varieties, new varieties, and native species) suitable to the 
various types of the urban environment conditions (pedestrian zone, traffi c round-
abouts and stripes along paths, roads and other corridors, green roof), (b) to verify 
from those sets different variants of compositional grouping of plants (different 
participation of plant-growth forms, plant strategies and plant performances), (c) to 
verify from those sets different variants of biotechnic principles for establishment 
(applying additives and mulches) and maintenance (type and timing of the cut) of 
drought resistant planting. 

 The research team of Department of Planting Design and Maintenance, Faculty 
of Horticulture and Landscape Engineering, Slovak University of Agriculture, aims 
to process certifi ed methods of using herbaceous plantings in dry conditions of 
urban environment, based on an extensive study.     

  Acknowledgment   This work was supported by the Ministry of Education, Science, Research and 
Sport of the Slovak Republic  VEGA 1/0246/13 .  

21 Determination of Compositional Principles for Herbaceous Plantings…



510

   References 

    Anjum SA, Xie XY, Wang LCH, Saleem NF, Man CH, Lei W. Morphological, physiological and 
biochemical responses of plants to drought stress. Afr J Agric Res. 2011;6(9):2026–32.  

    Baroš A, Barošová I, Boček S, Businský R, Demková K, Dokoupil L, Kašková M, Kučera Z, 
Medková L, Šantrůčková M. Metodika pro výběr vhodných druhů dřevin a bylin pro 
venkovská sídla. VÚKOZ, v.v.i. a Univerzita Karlova v Praze, Přírodovědecká fakulta, 
Průhonice a Praha. 2014.  

       Baroš A, Martinek J. Trvalkové výsadby s vyšším stupněm autoregulace a extenzivní údržbou: 
plánování, zakládání, údržba, doporučené směsi: certifi kovaná metodika. Průhonice: 
Výzkumný ústav Silva Taroucy pro krajinu a okrasné zahradnictví, 84 s. 2011. 
ISBN:978-80-85116-88-5.  

    Blanusa T, Monteiro MMV, Fantozzi F, Vysini E, Li Y, Cameron RW. Alternatives to Sedum on 
green roofs: can broad leaf perennial plants offer better ‘cooling service’? Build Environ. 
2013;59:99–106.  

   Brtáňová M. Stanovenie fyziologických parametrov  Geranium macrorrhizum  L. v podmienkach 
sucha. Thesis. Nitra: Slovak Agriculture University; 2015.  

   Cendrero MM, et al. Steady-state chlorophyll fl uorescence (Fs) as a tool to monitor plant heat and 
drought stress. In: AGU Fall Meeting Abstracts, 2012. p. 0421.  

   Chapman DS, Auge RM. Physiological mechanisms of drought resistance in four native ornamen-
tal perennials. J Am Soc Hortic Sci. 1994;119(2):299–306.  

   Dunnett N, Hitchmough J. More than nature. Landscape Design. 2004;28–30.   
   Dunnett N. The dynamic nature of plant communities—pattern and process in designed plant com-

munities. In: Dunnett N, Kircher W, Kingsbury N, editors. The dynamic landscape: design, ecol-
ogy and management of naturalistic urban planting. London: Taylor & Francis; 2004. p. 127.  

   Dunnett N, Kingsbury N. Planting green roofs and living walls, vol. 254. Portland, OR: Timber 
Press; 2004.  

     Faraloni C, et al. Chlorophyll fl uorescence technique as a rapid tool for in vitro screening of olive 
cultivars ( Olea europaea  L.) tolerant to drought stress. Environ Exp Bot. 2011;73:49–56.  

      Fenzl J, Kircher W. Bernburger Staudenmix–Ein Forschungsprojekt der Hochschule Anhalt. 2009.  
         Ferrini F, Fini A. Planning the green city of 2050: species selection in a global change scenario. In: 

Proceedings of the 89th International Congress of the International Society of Arboriculture, 
August, 2013, Toronto, Canada, p. 3–7.  

      Fernández-Canero R, Ordovás J, Machuca MÁH. Domestic gardens as water-wise landscapes: a 
case study in southwestern Europe. HortTechnology. 2011;21(5):616–23.  

    Foster J, Lowe A, Wilkenman S. The value of green infrastructure for urban climate adaptation. 
Washington, DC: Center for Clean Air Policy; 2011.  

    Garland KF, Burnett SE, Day ME, van Iersel MW. Infl uence of substrate water content and daily 
light integral on photosynthesis, water use effi ciency, and morphology of Heuchera americana. 
J Am Soc Hortic Sci. 2012;137(1):57–67.  

    Grime JP. Plant strategies, vegetation processes, and ecosystem properties. 2nd ed. Chichester: 
Wiley; 2002. 456 p. ISBN 978-0-470-85040-4.  

   Guo Y, Tan J. Recent advances in the application of chlorophyll a fl uorescence from photosystem II. 
Photochem Photobiol. 2015;91(1):1–14.   

         Hansen R, Stahl F. Perennials and their garden habitats. Cambridge: Cambridge University Press; 
1993, 449 p. ISBN 0-521-35194-4.  

       Hillová D.  Tvorba v sadovníckom kvetinárstve. 1. vyd. Nitra: Slovenská Poľnohospodárska 
Univerzita; 2012. 86 s. ISBN 978-80-552-0885-5.  

    Hillová D, Lichtnerová H, Dragúňová M. Drought tolerance of open woodland edge herbaceous 
perennials = Tolerancija na sušu zeľjastich višegodišňich biľaka sa rubnich delova otvorenich 
šumskich područja. In: Environmental protection of urban and suburban settlements. Ecological 
movement of Novi Sad: Novi Sad; 2011. p. 425–32. ISBN 978-86-83177-44-8.  

D. Hillová



511

    Hitchmough J, Dunnet N, editors. Naturalistic herbaceous vegetation for urban landscapes. In: 
The dynamic landscape: design, ecology and management of naturalistic urban planting. 
London: Taylor & Francis; 2004. p. 172.  

   Johnson DA. Improvement of perennial herbaceous plants for drought-stressed western range-
lands. In: Turner NC, Kramer PJ, editors. Adaptation of plants to water and high temperature. 
New York: Wiley; 1980. p. 419–33.  

   Kingsbury N. An investigation into the performance of species in ecologically based ornamental 
herbaceous vegetation, with particular reference to competition in productive environments. 
Doctoral dissertation. Sheffi eld: University of Sheffi eld; 2008.  

   Maxwell K, Johnson GN. Chlorophyll fl uorescence—a practical guide. J Exp Bot. 2000;
51(345):659–68.  

   Morrison D. A methodology for ecological landscape and planting design—site planning and spa-
tial design. In: Dunnett N, Kircher W, Kingsbury N, editors. The dynamic landscape: design, 
ecology and management of naturalistic urban planting. London: Taylor & Francis; 2004.  

   Özgüner H, Kendle AD, Bisgrove RJ. Attitudes of landscape professionals towards naturalistic 
versus formal urban landscapes in the UK. Landscape and Urban Planning. 
2007;81(1):34–45.  

     Paganová V, Hillová D, Lichtnerová H, Moravčík L, Raček M, Šajbidorová V. Rastlinné druhy pre 
urbanizované prostredie v podmienkach nedostatku vody. Nitra: Slovenská Poľnohospodárska 
Univerzita; 2015. ISBN 978-80-552-1398-9.  

    Pauleit S. Urban street tree plantings: identifying the key requirements. Proc Inst Civ Eng Municip 
Eng. 2003;156(1):43–50.  

      Percival GC, Sheriffs C. Identifi cation of drought-tolerant woody periennials using chlorophyll 
fl uorescence. J Arboricult. 2002;28(5):215–23.  

     Percival GC. Identifi cation of foliar salt tolerance of woody perennials using chlorophyll fl uores-
cence. HortScience. 2005;40(6):1892–7.  

    Prevete KJ, Fernandez RT, Miller WB. Drought response of three ornamental herbaceous perenni-
als. J Am Soc Hortic Sci. 2000;125(3):310–7.  

                   Robinette GO. Water conservation in landscape design & management. New York: Van Nostrand 
Reinhold; 1984.  

    Scarfone SC. Professional planting design an architectural and horticultural approach for creating 
mixed bed plantings. Hoboken: Wiley; 2007. 272p.  

     Sjöman H, Bellan P, Hitchmough J, Oprea A. Herbaceous plants for climate adaptation and 
intensely developed urban sites in northern Europe: a case study from the eastern Romanian 
Steppe. Ekologia. 2015;34(1):39–53.  

   Smith C, Hilaire R. Xeriscaping in the urban environment. New Mexico J Sci. 1999;39:241–50.  
    Sochor J, et al. Environmental monitoring of soil conditioner effects on photosynthetic parameters 

of Acer campestre L. Afr J Biotechnol. 2014;11(17):4007–21.  
    Sovocool KA, Morgan M, Bennett D. An in-depth investigation of xeriscape as a water conserva-

tion measure. AWWA. 2006;98(2):82–93.  
    St. Hilaire R, Arnold MA, Devitt DA, Hurd BH, Lesiker BJ, Lohr VI, Martin CA, McDonald GV, 

Morris RL, Pittenger DR, Shaw DA, Wilkerson DC, Zoldoske DF. Effi cient water use in resi-
dential urban landscapes. HortScience. 2008;43:2081–92.  

   Sun H, Kopp K, Kjelgren R. Water-effi cient urban landscapes: integrating different water use cat-
egorizations and plant types. HortScience, 2012;47(2):254–63.  

    Trevisan-Smýkalová J. Optimalizace trvalkových výsadeb. Zahrada-Park-Krajina, Roč. 2004;15, 
č. 6, příl. s. VI–X.  

    Werick WJ, Palmer RN. It’s time for standards of practice in water resources planning. J Water Res 
Plan Manage. 2008;134(1):1–2.  

     Wolf D, Lundholm JT. Water uptake in green roof microcosms: Effects of plant species and water 
availability. Ecol Eng. 2008;33(2):179–86.  

    Zollinger N, Kjelgren R, Cerny-Koening T, Kopp K, Kening R. Drought responses of six ornamen-
tal herbaceous perennials. Sci Hortic. 2006;109:267–74.    

21 Determination of Compositional Principles for Herbaceous Plantings…



513© Springer International Publishing Switzerland 2016 
M.A. Hossain et al. (eds.), Drought Stress Tolerance in Plants, Vol 1, 
DOI 10.1007/978-3-319-28899-4

  A 
  Abscisic acid (ABA)  ,   28   ,   29   ,   81   ,   198   ,   229   , 

  310   ,   391   ,   416   
 antioxidant defense system  ,   50  
  Arabidopsis   ,   472  
 biosynthesis  ,   229–233   ,   273   ,   275   ,   278       
  cis - and  trans -acting factors  ,   484  
 cysteine  ,   231  
 dependent and independent pathways  ,   273  
 dependent phosphorylation  ,   321  
 dependent regulatory systems  ,   321  
 dependent signaling system  ,   320  
 drought stress response  ,   275–277  
 drought stress signal cascades  ,   49   ,   230–234         
 drought-induced genes  ,   318  
 and ethylene  ,   432  
 gene expression  ,   320  
 guard cell fl accidity  ,   50  
 hormonal response pathways  ,   50  
 hormone to hormone crosstalk  ,   51  
 induced stomatal closure  ,   277  
 leaf senescence  ,   50  
 levels  ,   230   ,   295   ,   296  
 negative regulators of signaling  ,   319  
 next-generation sequencing  ,   50  
 positive regulators of signaling  ,   320  
 PP2Cs and SnRK2s  ,   49  
 PYR/RCARs  ,   49  
 quantitative trait locus  ,   407  
 receptors  ,   320  
 related stomatal dynamics  ,   274  
 responsive elements  ,   320  
 signaling pathways  ,   233   ,   484  
 stress-promoting factors  ,   50  

 TMV  ,   428  
 treatments  ,   293  
 WRKY transcription factors  ,   50   

  ABA aldehyde oxidase (AAO)  ,   230   ,   231   
  ABA transportation  ,   288   
  Abiotic stress  ,   227   ,   229   ,   235   ,   239   ,   267–272   , 

  401   ,   402   ,   406   ,   441   ,   453   ,   454     
  Abiotic–biotic stress interaction 

 crop performance and survival  ,   427  
 morpho-physiological responses  ,   433  
 prioritization  ,   434   

  ABRE-binding (AREB)  ,   320   ,   321   
  Abscisic aldehyde oxidase (AAO)  ,   231   
  Activation of signal-regulating kinase 1 

(ASK1)  ,   383   
  Active immune system  ,   441   
  Adaptation 

 drought stress  ,   164   ,   165   ,   169   ,   174  
 in Drosophila and  Arabidopsis   ,   171   

  Adenosine phosphosulfate (APS)  ,   228   
  Advanced glycation end products 

(AGEs)  ,   380   
   Aegilops tauschii  (goat grass)  ,   406   
  AGEs   . See  Advanced glycation end- products 

(AGEs)  
  Agmatine iminohydrolase (AIH)  ,   269   
  Agricultural crops   . See  Elevated CO 2   
  Agro-Ecological Zones (AEZ) models  ,   258   
  ALA   . See  Aminolevulinic acid (ALA)  
  Aleurone layer cells  ,   445   ,   446   
   Alternaria alternate   ,   455   
  Aminolevulinic acid (ALA)  ,   88    
  Aminopropyltransferases (APT)  ,   269   
  Anti-apoptotic genes  ,   448   ,   451–454         

                         Index 



514

  Antioxidant system of wheat, drought stress  , 
  350   ,   354   ,   355   ,   357–359                        
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  Crop plants 

 stress tolerance  ,   165   ,   174–178      
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 transcription factors  ,   381  
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 osmotic stress response  ,   389  
 photosystem II oxygen-evolving 
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