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Preface

Impact of climate change is expected to be broadly negative, including reduced 
water availability, salinity, flood, and infestation of pests and diseases. Due to the 
significant climate change over the centuries, the incidence of various abiotic 
stresses such as salinity, drought, extreme temperature, atmospheric pollutions, and 
metal toxicities regularly affect plant life and productivity. Many crops perform 
only at 30% of their genetic potential under adverse environmental conditions. The 
predictable loss of crop production is as much as 70% in an average and might be 
100% in extreme cases. The resulted economic loss caused by environmental stress 
is a great concern in agriculture.

To sustain productivity against the environmental stresses, the crucial impor-
tance is to know and understand the plants-specific responses to the different envi-
ronmental factors. Plant ecophysiology is the science of interaction of plants with 
the environment, and the vital underlying acclimation and adaptation processes. The 
off-putting effects of abiotic stresses result in alteration in plant metabolism and 
physiology, which challenge survival, productivity, reproductive biology, and repro-
ducibility. These adverse effects result from structural and functional alteration of 
cellular components of plant. Structural alterations of cellular organelles due to 
environmental stresses cause alteration in physiological processes, such as water 
entrance and transportation, nutrient uptake, chloroplast functioning, photosyn-
thetic efficiency, mitochondrial activity, vacuolar structure and function, and the 
altered structure of nucleus cause genetic modification. The physiology and adap-
tive mechanisms of plants are greatly varied in different species and genotypes. The 
ability of various plant groups to tolerate the extremes posed by natural conditions 
and/or chemically rich environments involves morphological and physiological 
adaptation as well as changes in ecological behavior to sustain in relatively pro-
tected niches within an extreme environment.

To survive under environmental extremity, plants respond at the molecular, cel-
lular, and physiological level, which involves a complex network supporting per-
ception and transmission of stress signals, which subsequently initiate a plethora of 
responses. Against different kinds of stress-induced responses, there are two broad 
outcomes: programmed cell death (PCD) or stress acclimation. The PCD is 
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 considered a lethal effect whereas acclimation often leads to adaptation to certain 
adverse environmental stresses, which sustain plant survival and productivity. A 
deeper understanding of the mechanisms underpinning plant stress adaptation may 
offer novel opportunities to develop crop plants with an enhanced ability to tolerate 
environmental fluctuations, which are the focal points of concern of plant ecophysi-
ological study. In modern concept, the survival mechanism and potential of plants 
are not left behind as a natural process. Rather how the adaptation process can be 
enhanced is a great concern of scientists of the related fields. In present perspec-
tives, scientists are manipulating the surrounding environment of target plants so 
that the plant can be less affected by natural environmental stresses. Use of a broad 
range of exogenous phytoprotectants including plant nutrients, trace elements, phy-
tohormones, and signaling molecules, probiotic microorganisms to improve adapta-
tion processes of plants are being explored day by day. Scientists are going through 
the genetic manipulation and biotechnological processes to sustain plant productiv-
ity under the adverse environmental conditions. Much progress has been gained in 
the last few decades in the area of plant ecophysiology research and on their adap-
tive mechanisms. Although there are numerous publications in journal and proceed-
ings, there is a scarcity of a comprehensive book dealing with both ecophysiology 
and adaptive mechanisms of plants under climate change.

This is the first volume of the two-volume book, Plant Ecophysiology and 
Adaptation under Climate Change: Mechanisms and Perspectives that provides 
current state-of-the-science knowledge of plant ecophysiology, with particular 
emphasis on adaptation to a changing environment. This volume will provide the 
reader with a wide spectrum of information, including vital references. This is done 
through 29 chapters written by hundreds of experts in the field of Botany, Plant 
physiology, Ecology, Crop science, and Environmental sciences, ultimately aiming 
to become a useful information tool for plant biologists, crop scientists, ecologists, 
plant breeders as well as a guide for students in the field of Plant Science, Agriculture 
and Environmental Sciences.

I like to give special thanks to the authors for their outstanding and timely work 
in producing such fine chapters. Our profound thanks also go to Mr. Sayed 
Mohammad Mohsin, Dr. M.H.M. Borhannuddin Bhuyan, Ms. Khurshida Parvin, 
Dr. Kamrun Nahar, Khussboo Rahman, Khadeja Sultana Sathi, and Mr. Abdul Awal 
Chowdhury Masud, for their critical review and valuable support in formatting and 
incorporating all editorial changes in the manuscripts. I am highly thankful to Ms. 
Lee, Mei Hann, Editor (Editor, Life Science), Springer, Japan, for her prompt 
responses during the acquisition. I am also thankful to Sivachandran Ravanan, 
Project Coordinator of this book, and all other editorial staffs for their precious help 
in formatting and incorporating editorial changes in the manuscripts.

Dhaka, Bangladesh  Mirza Hasanuzzaman  
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Abstract Under natural conditions, the defense responses of plants exposed to 
combined abiotic and biotic stress factors, which can randomly interact with each 
other, are in many aspects different from the response induced by an individual 
stress. Predicted climatic changes through affecting these simultaneously occurring 
interactions might change the microclimate surrounding plants, plants’ susceptibil-
ity, the range of host microorganisms (i.e., symbionts or pathogens), and their 
simultaneous interaction with plants. The influence of climate change on interac-
tions between environmental stresses and plants can lead to positive or negative 
impacts of one stress on the others and cause changes in strategies adopted by 
plants—either negative (i.e., susceptibility) or positive (i.e., tolerance)—thus caus-
ing modifications of primary and secondary metabolism of plants. Primary metabo-
lism plays a key role in plants’ adaptive/defense response through the influence on 
the modulation of secondary metabolism and the activation of the host’s various 
defense mechanisms. Alterations in primary and secondary metabolism might 
include changes in the availability of nutrients, metabolically active compounds, or 
in carbon (C) and nitrogen (N) metabolism and C/N balance.

Keywords Climate change · C/N balance · Endophytes · Habitats · Holobiont · 
Invasive plants · Metaorganism · Microbiome · Rhizomicrobiome · Soil-plant- 
microbial interaction

Abbreviations

ACC deaminase 1-aminocyclopropane-1-carboxylate deaminase
AMF Arbuscular mycorrhizal fungi
APSA The Asia and Pacific Seed Association
Avr gene Avirulence gene
CAM Crassulacean acid metabolism
CC Coiled-coil N-terminal domain
CCM CO2-concentrating mechanism
DAMPs Damage-associated molecular patterns
eCO2 Atmospheric CO2 concentration
ET Ethylene
ETI Effector-triggered Immunity or R gene-mediated effector- 

triggered immunity
FAO Food and Agriculture Organization of the United Nations
GCC Global climate changes
GHG Greenhouse gases
GLOBIO Global Biodiversity model for policy support
HR Hypersensitive response
IPCC Intergovernmental Panel on Climate Change
ISR Immune systemic resistance
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ITPS Intergovernmental Technical Panel on Soils
JA Jasmonic acid
MAMPs Microbial-associated molecular patterns
NB-LRR Nucleotide binding (site)-leucine-rich repeat proteins
Oxfam Oxford Committee for Famine Relief
Pacific ENSO Pacific El Niño–Southern Oscillation
PAMPs Pathogen-associated molecular patterns
PRRs Membrane-bound pattern recognition receptors
PTI PAMP-triggered immunity
SA Salicylic acid
SAR Systemic acquired resistance
TIR Toll and interleukin-1 receptor type
UNFCCC United Nations Framework Convention on Climate Change
WMO World Meteorological Organization
WUE Water use efficiency

1.1  Introduction: Climate Change Alters Habitats 
and Affects Ecosystem Functioning

According to specialists’ predictions, in the coming decades, alterations in the inter-
active effects of simultaneous impact of abiotic and biotic stresses on plants due to 
global climate changes delineated by UNFCCC seem unavoidable. Such prognoses 
are based on climate prediction models of IPCC indicating that average surface 
temperatures will rise by about 3–5 °C in the next 50–100 years, as well as that 
precipitation will increase by up to 1.0% for mid- and high-latitude areas and 0.3% 
for tropical zones (IPCC 2013, 2018; Christensen et al. 2013; Pachauri et al. 2014; 
Hoegh-Guldberg et al. 2018). The rising temperatures across the globe are caused 
by GHG of natural and anthropogenic origin, majority of which is atmospheric 
carbon dioxide (CO2), indicated as showing a consistent, almost linear correlation 
between its cumulative emissions and projected global temperature. CO2 concentra-
tion has surged by over 40% since the industrial revolution, and it is predicted to 
increase further up to 770  ppm in 2100 (compared to present concentration of 
around 400 ppm), while the level of 450 ppm of CO2 [atm] has been suggested as a 
critical threshold which would cause an increase in the global mean temperature of 
2 °C above preindustrial values (Ahanger et al. 2013; IPCC 2013; Mahato 2014; 
Pachauri et al. 2014; FAO and ITPS 2015; Lefevre et al. 2017; Challinor et al. 2018; 
Winkler 2019). The extent and intensity of climate-related factor changes (e.g., ris-
ing of atmospheric CO2 level, atmospheric N deposition, elevated temperature, 
altered rainfall or moisture, pressure, light intensity) and the interactions among 
multifactorial stress combinations are predicted to increase in the next decades 
(IPCC 2013, 2018; Pachauri et al. 2014; Hoegh-Guldberg et al. 2018).

1 Climate Change Influences the Interactive Effects of Simultaneous Impact…
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The consequences of climate variability lead to the creation of environmental 
change conditions—frequent and extreme weather phenomena such as heat waves, 
drought, salinity, alkaline/acid soils, floods, sea level rise, and ocean acidification. 
They will cause direct/indirect and positive/negative effects on living organisms 
such as alterations in species composition and range; species invasions and extinc-
tions; phenology, biodiversity, and ecosystem regime shifts; as well as the genera-
tion of new interactions in novel communities, novel intra- and interspecies 
interactions among plants and microbial communities, and changed feedback pro-
cesses which may in turn affect species dynamics and interactions and can lead to 
altered ecological processes and ecosystem functions (van der Putten et al. 2013; 
Classen et  al. 2015; Ravichandran and Thangavelu 2017; Hassani et  al. 2018; 
Hawkins and Crawford 2018; Hoegh-Guldberg et al. 2018; Winkler 2019).

Although the resistance of organisms and ecosystems is highly changeable, 
climate- dependent biological alterations are likely to be commensurately quick 
(Brierley and Kingsford 2009; Lee et al. 2009; Pachauri et al. 2014; Classen et al. 
2015; Zhang and Sonnewald 2017; Cassia et al. 2018). It has been shown that cli-
mate change is already altering many wildlife habitats not only locally but also all 
over the world and some species and whole ecosystems have already been lost. 
Consequently, biological alterations from genes to whole ecosystems (including 
land and marine ecosystems) in most regions of the globe will continue to proceed 
(Hansen et al. 2007; Galland et al. 2012; Smith et al. 2015; Karmakar et al. 2016; 
Llado et al. 2017; Hutchins and Fu 2017; Makinen et al. 2017; Santoyo et al. 2017), 
though these changes are unpredictable as climate-related systems/factors are non-
linear (Lenton et al. 2008; Lenton 2012; Challinor et al. 2018).

Climate variations can lead to severely transformed ecosystems with new domi-
nant species and new ways in which soil and organisms interact (van der Putten 
2012; van der Putten et al. 2013; Classen et al. 2015; Ravichandran and Thangavelu 
2017; Hassani et al. 2018; Hawkins and Crawford 2018). Global climate change 
could lead to irreversible or catastrophic consequences in ecosystems (Llado et al. 
2017; Santoyo et al. 2017).

1.2  New Ecological Entities “Metaorganism” 
and “Holobiont”

Natural communities are composed of individual organisms (plants, animals, and 
microorganisms living in an environment determined by physical conditions/abiotic 
factors) interacting among themselves and composing a complete ecosystem. Every 
species shows multiple levels of organization across biological units. They are 
linked directly or indirectly with a multitude of other species through many differ-
ent types of highly integrated functional interactions with beneficial, neutral, or 
harmful effects, and they exert a crucial influence on the functioning and health of 
individual species, communities, and whole ecosystems (Luttge 2012, 2013; 
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Matyssek and Luttge 2013; Souza and Luttge 2015; Mitter et al. 2016; Souza et al. 
2016). Ecosystems as complex systems tend to show cyclic fluctuations around 
approximate equilibrium state and undergo inevitable and dynamic alterations when 
climate change occurs or when new species appear as a result of migration, evolu-
tion, or human activity (Classen et al. 2015; Vandenkoornhuyse et al. 2015; Luttge 
and Thellier 2016; Bang et al. 2018).

The interdependence between multi-organismic associations in the ecosystem, 
including (1) individual organisms showing a high degree of internal functional 
integration as well as (2) dynamic communities of microorganisms being an essen-
tial and vital part of the functionalities of individual organisms or the whole ecosys-
tem, is often established through their coexistence in ecological and evolutionary 
dimensions. This view led to the creation of the concept of a metaorganism (Bosch 
and McFall-Ngai 2011; McFall-Ngai et al. 2013; Vandenkoornhuyse et al. 2015; de 
Souza and Fiocchi 2016; Theis et al. 2016; Bang et al. 2018; Morris 2018; zu Castell 
et al. 2019). Multi-organismic cooperation which comprises a host organism (i.e., 
different plant tissues/organs and plant seeds) and its specific endocellular and 
extracellular associated microbiome (e.g., viruses, phages, eubacteria, archaea, 
fungi, protozoa) has been termed a holobiont (Mendes et  al. 2013; Castell et  al. 
2016; Mitter et  al. 2016; Smith and Dukes 2017; Morris 2018; Rosenberg and 
Zilber-Rosenberg 2018; Ying-Ning et al. 2017; zu Castell et al. 2019) and can func-
tion as an actual platform of selection and coevolution (anatomically, metabolically, 
immunologically, or developmentally) (Vandenkoornhuyse et  al. 2015; Fladung 
2016; Rosenberg and Zilber-Rosenberg 2018). The health and oftentimes the sur-
vival of the majority of holobionts depend on the network of interactions between 
all of their members (Mitter et al. 2016; Carrier and Reitzel 2017; Rosenberg and 
Zilber-Rosenberg 2018). Holobiont is represented by its hologenome consisting of 
two complementary components, host genome—highly conserved and microbiome 
genome—dynamic and effectively and rapidly changing, in response to environ-
mental conditions, which might be selected for or against, thus enabling the promo-
tion of acclimation and adaptation to changing environmental conditions (Berg 
et al. 2014; Souza and Luttge 2015; Larranaga and Ignacio Hormaza 2016; Souza 
et al. 2016; Rosenberg and Zilber-Rosenberg 2018; zu Castell et al. 2019). Thus, 
plant adaptation through genetic accommodation includes the variability of both 
mutualist-induced and epigenetically induced plasticity in the holobiont. Genetic 
accommodation and adaptation can impact both plant genome and all components 
of the holobiome, including genetic variability of microbiota, and is related to the 
occurrence of phenotypic variation induced by mutualists (Vannier et  al. 2015; 
Carrier and Reitzel 2017; Ilangumaran et  al. 2018). The evolutionarily advanta-
geous development of relationships and cooperation among the components of the 
holobiont makes it possible to withstand environmental challenges (Smith and 
Dukes 2017; Ilangumaran et al. 2018). However, it should be noted that it is still 
under discussion whether metaorganisms constitute a hologenome as a unit of selec-
tion or whether they consist of separate entities which evolve independently (Carrier 
and Reitzel 2017).

1 Climate Change Influences the Interactive Effects of Simultaneous Impact…
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1.3  Climate Change Affects Natural Habitats 
and Biodiversity of Plants and Microorganisms

The nature and type of vegetation are related to the availability of habitats, which 
are determined by latitudes and environmental factors (e.g., soil, light intensity, 
temperature, climate cycles). It is well established that with increasing latitudes, 
natural resources change, causing a decline of functional diversity of individual 
organisms, population, species, community, ecosystem, and biome scales (Rohde 
1992; Cong et al. 2016). Additionally, rapid climate changes are anticipated to affect 
all the levels of biodiversity (decline or increase), from organism to biome levels 
(Sax and Gaines 2003; Dornelas et al. 2014; McGill et al. 2015; Gonzalez et al. 
2016). As a consequence of the processes of biome or ecosystem degradation, the 
disruption of natural plant communities often coincides with or is preceded by a loss 
of physicochemical and biological soil properties.

1.3.1  Physicochemical Soil Properties

Soil is an integral structural part of every terrestrial ecosystem, substantially influ-
encing biomes. Soil plays many important functions such as (1) affecting water 
quantity and quality; (2) providing water and nutrients, and functioning as a terres-
trial regulator of carbon (C) and nitrogen (N) cycles according to the new climate 
regime established by the Paris Agreement of December 2015; (3) allowing an 
exchange of CO2, oxygen, and other gasses (including GHG) which affect root 
growth and soil organisms; (4) providing physical support for plant vegetation and 
supporting a wide diversity of microbial, flora, and fauna taxa; (5) providing a sub-
strate for organisms linked with vital ecosystem processes; and (6) influencing the 
harboring of root diseases and other pests (Makinen et  al. 2017; Santoyo et  al. 
2017). The nature of soil habitats is affected by a complex interplay of direct and 
indirect interactions among soil properties.

The key potential changes in soil-forming factors and/or disturbances in the 
complex interplay of environmental factors that directly result from GCC could be 
in organic matter supply from biomass and the quality and quantity of resource 
input, alteration in the dominant soil type, and essential physicochemical soil 
properties (e.g., pH value, soil temperature regime, soil hydrology, the range of 
equilibrated mineral nutrient cycles/mineral nutrient limitations) (Smith et  al. 
2015; Karmakar et  al. 2016; Llado et  al. 2017; Makinen et  al. 2017; Santoyo 
et al. 2017).

E. Surówka et al.
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1.3.2  Soil Influence on Microbiota and Plant Diversity

It is well established that soil physicochemical properties, including soil pH, which 
is the master variable, affect many properties of the ecosystem, e.g., through changes 
in microorganism habitats and microorganism species composition such as bacteria, 
actinomycetes, fungi, algae, and protozoa in different physiological states 
(Blagodatskaya and Kuzyakov 2013; Lian et  al. 2019; Tripathi et  al. 2018) or 
through alterations in biomass or activities of soil microbial communities as well as 
microbial interactions like competition for resources including C and N (Balser 
et al. 2002; Wardle et al. 2006; van der Putten et al. 2007a; Raizada et al. 2008; 
Rengel 2011; Bach et  al. 2018; Maron et  al. 2018; Quatrini and Johnson 2018; 
Tripathi et al. 2018). A typical gram of soil has been suggested to contain about 
9 × 107 bacteria, 2 × 105 fungi, 4 × 106 actinomycetes, 3 × 101 nematodes, 5 × 103 
protozoa, and 3 × 104 algae. It has also been shown that soil pH plays an important 
role in bacterial and fungal growth and microbial biomass and composition and that 
most bacteria prefer nonacid microhabitats (Rousk et al. 2009; Ravichandran and 
Thangavelu 2017; Bach et al. 2018). The total microbial biomass is usually esti-
mated at 50–2000 μg C g−1 soil, and this is about 2–3% up to/not exceeding 4.5% of 
organic C content (Blagodatskaya and Kuzyakov 2013), and 10 g of soil holds about 
1010 bacterial cells, representing upward of 106 species (Gans et al. 2005; Schloss 
and Handelsman 2006). According to Wang et al. (2017), healthy soils, when com-
pared to infected soils, exhibit both higher diversity and content of beneficial micro-
organisms promoting plant growth as well as preventing plant diseases. Moreover, 
soil pH also affects soil enzyme activity, which may influence litter decomposition 
and alter soil nutrient availability (especially pools of C, N, and phosphorus (P)), 
dynamics of carbon and nitrogen cycles, ionic composition of soil solution, and 
aeration capacity (Sardans and Penuelas 2015; Ravichandran and Thangavelu 
2017). Also, the richness and distribution of plant species are determined by soil 
physicochemical properties, particularly soil pH values (Gough et al. 2000; Cong 
et al. 2016; Llado et al. 2017).

In addition, Hou et al. (2018) estimated that climate change affects soil phospho-
rus cycle and the availability of P in global land ecosystems. It has been shown that 
soil-available PI, indexed by Hedley labile inorganic P fraction, fell significantly 
with rising mean annual temperature and rainfall. Authors also postulate that tem-
perature and rainfall have opposite effects on soil P availability and can interact with 
soil particle size to regulate it. Although P is essential in plant nutrition, only 0.1% 
of total P in the soil is accessible to plants, making P the chief bottleneck for plant 
growth (Sharma et al. 2013). Thus, the changes in the availability of P can impact 
plants and related microbiota distribution.

Furthermore, climate change influences nitrogen cycle (Conniff 2017). According 
to the author, atmospheric N originating from intensive human activity and other 
sources is moved to the water and also lands/soils via a process called N deposition. 
Deposition of N has increased tenfold or more since preindustrial times and makes 
soils more fertile, leading to the contradictory effect of diminishing plant diversity 
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by supplanting native species accustomed to nutrient-poor soils. For instance, across 
the United States upon investigating upward of 15,000 forest, woodland, grassland, 
and shrub land sites, it has been found that a quarter of them have already exceeded 
the N levels accompanying species loss. Moreover, a study in an arid South 
California habitat has revealed that N supplementation together with altering 
 precipitation patterns brought about a shift from native shrubs to non-native grasses 
(Simkin et  al. 2016; Conniff 2017; Gilliam 2019). Also, another series of recent 
studies showed that many European ecosystems were experiencing reductions in 
plant biodiversity due to N deposition (Dise et al. 2011; Payne et al. 2017). According 
to Lebeis (2015), nitrogen pool and its availability are affected more strongly by the 
environment than plants.

1.3.3  The Role of Microbiota in Habitat Modulation

Microbial communities, including bacteria and fungus species, in response to 
 environmental changes modulate soil quality and properties such as soil pH, tem-
perature, and relative humidity (Nannipieri 2006; Rousk et al. 2009; Ravichandran 
and Thangavelu 2017). Soil microbes are involved in (1) constant flow of low- and 
high- molecular- weight plant-derived organic compounds, (2) many biogeochemi-
cal processes (e.g., water or nutrient cycles), and (3) decomposition of organic mat-
ter (Herman et al. 2012; de Vries and Caruso 2016) and in the biological conversion 
of various nutrient pools, including carbon (Rumpel et al. 2015; Quiza et al. 2015; 
Legay et al. 2016; Okubo et al. 2016; Wang et al. 2017; Mandakovic et al. 2018).

Some soil microorganisms, mainly bacteria such as Acidobacteria or 
Aciditerrimonas, are associated with soil acidification and disease, while high abun-
dance in the soil of advantageous microbes—such as Agromyces, Acremonium, 
Bacillus, Bradyrhizobium, Chaetomium, Lysobacter, Micromonospora, 
Mesorhizobium, Microvirga, and Pseudonocardia—is positively correlated with 
soil fertility and health (Unterseher et al. 2013; Purahong et al. 2016; Wang et al. 
2017). Beneficial soil microbes play a role in preventing erosion, stabilizing soil 
aggregates, decomposing organic residues, solubilizing mineral phosphate, fixing 
atmospheric N, and improving nutrient cycling as well as in suppression of plant 
diseases and soil-borne pathogens (Quiza et  al. 2015; Talaat and Shawky 2017). 
Also, microbial enzymes released into the soil, water, or plant microenvironments 
may affect biogeochemical processes (Nannipieri et al. 2012; Schimel and Schaeffer 
2012; Alves et  al. 2014; Khare and Yadav 2017). Thus, the altered belowground 
processes and the newly established interactions among soil microbiota due to cli-
mate change can have an immense influence on nutrient re-translocation within the 
ecosystem (Ehrenfeld 2003), especially the turnover of C and N pools (Balser et al. 
2002; Gonzalez Megias and Mueller 2010; Reidinger et  al. 2012; Brunner et  al. 
2015; Classen et al. 2015; Godschalx et al. 2015; Dawson and Schrama 2016; Ryalls 
et al. 2016; Heinen et al. 2018a, b; Agrawal et al. 2018; Maron et al. 2018; Ourry 
et al. 2018).
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1.3.4  The Role of Plants in Modulation of Habitats

Plants, including invasive species, influence soil properties (Ehrenfeld 2003; ISAC 
2006; Cong et al. 2016; Ravichandran and Thangavelu 2017). For example, Wedelia 
trilobata caused a significant rise in soil pH values at low levels of invasion, whereas 
high levels of invasion had no impact on soil pH values (Si et al. 2013). Other plants 
such as Ambrosia artemisiifolia L. (Li et al. 2014), Solidago gigantea (Herr et al. 
2007), and Lepidium latifolium (Blank and Youn 2002) at an increased intensity of 
invasion caused a decrease of soil pH compared to sites of native plants. According 
to the authors, decreased soil pH values caused increased solubility of nutrients, 
e.g., P, and their higher availability for plants. Enhanced nitrification was proposed 
as a likely explanation for decreased pH under the invasion of Berberis thunbergii 
and Microstegium vimineum (Ehrenfeld and Scott 2001; Ehrenfeld 2003). Soil acid-
ification during the invasion of Avena barbata and Bromus hordeaceus has a disad-
vantageous influence on the concentration of soil nitrate but an advantageous one on 
the concentration of soil ammonium (Hawkes et al. 2005). As discussed by Novoa 
et al. (2014) and Maron et al. (2018), the initial characteristics of the invaded eco-
systems, including plants and microorganism community, play a key role.

1.4  Global Climate Change Affects Diversity of Plants 
and Microbiota and Interactions in Ecosystems

Apart from the influence of climate change on soil properties and natural resources 
including cycles of carbon and nitrogen, microelements pools, climate change modi-
fies also microorganism communities essential for global nutrient cycling, plant 
 biodiversity, as well as the network of close interactions between the soil, plants, and 
soil microorganisms (Fig. 1.1), which can occur as both native and non-native in the 
ecosystem (Ravichandran and Thangavelu 2017; Cowan et  al. 2018; Sielaff et  al. 
2018). Microorganisms coexisting in nature are also engaged in intricate interactions 
with other organisms and their surroundings. These interactions, based among others 
on the exchange of electron donors or processes of auxotrophies, can affect commu-
nity activities and composition (Zengler and Zaramela 2018). The altered close con-
nections between different microbial communities occurring in varied habitats, e.g., in 
the soil, or in plant organs are likely to affect plant fitness, adaptability in natural 
systems, biodiversity, or the evolutionary path of individual species and whole ecosys-
tems (Dai et al. 2016; Coats and Rumpho 2014; Maron et al. 2018; Zhang et al. 2018).

Changed levels of critical macro- and micronutrients (including C, N, P) due to 
climate change can cause modification of microbial community. It has been shown 
that bacteria and fungal communities correlate with microhabitats and specific soil 
geochemical features and play a distinct role in major nutrient cycles, though they 
both—bacteria and fungi—show differences in shaping C and N distribution in the 
soil (Mueller et al. 2015; Sun 2018).

1 Climate Change Influences the Interactive Effects of Simultaneous Impact…
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Among different interactions in the ecosystem that can be affected by climate 
change, an important role is played by plant–soil microbiota feedback known as 
plant species-dependent profile of belowground microbiota, which in turn impacts 
the functioning of other plants growing subsequently in the same soil (van der Putten 
et al. 2013; Ravichandran and Thangavelu 2017; Heinen et al. 2018a, b). It has been 
shown that the feedback which influences plants via nutrient availability and changed 
microbiota both beneficially and pathogenically running the whole gamut of eco-
logical possibilities (e.g., competitive, exploitative, neutral, commensal, mutualis-
tic) can cause the establishment of new interactions between plants and belowground 
biotas, especially in the rhizosphere (Chakraborty 2005; Ruppel et al. 2013; Zhang 
and Sonnewald 2017; Bach et al. 2018; Jansson and Hofmockel 2018). Moreover, 
the responses of some organisms to climate change may affect microorganisms and 
plants that depend on them (Bellard et al. 2012; Montoya et al. 2012; Ravichandran 
and Thangavelu 2017). Plant species-mediated processes and plant interactions with 
microorganism community can further modify soil properties and biodiversity of 
plants (Kourtev et al. 2002; Yang et al. 2013; Li et al. 2014; Qin et al. 2014; Dawson 
and Schrama 2016; Ravichandran and Thangavelu 2017) as well as alter below- and 
aboveground organisms (Kos et al. 2015a, b; Heinen et al. 2018a, b) such as endo-
phyte microbiomes colonizing root and shoot tissues (Wardle 2002; Wang et  al. 
2007, 2017; Zhang and Sonnewald 2017; Garcia and Kao-Kniffin 2018; Heinen 
et  al. 2018a, b; Tripathi et  al. 2018), insects, or herbivores (Brunner et  al. 2015; 

Fig. 1.1 The relationship between plant habitat and the ecosystem
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Classen et al. 2015; Smith et al. 2015; Agrawal et al. 2018; Ourry et al. 2018). Thus, 
climate change can affect eco-evolutionary dynamics of microorganisms and plants 
(Brunner et al. 2015; Ryalls et al. 2016) and is likely to cause an alteration in the 
functioning of ecosystem processes (Voroney 2007; Smith et al. 2015; Bach et al. 
2018; Bardgett and van der Putten 2014; Eisenhauer et al. 2018; Guerrero- Ramirez 
et  al. 2017; Heinen et  al. 2018a, b; Jansson and Hofmockel 2018; Quatrini and 
Johnson 2018; Ramirez et al. 2018; Santoyo et al. 2017).

1.4.1  The Effect on Plants Adapted to Extremal Climate 
Conditions

The number of vascular species on Earth has been estimated to range between 
223,000 and 420,000 (Scotland and Wortley 2003; Smith et al. 2008). On a large 
scale, plant species distribution variation (magnitude and direction of species range) 
along with plant functional characteristics and tolerance to stress factors (van der 
Putten et  al. 2010; Cannone and Pignatti 2014; Parmesan and Hanley 2015; 
Gebrehiwot 2017) are attributed especially to species-specific responses to tempera-
ture, precipitation/water availability, or CO2 level (Cong et al. 2016; Cassia et al. 
2018). It has been shown that climate change can cause many species to fall outside 
their climatic niches by adjusting their metabolism, the type of adaptive responses, 
as well as the underlying mechanisms (Walther et al. 2002; Thuiller et al. 2005; 
Bellard et al. 2012; Cong et al. 2016).

Among changes in plant metabolism, the type of photosynthetic CO2 fixation 
(type of photosynthesis, C3, C4, and CAM) plays a key role (Gray and Mogg 2001; 
Luttge 2010; McKee et al. 2012; Short et al. 2016). For instance, climate change can 
differentially impact plants performing various types of photosynthesis. It has been 
shown that the increasing CO2 level will boost photosynthesis chiefly in C3 plants—
lacking CCM—in contrast to C4 and CAM plants.

A concurrent increase in CO2 level and temperature, which might be unfavorable 
for C3 plants, may favor C4 and CAM-performing plants having higher light satura-
tion points, higher carboxylation efficiency, lower CO2 compensation point, and 
lower WUE (Luttge 2010; Pathak et al. 2018) as well as showing better adaptation 
to a warmer and more arid climate (Luttge 2010; Yang et  al. 2015). However, it 
should be noted that increasing atmospheric CO2 level to some extent ameliorates 
the otherwise detrimental influence of higher temperature and diminished soil water 
content. The elevated atmospheric CO2 level (1) has a fertilizing effect for C3 spe-
cies, in which photorespiratory costs are assuaged, and (2) causes partial stomata 
closure, thus improving water use efficiency in both C3 and C4 plants (Ainsworth 
and Long 2005; Lobell and Gourdji 2012).

Moreover, temperature changes also impact plant physiology and productivity, 
because elevated temperature (1) engenders faster plant growth and shorter plant 
life span, (2) affects the level of photosynthesis and respiration, and (3) leads to a 
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substantial rise in vapor pressure deficit of air. Furthermore, extreme temperature 
can directly injure plant cells, while higher temperature together with increased 
atmospheric CO2 level may encourage the growth and survival of many pests and 
diseases specific to plant species (Ziska et al. 2011; Lobell and Gourdji 2012). It has 
been shown that crops with C4 metabolism, e.g., maize (Zea mays) or sugarcane 
(Saccharum officinarum), have higher optimal temperature for photosynthesis than 
C3 crops, e.g., rice (Oryza sativa) or wheat (Triticum), but even C4 crops experience 
a drop in photosynthesis at high temperature (Crafts-Brandner and Salvucci 2002). 
Elevated day temperatures can cause a rise or fall in net photosynthesis, depending 
on the current temperature relative to optimum, while elevated night temperatures 
increase respiration costs with no potential benefit for photosynthetic efficiency 
(Lobell and Gourdji 2012).

Moreover, GCC can affect in a different manner plants which are adapted to 
extreme environmental conditions and occupy unique ecological niches such as 
halophytes and glycophytes showing various salt sensitivities (Cheeseman 2015; 
Flowers and Colmer 2015; Flowers and Muscolo 2015; Short et al. 2016; Etesami 
and Beattie 2018). According to Parmesan and Hanley (2015), not only the plastic-
ity of plant metabolism can allow species to adapt to different environmental condi-
tions but also genotype–phenotype interplay as well as new ecological interactions 
favor a plastic response. Moreover, plants are able to quickly accustom to environ-
mental conditions also due to microbiota structure and epigenetic mechanisms 
(Quiza et al. 2015; Vannier et al. 2015; Smith et al. 2017).

1.4.2  Climate Change and Plant Invasion

A critical ecological outcome of global warming and land use changes is plant spe-
cies invasion, which creates new pressures on plant species, plant development, 
health, and competitiveness (Simon and Schmidt 2017). The process of plant inva-
sion changes the natural native plant communities (Willis et al. 2010; Ratnayake 
2014), especially by displacing native plant species and through the loss of plant 
and microbiota biodiversity, but also changes in interactions among plants and 
microbiota or among microorganisms (Vila and Weiner 2004; Ravichandran and 
Thangavelu 2017; Zhang and Sonnewald 2017; Zhang et al. 2018). According to 
Simon and Schmidt (2017), fundamental mainsprings of change are plant–plant 
interactions, which encompass competition, facilitation, and avoidance of competi-
tion, and their control by environmental factors (Trinder et al. 2013). It is estab-
lished that upward of 13,000 plant species have been introduced and formed 
self-sufficient populations outside of their native range (van Kleunen et al. 2015), 
and that figure is expected to rise with globalized trade and resultant introductions 
(Bartz and Kowarik 2019). Nevertheless, Blackburn et al. (2011) and Dawson and 
Schrama (2016) showed that only a tiny proportion of introduced plant species 
became invasive and abundant on the local scale in invaded communities.
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Invasive plants also benefit from elements of GCC (e.g., land use change, climate 
change, elevated atmospheric CO2 level, and N deposition) (Ehrenfeld 2003; 
Kourtev et al. 2002; Theoharides and Dukes 2007). According to Sorte et al. (2013), 
invasive plants respond most positively to CO2 and greater rainfall, while native spe-
cies functioned more efficiently under elevated temperatures and diminished rain-
fall. Moreover, invasive and native plants compete for various resources (Werner 
et al. 2010; Eissfeller et al. 2013) and often contribute to a different quantity and 
quality of resource inputs to the soil (Ehrenfeld 2010). Native and invasive plants 
have various capabilities for water accumulation, organic matter decomposition, 
nutrient cycling (particularly C, N, and P) regulations, and inorganic compound 
accumulation (e.g., potassium (K), magnesium, and manganese) (Herr et al. 2007; 
Dassonville et al. 2008; Liao et al. 2008; Berg and Smalla 2009; Weidenhamer and 
Callaway 2010; Hickman et  al. 2013; Berg et  al. 2014; Chaparro et  al. 2014; 
Lakshmanan et al. 2014; Quiza et al. 2015; Sardans et al. 2015; Wang et al. 2015; 
Zhang et al. 2016; Ilangumaran et al. 2018; Jacoby et al. 2017; Ravichandran and 
Thangavelu 2017; Heinen et al. 2018a, b). Differences in the rates and dynamics of 
biogeochemical processes activated by native and invasive plants (Si et al. 2013; 
Kuebbing et al. 2014; Sardans et al. 2015; Ravichandran and Thangavelu 2017) dis-
similarly alter soil physicochemical properties, soil structure, and fertility 
(Ravichandran and Thangavelu 2017; Wallenstein 2017; Zhang et al. 2017; Jansson 
and Hofmockel 2018; Tripathi et al. 2018).

It is also worth noting that the problems indicated above for plant invasion are 
also applicable for the spread of indigenous weeds in cropping systems. As an 
example, in the last decades, an increasing problem with rush (Juncus sp.) is 
observed in Norwegian meadows and pastures. The main reasons are climate 
changes, which soothed the course of winters in the west coast of Norway. Rush 
species have good freezing tolerance until February and then their tolerance 
decreased (Ostrem et al. 2018). This drop in freezing tolerance appeared earlier than 
observed in competing perennial grasses (Hoglind et al. 2010). Thus, rushes may 
start their vegetation earlier, which increases their level of competitiveness.

1.4.3  The Role of Links Between Genotypes and Phenotypes 
in Adaptation to Climate Changes

The links between genotypes, phenotypes, and changing environment are also 
thought to play a major role in adaptive responses and in plasticity of evolutionary 
trajectories (El-Soda et al. 2014). Genetic diversity can be an important determinant 
of species’ sensitivity (Kelly 2019). Plant phenotypic plasticity/variation, which may 
allow species to counter the detrimental effects of extreme conditions, is also con-
trolled by epigenetics and plant symbiotic microbiota (Vannier et al. 2015; Chevin 
and Hoffmann 2017). Transgenerational epigenetic inheritance enables a prompt 
response to environmental stresses, through changes in gene expression as well as in 
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posttranscriptional and posttranslational modifications by means of  inherited change 
in small RNA expression patterns, DNA methylation, or histone modification. 
Environmentally induced phenotypes may be sustained for several generations, due 
to the transmission of molecular factors determining the way in which genetic infor-
mation is expressed (Shaw and Etterson 2012; Zhang et al. 2013; Vannier et al. 2015; 
Chevin and Hoffmann 2017; Lind and Spagopoulou 2018). Plant-associated (micro-) 
organisms (symbiotic microbiota) provide essential active biomolecules, modulate 
plant metabolism, and modulate the immune system of the host; thus, they are 
involved in dynamic adjustment to the constraints of the environment, plant survival, 
and adaptation (Vandenkoornhuyse et al. 2015; Vannier et al. 2015).

1.5  Ecological Interactions Between the Soil, Plants, 
and Microorganisms Promoting Plastic Response 
to Climate Change

Microbial communities play a key role in the regulation of ecosystem homeostasis, 
since they influence abiotic and biotic ecosystem components extensively and in 
various ways as well as affect the balance between any sort of interactions (i.e., 
positive, negative). Microorganisms can benefit plants through the impact on plant–
water relations, ionic balance, photosynthetic capacity, protein assimilation, or hor-
monal status (Talaat and Shawky 2017). On the other hand, microbial community 
structure is under direct influence and regulation by abiotic and biotic ecosystem 
components, for instance, by different plant–microorganism relationships classified 
as neutralism, synergism, commensalism, mutualism, amensalism, competition, or 
parasitism (Ilangumaran et  al. 2018). Interaction of plants with microorganisms 
confers (a)biotic stress tolerance to plants, e.g., alleviates negative effects of plant 
pathogen attacks/infections (Dimkpa et al. 2009; Dodd and Perez-Alfocea 2012) or 
soil-borne pathogens under unfavorable environmental conditions (Bell et al. 2015; 
Quiza et al. 2015; Talaat and Shawky 2017).

In addition, global climate change by altering the distribution of organisms such 
as plants, animals, and microorganisms (above- and belowground biotas), as well as 
modifying their metabolism (Dawson and Schrama 2016; Jacoby et al. 2017), can 
alter or interrupt even long-term coevolved associations (e.g., by promoting the 
invasion of plants) between plants and microbiomes (e.g., plant–herbivore or plant–
pathogen interactions) or between microbiomes living in the soil and aboveground 
(Kerchev et al. 2012; van der Putten 2012; Classen et al. 2015; Bang et al. 2018; 
Ilangumaran et al. 2018; Tripathi et al. 2018), e.g., by root secretions (Wolfe and 
Klironomos 2005; Wallenstein 2017; Zhang et al. 2017, 2018).

Moreover, altered plant biodiversity and plant–plant interactions (e.g., competi-
tion between native and invasive plant species) (1) play a key role in regulating the 
impact of environmental change drivers—any natural or human-induced factors that 
cause change in the ecosystem directly (GLOBIO), (2) can affect the pattern of plant 
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species or microbial communities structure, and (3) can in turn influence plant 
 performance through positive and negative feedbacks (van der Putten et al. 2007a, b; 
Nannipieri et al. 2012; Philippot et al. 2013; Maron et al. 2016; Marupakula et al. 
2017; Ravichandran and Thangavelu 2017). For example, feedback between plants 
and soil occurs when soil interacts with changing vegetation to create microorgan-
isms that help or harm specific species (Maron et  al. 2016). Positive feedback is 
favored mostly by mycorrhizal fungi, nitrogen-fixing bacteria, and beneficial soil 
microbes, and it promotes intraspecific and interspecific competition and favors the 
predominance of plants, while negative feedback is mediated by soil-borne patho-
gens, herbivores, and parasites (Larios and Suding 2015; Ravichandran and 
Thangavelu 2017). Maron et  al. (2016) underlines that plant–soil feedbacks and 
interspecific competition are common interactions which have a strong impact on 
productivity, abundance, and diversity of plants and can play a crucial part in the 
coexistence of plant species and ecosystem services. According to Bukowski et al. 
(2018), the taxonomic level of organisms is an important factor in maintaining the 
coexistence of plants and soils as a potential stabilizing mechanism. Moreover, plants 
such as native and invasive species may create a feedback with soil microbiota but 
with different influence on the microbial communities’ composition below- and 
aboveground (Wang et al. 2007; Li et al. 2014; Ravichandran and Thangavelu 2017).

Altered biodiversity of plants and soil microbiota as well as their interactions can 
further cause changes in (1) the competitiveness of plants, (2) the interaction between 
plants and their environment, (3) the capabilities of plants to adapt to specific local 
habitats, (4) the dynamic responses to changes in resource availability, (5) the toler-
ance/resistance of plants to abiotic and biotic stresses, and (6) the changed feedback 
effects (positive or negative) (Rout and Callaway 2012; Suding et al. 2013; Kuebbing 
et al. 2014; Ravichandran and Thangavelu 2017). Altered biodiversity of plants and 
soil microbiota as well as their interactions can also (1) alter the stability of microbial 
community; (2) change interactions of competitiveness; (3) affect the actual ratio of 
beneficial and pathogenic soil microbes, including bacteria and fungi; and (4) alter 
soil enzyme activities (Kourtev et al. 2002; Yang et al. 2013; Li et al. 2014; Qin et al. 
2014; Quiza et al. 2015; Dawson and Schrama 2016; Lareen et al. 2016; Wang et al. 
2016; Ravichandran and Thangavelu 2017). Thus, they lead to changed interspecific 
competition and plant–soil feedback interaction (Maron et al. 2016); contribute to 
new plant–microbe interactions including parasites or pathogens, mutualists, symbi-
onts and saprophytes, or decomposers; and can cause the development of disease 
states of plants (Quiza et al. 2015; Guo et al. 2018; Tripathi et al. 2018) and change 
ecosystem functioning (Brooker 2006; Mitchell et al. 2006; Wang et al. 2015).

1.5.1  The Rhizomicrobiomes

Among microorganisms, in particular mutualistic microbiota, such as endophytic or 
arbuscular mycorrhiza, which are selected by the plant, persist through generations 
and have an impact on the reproductive strategies in the host plant, plant competition, 
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and successive generations. It has been shown that with raised CO2 and/or N level, 
also other factors will come into play such as elevated moisture or temperature, and 
they can affect microbial biomass, the composition and structure of microbial com-
munities, as well as microbial metabolism (Llado et al. 2017; Santoyo et al. 2017; 
Maron et al. 2018). Soil microbial communities affect processes vital for the survival 
of a living organism and shape its capabilities for interacting with its environment. 
Soil microbiome can (1) modify the plant’s ability to reproduce and acquire resources, 
(2) promote plant development and productivity, (3) control plant resistance to abi-
otic constraints, (4) alleviate the influence of environmental stresses on plants and 
have significant impact on plant stress tolerance, (5) enhance plant survival, and (6) 
control plant and microbiota populations as well as plant–microorganism relation-
ships (Quiza et al. 2015; Vandenkoornhuyse et al. 2015; Smith et al. 2017; Guo et al. 
2018; Ilangumaran et al. 2018; Tripathi et al. 2018).

Microorganisms also affect plant phenotype (induced by mutualists) and support 
its fitness in rapid buffering of environmental changes. In the creation of phenotypic 
variants in response to environmental conditions, an important role is also played by 
mechanisms such as epigenetics. The same selection factors that affect specific 
organisms also have equivalent influence on phytomicrobiome and its interactions 
with the host plant in a resistant holobiont (as the unit of selection). The plasticity of 
adaptation of all components of the holobiome (interspecies induction changes) is 
mediated through epigenetic mechanisms (Vandenkoornhuyse et al. 2015; Vannier 
et al. 2015). Additionally, the enhancement of the activity of microbial soil enzymes—
such as dehydrogenases, oxidoreductases (e.g., catalase), and enzymes involved in C 
(invertase) and N (urease) or phosphatases—not only improves soil quality but also 
promotes plant productivity (Ilangumaran et al. 2018; Utobo and Tewari 2015).

The rhizosphere, distinguished from the bulk soil zone (edaphosphere), is a ver-
satile and dynamic ecological environment in the soil and a vital region of the plant 
ecosystem, extending from 2 to 80 mm away from plant root surface (Prasad et al. 
2019). The rhizosphere consists of three main zones—endorhizosphere, rhizoplane, 
and ectorhizosphere. Among the main zones, the endorhizosphere comprises the 
cortical and endodermal tissue of the root, the rhizoplane includes root epidermis 
and associated mucilage, while the ectorhizosphere encompasses the soil close to 
the root (De-la-Pena and Loyola-Vargas 2014; Garcia and Kao-Kniffin 2018). In the 
rhizosphere, complex, intensive, direct, and indirect interactions between plants and 
the corresponding organisms closely associated with plant roots (rhizomicrobiome) 
take place, e.g., plant–plant, microbe–microbe, and plant–microbe, as well as inter-
actions with other eukaryotic micro-, meso- and macro-soil inhabitants (Peiffer 
et  al. 2013; Quiza et  al. 2015; Garcia and Kao-Kniffin 2018). The rhizosphere 
microbiota (free-living or intricately linked to their plant hosts), which establishes 
mutualistic symbioses with the roots of most terrestrial plants (more than 80% of 
plant  species), may have a microbial cell count of up to 1.011 per root gram 
(Egamberdieva et  al. 2008) and over 30,000 prokaryotic species (Mendes et  al. 
2013). The root microbiome has also been described as a “secondary genome” 
which supplies host plants with microbe-derived compounds (Rout and Southworth 
2013). The plant–microbe interactions may have a positive, negative, or neutral 
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effect on plant growth and productivity (Ordookhani and Zare 2011). In the rhizo-
sphere, among others, (1) plants and microbes compete to retrieve essential macro- 
and micronutrients from a limited nutrient pool and (2) bacterial communities 
compete for nutrients released near plant roots (Bulgarelli et  al. 2013; Chaparro 
et al. 2014). Moreover, the rhizosphere zone due to the presence of root exudates 
undergoes chemical transformations, enhances microbial activity or metabolites of 
microbial degradation, as well as promotes a typically diversified and dense micro-
bial population, including bacteria, whose population in the rhizosphere is generally 
10–100 times higher than in bulk soil, and also fungi, protozoa, and algae coexisting 
among them.

Among this microbiota, plant growth-promoting bacteria are most numerous in 
the rhizosphere. They can bind to the outer surface of the plant, such as roots (rhi-
zosphere) or leaves (phyllosphere), or can inhabit the inner surfaces of the plant to 
form endophytic compounds. Bacterial endophytes can only be located in roots or 
stems and can be equally distributed in plant tissues or form specific structures, such 
as nodules, depending on bacteria and plants. Plant growth-promoting bacteria sup-
port the growth and development of plants, improve plant health, and protect plants 
against environmental stress such as flooding, drought, salt, metals, organic pollut-
ants, as well as bacterial and fungal pathogens. The key component in the potent 
functioning of these bacteria is the ability to produce, among others, ACC- 
deaminase, which decreases plant ET level, often induced as a result of various 
stresses (Bahadur et al. 2017; Verma et al. 2017; Prasad et al. 2019).

Important members of the root microbiome are arbuscular mycorrhizal (AM) 
fungi. Moreover, some bacteria associated with the mycorrhizosphere (mycorrhiza 
helper bacteria, component of AM symbiosis) seem to be involved in the establish-
ment and function of AM fungi and AM symbiosis. Spore germination, hyphal 
growth, and AM fungal colonization may be promoted by the mycorrhizospheric 
bacteria, such as the bacteria associated with the hyphae or spores of AM fungi, 
together with bacteria living in the root nodules, the endosphere, and the rhizosphere. 
In addition, synergistic interactions between plant growth-promoting rhizobacteria 
and AM fungi can enhance plant yield quality (Gorzelak et al. 2015; Akyol et al. 
2019). It has also been found that various AM fungal species are linked to different 
bacteria (Selvakumar et al. 2016); thus, the introduction of new AM fungi species 
can also introduce related bacteria which can lead to changes of the contents and 
structures of the pools of root microbiomes (Akyol et al. 2019). AM fungi may stim-
ulate or inhibit the growth of some microbes (Marschner and Timonen 2006) by 
providing carbon compounds, exuding inhibitory or stimulatory compounds, or sim-
ply competing for nutrients (Akyol et al. 2019). The cooperation between plants and 
AM fungi enables the provision of multiple ecosystem services from the biogeo-
chemical cycle completion to the retention of biological soil fertility. It has been 
shown that AMF can also act as a direct C source for the host in the soil and contrib-
ute directly to its C pools to pass over the decomposition process (Asmelash et al. 
2016). In exchange, AMF improve the availability of mineral nutrients for plants, 
including calcium (Ca), copper (Cu), sulfur (S), N, K, P, and zinc (Zn), among which 
some nutrients such as P or Zn are known as limiting factors for plant growth as well 
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as nutrients affected by climate change (Smith et al. 2017; Akyol et al. 2019). AMF 
increase plant tolerance to (a)biotic stresses or cause changes in plant secondary 
metabolism by stimulating the biosynthesis of, e.g., polyphenols or carotenoids 
which promote plant productivity (Doornbos et al. 2012; Turrini et al. 2018).

Soil microbial communities can be affected by climate change, especially CO2 
concentration, N deposition level, and temperature (Garrett et al. 2006; Wilson et al. 
2016). According to Wilson et al. (2016), the effects of climate change on AMF–
plant symbioses are mediated by vegetation dynamics as well as soil water and 
nutrient availability. Moreover, altered soil microbial communities through root 
exudates, litter, and mineralized nutrients can change plant biodiversity or plant 
interactions with symbiotic mutualists, pathogens, and herbivores in the rhizo-
sphere, as well as with decomposer organisms (Quiza et al. 2015; Smith et al. 2017; 
Zhang et al. 2018; Akyol et al. 2019). All these processes can be highly impacted by 
invasive species since they introduce new properties, such as N fixation, chemical 
control of local symbiotic mycorrhizal fungi, and pathogen resistance, or change the 
belowground resource input when they produce organic matter of different quality 
(van der Putten et al. 2007a, b; Zhang et al. 2018). Invasive microorganisms can also 
alter these ecosystem processes when they interfere with local patterns of symbio-
sis, pathogenicity, or decomposition processes (Ehrenfeld 2003; van der Putten 
et al. 2007a, b; Zhang et al. 2018). Moreover, soil biota exerts different impacts on 
native and invasive ranges. For instance, microorganisms which are detrimental or 
pathogenic to the native plant species can be beneficial for the invading species and 
promote plant invasion (Inderjit 2005; Coats and Rumpho 2014; Dai et al. 2016). 
The microbiome of cultivated barley (Hordeum vulgare) differs from that of its wild 
ancestors in both function and diversity, with genes connected with host–microbe 
interaction showing evidence of positive selection (Bulgarelli et al. 2015). Zachow 
et al. (2014) showed that the rhizosphere bacterial community of Beta vulgaris ssp. 
Maritima, a wild ancestor of beet, has a greater degree of diversity resistance to 
abiotic stress and lower proportion of isolates with anti-phytopathogenic activity 
than that of modern sugar beet. Zhang et al. (2018) stated that CO2 efflux, N miner-
alization rate, and enzyme activities are higher in invasive compared to native rhizo-
sphere soils. They indicated that invasive plants may in particular support 
decomposers, which entails stimulation of nutrient release via litter effect and 
enhancing nutrient uptake by decrease in root grazing together with forming more 
symbioses in the rhizosphere, which in consequence facilitates plant invasion.

Moreover, the biological and chemical features of the rhizosphere zone can be 
influenced by root exudation patterns caused by changed plant status as well as 
high diversity and activity of microbial community, including AMF (Bulgarelli 
et al. 2013; Chaparro et al. 2014; Akyol et al. 2019). Soil microbiomes, especially 
in the rhizosphere zone, impact the ability to process chemical elements, as well 
as the function, productivity, stability, and sustainability of ecosystems (Panke-
Buisse et  al. 2015; Vannier et  al. 2015; Ravichandran and Thangavelu 2017; 
Wang et al. 2017).
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1.5.2  The Endosymbionts

“Phytomicrobiome” is the collective term for the microorganisms which colonize 
plants. The phytomicrobial genomes broaden the genetic pool of plants, and plants 
control their phytomicrobial composition (Smith et al. 2017). The complex ecologi-
cal interactions between plant and endo- and intracellular microorganisms described 
as the “plant–microbiome (phytomicrobiome) interactions” (Quiza et  al. 2015; 
Ying-Ning et al. 2017), of which many are inextricable, e.g., endosymbionts, occur 
inside the tissues of the host plant (Ilangumaran et al. 2018). The phytomicrobiome 
is composed of functionally and taxonomically distinct sets of microbiomes which 
adapted to different compartments of the plant including flowers (anthosphere), 
fruit (carposphere), leaves (phyllosphere), and stem (caulosphere), within the plant 
(endosphere) and on the roots (rhizosphere), as well as interact with the host plant 
in a particular way (Turner and Condron 2013; Smith et al. 2015; Ilangumaran et al. 
2018). These interactions include processes within plant endosphere (the microbial 
habitat inside both above- and belowground plant organs), phyllosphere (aboveg-
round plant surfaces), and rhizosphere (Parmesan and Hanley 2015; Quiza et  al. 
2015; Franklin et al. 2016; Compant et al. 2019). The microorganisms such as the 
“phytomicrobiome” have also been described as key components of plants because 
they contribute to a significant portion of the “secondary genome” of the host plant, 
hence the functioning of both these organisms as a metaorganism or holobiont 
(Bosch and McFall-Ngai 2011; Lakshmanan et  al. 2014; Quiza et  al. 2015; 
Vandenkoornhuyse et  al. 2015). The distribution and composition of microbial 
communities (phytomicrobiome) living inside both above- and belowground plant 
organs have been correlated with the overall condition of the plant, productivity and 
stress tolerance/resistance (Ma et  al. 2011; Adesemoye and Egamberdieva 2013; 
Chaparro et  al. 2014; Glick 2014; Panke-Buisse et  al. 2015; Quiza et  al. 2015; 
Santoyo et al. 2016; Smith et al. 2017; Compant et al. 2019), their involvement in 
facilitating the uptake of soil nutrients, and mobilization of nutrients or atmospheric 
N fixation (Smith et al. 2017; Ilangumaran et al. 2018).

1.5.3  Plant–Pathogen Interaction

Global warming leads to the exposure of plants to a greater range and number of 
simultaneous abiotic and biotic stresses. Moreover, (a)biotic stresses or their combi-
nations can interact unpredictably (e.g., additively, synergistically) under global cli-
mate change and cause negative as well as positive effects on plants (Pandey et al. 
2017). Changes in plant diversity and also plant-associated communities of microor-
ganisms will likewise significantly model habitats and thus influence occurrence of 
pathogens (Zhang and Sonnewald 2017). Climate change can also affect the balance 
among different signals that are perceived or induced by plants/other organisms, e.g., 
environmental (nutrients, light, temperature, CO2 level, salinity, species/populations 
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of plant and microbiota, etc.) or metabolic (carbohydrates, amino acids, phytohor-
mones), as well as affect source-to-sink transport and/or source–sink relationship in 
plants. These changes would directly or indirectly affect the nutrition status, meta-
bolic state, or signaling pathways of plants and other organisms. Plants with changed 
metabolism may have modified sensitivity to abiotic and biotic (e.g., pathogens, 
viruses, nematodes) stresses. For instance, under altered environmental conditions, 
the source–sink balance at the whole plant level can be changed by a pathogen that 
may form strong and competitive metabolic sinks at the site of infection having 
negative impact on growth and development of the plant (Zhang and Sonnewald 
2017). Moreover, the dynamic host plant–pathogens–environment interplay (includ-
ing the so-called disease triangle) altered by global climate change (Pachauri et al. 
2014; Das et al. 2017; Pathak et al. 2018) may cause pathogen dispersal over great 
distances and transmission of pathogen-related diseases from one geographic region 
to another, negatively affecting plant population development and production poten-
tial (Atkinson and Urwin 2012; Andersen et al. 2018).

Plants’ ability to withstand aggressive attacks of pathogens/pathogen infection 
depends not only on the ongoing primary and secondary global changes in the litho-
sphere, hydrosphere, or atmosphere (especially CO2, temperature, humidity) but 
also on changes in microbiome populations (e.g., above- and belowground micro-
flora diversities) playing a crucial role in the maintenance of ecological balance or 
other organisms such as, e.g., insects (Das et al. 2017; Trębicki et al. 2017; Pathak 
et al. 2018; Zhou et al. 2019).

The plant–pathogen interaction can be regarded as a two-way process mediated 
by plant- and pathogen-derived metabolites/stimulants, in which the plant recog-
nizes and responds to the attack of the pathogen (classified as biotrophic, hemibio-
trophic, or necrotrophic based on its lifestyle and impact on the host cells), while the 
pathogen influences plant metabolism to optimize conditions for its own pattern of 
growth and development (Avila Mendez and Romero 2017). The “disease triangle” 
is a conceptual model in plant pathology that underlines multifaceted processes 
between plants, pathogens, and the environment. Naturally, disease may happen 
when these three components/agents, i.e., conducive environmental conditions, a 
susceptible plant host, and a virulent pathogen, coexist at the same time, while the 
lack of an environment conducive to the development of any of three factors means 
that the disease does not develop (Velasquez et al. 2018).

The plant defense/immune system consists of two branches. The first level of the 
defense system is a general reaction of resistance to common pathogen features, and 
it is triggered in plants by the perception of molecular patterns (i.e., MAMPs or 
PAMPs) associated with microbes or pathogens. Moreover, following a pathogen 
attack, an additional plant surveillance system consists in the release or production 
of endogenous damage-associated molecular patterns (DAMPs), which are able to 
activate the innate immune system. MAMP/PAMP/DAMP recognized by plant cell 
surface receptor proteins known as pattern recognition receptors (PRRs) initiates 
physiological modulation of the cell. PRRs induce local and systemic immunity. The 
identification of PAMPs or MAMPs results in plant immunity called PAMP/pattern-
triggered immunity (PTI), which enhances plant resistance to a broad spectrum of 
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pathogens (including nonhost pathogens). When PTI and host resistance genes are 
suppressed by pathogens to promote pathogenesis, the second branch of the immune 
system (pathogen-specific branch) called ETI or R gene-mediated effector-triggered 
immunity is initiated. It refers to virulence factors or specific pathogen effectors. It 
is induced after specific recognition of the pathogen race- specific avirulence (Avr) 
gene by specific resistance (R) gene of the host plant. In order to recognize effectors 
secreted by pathogens (i.e., biotrophs, several necrotrophs), plants utilize cell sur-
face-localized NB-LRR proteins (referred to as R proteins). The amino terms of 
these proteins are TIR-type receptors or the non-TIR group referred to as the CC 
domains. ETI is highly specific and often results in the HR and SAR. PTI and ETI 
share signaling mechanisms including PR gene expression, generation of reactive 
oxygen species, or phytohormone-dependent signaling pathways. A coevolution of 
host plants and pathogens is reflected by the multiple layers of plant immunity 
(Delaunois et al. 2014; Gill et al. 2015; Avila Mendez and Romero 2017; Chowdhury 
et al. 2017; Jwa and Hwang 2017; Lee et al. 2017; Andersen et al. 2018; Saijo et al. 
2018; Lorang 2019; Noman et al. 2019; Rodriguez et al. 2019). Other plant–patho-
gen interaction models such as the invasion model, multicomponent model, and zig-
zag model have also been described (Andolfo and Ercolano 2015; Avila Mendez and 
Romero 2017).

Plant disease development is determined by the three-way interaction of the plant, 
the pathogen, and the environment. The optimal environmental conditions, such as 
CO2 concentration, temperature, relative humidity, and soil fertility, enable plant and 
pathogen growth, development and reproduction, as well as the outbreak of disease. 
The altered environmental conditions due to climate change may have positive, nega-
tive, or neutral impact on the shift in the nature of some plant–pathogen interactions 
as well as the development of plant diseases (Elad and Pertot 2014; Zeilinger et al. 
2016; Peyraud et al. 2017; Pathak et al. 2018; Velasquez et al. 2018). Among others, 
this is also due to the fact that both plants and pathogens, which function as two 
coevolving groups, are joined in continual antagonism, which includes changing 
selection cycles leading to the increase of the resistance or virulence, respectively 
(Wroblewski et al. 2009). The environmental changes can impact pathogen biology, 
including vigor, survival, rate of multiplication, sporulation, direction, and distance of 
inoculum dispersal as well as the rate of spore germination, thus affecting the dynam-
ics of pathogen populations. Moreover, pathogens evolve new virulence through 
migration, selection, mutation, or recombination of virulence genes (Yanez-Lopez 
et al. 2012; Ferrocino et al. 2013; Bourguet et al. 2016; Wu et al. 2016; Pathak et al. 
2018; Velasquez et al. 2018). Also the intrinsic genetic characteristics of both plant 
host and pathogens, and genetic changes in pathogens as a result of better adaptation 
to stress conditions or alteration in pathogen vector bionomics due to direct or indirect 
modification as well as rapid microorganism migration/spread, determine the range of 
plant diseases (Lamichhane and Venturi 2015; Croll and McDonald 2017). Since a 
number of plant disease resistance pathways, such as PTI, ETI, RNA interference, and 
the network of phytohormone signaling pathways enabling plants to activate defense 
responses, are all influenced by environmental factors (Velasquez et al. 2018), chang-
ing environmental conditions can cause, e.g., a negative interactive effect of plant and 
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pathogen, by lowering plant disease resistance/plant innate immunity, which results in 
plants becoming more susceptible to viral, bacterial, fungal, and nematode pathogens 
as well as insects (Gao et al. 2015; Pathak et al. 2018; Velasquez et al. 2018). Climate 
affects all stages of pathogen and host plant life and undoubtedly gives rise to a chal-
lenge to many pathosystems (Ahanger et al. 2013; Elad and Pertot 2014; Helfer 2014; 
Lamichhane and Venturi 2015; Newbery et al. 2016; Caubel et al. 2017; Das et al. 
2017; Pathak et al. 2018). As a result, pathogens will become resistant to current host 
defense responses and/or better adapted to infect a new host species, will enter and 
spread in new hosts, new virulent variants of pathogen races will appear, and the geo-
graphical distribution of pathogens will expand (Altizer et al. 2013; Newbery et al. 
2016; Peyraud et al. 2017; Zhang and Sonnewald 2017).

The degree of complexity of environmental impact on plants and microorgan-
isms increases when the effects of simultaneous abiotic and biotic factors combine 
as well as when there are significant overlaps between multiple stress signal trans-
duction pathways. It should be noted that in many cases, the first stress factor(s) 
followed by other stress factor(s) in sequence may either “endure” due to priming or 
“predispose” the plants to the subsequent stress (Pandey et  al. 2017; Chojak- 
Kozniewska et  al. 2018). The response to the previous stress factor alters the 
response to the following/repeated or new abiotic or biotic stress factor(s) through 
key processes such as stress memory and priming effects, by which plants modify 
responses to subsequent challenges in the future (Atkinson and Urwin 2012; Prasch 
and Sonnewald 2015; Nejat and Mantri 2017; Chojak-Kozniewska et  al. 2018; 
Libik-Konieczny et  al. 2019). For instance, plants influenced by abiotic stresses, 
thus experiencing oxidative stress, are probably more resistant to biotrophic or 
hemibiotrophic pathogens and may be less resistant to necrotrophic fungal patho-
gens (Libik-Konieczny et al. 2011, 2012, 2019). Also, pathogens can improve plant 
resistance to abiotic stresses. Several pathogens cause the closure of stomata mak-
ing infected plants more drought-tolerant (Zhang and Sonnewald 2017).

The effect of climate change on plant–pathogen interaction may be in some cases 
very complicated. This is observed for plant winter pathogens causing snow mold 
symptoms (Rapacz et al. 2014). The reduction of snow cover, which decreases the 
incubation period for fungi, would result in a significant decrease in the occurrence 
and severity of infections (Roos et al. 2011). On the other hand, the extreme/epi-
sodic weather events predicted, inclusive of years of heavy snowfall and colder 
winters, will favor these species of snow mold fungi which are able to live sapro-
phytically in the soil, and even the inoculum of sclerotia-forming species can sur-
vive for long periods in the soil without favorable growth conditions waiting to 
attack plants under advantageous conditions (Hsiang et al. 1999). Thus, it is likely 
that climate change will considerably influence the biodiversity of snow mold fungi. 
Additionally, changes in weather conditions in autumn and winter may consider-
ably affect plant metabolism and thus plant–snow mold interactions (Gaudet and 
Chen 1988).

Climate change will increase pathogen density in relation to plant population, 
favoring disease transmission and increasing the range of plant diseases caused by 
particular pathogen species, as well as affect the optimal conditions for and the 
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mechanism of infection, host susceptibility and specificity, and thus plant–pathogen 
interactions (Atkinson and Urwin 2012; Ahanger et al. 2013; Elad and Pertot 2014; 
Gautam et al. 2013; Bebber et al. 2014; Elderd and Reilly 2014; Abdullah et al. 
2017). Climate change is also likely to directly and indirectly influence future out-
breaks of viral diseases in wild and cultivated plants through effect on hosts, viruses, 
and vectors (Jones 2016). The stability of plants in a particular environment deter-
mines the dynamic of plant disease (epidemics) (Peyraud et al. 2017; Islam 2018). 
The altered environmental conditions and deviation from factors determining “dis-
ease optimum” can cause changes in plant disease in time and space, e.g., fewer 
disease symptoms occurring in plants (Gill et al. 2015; Avila Mendez and Romero 
2017; Lee et al. 2017; Peyraud et al. 2017; Saijo et al. 2018). The altered ecophysi-
ology of plants and pathogens as well plant–pathogen interactions due to climate 
changes can also lead to altered management of energy and nutrient flow through 
systems/communities in the ecosystem, thereby affecting whole ecosystem func-
tioning and resilience (Atkinson and Urwin 2012; Elad and Pertot 2014).

Examples of global climate change on different members of ecosphere (soil, 
plants, and microbiota) have been presented in Table 1.1 and also in many reviews. 
Its influence on plants has been presented in, e.g., Bodner et al. (2015), Mueller 
et al. (2015), and Pathak et al. (2018) and on pathogens in Newbery et al. (2016), 
Noctor and Mhamdi (2017), Short et al. (2016), Chala and Meseret (2018), Pathak 
et al. (2018), and Velasquez et al. (2018).

1.6  Plant and Microbiota Internal Factors Enabling 
the Response to Complex Environmental Challenges

The interactions between plants and diverse microorganisms which occur in the rhi-
zosphere, phyllosphere or endosphere are based on different mechanisms, signals 
(e.g., chemical), or bioactive molecules secreted by both plants and microorganisms 
(Evangelisti et al. 2014; Quiza et al. 2015; Ilangumaran et al. 2018). Bioactive mol-
ecules secreted by plants are known as plant exudates, root-secreted molecules, while 
by microorganisms as plant growth-promoting factors. These biologically active/sig-
naling substances include primary and secondary plant metabolites such as sugars, 
amino acids, proteins, amides, fatty acids, vitamins, organic acids compounds, aro-
matic or phenolic compounds (phytoalexins, flavonols, indole compounds, flavo-
noids), phytohormones (e.g., SA), glucosinolates, extracellular enzymes, volatile 
substances, and soil enzymes (Mendes et al. 2013; Oburger et al. 2013; Turner and 
Condron 2013; De-la-Pena and Loyola-Vargas 2014; Yergeau et al. 2014; Quiza et al. 
2015; Page et  al. 2015; Smith et  al. 2015; Zhang et  al. 2015; Wang et  al. 2017; 
Ilangumaran et al. 2018). Among metabolites secreted to the soil, plant root exudates 
are the most important compounds in the rhizosphere. Dynamic composition (quality 
and amount) of compounds exudated to the soil depends on the plant species, plant 
physiological stage, plant nutritional status, microbial activity in the rhizosphere, and 
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Table 1.1 Examples of the impact of short- and long-term changes of the environmental factors 
due to global climate change

Climate-dependent changed 
environmental factors/
climatic events

Geographical region/effect on environment and 
plants References

Alteration in rainfall pattern 
due to El Niño–Southern 
Oscillation (ENSO), i.e., 
irregular and periodic 
variation of sea surface 
temperatures and winds over 
the eastern tropical Pacific 
Ocean or La Niña (colder 
counterpart of El Niño)

• Ethiopia, 1997–1998
• High degree of loss of the crop of late-planted 
lentil due to rust
• Ethiopia, 2008–2011
• Drought, poor harvests, or complete crop 
failure, e.g., teff, maize, sorghum, wheat, and 
barley
• The Marshall Islands, El Niño-driven drought, 
2015–2016
• Damage and losses in crops, e.g., taro, 
pumpkins, and fruit trees such as coconut, papaya, 
bananas, and citrus

Varma and 
Winslow 
(2004)
http://www.
fao.
org/3/a-
i6049e.pdf

Infrequent late rainfall • West Asia, North Africa, 1979–2007
• Severe Ascochyta blight and infection caused 
by fungus Ascochyta rabiei in chickpea, resulting 
in yield and quality losses

Abang and 
Malhotra 
(2008)

Floods due to the El Niño • Sri Lanka, 2016–2017
• Soil erosion and sludge accumulation in low 
agricultural lands, water pollution in excavated 
wells
• Negative influence on agricultural production, 
e.g., tea and rice

http://www.
fao.
org/3/a-
i6049e.pdf

Tropical Cyclone Pam due 
to the El Niño
El Niño-dependent drought 
in agricultural areas; rain 
shadow areas

• Vanuatu, 2015
• Serious damage to marine and coastal 
ecosystems such as coral reefs, mangroves, and 
tropical forests
• Reduction of farmlands
• Losses in crops yields, e.g., manioc, sweet 
potato, and aroids

http://www.
fao.
org/3/a-
i6049e.pdf
http://www.
fao.
org/3/a-
i4251e.pdf

Meteorological drought • The Czech Republic, 1961–2000
• Reduction of yields of spring barley 
(determined by Palmer Z-index)
• Seasonal water balance has a significant 
influence on cereal production (mainly in south 
eastern Czech Republic)

Trnka et al. 
(2007)

Elevated CO2 • Atmospheric CO2 and soil nutritional value 
affect the responses of plants to rhizosphere 
colonization by soil bacteria
• Plant growth and systemic resistance depend on 
the concentration of atmospheric CO2 and the type 
of soil (ranging from growth stimulation to growth 
suppression with induced resistance at elevated CO2)
• Interaction between CO2 content in the 
atmosphere and soil nutritional status affects the 
responses of plants to rhizobacteria

Williams 
et al. (2018)

(continued)
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Table 1.1 (continued)

Climate-dependent changed 
environmental factors/
climatic events

Geographical region/effect on environment and 
plants References

Elevated CO2 • Giessen, Germany
• Elevated CO2 content stimulates the use of 
rhizosphere C by arbuscular mycorrhizal fungi in 
permanent grassland
• Movements of soil microbial community and 
translocation of carbon within metabolically active 
microorganisms in the rhizosphere
• New rhizodeposit C is rapidly processed by 
fungal communities and only much later by 
bacterial communities

Denef et al. 
(2007)

Elevated CO2 level • Eastern Denmark, heathland area
• More carbon passes through fungal channels 
than bacterial channels when belowground 
allocation of photosynthetically derived C 
increases without a corresponding increase of N in 
the soil
• Different plant species are associated with 
distinct communities of belowground decomposers
• Increased CO2 level and climate regimes affect 
vegetation shifts; belowground communities have 
consequences for dynamics of plant decomposition

Dam et al. 
(2017)

Warming and elevated CO2 • North American, mixed-grass prairie
• Interaction of climate warming and increased 
atmospheric CO2 level changes seasonality and 
lowers variability of soil water in semiarid 
grassland

Blumenthal 
et al. (2018)

Climate change • Concord, Massachusetts, USA
• Some species are unable to respond to climate 
change by altering their flowering phenology 
decline
• Climate change has an impact on shaping the 
phylogenetic model of species loss

Willis and 
Davis (2014); 
Willis et al. 
(2009)

Climate change • Concord, Massachusetts, USA
• Non-native, and particularly invasive, species 
have been able to respond to climate change by 
adjusting their flowering time
• Climate change has probably played, and can 
continue to play, an important role in facilitating 
non-native species acclimatization/domestication 
and invasion at the community level

Willis et al. 
(2010)

(continued)
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Table 1.1 (continued)

Climate-dependent changed 
environmental factors/
climatic events

Geographical region/effect on environment and 
plants References

Climate change • Northeastern United States and Eastern 
Canada, forest areas
• Significant reduction in the suitable habitat for 
spruce forests and extension of suitable habitat for 
oak-dominated forests
• Productivity gains that could result from long 
growing seasons and from carbon dioxide and N 
fertilization
• Interruption of the assemblages of species
• Forest fragmentation by invasive (nuisance) 
species
• Changes in evapotranspiration, rates of 
mineralization, soil respiration, and alterations in 
key ecosystem processes
• New species, including pests and pathogens, 
may be better adapted to changing climatic 
conditions, improving their competitiveness 
vis-à-vis native species

Rustad et al. 
(2012)

Climate change • A newly emerging virulent race is the Ug99 
(wheat virus Ug99) wheat stem rust strain, which 
is becoming, after three decades (from the 1950s 
in North America), a serious threat to world wheat 
production. The Ug99 strain overcomes the 
resistance of Sr31 and Sr38 genes, which were 
previously effective resistance genes
• New virulent breed of stem rust has been 
identified in Uganda’s wheat fields (1999) and then 
in Kenya, Ethiopia, Yemen, and Iran

Singh et al. 
(2015); 
Eshete 
(2018)

The influence of global climate change (especially El Niño weather phenomenon) on forests, crop 
production/agriculture, and ecosystems during the last decades and future forecast predictions on 
the Global Climate are presented in
FAO Report (2016) (http://www.fao.org/3/a-i6049e.pdf)
Oxfam Media Briefing Report (2015) https://oxfamilibrary.openrepository.com/bitstream/han-
dle/10546/578822/mb-El-Nino-uncharted-waters-updated.pdf;jsessionid=F5365A5B862B785C7
7D25C14084073CA?sequence=13
WMO OMM Report (2016) https://unfccc.int/sites/default/files/wmostatement_on_the_status_of_
the_global_climate_2016.pdf
Pacific ENSO Bulletin (2015) https://www.weather.gov/media/peac/PEU/PEU_v21_n4.pdf
and in publication of the Asia and Pacific seed association “Asoan Seed” (vol. 24, (1), 2018) apsas-
eed.org; https://apsaseed.org/AsianSeed2018/AS_V24_I01_single.pdf
Understanding the drought impact of El Niño on the global agricultural areas: An assessment using 
FAO’s, Agricultural Stress Index (ASI), Oscar Rojas, NRC (FAO), Yanyun Li, EST (FAO), Renato 
Cumani, NRL (FAO); http://www.fao.org/3/a-i4251e.pdf
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type of environmental stresses (Berg and Smalla 2009; Oburger et al. 2013; Chaparro 
et al. 2014; Quiza et al. 2015; Okubo et al. 2016; Jacoby et al. 2017; Ravichandran 
and Thangavelu 2017; Wang et  al. 2017; Ilangumaran et  al. 2018; Heinen et  al. 
2018a, b). These bioactive compounds, which include among others signaling mol-
ecules of host microbes and microbiomes living in other habitats, play a key role in 
the interactions between plant roots and soil microbes and can alter soil dynamics 
and microbiological diversity, select best microbial cooperators for the plant, and 
influence microbial metabolic activity or soil extracellular enzyme activity interac-
tions (Venturi and Keel 2016; Garcia and Kao-Kniffin 2018). Thus, root exudates 
modify ecological interactions between plants and microorganisms (e.g., symbiotic, 
mutualistic, competitions), which determine plant health and productivity, modulate 
plant tolerance or resistance, as well as enable plants to adapt to the changing envi-
ronment (Dangl et al. 2013; Morel and Castro-Sowinski 2013; Oburger et al. 2013; 
Chaparro et al. 2014; Quiza et al. 2015; Vandenkoornhuyse et al. 2015; Vannier et al. 
2015; Okubo et  al. 2016; Ravichandran and Thangavelu 2017; Wang et  al. 2017; 
Ilangumaran et al. 2018). Moreover, plant exudates can inhibit the growth of compet-
ing plant species, e.g., native and invasive plants, thereby influencing plant invasion 
(Ravichandran and Thangavelu 2017; Wang et al. 2017; Ilangumaran et al. 2018). 
Furthermore, plants have evolved many molecules involved in an integrated signal 
transduction network working in concert to coordinate the balance between the use 
of assimilates in plant development and the defense response under both abiotic and 
biotic stress  conditions (Ruan 2014). The signal transduction is transmitted through 
molecular components such as ROS, nitric oxide (Farnese et al. 2016), sugars, and 
Ca2+ signatures (Niu and Liao 2016), which have been reported to be induced by 
internal developmental triggers or different environmental stresses (Iqbal et al. 2013). 
As compounds of a complex network of interconnected systems, they cross talk with 
molecular mechanisms including transcription factors, kinase cascades, and gene 
regulation (Atkinson and Urwin 2012; Vile et al. 2012; Sham et al. 2015; Zhang and 
Sonnewald 2017) and integrate the signal (Matsuda et  al. 2016), regulate stress 
response, store information in plants, and affect plant performance (Luttge and 
Thellier 2016). Microorganisms are also involved in stress tolerance of glycophytes 
(Rosenblueth and Martinez-Romero 2006) and halophytes (Ruppel et  al. 2013) 
through participation in the production of bioactive compounds, phytohormones, 
siderophores, osmolytes, or antioxidants. Among bioactive compounds, phytohor-
mones produced by microorganisms are critical for plant defense against abiotic and 
biotic stresses through regulation of signaling pathways or the cross talk mediated by 
phytohormones (e.g., SA, JA and ET) leading to plant systemic acquired resistance 
(SAR) or immune systemic resistance (ISR) induction and to the reduction of phyto-
toxic microbial communities (Miura and Tada 2014; Quiza et al. 2015; Pozo et al. 
2015; Ilangumaran et al. 2018). At the same time, antibiotics produced by microor-
ganisms, volatile signals, and surface factor compounds recognized by the host plant 
are able to act as the primary barrier of plant defense and activate an immune response 
system via plant cell receptors which govern microbe recognition and the response to 
the infection. The plant immune system includes receptors of extracellular cell sur-
face pattern recognition activated by the identification of evolutionarily conserved 
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pathogen or molecular pattern associated with microorganisms, which leads to a 
complex response limiting microbial colonization or shaping the soil microbiome in 
the rhizosphere by means of intracellular signaling and translational reprogramming 
(Dangl et al. 2013; Quiza et al. 2015).

1.7  Carbon and Nitrogen Balance Under Climate Change

The land and ocean biogeochemical cycles are key components of the Earth’s 
 climate system. Changed environmental conditions provide plants with modified 
critical nutrients, including C and N (Fig. 1.2). Many studies highlighted the poten-
tial for climate change to induce a significant loss of C from vulnerable reservoirs. 
For example, the dieback of the Amazon forests induced by climate change has been 
suggested for decades, though with inconclusive evidence. Similarly, warming at 
high latitudes leads to permafrost thawing with a risk of CO2 and CH4 release to the 
atmosphere. Further climate change also alters ecosystem disturbance regimes, 
which can significantly decrease carbon sinks and sporadically release CO2 to the 
atmosphere. Moreover, a direct result of global climate change, especially due to 
increased CO2 level, elevated moisture, or temperature, are changes in the stock of 
soil organic C and/or N due to changes in organic matter supply from biomass and 
the quality and quantity of resource input (Lal 2010; Scharlemann et  al. 2014; 
Santoyo et al. 2017) as well as the alteration in soil C/N ratio, which is regulated 
among others by soil-plant-microbe interactions, especially microbial biomass, 
structure of microbial communities, and microbial metabolism (Bradford et  al. 
2013; Steinweg et al. 2013; Smith et al. 2015; Alster et al. 2016; Karmakar et al. 
2016; Llado et  al. 2017; Makinen et  al. 2017; Santoyo et  al. 2017; Maron et  al. 
2018). Moreover, the elevated CO2 or N deposition as a result of global climate 
change may lead to N or C limitation in habitats/ecosystems (by increasing avail-
able soil C or N, respectively) (Balser et al. 2002; Llado et al. 2017) and/or changes 
in their accumulation and/or regulation (Smith et al. 2015; Karmakar et al. 2016; 
Llado et al. 2017; Makinen et al. 2017; Santoyo et al. 2017; Maron et al. 2018). 
Various estimates of the amount of photosynthetically fixed C that is exuded by the 
roots of different plant species into the rhizosphere as rhizodeposits, i.e., soluble 
exudates, insoluble secretions, rhizosphere C flow, and detrital root material, are 
contradictory and range from 5% up to around 30% (Glick 2014) or between 10 and 
20% (Badri and Vivanco 2009; Lloyd et al. 2016). A large volume of existing evi-
dence suggests that climate change enhances root exudation of organic compounds 
into the soil and increased exudate inputs may cause a net loss of soil carbon 
(Keiluweit et  al. 2015). According to Keiluweit et  al. (2015), the stimulation of 
microbiological mineralization of C may be explained by the assumption that exu-
dates provide an easily accessible source of energy for the decomposition of soil 
carbon (co-metabolism). These authors also showed that an alternative mechanism 
(biotic–abiotic coupled mechanisms) can cause similar or higher C loss and that a 
common root exudate, oxalic acid, promotes C loss by releasing organic compounds 
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from protective associations with minerals. By increasing microbial access to 
 previously protected minerals, this indirect mechanism has accelerated C loss more 
than by simply increasing the supply of more energy-efficient substrates.

It has also been shown that soil microbiomes, including bacterial and fungal 
communities, correlate with specific soil geochemical features (including C and 
N cycles) and influence plant biodiversity (Kourtev et al. 2002; Yang et al. 2013; 
Li et al. 2014; Qin et al. 2014; Dawson and Schrama 2016; Ravichandran and 
Thangavelu 2017), though both bacteria and fungi show differences in shaping 
C and N distribution in the soil (Mueller et al. 2015; Sun 2018). Soil type and 
plant vitality determine the deposition of C substrate from roots and the compe-
tition with roots for N driven by microbial demand for this nutrient (Lloyd et al. 
2016). Nair and Ngouajio (2012) showed that soil microbial biomass carbon and 
nitrogen (including bacteria and fungus species abundance) function as a living 
nutrient pool in the soil. Soil total C correlates more with soil bacterial (espe-
cially the anaerobic and facultative anaerobic groups) than with fungal commu-
nities (Sun 2018).

Yu et al. (2018) found that the possible effect of multiple climate change factors 
on soil microbial communities in semiarid grassland ecosystems may be connected 
with the suppression of N cycling under warmer temperatures and the enhancement 
of carbon and nitrogen cycling processes under either elevated CO2 alone or together 
with warmer temperatures. The different effects on C and N regulation result from 

Fig. 1.2 The effect of global climate change on soil-plant-microbiota interactions
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changes in the expression of key functional genes involved in C degradation and 
fixation, methane metabolism, N fixation, denitrification, and N mineralization. The 
expression of all these genes has been shown to be upregulated under elevated CO2, 
while the expression of genes involved in denitrification and ammonification is 
downregulated under warmer temperatures alone. Chen et al. (2019) found that N 
deposition stimulates soil C accumulation by reducing lignin-modified enzyme 
activity of microorganisms and further suggested that reduced microbial decompo-
sition is a key process contributing to soil C sequestration with N addition, hence 
soil C/N ratio. Mueller et al. (2015) showed the resistance of fungi and the sensitiv-
ity of bacteria to N changes and suggested that the increased N inputs predicted for 
many dry ecosystems could shift the nutrient cycle toward paths driven mainly by 
fungal communities. The influence of changed N level or N mineralization rate on 
the alteration in soil microbial communities, which in turn affects soil N cycle, and 
thus plant growth and productivity has also been shown by, e.g., Smithwick et al. 
(2012), Philippot et al. (2013), and Mueller et al. (2015). Furthermore, plant growth 
conditions influence (a) the rate of photosynthesis; (b) rhizodeposition, which pro-
vides sufficient energy for microbes to obtain nutrients from soil organic matter 
mineralization; and (c) plant and microbial competition for N and other nutrients in 
the rhizosphere. In addition, the possible improvement of soil quality in terms of N 
and organic matter content as well as soil aggregation promoting hydrostability in 
the rhizosphere was also shown. The benefits included increased N content and 
higher amounts of organic matter and soil aggregation in the soil around the roots 
(Requena et al. 2001).

1.8  Conclusion

To summarize, global climate change affects the coupled soil abiotic–biotic mecha-
nisms and leads to changes in carbon and nitrogen processes/cycles in habitats and 
ecosystems or accelerates these alterations. They are accompanied by changes in 
plant biodiversity, microbiome community structure, and soil-plant-microbiome 
interactions. When considering the impact of climate change, one should take into 
account its effects on the host plant, specific associations of host microbial organ-
isms with multicellular organisms, and their functions related to metabolism, immu-
nity, and environmental adaptation, inter alia, as the interactions and communication 
mechanisms among members of the metaorganism are expected to play a crucial 
role in maintaining the fitness of plants, the stability of the microbiome, and the 
flexibility and resistance to environmental disturbances.
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Abstract The population of the world is growing day by day, and according to the 
estimation by the year 2050 the population will exceed nine billion. The food 
demand will increase and agricultural activities need modification to satisfy the 
hunger and nutrition requirements of this up-surging population. The demand for 
productive agricultural land will be increased. The environmentally sustainable sys-
tem needs to be introduced to maintain the level of production and the quality of 
food. The increasing greenhouse gases are the cause of climate change, due to 
industrialization. The agricultural activities are particularly affected by the environ-
mental issues, including climatic alterations, increasing scarcity of water resource. 
The movement of populations from rural to urban areas will increase the burden on 
resources. That is the reason the agricultural practices needed to be renewed by 
undertaking the ecological, economic, and social aspects of agriculture sector. 
Moreover, the food and nutrition requirements in the increasing population of devel-
oping and resource-scarce countries, especially in Asia and Africa is a challenge. 
These countries are already poor and resource scarce, and the phenomenon of cli-
mate change is adding further challenges for the agriculture practice of small-scale 
farmers. This review presents the science-based evidence of climate change effect 
on crops. So the sustainable modifications in agricultural activities should be made 
by keeping in view these effects. The concept of sustainable practices is distributed 
in four categories such as agrarian farming, health and nutrition valve, sustainability 
of ecosystems, and prosperity of the populations and associated factors. The formu-
lation and implementation of policies along with initiatives to mitigate and adapt to 
the climatic variations. The strategy of agro-biodiversity can be effective to over-
come these problems associated with increasing population and climate change. 
The agro-biodiversity can reduce the challenges of global food security.

Keywords Agro-biodiversity · Climate change · Crop production · Livestock · 
Food scarcity

2.1  Introduction

2.1.1  Agro-Biodiversity: Trends and Varieties

Variability and changeability of wildlife, vegetation, and microbial species are used 
directly or tortuously for the production of food in agricultural activities, compris-
ing harvesting of edible and other crops, livestock, forestry, and fisheries. The agro- 
biodiversity encompasses the variety of innate assets (diversities, strains) and the 
type of species used in the production of food for humans, animal fodder, medi-
cines, and other resources. The species, which are not used for directly as food 
purposes but they play a vital role in the growth of other species such as microbial 
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species, arthropods, and predator species. These non-harvested species are part of 
environment and significant for the diversity of agro-ecosystem (FAO 1999a, b). 
Agro-biodiversity is associated with agricultural biodiversity and the hereditary 
resource for the food and agronomy, it contains the following:

• Agro-biodiversity includes harvestable crops that are used for foodstuff and 
other purposes like breeding of livestock, and for all species of fishes. The wild 
species within the agricultural land, rangeland and forest species, aquatic biodi-
versity, goods from trees and plants, species hunted for food purposes.

• The species which help in the growth and production of harvestable species are 
non-harvested species. It includes pollinators, micro-biota, insects, honey bees, 
butterflies, etc. All species which are present in environment and which support 
the production of biodiversity are part of agro-biodiversity (FAO 2004).

2.1.2  Productivity of Crops

2.1.2.1  100 Years of Agricultural Change: Trends and Figures Related 
to Agro-Biodiversity

The threat posed by locally varied food production systems may include skilled men 
and women farmers, culture and local knowledge regarding older systems. As a 
result, extensive decline in agro-diversity was taking place. Therefore, other wild 
and native species disappear along the harvested crops and species (Rizwan et al. 
2017a, b). Today, most of the world population is getting food only from 5 animal 
and 12 plant species; this may constitute 75% of total world food requirement. 
About 2.5–3 million species are used for food purposes, while humans use approxi-
mately 200 species for different purposes. More than 60% of Recommended Daily 
Intake (RDI) for calories and protein is obtained only from three sources, i.e., rice, 
maize, and wheat. Approximately 35% food necessities of humans are dependent on 
animals. About 12% of the world’s inhabitants are dependent on animal species for 
different products. In order to increase the yield, farmers use GMO plants and seeds 
which is ultimately the reason for 75% extinction of original genetic species since 
1990. Therefore, about 30% livestock species are becoming extinct. Many crop 
varieties and animals are lost from fields. The 17 main fish species of the world 
produced more than their sustainable limits to fulfill the food requirements. The 
genetic diversity of agro-biodiversity is affected due to loss of forests and wetlands 
and pollution of water bodies (FAO 1999b). The acceleration of decline in agro- 
biodiversity throughout the twentieth century can be due to expanding population 
and exploitation of resources to fulfill the need of population.
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2.1.2.2  The Decrease in Cultivated Land and Green Revolution 
Agriculture

The rigorous production of livestock, aquaculture, and industrial fisheries, use of 
genetically modified organisms, and varieties and breeding of animals are the major 
reasons for the decline of agro-biodiversity. Moreover, limited number of domestic 
animal breeds and aquatic species have reared due to demand, and the prevalence of 
monocultures with cultivation of few crop varieties compact the agro-diversity in 
the ecology (Farid et al. 2020).

2.1.2.3  Food System and Marketing Globalization

The agro-biodiversity is declined due to perception and preferences of producers 
and customers, and this competition is increasing day by day. The policies are being 
developed for industries to secure patents for the cultivation of widespread and 
fewer varieties of GM products. This system will eventually create more competi-
tion in the global market, more uniform and reduced diversity of species.

2.1.2.4  Reduced Incorporation of Livestock in Arable Production

The livestock feed is limited and it has no diversity, similarly fisheries is nurtured to 
conserve and develop aquatic biodiversity. The major reason for the genetic eradica-
tion of agro-diversity is the replacement of local varieties by exotic or improved 
varieties and species, as reported by almost all countries. Recurrently, genetic eradi-
cation takes place when old varieties in fields are substituted by newer varieties. The 
previous gene varieties are not found in modern varieties due to the use of commer-
cial varieties. Nowadays, genetic erosion is a serious problem in many countries 
according to FAO (1996).

2.1.3  Varieties of Crops and Their Production

2.1.3.1  South Asia

The diversity of South Asian region with regard to flora and fauna, climate, agro- 
ecology, and ethnicity is evident. The number of cultivated plant species at 
Hindustani (Indian subcontinent) Diversity Centre reaches up to 166 (Zeven and de 
Wet 1982). They possess extensive variability among wild plants. More than 300 
species of such wild relatives of crops have reported in India alone (Arora and 
Nayar 1984). The conversion of sustenance production system to commercial agri-
culture is responsible for the change in agricultural landscape in this area (Farid et al. 
2019). Crops produced by old-style farming are mainly used for domestic feeding 
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and sold in market if produced in surplus. The cultivation of traditional cash crops 
like jute, sugarcane, and tobacco, etc. has reduced with the passage of time; most of 
the farmers now turn to commercial production and edible crops including rice, 
wheat, fruits, and vegetables because they are the best to generate income. The 
availability and traditional choices on numerous kinds of cereals is the reason for 
diverse food consumption pattern. In India, about 1.1 billion inhabitants are depen-
dent on agrarian sector. India still has numerous native genetic diversities including 
trees of bamboo and rattan (Rana and Handel 1992). The hotspot of native species 
in India is Western Ghats, Deccan Plateau, Central India, North-Western Himalayas, 
and North-Eastern hilly region. Nepal is also an agrarian country, 80% population 
is dependent upon agricultural sector, and 90% agriculture is performed by sowing 
seeds (Joshi 2000).

2.1.3.2  Southeast Asia

Southeast Asia is a center containing seven biodiversity hotspots, including 
Indonesia, Philippines, and Malaysia known for their vast diversity. Traditional, 
wild and few landraces are the backbone of agriculture in this region. Cambodia’s 
agriculture includes only typical varieties of rice, maize, sesame, and vegetables 
holding 80% of area. Biodiversity reduces massively due to carelessness of human 
intervention like urbanization, industrialization, and exploitation of resources that 
leads to deterioration of stability in agriculture and agro-biodiversity in countries 
like Laos that also affects plantations of maize, cassava, tea, teak, and rubber lead-
ing to deforestation. Vietnam leads in rice production holding 80% of area fulfilling 
90% of food requirement cementing its second position. Maize, sweet potato, cas-
sava, legumes, soybean, fruits, and vegetables are tried for alternate crops of rice 
through facilitation of government of Thailand in terms of income and subsidies.

2.1.3.3  East Asia

In East Asia, mostly rice, wheat, corn, soybeans, sorghum, barley, millet, peanuts, 
pulses, sugar beets, potatoes, cotton, oilseeds, forages, root crops, vegetables, and 
fruits are grown. East Asia is the center for crop diversity in the world. About 300 
edible crops are grown in this area, and they are famous in the globe including soy-
bean, rice, wheat, citrus, oat, barley, buckwheat, Chinese cabbage, and tea. East 
Asia is also famous for production of rice over 7000 years. East Asia is rich in eco- 
geographical diversities and ancient agronomy practices. Approximately 200 hun-
dred crops of 600 species are grown in china. Extensive and intensive farming 
practices for food requirements and economic development are the reason for bio-
diversity damage. About 70% of plants are imported for cultivation purposes, which 
can damage native species. The variability of wheat seeds in china decreased about 
90% from 1949 to 1970. Fifteen million hectares of land in china are used to grow 
hybrid rice. Similarly, it is reported in Japan that genetic diversity has declined.
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2.2  Impact of Climate Change on Crops

Asian agriculture culture is accountable for two-third of agricultural Gross Domestic 
Product (GDP) globally. There have been many researches explaining the effect of 
climate change on crop productivity in particular places in Asia, but no research has 
so far studied crops through the whole continent (Mendelsohn 2014). The vast con-
tinent of Asia is distributed into regions of South and Southeast Asia (Pakistan, Viet 
Nam, India, Indonesia, Myanmar, Cambodia, Bangladesh, Thailand, Malaysia, and 
Philippines) and East Asia (China, North and South Korea, Japan, and Taiwan).

Agriculture in Southeast and South Asia is extremely susceptible to weather- 
related hazards, mainly storm surges, tropical cyclones, droughts, and floods that 
harm life, crop production, and property. In January 1991, the Philippine weather 
bureau  “Philippine Atmospheric, Geophysical and Astronomical Services 
Administration (PAGASA)” reported that after the beginning of an ENSO-related 
drought, maize and rice crops faced a loss of 753 million dollars (Escafio and 
Buendia 1994). Seasonal monsoons are the foremost climate feature. The surface 
waters of Indonesia and Malaysia are the main part of the ENSO procedures. Changes 
in these leading climate features have significant effects on agriculture in this region. 
Climate change also increases sea level, causing flooding of low coastline areas 
which maintain great populations and widespread agricultural production (for 
instance, Bangladesh). A drop in production of rice due to the effects of climate and 
rise in sea level, along with quickly growing population, would impede food security.

Because of climatic variations, the biotic stress is enhanced in both plants and 
animals. Due to climate change, precursors associated with growth and develop-
ment of plants is also altered. Due to environmental changes, pollination of plants is 
affected, more disease-causing agents can arise, and they can become more resis-
tant. Various components of the global food system is threatened due to the changes 
in climate patterns. Extreme weather events can disrupt the entire global food sys-
tem (Brown et al. 2013).

There is clear proof for an estimated rise in global temperature and changes in 
precipitation patterns in the course of the twentieth century. The most forthcoming 
variations in current era is the rise in the temperature of globe because of amplified 
level of GHGs including CO2, CH4, O3, N2O, and CFCs. Due to the increasing 
amounts of these greenhouse gases, there are projections about climate change 
showing warning about future variations in climate and indirect or direct impact on 
agricultural sector (Farid et al. 2018a). The amount of CO2 rise in atmosphere and 
the projected changes in climate because of global warming are expected to disturb 
the agrarian yield in the future because of fluctuations in transpiration factor and 
plant development rate (Mendelsohn 2014).

The growth of crops is distributed in two long-term seasons. The summer or 
kharif crop-growing season (June to September) overlaps with South-West mon-
soon. The main kharif crops include soybean, maize, rice, cotton, sugarcane, bajra, 
jute, etc. Depending on the period of crops, kharif crops can be reaped during the 
winter (December to February) or autumn (October to November) months. The 
South-West monsoon is dangerous for the kharif crop that accounts for approxi-
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mately 51% of grain yield and around 65% of oilseed crops. The internal monsoon 
precipitation inconsistency in India is the reason for massive flood and droughts 
causing a decrease in the Indian food crops yield and economy. Sowing and growth 
of the winter (rabi) crop begins after the rains in summer and remains over the com-
ing spring or primary summer. Precipitation at the end of the monsoon season offers 
soil moisture and frequent water availability for irrigation of rabi crop (October to 
November). The summer rainy season as a result is in charge for both crop produc-
tions in India. The main rabi crops include gram, potato, onion, mustard, barley, 
wheat, etc. (Farid et al. 2018b).

In various tropical and sub-tropical areas, possible yields are predicted to decline 
due to maximum anticipated rises in heat. The effects of increased carbon dioxide 
must be measured in the framework of alterations in the air temperature, mainly 
nighttime temperature. Because of the rise in carbon dioxide and numerous trace 
fumes and fluctuations in humidity accessibility and its effect on vegetation v/s 
reproduction, requirement of more farming means (for instance, fertilizers) and the 
distribution and persistence of pest, therefore evolve a new balance between pests 
and crops. Ultimately, there will be significant change on land use because of ice 
melting, temporal and spatial precipitation changes, accessibility of irrigation, 
occurrence, and concentration of inter- and intra-seasonal floods and droughts, soil 
organic matter conversions, soil erosion, alteration in pest profiles, deterioration of 
arable areas due to expansion of sea, and accessibility of energy. In Asia, the overall 
8% decline was measured due to climatic variations including the wheat crop (12%), 
maize (7%), sorghum (3%), and millet (9%). According to projections, this situation 
will be more severe by 2050.

2.2.1  Factors Involved in Decreasing Crop Productivity

Approximately 50% of crop production is endorsed to the impact of climatic influ-
ences. The following are some atmospheric variables that effect the crop production.

 1. Temperature
 2. Precipitation
 3. Atmospheric gases (CO2, CH4, O3, CFCs, and N2O)
 4. Solar radiation
 5. Atmospheric humidity
 6. Wind velocity

2.2.1.1  Temperature Variations

There is a major increase in the number of warm days approximately in all areas of 
the region. Warm nights have increased in rate nearly in each part of the region 
which is noteworthy. Cold nights and cool days have decreased in rate approxi-
mately all over the region. The increase in the quantity of warm days and nights and 
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the decrease in the quantity of cool nights and days are realistically undeviating 
throughout the years (1961–1998) which have a major impact on the production of 
crops in the continent Asia. The number of warm nights and hot days has risen by 
the ratio of around 2–3 while the number of cold nights and cool days has declined 
nearly half of the total.

2.2.1.2  Water Deficiency

By 2030 only 60% of water demand will reach by existing resource at the current 
rate while 40% of population will be without access to water it needs. In the region 
of South Asia, water is needed for 1.6 billion people. The urbanization is creating 
pressure on water demand while in the rural areas the ground water is withdrawn for 
domestice purposes thus causing the depletion and deficiency of ground water table. 
The number of farmers complaining that their agriculture production is decreasing 
only by water deficiency that causes great loss to farmer every year in Pakistan and 
India. In India, 22 out of 32 cities daily face water crisis. In Nepal, people wait for 
hours and struggle for miles to obtain drinking water. The problem of water in South 
Asian region is scarcity amid abundance. Transboundary rivers that include Ganges, 
Indus, and Brahmaputra have great history. The rivers are now under pressure due 
to industrial sector, development of cities, increase in population, and environmen-
tal pollution (Surie 2015). Water contamination affects the Yellow River in China 
and the River Ganga in India by the domestic issues. Sino-Indian conflict regarding 
the fresh water is also rising. Due to water crises in Asia, water diversion projects 
are initiated such as China’s South-to-North Water Diversion Project. Indians are 
drinking contaminated water containing harmful chemicals present in water, and 
half of the million population has water-borne diseases. Water crises in Asia are 
intensifying and sustainable water supply is decreased, which is giving rise to water 
wars. The construction of dams and diversion of water are the reasons for conflicts 
in Asian countries (Challaney 2017).

2.2.1.3  Rising CO2

The concentration of CO2 in atmosphere is rising day by day either because of 
anthropogenic activities or natural phenomenon that is becoming a reason for cli-
matic variability. According to a report of Intergovernmental Panel on Climate 
Change (IPCC) 2007, the amount of carbon dioxide in the air has raised almost 22% 
since 1960. Enhanced  economic and other anthropogenic activities are 
 eliminating the globally available natural resources for sinking of carbon dioxide 
due to which CO2 in the atmosphere is rising by the average of 1.3–3.3% annually 
as observed from 1990s to onwards 2006 (Canadell et al. 2007). The heat waves 
leaving the earth’s surface are absorbed by the increased concentration of atmo-
spheric CO2 as a result of which earth’s temperature increases and long-term 
changes in climatic condition occur. Rise of carbon dioxide concentration in the 
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atmosphere and hence climatic variability has prominent impacts on human health 
and environment (Patz and Kovats 2002).

A significant change in the response of plants has been observed because of 
increased atmospheric carbon dioxide. The whole plant mechanism is affected due 
to increased CO2 in the air because atmospheric CO2 is the exclusive source of car-
bon availability to plants for the process of photosynthesis. Plants need a sufficient 
amount of carbon to carry out the process of photosynthesis. Increased concentra-
tion of CO2 in the atmosphere is serving efficiently in this regard because around 
95% of plants are not able to grow efficiently due to unavailability of sufficient 
supply of carbon. However, the plant growth with the supply of carbon is dependent 
on temperature (Long 1991). Because of the supply of sufficient carbon to the 
plants, atmospheric carbon dioxide increases, hence resulting in increased tempera-
ture which can potentially affect plant growth (Ziska et al. 2008).

2.2.1.4  Emission Trends

Plants face biotic and abiotic stress conditions because of variability in climatic con-
ditions. They face stress factors such as high temperature and high light due to varia-
tion in the surroundings and results in the release of different volatile organic 
compounds (VOCs). When the temperature varies in the surrounding (in long-term 
climate change), plants undergo biotic and abiotic stress and they not only release 
carbon, oxygen, and water vapors but also a massive concentration of VOCs in the 
atmosphere (Habiba et al. 2015; Ehsan et al. 2014). These emissions include different 
derivatives of fatty acids, amino acids, and their derived metabolites, terpenes, phen-
ylpropanoids, etc. The emissions of such volatile organic compounds are normally 
coupled with a series of biotic and abiotic stress in plants. The release of such com-
pounds from plants is dependent on different factors such as plants type or species, 
phase of development of plant, and surrounding conditions such as climate, emission 
trends in the atmosphere, etc. The prevailing environmental conditions widely influ-
ence biotic and abiotic stress factors in plants, and emissions of volatile compounds 
from plants are also dependent on environmental parameters. For example, an 
increase in the release of volatile substances, such as (Duhl et al. 2008) a range of 
terpene compounds and some isoprene (Sharkey and Yeh 2001) and monoterpenes 
(Loreto et  al. 1996), has been observed in herbaceous and woody plant species 
(Schuh et al. 1997) because of climatic variability (Holopainen and Gershenzon 2010).

2.2.2  Most Affected Crops

The emission of greenhouse gases is enhanced due to rapid increase in anthropo-
genic activities and development interest. The rapid increase in emission increases 
the temperature of the earth, and agriculture is the most vulnerable sector affected 
by these emission trends. This increase in temperature day by day affects the yield 
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of crops and enhances pests and weeds growth (Nelson et al. 2009). Not only the crop 
yield is reduced because of climate change but also survival of some wild plant species 
such as potato, peanuts, and cowpea is vulnerable due to altering climatic conditions 
(Jarvis et al. 2008). In recent years, different crops are taken under observation and 
tested for seeing the impacts of global heat stress on agricultural crops due to varying 
climatic conditions (Farid et al. 2017a). Different species of maize, soya bean, rice and 
wheat are taken for applying statistical models and testing land use types to simulate 
the changing trends in crops growth, yield and nutrient value due to climate change 
(Teixeira et al. 2013). And the results have shown that agricultural production is affected 
worldwide due to global warming, and global warming poses threat to food security 
globally (Fischer et al. 2005; Schmidhuber and Tubiello 2007; Ainsworth and Ort 2010).

2.3  Impact of Climate Change on Livestock

Livestock is important for global food requirements. In developing Asia, total protein 
from livestock was 68.9 g/capita in 2002 (Steinfeld et al. 2006a, b). Climate change 
impacts on livestock in Asia are in a number of ways and mostly neglected. Many 
factors influence and alter livestock very speedily in emerging nations, especially in 
Asia and Africa. The manufacture of livestock products will raise constantly in the 
coming years around the globe due to population and urbanization expansion (Delgado 
et al. 1999; Thornton et al. 2009). The significant impacts of alterations in livestock 
would be harmful for lives of poor people and of those who depend on livestock. The 
changes in this system are inclined by alteration in natural variants in resources and 
also by changes in demand (Thornton et al. 2009). Major variations have been detected 
in many other continents due to climate change, particularly global warming, and 
substantial impacts on physical and biological structure have been witnessed 
(Rosenzweig et al. 2008). Livestock depend on agricultural practice. Regular weather 
determines plant development, growth rate, water requirement, and yield so even a 
small deviation in climate can be harmful for plants (Keeling et al. 1995). In south East 
Asia, the production of livestock is high alongwith their access to ocean enhanced 
their imports to rest of the world. Thus, climate change has direct and indirect impacts 
on livestock and can affect the imports to the world (Steinfeld et al. 2006a, b).

2.3.1  Direct Impacts of Climate Change on Livestock

2.3.1.1  Feeds Quality and Quantity

In South Asia, the quality and quantity of feed of livestock is at risk in consequences 
of climatic variations. In Asia, climatic variation is causing reduction in meat qual-
ity and calories content is reducing, which is harmful for the growth of children 
(Nelson et al. 2009). The food insecurity is rising due to high carbon in soil and 
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atmosphere in Central and South Asia and china and requires carbon sequestration. 
The reduction in soil organic carbon reduces the yield of these regions (Lal 2004). 
Water availability is expected to reduce in Brahmaputra and Indus Basin and will 
raise the issue of food security approximately for 60 million people due to low crop 
and livestock production (Immerzeel et al. 2010).

2.3.1.2  Heat Stress

According to Sirohi and Michaelowa (2007), due to heat stress animal breeding, 
fertility, and low intake of food can be affected as thermal comfort temperature is 
5–15 °C. In developing countries, intensification and temperate breeding could be 
more vulnerable for livestock (Parsons et al. 2001; Mader and Davis 2004; King 
et al. 2006).

2.3.1.3  Water Availability

Water demand for livestock is rising with an increase in atmospheric temperature. 
Major contributors to world livestock production, i.e., China, Brazil, India, and Pakistan 
are under the severe danger of shift in atmospheric temperature (Farid et al. 2017b). An 
increase in temperature will significantly affect livestock in Asia (Rust and Rust 2013; 
Rosegrant et al. 2010). Climate change also leads to various infections and vector-
borne diseases in crops and livestock (Medlock and Leach 2015; Nardone et al. 2010).

2.3.1.4  Diseases and Infections

Harvell et al. (2002) and Baylis and Githeko (2006) describe about vector and non- 
vector diseases of livestock in developing countries. As a result of ozone layer 
depletion, mammalian cellular immunity can be inhibited and genetic variations in 
animals and disease outbreak can occur. Climatic variations can increase the num-
ber of brown-ear ticks, Rhipicephalus appendiculatus, the main cause for East 
Coast Fever, a sickness that disturbs feeding of livestock. The development of 
 disease depends on many factors such as species and age. (Thornton et al. 2009; 
Tabachnick 2010; Irado et al. 2010).

2.3.1.5  Biodiversity

Loss of biodiversity due to various factors has been observed in developing coun-
tries such as feline species population decreased by 7–10% (FAO 2007). In India, 
rice production is at risk due to climate change (Ehrenfeld 2005). Studies have 
shown that a 2.5  °C increase in temperature will lead to loss of biodiversity. 
Especially 20–30% endemic plant species would be more vulnerable. All species 
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cannot adapt to changing environment and climate change; this would damage bio-
diversity in the coming years on a large scale (Pereira et al. 2010; Bellard et al. 
2012). As a result of rising population and food demand, changes in agricultural 
systems will occur. New technologies introduced for enhanced economy to save 
labor cost and more production, intensifications of agriculture practices, and live-
stock production can be affected due to climate change (Baltenweck et al. 2003; 
Steinfeld et al. 2006a, b).

2.3.2  Indirect Impacts of Climate Change

The direct influence of climate change will affect the health of humans ultimately. 
Transmission and outbreak of diseases, mortality, and morbidity rate can enhance 
due to  favorable conditions in developing countries under climate change condi-
tions. More vulnerable are poor people due to low economy. Due to the spread of 
diseases such as AIDs\HIV, labor issues can arise which also have impacts on econ-
omy (Thornton et al. 2009; Patz et al. 2005).

2.4  Impact of Climate Change on Fisheries

In marine ecosystem, composition, distribution, and richness of species vary lead-
ing to rising ocean temperatures (Perry et al. 2005; Pörtner and Peck 2010). In result 
of temperature variations on various stages of ecosystem, physical alterations at 
molecular, cellular and at entire ecosystem level will depend on species-specific 
reactions. Climate change, CO2, acidification, nutrients, oxygen level, and tempera-
ture are main factors of biological changes (Portner 2001, 2002; Pörtner and Peck 
2010). The increase in temperature creates a cloud of extra deviations, such as 
increase in sea level, amplified ocean stratification, reduced sea-ice degree, and 
changes in arrays of ocean movement, rain, and freshwater contribution (Keeling 
et al. 2010). All fish are exothermic and cannot regulate their temperature through 
physiological changes and their body temperature is identical to environment 
(Moyle and Cech 2004). Poles and tropical ecosystems are more vulnerable. Coral 
reefs are also at risk as they are sensitive to temperature. Climate change will cause 
fluctuations in whole marine and terrestrial ecosystem and will also affect services 
(Doney et  al. 2011). South Asia is severely affected by climate change and the 
increase in food insecurity is due to population rise, natural resource degradation, 
heat waves, and change in rainfall pattern across Himalaya. Fisheries are affected in 
abundance due to climate change, and poverty and hunger are on the rise in this 
region (Sivakumar and Stefanski 2010). Northeast Asia is the biggest hotspot of fish 
production, consumption, and trade in the world. Industrialization leads to GHG 
emissions and warming in this region. Mostly small fishes are yield, i.e., pelagic fish 
which is very sensitive to climatic variations. Production of fisheries biomass is 
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affected by climate change thus leading to economic and social issues in Asia (Kim 
2010; Barange et al. 2014; Ficke et al. 2007). According to Jackson and Mandrak 
(2002), global warming will lead to introduction of warmth water species in Asia 
which will affect native species of marine ecosystem (Ficke et al. 2007). So there is 
need for better management of fisheries in Asia at various levels for better ecosys-
tem, economy, and service (Pomeroy et al. 2001).

2.5  Economic Loss Due to Climate Change

Climate change has adverse effects on global food production by affecting the qual-
ity and quantity of food. Agriculture, livestock, and fish sector are greatly affected 
by the changing in weather for the last few years. It also reduces our capacity to 
maintain an adequate supply of food for all living organisms (Sen 1982). It is very 
difficult to estimate net impact of these environmental changes on agriculture sector 
and food production which creates the issue of food security. It is not only deter-
mined by the climate factor but also by the ability of people to afford, access, and 
use food (Battisti and Naylor 2009).

2.5.1  Fluctuation in Prices of Staple Foods

Climatic variations will be the reason for great economic pressure on food avail-
ability and its prices. According to International Model for Policy Analysis of 
Agricultural Commodities and Trade by International Food Policy Research 
Institute, the cost of the three mostly used edible crops in the world, i.e., wheat, 
maize, and rice will be increased by 31–106% by 2050. Most important factors that 
define the exact values of these crops within the range are mitigation, income 
growth, and population growth (Nelson et al. 2010). Mostly analysis in numerous 
countries shows higher prices of food that enhance food insecurity and poverty in 
both urban and rural areas (Ivanic and Martin 2008). People that are net consumers 
are also affected by inflation of prices. The benefits of greater income may help out 
some smallholder farmers to adjust with the expensive food but landless laborers 
working on these farms will face this more badly (Singh et al. 1986). Higher prices 
also reduce nutrient intake and increase malnourishment rate among people. 
Magnitude of effect will vary depending upon the income status and wealth across 
the country. In low-income countries, review on price elasticities reveals that price 
increase is also linked to the national economy. The impact of expensive food and 
higher rates of crops increases food insecurity which depends on the structure of 
economy and the capability of agrarians to adapt to unstable economic and ecologi-
cal conditions (Morton 2007).
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2.5.2  GDP and Economic Growth

Gross domestic product (GDP) is also affected by fluctuation in food prices 
(Schmidhuber and Tubiello 2007). It is very difficult to project growth trajectories, 
even by excluding the environmental variables. A recent research work on the asso-
ciation between temperature and macroeconomic productivity within countries 
reveals that labor productivity, labor supply, and crop production are largely affected 
due to extreme heat. The author finds that lower earning issues and temperature- 
related issues will rise by 75% in the developed nations by 2100. Due to the increase 
in the intensity of climate change and low economic growth scenario, almost 43% 
of all countries will be at risk and also be poorer by the end of this century than they 
are now (Burke et al. 2015). This will clearly show that there is a chance of increas-
ing economic losses due to unmitigated climate change situation, which also greatly 
weakened the purchasing power of consumers to obtain basic facilities of life in the 
developing world. Even, if we are successful in improving the crop yield and 
increasing the production of food worldwide, resource-scarce countries are still 
struggling for access to food on the global market because there is a huge difference 
between where food is produced and where food is needed. An increase in food 
production in developed countries will not improve the drought and low attitude 
agriculture situation of poorer countries. These threats will increase with the demo-
graphic reality that a large part of world’s anticipated population of almost 2.5–3.0 
billion will be expected to occur in cities in the coming decades for the developing 
countries.

2.6  Effects on Food Security and Nutrition

Climate change has adverse effects on food production, crops yield, and food inse-
curity. The demand dynamics of market and supply of food are not only the factors 
that create food scarcity in an area (Hodges et al. 2011). Utilization of food and 
resources, cooking nutritious and safe food, protecting food stocks against pests and 
spoilage allowed to retain the nutrients in food for consuption. (Parfitt et al. 2010). 
Safe growth, healthy food, and then protection are very difficult in those situations 
where safe water and sanitation system are absent, and crops will face harsh climate 
issues like increased rainfall and prolonged drought (Rose 2015). This will also lead 
to increased exposure of parasites, mycotoxins, viruses, and pathogenic bacteria 
that destroys the harvested crops too. These infectious crops cause diarrheal dis-
eases in children which have intense influence on child development and its nutri-
tional status (Ngure et al. 2014). An environmental survey of 171 countries in the 
context of health represents their whole nation from 70 countries from all over the 
world between 1986 and 2007 reveals that the level of growth restricting in children 
under 5 years is highly associated with access to poor sanitation and water quality 
(Fink et al. 2011).
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2.6.1  Fluctuation in Prices

Trends like levels of income, prices, production, and disease will define the future 
predictions of food accessibility and consumption in the upcoming time. Prices will 
also fluctuate greatly by the increase of temporal and spatial variability in a food 
production pattern due to climate change. The projections and final estimation of 
the future food scarcity rate in the world are very difficult when we are considering 
all the determinants for that, with respect to food access and volatility. But all the 
economic and biophysical models reveal that upcoming world will experience more 
fluctuations in food pricing due to harsh climatic conditions (Lobell et al. 2009).

2.6.2  Nutrient Quality of Food

Environmental changes also have a serious impact on the production and nutritional 
value of crops. Climate change reduces the nutrients from vegetables and legumes, 
also reduces the yield of crops day by day. Water scarcity and the increase in tem-
perature have a large impact on the nutrient quality of food. Greater concentration 
of carbon dioxide affects the process of photosynthesis in plants which allows plant 
to transform sunlight into food. It also has influence on the nutrient content of sea 
food and food chain. It changes the nutritional composition of phytoplankton com-
munities by reducing long-chain polyunsaturated fatty acid content (Bermudez 
et al. 2015). Thermal pollution also limits the uptake of iron and minerals and alters 
the micronutrient composition in fishes (Chavez et al. 2011). Like plants, carbon 
dioxide combined with climate changes leads to substantial uncertainties regarding 
the availability of food and nutrition (Myers et al. 2017).

In Asia, most of the countries are developing and agriculture is their most impor-
tant sector of economy. GHG emissions and atmospheric concentrations will con-
tinue to increase for some decades; therefore, mitigation measures are not sufficient 
to control food scarcity issues. Climate functions and predicted changes in 
 temperature will also disturb the food production and agro-ecological conditions. 
Thus, farmers need to adjust their practices and modify their technologies to meet 
the food requirement of future generations. Adapting to new climate scenarios is not 
feasible all the time because weather forecasts are not always trustable (Caldeira 
et al. 2004). Sometimes better seed varieties will not endure weather conditions and 
cause more food scarcity. To better prepare the vulnerable regions, scientists and 
economists have to make models according to the high-risk regions and crops pres-
ent there, and also socioeconomic impacts that affect those models and their predic-
tion, along with all uncertainties (Rosegrant et al. 2010).
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2.7  Future Projections of Climate Change

The state of climate in future can be derived from different models which are pro-
jecting statistical analysis of weather and climatic patterns. According to the second 
report of assessment of IPCC, the warmer span of season increased the colder one, 
and hence there is occurrence of prolonged summers and short winters as well as 
variability in precipitation rate, etc. According to different reports and assessments, 
there is a complexity in different weather and climatic patterns just like heat stress 
in warm areas and variable rainfall pattern as well as variability of cooling days, etc. 
(Meehl et al. 2000). The data from different projection reports suggested that East 
Asia will face warmer climatic patterns in the twenty-first century, and the area of 
continent will experience high precipitation and temperature rate then oceanic area 
according to different spatial indications. It is projected that regular temperature 
changes for East Asia for the 30-year periods of 2020s, 2050s, and 2080s simulated 
1.2, 2.5, and 4.1  °C increase, and precipitation changes are 0.4, 2.2, and 5.0% 
increase, respectively (Min et  al. 2004). Climatic changes in stream flow sinks 
directly impact supply of freshwater, irrigation, etc. according to different assess-
ments; the glaciation in the future is complex in the extent of water availability and 
majorly in Central Asia (Sorg et al. 2012). The study reveals that water for food 
security situation will intricate and might get daunting if no action is taken. The 
agricultural sector globally and in Asia has pressure on needs due to increasing 
population; it also increases the use of water and land resources. The greenhouse 
gas emissions from agricultural sector have a diverse negative impact (Hanjra and 
Qureshi 2010; Bellard et al. 2012). The carbon level in atmosphere is variably alter-
ing and atmospheric chemistry is crucially changing. The warming in continent 
Asia is not equally distributed overall, and agricultural sector is majorly affected 
sector along with various corresponding factors. The losses due to climate change 
in Asia are more in terms of crop yield and cause a severe issue of food security 
(Rosegrant et al. 2010). Since 1980, crop productivity is reduced in Southeast Asia. 
Immediate response is required to cope with these climatic variations, and agricul-
tural production needs to be increased.

2.8  Conclusion

Our planet is facing climatic alterations and problems like water shortage, change in 
rainfall pattern, high temperature issues, and drought conditions. All major staple 
crops of the Asian continent such as rice, cereals, vegetables, grains, and spices are 
climatically sensitive. Due to rising temperature and changing of rainfall pattern, 
water scarcity increases which result in low productivity of crops and ultimately 
food shortage. Developing countries are facing food insecurity, crucial hindrance to 
their economic and social development. The decrease in crop yield is the cause of 
fluctuation in food prices, and it will be the reason for high food prices in the future 

A. Fatima et al.



67

and food security. The nutrition valve of crops is reduced. Agro-biodiversity pro-
vides income and food to farmers in this area. Native genetic diversity is declining 
in the continent. Due to climate change, GM species are mostly used nowadays, 
which is the reason for the decline in biodiversity. The species which can adapt 
adverse ecological conditions need to be introduced. The actions are need to be 
taken for the conservation of agro-biodiversity on international level. Asian 
Productivity Organization (APO) is working for Green Revolution and working to 
store genetics of agro-biodiversity. To increase the production, more climate- 
resistive species are being introduced which can provide more yield and more nutri-
tional valve by genetic resources. But more research and policy need to be developed 
and implemented in this production of new species.
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Abstract Stress conditions are severe problems and limit the crop productivity of 
modern cultivars. Abiotic stresses like low and high temperature, drought, water, 
salinity, heavy metals, and pesticides have a negative impact on agro-economic con-
ditions and threaten food security worldwide. Plant yield affected by stresses is due 
to less availability of water or disorder in nutrient uptake. This may cause deficiency 
symptoms or ion toxicity leading to alteration in physiological and biochemical 
processes such as degeneration of chloroplast, disruption in photosynthesis, degra-
dation of chlorophyll and macromolecules, disintegration of mitochondria and 
nuclei, and deterioration and leakiness of the membrane, which causes oxidative 
damage in the cells. Stresses also induced premature senescence in plants that also 
has a detrimental effect on crop yield. Plants have intricate responses for tolerance 
against abiotic stresses by regulating several metabolic processes. Therefore, it is 
required to study the strategies that are essential for the investigation of the mecha-
nism involved in regulating stress tolerance in plants and lessening the implications 
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of stresses on plants to increase crop production. This chapter emphasizes the effect 
of different stress conditions on plant productivity.

Keywords Stress · Productivity · Senescence · Oxidative damage · Deficiency

3.1  Introduction

Plants are affected by several stress environments, and abiotic stress is the main 
reason of restraining the crop productivity globally (Bray et al. 2000; Wang et al. 
2003). The impact of abiotic factors on the plant is influenced by its extent or inten-
sity. The plant entails a limited amount of abiotic factors for their optimal growth. 
Slight change from such optimum environmental situations that are insufficient in 
the environment is deliberated as abiotic stress and unfavorably influences plant 
productivity (Bray et al. 2000). They are chronic features of nearly all the world’s 
climatic regions since several critical environmental risks and threats are mobilized 
by global climate change and population growth (Gleick 1995, 1998, 2000).

Anomalous environmental conditions generate abiotic stresses that are the pri-
mary restrictive factors for limiting crop production (Padgham 2009; Grayson 
2013). Abiotic stresses comprise of heat, cold, drought, alkaline conditions and 
salinity, waterlogging, light intensity, and nutrient deficiency (Bailey-Serres and 
Voesenek 2008; Ansari and Silva da 2012). Drought has influenced 64%, salt stress 
6%, hypoxia 13%, soil alkalinity 15%, mineral starvation 9%, and chilling 57% of 
land all over the globe (Mittler 2006; Riadh et  al. 2010; Dresselhaus and 
Hückelhoven 2018).

Atmosphere fluctuation and limits are as of now contrarily undermining produc-
tion of major crops in tropical districts and without adjustment; this is relied upon 
to exacerbate as temperatures increment and become more extreme. The number of 
outrageous atmosphere-related debacles, including high temperature, floods, and 
drought, has multiplied since the mid-1990s, with these events happening each year 
amid the time of 1990–2016 (FAO 2009). These harm agricultural productivity add-
ing to shortages in nourishment accessibility. Inside-season changes may not enlist 
as extraordinary atmosphere occasions (drought, floods, or tempests) yet are parts 
of atmosphere fluctuation that influence the development of crops and the accessi-
bility of field for domesticated animals, with possibly huge ramifications for suste-
nance security and nourishment (Hussain et  al. 2018). Of every hazard—floods, 
drought, and hurricanes influence nourishment generation the most. Drought, spe-
cifically, causes in excess of 80% the harm and losses in agribusiness, particularly 
for the animals and crop production subsectors (FAO 2009).

Plants adapt with the rapid alteration and affliction of ecological conditions as a 
result of their natural metabolic mechanisms (Simontacchi et al. 2015). Deviations 
in the abiotic conditions can place the plant metabolism available for homeostasis 
(Foyer and Noctor 2005) and make the need for the plant to harbor few metabolic 
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and genetic mechanisms in the cell (Apel and Hirt 2004). Plants retain a variety of 
defense mechanisms to combat abiotic stress conditions (Gill and Tuteja 2010; 
Yolcu et al. 2016; Jalil and Ansari 2018). These mechanisms involve in the meta-
bolic reprogramming in cellular system to enable biophysicochemical processes of 
the external conditions (Mickelbart et al. 2015).

It is an undeniable fact that atmosphere climate variability and extremes environ-
mental conditions influence agricultural productivity, as far as changes in yields (the 
amount of agricultural production harvested per unit of land area, trimming zones 
territory planted or gathered, or cropping intensity).

3.2  Effect of Environmental Stress on Plants

3.2.1  Lessening the Physiological Process of Plant

Plants required abiotic environment for their physiological and developmental 
mechanism. An unfavorable abiotic environment is an intricate set of stress condi-
tions that limit plant productivity (Fig. 3.1). Plants detect and counter to stress con-
ditions in various methods that support their nourishment (Jiang et al. 2016). Plants 
not only recognize the previous exposure to stresses but also the mechanisms 
involved in defense, and again when the same stress exposes, they can adapt conse-
quently (Hilker et  al. 2016). The highly noticeable consequence of unfavorable 
environments is initially seen at the cell levels that from that point onward, physio-
logical side effects are noticeable. Water stress antagonistically influences physio-
logical eminence of plants comprising the photosystem (Xu and Zhou 2006). 
Prolonged exposure of water stress affects morphological and physiological charac-
ters of plants (Osakabe et al. 2014; Xu et al. 2016). Hence, plants can sagaciously 
progress distinctive mechanisms to limit utilization of optimum aquatic assets and 
regulate their development before the exposure with environmental stress (Osakabe 
et al. 2013). Experience of adverse light intensities reduces the physiological pro-
cess and unfavorably impacts on plant development. Abundance of light prompts 
photooxidation that enhances the fabrication of reactive oxygen species (ROS) to 
influence enzymes and other biomolecules (Li et al. 2009; Koini et al. 2009; Pareek 
et al. 2010).

3.2.2  Biochemical Changes Under Stress Conditions

Several abiotic factors influence plant growth and limit crop productivity; diverse 
intensities of acidic environments unfavorably affect soil nutrients that cause a 
nutrient deficiency in plant and disrupt normal physiological ability for plant devel-
opment (Rorison 1986; Bromham et al. 2013; Emamverdian et al. 2015). Prolonged 
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experience to salt stress causes toxicity in the cell along with interruption of osmotic 
balance. The consequence of ionic trailed with osmotic stresses results to altered 
plant growth (Munns and Tester 2008). Forbearance to salinity stress needed to 
regulate ionic and osmotic balance in the cells. For resistance toward salinity, plants 
protect delicate plant tissues from extreme salinity area or via emanating ions from 
roots or cytoplasm (Silva et  al. 2010). During freezing conditions, some plants 
developed a mechanism to cope with cold temperatures by elevating their defense 
response by the process of cold acclimation (Thomashow 2010). After sensing the 

Fig. 3.1 Effect of abiotic stresses on crop productivity. Abiotic stress conditions cause the genera-
tion of reactive oxygen species, which act with the biological molecules that degraded during 
adverse environmental conditions that reduced the membrane fluidity and caused peroxidation, 
membrane leakage, and finally cell damage, which negatively affect the crop productivity
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stress, plants show a quick and compelling reaction to initiate an intricate stress- 
specific signaling by synthesizing plant hormone (Tiwari et al. 2011). Generation of 
ROS is mainly caused by adverse environment conditions. The generation and erad-
ication of free radicals are at balance in normal conditions, while under abiotic 
stresses, it disrupts this equilibrium by increasing the production of ROS that are 
lethal for the organism as they adversely impact on the biomolecules. The ROS 
production occurs in various compartments of plant cell. Singlet oxygen and hydro-
gen peroxide are generated in mitochondria because of the over-reduction of the 
electron transport chain. Chloroplasts are the foremost site for the generation of 
superoxide and hydrogen peroxide (Davletova et al. 2005), due to higher oxygen 
pressure and reduced molecular oxygen than in other organelles in the electron 
transport chain within PSI. They degraded the macromolecules such as proteins, 
fatty acids, carbohydrates, and nucleic acids that lead to cell death and finally 
reduced the crop productivity (Foyer and Noctor 2005) as shown in Fig. 3.1.

3.3  Implications of Stress on Plant Productivity

3.3.1  Drought Stress

The underlying impact of drought stress is the reduced seed germination and dis-
abled seedling formation. Different investigations have detailed the adverse effects 
of drought stress on plants (Kaya et al. 2006; Zeid and Shedeed 2006; Farooq et al. 
2009; Hussain et al. 2018). Plant development is fundamentally proficient by cell 
division, augmentation, and separation. Water-deficit condition impedes cell exten-
sion that restricts development and due to which decreased physiological parame-
ters were accounted in vital crops such as pea, horse feed, and rice (Fahad et al. 
2017). Drought stress confines the procedure of cell development principally 
because of reduced turgor pressure (Taiz and Zeiger 2006; Fahad et al. 2017) that 
affects in debilitated cell prolongation predominantly due to the deprived water 
stream through xylem to the adjacent cells (Fahad et al. 2017). The extension of the 
leaves ordinarily relies on absorption, decreased turgor pressure, and moderate pho-
tosynthesis rate during water-deficit situations which for the most part reduced the 
leaf extension. Fresh and dry weights are additionally seriously decreased during 
drought stress (Zhao et  al. 2006). Phenotypic parameters were fundamentally 
diminished during drought stress in Zea mays (Khan et al. 2015). Additionally, the 
biomass aggregation in Zea mays was essentially diminished during drought stress 
imposed at different development phases (Kamara et al. 2003).

Yield is fundamentally the perplexing coordination of the distinctive physiologi-
cal procedures. The greater parts of these physiological procedures are adversely 
influenced through the water-deficit conditions (Hussain et al. 2018). The negative 
effects of drought stress on the yield fundamentally rely on the seriousness of the 
pressure and the plant development. Noteworthy, decreased productivity has been 
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accounted in foremost crops because of drought conditions that were prompted at 
the pre-anthesis stage and diminished the period of grain development in oats 
(Estrada-Campuzano et al. 2008). The exposure of plants to water-deficit condition 
disquiet at the blooming stage can affect the total sterility in pearl (Yadav et al. 2004).

Drought stress which incited decrease in the yield may be because of different 
factors, for example, diminished photosynthetic rate, irritated acclimatize parceling, 
or reduced leaf expansion (Fahad et al. 2017). The experience of Zea mays to water- 
deficit environments on the tasseling phase brought about huge yield damage 
(Anjum et al. 2011). Thus, a critical decrease in the boll’s establishment and termi-
nation of delivered boll was observed during water-deficit condition that influenced 
the yield of cotton (Pettigrew 2004). A noteworthy decrease in the yields of barley 
was likewise seen in drought stress for the most part due to reduced quantity of ripe 
tillers and grains (Samarah 2005; Samarah et al. 2006). Moreover, the contact of 
pigeon pea to water-deficit conditions at the blooming phase leads to over half in the 
decrease in the grain yield (Nam et al. 2001).

3.3.2  High-Temperature Stress

Under the tropical atmospheres, extreme radiations and heat stress are other signifi-
cant constraining factors to plant growth. Heat stress can influence blistering of the 
shoots, leaves alongside visual indications of leaves senescence, development 
restraint, and depigmentation of plant parts (Fahad et al. 2017). Extreme tempera-
ture may lessen seed germination and negatively affect crops (Fahad et al. 2016a, b). 
Heat stress diminished spikes and florets per plant in rice (Prasad et al. 2006), and 
seed development in sorghum (Fahad et al. 2016a, b) was likewise adversely influ-
enced under comparative environments. During heat stress, flower infertility has 
been connected to lessened anther dehiscence, meager flaking of pollen, reduced 
pollen grains development, and diminished elongation of pollen tubes (Fahad et al. 
2015, 2016a, b). A critical decrease in the development was seen in Z. mays and 
Saccharum officinarum during high temperature (Ashraf and Hafeez 2004; Wahid 
and Close 2007). There was a huge decrease in the biomass aggregation and preco-
cious foliar senescence in sugarcane in high temperature (Ebrahim et al. 1998).

In temperate regions, the heat stress stuns amid the regenerative stage may result 
to generous decrease in the productivity of significant crops. The quality of the 
grains and oilseed crops is likewise adversely influenced by high temperatures; it 
decreases the biochemical properties generously (Fahad et al. 2017). It has been 
observed huge decrease in the biomass and quantity of wheat grain in heat stress 
(Ferris et al. 1998). High temperature diminished rice yield by lessening the execu-
tion of various rice development and qualities. The biomass of rice cultivar is almost 
steady in a tranquil situation (Mohammed and Tarpley 2010); conversely, during 
raised evening temperature, a decline in single-grain weight brought about critical 
decrease in rice productivity (Fahad et al. 2016a). High temperature affected signifi-
cant decreases in the production of beans and shelled nut (Vara Parasad et al. 1999; 
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Rainey and Griffiths 2005). A noteworthy impact of the high-temperature stress is 
normally seen in tomato as it impacts meiosis, treatment, and development at last 
causing a perceptible decrease in productivity (Camejo et al. 2005).

3.3.3  Salinity Stress

Salinity has come to be a foremost problem restraining the developmental mecha-
nism of several plants. It has been accounted that 7% of the total global land is 
adversely influenced by salinity stress (Munns 2002). Impacts of salinity stress 
harm on plants are associated with different morphological, physiological, and bio-
chemical processes (Ashraf 1993). For instance, plant roots can adversely be influ-
enced by increased amount of sodium and chlorine ions. The overaccumulation of 
sodium and chlorine ions in plants leads to ion toxicity and furthermore diminishes 
the retention of other ions prompting development restraint and metabolic disrup-
tion during salinity stress. Furthermore, salt stress earnestly decreases the capacity 
of plants taking up water bringing about drought condition (Al-Karaki 1997; Okcu 
et al. 2005; Bybordi et al. 2010a, b; Woodrow et al. 2016). Those negative impacts 
specifically or in a roundabout way cause generation of reactive oxygen species 
(ROS) that results to oxidative harm in plants during high-salinity condition (Liu 
et al. 2007). It is notable that salinity stress contrarily influences every single vege-
tative phase of plants, particularly for seed germination (Cuartero et  al. 2006). 
Earlier studies have demonstrated that excessive salinity fundamentally decreased 
the germination rate and shoot and root length of various plants (Barbagallo 
et al. 2010).

Salt stress becomes a serious threat to worldwide, which results to gigantic 
decrease in the crop productivity. However, it assessed that salinity influenced 
roughly 6% of land area worldwide, which establishes over 800 million hectares of 
dry land (FAO 2009). Out of 230 million hectares of irrigated area influenced by 
various environmental stresses, 45 million hectares are influenced by salt stress 
globally (Ashraf 2010). As indicated by another gauge, an 831 × 106 hectare area 
has been affected by salinity, worldwide (Beltran and Manzur 2005). About half of 
the cultivable land will be inclined to harms by salinity stress by year 2050 
(Manchanda and Garg 2008). Saboora et al. (2006) expressed that the salt stress is 
debasing approximately 10% of land area per  annum globally. The issue of salt 
stress is more severe in water-deficit regions particularly the regions with low rain-
fall and high transpiration rate and hotness (Neto et  al. 2006). The issue of salt 
stress condition is uplifting all over the globe because of utilization of low-quality 
water bringing about aggregation of some dissolvable salts in the plant roots. The 
issue is further expanding by deprived soil management rehearses (Pitman and 
Lauchli 2002).
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3.3.4  Stress-Induced Senescence

Generally, crops are accessible to adverse environmental conditions and are cer-
tainly affected by different abiotic and biotic stresses during a growth period that 
causes reduction in production of economically significant crops (Bray et al. 2000). 
Leaf senescence can be induced by several external and endogenous factors, includ-
ing stresses that involve protein degradation, damage and degradation of nucleic 
acids, disruption of cellular structure, and finally death of the cells, that enhance the 
synthesis of free radicals. Reactive oxygen species (ROS) are the natural by-product 
of cellular plant metabolism, which are produced due to leakage of electrons from 
the electron transport activities of subcellular sites of plants. It is clear that adverse 
environment conditions can induce a precocious leaf senescence that limits the 
assimilation, ultimately increasing the maturation process of the complete plant 
(Jalil et al. 2017) that negatively affected the crop productivity (Ansari et al. 2014). 
Leaf senescence has an imperative effect on agro-economy, influencing productivity 
of crops and shelf life of leafy vegetables and ornamental plants (Quirino et  al. 
2000; Gepstein 2004). There are huge differences in instant plant responses to 
stresses and the senescence process at gene regulation level; thus, the various stress 
conditions convey to increase the execution program similar to leaf senescence pro-
cess (Guo and Gan 2014). Stress conditions activated many signaling pathways for 
promoting leaf senescence (Jalil et al. 2017), but the regulation of this pathway is 
not clear; however, they involved certain phytohormones such as ethylene, abscisic 
acid, salicylic acid, and jasmonic acid that also synthesized in stress conditions 
(Robert-Seilaniantz et al. 2011; Peleg et al. 2011). The regulation of these signaling 
pathways is essential for crop productivity.

It is generally seen that plants develop a protective mechanism due to abiotic 
stress, where the plants inhibit shoot growth and divert the essential cellular activi-
ties. Another characteristic to cope with stress conditions is to induce the process of 
leaf senescence, which is termed as stress-induced senescence. The senescence pro-
cess has much similarity to abiotic stresses in relation to the plant responses such as 
defected plant morphology, biochemical and physiological properties, and gene 
expression pattern. Thus, environmental stress conditions and senescence process 
negatively impact global crop productivity. However, the predicted climate changes 
in future pose a serious threat to the agro-economic condition of the world. The 
result of abiotic stress-induced senescence is limitation of the yield of the crops. 
Accordingly, research and development are required for the same. Abiotic stress 
conditions such as heat, drought, water lodging, cold, and salinity are the main rea-
son of reduction of optimal growth and yield of crops. Various mechanisms involved 
the plants to tolerate against different stress conditions. By understanding the intri-
cate mechanisms in the development of stress-induced senescence, many strategies 
can be developed for the enhancement of crops that have the capability to resist 
against the stress-induced senescence (Gepstein and Glick 2013).
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3.4  Defense Mechanism of Plants Against 
Environmental Stress

Plants smartly sense and defend against the changing environmental conditions. 
Their approaches and responses to adverse environmental conditions comprise col-
laborative metabolic cross-talk inside various biosynthetic pathways (Yin et  al. 
2019). Root pattern is delicate in intuiting stress signals and responding conse-
quently in the root zones (Khan et  al. 2016). It is an intricate mechanism that 
includes changes at hereditary, cell, metabolic, and physiological dimensions 
(Atkinson and Urwin 2012). The prime influence of abiotic stresses is generated 
water-deficit conditions inside cells pursued by the advancement of biochemical, 
atomic, and phenotypic activity against stresses (Ansari and Lin 2011; Xu and Zhou 
2006; Almoguera et al. 1995). Tolerance to stresses is a vital phenomenon including 
different stages of plant development. Abiotic stress reactions may diminish or 
expand the powerlessness of plants toward biotic anxieties caused by bugs or patho-
gens (Rizhsky et al. 2004). This turns out to be progressively critical in record to 
agrarian harvests in light of the fact that, in different rural frameworks, most yields 
develop in ominous natural condition, which are limited to the hereditary capability 
of plants for development and advancement (Bray et al. 2000).

Plants involve intricate responses at cellular, molecular, physiological, and meta-
bolic levels for tolerance against abiotic stresses by mediating osmotic regulation, 
antioxidant metabolism, and stress signaling and hormone metabolism. Researchers 
are interested to work on the complete profiling of metabolites, proteins, and genes 
by using proteomic, transcriptomic, metabolomics, and genomic approaches of dif-
ferent plant species involved in stress tolerance (Wang et al. 2019; Rastogi et al. 
2019). However, due to lack of information on these approaches, it is important to 
work on the combined approach, which is essential for the determination of the key 
pathways and mechanisms involved in controlling abiotic stress tolerance.

In addition, in spite of the significant progress in the understanding of stress 
responses by plants, there is still no clarity about transmembrane ion transport, sen-
sor, and receptor in the signaling transduction. Genetic engineering has been proved 
to be an efficient approach to the development of abiotic stress-tolerant plants, and 
this approach will become more influential as more applicant genes related with 
abiotic stress tolerance are identified and extensively utilized (Rastogi et al. 2019; 
Ansari and Lin 2010). In the recent years, nano-biotechnology is also receiving 
attraction for involving the encouraging position to alleviate the limitation related 
with abiotic stresses to achieve an improved agricultural production globally (Jalil 
and Ansari 2019). Application of nanoparticles shows improved antioxidant poten-
tial of plants to cope with adverse environmental conditions via scavenging the ROS 
and enhancing antioxidant activity of plants (Jalil et al. 2018).
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3.5  Conclusions

Environmental stresses restrict the growth and production of crops and come to be 
a severe threat for the agronomists. Plants are exposed to different abiotic stress 
conditions and able to deal with several changes during temperature, humidity, light 
intensity, and other abiotic factors. When these abiotic influences exceeded from 
optimum limit, plants are exposed to stress; this can result in reduced reproduction, 
declined growth rate, and even programmed cell death. Changes in environmental 
stress can also conceivably influence biological diversity, alterations in ecological 
traits, and functioning of ecosystem. Abiotic stress also negatively affects the crop 
productivity, the extent of which changes in every year. The concurrent events of 
rapidly increasing temperatures, cold, and drought are the utmost prominent phe-
nomena that intimidate plants, which have not adapted and are not capable to 
promptly acclimatize to these stress conditions. Plants involved various complex 
responses to cope with adverse environmental conditions via regulating antioxidant 
metabolism, stress signaling, hormone metabolism, and many other processes of 
plants. However, the information of these approaches for completely combating 
with abiotic stress is still lacking; thus, it is required to research on the combined 
approaches that are vital for the determination of the pathways and mechanism 
involved in regulating stress tolerance in plants, which helps to increase the produc-
tivity of field crops.
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Abstract Climate change has shown a significant impact on preharvest physiology 
affecting subsequent postharvest quality and storage potential of various edible 
plant products. Our edible plant-based products such as grains, fruits, vegetables, 
and seeds are derived from different systems of agriculture. Climate change-induced 
alterations in precipitation, temperature, carbon dioxide, solar radiation, ozone, and 
UV radiations directly influence agricultural produces during preharvest produc-
tion stage. It is important to understand the impact of climatic-based alterations on 
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the postharvest storage and quality of the said edible products. It is a well-estab-
lished fact that different environmental factors during preharvest stages substan-
tially influence and modify postharvest physiology and related quality attributes of 
different edible plant products during storage. Due to altered climatic conditions 
during preharvest stage, the harvested products have different levels of secondary 
metabolites, nutraceutical compounds, mycotoxins, nutrients status, ethylene bio-
synthesis, respiration rate, and postharvest shelf- or storage-life potential. Moreover, 
climate change, by affecting the food quality, is indirectly affecting the markets and 
industries related to harvested produce. The changing global climate pattern also 
influences various plant pest and pathogen infestation especially along with the 
increase in mycotoxin contamination, ultimately making the plant-based edible pro-
duce unsuitable for human consumption. Due to climate-induced alterations, proper 
cold supply chain should be maintained to slow down different metabolic changes 
as well as to reduce food poisoning pathogens of the harvested edible produce. So, 
the basic understanding of climate change on the said aspects is very imperative for 
global food security. The current chapter covers a comprehensive overview regard-
ing the impacts of climate change on physiology and quality of edible plant-based 
products during postharvest life.

Keywords Climate change · Edible products · Food quality · Physiological 
changes · Postharvest physiology · Sustainable production

Abbreviations

1-MCP 1-Methylcyclopropene
ADP Adenosine triphosphate
AMP Adenosine monophosphate
ATP Adenosine triphosphate
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CO2 Carbon dioxide
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O3 Ozone
PAL Phenylalanine lyase
POD Peroxidase
PPO Polyphenol oxidase
RDI Regulated deficit irrigation
SOD Superoxide dismutase
UV Ultraviolet
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4.1  Introduction

Climate change is emerging as a key factor that has started to significantly affect 
everyday life of humans. The Intergovernmental Panel on Climate Change has 
reported that mean air temperature may rise between 1.4 and 5.8 °C at the end of the 
twentieth century (Moretti et al. 2010) and there are still certain unstudied climatic 
components that, if found to be positively correlating with temperature rise, may 
aggravate the situation. However, Kalnay and Cai (2003) predicted the increasing 
rate of 0.088 °C per decade for the twentieth century which is a relatively less severe 
situation. Whichever climate-predicting model is correct, it is more likely that the 
rise in temperature will induce more adverse environmental conditions like drought, 
flooding, and heat waves. These circumstances will not only directly create hurdles 
for daily human life but also will exponentially increase their effects by disturbing 
different biological systems, such as production of food, that are essential for the 
very existence of human beings. It is a well-established fact that adverse climate 
conditions are stressful for normal growth and production of agricultural  plants 
especially edible plants, but there is a need to realize that these adverse conditions 
leave their mark that lasts even after the crop is harvested. For example, drought is 
of great concern in agriculture whereby it not only reduces the yield potential of a 
crop but also decreases the postharvest life of fruits by accelerating the ripening 
process of fruits (Henson 2008). Change in climate also affects phenology in many 
fruit species. Many phenological time series trends have shown their association 
with warming temperatures (Menzel et al. 2006; Rosenzweig et al. 2008).

4.2  Climate Change and Postharvest Quality of Edible 
Produces

The impact of climate change has substantially increased during the past few 
decades, and it is still increasing with the passage of time. The increased climate- 
induced changes will have certain negative effects on the edible plant products. 
Climate change-induced lack of irrigation water (drought), increased temperature, 
and decreased crop production are expected to cause reduction in the produce qual-
ity (De-Pinto et al. 2012). It will also lead to favored growth and subsequent infec-
tions of toxigenic fungus along with increased population of insect pests in the 
stored edible products (Schmidhuber and Tubiello 2007). An increased CO2 level 
may negatively affect postharvest fresh produce and grain quality. Elevated CO2 led 
to reduced concentration of glucose and raffinose in kidney bean seeds (Thomas 
et  al. 2009). Increased temperature during production period caused substantial 
reduction in accumulation of starch in wheat grains (Barnabás et al. 2008). In the 
same way, elevated CO2 led to decrease in Ca, N, S, and Mg in flour of different 
wheat cultivars (Högy and Fangmeier 2008). The changes in different fatty acids in 
response to elevated temperature also varies. Oleic acid percentage increases, 
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whereas linoleic acid level shows reduction in the oil of soybean seeds (Thomas 
et al. 2003). Besides grains and seeds, elevated temperature as well as concentration 
of ozone and CO2 also significantly affect postharvest quality of fruits and vegeta-
bles. High atmospheric ozone enhances ascorbic acid content and reduces the pro-
duction of esters in strawberries. Moreover, elevated CO2 accumulation has direct 
influence on incidence of common scab, tuber malformation, and changes in reduc-
ing sugar contents of potato during postharvest storage (Högy and Fangmeier 2009). 
Similarly, exposure of tomato fruits to ozone increased lutein, total carotenoids, and 
lycopene concentrations (Moretti et al. 2010). So besides various grains and seeds, 
climate change-induced alterations in atmospheric temperature, CO2, and ozone 
may also alter the postharvest quality of different fresh fruits and vegetables.

4.3  Preharvest Climatic Factors Affecting Postharvest 
Quality of Edible Plant’s Products

Environmental conditions during growth, such as extremely high or low tempera-
ture, wind, carbon dioxide, rain, and hail, not only determine yield but also the qual-
ity of that commodity during storage. The quality of an edible portion of a plant at 
harvest stage almost entirely defines its behavior during postharvest phase. In fruits, 
the fruit location within the canopy and its exposure to sunlight or shade can affect 
the development of various bioactive compounds and, thus, determines its posthar-
vest quality during supply chain or storage. Even fruits harvested at the same time 
from the same tree have differences in their physiological responses owing to com-
plex interrelationships between environmental drivers acting on a horticultural com-
modity. Higher temperatures have been shown to be directly related to flowering. In 
apple, for example, the flowering date reaches 4.6 days earlier if the mean air tem-
perature increases 1 °C (Chmielewski et al. 2004).

4.3.1  Carbon Dioxide

Nitrogen, oxygen, argon, and carbon dioxide (CO2) are the most abundant gases in 
the atmosphere with a concentration of 78.1%, 20.9%, 0.93%, and 0.031%, respec-
tively (Lide 2009). The role of nitrogen and oxygen in global warming is entirely 
negligible as these gases are transparent to radiation. However, CO2 has a significant 
role in increasing the average air temperature of Earth as CO2 absorbs infrared radi-
ation and thus traps heat. Therefore, increasing the CO2 levels will translate into 
more global warming (Lloyd and Farquhar 2008). Besides involving in increasing 
temperature and thus indirectly affecting postharvest physiology of horticultural 
crops, CO2 has shown direct effects on quality of horticultural food products. For 
example, 50% higher concentration of CO2 in the atmosphere increased  malformation 
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in potato tubers which showed poor quality for processing as was reflected by 
browning and acryl amide formation during processing (Högy and Fangmeier 
2009). Moreover, higher CO2 concentration increased the common scab susceptibil-
ity, glucose, and fructose and reduced sugar concentrations. Similarly, the loss of 
nutritional components like protein, potassium, and calcium and visual quality was 
also observed. Bindi et al. (2001) also observed that increased CO2 concentration in 
the atmosphere led to increase in dry weight, tartaric acid, and sugar contents during 
ripening stage of grapes.

4.3.2  Temperature

The growth of different plants bearing edible produce is significantly affected by 
different temperature regimes (Moretti et al. 2010). It has also been noted that main-
tained quality and extended storage potential of grains are linked with moisture 
contents and prevailing temperature. The temperature and moisture should be con-
trolled to extend the storage potential of grains (Suleiman et al. 2013). Under cur-
rent climate change scenario, temperature has significantly increased (Moses et al. 
2015). Extended drought and increased temperature during preharvest certainly 
affect quality of grains during postharvest storage (Controy et al. 1994). Moreover, 
increased temperature also affects nutritional, physicochemical, and toxicological 
characteristics of grains during storage (Jang et  al. 2009). Elevated temperature 
resulted in negative changes of insoluble amylose content during storage in wheat 
grains (Rehman and Shah 1999; Ndindeng et al. 2014). Heat stress after flowering 
significantly influenced the grain nutritional quality attributes such as proteins, 
carotenoids, and antioxidant activity of durum wheat flour after harvest (Leonardis 
et al. 2015). High-temperature-induced tip burn damage to lettuce would have risk 
of soft rot during storage. In the same way, cabbage and lettuce damaged due to sun-
scald and high-temperature stress are highly prone to postharvest decay during storage 
(Moretti et al. 2010). Heat stress-induced reduction in volume-to-surface ratio of 
tomatoes increased weight loss under postharvest storage (Gruda 2005; Toivonen 
and Hodges 2011). Similarly, high-temperature-induced heat stress significantly 
increased membrane permeability of the affected fruits and vegetables (Moretti 
et al. 2010). Climate change-induced increased temperature also decreases palat-
ability of the grains during storage due to reduced proteins and increased concentra-
tion of free fatty acid contents (Moses et al. 2015). In addition, increased rainfall 
due to climate change at harvest stage increased the damp conditions for the grains 
which in combination with elevated temperature resulted in deterioration of grain 
spoilage during storage (Moses et al. 2015). Increased moisture causes increased 
multiplication of mold and insect eventually leading to enhanced risk of mycotoxin 
contaminations in processed products (Stathers et al. 2013). High temperature in the 
form of heat treatments may also enhance biochemical reaction rates catalyzed by 
different antioxidant enzymes. The higher induction of the enzymatic antioxidants 
in relation to certain treatments would reduce membrane permeability, oxidative 
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stress, and lipid peroxidation eventually leading to conserved quality and extended 
storage life of the treated fresh produce (Ali et al. 2019).

The difference between temperature at which a crop is grown and at which it is 
stored may alter fruit quality and subsequently its postharvest life. For example, the 
few regions of Australia where pineapple is grown have large differences in day and 
night temperatures. Night temperature may fall ˂21  °C, and this causes internal 
browning of the fruit tissue during postharvest phase of fruit development (Smith 
and Glennie 1987). California-grown Valencia orange can be stored up to 8 weeks 
at a temperature range from 3 to 9 °C (Thompson 2003). However, if the same cul-
tivar is cultivated in Florida, then it can be successfully stored for 12  weeks at 
0 °C. Generally, oranges that are cultivated in tropical zone have more sugar content 
and soluble solids than those grown in subtropical regions. However, comparing the 
oranges of these two regions, tropical-cultivated oranges are less orange in color 
and are harder to peel. Both of these factors seem to be linked with low diurnal 
temperature variation that occurs in the tropics rather than to the actual temperature 
difference between the tropics and subtropics. Similarly, fruits of apple cultivar 
Cox’s Orange Pippin grown in the United Kingdom are susceptible to chilling injury 
if these are stored below 3 °C, while the fruits of apple cultivated in New Zealand 
can be successfully stored at 0 °C (Thompson 2003).

Cool or warm growing conditions trigger different physiological disorders after 
harvest and also affect sugar and acid content of fruits. In Braeburn apples, the 
growing conditions were found to be triggering scald, browning disorder, and inter-
nal cavities during storage. Therefore, if apples were harvested after a cool growing 
season, it was suggested to store the fruits in air at 0 °C to mitigate the risks of these 
disorders. On the other hand, after a warm season, harvested apples are recom-
mended to be stored in controlled atmospheres to better retain their texture and 
acidity (Lau 1998). In another study, apples and avocados when exposed to high 
temperature during growth showed different behavior during storage after harvest. 
In such circumstances, avocados showed chilling injury and had water core disorder 
if fruits have been subjected to higher temperatures while on the tree. Similarly, 
scald in apples is related to the times a fruit is exposed to low temperature in a grow-
ing season (Ferguson et al. 1999). Oosthuyse (1998) found that if during harvest 
mangoes are exposed to cool, humid, or wet conditions, it leads to the development 
of lenticel damage during postharvest stage. On the contrary, if harvest day is 
marked by dry and hot conditions, it discourages the development of lenticel dam-
age. Watercore susceptibility in apples is a problematic physiological disorder. 
Yamada and Kobayashi (1999) studied how watercore development is affected by 
preharvest fruit temperatures (10, 15, or 25 °C) as reflected by ethylene production, 
fruit pulp firmness, and membrane integrity in two apple cultivars. Lower tempera-
ture induced significantly more watercore occurrence after 2–3 weeks of treatment, 
whereas temperature of 25 °C completely inhibited the watercore occurrence.

An extensive study on grapes’ earlier maturity was conducted by Webb et  al. 
(2011). They used data from 44 vineyards blocks; short-term data was 17 years in 
length and long term from 25 to 115 years long. A tendency of earlier maturity in 
grapes was evident in almost all vineyards. Over the recent period (1993–2009), the 
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average advance was 1.7 days per year. The trend to earlier maturity was associated 
with warming temperature trends for all of the blocks assessed in the study. Besides 
early maturity, warmer temperature causes fluctuation in biochemical composition 
of fruits such as in grapes. Increasing the temperature has been found to be linked 
with the increase in sugar levels and decrease in titratable acidity in grape fruits 
(Coombe 1987). Higher temperature only increases malate concentration in grapes, 
whereas tartrate was not affected by the increase in temperature.

It has been reported that the stress factors and growing conditions of environ-
ment do not substantially affect product quality at harvest, but these negatively and 
significantly influence shelf- and storage-life of the edible fresh produce (Farneti 
et al. 2013; Bisbis et al. 2018). High temperature during development also substan-
tially influences water relations, photosynthesis, and membrane stability along with 
certain hormones and primary as well as secondary metabolites. Higher concentra-
tion of certain polyamines in relation to high-temperature stress during preharvest 
growth stages significantly influences postharvest quality and storage potential of 
edible produce (Malik and Singh 2006). Temperature is also very critical in deter-
mining the harvest index. The higher range of prevailing temperature during prehar-
vest stages will lead to early crop maturity. The maturity of a large number of 
varieties in the narrow harvest window may probably lead to glut produce and lower 
quality because the crops may mature early without developing characters of quality 
imperative for their postharvest performance (Moretti et  al. 2010). It has been 
observed that cauliflower, celery, lettuce, and kiwi fruit matured earlier under high- 
temperature conditions compared to the crops grown during lower-temperature 
regimes (Hall et al. 1996; Wurr et al. 1996). High spring temperatures reduce the 
number of days and increase the rate of growth/day in peach fruits between full 
blossom and reference date (the date growers use to determine the fruit size for fruit 
thinning). Therefore, it can be hypothesized that excessive high spring temperatures 
pose a hurdle to fruit trees in supplying resources rapidly enough to support their 
maximum potential fruit growth rates. Cumulative preharvest hours below 10 °C 
induce adaptive changes in apple fruit. Increasing the chilling hours before harvest-
ing increases apple fruit firmness, soluble solid content, starch index, and ethylene 
production (Diamantidis et al. 2002). These adaptive changes are considered to be 
increasing fruit tolerance to cold storage. Cool nighttime temperature in apple fruits 
causes more redder color and an early onset of ethylene production and develop-
ment of abscission zone compared to fruits exposed to warm nighttime temperature 
(Blankenship 1987). However, firmness, soluble solid content and fruit maturity, 
diameter, and length remain unaffected by nighttime temperature.

Temperature variation at any stage from bud break to fruit maturation has lasting 
effects on fruit quality during ripening. Fujisawa and Kobayashi (2010) observed 
that, in apples grown in Japan, temperature has profound effect on the timings of 
bud break and their subsequent flowering during spring season. Similarly, in South 
Africa, winter and early spring temperature and rainfall determine the full bloom 
dates of apple (Grab and Craparo 2011). Besides, prebloom temperature variation and 
post-bloom temperatures noticeably affected the visual and nutritional fruit quality 
during ripening. In another similar series of experiments, apple plants were  provided 
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with controlled conditions of temperatures (experiment 1, 16, 20, and 24 °C; experi-
ment 2, 16 and 22 °C) for 6 weeks immediately after bloom. This was followed by 
fixing the temperature in experiment 1 at 20 °C and adjusting the temperature to 
22 °C from week 6 to 14 and 22 °C from week 14 to 22 in experiment 2. Temperature 
manipulation during post-bloom stage markedly modified the rate of fruit ripening 
and ethylene production, flesh firmness, starch content, skin color, and red blush, 
but these variations did not respond to the same degree. The temperature of 22 °C 
during post-bloom phase led to fruits that were significantly greener and firmer, 
high in starch content, and contain redder blush at 16 than at 24 °C given from week 
14 to 22. Higher temperature either during post-bloom phase or at fruit maturation 
period both reduced acid content in fruit during ripening.

Researchers have investigated whether increasing temperature alters fruit quality 
traits such as taste, texture, and firmness. Fruit softening is one of the most consumer- 
sensitive attributes of fruit quality and is also the most delicate attribute that may get 
affected by water, temperature, humidity, nutrition, and soil characteristics. Several 
studies have proposed that if the numbers of heating days are increased, then the 
fruit softening may be affected mostly following the increasing path. So far very 
few studies are available that have focused on the effects of climate change on 
consumer-related attributes of foods such as taste, flavor, and texture of fresh fruits 
and vegetables. One such study utilized the data records up to 40 years and found 
that taste and texture of apple fruits are significantly changing with recent global 
warming (Sugiura et  al. 2013). Acid levels, fruit firmness, and development of 
watercore decreased, and, in some cases, total soluble solid content increased at 
maturity, whereas maturity was measured by phenological, morphological, and 
chemical indices. These changes were attributed to higher temperatures and earlier 
blooming during the maturation period.

Environmental conditions may also affect the pathogen infestation directly. 
Many pathogens thrive in soil or survive on plant debris in the field, from where 
winds and rain may disperse them to potential hosts. Botrytis cinerea thrives well 
under high temperatures and causes infection in tomato flowers because warm 
weather causes an increase in development and senescence of flowers making them 
vulnerable (Eden et al. 1996).

4.3.3  Solar Radiation

Solar radiation is composed of various wavelengths. The most important wave-
lengths for plant growth and development are red, blue, and somewhat UV wave-
lengths. The extent to which a fruit is directly exposed to solar radiation while still 
in development stage alters the quality attributes especially bioactive compounds of 
an edible produce. In grapes, flavonols including glycosides of quercetin, kaemp-
ferol, and myricetin may increase up to tenfold concentration in sunlight-exposed 
cluster compared to shaded clusters. Ultraviolet barriers have been used to shade the 
clusters from direct sunlight that led to a significant decrease in levels of glycosides 
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of quercetin, kaempferol, and myricetin and total flavonols. On the other hand, 
interestingly, temperature showed little to no effect on flavonol concentrations 
(Spayd et  al. 2002). Moreover, low-light conditions led to reduced dry matter, 
declined protein concentration, and increased chalky percentage in rice kernels (Liu 
et al. 2014).

It has also been reported that long and intensive sunlight exposure and high tem-
perature before commercial harvest had a significant impact on edible produce qual-
ity and bruise susceptibility (Hussein et al. 2018). Sun-exposed sides of avocado 
fruits had higher firmness and potential susceptibility to bruising (Woolf and 
Ferguson 2000). The exposure of apples to high-light intensity may lead to thick 
wax clumps leading to cushioning and subsequent reduced bruise susceptibility 
(Tahir et al. 2009). The reduced bruise susceptibility may help to transport the prod-
uct to distant markets with limited damage of the produce during postharvest han-
dling. High-light intensity causes increased transpirational losses from the fruits 
(Mowatt 1997). The higher loss of water through transpiration will eventually result 
in loss of turgor (wilted produce eventually will have limited marketability) and 
increased weight loss during postharvest storage. At the same time, it is also possi-
ble that reduced turgor of the commodity may have lower bruise susceptibility 
(Hussein et al. 2018). So, light intensity in combination with temperature can also 
greatly influence quality of the produce at harvest and during postharvest. Preharvest 
O3 stress led to necrosis, leaf chlorosis, and altered sugars and starch composition in 
tubers, roots, fruit, and vegetables. However, it improved shelf-life potential of 
cucumbers and broccoli during postharvest (Moretti et al. 2010).

Modification of sunlight quality for agricultural crop production can also be 
achieved by using photoselective shade nets which absorb specific spectral bands. 
Red and yellow photoselective nets have been tested to produce high-quality horti-
cultural commodities such as peppers. These nets yield higher quantities of good- 
quality products with more aroma volatiles. Red and yellow peppers grown by using 
black photoselective nets have higher levels of β-carotene, lower total phenolics, 
and deep red and orange color after storage (Selahle et al. 2015). Peppers grown 
under pearl net showed reduced weight loss and increased fruit firmness, ascorbic 
acid levels, and antioxidant activity. Moreover, after storage, organoleptic evalua-
tion suggested that red pepper fruits from plants grown under pearl nets are better in 
consumer-related quality attributes. Sensory evaluation or organoleptic analysis is 
considered as part of an authentic approach of analyzing and estimating the differ-
ences in color, flavor, and texture of fruits at postharvest stage. These tests give a 
very good estimate from consumer point of view. Corollaro et al. (2015) constituted 
a panel of trained sensory panel to sort out the difference between Fuji apples pro-
duced under black, red, white, yellow, and blue photoselective nets. The greatest 
differences were observed between fruits from yellow and red photoselective nets. 
Apples grown under red photoselective nets were higher in yellow color perception, 
sweeter in taste, and relatively firmer, whereas lower in green color perception. The 
reason for this could be that the spectrum band of transmitted light affects cell pro-
liferation and fruit ripening process and, therefore, modifies the sensory perception 
of color, taste, and texture (Corollaro et al. 2015).
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The parts of a same plant respond differently if they are exposed to solar radia-
tion or shade. The fruits facing sun and the fruits on the opposite side (in shade) 
have different quality at harvest stage and also during postharvest phase. If fruits of 
two of the most economically important fruit plants, citrus and mango are fully 
exposed to the sun, these had thinner peel, less weight, low juice content, low acid-
ity, and high total soluble solid content (Sites and Reitz 1949, 1950a, b). Similarly, 
studies have shown that even a single fruit exhibits different postharvest quality 
characteristics on shaded side compared to sunlight-exposed side. Woolf et  al. 
(2000) observed the same phenomenon whereby delayed ripening, as shown by late 
emergence of ethylene peak, by the avocadoes that had been exposed to the sun was 
noted compared with the nonexposed fruits. Moreover, sun-facing and shaded sides 
of the same fruit showed that sunlight exposure leads to higher firmness. The side of 
the fruit that had been exposed to the sun was generally firmer than the nonexposed 
side, and the average firmness was higher than that of shade fruits. Citrus fruits 
grown in shade are less prone to low-temperature injury during postharvest storage 
at chilling temperature (Ferguson et al. 1999; Thompson 2003).

Proline is an important osmolyte that accumulates in plant cells during stressful 
conditions and helps cells to survive against stress. Edible agricultural fruits also 
accumulate proline in response to stressful conditions. Rosales et al. (2007) observed 
accumulation of proline in exocarp of fruits of cherry tomato plant grown under 
higher temperature and solar radiation. These researchers noticed the increase in the 
activities of proline synthesis enzymes (1-pyrroline-5-carboxylate synthetase and 
ornithine-amino transferase) and in the activities of proline degrading enzyme pro-
line dehydrogenase. Under stressful conditions, the synthesis and degradation of 
proline point toward a strategy that a plant adapts to mitigate stress by reducing 
reactive oxygen species and forming H+ ions.

4.3.4  Water

Water is the most important limiting factor in agriculture crop production and pre-
cipitation, and its frequency is the uncontrolled form of water that is showing its 
effects in recently changing weather patterns. Rain is associated with unpredictable 
climatic drivers that affect plant growth and development in a specific region. These 
drivers include change in temperature, humidity, flood, and winds; non-climatic fac-
tors associated with rain are pest and pathogen whose outbreak has the ability to 
destroy the standing crops or leave a lasting impact on edible commodities. All 
these factors have been found to alter the maturation period of perennial horticul-
tural crops. For example, Grab and Craparo (2011) discovered the relationship 
between rainfall and earliness in blooming time in apple and pear in South Africa.

Too much water, either through rain or irrigation, causes leafy vegetables like 
lettuce to become more brittle. Similarly, carrot roots split due to heavy irrigation 
after 90 days followed by drilling. However, if heavy irrigation is preceded by mini-
mal irrigation for the first 120 days, it prevents splitting and improved skin color 
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with a small decrease in yield (McGarry 1993). In carrots, preharvest drought stress 
decreases membrane integrity in roots that may increase dehydration during post-
harvest storage (Shibairo et al. 1998). Water stress was also applied to mangoes by 
Vega Pina et al. (2000) for 30 or 45 days before flowering, and then fruits were 
stored at 13 °C after harvest. The researchers found that fruits of the plants stressed 
for 45 days have higher peel redness, firmness, titratable acidity, and severity of 
internal pulp darkening. Scarcity of water to fruit plants during growth may posi-
tively or negatively influence the taste and aroma of fruits during postharvest stor-
age. Precipitation also positively or negatively affects the edible produce. One of the 
rain-associated problems in banana is that if fully mature bananas are harvested just 
after rainfall, then it exponentially increases the chances of fruit splitting, microbial 
infestation, and rotting during postharvest handling (Thompson and Burden 1995).

Present predictions of the climate change indicate increased intensity and fre-
quency of drought periods in the world. The drought stress in many edible products 
leads to reduced production and higher losses of crops during preharvest as well as 
during postharvest stage (García-Galiano et  al. 2015; Romero-Trigueros et  al. 
2017). The inferences of drought on quality of crops are contradictory. According to 
Sehgal et al. (2018), drought negatively affects quality of different food crops. In 
contrast, Dwivedi et al. (1996) found that drought stress decreased behenic fatty 
acid concentration, while increasing the oleic and stearic acid contents in peanuts. 
Drought stress reduced total oil content and increased linolenic acid and oleic acid 
of maize seeds (Ali et al. 2012). Also, significant reduction in tocopherols, pheno-
lics, and flavonoids was observed in maize seed oil (Ali et al. 2010, 2012). Water 
deficiency reduced flavor in basil (Bekhradi et al. 2015), whereas it increased it in 
pomegranate (Peña et  al. 2013; Peña-Estévez et  al. 2015) during storage. At the 
same time, it has also been observed that low water supply during preharvest period 
led to extended shelf life due to inhibited weight loss in tomato (Conesa et al. 2014a, 
b). In contrast, drought stress during preharvest production stage increased water 
loss, and carrots were highly susceptible to chilling-related injury (Table  4.1) 
(Toivonen and Hodges 2011). At the same time, it has also been reported that 
drought in the form of regulated deficit irrigation positively increases quality at 
harvest and during postharvest (Romero-Trigueros et al. 2017). Regulated deficit 
irrigation (RDI) improved the quality of grapefruits at harvest and under postharvest 
conditions (Romero-Trigueros et  al. 2017). RDI at 75% evapotranspiration rate 
enhanced acidity, firmness, and soluble solids along with lower weight loss and 
oxidative damage in blueberries during storage (Lobos et al. 2016). RDI-20-60 (20 
and 60% compared with control, respectively) resulted in significantly higher yield 
and anticipated quality of Japanese plums (Table 4.1) (Samperio et al. 2015). RDI 
reduced side skin cracking and splitting of ostiole ends that led to enhanced posthar-
vest life of figs (Kong et al. 2013). The 70% evapotranspiration rate increased yield 
and enhanced quality, mineral nutrients, and antioxidant activities in date palm 
(Alikhani-Koupaei et al. 2018). DI before harvest substantially increased yield, sen-
sory quality, nutrient composition, and consumer acceptance of nectarine fruits 
(Lopez et al. 2016). In the same way, 110% ETc in combination with 1.25 μL L−1 
1-MCP maintained overall quality during storage under postharvest conditions 
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(Falagán et al. 2015). DI before fruit growth increases proline content, total soluble 
solids, and total acidity with reduced maturity index of “Fortune” mandarins during 
shelf and cold storage (Table 4.1). Moreover, the same treatment also resulted in 
reduced commercial losses and thicker skin owing to reduced chilling injury 
(Conesa et al. 2014a, b). Sustained deficit irrigation (SDI) at 30% showed higher 
firmness, peel redness, soluble solids, ascorbic acid, protocatechuic acid, and phlor-
etin as well as phenolics of pomegranate throughout the postharvest life (Pena et al. 
2013). Water stress during the late ripening stage produced early harvest and 
improved quality of pomegranate (Galindo et  al. 2017). SDI at 78% less ETO 
increased health-related compounds, sensory attributes, and physicochemical qual-
ity of pomegranate arils during postharvest shelf life (Peña-Estévez et  al. 2016). 
Application of SDI and RDI improved harvest quality and biochemical attribute 
composition and postharvest performance of pomegranates (Laribi et  al. 2013). 

Table 4.1 Effect of drought (deficit irrigation) on postharvest quality of edible plant products

Commodity Inferences References

Blueberries Regulated deficit irrigation (50% ETa) showed increased 
fruit firmness, SSC, and lower total acidity, while moderate 
irrigation (75% Eta) produced similar-quality fruit as in 
control (100% ETs)

Lobos et al. (2016)

Date palm Deficit irrigation (70% ETc at 100 mm evaporation 
interval) did not affect yield and quality of the produce but 
increased POD and PPO activities

Alikhani-Koupaei 
et al. (2018)

Figs Regulated deficit irrigation at 55% ETc significantly 
reduced “skin side cracking” and “ostiole-end splitting” 
with increased marketability

Kong et al. (2013)

Grapefruit Deficit irrigation enhanced ripening index with increased 
SSC

Romero-Trigueros 
et al. (2017)

Mandarins Regulated deficit irrigation maintained fruit quality with 
enhanced soluble solids and juice proline contents, 
hardiness, and thicker peel with reduced chilling injury 
incidence 

Conesa et al. (2014a, 
b)

Nectarine Mild water stress potentially reduced fruit size and yield 
while improved overall quality

Lopez et al. (2016); 
Falagán et al. (2015)

Pear Deficit irrigation improved fruit composition related to 
firmness; soluble solids and acidity increased at harvest 
irrespective of change in fruit maturity. Also reduced 
weight loss during storage

Lopez et al. (2011)

Plum Improved yield in plants treated with regulated deficit 
irrigation (20–60%)

Samperio et al. 
(2015)

Pomegranate Increased bioactive compounds, without affecting size and 
marketable yield with improved quality and health- 
promoting attributes of fruits 

Galindo et al. 
(2017); Peña- 
Estévez et al. (2016)

Sugar apple Increased antioxidants, ascorbic acid, and sugar contents Kowitcharoen et al. 
(2018)

Tomato Bioactive compounds significantly influenced by regulated 
deficit irrigation, while changes in antioxidants were 
cultivar-dependent

Bogale et al. (2016)
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Partial root zone drying irrigation and RDI improved yield, antioxidants, bioactive 
compounds, and lycopene in tomato fruit (Bogale et al. 2016). Drought stress dur-
ing preharvest stage led to improved sugar accumulation and antioxidant activity of 
sugar apple at harvest as well as during postharvest storage. Similarly, drought treat-
ment showed higher ethylene production, respiration rate, and concentration of 
abscisic acid in sugar apple (Kowitcharoen et  al. 2018). DI in combination with 
thinning resulted in early harvest, better biochemical composition, reduced weight 
loss, and better marketability after cold storage of pear fruits (Lopez et al. 2011).

4.4  Postharvest Climatic Factors Affecting Quality of Edible 
Plant’s Products

Besides preharvest climatic factors, postharvest climate-related conditions also sig-
nificantly influence quality of edible products. The use of various climatic-related 
factors such as ultraviolet radiations, carbon dioxide, and ozone has been found 
effective in managing overall quality of various produce under simulated conditions.

4.4.1  Ultraviolet Radiations

Ultraviolet (UV) radiations have been increased due to ozone (O3) layer depletion 
under the present climate change scenario (Bais et al. 2015). UV radiation leads to 
numerous harmful effects on the crop plants. At the same time, UV irradiation treat-
ment of harvested products has been found effective in extending storage/shelf life 
and maintaining quality of various fresh edible plant products under simulated con-
ditions (La Cava and Sgroppo 2015; Manzocco et al. 2016; Lu et al. 2018; Aiamla-or 
et al. 2019). It has been reported that low-dose cyclic UV-C application retained 
quality and suppressed browning of calyx in strawberry fruit (Araque et al. 2018). 
UV-C irradiation and blue light treatment showed better surface color and higher 
level of different health-related antioxidant compounds (Avila-Sosa et  al. 2017). 
Postharvest treatment of UV-C led to extended shelf life and improved micro- and 
macronutrients in amaranth and African nightshade (Gogo et al. 2017). Combined 
treatment with pulsed light and UV-C led to better color and higher lycopene, solu-
ble solids, and phenolics in tomato (Table  4.2) (Pataro et  al. 2015). Postharvest 
UV-C application enhanced flavonoids and phenolic acids due to upregulation of 
phenylpropanoid pathway-related genes in tomato (Liu et  al. 2018). In the same 
way, combined application of ultrasonic and UV-C treatments substantially 
enhanced different bioactive compounds of tomato during storage (Esua et  al. 
2019). UV-C treatment also preserved higher phytonutrients and delayed color 
changes in persimmon and cucumber fruits (Imaizumi et al. 2018). The combina-
tion of preharvest spray of CaCl2 and postharvest treatment with UV-B maintained 
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Table 4.2 Effect of ultraviolet (UV) radiations on postharvest quality of edible plant products

Commodity Inferences References

Amaranth UV-C reduced weight loss, while lignin and cellulose/
hemicellulose contents increased

Gogo et al. 
(2017)

African 
nightshade

UV-C reduced weight loss, whereas lignin and cellulose/
hemicellulose contents increased

Gogo et al. 
(2017)

Broccoli UV-B irradiation maintained the quality of broccoli florets 
and delayed reduction of hue angle value as well as 
chlorophyll content and also enhanced glucosinolates

Aiamla-or et al. 
(2019); Lu et al. 
(2018)

Cucumber UV-C increased brightness and maintained quality Imaizumi et al. 
(2018)

Garlic UV-C reduced microbial count and maintained antioxidant 
activity and exhibited higher flavonoids and quercetin

Park and Kim 
(2015)

Grapefruit UV-C resulted in vitamin C and antioxidant activity reduction 
and improved storage life by minimizing microbial growth

La Cava and 
Sgroppo (2015)

Hawthorn Lower doses of UV-C with blue light induced increased 
bioactive compounds including total flavonoids, phenolics, 
ascorbic acid contents, and antioxidant activity

Avila-Sosa et al. 
(2017)

Lilly bulb UV-C inhibited microbial growth and browning index and 
increased total phenolic contents, antioxidants, and PAL 
activity in minimally processed lily bulbs during storage

Huang et al. 
(2017)

Lotus root Maintained quality of fresh lotus and exhibited low browning 
degree, PPO, and POD activities; however, soluble solid 
contents and hardness were not affected by UV-C application

Wang et al. 
(2019)

Mangosteen UV-C have fungicidal potential and reduced fruit rot 
incidence, induced POD and PAL activities, and delayed 
weight loss, respiration rate, and color development of peel

Sripong et al. 
(2019)

Oyster 
mushroom

UV-C resulted in lower soluble solid contents, protein, and 
ion leakage and showed higher CAT and PAL enzyme 
activities

Wang et al. 
(2017)

Pineapple Enhanced storage life by minimizing microbial growth and 
increased availability at consumer end

Manzocco et al. 
(2016)

Satsuma 
mandarin

Flavonoids and total phenolic contents increased due to 
exposure of UV-C irradiations in processed fruits

Shen et al. (2013)

Strawberry UV-C reduced fruit softening and pectin solubilization, 
improved firmness, and decreased PG and PME activities

Araque et al. 
(2019)

Table grapes UV-B and UV-C maintained total phenolics and antioxidant 
potential

Sheng et al. 
(2018)

Tomato UV-C irradiation enhanced individual phenolic and flavonoid 
contents (caffeic acid, p-coumaric acid, trans-ferulic acid, 
chlorogenic acid, gallic acid, protocatechuic acid, rutin, and 
quercetin) during storage in the dark conditions 

Liu et al. (2018)

Tomatoes UV-C treatment increased bioactive compounds and 
antioxidant activities

Esua et al. (2019)
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quality and preserved higher glucosinolate concentration in microgreens of broccoli 
during storage (Lu et al. 2018). Treatment of broccoli florets with UV-B radiation 
resulted in reduced degradation of chlorophyll concentration due to suppression of 
chlorophyll-degrading genes such as BoNYC1 and BoSGR (Table 4.2) (Aiamla-or 
et al. 2019). UV-C-treated juice of grapefruit had less yeasts and molds and aerobic 
bacteria along with higher concentration of bioactive compounds and related qual-
ity attributes during refrigerated storage (La Cava and Sgroppo 2015). Similarly, 
UV-C application resulted in better surface color, inhibited microbial growth, and 
retained freshness of treated lotus root slices (Wang et  al. 2019) and fresh-cut 
(Manzocco et al. 2016) and whole pineapple fruits (Sari et al. 2016). The surface 
color was better due to inhibition of browning because degradation of color occurs 
due to higher activities of some pro-oxidant enzymes (Ali et al. 2016a, b, 2018). 
Postharvest application of UV-B and UV-C preserved biochemical quality to some 
extent, whereas phenolic compounds significantly increased in UV-C-treated grapes 
during storage (Table 4.2). Similarly, expression of flavonoid, phenylpropanoid, and 
stilbenoid pathway-related genes was also higher in UV-C treatment, than UV-B or 
control (Sheng et al. 2018). Repeated low-dose UV-C treatment suppressed soften-
ing and cell wall disassembly along with lower pectin solubilization of strawberry 
fruit (Araque et al. 2019). Postharvest UV-C radiation treatment maintained surface 
color and suppressed browning in oyster (Wang et al. 2017) and button (Lei et al. 
2018) mushrooms. Application of UV-C had no negative impact on biochemical 
quality, and it enhanced flavonoids and phenolics of Satsuma mandarins during stor-
age (Shen et al. 2013). It has also been observed that combined treatment of UV-C 
radiation and O3 efficiently maintained quality by preserving higher antioxidant 
capacity and phenolic contents along with higher antioxidant enzymes activities of 
rocket (Eruca sativa) leaves (Gutiérrez et al. 2018). UV-C radiation was also found 
effective in inhibiting fruit rot of harvested mangosteen (Table 4.2). Application of 
UV-C treatment inhibited rotting of Lasiodiplodia theobromae-inoculated fruits due 
to induction of higher activities of POD, PAL, CHT, and 1, 3-glucanase enzymes 
(Sripong et al. 2019). Similarly, UV-C irradiation reduced microbial population and 
preserved bioactive compounds of peeled garlic cloves (Park and Kim 2015). 
Likewise, UV-C application suppressed activities of PPO, PAL, and POD that in 
turn inhibited browning and enhanced total soluble sugars and starch content in 
minimally processed lily bulbs (Huang et al. 2017).

4.4.2  Ozone

Ozone (O3) is a gas with antioxidant potential (Karaca 2010). Its concentration has 
been declining in the stratosphere leading to various detrimental effects on the crop 
plants. Besides its role as a barrier to different harmful radiations, its role has also 
been reported in managing various quality-related attributes of different edible plant 
products. The treatment of low bush blueberries with O3 and chlorine lowered 
microbial load (molds, yeast, and mesophilic bacteria) and thus conserved quality 
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(Crowe et al. 2012). Treatment with O3 led to higher firmness, lower disease inci-
dence, and suppressed ethylene production in bell peppers, zucchini, and cucum-
bers (Table 4.3). Moreover, it also maintained higher biochemical quality and sugar 
contents (Glowacz et al. 2015; Glowacz and Rees 2016). Application of O3 delayed 
the changes in antioxidant enzyme activity reduction and conserved bioactive com-
pounds in pepper fruits (Sachadyn-Król et al. 2016). Postharvest treatment of differ-
ent citrus varieties with O3 showed lower color changes, oleocellosis incidence, 
weight loss, and higher biochemical characteristics along with suppressed in vivo 
and in vitro growth of various fungal pathogens of citrus (García-Martín et al. 2018). 
Treatment with O3 reduced firmness and weight losses along with maintained sur-
face color and soluble solids in carrots (Souza et al. 2018). In another study, O3 
application was effective in reducing microbial load and weight loss and preserved 
color due to higher retention of anthocyanins in black mulberry fruit (Tabakoglu 
and Karaca 2018). It has been observed that O3 treatment is also suitable in extend-
ing minimally processed edible produce such as rocket leaves (Table 4.3). Combined 
treatment of O3 and UV radiation efficiently maintained quality by preserving 
higher antioxidant capacity and phenolic metabolism along with higher antioxidant 
enzyme activities (Gutiérrez et al. 2018). Ozonation and drying were effective in 
reducing fungal pathogens in seeds of naturally contaminated wheat (Granella et al. 
2018). Application of O3 also has appropriate potential of preserving grain product 
quality (Table 4.3). The quality of wheat, rice, and maize products (cake, noodle, 
and bread) can effectively be preserved with O3 treatments. It also has the ability to 
enhance grain product functionalities along with ensuring food safety (Zhu 2018). 
Although higher O3 level is a type of environmental pollution and it has a certain 
level of toxicity, at the same time its use is suitable in preserving quality and reduc-
ing microbial population such as disease-causing pathogens and mycotoxin accu-
mulation that could be a step toward food safety (Table 4.3). However, at the same 
time, increasing O3 pollution under climate change scenario can drastically reduce 
the yield of crops because its effects generally depend on its concentration, water 
status, temperature, crop type, and cultivars (Schauberger et al. 2019).

4.4.3  Carbon Dioxide

With the advent of climate change, the concentration of carbon dioxide (CO2) has 
significantly increased in the world. The elevated levels of CO2 in combination with 
other abiotic stresses negatively impact different crop plants (Kumar et al. 2019; 
Lamichaney et al. 2019). The elevated CO2 may either have positive effects on crops 
under simulated conditions. The increased level of climatic CO2 reduces grain qual-
ity during storage. It has also been noted that elevated temperature in combination 
with climate change induced increased CO2 and lowered total protein concentration 
and different micronutrients in the grains during postharvest storage (Chakraborty 
and Newton 2011). Elevated atmospheric CO2 and heat stress also negatively 
affected grain quality in wheat (Nuttall et al. 2017).
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Table 4.3 Effect of elevated CO2 and ozone on postharvest quality of edible plant products

Chemical Commodity Inferences References

CO2 Button 
mushroom

Browning index reduced with maintained flavor 
and enhanced antioxidant enzymes activities under 
elevated CO2 conditions

Lin et al. (2017)

Oyster 
mushroom

Higher CO2 (30%) increased shelf life with 
enhanced antioxidant enzymes activities with 
better sensory quality

Li et al. (2013); 
Zhang et al. 
(2015)

Persimmon Soluble tannin contents reduced in CO2-treated 
fruits and postharvest storage life was enhanced 
with increased antioxidant enzymes activities

Min et al. (2018)

Strawberry Storage life of fresh fruits prolonged for 12 days. It 
also delayed loss of chlorophyll and anthocyanin 
contents

Li et al. (2018); 
Li et al. (2019); 
Shin et al. (2008)

Ozone Bell pepper Glucose, fructose, and total phenolic contents 
increased in bell pepper exposed to lower ozone 
application, while weight loss was reduced with 
maintained texture in cucumber and zucchini 
during storage

Glowacz et al. 
(2015)

Blueberries Microbial log count such as mesophilic bacteria, 
yeast, and mold was reduced in ozone-treated 
fruits

Crowe et al. 
(2012)

Carrot Ozone treatment (in aqueous form) increased 
soluble solid content and shelf life

Souza et al. 
(2018)

Chili 
peppers

Reduced disease incidence, weight loss, and 
maintained fruit firmness which ultimately 
extended its storage life

Glowacz and 
Rees (2016)

Citrus Continuous or intermittent treatment decreased 
decay and disease incidence and also delayed the 
color loss

García-Martín 
et al. (2018)

Cucumber Glucose, fructose, and total phenolic contents 
increased in bell pepper exposed to lower ozone 
application, while weight loss was reduced with 
maintained texture in cucumber and zucchini 
during storage

Glowacz et al. 
(2015)

Hot pepper Flavonoid contents (quercetin 3-O-rhamnoside and 
quercetin 3-O-rhamnoside-7-O-glucoside) 
increased in exposed pericarp of fruits 

Sachadyn-Król 
et al. (2016)

Mulberry Reduced microbial count especially 
Enterobacteriaceae and weight loss

Tabakoglu and 
Karaca (2018)

Rocket Extended shelf life of minimally processed rocket 
and acted as a sanitizing agent against microbial 
growth but did not trigger its bioactive compounds

Gutiérrez et al. 
(2018)

Wheat Reduced filamentous fungi and inhibited 
mycotoxins in wheat kernel

Granella et al. 
(2018); Zhu 
(2018)

Zucchini Glucose, fructose, and total phenolic contents 
increased in bell pepper exposed to lower ozone 
application, while weight loss was reduced with 
maintained texture in cucumber and zucchini 
during storage

Glowacz et al. 
(2015)
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It has also been reported in various studies that simulated increased or pure CO2 
treatments showed positive effects on the postharvest quality of various edible pro-
duce during storage (Table 4.3). High CO2 treatment showed higher sensory quality, 
lower lipid peroxidation, and oxidative damage along with higher activities of CCO, 
CAT, POD, and SOD enzymes that ultimately conserved color and quality of 
Pleurotus eryngii mushroom during postharvest storage (Li et al. 2013). In the same 
way, application of 30% CO2 maintained visual color and prolonged P. eryngii shelf 
life (Zhang et al. 2015). Combined application of 1-MCP and 90% CO2 concentra-
tion delayed browning, decreased soluble tannins, suppressed ethylene production, 
and conserved higher activities of different antioxidant enzymes with prolonged 
storage life of persimmon (Min et al. 2018). Besides increased CO2 concentration in 
store houses, its higher concentration has also been used in modified air packaging 
to maintain quality of packaged produce. The higher in-package CO2 concentration 
conserved postharvest quality and flavor, reduced browning and oxidative stress, 
and increased antioxidant enzyme activities in button mushrooms (Agaricus bispo-
rus) leading to its extended storage potential (Lin et  al. 2017). Red color is an 
important visual quality indicator in fruits (Shah et al. 2017; Ali et al. 2018). The 
elevated level of CO2 has been found effective in suppressing loss of red color dur-
ing postharvest in strawberry (Table  4.3). Higher concentration (20%) of CO2 
resulted in conserved firmness, color, flavonoids, phenolics, antioxidant activities, 
and antiproliferative potential of strawberry fruit (Shin et al. 2008). It was noted that 
20% elevated CO2 concentration led to higher energy charge (ADP, ATP, and AMP) 
and mediated γ-aminobutyric acid shunt pathway due to higher activities of energy 
metabolism-related enzymes eventually leading to prolonged storage life of straw-
berry (Li et al. 2018). Exogenous treatment with 20% CO2 delayed chlorophyll deg-
radation due to suppression of chlorophyllase enzyme (Table 4.3). In addition, the 
development of red color was delayed due to downregulation of FaPAO, FaRCCR, 
and FaChl b reductase expression with extended storage life of strawberry (Li 
et al. 2019).

4.5  Climate Change and Food Safety

Food safety of edible plant products is very important with respect to consumer or 
end user. Increased contamination of various food-borne pathogens will eventually 
lead to certain serious ailments in the consumers if not handled appropriately. 
Different factors influence the concentration of pathogens during preharvest and 
postharvest stages. Among different pathogens mycotoxins are most detrimental 
and critical; those need to be addressed efficiently in order to reduce their concen-
tration in the edible plant products during postharvest storage.
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4.5.1  Effect of Climate Change on Aflatoxins

Different changes in climate have direct or indirect impact on contamination of vari-
ous edible products (Medina et al. 2017). Climate change significantly influences 
the concentration of different mycotoxins in edible plant products (Magan et  al. 
2011). Prolonged water stress and elevated temperature lead to higher fungal infec-
tions in stressed maize plants. Fumonisins and Fusarium verticillioides contamina-
tion led to substantial increase in load of Aspergillus flavus and aflatoxin levels in 
grains of maize at harvest and during storage (Giorni et al. 2007). The concentration 
of deoxynivalenol was found to be correlated with the eoccurrence of Fusarium 
graminearum in maize. Due to prolonged drought conditions, Aspergillus flavus 
incidence also increased under dry environment that eventually increased the con-
centration of aflatoxins (Sanchis and Magan 2004). The incidence of F. verticillioi-
des and A. flavus during growth period increased under longer dry periods that 
ultimately resulted in higher sterigmatocystin and aflatoxins in maize grains (Giorni 
et  al. 2007). Extended periods of drought led to pod cracking in peanuts during 
production stage that eventually resulted in higher A. flavus and aflatoxins concen-
tration. In the same way, lack of rain and irrigation water during fruit developmental 
stages and subsequent maturation period resulted in splitting of hulls in pistachio. 
The heavy rains in the later stages negatively affected quality and promoted buildup 
of mycotoxins during its postharvest stages (Cotty and Jaime-Garcia 2007). The 
contamination of aflatoxin B1 has been increasing in maize grown in Europe due to 
climate change (Battilani et al. 2016). Climate-based changes in temperature (high) 
and water (drought) also had a significant impact on ochratoxin A in fresh grapes 
(Chiotta et al. 2014; Gil-Serna et al. 2014). It has been explained on the basis of 
climatic modeling that increased temperature would substantially reduce the myco-
toxin production and growth of Alternaria as higher temperature results in minimal 
production and growth in tomato (Fels-Klerx et al. 2016).

Stored foods with high water contents especially fruits and vegetables are gener-
ally considered alive as these actively respire during postharvest stage (Ali et al. 
2019). Poor storage management during postharvest may lead to substantial loss of 
dry matter and mycotoxin accumulation (Magan et  al. 2011). So, the potential 
effects of the climate change should be carefully considered to prevent accumula-
tion of toxic compounds. Under elevated humidity and temperature, increased 
mycotoxigenic mold infestation may occur during storage (Magan et  al. 2011). 
Mycotoxin levels have been found to increase under current climatic changes in 
various edible products (Moretti et al. 2019). Increase in CO2, drought stress, and 
global temperature during preharvest stage significantly increased A. flavus and 
AFB1 production in stored maize grains (Medina et al. 2014, 2015). Increased tem-
perature during production also significantly increased mycotoxins such as ochra-
toxin A contamination in grapes-based products during postharvest storage and 
consumption among the consumers (Paterson et al. 2018).
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4.5.2  Effect of Climate Change on Insect Pest Infestations

It has been reported that extended droughts and increased temperature are pre-
dicted to have significant influence on population dynamics, geographical distribu-
tion,  and status of insect pests of various stored products (Roy et  al. 2009). 
Moreover, hot climate is expected to enhance mobility, overwintering, and 
increased diversity with enhanced infestation of insect pests on different stored 
products eventually leading to increased postharvest losses of grains in the world 
(DeLucia et al. 2012; Moses et al. 2015). Present models of the climatic predictions 
show that diseases and pests are traveling at the rate of 3–5 km year−1 toward the 
poles (Medina et al. 2015). Furthermore, increased temperature has direct associa-
tion with the metabolic activities such as physiological, biochemical, reproductive, 
and behavioral responses that will subsequently increase infestation level and post-
harvest losses of grains (Thomas and Blanford 2003). Climate changes in subtropi-
cal and tropical regions may lead to increased invasion and migration of pests and 
change in host plant and insect interactions with decreased efficiency of protection-
related strategies (Sharma 2010). This will eventually cause increased postharvest 
losses in the stored grain (Sharma 2010). Postharvest losses of grains and cereals 
are about 40%, and these can feed 20 million people (Suleiman et al. 2013). The 
major causes of the said losses are insect pest and diseases (especially molds) dur-
ing production and postharvest stages (Suleiman et  al. 2013). Due to increased 
climate changes, higher insect pest infestations are projected in the forthcoming 
years, and the cost of managing the postharvest losses of grains and related prod-
ucts will also increase subsequently leading to food insecurity in the world (Stathers 
et al. 2013). In the same way, climate changes will lead to prolong drought and heat 
stress with increased outbreak of diseases and insect pests eventually leading to 
increased cost of supply chain with escalated losses during transportation, posthar-
vest storage, and subsequent distribution of the products (De-Pinto et al. 2012). 
Stored insects pests and temperature are two major affecting biotic and abiotic fac-
tors in the deterioration of stored grains (Moses et  al. 2015). Temperature also 
affects various physicochemical damages of grains and growth of insect pests 
(Astuti et al. 2013). Several studies described that there was a positive association 
between insect pest outbreak in the stored grains and increased climatic tempera-
ture (Qiu 2014; Moses et al. 2015). In general, grains are stored to ensure their 
continuous supply during the whole year. Any preharvest infestation of insect pests 
and disease will lead to increased contamination and losses of grains during post-
harvest. The level of insect pest and disease infestation directly depends on the 
climatic temperature (Mannaa and Kim 2017).
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4.6  Climate Change Effect on Cold Chain of Edible Produce

Cold chain is very important to ensure continuous and safe supply of edible produce 
with conserved quality. The lack of cold chain may lead to detrimental effects on the 
quality. At the same time, it has been reported that some seasonal changes associated 
with climate change impact food poisoning (James and James 2010). Hot summer 
months may lead to increased probability of food poisoning. So, it is expected that 
global warming-induced increased global temperature will bring higher food poison-
ing chances (Schmidhuber and Tubiello 2007; James and James 2010). Multiplication 
of microorganisms in foods is favored by high temperatures. For instance, the growth 
of salmonellas highly depends upon the temperature as its growth starts at 7 °C and 
reaches to optimal at about 37 °C (Bentham 2002). In the same way, warmer summer 
temperature in combination with humid environment can significantly increase 
microbial survival in the environment subsequently leading to increased chances of 
food contamination and risk of pathogenic infections (Charron et al. 2005). The cli-
mate-induced increased temperature may reduce the efficiency of cold chain-related 
structures. The temperature in most of the domestic refrigerator systems in the world 
is 5–6 °C. It has also been reported that many of the refrigerator systems operate at 
significantly higher temperature range (James et al. 2008). So, temperature ranges 
need to be reduced to ensure conserved quality and enhanced shelf life (James and 
James 2010). Keeping food at lower temperature range will lead to increased use of 
energy leading to increased ambient temperature due to higher energy use.

4.7  Conclusion

Climate change affects production of various plant-based fresh products by changing 
agroecological environments and influencing growth of crops during preharvest 
stages. Climate change has also shown a significant impact on preharvest physiology 
that ultimately affects postharvest quality and storage potential of various edible pro-
duce. Climate change-induced alterations in precipitation, temperature, CO2, solar 
radiation, O3, and UV radiations directly influence agricultural crop production dur-
ing preharvest production stage. It affects growth and population of various insect 
pests and toxigenic fungi eventually leading to negative effects such as aflatoxins in 
stored products. Climate change negatively affects stored grain quality by reducing 
protein concentration and micronutrients along with increased free acid formation 
and cooking time. However, simulated studies, which have been conducted by using 
increased concentration of UV radiations, CO2, temperature, drought, and O3, have 
shown improved secondary metabolites and reduced pathogen population in different 
fruits and vegetables during controlled conditions. So, effects of climate change are 
different under actual field conditions and controlled environments. Thus further 
detailed and comprehensive research work is still required to know about the influ-
ences of climate change on quality of freshly harvested plant-based edible products.
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Abstract Environmental stresses such as waterlogging, drought, salinity, high and 
low temperature, and elevated CO2 levels affect plant development and pose an 
increasing warning to sustainable agriculture. Environmental stresses have become 
a matter of contention due to concerns about the outcomes of climate change on 
plant resources, genetic diversity, and world food safety. Plant responses to these 
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stress factors are highly intricate and include modifications at the cellular, molecu-
lar, and genetic levels. Now, it has been scientifically proven that plant responds 
differently to multiple stresses as compared to individual stresses. As the changing 
climate will expose the plants to interactive effects simultaneously, therefore there is 
a dire need for further research in plant developmental responses to these stress fac-
tors; otherwise, this will have a negative effect on sustainable agriculture. Therefore, 
in this chapter, recent advancement in mechanisms and perspectives of plant adapta-
tion and tolerance to several environmental stresses have been discussed. 

Keywords Bioinformatics · Climate change · Environmental stresses · Plant 
physiology · Phytohormones · Stress tolerance · Transcription factors

5.1  Plant Responses to Environmental Stress Factors: 
An Overview

Plant responses to various environmental stresses are extremely variable and highly 
complicated, which may include changes at the physiological, cellular, and tran-
scriptional level. Recent studies indicate that plant responds differently to multiple 
stresses as they respond to individual stress, by the activation of specific gene expres-
sions, which are needed in particular environmental stress. Plants have developed to 
grow in their environment where plants are frequently subjected to various environ-
mental conditions, as they are sessile and have well-emerged mechanisms that 
allowed them to recognize minute environmental changes to avoid damage and to 
conserve energy for growth and development. Plants can activate specific responses 
to confer stress, so it became difficult to study multiple responses at a time by avail-
able techniques. This phenomenon is quite accurate for both biotic and abiotic 
stresses. There is a dire need for vast research in plant studies in order to evaluate the 
multiple stresses and how plants can tolerate these stresses (Atkinson and Urwin 
2012; Zhu 2016). In this regard, conventional and modern breeding platforms can 
help us to select plants for the improvement of dsirable traits; such as 1) develop-
ment of environmental stress resistance plants, 2) to increase sustainable yield pro-
duction, and 3) to enhance the content of micronutrients to develop nutritious crops. 

5.1.1  Multiple Environmental Stresses: A Challenge 
in Agriculture

Essentially, plants require water, carbon, and vital mineral nutrients for growth and 
normal development (Cramer et al. 2011). Most of the time, plants do not grow in 
standard conditions, which limit their genetic potential to achieve maximum height 
and reproductive stage (Bray et al. 2000). This fact is observed by comparing the 
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maximum crop yield and the average crop yield. This difference in yield is due to 
suboptimal environmental conditions, which induce damaging the physiological 
changes which occur within the plants, called stresses (Simontacchi et  al. 2015; 
Shao et al. 2008; Zhu 2016).

Abiotic stresses such as cold, high temperature, drought, salinity, and nutrient 
imbalance are those environmental stresses which limit the plant growth and produc-
tion below the threshold level. In addition to this, plants must have to defend them-
selves against various pathogens and pests, which may include fungi, bacteria, 
nematodes, and herbivore pests. Each plant activates a specific response mechanism 
to a particular stress to avoid damage (Hammond-Kosack 2000). Plant responses can 
be elastic (reversible) and plastic (irreversible). The duration of stress can also vary 
which directly affects the plant response. The plant reaction toward stress factors 
depends on the specific tissue or organ, which is affected by the corresponding stress 
factor. For instance, the transcriptional responses are different and depend on stress, 
which is either tissue- or cell-specific in roots. Water stress, for example, affects the 
plant cell wall enzymatically and nonenzymatically which may inhibit plant growth 
(Cramer et al. 2011). Under field conditions, drought and temperature are the major 
principal stresses and have a remarkable effect on different crops (Raza et al. 2019a).

5.2  How Can Climate Change Affect Plant Developmental 
Responses?

Climate change is one of the main reasons which widely affects plant growth and 
reproduction. This changing climatic conditions and increasing population led to 
the demand of stress-tolerant plant species to meet the environmental conditions 
and energy demand (Takeda and Matsuoka 2008; Raza et  al. 2019a; Newton 
et al. 2011).

As plants are sessile, they have to tolerate fluctuating environmental conditions 
in order to survive. The climatic catastrophe, which may be in the form of drought, 
salinity, elevated temperature, and elevated CO2, represents a concerned issue 
toward the sustainable development of agriculture. Naturally, plants are blessed 
with the ability to sense climate change and adapt accordingly. With changing the 
environment, plants evolved and have developed precise molecular and cellular 
mechanisms that enable them to survive in harsh conditions. However,  unfortunately, 
there is not enough research on how plants evolved currently at present, and this 
knowledge gap should be minimized to develop the plant species, which can toler-
ate not only individual stresses but also multiple stresses (Ahuja et al. 2010). Recent 
researches in “omics” approach led to better understanding of transcriptome, pro-
teome, and metabolomics of plants by linking with stress perceptions and responses. 
These approaches are also studied in other crop and woody plant species besides a 
model plant Arabidopsis (Coolen et al. 2016; Varoquaux et al. 2019; Razzaq et al. 
2019; Zhang et al. 2019; You et al. 2019). 
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5.2.1  Elevated CO2 Levels Affect Plant Development 
and Morphology

The CO2 levels in the atmosphere have elevated to 440 ppm from 280 ppm due to 
increased industrial activity (Meehl et al. 2007). Increased levels of CO2 directly 
affect plant developmental processes and photosynthetic exchange of gas. Plants are 
also affected indirectly by CO2 as it is the cause of the greenhouse effect that causes 
global warming and other drastic changes in climate. Studies in C3 plants have 
found that the elevation in CO2 level contributes to increased aboveground biomass. 
In grassland species, the aboveground biomass has been found to increase by 33%, 
but it also depends on nutrient and water availability in soil. In dry and hot areas, 
there is low aboveground biomass due to low water and nitrogen availability (Reich 
et al. 2014). Studies also indicated that root biomass also increased due to increased 
CO2 levels (Madhu and Hatfield 2013). The increased production of shoot biomass 
led to an increase in seed yield, as is observed in most plant species such as soybean, 
peanut, wheat, bean, and rice (Hatfield et al. 2011). Soybean, the model plant, has 
shown increased leaf length and the number of leaf nodes, increased seed yield and 
pod number, and elongated root (Bishop et al. 2015; Gray et al. 2016).

5.2.2  Effects of Elevated Temperature

The global average temperature has been increased to 0.85 from 1880 to 2012, due 
to increasing concentrations of CO2 and other greenhouse gases (Hartmann et al. 
2013). By the end of the century, there is a prediction of increasing global mean 
temperature from 1.0 to 3.7  °C.  This increasing temperature makes the plants 
undergo heat stress due to changing frequency, intensity, and duration of heat waves. 
The effects of elevation in CO2 are quite consistent across many plant species, while 
the elevation in temperature causes the plants to behave differently in different 
regions across the globe. In the Arctic, for instance, the surface temperature increases 
much faster as compared to other regions (Gray et al. 2016). The elevation in tem-
perature affects plant development based on their growing regions. The yield of 
some plants increased, while the yield of the same plants decreased when grown in 
different regions. For example, soybean had a maximum yield in the Midwestern 
USA as compared to low yield in the Southern USA (Hatfield et al. 2011). The plant 
physiology and development are also affected by temperature, which in turn affects 
the yield of the plant. This reduction in plant yield is also due to decreasing the 
activity of carbon assimilation enzyme Rubisco either by a reduction in activity of 
Rubisco actives or by reduction in the generation of ribulose-1,5 biphosphate (RuBP). 
The C3 and C4 plants have different photosynthetic functions and behave accord-
ingly in their optimal range of temperatures (Sage et al. 2008). This mechanism is 
quite clear that plant development depends on species-specific temperature 
optimum.
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5.2.3  Effects of Drought Stress on Plant Physiology

Climate change is one of the major reasons for water stress. This increasing water 
stress is affecting plant growth in different regions of the world. It is predicted that 
the drought will increase in those areas which are already under water stress. 
Drought can cause damaging hydrologic imbalances due to prolonged dry weather 
affecting plant development and morphology (Gray et al. 2016). Drought stress can 
be observed in different plant organs and tissues. This stress often leads to elonga-
tion of root and reduction in shoot growth. This means that root elongates at the 
expense of shoot. For instance, the two grass species (H. lanatus and A. pratensis) 
showed increased nutrient and metabolite content in roots as compared to shoots 
(Gargallo-Garriga et al. 2014). This property proves the functional equilibrium the-
ory in which plants will try to optimize the limiting resource by shifting allocation 
among tissues. This adaptive behavior will help the plants grow in water-deficit 
areas by the reduction in transpiration rates as plants invest more in roots than 
in shoots.

5.2.4  Multiple Environmental Stress Effects on Plant 
Development

There is limited research on how plants behave when a number of stresses are 
inflicted upon them at a time. Researchers have studied each stress independently 
but still challenging to comprehend multiple stresses. Climate change is one of the 
main reasons for the increasing number of stresses, and thus plants have to behave 
accordingly. In soybean, for instance, seed yield is increased by the elevation of CO2 
which diminishes due to drought stress (Ruiz-Vera et al. 2018; Gray et al. 2016). In 
maize, high CO2 and elevated temperature do not contribute to an increase in seed 
yield (Ruiz-Vera et al. 2015, 2018). These effects demonstrated that the influence of 
one climate change factor is affected by the presence of another climate change fac-
tor on plant development and physiology. In order to comprehend the interactive 
effects of changing climate, there is a need to study how plants reacted to climate 
change at the molecular and cellular level.

5.3  How Transgenic Plants Respond to Different 
Environmental Stresses?

The transgenic approach has helped us to understand the ways of stress tolerance. 
Transgenic plants have developed to study the abiotic stress factors in greenhouses, 
growth rooms, and under a controlled environment. These studies have helped to 
understand the behavior of the number of transgenic plants in stress conditions like 
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drought, salinity, and low and high temperature (Ashraf and Foolad 2007; Wang 
et al. 2016a; Gilliham et al. 2017). Some examples of transgenic plants showing 
resistance to different environmental stresses are described in Table 5.1.

There is a comparable difference which exists between conventional and trans-
genic approaches to tolerate water stress. The genes of significant metabolic and 
defensive pathways can be engineered through transgenic approaches such as osmo-
protectant producing pathways and antioxidant defense approaches (Singh et  al. 
2015; Wang et  al. 2016a). Microarray techniques are proving helpful in several 
stress-inducible genes, but their function at the molecular level is still unknown. 
Recently, the study was carried out to enhance the photosynthetic properties of dif-
ferent C3 crops either by the introgression of C4 genes or by the overexpression of 
C3 genes (Ashraf and Harris 2013).

Among other abiotic stresses, high salinity is exceptionally damaging for plants. 
In transgenic plants, compartmentation and diversion of harmful ions such as Na+ 
and Cl− from delicate areas of plants like mesophyll to apoplast or vacuole took 
place to avoid the deleterious effects of high salinity (Sperling et  al. 2014). 
Transgenic plants, mostly halophytes, have increased salinity tolerance due to over-
expression of the ion transporter gene (Flowers and Colmer 2008). The physiologi-
cal and molecular responses are determinant of plant survival under low temperatures 
(John et al. 2016; Sergeant et al. 2014). Transgenic plants at transcriptional as well 
as translational levels show cold tolerance mechanisms. Biotechnological and 
molecular approaches are used to alter gene expression in such a way that it increases 
the concentration of several metabolites to avoid cold stress (John et al. 2016). The 
expression of altered genes, which have been evaluated most recently, is said to be 
controlled by core binding factor (CBF) or dehydration responsive element binding 
(DREB) binding factors (Agarwal et al. 2017).

High temperature, another abiotic factor, has to be tolerated by plants in this 
fluctuating environmental temperature (Mittler et  al. 2012). High temperature 
directly affects the proteome, transcriptome, metabolome, and liposome which 
makes it challenging for the plants to survive. Molecular chaperones such as heat 
shock protein (HSP) are highly valuable in avoiding the harmful effect of high tem-
perature (Xu et al. 2013). Five major HSPs play a central role in avoiding stress. 
These HSPs may also combine with other co-chaperones to repair damaged proteins 
by refolding, thereby protecting plant cellular functions. Any reduction in the HSPs 
is responsible for the abnormal development of plants (Kotak et al. 2007).

Pest-resistant crops are highly useful in limiting the biotic stress caused by pests 
and fungi. The development of these bio-friendly plants helps to improve plant tol-
erance to a certain fungicide or a pesticide (Mahmood et al. 2014). In the literature, 
it is well reported that resistance to pests can be brought about by enhancing the 
complex multigene enzymes activities such as glutathione-S-transferase, esterases, 
and cytochrome P450s (Bass and Field 2011).

Another factor, nutrient use efficiency (NUE), becomes reduced due to leaching, 
surface runoff, volatilization, or microbial consumption. Efficient means are 
required to maximize the nutrient use efficiency to diminish mineral losses (Salim 
and Raza 2020;  Baligar and Fageria 2015). There are not enough molecular 
approaches used to date to improve the NUE of plants. However, despite the limiting 
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knowledge, it has been acknowledged that transcription factors and associated 
kinases are improving the NUE of plants (Salim and Raza 2020; Canales et al. 2014).

Heavy metal toxicity leads to necrosis and stunted growth of plants, and it is one 
of the major determinants to assess agricultural productivity (Liu et al. 2014b). It 
not only affects the plant at the cellular level but also at the molecular level by 
impairing transcription and replication mechanisms (User 2013). Phytoremediation 
is a highly useful technique in eliminating environmental contaminants (Glick 
2003). Moreover, rhizoremediation, including plants and also their rhizospheric 
microbes which naturally either exist or are introduced in plants, can help to elimi-
nate or reduce contamination levels and encourage normal plant development 
(Rainbird et al. 2018).

5.4  Role of Transcription Factors (TFs) in Stress 
Management

Plants have developed a number of defense processes to tolerate abiotic stresses. It 
is becoming essential to assess these mechanisms to produce new varieties of genet-
ically stress-tolerant plants. Due to the progress in novel genetic fields such as 
genomics, transcriptomics, and proteomics, now it is not only easy to dissect the 
whole defense mechanism but also have the ability to enhance the resistance in 
plants (Liu et al. 2014a). Molecular markers contribute to the utilization of candi-
date genes in the genetic engineering of crops (Raza et al. 2019b). As it becomes 
easy to study the stress signaling pathway, therefore, the generic signaling pathway 
consists of key steps such as signal perception, signal transduction, stress- responsive 
gene expression, concerning physiological processes, and metabolic reactions (Zhu 
2016; Pérez-Clemente et al. 2013). Firstly, plants via sensors/receptors present in 
the cell wall or membrane receive the extracellular stimuli. The second messenger, 
which includes inositol phosphate, sugar, reactive oxygen species (ROS), calcium 
ions (Ca2+), cyclic nucleotides (cAMP and cGMP), and nitric oxide (NO), converts 
the extracellular signals into intracellular signals. Thereupon, these secondary mes-
sengers activate the required signaling pathway to transduce the signal (Newton 
et al. 2016; Bhargava and Sawant 2013). The phosphorylation and dephosphoryla-
tion of proteins are carried out with the help of protein kinase and phosphatases, 
respectively, in most of the signaling pathways and quite effective in signal relay 
mechanism (Jaiwal and Singh 2003). For example, in plant abiotic stress, the 
mitogen- activated protein kinases (MAPKs) pathways and calcium-dependent pro-
tein kinases (CDPKs) pathways are known to play an important role (Simeunovic 
et al. 2016; Huang et al. 2012; Rayapuram et al. 2018). The protein kinases or phos-
phatases activate transcription factors at the end of phosphorylation chain and fur-
ther bind TFs precisely to cis-elements in the promoter region of stress-related 
genes and modulate their transcription process (Simeunovic et  al. 2016). At the 
same time, further upstream components regulate TFs to their transcript level and 
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undergo a number of alterations at the posttranscriptional level, like ubiquitination 
and simulation. After posttranscriptional modification, it forms a multiplex regula-
tory network to inflect the response of stress-related genes that regulate physiologi-
cal activities and metabolic reactions (Simeunovic et  al. 2016; Zhu 2016; Mizoi 
et al. 2013). A model for plant abiotic stress responses is described in Fig. 5.1.

All these steps contribute to form a genetic pathway for abiotic stress-related 
signal transduction in plants. Various TFs have been identified and characterized 
through a considerable research, which are elaborated in abiotic stress responses in 
plants either in ABA-dependent pathways or in ABA-independent pathways 
(Simeunovic et al. 2016; Umezawa et al. 2006; Zhu 2016; Golldack et al. 2011). 
Several studies were carried out to engineer these TFs to overcome plant stress tol-
erance, and some worth noting results have been reported (Table 5.2).
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Table 5.2 The potential role of transcription factors (TFs) in relation to different abiotic stresses

TFs type/
subfamily Plant name Gene name Effect on plant growth References

MYB Arabidopsis 
thaliana

AtMYBL Candidate gene for salt stress 
tolerance and increased leaf 
senescence

Zhang et al. 
(2010)

Oryza sativa OsMYB2 Positive regulator of salinity, 
cold, and dehydration stress

Yang et al. 
(2012)

Malus domestica MdoMYB121 A candidate gene for drought, 
salinity, and cold stress 
tolerance

Cao et al. 
(2013)

Oryza sativa OsMYB91 Salinity stress tolerance and 
coordinate plant growth

Zhu et al. 
(2015)

Betula 
platyphylla

BplMYB46 Increased salinity and osmotic 
stress tolerance and involved in 
secondary wall biosynthesis

Guo et al. 
(2017a)

Oryza sativa OsMYB6 Positive regulator to salinity 
and drought tolerance

Tang et al. 
(2019)

DREB/
CBF/AP2/
ERF

Oryza sativa OsDREB1F Increased drought, salinity, and 
low-temperature tolerance via 
ABA-dependent pathway

Wang et al. 
(2008)

Caragana 
korshinskii

CkDREB Increased salinity and osmotic 
stress tolerance

Wang et al. 
(2011)

Arabidopsis 
thaliana

AtERF71/
HRE2

Positive regulator of osmotic 
stress tolerance and hypoxia as 
well

Park et al. 
(2011a)

Lepidium 
latifolium

LlaDREB1b A candidate gene for cold, 
drought, and salinity stress 
tolerance

Gupta et al. 
(2013)

Populus 
hopeiensis

PhCBF4a and 
PhCBF4b

Positive regulator of 
dehydration, salinity, and cold 
stress tolerance

Wang et al. 
(2014c)

Oryza sativa OsEREBP1 Drought and submergence 
stress tolerance

Jisha et al. 
(2015)

Hemarthria 
compressa

HcDREB2 Drought, salinity, and cold 
stress tolerance and an 
ABA-independent gene

Chen et al. 
(2016)

Musa Acuminata MaERF10 Cold tolerance MeJA-induced 
gene

Qi et al. 
(2016)

Brassica oleracea 
var. italica

BoERF1 Positive regulator to salinity 
tolerance

Jiang et al. 
(2019)

(continued)
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Table 5.2 (continued)

TFs type/
subfamily Plant name Gene name Effect on plant growth References

NAC Gossypium 
hirsutum

GhNAC1–
GhNAC6

Associated with drought, 
salinity, and cold stress and 
tolerance via ABA-mediated 
pathway

Meng et al. 
(2009)

Oryza sativa OsNAC5 Induced by and increased 
resistance to drought, salinity, 
and cold stress via ABA and JA 
pathways

Takasaki 
et al. (2010)

Brassica napus BnNAC485 Enhance resistance to various 
abiotic stresses via the 
ABA-mediated pathway

Ying et al. 
(2014)

Gossypium 
herbaceum

GhNAC2 Enhance resistance to drought 
and salinity through the 
activation of ABA and JA 
pathways and the suppression 
of the ethylene pathway

Gunapati 
et al. (2016)

Oryza sativa OsNAC2 ABA-dependent gene increased 
salinity and drought stress 
tolerance

Shen et al. 
(2017)

Solanum 
lycopersicum

SlNAC35 Enhanced chilling tolerance via 
the regulation of CBF-COR 
pathways

Wang et al. 
(2018)

WRKY Hordeum vulgare HvWRKY38 A positive regulator in cold and 
drought stress tolerance

Mare et al. 
(2004)

Oryza sativa OsWRKY11 Increased heat and drought 
stress tolerance

Wu et al. 
(2009)

Arabidopsis 
thaliana

AtWRKY28 Salinity tolerance via the 
upregulation of many 
downregulated genes

Babitha 
et al. (2013)

Camellia sinensis CsWRKY2 Increased cold and drought 
stress tolerance through the 
ABA pathway

Wang et al. 
(2016a, b)

Chrysanthemum DgWRKY5 Positive regulator of salinity 
tolerance

Liang et al. 
(2017)

Triticum aestivum TaWRKY2 Enhanced drought stress 
tolerance and promotes grain 
yield

Gao et al. 
(2018)

(continued)
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5.5  Regulation of Environmental Responses in Plants by 
Oxidative Stress

The growth of plants depends on the exposing environment. Due to the continuous 
fluctuating environment, these plants are open to a number of stress factors and 
other extreme meteorological conditions such as drought and floods, heat and frost 
waves, and others, which are mainly encouraged by climate change (Raza et  al. 
2019a; Walter et al. 2013). The dose-response connection is a property of the stress 
factor. These stress factors inflict the stress on plants from a specific intensity level 
of stress; according to classical stress theory, low doses of stress does not cause 
much damage to plants, but instead, they can stimulate metabolism and growth—a 
phenomenon called eustress (Poschenrieder et al. 2013).

Oxidative stress, which is mainly a disproportion between oxidizing (ROS) and 
reducing (antioxidants) factors, is a common property of all environmental stresses 
(Potters et al. 2010). ROS are produced by aerobic plant metabolism as a by- product. 
These ROS are either excited or reduced forms of oxygen. Various forms of ROS, 
for example, superoxide (O˙−2), hydrogen peroxide (H2O2), and hydroxyl radical 

Table 5.2 (continued)

TFs type/
subfamily Plant name Gene name Effect on plant growth References

bZIP Oryza sativa OsABF2 Positive regulator of salinity, 
drought, and oxidative stress 
tolerance through the ABA- 
dependent pathway

Hossain 
et al. (2010)

Oryza sativa OsbZIP52/
RISBZ5

A negative regulator in cold and 
drought stress responses

Liu et al. 
(2012)

Vitis vinifera VvbZIP23 Enhanced drought, salinity, and 
cold stress tolerance

Tak and 
Mhatre 
(2013)

Oryza sativa OsbZIP71 Enhanced drought and salinity 
stress tolerance through 
ABA-mediated pathway

Liu et al. 
(2014a)

Solanum 
lycopersicum

SlbZIP1 Drought and salt stress 
tolerance based on the 
ABA-mediated pathway

Zhu et al. 
(2018)

Oryza sativa OsbZIP62 Positive regulator of drought 
stress tolerance based on ABA 
signaling pathway

Yang et al. 
(2019a)

LEA Oryza sativa OsLEA3-1 Increased drought stress 
tolerance

Xiao et al. 
(2007)

Oryza sativa OsLEA3-2 Positive regulator of different 
abiotic stresses mainly drought 
and salinity

Duan and 
Cai (2012)

Zea mays Rab28 Positive regulator of drought 
stress tolerance

Amara et al. 
(2013)

A. Raza et al.
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(HO˙), are obtained when atmospheric oxygen undergoes univalent reduction 
(Sgherri et al. 2018; Gill and Tuteja 2010).

Almost all environmental stresses are responsible for enhancing the rate of 
ROS.  The most common processes observed are disruption of photosynthesis and 
reduction in stomatal conductance results in the making of ROS. Increase in photores-
piration is due to the reduction in stomatal conductance which causes increases in 70% 
of H2O2. During a water shortage, excessive photorespiration causes stomata to close 
to reduce transpiration results in CO2 deficiency which leads to limited photosynthesis 
(Sgherri et al. 2018; Dat et al. 2000; Noctor et al. 2002; Nayyar and Gupta 2006).

Oxidative stress can be induced by some stress factors directly, such as transition 
metals, e.g., iron and copper, that activate the Haber–Weiss pathway and elevate the 
production of HO˙ (Bhattacharjee 2019; Ravet and Pilon 2013). In addition to met-
als, ozone can also induce ROS production directly which results in apoplast break-
down and formation of H2O2 and HO˙. Further, metabolic changes cause a secondary 
oxidative burst, which further increases the synthesis of ROS (Fiscus et al. 2005). In 
addition, these metabolic abnormalities induce oxidative stress indirectly mainly by 
UV-B radiation (Hideg et  al. 2013). Nevertheless, many researchers believe that 
UV-B has the ability to convert H2O2 to HO˙, which directly leads to the damage of 
oxidative tissues (Czégény et al. 2014). Plants to avoid oxidative stress have evolved 
many approaches. Both enzymatic and non-enzymatic antioxidants are helpful to 
control ROS concentration, of which the two most important are superoxide dis-
mutase (SOD) which catalyzes the production of H2O2 and catalase (CAT) which 
eliminates H2O2 in peroxisomes. The vital non-enzymatic antioxidants are tocoph-
erols, ascorbate, glutathione (GSH), carotenoids, and flavonoids which have a sig-
nificant part in ROS elimination and in repairing cell damage (Kacienė et al. 2015).

5.6  Phytohormones: Role in Plant Responses 
to Environmental Stresses

As it is evident, Ca2+- and ROS-mediated plant responses to environmental stresses 
do not contribute much as the stress response mechanism is highly complex. 
Phytohormones have the ability to mitigate stress response because of the highly 
intricate link among plant hormones and their capability to regulate physiological 
functions (Verma et al. 2016). A group of nine different plant hormones mediates 
the production of highly efficient response, and their signaling pathways are inter-
connected to help in the plant’s defense mechanism. The major phytohormones are 
auxins, gibberellin (GA), cytokinin (CK), abscisic acid (ABA), ethylene (ET) , sali-
cylic acid (SA), jasmonate (JA), brassinosteroid (BRs), and strigolactones (STs) . 
For abiotic stresses and pathogens, ABA, SA, JA, and ethylene are recognized to 
have a significant role (Raza et  al. 2019c; Nakashima and Yamaguchi-Shinozaki 
2013). The levels of ABA are increased in abiotic stresses like salinity, drought, and 
low and high temperature (Raza et al. 2019c; Lata and Prasad 2011). Comparatively, 
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other hormones such as SA, JA, and ethylene have a key role in biotic stresses as 
well, and their levels increase with the pathogen infection (Bari and Jones 2009). 
The possible role of hormones related to different stresses in plants is described in 
Fig. 5.2. However, the stress response process is not only limited to these hormones. 
Recent research in plant hormones has provided considerable evidence for the cross 
talk of ABA, SA, JA, and ET with auxins, GA, and CK in regulating plant defense 
responses (Bari and Jones 2009; Raza et al. 2019c; Nishiyama et al. 2013).

5.7  Interaction of Plants with Other Organisms and Viruses 
in Stress Management

Microbes or microbial community plays a vital role to mitigate environmental con-
straints. The soil contains a pool of microbial population that comprises of bacteria, 
fungi, actinomycetes, protozoa, and algae. The maximum number of bacteria is found 
around the area of plant roots commonly called the rhizosphere, as compared to bulk 
soil. Bacteria can infect plants in three ways. Firstly, the bacteria may be harmful, ben-
eficial, or neutral to plants. Secondly, plant growth-promoting bacteria (PGPB) includes 
both free-living and those that form symbiotic relationships with plants. Lastly, bacte-
rial endophytes that colonize in plants interior and cyanobacteria make symbiotic rela-
tionship with fungi. The symbiotic relationship of PGPB with plants helps them to 
avoid environmental stresses and protects plants from dying. Over the past decade, 
bacteria belonging to the diverse genera have been stated to bestow host plants under 
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different abiotic stress environments (Ho et al. 2017). Figure 5.3 shows the factors that 
affect the plant–microbe interaction during both abiotic and biotic stresses.

PGPB also help plants to combat biotic stresses in two different ways: directly by 
phytohormone production or by assisting the uptake of certain nutrients that promote 
plant growth or indirectly when PGPB minimizes or eliminates the harmful effects of 
pathogens. For example, the growth of phytopathogenic fungi is inhabited by 
2,4-diacetyl phloroglucinol (DAPG)  produced by P.  Fluorescens (Voisard et  al. 
1994). The new approach to developing entomopathogenic bacteria has been in use 
to handle resistant pests. Several species are used as biological control of pests 
includes Aschersonia, Agerata, Verticillium, Sphaerostilbe, Podonectria, Myriangium, 
Hirsutella, Metarhizium, and Bacillus thuringiensis. Brevibacillus  laterosporus is 
considered to be productive against insects like Coleoptera, Lepidoptera, nematodes, 
and phytopathogenic fungi (Boets et al. 2004; Saikia et al. 2011).

5.8  Usage of Bioinformatics Tools for Expression Analysis 
of Plant Transcriptome

Bioinformatics has been incorporated in different subjects of sciences, including 
plant breeding (Barh et al. 2013). Table 5.3 shows a list of bioinformatics tools for 
gene expression analysis based on statistical data analysis in plant breeding 
 programs. The consistency and predictability of plant breeding programs, reduction 
in time, and the cost of stress-tolerant varieties are now possible with the help of 
OMICs tools (Van Emon 2015). These tools can enhance the nutritional content of 
food crops and maximize the agricultural production for food, feed, and energy 
(Davies 2010; Van Emon 2015). Transcriptomics, a subcategory of OMICs, appeals 
several scientists especially in plant breeding subjects (Shariatipour and Heidari 
2017). It allows us to classify genes differentially present in diverse cell populations 
or in reaction to altered treatments. Microarray, a high-throughput technique, has 
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Fig. 5.3 Environmental stresses affecting plant–microbe interaction
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the ability to measure gene expression and thereby produce functional data for 
numerous genes at once (Schulze and Downward 2001;  Oktem et  al. 2008). 
However, to overcome environmental distress and to improve plant varieties, it is 
crucial to investigate the role of bioinformatics.

5.9  Plant Evolution-Adaptive and Neutral Processes

The K-Pg dividing line is commonly linked with its related extinction events, which 
comprise the last five important mass extinction events in the Phanerozoic Eon 
(Rohde and Muller 2005). Several environmental issues, such as the rise in volca-

Table 5.3 A lists of bioinformatics tools for gene expression analysis

Tools Link URL References

MAExplorer http://maexplorer.sourceforge.net/index.html Lemkin et al. (1999)
GeneXPress http://genexpress.stanford.edu/ Segal et al. (2004)
Onto-Tools http://vortex.cs.wayne.edu/Projects.html Khatri et al. (2004)
GenePattern http://software.broadinstitute.org/cancer/

software/genepattern/
Reich et al. (2006)

Partek Genomics 
Suite

https://www.partek.com/applications/ Downey (2006)

GEPAS http://www.gepas.org Tárraga et al. (2008)
RSEQtools http://archive.gersteinlab.org/proj/rnaseq/

rseqtools/
Habegger et al. (2010)

AltAnalyze http://www.altanalyze.org/ Emig et al. (2010)
geWorkbench http://wiki.c2b2.columbia.edu/workbench/index.

php/Home
Floratos et al. (2010)

JMP Genomics https://www.jmp.com/en_us/software/genomics-
data-analysis-software.html

Segall et al. (2010)

IGV http://software.broadinstitute.org/software/igv/ Robinson et al. (2011)
Chipster https://chipster.csc.fi/index.shtml Kallio et al. (2011)
S-Mart https://urgi.versailles.inra.fr/Tools/S-Mart Zytnicki and 

Quesneville (2011)
GeneProf https://bio.tools/geneprof Halbritter et al. (2012)
ArrayExpress https://www.ebi.ac.uk/arrayexpress/ Kolesnikov et al. 

(2014)
GenoExp https://bioinformaticshome.com/tools/

descriptions/GenoExp.html
Manor and Segal 
(2015)

NetworkAnalyst https://www.networkanalyst.ca/ Xia et al. (2015)
ExAtlas https://lgsun.grc.nia.nih.gov/exatlas/ Sharov et al. (2015)
MSigDB http://software.broadinstitute.org/gsea/msigdb Liberzon et al. (2015)
TRUFA https://trufa.ifca.es/web/ Kornobis et al. (2015)
TRAPLINE https://usegalaxy.org/u/mwolfien/p/

trapline%2D%2D-manual
Wolfien et al. (2016)

Expression Atlas https://www.ebi.ac.uk/gxa/home Papatheodorou et al. 
(2017)
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nism and global warming, were responsible for this mass extinction which leads to 
unfavorable conditions for the existence of the number of living organisms 
(Robertson et al. 2013).

In order to study the present-day challenges, the production of polyploids is 
being observed, which are often exposed to changing and unstable environment. 
In the Arctic, for example, there is an excess of latterly establishing polyploids. 
The adaptive and neutral processes have the ability to describe these phenomena 
and the consequences thereof for plant evolution. Both these processes help in 
the enhancement of polyploidy establishment under changing environment and 
distress conditions. An unreduced gamete formation might be increased by the 
adaptive processes in addition to other processes such as hybridization and 
extinction of the background diploid population. This is likely to lead to other 
polyploids being established even in the unavailability of any active adaptive 
benefit. On the other hand, transgressive segregation and genomic vulnerability 
of polyploids may lead toward the heterotic phenotypes, enhanced phenotypic 
irregularity, and plasticity. If it is considered useful, then it might be quickly 
selected under the changing environmental conditions, which is likely to lead to 
more polyploids being established even in the lake of enhanced polyploid forma-
tion (Vanneste et al. 2014). It is imperative that the environment plays a crucial 
role in polyploid formation regardless of which process contributes more as 
described in Fig. 5.4.

Unreduced gametes 

Polyploid forma�on

Transgressive segrega�on 
phenotypic variability

Rapid adapt ive changes facilitated by 
the plas�c genomic background

Polyploid establishment

Neutral

Adap�ve

Environment

Ext inct ion Environmental
fluctuat ion Stress Hybridizat ion

Fig. 5.4 Systematic diagram of neutral and adaptive action likely involved in the enhancement of 
polyploid formation under different environmental stresses and/or fluctuations
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5.10  Conclusion and Future Perspectives

Environmental stresses are responsible for reversible and irreversible changes in the 
plants. These changes can be biochemical, physiological, and genomic types, 
including at transcriptional and posttranscriptional levels. Climate change is the 
major reason for the environmental distress and is responsible for increasing drought 
and salinity and low and high temperature. These changes minimize the plant plas-
ticity for development and agricultural productivity. However, it has been reported 
that the world population projected to reach 9.8 billion in 2050, and 11.2 billion in 
2100 (United Nation 2017). To overcome the food demands in coming years, it is 
very important to generate climate-resiliet plants. Plant biotechnology played a vital 
role in the establishment of stress-resistant plant varieties. However, care should be 
taken in creating transgenic varieties to introduce genes that have the ability to toler-
ate interactive stress factors, precisely at the entire plant level. Currently, there is 
less understanding of plant responses to harsh climate conditions in several experi-
ments related to molecular changes. A more holistic approach is needed which 
requires data from several biological kinds of research to study individual and mul-
tiple stress conditions. Nevertheless, the integration of OMICS approaches could 
help us to identify stress related genes and regulators, which ultimately leads 
towards the manipulation of candidate genes for the development of climate- 
resilient plants. Additionally, a powerful genome editing tool such as CRISPR/Cas 
system together with conventional and modern  breeding technologies should be 
 utilize to cope with environmental stresses and to secure the world food security for 
sustainable agriculture. 
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Abstract The projected rise in global elevated atmospheric CO2 level has well- 
pronounced impact on plant ecophysiology and economic productivity. Elevated 
atmospheric CO2 accelerated the leaf-level photosynthesis in C3 plants, reduced sto-
matal conductance, and enhanced resource use efficiency. The sensitivity was com-
paratively less for C4 and CAM plants. Under sufficient nutrient availability, the net 
increase in leaf-level assimilation amplified the net grain yield under elevated atmo-
spheric CO2 exposure. However, the relative response in biomass partitioning pat-
tern often varied among the individual crop species. Thus, the net impact on harvest 
index (HI) varied from one crop species to another. We also observed that the CO2 
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enrichment facilities have marked influence on the reported magnitude and pattern 
of crop response towards elevated atmospheric CO2 environment.

Keywords Elevated CO2 · Photosynthesis · Leaf area index · Radiation use 
efficiency · Harvest index

6.1  Introduction

Since early twentieth century, the unprecedented rise in the level of atmospheric 
greenhouse gases (GHGs) from several nonpoint sources of anthropogenic origin 
that promptly outpaced the natural course of gradual change in earth’s atmospheric 
GHG composition dynamics. This was hard to ignore that the carbon dioxide 
accounted for a lion share of ever-increasing atmospheric GHGs levels. The rising 
atmospheric CO2 level modified the source-sink dynamics in maintaining net agro- 
ecosystem productivity, as an indispensable component of global biogeochemical 
cycles. The anthropogenic CO2 emission contributed a significant rate of rise 
(1.585 μmol mol−1 year−1 over past 5 decades; Fig. 6.1a) in our present atmospheric 
CO2 concentration (>400 μmol mol−1; Fig. 6.1b) over the past few decades against 
the reported level of 280 μmol mol−1 atmospheric CO2 prevailed in the preindustrial 
revolution era (Dlugokencky et al. 2010). The recently reported rise in atmospheric 
CO2 level was the highest in last decade @ 2.29 μmol mol−1 year−1 between 2010; 
first time ever recorded in past 26 million years’ earth history. Intergovernmental 
Panel on Climate Change projected the future rise in atmospheric CO2 level from 
the combined atmospheric GHGs and aerosol radiative forcing up to 700 ppm by 
the end of twenty-first century under variable projected emission scenarios (IPCC 
2007; Fig. 6.2a, b). Atmospheric CO2 is the only source of carbon acquisition for 
plant growth in different agricultural crop species. The nature and magnitude of 
plant growth response towards the high atmospheric CO2 concentration often relied 
on the nature of crop species, status of resource availability and other prevailing 
microclimate or environmental conditions. Therefore, the projected rise in atmo-
spheric CO2 exposure will have the variable net exaggerated carbon fertilization 
impact on its’ far-reaching consequences on modelling the plant ecophysiological 
response, food production and human nutritional security in a future predicted high-
 CO2 world (Kimball et al. 2002).

The study of elevated atmospheric CO2 impact on several crop species is often termed 
as ‘CO2 fertilization’ effect. Extensive research activities studying this CO2 fertilization 
impacts on different agricultural crop species was initiated dates back to early 1980s. 
Since early days, the major challenge was accounted for the measurement of CO2 flux 
and ensured uniform exposure of elevated CO2 to standing agricultural crop species 
under the more realistic open field condition. With a rapid proliferation of worldwide 
network on CO2 fertilization studies in early 1990s, the engineering efforts from our 

S. Saha et al.



149

scientific community were innovated and upgraded the available fabrication of suitable 
instrumentation/experimental research facilities in this aspect viz. from the century-old 
closed chamber facilities (plant growth chambers, controlled-environmental chambers, 
greenhouse, phytotron, etc.) to  semiopened open-top chambers (OTCs) and further 
upgraded to free-air CO2 enrichment (FACE) facilities in the most recent days (Fig. 6.3).

1959 1964 1969 1974 1979 1984 1989

Year

Year

A
tm

os
ph

er
ic

 C
O

2 
gr

ow
th

 r
at

e 
(p

pm
 y

ea
r -

1 )
a

b

1994 1999 2004 2009 2014 2019

3.5

2.5

1.5

0.5

0.0

1.0

2.0

3.0

410

390

370

350

330

A
tm

os
ph

er
ic

 C
O

2 
co

nc
en

tr
at

io
n 

(p
pm

)

310

19
58

19
59

19
61

19
62

19
63

19
65

19
66

19
68

19
69

19
70

19
72

19
73

19
75

19
76

19
78

19
79

19
80

19
82

19
83

19
85

19
86

19
87

19
89

19
90

19
92

19
93

19
95

19
96

19
97

19
99

20
00

20
02

20
03

20
04

20
06

20
07

20
09

20
10

20
12

20
13

20
14

20
16

20
17

Fig. 6.1 Increasing trend for (a) rate of rising (ppm per year), (b) quantitative increase of the 
atmospheric CO2 concentration (ppm) in our globe (Source: https://www.esrl.noaa.gov/gmd/ccgg/
trends/data.html)

6 Crop Growth Responses Towards Elevated Atmospheric CO2

https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html
https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html


150

1000 A1B

a BERN Model

ISAMS Modelb

A1T A1FI

IS92aB1 B2

Year

Year

A2

A1B A1T A1FI

IS92aB1 B2

A2

A
tm

os
ph

er
ic

 C
O

2 
co

nc
en

tr
at

io
n 

(p
pm

)
900

800

700

600

500

400

300

200

100

0

19
70

19
80

19
90

20
00

20
10

20
20

20
40

20
30

20
50

20
60

20
70

20
80

20
90

21
00

1000

A
tm

os
ph

er
ic

 C
O

2 
co

nc
en

tr
at

io
n 

(p
pm

) 900

800

700

600

500

400

300

200

100

0

19
70

19
80

19
90

20
00

20
10

20
20

20
40

20
30

20
50

20
60

20
70

20
80

20
90

21
00

Fig. 6.2 AR4 forcing from the carbon cycle models under different emission scenarios

S. Saha et al.



151

6.2  Crop Growth Response to Elevated CO2

Plant traits of the agriculturally important crop species are often responsive to 
changes in local weather variability as well as long-term changes in the prevailing 
climate condition. The detailed mechanistic study on their response pattern is of our 
particular interest due to their intrinsic role for sustaining regional food security. 
The projected rise in elevated atmospheric CO2 level has the potential to modify the 
crop ecophysiological processes likewise:

Fig. 6.3 (a) Environmental growth chamber facility at National Phytotron facility ICAR-IARI 
New Delhi, India; (b) open-top chamber facility at ICAR-IARI New Delhi, India; (c) Free-air 
carbon dioxide enrichment facility at ICAR-IARI New Delhi, India
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6.2.1  Photosynthesis

During photosynthesis in C3 plants, the partial pressure difference of CO2 and O2 
lead to CO2 diffusion from the outside ambient air into the leaf intercellular spaces 
through stomata. The diffused CO2 fractions further move across the cell wall, 
plasma membrane, cytosol, chloroplast envelope, stroma and reached to final reac-
tion site viz. rubisco to yield two molecules of 3-PGA under the Calvin–Benson–
Bassham cycle. Rubisco is specifically evolved under anaerobic environment 
(Terashima et  al. 2011). At lower internal CO2 concentrations, reduced substrate 
availability limits the photosynthesis. Any increase CO2 concentration in plant’s 
surrounding widens the existing diffusion gradient between ambient air and meso-
phyll cells. The increased diffusive movement of CO2 from surrounding ambient air 
to the leaf mesophyll cells finally resulted in higher leaf internal CO2 concentration 
at rubisco site with higher CO2/O2 ratio that enhanced net CO2 assimilation rates. 
Michaelis–Menten constant (Km) signified the higher affinity of rubisco for CO2 in 
the carboxylation reaction (8–34  μM) than O2 in the oxygenation reaction 
(196–810 μM) at 25 °C (von Caemmerer and Quick 2000). Under ambient environ-
ment, photorespiration accounts a significant portion of rubisco activity (25–30% at 
25 °C) in C3 plants, as the present atmospheric O2 level (~210,000 ppm) is higher 
than CO2 (~400 ppm) level. Elevated CO2 enhanced higher rubisco activation as 
well as binding of quinine and Mn with photosystem II for enhancement of leaf 
photosynthetic activity (Long et al. 2004).

Atmospheric CO2 enrichment in outside environment lead to the higher intercel-
lular CO2 concentration in chloroplast favoured carboxylation from the increased 
substrate availability in stroma that activated the reactive sites of rubisco towards 
enhanced carboxylation and simultaneous inhibition of the photo-respiratory path-
ways favouring oxygenation of ribulose-1, 5-bisphosphate (RuBP) with the 
depressed production of 2-phosphoglycolate (Andrews and Lorimer 1987; Pons 
et al. 2009). Further increase in internal CO2-substrate availability often restricts the 
initial amplification of leaf photosynthesis for the limited ability of RuBP regenera-
tion through electron transport cycle. Thus, stimulations in photosynthesis in the 
post-industrial revolution era were obvious that may gradually saturate at approxi-
mately 1000 ppm CO2 (Poorter and Navas 2003; Körner et al. 2007). Therefore, the 
future increases in atmospheric CO2 may have less dramatic impact on plant carbon 
assimilation so as the crop yield (Long et al. 2004). The increase in the peak photo-
synthetic rate and light saturation points is obvious under elevated atmospheric CO2 
environment (Meng et  al. 2014). Several meta-analytical reviews concluded that 
elevated CO2 exposure substantially increased the plant energy conversion effi-
ciency (20%; Slattery et al. 2013), midday photosynthetic rates (70%; Jackson et al. 
1994) and light-saturated photosynthetic CO2 uptake in several C3 crop species 
(31%; Ainsworth and Rogers 2007). The amplification was more prominent during 
vegetative growth stages that gradually reduced with the advancement of reproduc-
tive growth stage in rice (Shimono et al. 2009).
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The impact of atmospheric CO2 elevation on photosynthesis is less obvious in C4 
than C3 crop species. Available literature review suggested that C3 crops assimilated 
~28% more carbon towards the external elevated atmospheric CO2 exposure over 
the C4 species; preferably due to low CO2 sensitivity of photosynthetic pigments in 
C4 than C3 species (Ainsworth and Long 2005). The differential compartmentalized 
carbon assimilation reaction in the active site of rubisco is responsible for the con-
trasting photosynthetic efficiencies between C3 and C4 crop species under elevated 
CO2 environment (Fig. 6.4). The typical compartmentalized carboxylation pattern 
of C4 photosynthetic pathways explained the root cause of such differential response 
pattern. The energy-dependent carboxylation in C4 photosynthetic pathways is 
much faster than under C3 pathway. The initial CO2 capturing by phosphoenol pyru-
vate (PEP) carboxylase that had a high affinity for the carbon substrate (Bowes 
1991), yielded dicarboxylic acids (C4 acids viz. malic acid in maize) in the  mesophyll 

Fig. 6.4 Diagrammatic representation for the basic differences between (a) C3 and (b) C4 
photosynthesis
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cells of C4 plants. Unlike C3 photosynthesis, the second carboxylation of rubisco 
takes place in the bundle sheath chloroplasts cells with concentrated CO2 as deliv-
ered from the surrounded mesophyll cells from successive decarboxylation of previ-
ously synthesized C4 acids, after transported by the metabolic pumps. The additional 
carbon concentrating mechanism in the Hatch–Slack pathway of C4 photosynthesis 
is essentially effective to restrict the entry of O2 at the active site of rubisco and 
maintain higher CO2 concentration in the bundle sheath cells in C4 photosynthetic 
apparatus (i.e. 3–6 times higher than in the atmosphere; higher CO2/O2 ratio than C3 
plants). Thus, the high internal CO2 concentration in bundle sheath cells drastically 
reduces the net opportunity of oxygenation i.e. photorespiration at whole-leaf level 
(almost negligible; Crespo et  al. 1979) and the net efficiency of photosynthetic 
quantum yield in C4 photosynthetic pathway is enhanced (~10 times more than C3 
mesophyll cells) under natural/ambient CO2 environment (Sage and Coleman 
2001). Under sufficient water supply, the increased CO2 concentration in the bundle 
sheath chloroplasts may reach up to 10–20 times higher in C4 species (like maize) 
than the typical photosynthesizing C3 plants under ambient atmospheric CO2 
(Furbank et al. 2008). Therefore, maize is appeared to be saturated under the present 
level of ambient CO2 (Wand et al. 1999; Kim et al. 2006). However, the elevated 
CO2 can alter the photosynthetic rates of the present level of atmospheric CO2 satu-
rated C4 species (like maize) towards the amelioration of abiotic stress (water defi-
cit) impact on leaf-level photosynthetic assimilation (Leakey et al. 2004, 2006). The 
negative consequences of the CO2 saturation towards the present-day atmospheric 
CO2 concentration gave more competitive advantage to the C4 weeds over cultivated 
C3 crop spices that resulted significant reduction in final economic yield in soybean 
(Ziska 2000) and mung bean (Awasthi et  al. 2018). The theoretical assumption 
about non-sensitivity of C4 photosynthesis towards the variation in atmospheric CO2 
level was not consistent; because of the variation in CO2 saturation threshold in C4 
leaves (Ghannoum et al. 2000; Ainsworth and Rogers 2007). The CO2 saturation 
level in leaves of C4 species is the most crucial factor for determining the degree of 
photosynthetic stimulation under elevated CO2 environment. The cumulative 
response varied among the subtypes of C4 photosynthetic pathways (NADP-ME, 
NAD-ME, and PCK) or taxonomic lines with different decarboxylation mecha-
nisms (Ghannoum et al. 2002; Muhaidat et al. 2007). Therefore, the aggrandizing 
response of photosynthesis towards the atmospheric CO2 enrichment was not identi-
cal for all C4 crop species (Ziska and Bunce 1997). Alike C3 photosynthesis, the 
stimulation in leaf photosynthetic rates is obligatory under elevated CO2 for the rest 
other C4 species those remained unsaturated towards the current level of atmo-
spheric CO2 concentration (Allen et al. 2011). Elevated CO2 levels exposure intensi-
fied CO2 uptake that often amplified the vegetative growth 44% in C3 plants, but 
only 12% for C4 plants (Poorter and Navas 2003). The magnitude of growth stimu-
lation was comparatively higher at early crop growth stages (Prasad et al. 2009); 
more prominent in C4 weed species than C4 crops grown under elevated CO2 par-
ticularly grown under high irradiance (Ziska and Bunce 1997; Wand et al. 1999) and 
elevated air temperature regime (Vu et al. 2001; Prasad et al. 2009). Elevated CO2 
exposure accelerated the plants’ ability to maintain net photosynthetic rate per unit 
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N uptake, even under limited N supply (Pal et al. 2005). Recent long-term experi-
mental (20  years) evidences suggested that soil nitrogen supply from net soil N 
mineralization played the most crucial role in determining such differential response 
in leaf C assimilation through photosynthetic activity between C3 and C4 crop spe-
cies that may persist up to 3000 ppm atmospheric CO2 level (Wang et  al. 2015; 
Reich et al. 2018).

The keen impact of high CO2 environment on the photosynthetic activities in 
Crassulacean Acid Metabolism (CAM) plants is obvious as it adapts the enzymol-
ogy of CO2 fixation in both C3 and C4 pathways with a distinct temporal separation 
(Osmond 2003). The exclusive strategy of CAM photosynthesis engaged rubisco 
and phosphoenol pyruvate carboxylase (PEPC). Similar to C4 photosynthesis, the 
nocturnal C acquisition by cytosolic PEPC activity results into malate formation 
(Phase I) that ends up with dephosphorylation at dawn. The successive initiation of 
rubisco activity for carbon reduction through Calvin cycle gradually dominates at 
early morning, as in normal C3 leaf photosynthesis (Phase II). At midday, malate 
decarboxylation dominates with increasing rubisco activity for carbohydrate assim-
ilation and the associated increase in partial pressure of intercellular CO2 favours 
stomatal closure and suppress transpiration; no exogenous CO2 is assimilated (Phase 
III). Thus, complete decarboxylation of malate and the successive utilization of 
released CO2 by rubisco in C3 photosynthesis gradually reduces the intercellular 
CO2 concentration that allows stomatal reopening for further nocturnal C acquisi-
tion. Simultaneous promotion of C4 carboxylation by PEP carboxylase gradually 
dominates in afternoon (phase IV). Such metabolic flexibility often resulted in the 
inconsistent and contrasting responses of CAM photosynthetic pathways towards 
elevated atmospheric CO2 environment.

It was clear that the highest potential stimulation in CAM photosynthesis may 
occur in phase IV under elevated CO2 environment. The stomatal reopening at phase 
IV ensures the higher CO2 concentration at the active site of dominant primary car-
boxylase rubisco that is still unsaturated to the present level of ambient atmospheric 
CO2. Limited light and stomatal closure from high intercellular CO2 concentration 
often limit the net influence of elevated CO2 on phase II and III of daytime CAM 
photosynthesis. However, the PEP carboxylase is seemed to be saturated for the 
present day of atmospheric CO2 for some CAM species. Elevated CO2 exposure has 
no overall impact on the nocturnal CO2 fixation (phase I) for those particular CAM 
species but may increase the dark CO2 fixation for other constitutive CAM species 
(Ting 1994).

Prevailing air temperature plays the most crucial role in determining the net 
modified impact of elevated CO2 exposure on phase I and IV of CAM photosynthe-
sis. Elevated CO2 accompanied with the increase in air temperature inhibited dark 
respiration (phase I; Brooks and Farquhar 1985) and photorespiration (phase IV; 
Drennan and Nobel 2000). Such inhibitory response enhanced the net substrate 
availability for and dark respiration (phase I) and rubisco activation phase (phase 
IV), making the net stimulation of CAM photosynthesis under elevated CO2 more 
obvious. Moreover, controlled-chamber experimental evidences confirmed the CO2 
saturation of PEP carboxylase at 20  °C night temperature that became CO2 

6 Crop Growth Responses Towards Elevated Atmospheric CO2



156

 unsaturated at 25 °C night temperature under present-day ambient CO2 level (Zhu 
et  al. 1999). Finally, the enhanced response of photosynthetic C assimilation in 
CAM plants (Phase I and IV) is more obvious under higher air temperature regime.

6.2.1.1  Photosynthetic Acclimation

The initial elevated CO2 induced stimulation in C3 leaf-level photosynthesis in the 
low CO2 environment is often short-lived and its persistency is still debatable. 
Many researchers observed the sharp decline in the quantity and activity of photo-
synthetic enzymes under long-term elevated CO2 exposure. The phenomenon is 
popularly known as ‘photosynthetic acclimation’ or ‘downregulation’ (Gunderson 
and Wullschleger 1994; Long et  al. 2004; Ainsworth and Rogers 2007; Alonso 
et al. 2009). The reported decline in leaf photosynthetic activity after moderate to 
long- term elevated CO2 exposure was primarily from the source-sink imbalance 
i.e. bearing the strong negative feedback on photosynthesis either due to source 
limitation (depletion of intercellular CO2 as a result of significant increase in meso-
phyll conductance from partial stomatal closure under elevated CO2 concentration; 
(Sanz- Sáez et al. 2010), accumulation of sugars from initial enhancement of leaf-
level photosynthesis (Sharma-Natu and Ghildiyal 1994), lowering of soluble pro-
tein concentration/rubisco activity (Lawlor and Mitchell 2000), high internal 
(non-stomatal) resistances (Delucia et  al. 1985) or inadequate sink capacity at 
whole-plant level for effective utilization of photosynthates (Ainsworth et al. 2004; 
Aranjuelo et al. 2005; Sanz-Sáez et al. 2010). Supercritical level of elevated CO2 at 
3000 and 5000 ppm often emanated photosynthetic downregulation in both C3 and 
C4 species (Wang et al. 2015). Under elevated CO2 exposure, leaf photosynthetic 
acclimation was also dependent on vertical profile of leaves within the canopy and 
the developmental stage (Osborne et al. 1998). Excess C uptake under long-term 
elevated CO2 exposure resulted in such downregulation in leaf photosynthetic rates 
(photosynthetic acclimation) due to nonselective reduction in leaf N concentration 
and reduced transpiration rate (Kanemoto et al. 2009), thereby the maximum rate 
of electron transport and rubisco activity (Ellsworth et al. 2004; Aranjuelo et al. 
2005) or reallocation of leaf N within different plant organs towards the maximiza-
tion of nitrogen use efficiency (Nakano et  al. 1997) and subsequent dilution of 
other leaf nutrient elements (Ceulemans and Mousseau 1994). The fact supported 
the recently observed role of adequate N supply (through external fertilizer appli-
cation), towards the increase in sink strength as well as subsequent leaf photosyn-
thetic assimilation rates under elevated CO2 (Ruiz-Vera et al. 2017). Moreover, the 
relative partitioning pattern of photosynthetic C among different plant storage 
organs and the extent of leaf-level nutrient dilution (preferably N) varied consider-
ably among the different agricultural crop species (Stitt and Krapp 1999) but the 
net impact may sustain throughout the life in majority of the agricultural crops 
(Garcia et al. 1998). The elevated atmospheric CO2 induced plant growth stimula-
tion overran the increased internal sink capacity of the elevated CO2 grown plant. 
This triggers a molecular mechanism for feedback regulation for repression of 
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photosynthetic gene  transcription under elevated CO2 (Van Oosten and Besford 
1995). Insufficient sink capacity lead to the reduction in translocation of photosyn-
thetic assimilates from leaf to the respective storage organs from the plant signal-
ling for internal negative feedback from the higher leaf-level starch during the dark 
period. Under limited N availability, it modified the internal translocation and 
reduced remobilization pattern of tissue N shoot regrowth (Skinner and Nelson 
1994; Kanemoto et al. 2009); thus, finally depressed the initial high atmospheric 
CO2 induced stimulation in leaf-level photosynthesis (Griffin and Luo 1999). 
Finally, the integral impact of the substantial increase in cumulative leaf photosyn-
thetic assimilation over the entire crop growth period (Geiger et  al. 1999) and 
improved energy conversion efficiency under elevated CO2 environment (Slattery 
et al. 2013) resulted in higher biomass accumulation at canopy level and economic 
seed yield for the majority of the C3 crop species at harvest (Drake et al. 1997; 
Centritto et al. 2002; Kang et al. 2002; Li et al. 2003).

Unlike C3 photosynthesis, avoidance of photorespiration under almost CO2 satu-
rated environment at the active of rubisco in the bundle sheath chloroplast rein-
forced higher net quantum yield, intrinsic water use efficiency of the daytime C4 
photosynthetic pathways with relatively larger sink capacity of C4 plants. Therefore, 
it provides less opportunity for achieving further photosynthetic stimulation and so 
as its acclimation for the C4 plants exposed to elevated CO2 environment. The ele-
vated CO2 induced enhancement in leaf photosynthesis and successive Rubisco 
upregulation were most prominent at the early stages of C4 leaf ontogeny (Prasad 
et  al. 2009). For CAM leaves, nighttime increase in total titratable acidity and 
malate accumulation via increased PEP carboxylase activity under elevated CO2 
facilitated the downregulation in daytime rubisco activity, upregulation of leaf-level 
enzyme activities (sucrose–phosphate synthase and sucrose synthase) and increased 
plant hormones activities (indole-3-acetic acid, gibberellins, isopentenyladenosine, 
etc.). In absence of any external water deficit stress factors, the daytime activity of 
PEP carboxylase activity as well as the leaf CO2 exchange rates remained insensi-
tive to atmospheric CO2 elevation (Nobel and Israel 1994). However, elevated CO2 
has the potential to increase the leaf-level synthesis of nonstructural carbohydrates 
in C4 plants under the water deficit/drought stress with its significant ameliorative 
impact of on leaf photosynthetic activity (Leakey et al. 2006; Kakani et al. 2011). 
The degree and extent of such ameliorative impact were independent to the N avail-
ability (Markelz et al. 2011). The progressive acclimation in daytime C3 photosyn-
thesis reduced the resource investment for excess rubisco capacity for CAM plants 
grown under elevated CO2 environment. Moreover, the successive slight reduction 
in daytime phosphoenol pyruvate (PEP) carboxylase activity often had negligible 
impact over the cumulatively higher dark period PEP carboxylase activity on the net 
photosynthetic carbon assimilation in some species of CAM plants (Li et al. 2002). 
Thus, the final increased conversion of stimulated photosynthetic C assimilates into 
biomass became ~50% in C3 (Prior et al. 2005), ~35% in CAM (Drennan and Nobel 
2000), and ~12% in C4 (Poorter and Navas 2003) across the respective diverse plant 
species grown under elevated CO2 environment.
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6.2.2  Stomatal Conductance

Increase in atmospheric CO2 concentration depressed the long-term developmental 
responses as the dramatic reduction in stomatal density or stomatal pore size lead to 
the significant improvement of water use efficiency in several crop species 
(Woodward and Bazzaz 1988; Lammertsma et al. 2011). An increase in atmospheric 
CO2 concentration from 280 ppm in preindustrial era to 340 ppm in late-twentieth 
century resulted in 67% reduction in stomatal density (Woodward 1987). Similar 
evidences proved the gene regulated impact on stomatal distribution, development 
and functioning for differential expression between the ambient and elevated CO2 
grown maize transcripts (Maroco et al. 1999; Kim et al. 2006). Several studies esti-
mated only 5% average decrease (Ainsworth and Rogers 2007) or no significant 
change (Estiarte et al. 1994; Kumar et al. 2014) in stomatal density under short-term 
elevated CO2 exposure. The response may vary from one crop species to other; even 
among the genotypes of any crop species (Bettarini et al. 1998; Field et al. 2007; Xu 
et  al. 2016). Therefore, the changes in stomatal density of the plant leaves were 
considered to be the long-term adaptive response towards elevated atmospheric CO2 
concentration (Haworth et al. 2015). The structural plasticity from increased leaf 
area from short-term exposure, modification in gene expression levels from long- 
term exposure is the prime reason for changes in stomatal density under elevated 
CO2 environment.

Nevertheless, the modification of short-term stomatal behaviour accounted the 
widespread decrease in leaf-level stomatal conductance in both C3 and C4 crops 
preferably due to the regulation of stomata by guard cells under elevated atmo-
spheric CO2 environment (Zhu et al. 1998; Bunce 2004). If the leaf diffusive resis-
tances reached the threshold of more than 10–20 s cm−1, elevated atmospheric CO2 
had little impact on regulating plant transpiration over several crop species. Jackson 
et al. (1994) observed that elevated CO2 depressed the leaf-level stomatal conduc-
tance and reduced transpiration by 50%. However, the actual magnitude of elevated 
CO2 induced reduction in transpiration was higher in the C3 than C4 crop species 
(Dugas et al. 1997). Elevated CO2-induced increase in ABA biosynthesis (Chater 
et al. 2015) and guard cell hydrogen peroxide and nitric oxide signalling (Shi et al. 
2015) modified the channel activity (increased anion channel and decrease in K+/
Ca2+) and organic solute concentration (sucrose and malate) in guard cells. That 
resulted in the sharp decline turgor pressure and forced the guard cells to shrink fol-
lowed by closure of stomatal aperture (Fujita et al. 2013; Lawson et al. 2014). The 
net magnitude of reduction in stomatal conductance also depends on vapour pres-
sure deficit and soil water potential (Wullschleger et al. 2002a). Stomatal conduc-
tance and canopy conductance declined with increase in vapour pressure deficit and 
decline in soil water potential beyond field capacity. With few exceptions, elevated 
CO2 studies showed that stomatal conductance was initially reduced in response to 
elevated CO2 that was resulting in reduced transpiration as well as the cumulative 
water consumption at the individual leaf to whole-plant canopy, ecosystem and 
global scales (Field et al. 1995). For a given leaf-level stomatal opening, C4 plants 
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have higher carboxylation efficiency as well as increased CO2 assimilation rate with 
lower internal resistance than C3 species. Reduction in leaf-level transpiration rates 
resulted the increase in daytime leaf temperature by 1 °C (Kim et al. 2006) and also 
ameliorated the negative impact of moderate drought by conserving soil moisture 
under maize crop (Leakey et al. 2006). Changes in leaf-level transpiration modified 
the leaf-level intrinsic water use efficiency under elevated CO2 exposure. Yoshimoto 
et al. (2005) observed that elevated CO2 reduced stomatal conductance and reduced 
transpiration combined with increased total biomass production and so as the water 
use efficiency in rice under free-air CO2 enrichment (FACE) (Medlyn et al. 2001; 
Ainsworth and Long 2005). The depressive responses were often short-lived in 
some species (Bunce 1992; Uddling et  al. 2010) or absent (Pathare et  al. 2017). 
Under elevated CO2, stomatal closure is independent apoplastic transfer of ‘meso-
phyll signals’ for controlling photosynthetic C assimilation (Fujita et  al. 2013). 
However, the reduction in stomatal conductance in the elevated CO2-grown gradu-
ally nullified the stimulation in rubisco carboxylation rates from the subsequent 
increase in leaf internal resistance to CO2 diffusion. Such ‘stomatal acclimation’ 
may also occur from the changes in stomatal morphology and CO2 sensitivity to the 
guard cells in several C3/C4 grassland species (Morison and Gifford 1984; Drake 
et al. 1997; Maherali et al. 2002). In some tree species (Larix decidua Mill. and 
Pinus mugo ssp.), transpiration rates remained unchanged for insensitivity of sto-
matal aperture dynamics towards elevated CO2 exposure, but the significant rise in 
intrinsic water use efficiency became obvious from enhanced photosynthetic assim-
ilation (Streit et al. 2014).

The widely observed reduction of leaf-level transpiration rate often leads to con-
siderable savings in soil moisture utilization for the elevated CO2 grown plants to 
preserve soil moisture, improve plant water status and increase carbon gain towards 
the enhanced plant fitness towards drought environment (Leakey et  al. 2009; 
Hussain et al. 2013). But it did not always translate into an equivalent reduction in 
soil water uptake (Baker et al. 1996; Wullschleger and Norby 2001; Centritto et al. 
2002). Elevated CO2 often increased leaf area index (LAI) (Ainsworth and Long 
2005), which is a primary determinant of both crop productivity and cumulative 
water use (Wullschleger et al. 2002b). The net reduction in water loss through CO2- 
enrichment- induced decrease in leaf-level transpiration was almost cancelled out by 
the subsequent increase in evapotranspiration from the increased leaf area under 
adequate N and water supply (Li et al. 2004; Jin et al. 2018). Finally, for a given 
increased exposure to enriched atmospheric CO2 concentration had brought a pro-
portional increase in transpiration efficiency or intrinsic water use efficiency at leaf 
level (either by increasing photosynthetic rate and decreasing in stomatal conduc-
tance or both) and further scaling up the impact from leaf to crop canopy level 
confirmed that the increase in net photosynthetic carbon gain is often not converted 
into equivalent biomass production. The net impact may also overshadow the CO2 
enrichment induced reduction in transpiration with negligible soil water savings for 
canopy environment.
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6.2.3  Flowering Time/Reproductive Phenology

Flowering determines the potential reproductive success for any plant species, its 
ability to survive in the natural selection process and adapt environmental change. 
Under ample supply of sunlight, optimum temperature regime temperature and 
unlimited nutrient availability, increasing atmospheric CO2 alters carbon metabo-
lism at cellular level, plant size/vigour and periodic rate of canopy development that 
has an effective control for determining the time of flowering (Ollerton and Lack 
1998). Elevated CO2 favoured enhanced photosynthetic C assimilation that brought 
several anatomical and morphological changes; strengthen the sugar signalling of 
trehalose-6-phosphate (T6P) metabolite for relaying information about tissue car-
bohydrate availability and controlling gene expression to initiate floral induction 
phenomenon (Wahl et al. 2013). Several experimental results gave no clear consen-
sus and suggested that in the absence of any biotic or abiotic stress factors with 
minimal photoperiod sensitivity, the alteration of reproductive phenology/flowering 
time for different agricultural crops was not consistent under elevated atmospheric 
CO2 exposure (Springer and Ward 2007; Craufurd and Wheeler 2009). The response 
was often cultivar-specific, experimental facility-specific (growth chamber/open- 
top chamber/free-air CO2 enrichment and others) and differential responses in ele-
vated CO2-induced flowering time enabled plant to get complete opportunity for 
attending optimum growth potential under the modified environmental conditions 
(Kumar et al. 2014). Depending on species, growing season, varietal specificity and 
treatment (i.e. type of facility used) with elevated CO2 exposure, the phonological 
progress was hastened, delayed, had no effect or had nonlinear effects on the repro-
ductive phenology in different agriculturally important crop species. Accelerated 
flowering time provides scope for escaping abiotic stress factors from water deficit, 
heat waves, cold waves, nutrient deficiency, excess light, etc. to ensure maximum 
resource utilization and explore maximum reproductive potential; while delayed 
flowering facilitated vegetative growth for more resource acquisition to achieve 
reproductive success (Roux et al. 2006).

The reproductive traits of wild species were less responsive to elevated CO2 than 
the cultivated crop species (Kimball et al. 2002; Jablonski et al. 2002; Ainsworth 
and Long 2005). Our present discussion will confine for the elevated CO2 impact 
on the flowering time of some widely cultivated and agriculturally important crop 
species only. The brief summary of reported response of reproductive phenology of 
different agricultural crop species towards elevated atmospheric CO2 concentration 
is listed in Table 6.2. Considerable variability in the reported literature suggested 
that elevated CO2 impact on the flowering time is highly variable both among and 
within the species. The persistence of competitive advantage for crop-specific or 
cumulative coexistence of multiple crop species in natural agro-ecosystem was 
also uncertain. Therefore, it may be concluded that elevated CO2 enhanced crop 
growth and development rates that indirectly influence the flowering time through 
modification of canopy temperature in the elevated CO2 grown crop canopy 
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(Kimball et al. 2002). However, the amplification in growth behaviour could not 
always be  pronounced for creating any consistent impact of elevated atmospheric 
CO2 on the reproductive phenology in most of the site-specific suitable cultivated 
agricultural crop species under any specific localized environment. The elevated 
CO2 induced such scattered phenotypic plasticity (i.e. delayed or advanced flower-
ing time) were often short-lived and even disappeared gradually with the genera-
tion advancement because it failed to produce any permanent genetic change in the 
successive generations and also subjected to influence by external biotic and abi-
otic stress factors in the natural environment (Teng et al. 2009). However, systemic 
research initiatives on studying the underlying mechanisms and molecular basis of 
crop species- specific flowering time regulation may unveil the source of observed 
variability in complex signalling network activation that has the potential to govern 
flowering time at ecosystem level under elevated CO2 environment (Kumar et al. 
2014; Jagadish et al. 2016). Such research initiatives will enable us for accurate and 
precise predictions on the probable changes in crop phenology and their impact on 
terrestrial agro- ecosystem under the projected future elevated CO2 environmental 
regimes.

6.2.4  Leaf Area Index

Leaf area index (LAI) is defined as, the total one-sided area of leaf tissue per unit 
ground surface area. Leaf area index drives both the within- and below-canopy 
microclimate, determines canopy water interception, radiation extinction, water and 
carbon gas exchange and therefore be a key component of biogeochemical cycles in 
ecosystems (Breda 2003). Differences in canopy structure, in terms of the extinction 
coefficient in the Beer’s law and corresponding variation in LAI values for a specific 
crop species, are the two principal factors for differences in resource use efficiencies 
from the elevated CO2 grown crop species to other. Seedlings grown under elevated 
CO2 shows dramatic increases in leaf area (Kellomäki and Wang 1997; Tissue et al. 
1997). However, the dynamics of pine canopy leaf area production and senescence 
were unaffected by elevated CO2, although canopy leaf area senescence for hard-
woods was slowed down (McCarthy et al. 2007). In contrast, Norby et al. (2003) 
found that there was no effect of elevated CO2 on leaf area index for forest species. 
Ainsworth and Long (2005) reviewed an average 21% increase in LAI for tree spe-
cies but no significant change in LAI for herbaceous C3 grasses. For different agri-
cultural crops (like chickpea), elevated CO2 exposure increased growth 
characteristics, viz. shoot length, total number of branches, leaf area per plant, seed 
yield with significant increase in leaf and shoot dry weight (Pal et al. 2008). In black 
gram (Vigna mungo L.), Vanaja et al. (2007) reported that growth parameters viz. 
length and weight of root and shoot, root: shoot ratio, leaf area and plant weight 
significantly increased at 700 ppm CO2 exposure in the open-top chamber experi-
ment. Weigel and Manderscheid (2012) reported about no statistically significant 
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CO2 effect on LAI for barley and wheat but significant reduction for ryegrass. 
Elevated CO2 also modified the temporal extent plant LAI response by delaying 
LAI loss to senescence in soybean (Dermody et al. 2006, 2008) and early attaining 
of peak LAI in pigeon pea (Saha et al. 2012). In other open-top chamber studies, 
significant increase in LAI was reported for Lolium perenne (Nijs et  al. 1989), 
wheat (Tausz-Posch et al. 2012), sorghum (Ottman et al. 2001), Cenchrus ciliaris 
L. (Bhatt et al. 2007), soybean (Dermody et al. 2008), rice (De Costa et al. 2006; 
Zeng et al. 2011), pigeon pea (Saha et al. 2012) and chickpea (Saha et al. 2014a, b) 
for different levels of atmospheric CO2 enrichment. However, the reducing trend of 
LAI in atmospheric CO2 enrichment was evident for maize (Kim et al. 2007), sug-
arbeet (Erbs et al. 2010) and Echinochloa crusgalli L. (Zeng et al. 2011). The short- 
term exposure of elevated CO2 increased plant biomass production in rice 
significantly, without change in LAI (Imai et al. 1985; Anten et al. 2004). This can 
be further explained by means of a reduced total leaf N in the canopy counterbalanc-
ing the increase in LAI for a given leaf N content and arguing the LAI increase 
under elevated CO2 can only happen if N uptake from the soil is simultaneously 
increased (Anten et al. 2004). Thus, lower N availability may be one of the most 
effective causes for suppressing the amplifying response of LAI towards elevated 
CO2 environment (Arnone and Körner 1995; Franklin and Ågren 2002).

The observed response of total canopy leaf area towards atmospheric CO2 enrich-
ment varied from one crop to another. Sims et al. (1999) also observed no significant 
difference in total canopy leaf area with elevated CO2 level of 700 μmol mol−1 for 
sunflower. Meta-analytic studies of the free-air CO2 enrichment (FACE) claimed for 
an 11% increase of peak LAI (Kimball et al. 2002), but almost no increase in aver-
age LAI of different popular agricultural crop species over the crop period was 
reviewed (Long et al. 2004). Under N scarce condition, leaf N may be remobilized 
from older to developing new leaves in elevated CO2, accelerating senescence of 
shaded foliage and thus reducing canopy LAI (Hartz-Rubin and DeLucia 2001). 
Ewert (2004) reviewed the relatively smaller interactions between LAI and elevated 
CO2 effects on canopy assimilation. However, the net impact on the LAI dynamics 
got nullified when 36 mesocosms containing the community of C3 legume, Trifolium 
repens and a C4 grass, Stenotaphrum secundatum were grown under elevated CO2 
with high P fertilization (Edwards et al. 2005).

6.2.5  Leaf Chlorophyll Content

Chlorophyll is one of the major leaf pigments regulating leaf photosynthesis. Our 
literature survey gave a brief account of changes in chlorophyll a, b and total chlo-
rophyll content for different agricultural crop species under elevated CO2 exposure 
(Table 6.1). Leaf N dynamics have the most crucial role to determine the net response 
for modified chlorophyll concentration and photosynthetic response for the elevated 
CO2 grown crops (Delgado et al. 1994). It is evidently clear that leaf chlorophyll 
content reduced in majority of crop species under elevated CO2 exposure except in 
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legumes. Reduced N availability with enhanced plant growth often resulted in suc-
cessive leaf N dilution and significant reduction in leaf chlorophyll content in the 
majority of cereals and other reported crop species (Sicher and Bunce 1997; Uprety 
and Mahalaxmi 2000; Seneweera et al. 2011). Effective N supplementation from 
external sources and supportive N management practices have the potential to mini-
mize the depressive impact of elevated CO2 exposure on tissue N concentration and 
leaf chlorophyll content to a variable extent (Tausz et al. 2017; Gadpayle et al. 2018). 
In legumes, the increased nodule’s nitrogen fixation capacity might ensure the suf-
ficient N supply to the growing leaves that maintained or even increased leaf chloro-
phyll content under elevated CO2 exposure (Al-Rawahy et al. 2013; Saha et al. 2016; 
Dey et  al. 2016). Under elevated CO2 exposure, modification in leaf chlorophyll 
content was regulated by the prevailing light environment. High- to- moderate light 
availability (>500 μmol m−2 s−1), depressed leaf chlorophyll content (Wullschleger 
et al. 1992), but low light (<250 μmol m−2 s−1), often promoted the leaf chlorophyll 
response under elevated CO2 exposure (Eamus et al. 1993). Increase in leaf chloro-
phyll content yielded the concomitant rise in PAR harvesting and photon fixation for 
leaf-level C assimilation with efficient leaf-level resource utilization biochemistry. 
Any reduction in leaf chlorophyll content depressed the elevated CO2 induced PS II 
stimulation under insufficient N availability (Nabity et al. 2012).

6.2.6  Aboveground Biomass Production and Resource Use 
Efficiencies

The elevated atmospheric CO2 modified the aboveground biomass accumulation 
pattern through its deterministic regulation on plants’ source-sink balance of several 
C3, C4 and CAM species. However, the net impact of elevated atmospheric CO2 on 
modifying canopy photosynthetic capacity and dark respiration process varies 
across the agricultural crop species; thus, it determines the actual degree of control 
over source-sink balance. Elevated CO2 exposure experiments were mostly aimed to 
determine the effective degree of control and modified resource use pattern of these 
diverse agricultural crop species. The results of such experimentation became the 
potential input for formulation of crop simulation models to predict our future agri-
cultural production under modified atmospheric environment in the projected ele-
vated CO2 world. Ainsworth and Long (2005), reviewed ~31% increase in the 
light-saturated leaf photosynthetic rate with elevated CO2 exposure to plant canopy, 
resulted from 28% increase in the diurnal photosynthetic carbon assimilation. Thus, 
elevated CO2 has a consistent fertilization effect on plant aboveground biomass pro-
duction for both C3 and C4 plant species. The major stimulating factor of elevated 
atmospheric CO2 on the significant increase in aboveground plant biomass was evi-
dent in several agricultural crop species viz. sweet potato (Bhattacharya et al. 1985), 
berseem (Pal et al. 2004), radish (Usuda 2006), potato tubers (Högy and Fangmeier 
2009), wheat (Porteaus et al. 2009; Högy et al. 2010; Lam et al. 2012a; Tausz-Posch 
et al. 2012), sugarbeet (Manderscheid et al. 2010), barley (Wall et al. 2011), Brassica 
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napus L. (Franzaring et al. 2008; Frenck et al. 2011), rice (Lieffering et al. 2004; 
Zeng et al. 2011), pigeon pea (Saha et al. 2011), soybean (Rogers et al. 1986; Lam 
et al. 2012b), chickpea (Saha et al. 2014a, b), sorghum (Prasad et al. 2009), maize 
(Meng et al. 2014), etc. The underlying mechanism for such elevated CO2 fertiliza-
tion impact may be explained with the increased partitioning of photosynthetically 
assimilated carbon towards the growing plant organs under variable circumstances 
and magnitudes. At crop maturity, it often resulted a significant decrease in aboveg-
round stem biomass of C3 potato with the increasing level of atmospheric CO2 
enrichment (Högy and Fangmeier 2009). Enhanced leaf-level net assimilation rate 
(NAR) with more tiller numbers or higher LAI often increased the competitive abil-
ity of biomass production in C4 barnyard grass (Echinochloa crusgalli L.) over C3 
rice crop grown under elevated atmospheric CO2 exposure (Zeng et  al. 2011). 
However, increased C4 plants sink capacity, better water availability and higher 
nutrient status determined the degree of net plant growth response towards elevated 
CO2 exposure (Meng et al. 2014). Accelerated leaf warming from reduced transpira-
tion has the potential to nullify the net impact of elevated CO2 on aboveground 
biomass accumulation in C4 crops (Siebke et al. 2002; Prasad et al. 2006; Kim et al. 
2007). C4 photosynthetic rates often undergo the thermal acclimation within their 
optimal growth temperature range by adjusting capacity and reallocating N among 
their photosynthetic components (Dwyer et al. 2007).

6.2.6.1  Tissue Nitrogen Dynamics and N Use Efficiency

Nitrogen availability was identified to be the most important potential limitation 
factor for determining the plant responsiveness towards the rising atmospheric CO2 
(Leakey et al. 2009). The relative changes in crop response under elevated CO2 envi-
ronment were primarily determined by the plant N uptake (Kim et al. 2003; Wang 
et  al. 2013). Under adequate N availability, the most obvious positive impact of 
elevated atmospheric CO2 from higher biomass production in C3 plants were often 
escorted by the widespread decrease of nitrogen concentration in the vegetative tis-
sues (Cotrufo et al. 1998; Wang et al. 2013; Yang et al. 2006) as well as cereal and 
legume grains (Taub et al. 2008; Myers et al. 2014; Saha et al. 2015; Chaturvedi 
et  al. 2017a); that was ranging between 6 and 16%. The stimulated crop growth 
often overshadowed the increased N acquisition under elevated CO2 environment. 
Modelling studies predicted elevated CO2 has the potential to decrease the global 
mean protein concentration decrease by −9% in 2050 (Asseng et al. 2019). This 
might have an extensive impact on global nutritional security; thus, became the 
grave concern for the scientific community. The observed reduction in tissue level N 
concentration may be explained by the negative allometric relation between tissue N 
concentration and biomass production (Han et al. 2013; Cai et al. 2016; Tausz et al. 
2017). Inhibited the NO3

− assimilation (Bloom et al. 2012) and/or, photosynthetic 
downregulation under reduced N availability (Stitt and Krapp 1999) also resulted in 
the decrease of tissue N concentration and enhanced leaf senescence (Fangmeier 
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et al. 2000). However, elevated CO2 had negligible impact on the rate of aboveg-
round biomass accumulation per unit rate of increase in plant N and the relative 
magnitude of N dilution in the crop species with similar canopy volume (Coleman 
et al. 1993).

Several past studies unveiled the positive impact of elevated CO2 for increasing 
leaf-level photosynthetic nitrogen use efficiency i.e. photosynthetic C assimilation 
per unit of leaf N (Davey et al. 2006; Leakey et al. 2009). Photosynthetic acclima-
tion downregulated plant N uptake that ensured the optimum N distribution within 
crop canopy towards the maximization of C acquisition under long-term elevated 
CO2 exposure (Shimono et al. 2009). That could increase the leaf-level N use effi-
ciency under elevated CO2 exposure (Drake et al. 1997). But the net response varied 
greatly with variation in crop growth stages. Meta-analytic review showed that the 
least impact of the nonspecific leaf N dilution for depressing the net magnitude of 
accelerated photosynthetic C assimilation under elevated CO2 (Ainsworth and Long 
2005; Ainsworth and Rogers 2007). With sufficient N availability under CO2 enrich-
ment, the accelerated photosynthetic C assimilation determined the degree of 
increase in N uptake and regulated internal regulation on plant N distribution, that 
stimulated root growth for greater N uptake (Yang et  al. 2007; Pacholski et  al. 
2015), enhanced sink strength (Feng et al. 2015) and accelerated leaf senescence 
(Fangmeier et al. 2000) under elevated CO2 exposure. That increased the potential 
for higher net N uptake with successive dilution in foliage (including grain) N 
under elevated CO2 exposure (Pritchard et al. 2006; Calfapietra et al. 2007; Leakey 
et al. 2009; Cai et al. 2016; Walker et al. 2017). Therefore, the efficiency of total N 
use, N uptake and N utilization at canopy level were higher under sufficient soil 
moisture availability for the elevated CO2 grown rice (Yang et al. 2007; Roy et al. 
2012), pine and deciduous trees (Peterson et  al. 1999), sorghum (Torbert et  al. 
2004), soybean (Torbert et al. 2004; Lam et al. 2012a; Hao et al. 2016; Li et al. 
2017) oilseed rape (Franzaring et al. 2011) and wheat (Xiao et al. 2009; Tausz et al. 
2017; Dier et al. 2018).

6.2.6.2  Radiation Use Efficiency

Crop modelling approaches are adapted to periodic variation in the resource utiliza-
tion pattern for assessing the species-specific constancy of energy conversion by the 
standing crop canopy and their successive conversion into aboveground dry matter 
including economic grain yield under non-stressed environmental conditions. One 
of the simplest approaches is aimed to quantify the source utilization per unit of 
biomass production. Solar radiation is one of the most important primary natural 
resource, utilized by any standing crop species. Radiation use efficiency (RUE in g 
MJ−1) is defined as the ratio of the accumulated aboveground biomass (includes 
dead-leaf mass) to the cumulated intercepted photosynthetically active radiation 
(PAR) during the entire/any specific crop growth period without exposure to any 
biotic/abiotic environmental stress factors. RUE is an integral characteristic of net 
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canopy photosynthesis and plant respiration. RUE accounted leaf-level quantum 
yield for daily photosynthetic C gain and the successive conversion of photosyn-
thetic C into dry matter at canopy level (Monteith 1981). Crop yield is defined as a 
function of three regulatory factors viz. (a) cumulative intercepted photosyntheti-
cally active radiation (IPAR) over the entire crop growth period, (b) conversion 
efficiency of IPAR into plant dry matter i.e. radiation use efficiency (RUE) and (c) 
relative proportion of dry matter partitioning towards economic grain yield over 
total plant biomass production i.e. harvest index (HI).

 
Y IPAR fIPAR RUE HI= ×( )× ×

 

Any increase in crop yield under elevated CO2 exposure relied on the increase in 
at least one or two components of the abovementioned equation. In this section, we 
will confine our discussion of all these factors controlling crop yield except harvest 
index (HI; to be discussed later). Improvement in photosynthetic RUE has the 
greatest potential to increase crop yield in the projected modified environmental 
condition in near future. In present atmospheric CO2 concentration, the potential 
average crop RUE values were estimated as 4.6% and 6% for the C3 and C4 crops 
(at 30 °C air temperature; Zhang et al. 2008). With the rise in atmospheric CO2, the 
relative advantage of C4 over C3 plants will disappear in the coming century (Allen 
et  al. 2011). Theoretically, the net increase in crop RUE under elevated CO2 
accounted some potential possibilities likely, (a) significant rise in aboveground 
biomass production (dry matter or economic grain yield) from enhanced photosyn-
thetic rate in most of the C3 crop species under sufficient light availability 
(>1000 μmol m−2 s−1 PAR flux; Idso et al. 1994) and (b) reduction in cumulative 
intercepted PAR (IPAR) within the elevated CO2 crop canopy in absence of any 
biotic or abiotic environmental stress factors. Moreover, atmospheric CO2 elevation 
(~700  μmol  mol−1) has the ameliorative impact on leaf-level photosynthetic C 
assimilation under limited water availability and thus increased 30% peanut RUE 
(Clifford et  al. 2007). However, some crop modelling studies suggested that the 
primary mechanism of higher biomass accumulation via radiation use efficiency 
(RUE) was not critical to explain the overall response of crop species towards atmo-
spheric CO2 enrichment (O’Leary et al. 2015).

The cultivar specificity of RUE was mostly determined by the N uptake ability of 
the crop that often gradually declines after anthesis. RUE and leaf N concentration 
was closely related in elevated CO2 grown rice canopy. Under elevated CO2, qua-
dratic increase of RUE was evident with increase in specific leaf N weight (Dier 
et al. 2018). The increase in total nitrogen uptake ensured the dramatic increase in 
canopy LAI at early crop growth stages that also contributed ~35% increase in rice 
RUE (Weerakoon et al. 2000). However, the reduction in leaf N concentration at 
post-heading stage contributed to the sharp decline in crop RUE value under the 
elevated CO2 grown rice (De Costa et al. 2006; Shimono et al. 2009). N availability 
for achieving optimum seasonal light interception is independent to the atmospheric 
CO2 level elevation. Therefore, the role of canopy radiation intercepted fraction (% 
radiation captured by the canopy) is very limited in determining the net crop RUE 
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under elevated CO2 environment (Weerakoon et al. 2000; Manderscheid et al. 2009). 
Higher CO2 assimilation rate under elevated CO2 exposure with sufficient N avail-
ability ensured higher canopy cover and enhanced plant’s quantum use efficiency of 
photosynthesis towards higher biomass production (Manderscheid et al. 1997) i.e. 
more dry matter accumulation in expense of per unit intercepted canopy radiation 
fractions as well as the absolute increase in net primary productivity under elevated 
CO2 environment (Norby et al. 2003). Elevated CO2 induced amplification in leaf- 
level light-saturated photosynthetic rate and higher apparent quantum yield contrib-
uted to higher crop RUE under elevated CO2 exposure (Hui et al. 2001; De Costa 
et al. 2006). Similar increase in crop RUE was evident over several cultivated crop 
species under elevated CO2 environment viz. wheat (Monje and Bugbee 1998; 
Manderscheid et al. 2003; Mulholland et al. 2007), cotton (Pinter et al. 1996), sun-
flowers (Hui et al. 2001); soybean (Acock et al. 1985; Dermody et al. 2008), barley 
(Manderscheid et  al. 2009), pigeon pea (Saha et  al. 2012), chickpea (Saha et  al. 
2014a, b), etc. (Table 6.2).

In general, elevated CO2 induced amplification in leaf-level photosynthesis 
mostly enhanced aboveground biomass accumulation and so as the crop 
RUE. However, leaf area index (LAI) and leaf orientation/distribution within the 
canopy are the two important traits for effective determination of the extent of 
cumulative radiation interception by the crop canopy. These two traits finally con-
tributed to the accelerated plant growth rate and crop RUE values under elevated 
CO2 environment. The limited N availability most probably restricted the amplifica-
tion of canopy LAI and any detectable changes in cumulative canopy radiation 
interception in most of the C3 crop species (Rudorff et al. 1996; DeLucia et al. 2002; 
Norby et al. 2003). For C4 corn, the positive impact of elevated CO2 was absent pos-
sibly due to limited sensitivity of leaf photosynthesis towards the present level of 
ambient atmospheric CO2 elevation (Kim et al. 2006). Under sufficient N availabil-
ity, significant increase in LAI resulted in greater leaf expansion rate and more 
absorption of incident PAR that yielded higher crop RUE value under elevated CO2 
exposure (Pinter et al. 1996; Mulholland et al. 1998; Dermody et al. 2008). There 
are also some other contrasting possibilities for the reported increase in crop RUE 
under elevated CO2 condition.

Elevated CO2 modified the canopy structure by shifting the distribution of leaf 
area within the canopy so that more leaf area was concentrated near the top of the 
canopy, resulted in as much as a 50% reduction in photon flux density in the upper 
portions of the elevated CO2 exposed sunflower canopy (Sims et al. 1999). Under 
elevated CO2 environment, alike changes in leaf area distribution ensured the pro-
portionate increase in low-intensity leaf-scattered light fraction availability to the 
older leaves in lower portion canopy (Hui et al. 2001). Enhanced canopy LAI with 
modified leaf orientation reduced the self-shading and older leaf deaths in the ele-
vated CO2 grown crop canopy and thereby facilitated the formation of ‘closed leaf 
canopy’ structure with more uniform and homogeneous distribution of light (PAR) 
in any horizontal plane (Charles-Edwards et al. 1986). Such elevated CO2 induced 
modification in crop architecture reshaped canopy radiation profile and gradually 
increased the relative contribution from enhanced leaf photosynthetic C  assimilation 
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from shaded/ older leaves of lower plant canopy (Idso et al. 1994; Manderscheid 
et al. 2003). At leaf level, the quantum yield of photosynthesis is higher in shaded 
leaves (Long and Drake 1991; Osborne et al. 1998). Therefore, elevated CO2 enabled 
the developing plant canopy to capture and utilize the diffuse intercepted radiation 
fraction more efficiently; thus, attributed to the widespread increase of final crop 
RUE value (Richards 2000). The increased radiation penetration within the crop 
canopy also reduced the leaf-level light saturation and facilitated the effective utili-
zation of intercepted radiation to enhance crop RUE value under elevated CO2 envi-
ronment (Smart et al. 1994; De Costa et al. 2006).

Increased radiation penetration through 17% reduction in extinction coefficient 
(k), with ~30% increase in wheat canopy LAI indicated the modification of canopy 
architecture grown under elevated CO2 exposure (Sims et al. 1999). Changes in leaf 
angle distribution under atmospheric CO2 environment might play a significant role 
in the observed increase in crop RUE and canopy LAI simultaneously, without any 
significant change in canopy radiation interception fractions. Under sufficient N 
availability, elevated CO2 exposure (+200 ppm in FACE system) reduced wheat leaf 
tip angle distribution by 4° with improved canopy light capturing ability, enhanced 
canopy level net CO2 exchange rate and green plant area index (Brooks et al. 2000). 
Mean canopy leaf angles are related to the canopy light extinction coefficients 
(Wheeler et al. 1995). The observed modification in leaf angle distribution resulted 
the significant reduction in canopy light extinction coefficients (k) in wheat 
(−17.1%; Smart et  al. 1994), pigeon pea (−7.5%; Saha et  al. 2012), chickpea 
(−21.3%; Saha et al. 2014a, b) under elevated CO2 exposure treatments. However, 
such elevated CO2 induced modification was absent for cauliflower (Wheeler et al. 
1995). Diurnal variation of RUE was low at noon and high in the morning or after-
noon for the elevated CO2 grown crop canopy that leads to the significantly higher 
value of cumulative RUE under elevated CO2 (Hui et al. 2001). Therefore, the use 
of a constant multiplier of RUE to model effects of increased atmospheric CO2 con-
centrations on crop growth is questionable. Our present elevated CO2 research 
should be focused on the growth stage-specific daily leaf C gain dynamics, identifi-
cation of phenology-associated gene and their role in controlling phonological plas-
ticity and crop growth specific RUE values for different crop species under variable 
soil N availability. In addition, recent advancement of next-generation sequencing 
technologies (QTL identifications, RNA interference, etc.) may play their inevitable 
role in characterizing the genetic loci for the observed variability in the location- 
specific research outcome. Indirectly, similar studies will increase the efficiency of 
crop simulation models for better future prediction of agricultural productivity 
under variable degree of input availability in the projected scenario of climate change.

6.2.6.3  Water Use Efficiency

Increasing atmospheric CO2 level from the accelerated degree of anthropogenic cli-
mate change phenomenon has envisaged the periodic water use dynamics (evapo-
transpiration) and water use efficiency (WUE) of majority of the crop species 

6 Crop Growth Responses Towards Elevated Atmospheric CO2
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(Hunsaker et al. 2000; Thomas 2008). Alike RUE, WUE is defined as the ration of 
accumulated aboveground biomass (includes dead-leaf mass) per unit of cumulative 
crop water use (i.e. evapotranspiration-ET)/consumed by the standing crop species 
over the entire/ any specific crop growth period under non-stressed environmental 
conditions. A significant decrease in water consumption (ET), combined with the 
obvious increase in aboveground biomass production from enhanced photosynthe-
sis under elevated CO2 was expected to raise the average crop WUE values. Increases 
in plant growth under elevated CO2 might cause a rapid depletion of other limiting 
resources (Koch and Mooney 1996; Pospíšilová and Čatský 1999). But, conversely 
there was overwhelming evidence that elevated CO2 reduces stomatal conductance 
and that had the potential to increase water use efficiency in different cultivated crop 
species viz. rice (Kumar et al. 2019), wheat (Hunsaker et al. 2000; O’Leary et al. 
2015; Manderscheid et al. 2018), sorghum (Conley et al. 2001), soybean (Madhu 
and Hatfield 2014), pigeon pea (Saha et al. 2011), field pea (Parvin et al. 2019), etc. 
Growth-chamber experiment shows that water use efficiency in terms of shoot bio-
mass and grain yield were increased under elevated CO2 because the magnitude of 
the increase in shoot dry weight and grain yield was greater than that of the total 
consumption of water under elevated CO2 conditions (Wu et al. 2004). Under high 
soil moisture, small reduction in ET in wheat grown under well-watered and high 
soil N conditions increased crop WUE under elevated CO2 (Hunsaker et al. 2000). 
Increased root growth and faster canopy closure may lead to higher root water 
uptake under elevated CO2 (Polley 2002; Saha et al. 2011, 2016). Under long-term 
elevated CO2 exposure, the net impact may get nullified towards water savings at the 
end of experiment (Kammann et al. 2005). In FACE experiment, cotton ET mea-
sured using three independent approaches: soil water balance (Hunsaker et  al. 
1994), sap flow gauges (Dugas et al. 1994) and energy balance (Kimball et al. 1994), 
showed no significant change with increased CO2 to 550  μmol  mol−1 level. 
Schapendonk et al. (1997) reported that, though the average water use efficiency 
was increased at elevated (doubled) CO2, but the higher water use efficiency was 
fully compensated for by a higher leaf area index, as they found total transpiration 
on a canopy basis was equal for the both ambient and elevated CO2 concentrations. 
The elevated CO2 induced stomatal closure increased soil moisture ameliorated the 
impact of water deficit stress and increased the plant’s efficiency for soil moisture 
uptake (Widodo et al. 2003; Zavaleta et al. 2003; Li et al. 2004; Sarker and Hara 
2009). Our present crop breeding approach should be focused for achieving higher 
water use efficiency under elevated CO2 environment (Condon et al. 2004).

6.2.7  Yield Component and Harvest Index

Harvest index is defined as the ratio of economic grain yield to the total dry matter 
yield at harvest. It is an effective primary tool for screening crop varieties under 
elevated CO2 exposure. The net impact of elevated CO2 accounted for the obvious 
rise in net aboveground dry matter yield as well as economic grain yield. In absence 
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of external abiotic stress factors, the relative proportion of increase for these two 
factors depends on changes in the resource conversion efficiency of elevated CO2 
grown crop species. The crop species with positive response in the HI values will be 
advantageous to grow under the future projected elevated CO2 world.

The observed obvious trend of increased crop dry matter accumulation under 
elevated CO2 may not always result in decreased harvest index; preferably due to 
inconsistent behaviour of different crop species towards the economic grain yield 
under atmospheric CO2 enrichment. Cultivar specificity of the elevated CO2 induced 
seed yield enhanced factor was evident for soybean (Ziska et al. 2001), spring wheat 
(Manderscheid and Weigel 1997), Brassica napus L. (Frenck et al. 2011), etc. The 
stimulative effect of elevated CO2 on grain yield for rice (Kim et al. 2003; Lieffering 
et al. 2004; Liu et al. 2008), wheat (Wu et al. 2004; Lam et al. 2012a; Weigel and 
Manderscheid 2012), soybean (Cure et  al. 1988; Ziska et  al. 2001), pigeon pea 
(Vanaja et al. 2007), potato (Craigon et al. 2002; Högy and Fangmeier 2008), barley 
and sugar beet (Weigel and Manderscheid 2012). Grain yield was reported to remain 
unaltered for wheat and barley (Sæbø and Mortensen 2002), soybean (Rogers et al. 
1986; Ferris et al. 1999), with varying levels of atmospheric CO2 enrichment. The 
conversion ability of accumulated dry matter into the economic seed yield differs 
from one crop species to other with a large variable and erratic response crop har-
vest index values under elevated CO2 enrichment (Table 6.3).

The rise in grain yield is evident for majority of the experiments. However, the 
origin of the increase varied from one experiment to another. Elevated CO2 signifi-
cantly increased wheat seed yield due to increased tiller number and seed mass, but 
with decreasing the number of seeds per head resulted from a sustained increase in 
canopy quantum yield with no change in harvest index (Monje and Bugbee 1998). 
In contrast, the increase in the number of wheat grains per plant (Wu et al. 2004) 
with the faster rate of grain filling (Li et al. 2000) attributed the increase in grain 
yield under elevated CO2 treatment. Bunce (2008) reported about the change in the 
number of pods produced by Phaseolus vulgaris L, grown under elevated CO2, was 
the primary determinant of the response of harvested seed yield rather than variation 
in photosynthetic response. δ13C study that revealed no significant effect of elevated 
CO2 exposure on wheat biomass production and grain filling (Aranjuelo et al. 2011). 
Expansion of grain ripening period (Imai et al. 1985), more partitioning of photo-
synthetic assimilates towards increased grain growth and seed yield (Wheeler et al. 
1996) gave the natural evolutionarily advantage for those annual crop species to 
make full use of extra carbon assimilates for increasing plant fitness, by allocating 
the carbon assimilates (Wu and Wang 2000). Under optimal resource availability 
and absence of abiotic stress factors, the degree of net response varied even from 
one variety to another for any specific crop species. The probability of achieving the 
net positive response is low for C4 crop species. Significant CO2 × cultivar interac-
tion also existed for the higher productivity under elevated CO2, a large sink, that is 
a prerequisite that improves carbon allocation by increasing grain setting resulting 
in the increased yield response to elevated CO2 (Hasegawa et al. 2013). Lack of 
plant’s capacity to utilize the more abundant photosynthetic assimilates from the 
reported photosynthetic stimulation under elevated CO2 environment depressed 
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Table 6.3 Observed summary of grain yield (GY) and harvest index (HI) response for different 
crop species under elevated CO2 environment

Crop 
species Cultivar

CO2 
concentration 
in ppm 
(ambient/
elevated)

Facility 
used

GY (% 
change)

HI (% 
change) References

Rice Oryza sativa 
L. cv. Nipponbare

350/700 Glasshouse 
experiment

+71.30 +15.38 Imai et al. 
(1985)

O. sativa L., cv. 
IR-30

330/660 Controlled- 
environment 
chamber

+59.70 +21.43 Baker et al. 
(1992)

O. sativa L., 
cv.IR-36

360/660 Greenhouse 
experiment

+65.00 +41.01 Ziska and 
Teramura 
(1992)

O. sativa L., cv. 
Fujiyama-5

360/660 Greenhouse 
experiment

No 
change

No 
change

Ziska and 
Teramura 
1992

O. sativa L., cv. 
IR-30

330/
(500–900)

Soil–plant–
atmosphere 
research 
(SPAR) 
chambers

+2.92 +4.55 Baker et al. 
(1996)

O. sativa L. cv. IR 
72

360/560 Open-top 
chamber

+15 to 
+27

No 
change

Ziska et al. 
(1997)

O. sativa L. cv. IR 
72

370/570 Open-top 
chamber

+12.5 
to +52.9

−5.6 Moya et al. 
(1998)

O. sativa L. cv. 
Azucena, IRAT 
104, IR 28, IR 30, 
IR 36, IR 72, IR 
74, ITA 186, 
KinandangPatong, 
OS4, Salumpikit, 
YRL-39

373/664 Glass house 
experiment

+32.74 −1.85 
to 
−35.71

Ziska et al. 
(1996)

O. sativa L. cv. 
IAC 165, IR 46, 
IR 64, MGL-2, N 
22

373/664 Glass house 
experiment

+344.77 +7.14 
to 
+71.4

Ziska et al. 
(1996)

O. sativa L. cv. 
Pusa Basmati 1

385/
(575–620)

Open-top 
chamber

+38.60 −5.2 Uprety et al. 
(2003)

O. sativa L. cv. 
Pusa 677

385/
(575–620)

Open-top 
chamber

+24.10 +12.4 Uprety et al. 
(2003)

O. sativa L. cv. 
BG300

(363 ± 16)/
(567 ± 28)

Open-top 
chamber

+24 to 
+39

No 
change

De Costa et al. 
(2006)

O. sativa L. cv. 
Wuxiangjing 14; 
Japonica

380/580 Free-air 
CO2 
enrichment

+12.60 −2.60 Yang et al. 
(2006)

(continued)

S. Saha et al.



177

Table 6.3 (continued)

Crop 
species Cultivar

CO2 
concentration 
in ppm 
(ambient/
elevated)

Facility 
used

GY (% 
change)

HI (% 
change) References

Rice O. sativa L. cv. 
Akitakomachi

365/560 Free-air 
CO2 
enrichment

+15.90 +5.7 Ziska et al. 
(1996)

O. sativa L. cv. 
BRRIdhan 39

360/570 Open-top 
chamber

+11.03 −8.67 Razzaque 
et al. (2009)

O. sativa L. cv. 
Khaskani

360/571 Open-top 
chamber

+43.27 +9.44 Razzaque 
et al. (2009)

O. sativa L. cv. 
Shakkorkhora

360/572 Open-top 
chamber

+42.63 +24.84 Razzaque 
et al. (2009)

O. sativa L. cv. 
Rajshree, 
Rajendra 
bhagwati, Swarna 
sub 1, MTU 7029

380/480 Open-top 
chamber

+23.2 
to +32.2

+1 to 
+5.9

Singh et al. 
(2013)

O. sativa L. cv. 
Koshihikari

386/560 Free-air 
CO2 
enrichment

+6.7 to 
+16.3

+2 Zhang et al. 
(2013)

O. sativa L. cv. 
Naveen

394/550 Open-top 
chamber

+16.3 
to +27.4

+4 Bhattacharyya 
et al. (2013)

O. sativa L. cv. 
Akita 63, 
Koshihikari, 
Takanari

385/560 Free-air 
CO2 
enrichment

+6.6 to 
+21.2

No 
change

Zhang et al. 
(2015)

O. sativa L. cv. 
Changyou 5

390/550 Free-air 
CO2 
enrichment

+5.1 to 
+7.5

No 
change

Cai et al. 
(2016)

O. sativa L.Subsp. 
japonica cv. 
Wuyoudao no. 4

390/
(450–550)

CO2 
gradient 
tunnel

25 +12.4 
to 
+20.5

Li et al. 
(2017)

O. sativa L. cv. 
NL 44, Pusa 1121

385/580 Open-top 
chamber

+15.3 
to +23.6

+1.8 to 
+8

Chaturvedi 
et al. (2017b)

O. sativa L. cv. 
Pusa 44

395/550 Free-air 
CO2 
enrichment

+16.9 
to +26.1

No 
change

Raj et al. 
(2019)

Wheat Triticum aestivum 
L. cv. GWO 1809

300/1000 Controlled- 
environment 
growth 
chamber

+62 No 
change

Sionit et al. 
(1980)

T. aestivum L. cv. 
Massey and 
Saluda

350/500 Open-top 
chamber

+14.6 
to +26

+5.1 to 
+9.2

Rudorff et al. 
(1996)

T. aestivum L. cv. 
Minaret

360/520 Open-top 
chamber

+23.2 
to +27.7

No 
change

Fangmeier 
et al. (1996)

(continued)
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Table 6.3 (continued)

Crop 
species Cultivar

CO2 
concentration 
in ppm 
(ambient/
elevated)

Facility 
used

GY (% 
change)

HI (% 
change) References

Wheat T. aestivum L. cv. 
Hereward

380/684 Temperature 
gradient 
tunnel

+15 to 
+55

+1.18 Wheeler et al. 
(1996)

T. aestivum L. cv. 
HeinesKolben, 
JanetzkisFriiher, 
Adler, Rimpaus 
Langensteiner, 
Turbo, Nandu

379/689 Open-top 
chamber

+26 to 
+46

No 
change

Manderscheid 
and Weigel 
(1997)

T. aestivum L. cv. 
Veery 10

330/1200 Controlled 
environment 
chamber

+13.01 No 
change

Monje and 
Bugbee 
(1998)

T. aestivum L. cv. 
Minaret

350/550–680 Open-top 
chamber

+30 No 
change

Mulholland 
et al. (1998)

T. aestivum L. cv. 
Polkka

350/700 Open-top 
chamber

+6.1 to 
+24.6

+3.22 Hakala (1998)

T. aestivum L. cv. 
Malviya 23

360/600 Open-top 
chamber

+30.5 +16.2 Deepak and 
Agrawal 
(1999)

T. aestivum L. cv. 
Dragon

350/680 Open-top 
chamber

+7.1 to 
+21.2

No 
change

Pleijel et al. 
(2000)

T. aestivum L. cv. 
Minaret

395/675 Open-top 
chamber

+4.8 to 
+12.5

No 
change

Manderscheid 
et al. (2003)

T. monococcum 385/550 Free-air 
CO2 
enrichment

+13.25 +5.41 Uprety et al. 
(2009)

T. durum 385/550 Free-air 
CO2 
enrichment

+15.9 +10.58 Uprety et al. 
(2009))

T. aestivum L. cv. 
PBW-373

385/550 Free-air 
CO2 
enrichment

+22.19 +14.89 Uprety et al. 
(2009)

T. aestivum L. cv. 
Yitpi

365/550 Free-air 
CO2 
enrichment

+22.1 
to +30.4

No 
change

O’Leary et al. 
(2015)

T. aestivum L. cv. 
Yangmai 14

390/480 Free-air 
CO2 
enrichment

+4.6 to 
+6.3

No 
change

Cai et al. 
(2016)

T. aestivum L. cv. 
Yitpi

390/550 Free-air 
CO2 
enrichment

+18.03 
to +33.6

No 
change

Walker et al. 
(2017)

T. aestivum L. cv. 
Yitpi

400/700 Glasshouse 
experiment

+28 to 
+71

No 
change

Uddin et al. 
(2018)
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Table 6.3 (continued)

Crop 
species Cultivar

CO2 
concentration 
in ppm 
(ambient/
elevated)

Facility 
used

GY (% 
change)

HI (% 
change) References

Wheat T. aestivum L. cv. 
Yitpi

390/550 Free-air 
CO2 
enrichment

+27 to 
+33

−2 Houshmandfar 
et al. (2016)

T. aestivum L. cv. 
Scout

390/550 Free-air 
CO2 
enrichment

0 to 
+16

+2.5 to 
+3.16

Houshmandfar 
et al. (2016)

T. aestivum L. cv. 
Lianmai6

400/800 Glasshouse 
experiment

+9.9 No 
change

Li et al. 
(2019)

Barley Hordeum vulgare 
L. cv. Jol621

400/700 Glasshouse 
experiment

+14.4 No 
change

Kleemola 
et al. (1994)

Hordeum vulgare 
L. cv. Alexis

366/650 Open-top 
chamber

+44.7 +2.2 Fangmeier 
et al. (2000)

Hordeum vulgare 
L. cv. Theresa

375/550 Free-air 
CO2 
enrichment

+8 to 
+17

No 
change

Manderscheid 
et al. (2009)

Maize Zea mays L. cv. 
Pioneer 3714

350/500 Open-top 
chamber

+36.90 No 
change

Rudorff et al. 
(1996)

Z. mays L. cv. 
DHM-117, Varun 
and Harsha

390/550 Open-top 
chamber

+46 to 
+127

+11 to 
+68

Vanaja et al. 
(2015a)

Z. mays L., cv. 
Romario

378/550 Free-air 
CO2 
enrichment

No 
change

No 
change

Manderscheid 
et al. (2014)

Z. mays L. cv. 
PEHM 5

400/550 Open-top 
chamber

+53.7 +2 Abebe et al. 
(2016)

Jowar Sorghum bicolor 
L. cv. DeKalb 
28E

370/570 Free-air 
CO2 
enrichment

−4.84 −7.6 Conley et al. 
(2001)

S. bicolor L. cv. 
DeKalb 28E

350/700 Soil–plant–
atmosphere 
research 
(SPAR) 
chamber

+26 −5 to 
−19

Prasad et al. 
(2006)

S. bicolor L. cv. 
BRS 330

400/800 Open-top 
chamber

No 
change

−15.7 de Souza et al. 
(2015)

Mustard Brassica juncea 
cv. Bio!072!81

350/600 Open-top 
chamber

+47.4 
to +48.2

+26.7 
to 
+28.9

Uprety and 
Mahalaxmi 
(2000)

(continued)
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Table 6.3 (continued)

Crop 
species Cultivar

CO2 
concentration 
in ppm 
(ambient/
elevated)

Facility 
used

GY (% 
change)

HI (% 
change) References

Groundnut Arachis hypogaea 
L.cv Kadiri-3

350/700 Controlled- 
environment 
glasshouses

+25 +5.5 to 
+14.2

Clifford et al. 
(1993)

A. hypogaea 
L. cv. Georgia 
Red

400/800 Controlled- 
environment 
chamber

+55.8 +18.7 Stanciel et al. 
(2000)

A. hypogaea 
L. cv. Georgia 
Green

350/700 Controlled- 
environment 
chamber

+30 No 
change

Prasad et al. 
(2003)

A. hypogaea 
L. cv. Pronto

400/700 Plant 
growth 
chamber

−24.4 −53.6 Bannayan 
et al. (2009)

A. hypogaea 
L. cv. Georgia 
Green

400/700 Plant 
growth 
chamber

−53.2 −61.2 Bannayan 
et al. (2009)

Soybean Glycine max 
L. Merr cv. Pana 
and Pioneer 
93B15

370/550 Free-air 
CO2 
enrichment

+0.15 −3 Morgan et al. 
(2005)

G. max L Merr cv. 
A3127, Clark, 
Dwight, 
HS93-4118, 
IA3010, 
LN97-15076, 
Loda, NE3399 
and Pana;

385/550 Free-air 
CO2 
enrichment

+12 to 
+24

−3.5 to 
+20.5

Bourgault 
et al. (2016)

Field pea Pisum sativum 
L. cv. PBA 
Hayman, Bohatyr, 
Kaspa and Sturt

390/550 Free-air 
CO2 
enrichment

+26 No 
change

Bourgault 
et al. (2016)

Pigeon 
pea

Cajanus cajan 
L. cv. Pusa-992, 
PS-2009

380/580 Open-top 
chamber

+12.1 
to +33

−19.1 
to 
−37.4

Saha et al. 
(2012)

C. cajan L. cv. 
ICPL 15011

390/550 Open-top 
chamber

+39.7 
to +42.7

+3.9 to 
+5.25

Sreeharsha 
et al. (2015)

C. cajan L. cv. 
ICPL-88039 and 
AKP-1, GT-1

390/550 Open-top 
chamber

+3.29 
to 
+23.04

+95 to 
+132

Vanaja et al. 
(2015b)

Chickpea Cicer arietinum 
L. cv. Pusa-1105

385/580 Open-top 
chamber

+9.6 to 
+12.6

No 
change

Saha et al. 
(2015)

(continued)
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crop HI values (Rogers et al. 1986; Ziska et al. 1997; Kim et al. 2001; Saha et al. 
2012). The cultivars with stable HI values under the atmospheric elevated CO2 
exposure have the greater resiliency to grow as ‘no loss–no gain’ situation in the 
elevated CO2 environment (Manderscheid and Weigel 1997; Monje and Bugbee 
1998; De Costa et  al. 2006). Selective breeding approaches for these potentially 
positive responded or stable HI cultivars have the potential to pave the prospect of 
our future crop improvement research towards enhanced agricultural crop produc-
tion and attending the global food security in the projected elevated CO2 world.
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Abstract Salt stress is a crucial barrier to crop growth, development, and produc-
tion and hence negatively affects food security globally. In addition, the current 
trends of climate change increase the frequencies and severities of drought and heat 
which accelerate and spread the processes of salt mobilization and accumulation 
within the upper horizons of arid and semiarid soil. Elevated salinization in arid and 
semiarid regions necessitates development of economic and environmentally 
friendly saline agriculture to be comparable with world population increase. As salt 
stress is a multi-factorial phenomenon caused by various factors or a combination 
of factors leading to a complex tolerance mechanism, the utilization of suited 

A. A. Morsy (*) · K. H. A. Salama · M. M. F. Mansour 
Department of Botany, Faculty of Science, Ain Shams University, Cairo, Egypt

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2156-0_7&domain=pdf


200

 halophytes as niche crops is one of the most promising approaches in this regard. 
Halophytes have the capability to combat various abiotic factors which occur in 
their surroundings, and they follow different mechanisms to stress adverse effects. 
Therefore, investigating halophyte can be useful as the processes by which halo-
phytes thrive and sustain productivity in saline water when understood help in mod-
ulating adaptation in crop plants. Further, exploring more halophytes to identify 
additional salt-responsive genes may also lead to the development of transgenic 
crops with high adaptation to salinity, which are suitable for sustainable salt soil 
agriculture. This review thus discusses an ecological integrative approach of halo-
phytes, which implies ecological observations in the field that are associated with 
halophyte development, physiology, and biochemistry. Halophyte utilization in 
remediation of polluted soils through their sequestration of absorbed harmful ions 
into their vacuoles as well as other mechanisms of salt resistance is reviewed.

There are also recommendations for current progress and future work on the use 
of halophytes to enhance crop quality on marginal and irrigated land.

Keywords Anatomy · Bioremediation · Ecophysiology · Halophytes · Mineral 
nutrition · Salinity stress · Tolerance mechanisms · Water relations

Abbreviations

AKT K+ in channels
EC Electrical conductivity
HKT High-affinity K+ transporters
Ksat Saturated hydraulic conductivity
KUP/HAK/KT High-affinity K+-H+ symporters
NSCC Nonselective cation channels
PDD Predawn disequilibrium
PM Plasma membrane
ROS Reactive oxygen species
SOS Salt overly sensitive
TDS Total dissolved solids
TSA Total soluble anions
TSC Total soluble cations
USEPA United States Environmental Protection Agency
WUE Water-use efficiency
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7.1  Introduction

The world population has doubled in less than 50 years which put a great pressure 
on world food reserves, fuel, soil, and biological and water resources. The United 
Nations (2001) predicts about 9.4 billion people worldwide by 2050. Furthermore, 
the World Health Organization reports 3.7 billion people are undernourished, and 
the problem of malnourished will be further increasing in the future. Also, food 
production since 1984 has been declining per capita because of elevating people 
number, energy shortage in crop production, and freshwater depletion (Pimentel 
and Pimentel 2008). It is reported that the problem of water supplies for humankind 
is one of the major threats that we currently have and appears to be more worse in 
the future (Cosgrove and Loucks 2015). Saline conditions not only reduce most 
crop production but also affect soil properties and the ecological balance (Hu and 
Schmidhalter 2002). The salinity effects also include reduced agricultural produc-
tivity, low economic yields, and soil erosion. Moreover, soils with low agricultural 
potential are often saline in the hot and dry regions of the world.

In these regions, most crops are grown under traditional irrigation which exacer-
bates the problem since this insufficient management of irrigation contributes to 
secondary salinization in 20% of irrigated land worldwide (Glick et  al. 2007). 
Consequently, both salinity abundance and freshwater depletion are serious envi-
ronmental problems affecting the food needs of the world’s population, and in turn 
this urges a need to create new productive areas from saline habitats. This situation 
necessitates development of economically and environmentally sustainable saline 
farming, which favors the utilization of suited halophytes as niche crops.

Plants that can withstand increased salinity are called halophytes, whereas agri-
cultural crops have a wide range of responses to salt stress. Halophytes follow dif-
ferent mechanisms to adjust to salinity adverse effects by the accumulation of salts 
in the vacuoles away from the chloroplast and cytosol, osmolyte biosynthesis, ion 
homeostasis, and ROS scavenging systems (Flowers and Colmer 2015). Different 
halophytic species have different strategies for dealing with high salinity. Tolerance 
to salinity in halophytes is due not only to physiological traits and their genetic 
modification (Vasquez et al. 2006) but also to compound ecological features in the 
plant rhizosphere and phyllosphere (Ruppel et al. 2013). Both latter strategies are 
ascribed to microorganisms inhabiting halophyte roots and leaves, which contribute 
significantly to halophyte salinity tolerance.

It is also established that inauguration of these mechanisms via short-term treat-
ment with low concentration of salts can enhance salt tolerance of plants (Meng 
et al. 2018), a process called salt acclimatization. In the current contribution, our 
goal is to suggest an ecological integrative approach of halophytes, which involves 
an attempt to correlate ecological observations gathered in the field with halophyte 
growth, anatomy, and physiological and biochemical data. Also, some halophytes 
have been shown to have the ability to remove soil pollutants, a strategy termed 
phytoremediation of contaminated soils (Manousaki and Kalogerakis 2011). We 
intend therefore in this contribution to get a comprehensive report of the  relationships 
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between halophytes and corresponding environmental factors. Learning from 
 halophyte mechanism to cope with high salt for the purpose of crop plants to with-
stand high soil salinity is also discussed.

7.2  Causes of Soil Salinity

The causes of soil salinity may be natural (primary salinization) or man-made (sec-
ondary salinization).

7.2.1  Primary Salinization

Primary salinization is a natural process in arid areas which refers to the deposition 
of salts as a result of lithological heritage or topography (Tanji 2002). Climatic 
effects and water management can also induce salinization. For example, evapo-
transpiration mainly contributes to the pedogenesis of saline and sodic soils in arid 
and semiarid areas. In addition, arid tropical countries are susceptible to high vapor-
ization which is higher than rainfall, and this leads to the rise of H2O to the surface 
soil where solutes accumulate and salinity happens (Smith et  al. 1995). Another 

Fig. 7.1 World map of arid and semiarid regions
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form of salinity occurs in marshes where the main cause is the intrusion of saline 
water into rivers or aquifers (Howard and Mullings 1996). Another natural source of 
soil salinity may include oceanic salt deposition in the coastal areas.

7.2.2  Secondary Salinization

Secondary salinization is the term used to distinguish human-induced salinization 
from naturally salt-affected soils. This type of salinization is mostly found in the 
semiarid and arid areas where the mean annual precipitation is 25–500 mm (Pla- 
Sentis 2005). Most of the arid areas globally range from 15 to 30° north and south 
of the equator (Fig. 7.1, Ustin et al. 2009). The secondary salinity of water and soils 
in arid regions is rising as a result of growth in mining, industry, and agriculture as 
well as water resource re-use. Irrigated agriculture is not only participating in the 
deterioration of water quality, but also it is a key player in the observed water quality 
deterioration of many rivers. Utilization of such impaired water quality is a future 
threat for soils with insufficient leaching (FAO 2009). Leaching of mineral salt from 
the local geology after rainfall and also mining and industrial contamination is con-
sidered an important cause for secondary salinization (Stark et  al. 2000). FAO 
(2009) indicated that “although soil salinity is easy to detect, most soil maps, par-
ticularly at small scales, show primary salinity because of its association with geo-
logical or geomorphological features, which facilitates mapping at such small 
scales. The mapping of secondary salinization is, however, more complicated 
because of high spatial and temporal variability and therefore reliable figures are 
hard to obtain.”

7.3  Salinity Composition and Measurement

Soluble salts are those inorganic chemicals that are more soluble than gypsum 
(CaSO4.2H2O), which has a solubility of 0.241  g per 100  mL of water at 0  °C 
(Essington 2005). Most soluble salt in saline soil are composed of cations (Na+, 
Ca2+, Mg2+) and anions (CI−, SO4

2−, HCO3). Usually smaller quantities of potassium 
(K+), ammonium (NH4

+), nitrate (NO3
−), and carbonate (CO3

2−) are also found as do 
many other ions. Among all these salts, the dominant anions are chloride (CI−) and 
sulfate (SO4

2−), and the dominant cations are Na+, Ca2+, and Mg2+ (Vargas et al. 2018).
Electrical conductivity (EC) is one of the measurements used to measure soil 

salinity. Electrical conductivity is reported as decisiemens/m (dS m−1) or millisie-
mens/cm (mS cm−1); the latter is equivalent to mmhos/cm. Second, total dissolved 
solids (TDS) are defined as mg/L or g/L, and multiplying the EC by 640 approxi-
mated it for solutions up to approximately 5 dS m−1. Meanwhile for high salty water 
and soil solutions, EC is multiplied by 800. Also, salinity could be measured through 
total soluble cations (TSC) and total soluble anions (TSA). Both TSC and TSA are 
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recorded as charge/L or meq/L.  Osmotic potential in MPa can be calculated by 
 taking the product of EC multiplied by 0.00364. Further, if EC is multiplied by 
0.0127, ionic strength in ML−1 can be calculated (Tanji 2002). For plant response to 
salt stress, the USDA National Resources Conservation Service characterizes plant 
salinity tolerance as none (0–2 dS m−1), low (2.1–4 dS m−1), medium (4.1–8 dS m−1), 
and high (greater than 8 dS m−1) when plant growth is reduced by no more than 10% 
when plant presents in soil of the indicated soil salinity range.

7.4  Halophytes

Halophytes are specialized plants which have been developed over a long period to 
tolerate salinity in their substrate than glycophytes can do (Flowers and Muscolo 
2015). They can also complete their life cycle under high salinity which is usually 
toxic to other plant species and causes damage to almost 99% of their population 
(Flowers and Colmer 2008). Halophytes are highly evolved organisms that can 
maintain their morphological, anatomical, and physiological characteristics even 
under high saline conditions (Flowers et al. 1977; Flowers and Colmer 2008).

The term halophyte derives from halophilous (salt-loving), which describes plant 
species that grow well under saline conditions like salt marches (Yense 2000). 
Although over 1400 genes are known to be involved in salt tolerance mechanism in 

Fig. 7.2 True close up views showing Tamarix passerinoides Del
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Fig. 7.3 Upper photo showing Suaeda vermiculata Forssk., the lower one of Sevada schimperi 
Moq.

Fig. 7.4 Early flowering Halopeplis perfoliata (Forssk.) Bge. ex Schweinf
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some halophytes, the exact mechanism whereby wild plants cope with saline 
 environments is not very well understood despite the new genetic engineering 
approaches (Yancey et  al. 1982). Such genes and other enzyme systems as well 
most likely operate in concert not in a solo, and each halophytic species supposedly 
has its own orchestra to match its tolerance mechanism requirements (Flowers and 
Muscolo 2015). Halophytes (Figs.  7.2, 7.3, and 7.4) mainly belong to the 
Tamaricaceae (Tamarix spp.), Aizoaceae (total 52 species; Mesembryanthemum), 
Avicenniaceae (total 19 species; Avicennia), Brassicaceae (total 19 species; 
Thellungiella), Chenopodiaceae (total 281 species; Atriplex, Halopeplis, Sevada, 
Suaeda), Plumbaginaceae (total 60 species; Limonium), Poaceae (total 143 species; 
Distichlis, Leptochloa, Puccinellia, Thinopyrum, Spartina, Hordeum marinum), 
Rhizophoraceae (total 31 species; Rhizophora), and Zosteraceae (total 18 species; 
Zostera) families (Aronson 1989; Flowers and Colmer 2008).

7.4.1  Classification of Halophytes

Halophyte classification depends on many factors such as ecological behavior, 
 distribution, growth, and salt intake (Waisel 1972). Based on the interaction between 
salt and plant in different environments, Steiner (1934) classified halophytes to (a) 
salt-regulating types, which include managing by increasing succulence and dilut-
ing the concentration of salt in the cell sap (e.g., Haloxylon recurvum, Salsola 
baryosma, Sesuvium sesuviodes, Trianthema triquetra, Zygophyllum simplex); (b) 
salt excretion, which occurs through the salt glands in the desalting halophytes 
(e.g., Aeluropus lagopoides, Chloris virgata, Cressa cretica, Sporobolus helvolus, 
Tamarix spp.); and (c) regulation absent, which occurs in those leading to a constant 
but slow increase in the salt concentration during the vegetative periods (e.g., 
Juncus sp.). Another system of classification depending on the internal salt of the 
halophyte species where Ashraf et al. (2006) classified halophytes into (a) exclud-
ers: where salt concentration in the above ground plant parts are constantly low 
under various soil concentrations, and (b) includers: where salts are concentrated in 
above ground plant parts from low or high soil levels and (c) includers: where salts 
are concentrated in the shoots either in low or high soil salt contents. Furthermore, 
Walter (1961) classified the halophytes into (a) facultative halophytes, plants that 
grow and develop in natural soils (i.e., lacking salts) but can withstand certain lev-
els of soil salinity (Cyperaceae, Juncaceae, and Gramineae), and (b) euhalophytes, 
plants that show optimum growth with certain salt levels but do not grow in a vigor-
ous way (Mangroves). One more system of halophytes classification is adopted by 
Weber (2009) where halophytes are classified into (a) excretive (excretive plant 
species possess an excretive option called glandular cells which enable plants to 
excrete excess salt from their body in the form of salt crystals), and (b) succulents 
(in succulent halophytic plants, leaf surfaces have salt bladder which enable the 
plant to have high water content and thus avoid salt injurious impacts). Most of 
 succulent halophytes inhabiting deserts belong to this category. Depending on the 
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different habitat of halophytic plants, Youssef (2009) classified halophytes into (a) 
hydro- halophytes (they are those which can grow in both aquatic and wet soils, 
such as salt marsh species and mangroves that inhabit costal lines), and (b) xero-
halophytes (they are mostly succulent plants where the soil is saline with low water 
content due to evaporation).

7.4.2  Ecophysiological Characteristics of Halophytes

7.4.2.1  Plant Growth, Morphology, and Anatomy

In the tropical and subtropical areas, a large number of halophytes are shrubs. 
However, a small percentage of them are annuals like Acanthus ilicifolius. As a 
result of their cymosely branching, most of halophytic shrubs have a dome-shaped 
appearance. The majority of species examined had most biomass increase under low 
salinity conditions, while their growth was slow down by high seawater concentra-
tion (Kelly et al. 1982; Glenn and O’Leary 1984; Gorham 1996). Other works report 
this growth trend of halophytes: as the salt concentration in the growth milieu 
increases above a critical threshold, depending on halophytic species, the growth 
decreases gradually in most species (Harrouni et al. 1999, 2001; Daoud et al. 2001). 
One important indicator that reflects the effect of the growing conditions in the root 
system is the growth parameter root/shoot ratio. Under moderate drought stress con-
ditions, the growth of the root system increases in order to enable the plant to 
increase its capacity for water uptake from the growing medium (Harrouni 1989). In 
saline environments up to a specific limit, the impact of the salinity on root system 
growth can be matched to that of water stress as salt behaves more like an osmoti-
cum rather than a toxic substance. Increased large root system would therefore seem 
to be of adaptive significant for plants and their yields as such root system is capable 
to penetrate more soil layers and thus can absorb greater amount of water and nutri-
ents (Vamerali et al. 2003; Franco et al. 2011). Conversely, another study has dem-
onstrated that halophytic species with other root characteristics, e.g., small roots, 
can be highly beneficial for greater shoot growth and development as few roots in 
moist soil can easily uptake enough water independent of the root number (Ma et al. 
2010). A consequent response is the root hydraulic conductance in plants irrigated 
with poor-quality water decreases because the root length and surface area are 
reduced by such low water quality (Ma et al. 2010).

In mangrove species, root proliferation varies with species and growth condi-
tions such as soil compaction, water capacity, wind speed, and wave direction, 
which have impacts on the tree stability (Mickovski and Ennos 2003; Ong et al. 
2004; Alongi 2009).

To avoid such deleterious conditions, some mangrove species modify to aerial 
roots, stilt roots/prop roots, and buttress roots instead of tap root systems (Ong et al. 
2004; Duke 2011). Such root modifications improve the mangrove tree stability in 
poor mud along shorelines, which supports them to withstand tides and winds.  
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For example, Rhizophora mangle has prop roots and trunk originated flying 
 buttresses, and both adaptations protect the trees against storm waves (Bayas et al. 
2011; Ohira et al. 2013; Mendez-Alonzo and Moctezuma 2015). Besides the sup-
porting function of buttress roots, they act as a conducting system for the transport 
of water, nutrients, and metabolites for long distances (Tomlinson 1986; Day et al. 
2010). Also, the root shape tends to become more oval in weaker soils, which helps 
them to spread horizontally and ultimately cover a large area of the soil and in turn 
collect more nutrients from the soil surface (Nicoll and Ray 1996; Clair et al. 2003; 
Dupuy et al. 2005; Mendez-Alonzo and Moctezuma 2015). However, Srikanth et al. 
(2015) indicate that other species of mangrove trees that grow in drier soils do not 
need such root adaptations for their support.

Concerning stem growth in halophytes, several halophytes have been shown to 
develop succulent stems, which is associated with plant salt tolerance, and the suc-
culence degree is a good indicator of the plant ability to live in saline conditions 
(Repp et  al. 1959). For instance, Salicornia herbacea and Suaeda maritima are 
familiar examples for succulence feature where their succulence is developed after 
ion accumulation in their organs is elevated above a threshold (Joseph et al. 2013). 
It is noteworthy that salinity stress has been shown to enhance conditions which are 
suited for succulence: salts inhibit cell division and cell elongation which are typical 
features for succulence. On the contrary, submerged marine angiosperms are of few 
halophytes that do not develop succulence, and temperate halophytes are herba-
ceous, while the tropical halophytes are mostly bushy and exhibit heavily cymosis 
(Khan and Qaiser 2006). As for the halophyte leaves, they are mostly small, succu-
lent, thick, entire, and glassy in appearance, whereas some species have no leaves 
(Parida et  al. 2016). Additional mode of adaptation is found in aerohalophytes 
where there stems and leaves are heavily covered with trichomes (Parida et  al. 
2016). Furthermore, submerged marine halophyte leaves are thin, with green epi-
dermis, and their vascular system is not well developed, and hence they can directly 
absorb water and nutrients from their growth medium directly (Srikanth et al. 2015).

Other adaptive mechanisms and features in the morpho-anatomy have been 
developed in plants inhabiting coastal areas to help them to survive under unfavor-
able conditions (Grigore and Toma 2007; Hameed et al. 2009; Ashraf and Harris 
2013). For example, salinity increases the epidermal thickness to improve the plant 
water-use efficiency (WUE) and provide more space for Na+ sequestration in the 
leaf epidermis as well (Shabala et al. 2012). At high salinity (750 mM NaCl), how-
ever, the thickness of the epidermis decreased to the value observed in the leaves 
treated with 250 mM NaCl, which was attributed to the decline in cell division as 
well as growth under high saline condition (Carcamo et al. 2012). Also, at 250 mM 
NaCl, the thickness of palisade tissue of Salvadora persica leaves raised; mean-
while, at 500 mM NaCl, it declined to the control level and disappeared when plants 
were treated with 750 mM NaCl (Parida et al. 2016). The significance of palisade 
tissue decline at high salinity might be of an adaptive value to this halophyte to 
reduce the use of photosynthetic energy under extreme salinity. In contrast, in semi- 
mangrove Myoporum bontioides, a rise in the palisade tissue thickness was observed 
under high salinity (Xu et al. 2014). Furthermore, in Spartina species, the spongy 
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tissue thickness also elevated with increasing salinity which might help in leaf water 
content, succulence, and turgor maintenance under high salt stress (Maricle et al. 
2009). The study of Maricle et al. (2009) also illustrated that the stomatal density 
and stomatal aperture diameter declined on lower and upper leaf surfaces by salin-
ity. The decrement in the stomatal number under saline conditions has been simi-
larly indicated in other halophytes such as Bruguiera parviflora (Parida et al. 2004), 
Nitraria retusa and Atriplex halimus (Boughalleb and Denden 2011), and 
Chenopodium quinoa (Shabala et  al. 2012, 2013). Conversely, stomatal index in 
Salvadora persica did not change significantly under saline conditions, which was 
interpreted to be due to elevated both leaf succulence and pavement cell size, thus 
improving its WUE and offering extra space for sequestration of Na+ in the leaf 
epidermis (Shabala et al. 2012, 2013; Adolf et al. 2013). Based on the above results, 
it seems that these changes are fundamental mechanisms to enable halophytic spe-
cies to survive and cope with saline conditions.

Salinity also induces significant alternations in the stem anatomy of halophytes. 
In S. persica, anatomical alterations have been reported: in response to high salinity, 
the epidermal cells’ diameter and thickness of cortex were lowered, whereas thick-
ness of hypodermal layer, diameter of hypodermal cell, pith area, and pith cell 
diameter were raised (Parida et al. 2016). Also, salt stress impacts root anatomy 
where an increase in epidermal thickness and a decrease in the epidermal cell diam-
eters and conducting tissues were observed, which may have an adaptive signifi-
cance under salinity (Parida et al. 2016). This decrease in cortical cell thickness was 
also demonstrated in several halophytes mainly due to degradation of the cortical 
cells, the feature that might be adaptive to conserve essential energy for survival in 
response to severe salinity (Alam et al. 2015; Nawaz et al. 2016). Although xylem 
vessel diameters in the stem of S. persica did not significantly change, they were 
declined in many other plants which results in a reduction in water and mineral 
absorption under high salinity (Sandalio et  al. 2001; Ortega et  al. 2006; Rewald 
et al. 2012; Atabayeva et al. 2013). It is therefore proposed that in S. persica this 
response may be an adaptive mechanism to maintain continuous water and mineral 
ion absorption and transport to the shoot.

As plant roots are the first structure directly faced with soil salinity, they may 
have a dual mechanism acting as the first line of defense or damage (Rewald et al. 
2012). Opposite to the shoot system, the root vascular bundle diameter reduced with 
salinity, an adaptation to decrease the hydraulic conductivity in order to protect the 
vessel with considerable conductivity during the stress period (Junghans et  al. 
2006). It appears that the reduction in the root vessel diameter leads to water uptake 
declining and consequently decreases plant growth and metabolism under high 
salinity. Also, a decrease in the size of the vascular cylinder of Prosopis tamarugo 
was reported by Serrato-Vlenti et al. (1991), while Hajibagher et al. (1985) found an 
increase in the root stelar diameter of the halophyte Suaeda maritima in response to 
salinity. The reduced conducting tissues might explain the decrease in the total 
growth in several species with increasing salinity (de Villiers 1993). Abd Elhalim 
et al. (2016) reported that the woody tissues of the old root of halophytes are placed 
and surrounded by lignified cells for support and to protect water columns from 
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embolism and balance the high osmotic pressure that the halophytes facing in their 
rhizosphere (Grigore and Toma 2007). Similarly, Jacobsen et al. (2005) indicate that 
presence of much lignified cells in the old root is crucial for providing rigidity and 
also contributes to cavitation resistance. Another root adaptive response is provided 
by the fact that an increase in the root cortical cells and epidermal thickness was 
found in crynohalophyte shrubs Nitraria retusa and Atriplex halimus under saline 
conditions (Boughalleb et  al. 2009), suggestive of participation in ion diffusion 
reduction into the roots. Furthermore, the phellem which is the outer part of the root 
could slow down the water absorption, and hence the salts pass with difficulty in the 
root, but when they penetrate within the root, they spread in it and become diluted 
and cause less damage to the plants (Grigore and Toma 2007). Such leaf, stem, and 
root modifications in response to salt stress are primarily adaptive in order to enable 
the halophytes to withstand the stress conditions, and some of these changes appear 
to be species specific.

7.4.3  Water Relations and Mineral Nutrition

Saline habitats have been conducted on natural systems inhabited by plants that can 
withstand low soil water potential, adapt to the adverse effects of Na+ ions, and thus 
tolerate their high concentration (Munns 2002; Richards et  al. 2005; Bazihizina 
et al. 2012). Salt-stressed plants have been found to upregulate their xylem sap Na+ 
concentration to maximize hydraulic ability (Munns 1985; López-Portillo et  al. 
2005, 2014), although no references demonstrated the negative effect of salinity on 
xylem hydraulics in leaves. However, it is supposed that the effect of salt level of 
xylem sap on hydraulic efficiency is through its impact on membrane permeability 
(Zwieniecki et al. 2001; Nardini et al. 2011; van Doorn et al. 2011; Santiago et al. 
2013). Another important parameter in water relations of halophytes is predawn 
disequilibrium (PDD) in water balance between water potential of the soil (Ψw) and 
plant. Predawn plant Ψw is used to indicate the abundance of soil moisture to plants 
and hence is utilized to express an array of ecophysiological measurements like 
ultimate stomatal conductance and transpiration (Reich and Hinckley 1989; 
AmeÂglio and Archer 1996; Mediavilla and Escudero 2003), plant growth (Mitchell 
et al. 1993), and differences in root proliferation, adaptation to stress, and habitat 
sharing between different species (Davis and Mooney 1986; Donovan and Ehleringer 
1994; Peuke et al. 2002; Filella and Penuelas 2003). For many halophytes, even at 
night time and well-watered soils, water loss from the root and shoot is reduced, and 
PDD can still be of importance (0.2–1.6 MPa) (Donovan et al. 2001, 2003). These 
authors proposed an explanation that may participate to the significant PDD in halo-
phytes as due to the high solute content in the leaf apoplast. It is noteworthy that 
water relation studies point to the notion that in absence of low apoplastic Ψs, pre-
dawn turgor pressure may reach a level that otherwise induces cell damage (Ritchie 
and Hinckley 1975; Passioura 1991; Boyer 1995). It is therefore suggested that low 
predawn apoplastic Ψs could be an effective strategy to modulate Ψs in plants that 
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have high solute levels or when they are grown in soils with fluctuating water avail-
ability (James et  al. 2005). Furthermore, inconsistences present in PDD among 
halophytes: although Slatyer (1967) indicates that predawn plant Ψw will balance 
with soil Ψw, a lot of evidence propose that predawn plant Ψw can be markedly 
lower (i.e., more negative) than Ψw of the rooting zone in various plant species 
(Ourcival and Berger 1995; Donovan et al. 2001, 2003; Bucci et al. 2004; James 
et al. 2005). Explanations for absence of plant and soil Ψw equilibration at night 
have been indicated. They include low hydraulic conductance, night loss of water 
by the canopy or root system, high capacitance, and diversity in the soil moisture 
(Blake and Ferrell 1977; Richards and Caldwell 1987; Ourcival and Berger 1995; 
Sellin 1999). Further, Donovan et al. (2001, 2003) proposed a mechanism that may 
play role in the large PDD in halophytes which is high level of osmotica in the leaf 
apoplast, which is documented by the fact that high solute level in the leaf apoplast 
has been shown during daily transpiration in both glycophytes and halophytes 
(Meinzer and Moore 1988; Canny 1993). It is obvious that further research is needed 
to better understand the strategies driving PDD and unmask the adaptive signifi-
cance and ecophysiological importance of PDD.

It is established that both cations (Ca2+, Na+, Mg2+) and anions (Cl−, SO4
2−, 

HCO3
−, CO3) are available in saline soil but vary in concentration, and usually the 

proportion of sodium ion cannot exceed the available cations. Meanwhile, if the 
concentration of Mg2+ increased in the soil, it may be toxic because the elevated 
concentration will be accompanied by decreased absorption of Ca2+ and K+ (Gil 
et al. 2014). Such effect could be decreased through the presence of high concentra-
tion of Ca2+. However, Anosheh et al. (2016) suggested that the relation between 
calcium accumulation in plants and salinity level is inversely proportion. For min-
eral relations, many studies measured ion and osmolyte contents in different halo-
phytes growing in the same conditions and thus make it possible to compare between 
the responses of different species at the same habitat (Albert and Popp 1977; 
Gorham et al. 1980; Briens and Larher 1982; Popp and Polania 1989; Tipirdamaz 
et al. 2006). In monocot halophytes, mechanism of salt tolerance depends on Na+ 
and Cl− exclusion from the plant green parts and at the same time maintains cellular 
K+/Na+ ratios relative to dicot halophytes (Flowers and Colmer 2008). In such case, 
compatible solutes are accumulated in the cytosol for osmotic balance (Albert and 
Popp 1977; Gorham et al. 1980; Briens and Larher 1982; Rozema 1991; Gil et al. 
2014). On the contrary, the dicot halophytes are mainly accumulating Na+ and Cl− 
ions in the plant aerial parts and hence decreasing K+/Na+ ratios (Acosta-Motos 
et al. 2017). However, in dicots it is also crucial to minimize Na+ content in the 
cytosol and cellular organelles (Flowers and Colmer 2008). Therefore, the salt toler-
ance mechanism is apparently based on sequestration of toxic ions into the vacuole 
to avoid toxicity of the cytoplasm. Adjustment of osmotic balance between the cyto-
plasm and vacuole depends on gradual gathering of innocent osmotic molecules in 
the cytoplasm to prevent dehydration of the cytoplasm (Gorham et al. 1980; Briens 
and Larher 1982; Tipirdamaz et al. 2006; Gil et al. 2014).

High concentrations of cytosolic K+ are needed to adjust the plant metabolism 
(Leigh and Wyn Jones 1984) because K+ has an essential role in plant growth, 
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 reproduction, photosynthesis, stress resistance, stomatal movement, osmoregulation, 
enzyme activation, nitrogen uptake, and protein synthesis (Prajapati and Modi 2012). 
It is also reported that chloroplasts and mitochondria contain high potassium concen-
trations (Flowers and Colmer 2008). Despite the key roles of K+, halophytic species 
such as Atriplex mannifera (Temel and Surmen 2018), Suaeda maritima (Clipson 
1987), Salicornia europaea (Ushakova et  al. 2005), Rhizophora mangle, and 
Laguncularia racemosa (Medina et al. 1995) showed K+ content decline in response 
to salt stress. In addition to K+, calcium plays a crucial role in retaining plasma mem-
brane integrity (Mansour 1995) and thus regulates selective transport of K+ under 
high salt, which enable a plant to be more salt tolerant (Epstein 1998). Despite exog-
enous supplying of Ca2+, salt stress declined its content in Aegiceras corniculatum 
(Shindle and Bhosale 1985), Rhizophora mucronata, Avicennia officinalis (Bhosale 
and Malik 1991), Allenrolfea occidentalis (Bilquees et  al. 2000), and Atriplex 
griffithii (Khan and Ungar 2000), but no change has been found in Ca2+ content in 
Suaeda nudiflora (Joshi and Iyengar 1987). It is obvious that ion homeostasis is a 
crucial trait for stress resistance under high salinity, and some studies however 
showed that it is species specific.

7.5  Using Halophytes as Bioremediators

Sustainment of crop productivity needs good strategies to cultivate the unused and 
marginal lands. One of the most important struggles is the desalination and saline 
soil recovery. Over the past two decades, improvement of the conditions of both 
saline and sodic soils was performed through using chemical amendments. Because 
of over-demands of these amendments by developed countries, the costs are continu-
ing to increase (Qadir et al. 2007). The disadvantage of using chemical amendments 
for the treatment of saline soils necessitates using phytoremediation techniques 
which has been proven to be an effective improvement strategy (Qadir et al. 1996). 
Phytoremediation using halophytic species is a promising approach to reduce salt 
contents in the saline soils. Phytoremediation is a strategy in which living plants are 
utilized to cleanse contaminated soil, air, and water from dangerous contaminants 
that otherwise damage plant life (Salt et al. 1998). For instance, Akhter et al. (2003) 
indicate that salt-tolerant species are an effective means to address both climate and 
amendment costs. The authors demonstrate the phytoremediation ability of 
Leptochloa fusca (kallar grass, salt-tolerant species) as this species has the potential-
ity to leach salts from surface (0–20 cm) to lower depths (>100 cm) resulting in 
decrement of soil salinity, sodicity, and pH. The soil pH was declined by both release 
of CO2 and solubilization of CaCO3 by kallar grass roots. Additionally, it is impor-
tant to note that in the first 3  years, kallar grass showed an improvement in soil 
chemical environment, and further grass growth up to 5 years restored and main-
tained soil fertility, highlighting the contention that growing salt- tolerant plants can 
avoid depletion of saline barren lands. Recently, using phytoremediation as a low-
cost, solar energy-driven cleanup approach to manage the salinity problem has been 
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introduced (Kumar 2017). In support, several reports indicate that reclamation of 
salt-affected soils was operated by cultivated halophytic species (Chaudhri et  al. 
1964; Ravindran et al. 2007). In addition, the possibility of using halophytic species 
as oil seed crops and as forage has also been reported (Glenn et al. 1999). Evidence 
confirming the beneficial usage of halophytic species as bioremediators comes from 
the following findings. In Pakistan, Chaudhri et al. (1964) working on Suaeda fruti-
cosa showed the ability of this species to accumulate sodium and other salts in their 
leaves. Also, Ravindran et al. (2007) found that both Suaeda maritima and Sesuvium 
portulacastrum have the ability to accumulate salts in their tissue and reduce salts 
from saline soil. Both halophytes have the ability to eliminate 504 and 474 kg of 
NaCl, respectively, from 1 ha of the saline soil in a 4-month period. Moreover, due 
to using the phytoremediation technique to remove salts from saline soils, the farm-
ers’ economy will not only increase from salt- affected land treatment, but also they 
get industrial raw material, food, fodder, and fuel wood. The advantages of utilizing 
the phytoremediation approach may include the following: (1) we will not need to 
pay for chemical amendments, (2) we will not only improve the land with halo-
phytes, but also we will get money as a result, (3) amelioration of physical properties 
of soil (stability, macropores) as well as rapid increasing number of roots, (4) avail-
ability of nutrient in soil after phytoremediation, (5) improvement of soil profile, and 
(6) environmental issues as far as carbon sequestration is concerned in the post-
amelioration lands (Hasanuzzaman et al. 2014).

Further evidence for using halophytes as phytoremediators is given in this sec-
tion. For example, Boyko (1966) demonstrated that both saline soil and water could 
be desalinated using halophytes. Also, Zahran and Abdel Wahid (1982) used Juncus 
rigidus and Juncus acutus to reclaim badly drained soils in Egypt. The authors 
report that the EC of soil had a 50% saturation decrease in a single growth period. 
Further, Helalia et  al. (1992) showed that saline-sodic soil could be remediated 
using Echinochloa stagnina through reducing sodium level at the soil surface layer. 
Another study indicated approximately 20 tons of dry weight per hectare have 3–4 
tons of salt produced by Suaeda salsa (Ke-Fu 1991). Interestingly, Portulaca olera-
cea had salt uptake of 497 kg ha−1 accompanied with 3948 kg ha−1 biomass produc-
tion (Hamidov et al. 2007). Rabhi et al. (2010) consistently report that Arthrocnemum 
indicum, Suaeda fruticosa, and Sesuvium portulacastrum seedlings grown in salty 
soil greatly decreased the soil salinity and EC via up taking Na+ ions. The authors 
also observed that Sesuvium portulacastrum accumulate almost 30% of Na+ content 
in the shoots over 170  days. Similarly, when three salt accumulator halophytes, 
namely, Tamarix aphylla, Atriplex nummularia, and Atriplex halimus, were used to 
remediate saline-sodic soil in Jordan Valley, a remarkable decrease in soil salinity 
was recorded (Al Nasir et al. 2010). Based on the above evidence, it is obvious that 
salinity problem could be resolved by environmentally safe and clean technique 
such as introducing salt-accumulating plants in order to regulate salinity and con-
serve farmland sustainability.

Several researchers similarly indicate that hyperaccumulating plants tend to 
accumulate enormous salt quantities from saline soils in their aboveground biomass 
(Purakayastha et al. 2017; Suska-Malawska et al. 2019). These authors indicate that 
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one of the environmental and economic solutions in phytoremediation is the use of 
 salt- accumulating halophytes which own a multifunction role in the remediation of 
saline soils, animal fodder, and organic composts. The ability of halophytic species 
to remove salts is therefore very crucial particularly when no enough precipitation 
in arid and semi-arid regions to leach the high salt concentration in the root area. It 
is noteworthy that cleaning up contaminated soils and underground water at large 
scale utilizing phytoremediation approaches needs plants with greater rate of salt 
uptake, tolerance to more than one environmental threat, as well as large biomass. 
De Souza et al. (2012) studied growth patterns and anatomical changes in Atriplex 
nummularia Lindl and found that this species is a promising halophyte that assists 
under different conditions such as water deficit, sodic, or saline soil, and hence this 
halophyte has an important role in managing soil and water quality in semiarid 
regions. Despite the large evidence presented in this regard, the effectiveness of 
phytoremediation has some restrictions that should be solved to have a common 
usage. First, it takes several growing seasons to decrease the level of soil contamina-
tion, and therefore it can be time-consuming. Second, it works only in certain soil 
depths that are associated to rooting zone. Third, remediation of high salinity soil is 
not easy task since salinity greatly inhibits the germination and growth of several 
plant species, and therefore selecting suitable plant species for remediation is very 
crucial. Forth, the plant species must also have a deep and robust root growth as well 
as enough aerial biomass production for exploring and accumulating more salts 
(Pajević et al. 2009). Accordingly, it is recommended that halophytes with higher 
biomass of shoots and root roots should be mainly chosen for remediation. Highly 
salt-tolerant, food, and fodder plant species are very useful in this connection. 
Despite the obvious discussed evidence, it seems that using halophytes for soil rec-
lamation needs more research for good utilization of these precious species.

7.6  Mechanisms of Salt Tolerance

High levels of Na+ in the cells cause salt toxicity which impacts enzymes and 
impairs cellular metabolism (Hasegawa et al. 2000). High salinity also disturbs K+ 
absorption and content, despite the fact that K+/Na+ ratio has been reported as a key 
determinant of plant salt tolerance (Hasegawa et al. 2000). Maintenance of cyto-
solic Na+ and Cl− ions in a low concentration with adequate K+ is a key tolerance 
feature in halophytes, and thus ion homeostasis is an urgent mechanism. Halophytes 
complete their life cycle at external salts more than 200 mM and accumulate more 
than 500 mM in their shoot (Flowers et al. 2015; Zhang et al. 2015; Santos et al. 
2016). Understanding the mechanism of Na+ transport in halophytes and how they 
deal with high Na+ content at cellular and molecular levels is thus needed. It is 
reported that halophytes have distinct integration of different adaptive mechanisms 
mainly physiological rather than morphological or anatomical (Shabala 2011). 
Halophytes tolerate high concentration of salt via strategies working at cellular 
level which results in evolved defense mechanisms (Flowers and Colmer 2008). 

A. A. Morsy et al.



215

These mechanisms include osmotic adjustment (tissue tolerance), ion homeostasis 
involving PM and vacuolar membrane transport systems, antioxidant defense 
 systems either enzymatic or nonenzymatic, and alterations of the membrane 
 components (Mansour and Salama 2019). Ion homeostasis mainly includes ion 
compartmentation in includer halophytes and ion exclusion in excluder halophytes 
(Hasanuzzaman et  al. 2014). Understanding these strategies greatly facilitates 
developing tolerant plant species/cultivars to saline conditions, which allows utili-
zation of salt and marginal lands (Hasanuzzaman et al. 2014).

7.6.1  Tissue Tolerance

Tissue tolerance is the plant capability to maintain tissue activity through accumu-
lating high Na+ in older leaves, rather than in younger leaves, where leaf senescence 
appears first. In addition, salinity induces osmotic action which affects plant growth 
due to lowered water potential in the surrounding medium. In order to keep continu-
ous water absorption, the cellular water potential needs to be reduced, relative to 
that of the soil solution, in order to provide water potential gradient between the soil 
and plant. This water potential gradient drives water entrance to the plant that helps 
in maintaining the cell turgor and elongation, which eventually promotes growth. 
Halophytes decline their cellular water potential through absorption and storage of 
toxic ions (Na+ and Cl−) in the vacuole to avoid cytoplasmic toxicity; compartmen-
tation of ions in the vacuole is regarded as one mechanism of tissue tolerance 
(Munns and Tester 2008). The solute potential of the cytosol is adjusted and  balanced 
to that of the vacuole by elevation of K+ and compatible osmolytes or innocent 
 solutes in the cytoplasm (Mansour and Salama 2019). It is well established that 
halophytes synthesized and accumulate compatible osmolytes, such as proline, 
 glycine betaine, polyphenols, and soluble sugars, under saline conditions (Bartels 
and Dinakar 2013); this accumulation of organic solutes is also one facet of tissue 
tolerance. Accumulation of inorganic ions and organic innocent solutes in response 
to high salinity counterbalances the osmotic action of salinity as such mechanism 
keeps water absorption going on. In addition to their involvement in osmotic adjust-
ment, these compatible solutes also participate in the protection of cellular macro-
molecules, ROS scavenging, nitrogen and carbon storage, and chaperones (Munns 
and Tester 2008; Mansour et al. 2015; Mansour and Salama 2019).

7.6.2  Salt Includers and Excluders

Transport of ions in halophytes can clarify the way by which plants avert the injuri-
ous impacts of salt on cellular metabolism. It is worth mentioning that halophytes 
can tolerate high levels of salts in their cytoplasm. The mechanisms or strategies by 
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which plants get rid of toxic ions are crucial for better plant performance under high 
salinity. Halophytes that accumulate large amounts of Na+ ions (i.e., includers) 
pump Na+ into the vacuoles by specific transporters (detailed below) in order to 
avert accumulation of ions in the cytoplasm which is illustrated to be a cellular 
adaptation response leading to tissue tolerance in halophytes (Munns and Tester 
2008). It is important to note that the vacuoles of the halophytes are proposed to 
remodel the composition of their membrane lipids to avoid Na+ flow back into the 
cytoplasm (Bartels and Dinakar 2013). Another strategy to keep a reasonable cyto-
solic concentration of Na+ is found in recretrohalophytes; this type of halophytes 
excludes Na+ out through special structures (Yuan et al. 2016). Also, some other 
types of halophytes prevent intracellular Na+ ion accumulation (i.e., excluders) 
through maintaining Na+ in their roots and prevent its transport to the aerial green 
shoot or retrieve it from the shoot to the roots through xylem (Bartels and Dinakar 
2013). Flowers et al. (2010) confirm the regulation of ion transport from root to 
shoot as a vital strategy for halophytes to cope with adverse effects of salinity. In a 
recent review by Flowers et al. (2019), the transport of toxic ions via transport pro-
tein (channels and transporters) and vesicles (exo- and endocytosis) is shown in 
Fig. 7.5 and discussed below.

Fig. 7.5 The plasma and vacuolar membrane transport proteins as well as Na+ vesicular transport 
participating in ion homeostasis and salt tolerance. (Adapted from Mansour and Salama (2019) 
and Flowers et al. (2019) with modifications)

A. A. Morsy et al.



217

7.6.3  PM and Vacuolar Transport Proteins

As no Na+ pumps have been characterized in plant, uptake of the toxic ions takes 
place passively via using secondary active transport (Pedersen and Palmgren 2017). 
PM transport systems operate to either include or exclude Na+ ions into the cyto-
plasm, whereas tonoplast transport systems sequester Na+ in the vacuoles. For sec-
ondary transport systems (ion channels and transporters) to work, plasma and 
vacuolar membrane proton pump activity is required to establish and maintains the 
electrochemical potential gradient (the proton gradient and membrane potential) 
across the membrane (Mansour 2014). Membrane channels and transporters 
involved in the secondary active transport can couple this electrochemical potential 
gradient to movement of ions against their concentration gradients (Flowers et al. 
2010; Mansour 2014). A detailed review by Mansour (2014) presents evidence for 
the involvement of high-affinity K+ transporter, AKT1-type channel, and Na+/H+ 
antiporter in the regulation of Na+ uptake and exclusion under salt stress. Increased 
activity and expression of PM H+-ATPase in different halophytes and tolerant gly-
cophytes under high salinity points to the important of this pump in salt tolerance 
(Bose et al. 2014). In addition, the crucial role of vacuolar ATPase and pyrophos-
phatase in plant resistance to salt stress is reported by Mansour and Salama (2019). 
In support to the involvement of plasma and vacuolar transport systems in salt resis-
tance is the finding that expression and activity of plasma membrane and vacuolar 
membrane H+-ATPase significantly increased in Suaeda salsa in response to NaCl 
treatment (Chen et al. 2010; Yang et al. 2010).

Halophytes control the cytosolic concentration of Na+ within 100–200 mM via 
Na+/H+ antiporters or ion channels of PM and vacuole to keep the crucial high ratio 
of K+/Na+ in the cytosol (Flowers et al. 2019). Transporting Na+, Cl−, and K+ into the 
halophyte cells is proposed to involve 18 or more transporters (Flowers and Colmer 
2008). These transporters include low-affinity cation transporter 1 (LCT1), AKT- 
type ion channels, K+ transporters from the KUP/HAK/KT family, members of the 
HKT1 and HKT2 classes of transporters, as well as nonselective cation channels 
that possibly participate in Na+ transport across the PM (Wang et al. 2007; Almeida 
et al. 2013; Wu 2018). So far, the only characterized antiporter that dumps Na+ from 
the cytosol to outside the cells is SOS1, and it is located at the PM (Wu 2018). 
Inhibition of SOS1 activity increased salt sensitivity in the halophytic Arabidopsis; 
the finding confirms the important role of the SOS1 Na+/H+ antiporter in plant salt 
tolerance. In addition, during Na+ compartmentalization, vacuolar Na+/H+ exchang-
ers (NHX) play also crucial roles in Na+ and K+ transport and homeostasis: vacuolar 
Na+/H+ antiporter overexpression has been illustrated to enhance tolerance to high 
salinity in various plant species (Silva and Gerós 2009). It is noteworthy that 
although membrane ATPase and ion transporters have been reported to have a prime 
role in salt tolerance of halophytes, the specific mechanism whereby Na+ and Cl− 
enter and leave the cells needs further elucidation (Meng et al. 2018).
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7.6.4  Vesicular Transport

Vesicular transport of ions is widespread among eukaryotes with the mechanism of 
exo- and endocytosis being conserved (Cucu et al. 2017). Recently, Flowers et al. 
(2019) reviewed the mechanism of ion transport via vesicles which participate in 
exporting ions into salt glands. In endocytosis, vesicles formed by the Golgi appa-
ratus are combined with the PM, surround the ion, and export it to salt glands. 
Vesicle-mediated transport systems may also be produced from the vacuole to the 
PM in order to carry solutes from the vacuole through tonoplast vesicles into apo-
plast. Exocytosis acts to the recovery of membrane material from the PM. Ion trans-
port through vesicle is different from that by transporters or ion channels (Flowers 
et al. 2019) where vesicular ion transport depends on ion concentration near form-
ing vesicle and electrical charge of vesicular membrane, whereas transport via 
intrinsic proteins is determined by its structure. Vesicular traffic of Na+ and Cl− is 
considered as a part of salt resistance in halophytes (Flowers et al. 2019). Further 
investigations at the molecular, cellular, and whole plant are needed to prove the 
role and the way of vesicular transport in halophytes.

Specialized salt glands are well-known tolerance trait in several halophytes to 
control toxic ion levels under high salt stress (Flowers and Colmer 2015; Yuan et al. 
2016; Santos et al. 2016). Recretohalophytes are the groups that have a specific salt 
execratory structure originating from the epidermis (Yuan et  al. 2016). The salt 
exclusion mechanisms differ among recretohalophytes species according to the 
structure of salt excluder. In Aizoaceae and Amaranthaceae, toxic ions are depos-
ited in bladder cell vacuole and thus accumulated in the bladders (Agarie et  al. 
2007; Park et al. 2009). The bladder cells are next ruptured and ions are accumu-
lated on the surface of the epidermis. Such mechanism to compartmentalize salts in 
the vacuoles of the bladder cells is similar to that utilized by several halophytes and 
glycophytes where salt is sequestered in the vacuoles of the mesophyll cells of the 
succulent leaves (Park et al. 2009). Agarie et al. (2007) indicated that toxic ions are 
sequestered into the epidermal bladder cells of the common ice plant 
(Mesembryanthemum crystallinum) maintaining ion homeostasis suitable for green 
active tissues and thus contributing to plant tolerance to saline conditions.

Other species of halophytes exclude Na+ via bicellular salt gland as chloridoid 
grasses (Amarasinghe and Watson 1988). However, multicellular glands were also 
found in Limonium bicolor (Feng et al. 2014) and in Aeluropus littoralis (Barhoumi 
et  al. 2008). Multicellular glands are composed of basal accumulating cells and 
secretory cells (Thomson et al. 1988). The collecting cells are supposedly to main-
tain a downhill gradient to accumulate ions from surrounding mesophyll cells and 
then transport them to the secretory cells (Faraday and Thomson 1986). Tan et al. 
(2013) report that for the secretory cells to prevent leakage of ions back to the sur-
rounding cells, they are surrounded by a cuticle except the connection between 
them and the basal collecting cells. The basal collecting cells may partially be con-
nected with plasmodesmata; thus, salt is most likely transported actively from the 
collecting cells into the secretory cells and eventually to outside the cell through the 
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pores in the cuticle (Faraday and Thomson 1986). It is obvious that understanding 
the mechanism of salt secretion via the salt gland performance can enable us to 
develop salt-tolerant crops which makes it possible to cultivate non-used saline lands.

7.6.5  Antioxidant Defense Systems

High salinity induced the formation of reactive oxygen species (ROS) which are 
produced from the electron or energy transfer in the mitochondria and chloroplasts 
and hence cause oxidative stress in plants (Das and Kumar 2016; Meng et al. 2018). 
The ROS cause oxidation and damage of cellular macromolecules such as protein, 
membrane lipid, and nucleic acids leading to impairing their functions (Mansour 
and Ali 2017). To detoxify ROS, plant increases the activity, expression, and biosyn-
thesis of antioxidant systems to protect cells from oxidative damage (Mansour and 
Salama 2019). It is therefore crucial that the plant cell produces antioxidant defense 
systems to combat the deleterious impacts of ROS. The antioxidant defense systems 
include either enzymatic or nonenzymatic species, targeted as tissue tolerance 
mechanism. In several halophytes, antioxidant enzymes have been identified to play 
crucial roles in the protection against ROS damage, such as glutathione transferases 
from Salicornia brachiata (Jha et  al. 2011), ascorbate peroxidases from Suaeda 
salsa and Populus tomentosa (Li et al. 2012; Cao et al. 2017), superoxide dismutases 
from Tamarix (Wang et  al. 2010), and monodehydroascorbate reductase from 
Avicennia marina (Kavitha et al. 2010). Consistently, when Salicornia brachiata 
metallothionein gene sbMT-2 is overexpressed in tobacco, transgenic plants showed 
enhance salt tolerance with elevated superoxide dismutase expression, peroxidase, 
and ascorbate peroxidases, confirming antioxidant enzymes’ role in ROS detoxifi-
cation and eventually salt resistance (Chaturvedi et al. 2014). Together with antioxi-
dant enzymes, increased contents of nonenzymatic antioxidants including ascorbic 
acid, glutathione, polyphenols, tocopherols, and flavonoids have been illustrated in 
several halophytes under high salinity and have been found to greatly participate in 
their salt resistance (Ben Amor et al. 2006; Ivan and Oprică 2013). In agreement 
with that, the importance of nonenzymatic antioxidants in halophyte salt tolerance 
is emphasized as a powerful system acting against the damaging effects of hydroxyl 
radicals on cellular macromolecules (Bose et al. 2014).

7.6.6  Membrane Lipid Modeling

Alteration in the membrane structure and composition is an evolved strategy in salt 
tolerance mechanism (Mansour and Salama 2019). The structure and composition 
of PM highly affect the fluidity, permeability, stability of membrane, and membrane 
transport system activities (Mansour 2013; Mansour et al. 2015; Meng et al. 2018; 
Mansour and Salama 2019). The pivotal roles of the PM constituents in plant 
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 adaptation to high salinity and the relationship between PM lipid modulations and 
tolerance to saline conditions are detailed in a recent review by Mansour et  al. 
(2015). The membrane changes in halophytes were always in the positive and sus-
tainable direction to retain membrane integrity and transport system activity, and 
therefore these changes are correlated with salt tolerance under saline conditions. 
For example, membrane lipid alterations have shown to relate with type of salt accu-
mulation and resistance in ten wild halophytes (Rozentsvet et al. 2014). In the halo-
phyte Thellungiella halophile, Sui and Han (2014) found high phosphatidylglycerol 
content as well as greater unsaturated fatty acids under high salt stress. The study 
revealed that these alterations enhanced the resistance of photosystem II to high 
salinity. In addition, PM different lipid and phospholipid species were altered in 
Zygophyllum album and Zygophyllum coccineum as a result of soil pollution with 
the increase in saturation/unsaturation ratio of both species (Morsy et  al. 2010), 
which also contributed to stress tolerance. In the same trend, PM lipid changes in 
salt marsh grass (Spartina patens) under saline environments were found to be cor-
related with salt resistance (Wu et al. 2005). In agreement with these findings, intro-
ducing the Suaeda salsa gene encoding enzyme catalyzed phosphatidylglycerol 
synthesis in Arabidopsis resulted in transgenic plants with enhanced resistance to 
high salinity (Sui et al. 2017). Additionally, increased unsaturated fatty acid con-
tents in membrane lipids preserve photosystems I and II which improves salt resis-
tance in Suaeda salsa and tomato (Sun et al. 2010; Sui et al. 2010). Also, when 
Leach et al. (1990) studied isolated vacuoles from the halophyte Suaeda maritime, 
it turns out that the vacuolar membrane lipids as well as the degree of fatty acid satu-
ration have a key role in NaCl compartmentation in the vacuole. Similarly, PM high 
sterol content and high unsaturated fatty acids are related to salt resistance in the 
halophyte Cakile maritime (Chalbi et  al. 2015). The importance of modeling of 
membrane lipids under high salinity comes from the fact that this modeling ensures 
presence of certain lipid species required for maintenance of membrane integrity as 
well as for proper functioning of membrane transport proteins involved in ion 
homeostasis under high salinity (Chalbi et al. 2015; Mansour et al. 2015). Further, 
the role of membrane lipids as intracellular mediators in signaling pathways in plant 
environmental responses is documented (Ruelland et al. 2015). Despite the clear 
association between membrane lipid remodeling and salt resistance, more research 
is needed at the molecular level to further examine and document the role of certain 
lipid classes in salt tolerance mechanism.

7.7  Future Perspectives

Increasing population will bring certainly increased demands for food all over the 
world. There is every reason to believe that challenge to produce more and better 
food at lower cost will be met. Therefore, long-term studies are urgently needed to 
demonstrate the viability of halophyte crop production and its economic prospects 
for potential farmers.
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Real benefits can be achieved if concerted efforts are made to investigate 
 species- specific regulation during abiotic stress, expand genetic capital, and exploit 
mechanisms of stress tolerance in crops.

In this regard, several studies have shown that the genes cloned from halophytes 
promote stress tolerance when expressed in glycophytes.

Future research should also work on identifying additional salt-responsive genes 
by exploring more suitable halophytes that help us better understand the mecha-
nisms of salt tolerance and apply the findings to the production of high salinity 
transgenic crops. Moreover, halophytic crops should undergo the same process 
undergone by conventional agricultural crops such as breeding to improve their 
agricultural traits, and thus during short time spans, economically profitable and 
consumer-acceptable products can be attained. For example, halophytic crops have 
been indicated to possess economic importance, such as vegetable, forage, and oil-
seed crops, and also can be used as resource for the future to reduce the water crisis 
(Koyro et al. 2011).

More use of halophytes is supported by the notion that halophytes are an impor-
tant plant species with high soil salinity and saline water irrigation, thus having the 
potential for desalination (phytoremediation) and saline soil restoration. As for long 
term, a promising issue will be raised and can be a must by then which is the halo-
phyte biofuel production costs will be lower than other alternative energy resources 
and advancing halophyte cultivation will be an ultimate goal.
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Abstract Drought stress (DS) is the most prevalent abiotic stresses limiting crop 
productivity across the world. Plants have evolved various mechanisms to tolerate 
drought effects. Drought resistance in plants, viz. escape, avoidance, tolerance and 
recovery, is anchored in genetics and physiology. Some plants have evolved smaller 
leaves and reduced stomata to reduce transpiration, some develop erect plant leaves 
for greater interception of solar radiation while others can invest on root elongation 
to tap water from deeper layers of soil. These responses to drought are expressed 
through regulations of proteins critical to water transport, assimilate mobilization 
and gene expression. Accumulation of compatible solutes and phyto-protectants 
like osmolytes, and antioxidants, also plays a major role in drought tolerance. 
Various drought-related physiological traits such as osmotic adjustment, root archi-
tecture, stomata physiology, plant-water relations and levels of phytohormones like 
abscisic acid (ABA) have been used as maker to evaluate drought resistance in 
plants. Plant response to drought is complex and involving several genes, gene regu-
lators, transcription factors and plant hormones. Genetic improvement through QTL 
and gene discovery in crops like rice and wheat for osmotic adjustment, root archi-
tecture, biomass and grain yield have been used to increased resistance of these 
crops through marker-assisted breeding and genetic engineering. However, the 
dynamic nature of drought and its interaction of other abiotic stresses particularly 
heat constantly endanger plant to become more vulnerable. Hence, developing 
crops with enhanced tolerance to combined drought and associated stresses will 
ensure broad resistance to DS. Therefore, understanding physiological and molecu-
lar basis of drought resistance in crops is critical in breeding for better drought- 
tolerant crops. Present review will summarize current research on physiological 
responses of plants under DS.

Keywords Ecophysiology · Drought response · Drought tolerance · Transgenic 
plant · QTL

Abbreviations

ABA Abscisic acid
DS Drought stress
OA Osmotic adjustment
QTL Quantitative trait loci
ROS Reactive oxygen species
RWC Relative water content
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8.1  Introduction

There is a complex interaction between plants and their environments including 
sunlight, air, soil and its water status. Physiological activities of the plant are main-
tained as long as there is balance between the evapotranspiration demand and ability 
of plant to trap water from soil. However, when there is a shift in the balance towards 
evapotranspiration, water supply through the root is no longer sufficient, and plant 
become water stressed. Therefore, response of plants to its environment is affected 
by evapotranspiration which depends on available water in plant tissues.

Drought is the most prevalent abiotic stress effecting crop productivity in various 
ecologies of the world. Water is vital for plant growth, development and productiv-
ity. Temporary or permanent water deficit results in DS which limits physiological 
development of the plant. Drought causes multifaceted effects in plants including 
changes in the morphophysiological, biochemical and genetic changes (Salehi- 
Lisar and Bakhshayeshan-Agdam 2016). DS results in the decline of CO2 assimila-
tion rates due to reduced stomatal conductance ultimately in declined overall growth 
and water-use efficiency (WUE) in plants and crops such as rice (Farooq et  al. 
2009). Bota et  al. (2004), Chaves and Oliveira (2004) and Farooq et  al. (2009) 
reported an impairment of Rubisco activity and RuBP content which limit photo-
synthesis activities particularly at severe DS in many crop plants.

In addition, reactive oxygen species resulting from drought has fatal conse-
quences in plants. They carry unpaired electron which becomes hyperreactive capa-
ble of breaking up macromolecules including lipids, DNA and proteins in the cell. 
However, after a series of stress, reactive oxygen is removed by a variety of antioxi-
dant enzymes (Farooq et al. 2009) and antioxidants metabolites (Jaleel et al. 2009). 
Drought-induced changes are mostly to alter metabolic functions in plants such as 
reduced photosynthesis pigments synthesis which eventually affect plant biomass 
and grain yield (Jaleel et  al. 2009; Farooq et  al. 2009; Anjum et  al. 2011a, b). 
Abscisic acid (ABA) regulates many physiological processes including stomatal 
opening, gene expression and protein storage leading to enhanced tolerance to abi-
otic stress. ABA-signalling modulates these physiological changes by preventing 
water loss for adaptation to DS.

Responses of plants to water stress differ significantly depending on intensity 
and duration of stress and growth stage of the plant (Chaves et al. 2003; Jaleel et al. 
2008). Drought resistance is improved through various mechanisms in plants 
depending on the species. For instance, rice and maize developed extensive deep 
root growth, upregulation of photosynthetic and antioxidant enzymes (Ji et al. 2012; 
Khanna-chopra and Selote 2007). Many drought-tolerant plants have higher water 
uptake, increased rate of xylem sap flow and low shoot water potential through 
enhanced root, shoot and leaf architecture. The response of plants to dehydration 
stress is classified in two major mechanisms: dehydration avoidance and dehydra-
tion tolerance. Dehydration tolerance is further divided into acclimatisation of 
plants (ability to adjust to changes in its environment through which plants survive, 
grow and reproduce under DS) and tolerance. Survival as a result of dehydration is 
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the capacity of plants to maintain higher plant water content under soil water deficit 
condition. Most plant survive drought by high cellular hydration; high RWC; stable 
water potential; higher accumulation of osmolytes, like proline and saccharides; 
and regulation of turgor pressure. In contrast, dehydration tolerance leads to sur-
vival under DS at low plant water content through resilience in plant metabolism 
(Blum and Tuberosa 2018). Survival dormancy which includes balanced cellular 
homeostasis, formation of intracellular prism, accumulation of compatible solutes, 
late embryogenesis abundant (LEA) proteins and antioxidants in drought-tolerant 
plants (Farrant et al. 2012; Giarola et al. 2017). Early report from Blum et al. (1999) 
gave significant proof that osmoregulation in wheat accounts for differential growth 
and yield under severe DS. Similarly, Xu et al. (2014) reported a significant reduc-
tion in the ratio of green leaf length to total leaf length of the top three leaves in 
selected rice genotypes under severe DS as a measure of degree of drought tolerance.

In recent studies, transcriptome analysis has revealed that several genes are dif-
ferentially expressed (down- and upregulations of genes) under DS. Extensive stud-
ies by Janiak et al. (2015) and Tardieu (2016) revealed that mechanisms controlling 
plant under DS are multifaceted due to the complex interaction between response 
genetic components, viz. genes, microRNAs (miRNAs), transcription factors, pro-
teins, ions, metabolites, cofactors and hormones. Advances in genomics and high- 
resolution genotyping with precise phenotype information from multi-environment 
testing have facilitated identification of genetic segment improving yield under 
DS. Quantitative trait loci (QTLs) and candidate genes have been reported in many 
crops including rice (Zhou et al. 2010), chickpea (Jaganathan et al. 2015; Kale et al. 
2015), wheat (Maccaferri et al. 2016) and maize (Millet et al. 2016) which have 
enhanced physiological (water-use efficiency (q), osmotic adjustment, harvest 
index, stomatal conductance, leaf water potential and net leaf CO2 exchange rate) 
and molecular responses increase in LEA protein, accumulation of sucrose sugar, 
ABA content of the leaf, genetic recombination and gene expression of crops 
plant to DS.

8.2  Drought Responses

Drought stress is a multidimensional discomfort to plant health leading to uttered 
functions at morphophysiological, biochemical and genetic levels in plants. 
Biotechnology and genetic engineering strategies have been employed in crops for 
enhanced tolerance to drought. These strategies work through the expression of 
genes conferring stress tolerance through enzymes involved in signalling and 
 regulatory pathways (Seki et al. 2003; Shinozaki et al. 2003). Various genes used for 
the synthesis of structural and functional metabolites (Wang et al. 2003) help plant 
responses to DS and its resulting environmental effects (Table 8.1).
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8.2.1  Drought Avoidance

Drought avoidance is the ability of plants to maintain relatively higher tissue water 
during soil water deficit periods. Avoidance mechanism differ among crops, season 
and/or drought scenario. Plants have developed specialized features that enable 
them to overcome water loss which include stomata characteristics, cuticular resis-
tance, leaf area and leaf orientation. Stomata are the pores of exchange for water 
vapour, carbon dioxide and oxygen between plant and its immediate environment 
during photosynthesis. In rice, drought-resistant genotypes often maintain their leaf 
stomata open during moderate stress to sustain the photosynthetic rate by maximiz-
ing capture solar radiation. However, at severe stress, plant leaves are rolled to 
reduced stomatal conductance and escape of captured CO2 through the stomata. 
Therefore, the adaptation of a plant to drought can be increased by decreased num-
ber of stomata and sunken stomata in the epidermal cells which decrease loss due to 
transpiration and increase cuticular resistance.

Numerous studies on drought avoidance mechanism have been reported in litera-
ture that described various adaptations of plants to DS. Holbrook and Putz (1996) 
and Dichio et al. (2003) reported that lower osmotic pressure in plants would enable 
plant leaves to withstand greater transpirational stress, thereby enhancing plants’ 
ability to extract water from dry and deeper soils. In addition, the lower aboveg-
round plant growth under drought has been reported as an adaptive mechanism.  

Table 8.1 Genetic analysis of traits associated with response of plant to drought stress

Gene/QTLs Crop Site/traits Gene effect Mechanism Reference

OsPIP2;4 Rice and 
maize

Root Promote water transport 
and root conductivity

Tolerance Sakurai 
et al. 
(2005)

DRO1 Rice Root Promote root growth angle 
for greater water uptake

Avoidance Uga et al. 
(2013)

HAV1 Rice Leaf Higher RWC and increased 
biomass production

Tolerance Fu et al. 
(2007)

Aquaporins: 
NtAQP1, 
NtPIP;1

Tobacco Root Increased leaf osmotic 
pressure through osmolyte 
transport

Avoidance Majid et al. 
(2008)

qDTY 1.2 and 
qDTY 2.2

Rice Panicle Enhanced increased grain 
yield under drought stress

Tolerance Sandhu 
et al. 
(2014)

qDTY 12.1 Rice Flower Increased grain yield under 
drought stress

Avoidance Bernier 
et al. 
(2009)

Dhn1, Dhn2, 
Dhn4

Barley Root Enhanced drought resistant, 
stimulates ABA in the root

Avoidance Close et al. 
(1989)

OsGLO3, 
OsOXO3, 
OsCATC

Rice Chloroplast Increase photosynthetic 
efficiency through GOC 
bypass for chloroplastic 
CO2 concentration

Tolerance Shen et al. 
(2019)
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The energy balance for restricted above-ground plant growth and shoot elongation 
and increased root growth to trap water from deeper soil layers is mediated through 
protective hormones like ABA (Chaves et al. 2003). Xu and Zhou (2008) reported 
that stomatal density and size in rice were affected differently under mild and severe 
stress. Stomata density was increased in mild stress but reduced under severe stress. 
Osakabe et al. (2014) indicated that stomatal behaviour, which often linked with soil 
moisture content, largely depends on hormonal signals such as ABA that exist in 
root-shoot network. In addition, Wilkinson and Davies (2010) also reported that 
ABA is the major hormone manufactured in the roots and mobilized to the shoots 
particularly the leaves leading to reduced shoot growth and stomata closure. Uga 
et al. (2013) revealed that DEEPER ROOTING 1 (DRO1) gene coding for QTL that 
regulates root growth angle was negatively controlled by auxin. In which case, high 
transcript accumulation of DRO1  in shallow-rooted rice genotypes resulted in 
drought avoidance ultimately leading to high yield under DS. Therefore, drought 
avoidance mechanisms through stomata modification and root architecture and 
elongation are key adapted mechanism by plants to tolerate drought. Even some 
desert plants exist as seeds (dormancy state) in the soil until a wet year or other 
favourable weather to stimulate regrowth.

8.2.2  Drought Tolerance

Drought tolerance is the ability of plants to continue normal physiological activities 
in very dry conditions for prolonged periods of time. DS cause various morphologi-
cal and functional interruption in sexual organs, leading to sterility or premature 
abortion of the seed (Saini and Westgate 1999). Drought tolerance mechanisms are 
mainly controlled by genetic factors. Certain report has stated that majority of crop 
plants that showed tolerance are able to combine high yield potential under opti-
mum conditions with relatively good yield under DS (Venuprasad et al. 2007; Dixit 
and Kumar 2014).

Water-soluble proteins in plants, usually induced during stress, enhance drought 
tolerance through hydration of various cellular components (Osakabe et al. 2014). 
DS responsive genes/proteins have been identified by several groups. These include 
membrane-stabilizing proteins and LEA proteins which improve water holding 
capacity of the plant and increase drought tolerance. Membrane-stabilizing proteins 
and LEA proteins act as molecular chaperones under DS in ATP-dependent manner 
to stabilize cellular proteins and prevent them from denaturation under DS. Usually, 
plant cells maintain a high K+/Na+ ratio in the cytosol with relatively high K+ levels 
(100–200 mM) and low Na+ levels (1–10 mM) (Higinbotham 1973). An imbalance 
in Na+ concentration in the cells will result in toxic effects on enzyme activities 
leading to disruption in metabolism, and consequently plant becomes more vulner-
able to DS (Hasegawa et al. 2000). Drought tolerance is achieved by alteration in the 
metabolic pathways of the plant or enhanced osmotic adjustment to maintain cel-
lular turgor. Recently, much progress in drought tolerance has been reported through 
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analysis of QTL associated with root and yield under DS. Initiation of lateral root 
and root hair growth under drought was reported in drought-tolerant rice lines pos-
sessing drought-tolerant QTL (Dixit et al. 2015). These traits are expressed only 
under DS and have great potential to increase drought tolerance and grain yield 
under DS. Identification of QTL associated with carbon isotope discrimination as 
an indicator of water-use efficiency enhanced drought tolerance in rice (Dingkuhn 
et al. 1991; Govindaraj et al. 2009). Ye et al. (2018) reported genetic and genomics 
analysing for QTLs associated with root system in improving drought tolerance in 
rice. In addition, QTL associated with the accumulation of stem photosynthetic 
reserve prior to grain filling leading to grain filling and increase in yield under DS, 
was mapped in wheat (Salem et al. 2007). Moreover, QTLs associated with water- 
soluble carbohydrate (Bennett et al. 2012) and chlorophyll content (Kumar et al. 
2012) have shown to provide over 30% of genetic variation in wheat under drought. 
Stay-green associated QTLs ensure delay in leaf senescence with high grain yield 
under reproductive stage DS by reducing the size of canopies at anthesis and 
enhanced water uptake during the post-anthesis DS (George-Jaeggli et al. 2017).

In summary, many factors contribute to tolerance adaptation of crop under 
drought. Stem reserve accumulation which ensures a continuous grain filling during 
drought, enhanced water-use efficiency, stay-green trait which delays senescence 
and lateral root growth and root hair formation for greater access to soil moisture are 
important traits for drought tolerance.

8.2.3  Drought Acclimation

Acclimation to DS is a major protective mechanism in plants. The basis for plant 
acclimation was first reported by Sakai and Larcher (1987) when they defined stress 
as a build-up of environmental demand on plant causing an initial disturbance in its 
functions followed by a normalized activity and a resulting resistant if the stress is 
survived. Probably, the most effective acclimation mechanisms of plant to DS are 
those developed as a result of combined environmental factors that affect the plant’s 
physiological process. For instance, treatment of vesicular-arbuscular mycorrhiza 
(VAM) in combination with repeated drought cycles (acclimation) on pepper 
(Capsicum annuum L.) enhanced drought resistance, as indicated by the high leaf 
water potential, high turgor pressure, high relative water content and non-wilted 
plants (Davies et al. 1992).

Beneficial bacterial interactions with plants have also shown enhanced drought 
resistance when drought sets in. Inoculation of wheat with bacteria A. brasilense 
Sp245 under DS resulted in high grain yield and better grain quality through 
improved water relations and improved cell wall elasticity indicating that there is 
combined higher water status plus increased elastic adjustment for enhanced 
drought tolerance in wheat (Creus et al. 2004). The effects of A. brasilense help in 
producing phytohormones such as auxins (Dimkpa et  al. 2009). Phytohormones 
(indoleacetic acid: IAA, ethylene, gibberellins, cytokinins and ABA) produced by 
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plants are not only essential for their growth and physiological functions (Barea and 
Brown 1974; Teale et  al. 2006; Egamberdieva 2013) but also critical in helping 
plants survive abiotic stresses particularly drought (Skirycz and Inzé 2010; Fahad 
et al. 2015).

Salicylic acid pretreatment significantly alleviates drought-induced stress effects 
through protecting D1 protein and PSII of wheat leaves to restore photosynthetic 
function (Janda et al. 2014). Exposure to short period of moderate DS resulted in 
enhanced drought tolerance in wheat through improving antioxidant potential 
(Selote and Khanna-Chopra 2004). Drought-tolerant wheat genotypes have light 
antioxidant enzyme activities compared to the susceptible ones (Khanna-Chopra 
and Selote 2007). It has also been reported that high antioxidant enzyme activities 
and antioxidant content lead to delayed leaf senescence in wheat (Semwal and 
Khanna-Chopra 2018; Semwal et al. 2014). Acclimation is therefore important in 
stabilizing plant physiological functions under DS.

8.3  Plant-Water Relations in Response to Drought Stress

Plant-water relations are the life wire traits of plants under drought and can be used 
in estimating the severity of DS based on differential response of genotypes to the 
stress. Several water relations factors have been reported, and there is a wide genetic 
variability for water status and photosynthetic parameters under DS compared to 
optimum condition (Kiani et al. 2007). A temperature-based crop water stress index 
(CWSI) was developed by Idso et al. (1981). The CWSI is defined as (Idso et al. 
1981; Jackson et al. 1981):

CWSI I wet

dry wet

�
�
�

T T

T T

where Tl is the leaf temperature; Twet = lower canopy temperature in well-watered 
condition; and Tdry = upper canopy temperature in DS condition. This was mainly 
given to estimate when hydration or irrigation will be provided to the plant and in 
most cases the practical application is difficult. A more precise estimation of the 
water status in plant has been given. Audebert et al. (2013) used that method, cou-
pled to infrared camera measurement of canopy temperature to successfully identify 
rice lines with good maintenance of transpiration capacity.

8.3.1  Water Potential

Water potential is the relative tendency of water to move from one part of the plant 
to another based on the osmotic difference of the two regions. Leaf water potential 
(Ψw) associated with drought resistance can be used to predict drought tolerance in 
segregating genetic populations (Jongdee et al. 2002). Leaf Ψw at wilting or turgor 
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loss point is a determinant of the tolerance of leaves to DS and contributes to drought 
tolerance in plants. Leaf Ψw is considered as an indicator of the whole-plant water 
status especially under drought condition. Kiani (2015) reported that rice cultivars 
maintaining critical Ψw under high transpiration and soil water deficits in afternoons 
give high yields in drought-prone environments. Jongdee et al. (2002) reported con-
sistent genotypic variation in rice for the maintenance of high Ψw across water defi-
cit experiments. Drought-tolerant wheat genotypes maintain high Ψw under DS 
compared to the susceptible genotypes (Khanna-Chopra and Selote 2007; Semwal 
and Khanna-Chopra 2018). The genetic effect for water potential is additive and 
closely associated with gene controlling yield (Liu et al. 2005). However, Ψw usu-
ally gives low broad-sense heritability especially in upland which makes its inheri-
tance poor. Genetic improvement for high water potential in simple biparental crop 
improvement for drought tolerance is not likely to give a faster progress in enhanc-
ing heritability for water potential. Lande and Thompson (1990) and Mackill et al. 
(1999) suggested marker-assisted selection (MAS) as a favourable technique for 
improving Ψw traits as it is being controlled by few QTLs. Recent findings however 
have shown that Ψw is a polygenic trait controlled by several QTLs and difficult for 
direct selection due to the measurement problems in large genetic populations and 
its low heritability (Teulat et al. 2001; Kiani et al. 2008; Bernier et al. 2009). A com-
bination of MAS with successive pyramiding through repeated backcrossing of can-
didates with favourable allele will give a faster progress in improving Ψw in field 
crop. Such progresses have been reported for rice (Price et al. 2002), maize (Mir 
et al. 2012) and other cereal and legumes (Witcombe et al. 2007). Several loci and 
genes have been characterized to develop the concept and models of complex water 
relation traits associated with drought tolerance traits (Uga et al. 2013; Tricker et al. 
2018). Through transgenic approach, rice plants delayed wilting more than 15 days 
by maintaining high plant water status through HVA1 LEA transgene isolated from 
barley (Babu et al. 2004). These approaches pave the way to the mapping and clon-
ing of genetic segment and genes that control drought tolerance through turgor man-
agement and hormonal regulation of plant water potential with precision.

8.3.2  Relative Water Content

Relative water content (RWC) indicates the proportion of water in the shoot as per 
the total biomass. Generally, RWC decreased with increasing water stress in all crop 
genotypes and shows high correlation with yield and related traits under drought. 
Therefore, genotypes which maintained high RWC (≥0.65) under stress conditions 
are believed to be tolerant and produce higher yield. Bennet et  al. (1987) and 
Schonfeld et al. (1988) revealed that improved behaviour of drought-tolerant soy-
bean, maize and wheat in water-limited environments is attributed to osmoregula-
tion at the onsets of drought. Lawlor and Cornic (2002) showed that the rate of foliar 
photosynthesis decreases as the RWC and leaf water potential decrease. Kiani et al. 
(2007) revealed high significant positive correlations between RWC, turgor poten-
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tial (Ψt) and photosynthesis (Pn). Significant positive correlation between RWC, Ψw 
and stomatal conductance (gs) indicates stomata response to water status in the 
shoots and in turn higher photosynthetic rate under DS. Genetic gain was reported 
for RWC in relation to grain yield under DS. During conditions of continued DS, 
leaf rolling gives an indication of leaf water status in plants which is a desirable 
trait. Genotypes and breeding lines with higher leaf rolling are known as drought 
susceptible as leaf rolling reduction in the extraction of soil water. Biochemical and 
physiological analysis of wheat genotypes showed higher RWC and larger accumu-
lation of free proline which enhanced antioxidant defence and lower drought sus-
ceptibility index in tolerant genotypes under drought (Bayoumi et al. 2008; Semwal 
and Khanna-Chopra 2018). Bayoumi et al. (2008) further revealed that RWC and 
proline content are constitutive traits. Constitutive characters are expected to show 
low GxE interaction and hence favourable characters for selection under drought as 
its capable of given precise genotypic difference under drought in different environ-
ments. The HVA1 gene, identified in barley, was tested in transgenic rice under 
prolonged DS cycles to understand the mechanism of dehydration tolerance 
(Table 8.1). The transgenic rice plants overexpressing HVA1 gene maintained higher 
leaf RWC and exhibited less reduction in biomass under DS compared to non- 
transgenic plants (Blum 2005; Fu et al. 2007).

8.3.3  Osmotic Adjustment

The accumulation of compatible solutes and ions in the cell sap under DS helps to 
maintain turgor potential (Morgan and Tan 1996) and osmotic potential (Kerepesi 
and Galiba 2000) to sustain plant growth. This cellular mechanism is known as 
osmotic adjustment (OA), which helps plants in overcoming negative effects of 
DS. Plants with active OA are less affected in situation of poor water extraction 
ability or low shoot water status because OA maintains turgor and delays leaf roll-
ing (Turner 1986). Although variation in inorganic ions, especially K+, Na+ and 
Cl− and NO3

− ions, creates the osmotic potential for crop, K+ and Na+ are the main 
inorganic ions that create the most fluctuations in osmotic balance in leaves and 
roots followed by Na+ and Cl−, while the NO3

− ion usually showed less contribu-
tion. Bajji et al. (2001) studied the regulation and involvement of OA in the mainte-
nance of turgor in growing and expanded leaves of two cultivars of durum wheat 
adapted to aridity. Sugars played a major role in OA in wheat leaves followed by 
proline. Compatible organic solutes including amino acids, sugars, glycerol etc. 
serve to balance the osmotic potential of intracellular and extracellular ions in resis-
tance to DS caused by soil water deficit (Chen and Jiang 2010). Silva et al. (2010) 
reported that among the ions, soluble sugars play a major role in OA and soluble 
sugar concentration increased with the severity of DS. OA has been shown to con-
tribute to grain yield under DS (Blum 1989; Chen and Jiang 2010; Silva et al. 2010). 
OA has been reported to positively correlate with yield in many crops, legumes etc. 
(Blum 2017; Khanna-Chopra et al. 2019).
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Above reports suggest that there is an overlap in the genetic segments controlling 
OA and grain yield (Tuberosa et al. 2002; Yin et al. 2004). Co-located QTLs have 
been reported for yield, root traits, biomass and osmotic potential on chromosome 
1 in rice (Liu et al. 2005). QTLs for grain yield under DS in rice co-located with 
QTLs for osmotic potential on chromosomes 1,3,5 and 9 explained 75% phenotypic 
variation for yield and 50% phenotypic variation for osmotic potential (Liu et al. 
2005). The overlapping of QTLs for different traits indicates substantial linkage or 
pleiotropism a useful tool for selection for crop improvement. Two chromosomal 
regions 7H and 6H on chromosomes 1 and 3, respectively, were involved in several 
OA-related trait variations in barley, and region 7H is conserved for cereals and 
could be considered as region controlling OA (Teulat et al. 1998).

8.3.4  Water-Use Efficiency (WUE)

Water-use efficiency (WUE) is the ratio of crop productivity in terms of biomass 
and grain yield to water used or transpired (Evans and Sadler 2008). It is a genetic 
character that depends on the rate of photosynthesis and transpiration and is often 
considered as an essential determinant of crop yield under DS (Passioura 2006). 
WUE is an important component of adaptation to DS in crop plants including wheat 
(Fotovat et  al. 2007), rice (Belder et  al. 2004) and maize (Paredes et  al. 2014). 
Breeding crop cultivars with high WUE have been highlighted as an important and 
economic approach to raise crop yield and improve food production in drought- 
prone environments (Lal et al. 2012; Haefele et al. 2016). Carbon isotope discrimi-
nation (CID) measurement in grain or leaf has been developed for estimating WUE 
at the leaf level (Hall et al. 1994). Studies have showed that the extent of carbon 
discrimination is a good indicator of WUE in crop plants (Hall et al. 1994; Condon 
et  al. 2002). CID has shown a negative correlation with WUE in crop plants 
(Abdelbagi and Hall 1993; Hall et al. 1994) including wheat (Condon et al. 2002) 
and rice (Dingkuhn et al. 1991). Hence, low CID has been successfully used as a 
selection tool for high WUE and grain yield improvement in crop plant under DS 
(Condon et al. 2002).

Several studies related to WUE including crop physiological and morpho-
logical traits under DS have been reported (Borrell and Hammer 2000; Richards 
et al. 2002). Many of these studies reported a substantial benefit of high WUE 
in reducing water use for growth maintenance and optimum crop yields under 
DS (Zhang et  al. 2012; Richards et  al. 2002). Crops with high WUE tend to 
conserve water, thus avoiding drought and improving crop resistance to DS 
(Rivero et  al. 2007). Crop cultivars with good WUE had better tolerance and 
recorded increased productivity under DS (Bacelar et  al. 2009). Under water 
deficit condition plants control water relations by reducing transpirational water 
loss leading to maintenance of photosynthesis and increased WUE (Shimazaki 
et al. 2007). Higher WUE under DS was associated with reduced transpiration 
and increased yield in rice (Yang et al. 2003). However, selection for improved WUE in 
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breeding for DS conditions does not necessarily translate to improved drought resis-
tance or increased yield in all situations (Masle et al. 2005). Plant traits that reduce 
crop water use and transpiration, such as reduced leaf area and biomass, and conse-
quently affect crop production are the main driver of higher WUE (Blum 2009). 
Hence, higher drought tolerance and improved yield have been linked with reduced 
WUE in some studies (Moutinho- Pereira et al. 2007; Bacelar et al. 2009). A major 
avenue for improved productivity under DS therefore is to breed for ‘effective use 
of water’ such that water use is controlled during the early growth stage in order to 
avoid lack of water during reproduction stage. This can be achieved through a maxi-
mum capture of soil water for transpiration and consequently biomass production, 
reduced soil evaporation and non-stomatal transpiration (Blum 2009). Effective use 
of water through the improvement of plant water status enhances the sustainability 
of assimilate partitioning and grain yield under DS (Kirkegaard et al. 2007).

Several genes including the expression of Arabidopsis HARDY (HRD) gene, 
overexpression of NAC9 gene in rice (Redillas et al. 2012) and HVA1 gene in wheat 
(Bahieldin et al. 2005) have been found to be involved in increased WUE in crop 
plants. In addition, a few Qtls directly associated with WUE have been identified in 
crop plants. For example, Xu et al. (2009) identified 7 Qtls for WUE located in five 
chromosomal regions in rice, while Zhang and Xu (2002) identified 10 Qtls affect-
ing per plant WUE and 6 Qtls controlling leaves and stem WUE in wheat. 
Furthermore, a number of crops with improved WUE and drought tolerance have 
been developed (Bahieldin et al. 2005; Oh et al. 2005) through conventional breed-
ing and maker-assisted selection. However, the introduction of a single QTL or gene 
related to a higher WUE in crops has resulted in shortfalls in some other agronomic 
performance (Wang et al. 2003). Hence, an in-depth understanding of gene regula-
tion of WUE and crop physiology is needed to develop crop cultivars with high 
WUE and drought tolerance without a detrimental effect on other agronomic perfor-
mance. There is a need to identify and integrate traits related to improved tolerance 
and high WUE in a manner that will not involve yield penalties.

8.4  Response of Root Traits Under Drought Stress

Root response is of prime importance to crop productivity under DS. This is because 
the root size, architecture and distribution determine the ability of plants to access 
and take up the water for proper physiological functioning of shoots (Henry 2012; 
Sperry et al. 2002). Plant root systems are important for adaptation and maintenance 
of crop growth and yield under DS. Maintenance of root growth under DS helps 
plants to keep up enough water supply for shoot growth and increased productivity. 
Several plant root traits are known to be associated with drought tolerance at the 
organism, organ and tissue level (Fig. 8.1; Maseda and Fernandez 2006; Wasson 
et al. 2012). Among root traits, root system size in relation to the shoot size (allom-
etry) is of fundamental importance for the acquisition of water under DS (Addington 
et al. 2006; Maseda and Fernandez 2006). Plants can respond to DS by diverting a 
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lot of assimilate to root growth, thus stimulating root growth while lessening shoot 
growth with subsequent extraction of more water from deeper soil layers (Diaz- 
Espejo et al. 2012; Rich and Watt 2013). Increased root versus shoot growth can 
compensate for water shortage and results in the maintenance of stomatal 
 conductance under DS like the levels under adequate water supply, thereby main-
taining crop productivity close to irrigated levels under DS (Addington et al. 2006; 
Maseda and Fernandez 2006). Studies have indicated that higher root to shoot ratio 
is one of the major reasons for better adaptation to DS in drought-tolerant maize 
(Zhao et al. 2018; Grzesiak et al. 1999), wheat (Dhanda et al. 2004) and rice (Azhiri-
Sigari et al. 2000; Asch et al. 2005). For example, Ji et al. (2012) and Lemoine et al. 
(2013) observed that roots of drought-tolerant rice genotypes grew thicker, larger 
and deeper under DS. Diaz-Espejo et al. (2012) and Sperry et al. (2002) also reported 
that enhanced root-to-leaf area ratio and initiation of growth of new root tips under 
DS improved hydraulic status, plant capacity to acquire water to support existing 
shoot and subsequently crop productivity.

Root growth according to soil water distribution is another vital feature of root 
response to DS (Wasson et al. 2012). Plant root can moderate the effect of DS by 
increasing extraction and uptake of water and reducing carbon investment required 

Fig. 8.1 Summary of plant root traits associated with drought stress tolerance. Higher root-to- 
shoot ratio under stress results in improved hydraulic status, plant capacity to acquire water from 
deeper depth to support existing shoot and subsequently crop productivity. Plant root can also 
alleviate the effect of drought through increased specific root, root hair density and distribution at 
deeper depth. Architectural root properties such as narrow root angle and more intensive root 
branching are root traits adapted by plants to improve hydraulic lift and enhance greater utilization 
of water in deeper depth in the soil profile under drought stress condition
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for water acquisition through increased specific root and root length, small fine root 
diameters, increased root hair density and distribution at deeper depth (Maseda and 
Fernandez 2006; Rewald et al. 2011). The ability of plant root to continue elonga-
tion in order to absorb water from deeper layers of soil helps plants to avoid water 
deficit near the soil surface and significantly increases plant efficiency under DS 
(Ho et al. 2005; Schenk and Jackson 2005; Hund et al. 2009). Deep rooting traits 
have been associated with improved water uptake and DS adaptation in rice (Kato 
et  al. 2006; Gowda et  al. 2011), wheat (Lilley and Kirkegaard 2011; Manschadi 
et al. 2008) and maize (Ribaut et al. 2009; Zhao et al. 2018). Crop varieties with 
thicker coarse roots, less root near the surface, increased root density in medium and 
deep layers and greater lateral (fine) root that enhances overall deeper root system 
have been found with the ability to access more water from the soil to sustain shoot 
growth and development under DS (Henry 2012; Wasson et al. 2012; Lynch 2013). 
Few but long lateral roots have been associated with deeper rooting, greater water 
uptake and higher grain yield under DS in maize (Zhan et al. 2015). Studies have 
shown that roots can accumulate high levels osmolytes for OA during DS (Ribaut 
et  al. 2009). OA in roots maintains turgidity as water potential decreases in the 
growing cells and plays a vital role in the maintenance of root elongation under DS 
(Ribaut et al. 2009; Zhao et al. 2018). Roots, growing in deep depths, also become 
thinner due to restriction of the lateral expansion rate of the cells (Doussan et al. 
2006), thereby enabling the root to further reduce their use of water under DS 
(Wasson et al. 2012).

In addition to root system size, its distribution, architectural root properties such as 
narrow root angle, greater hierarchical structure and more intensive root branching 
are the traits adapted by plants to improve hydraulic lift and enhance greater utiliza-
tion of water in deeper depth in the soil during DS (Doussan et al. 2006; Wasson et al. 
2012). Growth angle of root axes has been strongly associated with temporal and 
spatial water acquisition efficiency (Poorter and Nagel 2000; Fitter 2002) and is a 
useful trait for tolerance to DS (Manschadi et  al. 2008). In rice, for instance, the 
growth angle of nodal roots influences the vertical distribution of root and rooting 
depth, with cultivars exhibiting a narrow basal root angle having a deep root system, 
which enhances water uptake and improves the productivity of upland rice (Kato 
et al. 2006). Likewise, Manschadi et al. (2006) demonstrated that the angular spread 
of seminar roots affects drought adaptation in wheat. It was observed that wheat gen-
otypes with a narrow angle of seminar roots were deeply rooted and had access to soil 
water from deeper depth compared to genotypes with wide angle of seminar roots.

Seminal roots’ number also influences plant adaptation to DS because seminal 
roots grow in deep soil layers and can increase water uptake from deep layers of soil 
(Manschadi et al. 2006, 2008). It has been reported that a high number of seminal root 
axes result in more intensive root branching, which improves the ability of roots to 
access and take up water (Manschadi et al. 2008). Furthermore, the diameter of xylem 
in seminal roots also helps in saving deep soil water for use during DS, resulting in 
improved productivity (Manschadi et al. 2006). Although the genetic control of root 
traits is still poorly understood due to the effect of environmental factors and complex-
ity of root traits measurement under field condition, the genome location and size of 

A. F. Taiwo et al.



245

qualitative trait loci (QTL) controlling root traits have been successfully estimated 
with the use of molecular markers. Research has been carried out to map root QTL for 
many root growth-associated traits under DS in several crops (Table  8.2; Ochoa 
et al. 2006) including rice (Price et al. 2002), wheat (Ren et al. 2012; Hamada et al. 
2012) and maize (Giuliani et al. 2005). In addition, effort has been made on genetic 
engineering and inclusion of root trait genes in crop plants for DS adaptation 
(Table 8.3).

Table 8.2 Quantitative trait loci (QTL) associated with root traits under drought stress condition 
in major crop plants

Crop Gene Traits
Chromosome 
information References

Rice Price_2002C_1758s Increased root length Chromosome 1 Price et al. 
(2002)

Mac- 
Millian_2006_1533w

Chromosome 1 MacMillan et al. 
(2006)

Zhang_2000_53c Increased root 
number

Chromosome 1 Zheng et al. 
(2000)

Zhang_2003_517w Chromosome 1 Zheng et al. 
(2003)

Qtl12.1 Deep root length Chromosome 1 Bernier et al. 
(2009)

Qtl12.1 Greater specific root 
length

Chromosome 1

Wheat qTaL-2B1-2B Maximum root length Chromosome 2B
qPRL-2B1-2B Primary root length Chromosome 2B
qLRL-1A Lateral root length Chromosome 1A
qRN-3D Increased root tip 

number
Chromosome 3D

qTRL-2B Increased total root 
length

Chromosome 2B

QRN.9gw-3A Increased seminal 
root number

Chromosome 4A Christopher et al. 
(2013)

QRA.qgw-2A Increased seminal 
root angle

Chromosome 2A

QDRR-1, QDRR-1 Deep root growth Chromosome 1B Hamada et al. 
(2012)

QRN Increased seminal 
root number

Chromosome 5A

Maize Root-ABA1qtl Increased root 
number

Chromosome 2 Giuliani et al. 
(2005)

Increased root 
diameter
Increased root 
branching
Crown root angle
Increase root-shoot 
dry weight ratio
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Root is the major organ through which plants perceive, respond and maintain 
growth and yield under DS. Adequate root development is vital for plant survival 
under DS when moisture is only available in deeper soil layer. Different types of 
roots have essential features which determine plant water absorption ability as an 
adaptation strategy under DS (Waisel and Eshel 2002). Several studies have demon-
strated that traits like root length, number of lateral roots, root density, specific root 
length, fine root diameter, root angle, specific root surface area, number of seminal 
roots, crown root number and number of root tips are important for improving plant 
water acquisition and productivity under DS. It has been demonstrated from previ-
ous studies that water uptake and productivity of crops could be enhanced through 
genetic improvement, with a good number of QTL and genes already identified for 
root traits involved in adaptation to DS in crops such as rice wheat and maize. 
Hence, root traits play a vital role in plant survival and productivity under DS.

8.5  Photosynthesis Under Drought Stress

Photosynthesis is one of the most important processes that influences crop produc-
tivity and is directly affected by DS (Farooq et  al. 2009). Crop yield under DS 
depends mainly on the effects of water stress on photosynthesis (Bahavar et  al. 
2009). The effect of DS on photosynthesis has been extensively studied for many 

Table 8.3 Genetic engineering for root traits in crop plants for improving drought tolerance

Crop Genes Effect References

Wheat TAZFP34 Increased root to shoot ratio by maintaining root 
elongation and reduced shoot growth compared 
to non-transgenic plants

Chang et al. 
(2016)

TaNAC69 Upregulation of genes responsible for adaptation 
to DS through increased root length and greater 
root biomass compared to non-transgenic plants

Xue et al. 
(2011)

Rice DRO1 Associated with deep rooting, drought tolerance 
and increased grain yield compared to non- 
transgenic plants

Uga et al. 
(2013)

The WUSCHEL- 
related homeobox 
gene WOX11

Regulates crown root initiation, development and 
elongation for enhanced drought tolerance 
compared to non-transgenic plants

Zhao et al. 
(2015)

OsAPY Root hair elongation and development for 
improved water uptake compared non-transgenic 
plants

Yuo et al. 
(2009)

OSNAC10 Induces thicker root with enlarged stele, cortex 
and epidermis for improved drought tolerance 
and increased grain yield compared to non- 
transgenic plants

Jeong et al. 
(2010)

Maize Aquaporin genes 
PIPI and RWC-3

Higher water uptake compared with non- 
transgenic plants

Giuliani et al. 
(2005)
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plant species (Tables 8.4 and 8.5; Yordanov et al. 2001). These studies demonstrated 
that DS results in a substantial reduction in number of leaves and leaf area develop-
ment that leads to decreased light interception and consequently photosynthetic effi-
ciency (Anjum et  al. 2011a, b). Furthermore, DS causes a significant damage to 
photosynthetic pigments and apparatus, thereby reducing carbon assimilation and 
chlorophyll content (Saeidi and Abdoli 2015). Because photosynthesis takes place 
predominantly in the green leaves and depends on the chlorophyll-bearing leaf area 
of plants (Athar and Ashraf 2005), drought-induced reduction in chlorophyll- bearing 
leaf surface and chlorophyll content, therefore, results in reduction in net photosyn-
thesis (Bijanzadeh and Emam 2010; Din et al. 2011). For example, DS significantly 
decreased chlorophyll a and chlorophyll b contents, chlorophyll a/b ratio and conse-
quently photosynthetic efficiency in wheat (Sharifi and Mohammadkhani 2015). 

Table 8.4 Effect of drought stress on photosynthesis in crops

Photosynthetic 
factor Effect Crop References

CO2 assimilation Decreased CO2 assimilation rate and 
hence photosynthesis

Wheat Lu and Zhang 
(1999)
Yordanov et al. 
(2001)
Molnár et al. 
(2002)
Azhand et al. 
(2015)
Perdomo et al. 
(2017)

Imposed significant limitation on 
photosynthetic capacity

Rice and 
maize

Perdomo et al. 
(2017)

Internal CO2 
concentration

Decreased
Decreased

Wheat
Rice and 
maize

Molnár et al. 
(2002)
Perdomo et al. 
(2017)

Water use 
efficiency

Decreased Wheat Molnár et al. 
(2002)

Transpiration Decreased transpiration and 
photosynthesis

Wheat Molnár et al. 
(2002)

Decreased transpiration and 
photosynthesis

Rice Ji et al. (2012)
Yang et al. (2014)

Electron transport 
rate

Decreased Wheat Haupt-Herting and 
Fock (2000)

Rubisco activity Decreased
Decreased

Wheat
Rice

Martin and 
Ruiz-Torres (1992)
Zhou et al. (2007)

Photosynthetic 
apparatus

Photoinhibition Rice Zhou et al. (2007)

Photoinhibition Maize Liu et al. (2012)
ATP synthesis Inhibition of ATP synthesis, decreased 

chloroplast ATP content and activity
Rice Farooq et al. (2009)
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Similarly, DS reduced the photosynthetic rate owing to the decreased photochemical 
efficiency of chlorophyll fluorescence in rice (Puteh et al. 2013). Reduction in plant 
water potential and stomatal conductance, impaired  activities of photosynthetic 
enzymes and ATP synthesis are other key factors that limit the rate of photosynthesis 
under DS (Yamance et al. 2003; Farooq et al. 2009). A number of studies (Table 8.5) 
have shown that DS substantially decreased net photosynthesis in rice (Farooq et al. 
2009), wheat (Sharifi and Mohammadkhani 2015), maize (Anjum et al. 2011a, b; 
Nielsen et  al. 2009) and other plant species (Gomes et  al. 2010; Medrano et  al. 
2002). These studies generally indicated that drought- induced reduction in photo-
synthesis is associated with stomatal and non-stomatal limitations (Fig. 8.2).

8.5.1  Effect of Drought Stresses on Stomatal Factors 
Responsible for the Regulation of Photosynthesis

8.5.1.1  Stomatal Closure in Response to Drought Stress

Plants’ ability to close stomata in order to minimize transpirational water loss in 
response to DS is the primary factor responsible for decreased photosynthesis under 
DS (Ashraf and Harris 2013; Clauw et al. 2015). Drought-induced stomata closure 

Table 8.5 Summary of genetically modified crop plants for improved photosynthesis under 
drought stress

Genes Crop Mechanism of action
Effect on net 
photosynthesis References

Bifunctional 
trehalose-6 
phosphate as a fusion 
gene of a fusion gene 
of otsA and ots

Rice Higher amounts of 
trehalose prevent 
photo-oxidative damage of 
PS II
Limits reductions in 
quantum yield of PS II

Increased net 
photosynthesis 
compared to 
non-transformed 
plants

Garg et al. 
(2002)

pMnSoD Rice Increased expression of 
superoxide dismutase 
which results in better 
reactive oxygen species in 
plant chloroplast

Increased net 
photosynthesis
Rapid recovery of 
photosynthesis 
compared to 
non-transformed 
plants

Wang et al. 
(2005)

Nicotiana protein 
kinase (NPK1)

Maize Protects dehydration 
damage of photosynthetic 
machinery under drought 
stress

Maintained higher 
photosynthesis

Shou et al. 
(2004)

Transgenic rice 
producing PEP 
carboxylase

Rice Alleviates the inhibition of 
photosynthesis caused by 
drought stress

Maintained high 
photosynthesis than 
non-transformed 
plants under DS

Ding et al. 
(2007)
Bao-Yuan 
et al. (2011)
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reduces CO2 availability in the mesophyll, CO2/O2 ratio and increase photorespira-
tion, thereby reducing photosynthesis and causing photodamage of photosystem II 
(Medrano et al. 2002; Clauw et al. 2015). Decrease in photosynthesis due to reduced 
stomatal conductance has been reported in many crops including maize, wheat and 
rice (Saglam et al. 2014; Ji et al. 2012; Yang et al. 2014; Ashraf and Harris 2013; 
Azhand et  al. 2015). However, there is a good control on stomatal function and 
greater CO2 conservation capacity in drought-tolerant crops to allow carbon fixa-
tion under DS, therefore improving water-use efficiency, enabling the plant to pho-
tosynthesize under stomatal limiting condition and enhancing rapid stomata 
opening when the stress is relieved (Table 8.3; Sausen and Rosa 2010; Freitas et al. 
2011). High photosynthetic capacity under DS conditions has been generally asso-
ciated with a high stomatal conductance and efficiency of photosynthetic machin-
ery in drought-tolerant plant species (Table 8.4; Gilbert et al. 2011; Dos santos et al. 
2017). Bao-Yuan et al. (2011) reported a slow decline in the rate of photosynthesis 
in transgenic drought-tolerant rice compared to the rapid decline in non-trans-
formed plants under DS, while Shou et al. (2004) observed that drought-tolerant 
maize maintained efficient photosynthesis due to the protection of the photosyn-
thetic machinery from dehydration under DS.  Similarly, drought-tolerant wheat 
genotypes showed an efficient photosynthetic system due to the maintenance of 
reasonable level of stomata conductance compared to the susceptible genotypes 
under DS (Sharifi and Mohammadkhani 2015).

8.5.1.2  Effect of Drought Stress on CO2 Assimilation, Internal CO2 
Concentration and Photosynthetic Potential

The rate of photosynthesis in plants has been reported to decrease proportional to 
the decrease in the leaf RWC and Ψw under DS (Lawlor 1995). At low RWC, reduc-
tion in CO2 assimilation and internal CO2 concentration in plants is the primary 
indication of stomatal limitation in restricting photosynthesis under DS (Flexas and 
Medrano 2002). A number of studies (Table 8.4; Cornic 2000; Tang et al. 2002) 
have reported a reduction in CO2 assimilation, CO2 concentration in leaf intercel-
lular spaces and plant photosynthetic potential as a result of drought-induced stoma-
tal limitations. These studies suggested that CO2 availability in the chloroplast is 
regulated by plant stomatal conductance. Lawlor and Cornic (2002) demonstrated 
the use of increased ambient CO2 to overcome stomatal limitation so as to increase 
CO2 concentration in the leaf intercellular spaces and chloroplast, in order to restore 
plant photosynthetic potential similar to that of within 80–100% RWC. However, 
under reduced RWC, photosynthetic potential decreases and cannot be restored by 
increased ambient CO2. Decreased stomatal conductance under DS has also been 
shown to limit CO2 concentration in the mesophyll cells at the Rubisco site of dif-
ferent plant species (Chaves et al. 2003; Ghannoum 2009; Lopes et al. 2011).
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8.5.2  Effect of Drought Stress on Non-stomatal Factors 
Responsible for the Regulation of Photosynthesis

Although stomata limitation is the major factor attributed for the reduction in plant 
photosynthesis under DS (Clauw et al. 2015), many studies have indicated that non- 
stomata factors are also responsible for the significant reduction in plant photosyn-
thetic capacity under DS (Fig. 8.2; Farooq et al. 2009; Signarbieux and Feller 2011). 
The major non-stomatal limitations of photosynthesis include inhibition of photo-
chemical and metabolic process, impaired activities of photosynthetic enzymes and 
altered ATP synthesis (Farooq et al. 2009).

8.5.2.1  Effect of Drought Stress on Photochemical Events

DS usually reduces plant requirement of light energy (Kato et al. 2003), thus allow-
ing excess light to saturate the photosynthetic apparatus which results in photoinhi-
bition and consequently reduces plant’s photosynthesis rate (Athar and Ashraf 
2005). Several studies have reported that saturation of photosynthetic apparatus 
with excess light under DS results in the production of toxic byproducts ROS in the 
chloroplast, which results in oxidative damage of photosynthetic apparatus thereby 
reducing photosynthesis rate (Table 8.4; Asada 1999; Chaves et al. 2003; Murata 
et  al. 2007). Excess light decreased the photosynthetic activity and altered the 
 structure of photosystem I and II in rice, wheat and maize (Werner et al. 2001; Zhou 
et al. 2007; Liu et al. 2012).

8.5.2.2  Effect of Drought Stress on Metabolic Factors

Drought stress limits photosynthetic metabolism through inference with major pho-
tosynthetic enzymes such as ribulose-1, 5-bisphosphate carboxylase/oxygenase 
(Rubisco), regeneration of RuBP and ATP synthesis (Lawlor and Cornic 2002). 
Drought-induced reduction in plant photosynthetic capacity has been reported as a 
consequence of impaired activities of Rubisco, pyruvate phosphate dikinase and 
phosphoenol pyruvate carboxylase enzymes (Reddy et al. 2004). DS reduces RuBP 
content which results in decreased CO2 assimilation and plant photosynthesis 
(Flexas and Medrano 2002; Reddy et al. 2004). Decreased RuBP content and its 
regeneration under DS resulted in a substantial reduction in photosynthesis in plants 
(Reddy et al. 2004; Zhou et al. 2007). Rubisco content and Rubisco activity declined 
under DS, leading to a decline in net photosynthesis rate in rice, wheat and maize 
(Guan et al. 2015; Flexas and Medrano 2002; Medrano et al. 2002).

Impaired ATP synthesis is considered one of the main factors that limit photosyn-
thesis under DS (Lawlor and Cornic 2002). ATP content in chloroplast declines due 
to the retarded activity and inhibition of enzymes involved in ATP synthesis under 
DS (Farooq et al. 2009). DS reduces chloroplast ATP content and activity and hence 
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the level of ATP available for photosynthesis (Dubey 1997; Tezara et  al. 1999). 
Studies have reported inhibition of photophosphorylation, ATP synthesis and conse-
quently plant photosynthesis even under mild DS (Meyer and de Kouchkovsky 1992; 
Tezara et al. 1999).

8.6  ABA Physiology and Signalling Under Drought Stress

Abscisic acid (ABA) is an essential plant hormone, which regulates water status, 
stomatal movement and various physiological processes in response to DS in plants 
(Finkelstein et al. 2002). ABA is synthesized in roots and leaves, and its production 
in plant root is usually regarded as an early response to DS (Schachtman and 
Goodger 2008). The importance and mechanism of ABA in the regulation of plant 
tolerance to DS are well documented (Fig. 8.3; Taiz and Zeiger 2006; Jia and Zhang 
2008), and many studies have reported the mechanism of ABA action at the physi-
ological and molecular levels (Chinnusamy et al. 2008; Ferrandino and Lovisolo 
2014; Mehrotra et al. 2014). ABA mediates plant adaptation to DS through altera-
tion of guard cell ion transport which promotes stomatal resistance, improves ROS 
defence and enhances the expression of key enzymes (Kim et al. 2010; Liu et al. 
2013). The study of Xu et al. (2012) in rice showed that ABA is necessary for sig-
nalling at the initial stage of DS. Furthermore, as DS progresses, ABA responds by 
initiating a root-to-shoot signal that induces stomata closure and thereby reduces 
stomatal conductance and transpirational water loss accompanied by and changes in 
plant photosynthesis (Taiz and Zeiger 2006).

Several studies have found that DS is associated with ABA accumulation in vari-
ous plant species, but the extent of ABA accumulation varies with species differing 
in drought tolerance (Jiang and Hartung 2008; Wang et al. 2008; Kim et al. 2010). 
The content of ABA increased significantly in drought-tolerant maize seedlings 
under DS than drought-susceptible ones (Zhang et al. 2012). The involvement of 
ABA in drought adaptation is also reported in rice (Liang et al. 2014) and wheat 
(Vysotskaya et al. 2003, 2004). Accumulation of ABA in plant root is indispensable 
for enhancing plant growth because it modulates root architecture to adapt to DS 
(Sharp and LeNoble 2002). Under DS, ABA increases ion and water influx in the 
root, thereby regulating leaf turgidity and decreasing transpiration (Dodd et  al. 
2008). Drought-induced ABA accumulation also increases ratio of root-to-shoot 
growth, thereby increasing water use efficiency (Saab et al. 1990). Many studies 
indicated that drought-induced increase in ABA concentration in plant root helps to 
maintain root growth and increases root hydraulic conductivity and, hence, plant 
water uptake, thus eradicating the development of water deficit in the shoot 
(Plauborg et al. 2010; Liu et al. 2015). For example, under DS, ABA accumulation 
maintained maize root elongation and enhanced its adaptation towards resource uti-
lization by restricting the production of ethylene (Liang et al. 1997; Spollen et al. 
2000). Similarly, Vysotskaya et al. (2004) observed a high concentration of ABA in 
wheat root and subsequent increase in root hydraulic conductance to meet the 
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increased transpiration demand under DS. Increase in root ABA concentration and 
subsequence enhancement of hydraulic conductivity have been attributed to the 
improvement of aquaporin functioning and osmotic regulation which protects cells 
from damage and led to sustained growth under DS (Tardieu et al. 2010; Travaglia 
et al. 2010). Activation of ABA signalling in the root under DS enhanced better soil 
exploration and water utilization, thus improving the plant’s ability to cope with DS 
(Duan et al. 2013). ABA can also act in the maintenance of root meristem and stem 
cell by promoting the suppression of stem cell differentiation (Zhang et al. 2010). In 
addition, ABA originating from the root is transported to the shoot where it controls 
stomata conductance and causes stomata closure and reduced leaf expansion, thus 
reducing leaf water loss and enhancing survival under DS (Sun and Li 2014).

Fig. 8.3 Mechanism of ABA-dependent responses in plant under drought stress. Under drought 
stress, root PIP and TIP expression decreases as ABA accumulates; as stress progresses, root PIP 
and TIP expression increases resulting in increased root hydraulic conductivity, elongation, and 
hence water uptake; root ABA accumulation induces increase in shoot ABA concentration, result-
ing in stomatal closure, maintenance of photosynthesis, and ultimately improved performance 
under drought stress
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The role of ABA in stomata closure and reduced stomata conductance is vital for 
fast growth resumption, recovery of plant water content and ultimately increased 
yield under DS (Zhang et al. 2012). Increased ABA concentration in leaves associ-
ated with stomata closure and reduced stomata conductance under DS has been 
confirmed in various plant species (Davies and Zhang 1991; Munns and Sharp 
1993) including rice (Ding et al. 2016), wheat (Saradadevi et al. 2014) and maize 
(Li et al. 2008; Wang et al. 2008). In wheat drought-induced increase in ABA con-
centration during the late grain filling stage accelerated grain filling (Yang et  al. 
2004). Similarly in rice, there was a high stomata conductivity and reduced transpi-
rational water loss as a result of increased ABA accumulation under DS (Ding 
et al. 2016).

In addition to its role in controlling stomatal aperture, which is required to limit 
transpirational water loss under water deficit conditions, ABA initiates the expres-
sion of numerous genes such as enzymes for osmo-protectant synthesis which are 
critical for stress tolerance in plants (Fujita et  al. 2011). ABA regulates plants 
response to drought tolerance by inducing stress-responsive genes and gene prod-

Table 8.6 ABA-signalling genes identified in crops and their response/effect on drought tolerance

Crop Gene Function References

Rice Senescence-associated 
and ABA-dependent 
genes OSNAP and 
OsNAC5

Improve yield under drought at 
flowering stage

Sperotto et al. 
(2009); Chen et al. 
(2014); Liang et al. 
(2014)

OsPP2C06/OsAB12, 
OsPP2C09 and 
OsPP2C68

Improve the source sink mobilization 
during grain filling

Sperotto et al. 
(2009)

DSM2 Enhance drought resistance mediated 
by an increase in xanthophylls and 
non-photochemical quenching, with 
increased spikelet fertility and seed 
setting rate

Du et al. (2010)

OsSLI1 Improve drought tolerance and panicle 
development

Huang et al. (2014)

Maize ABA aldehyde oxidase 
(AAO)

ABA biosynthesizing genes 
upregulated in response of drought 
stress

Zhu (2002)

9-cis-epoxycarotenoid 
dioxygenase (NCED)

Improve drought tolerance Zhu et al. (2008)

LOS5/ABA3 Improve drought tolerance Zhu et al. (2008)
ZmOST1 Enhance drought responses Vilela et al. (2015)
ZmPP2C Enhance drought responses Liu et al. (2009)

Wheat HVA1 Improve biomass yield under DS Sivamani et al. 
(2000)

TaSnRK2.8 Modulation of water relations and plant 
growth under drought

Zhang et al. (2012)

TaWRKY2 and 
TaWRKY19

Enhance differential stress tolerance in 
transgenic Arabidopsis plants

Niu et al. (2012)
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ucts that act as osmo-protectants (Rabbani et al. 2003). Studies have indicated that 
many of the genes controlled by DS are regulated by ABA. Rabbani et al. (2003) 
reported that about 43 stress-inductive genes were induced by ABA in rice. Although 
several studies attempted to enhance drought tolerance by modifying plant ABA 
biosynthetic pathway have failed, however, the knowledge of ABA as an important 
regulator of plant response to DS has been annexed for developing drought-tolerant 
crop species (Bao et al. 2016). ABA-signalling genes have been successfully identi-
fied to enhance drought tolerance and improve biomass and crop yield under DS 
(Table 8.6; Sivamani et al. 2000; Aswath et al. 2005). Transgenic crops overexpress-
ing the major ABA synthesis gene NCED (9-cis-epoxycarotenoid dioxygenase) and 
ABA receptor PYR (pyrabactin resistance) have been shown to confer drought tol-
erance (Zhang et al. 2009; Gonzalez-Guzman et al. 2014). Similarly, overexpression 
of TaSnRK2.3 and TaSnRK2.8 gene in Arabidopsis increased tolerance to DS as a 
result of increased expression of ABA stress-responsive genes (Zhang et al. 2010).

ABA is the key regulator of plant tolerance to DS. Under DS, the concentration 
of ABA increases in plants through ABA biosynthesis. The increased ABA initiates 
signal transduction that leads to plants’ cellular response to DS. ABA is substan-
tially increased under DS improving water balance through enhanced root elonga-
tion, hydraulic conductivity, cuticular resistance and stomatal closure, thus enabling 
plant to cope with DS. Due to advancement of molecular genetics, the understand-
ing of ABA-signalling mechanisms under DS has provided avenues for improving 
crop performance. ABA-signalling genes and genes involved in ABA synthesis have 
been identified. Studies on the effect of ABA over accumulation using transgenics 
on crop yield are presently limited.

8.7  Conclusion

Drought stress is a multidimensional factor that has a complex effect on plants’ 
physiology and growth. However, plants are able to cope with drought stress through 
the development of several morphological, physiological, biochemical and molecu-
lar mechanisms. These mechanisms can be through escape, avoidance or tolerance 
depending on the species, prevailing environmental conditions and severity of the 
stress. Through escape mechanism, plants are able to complete their life cycle 
before the onset of drought stress with consequence of early maturity and in some 
cases reduced yield. In avoidance mechanism, plants either take up more water from 
the soil or conserve available moisture by regulating stomata aperture. In tolerance 
mechanism, plants develop some adaptations to cope with water deficit conditions 
including deep root system and high water use efficiency. The regulation of these 
adaptations involves the expression of several drought-tolerant genes through 
drought signalling pathways such as ABA, ethylene and hormone signals. It has 
been demonstrated from previous studies that drought tolerance could be enhanced 
through genetic improvement, with a good number of qtls and genes already identi-
fied to confer drought tolerance in crop plants, although efforts has been made to 
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transfer these genes from one plant to another to produce transgenic plants with 
enhanced drought tolerance. However, due to the complexity of drought stress and 
its interaction with many other environmental factors, further studies are needed to 
identify, transfer and integrate multiple genes in a manner that will not result in 
yield penalties as well as to test already developed transgenic lines under multiple 
field conditions.
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Abstracts Almost 35% of the Earth’s land surface is covered by desert ecosystems. 
Areas that suffer from water scarcity are expected to increase owing to global climate 
changes. Water deficiency has become a worldwide threat due to its lethal effect on 
plant growth, development, and reproduction which foreshadows a food problem and 
enormous economic losses. Xerophytes, drought-tolerant plants, are able to grow 
and live under these harsh conditions. Although xerophytic plants are not closely 
related taxa, they all have similar forms, structures and shape to survive in such a 
xeric habitat. Xerophytes and their different mechanisms of adaptation to arid region 
have become of an international focus nowadays. This chapter discusses frontier 
knowledge about morphological, anatomical, and physiological adaptations and 
strategies of survival enabling xerophytes to develop and complete their life cycles in 
arid and semiarid regions. In addition, a special interest is given to the transcriptomic 
analysis of xerophytes to reveal the molecular basis for their drought tolerance. 
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Finally, we provide an overview on the importance of xerophytes as a treasure of 
genetic resources for genetic enhancement of stress resistance of important forage 
and crop species in areas of arid climate.

Keywords Anatomical adaptation · Carbohydrates · Morphological adaptation · 
Osmotic adjustment · Photosynthesis

9.1  Introduction

Deserts represent one of the harshest ecosystems on earth, combining drought and 
extreme temperatures. In order to endure these environmental conditions and to get 
the supreme benefit of the nutrients and other supply within, these plants progress 
certain morphological, anatomical, physiological, and reproductive strategies. The 
strategies that exist by the plants under their habitat conditions is known as adapta-
tion. Drought adaptation in plants takes place through four main strategies: drought 
avoidance, tolerance, escape, and recovery (Fang and Xiong 2015). During (1979) 
stated that drought tolerance is the ability of the plant to endure and remain active 
despite a lack of water in the environment. Proctor (2000) gives a more physiologi-
cal definition which considers plants that can tolerate drought to be capable of main-
taining a relatively normal metabolism at lower cell volumes and water presence 
while tolerating increased ionic concentrations in the cytoplasm and external envi-
ronment. This takes place through osmotic adjustment, improved antioxidative 
capacity, and physical desiccation tolerance of the organ (Yoshimura et al. 2008) 
through regulations of thousands of genes and series of metabolic pathways to 
diminish or reform the resulting stress damage (Passioura 1997).

Drought avoidance is the ability of plants to stop the occurrence of desiccation 
itself or to go into a dormant stage during periods of scarce water; it is often found 
in dormant-able plants, in which metabolic activity imperceptibly slows down; 
simultaneously, this plant stage will pertain its ability to gain carbon and develop. 
Drought avoidance is the capacity of a plant to maintain high plant water potential 
during water shortage through adaptive traits such as minimization of water loss 
(water savers) and optimization of water uptake (water spenders) (Basu et al. 2016). 
This is achieved by attuning specific morphological constructs or growth rate to 
reduce radiation absorption, transpiration, transpiration area, etc., to deter the dele-
terious effects caused by drought stress (Luo 2010; Basu et al. 2016).

Drought escape is the natural or artificial adjustment of plants’ life cycle, growth 
period or planting time of plants to align the growing season to be different from a 
fixed local seasonal or climatic drought (Manavalan et al. 2009). Farmers usually 
plant crops with shorter life cycles, thus avoiding the seasonal drought stress in 
agricultural production as they complete their life cycle before the drought.
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Drought recovery is a plant’s capability to continue growing and gain yield (for 
crops) following exposure to extreme drought stress that causes a complete loss of 
turgor pressure and leaf dehydration (Luo 2010).

Drought resistance of plants is quite complex; plants often converge different 
mechanisms to confer drought resistance at different developmental stages.

Considering resistance to water deficit, plants can be classified into three types: 
xerophytes (chiefly in arid areas, tolerate to 5% RH (relative humidity) without 
injury), mesophytes (usually in semiarid and sub-humid areas, tolerate to 50% RH 
without injury), and hydrophytes (mainly existing in environments with enough 
moisture or water and tolerate to 90% RH without injury (Warming et  al. 1909; 
Larcher 1983). Studying adaptation strategies in xerophytes, as a model system for 
drought/strong light stress tolerance, had received a lot of researchers’ attention. 
Recently, in par with the exponential development of modern biology theories and 
technology (such as molecular genomics, genetics, proteomics, and metabolomics), 
researches had uncovered many of xerophytic strategies to cope with drought stress. 
Basic knowledge as well as the recent findings regarding xerophytic plants’ special 
features that enable them to survive in almost lifeless environments will be  presented 
in this chapter.

9.2  Types of Xeric Habitats on the Earth

9.2.1  Physically Dry Habitats

Limited water retaining capacity of the soil and dry climate, e.g., rock surface, des-
ert, wasteland, etc.

9.2.2  Physiologically Dry Habitats

Excess amount of water is present, but it is not easily absorbed by the plants. These 
habitats might be with high salty water or high acidity or the water either very hot 
or cold.

9.2.3  Physically and Physiologically Dry Habitats

Mist of water, plant can’t absorb water directly from the atmosphere, e.g., moun-
tain slopes
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9.3  Xerophytes: Definition, Types, and Classification

9.3.1  Definition of Xerophytes

A xerophyte is derived from the Greek words xero, which means dry, and phyte, 
which means plant; it is a plant capable of living in an environment with limited 
water, e.g., deserts and succulent plants, where little rainwater is the usual phenom-
ena. However, limited xerophytes may be found in moist habitats, e.g., tropical for-
ests (Michael and Clive 2001).

9.3.2  Types of Xerophytic Plants

9.3.2.1  Xerophytic Plants Are Classified Into Several Categories

According to Their Morphology and Life Cycle Pattern

Ephemeral annuals: They are annuals and complete their life cycle within a very 
short period. Dubbed drought evaders, they may be dormant during water-deficit 
conditions. Examples of Papilionaceae are some inconspicuous compositae and 
members of families Zygophyllaceae and Boraginaceae. Succulent plants grow in 
habitats with less or no water. They store water when it is accessible. They have 
succulent and fleshy organs such as succulent with fleshy stem, e.g., Euphorbia and 
Opuntia, and succulent fleshy leaves also known as malacophyllous; these have no 
leaves or reduced to spines, e.g., Aloe, Agave, and Bryophyllum. In addition to non- 
succulent xerophytes, these plants are perennial and tolerate extensive shortage of 
water in the soil. These are known as true xerophytes or euxerophytes. They have 
several anatomical, morphological, and physiological features that allow them sur-
vival under dry conditions, e.g., Calotropis, Ephedra, and Nerium (Zeng et al. 2010).

According to Their Drought Resisting Power

Drought-escaping plants (Ephemeral) are short-lived xerophytic plants. They live in 
the form of seeds and fruits during dry phases. They have rigid and hardy seed coats 
and pericarps. The seeds germinate into new plants, becoming mature and finishing 
their life cycles within a few weeks under favorable conditions. So, the drought 
evaders or drought escapers remain safe at extreme conditions. Moreover, the 
drought-enduring plants generally do not possess any xerophytic adaptations. They 
are small in size and have the ability to tolerate scarcity conditions. Under unfavor-
able conditions, majority of them will wilt and die, and the tolerated and living one 
can undergo to the next generation and, finally, the drought-resistant plants that own 
special features in order to resist extreme conditions of temperature and drought. 
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Xerophytes grow on a variety of habitats and are classified based on their habitats 
into nine categories: oxylophytes (acid soils), lithophytes (on rocks), halophytes (on 
saline soils), chersophytes (wasteland), psammophytes (sand and gravels), eremo-
phytes (deserts and steppes), psychrophytes (cold soils), psilophytes (savannah), 
and sclerophytes (forest and bushland) (Nikita 2019).

9.4  Adaptation Strategies of Xerophytes

Xerophytic plants develop special structural and physiological features when grow-
ing under undesirable environments targeted mostly as follows:

 (a) Absorb as much water as possible from the surroundings
 (b) Restore water in their organs for a very long time
 (c) To minimize transpiration rate
 (d) To prevent water consumption

The most significant adaptations of xerophytic plants can be summarized as the 
following:

 1. Morphological (external) adaptations
 2. Anatomical (internal) adaptations
 3. Physiological adaptations

9.4.1  Morphological (External) Adaptations

Although the xerophytic plants are not closely related groups, they all exhibit same 
form, shapes, and structure to be able to survive in xeric habitat. There are two types 
of structure modifications in xerophytic plants: xeromorphic characters that are 
genetically fixed and inherited regardless of the growing conditions, whether in 
deserts or humid regions, and xeroplastic characters; those are encouraged by 
drought and are perpetually related to water-deficit conditions. They are not inher-
ited. These characteristics may disappear from plants given that all conditions are 
desirable (Fig. 9.1a–c).

Numerous modifications occur externally owing to reduce of surface area and 
making water vapor-rich environment through reflective feature and cuticle in the 
xeric plants.

The external morphological adaptations are as follows.
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9.4.1.1  Xerophytic Roots

Root systems of xerophytes are well developed with extensive branches as com-
pared with the shoot system. When water is limited to the surface layer, a superficial 
root system will develop as in desert plants. Concerning with perennial xerophytes, 
roots grow deeply in order to invade the layers where water is accessible. To enable 
the roots to grip an adequate amount of water, root hairs are developed extensively 
beside the growing tips of the rootlets.

9.4.1.2  Xerophytic Stem

Xerophytic stem is either aerial or underground, usually hard and woody, and cov-
ered with wax or condensed hairs as in Equisetum and Calotropis, respectively. The 
wax is considered as the first line of protection for the aerial parts that protect xero-
phytes against biotic and abiotic factors. Xerophytic stems may be modified into:

Spiny stem (thorns) helps in reducing the transpiration surface. Moreover, the 
spines usually protect the plant against grazing animals, e.g., Zilla spinosa.

Succulent stem, the main stem, becomes globular and fleshy for storage of water 
and food, e.g., Opuntia.

In leafy stem, xerophytes are adjusted into leaf-like green, flattened, and fleshy 
structures. They are either phylloclades with several internodes, e.g. Ruscus and 
Muehlenbeckia, or cladodes with a single flattened green internode (needle-like), 
e.g., Asparagus. Phylloclades or cladodes are photosynthetic, and they are devel-
oped on plants which do not usually have green foliage leaves and replaced with 
brown scales.

Fig. 9.1 Morphological adaptation of xerophytic plants
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9.4.1.3  Xerophytic Leaves

Xerophytic leaves are greatly caducous (drop early) and scaly as in Casuarina, 
Ruscus, and Asparagus. Most xerophytes have reduced leaves covered with thick 
cuticle and dense coating of silica or wax and might be reduced to spines as in Ulex. 
While evergreen xerophytes have needle-shaped leaves, e.g., Pinus, and fleshy or 
storage leaves (succulents). Plants with succulent leaves mostly have reduced stems, 
e.g., Aloe and Mesembryanthemum and several members of family Chenopodiaceae. 
Sometimes the leaves of xerophytic plants may be covered with white curly hairs 
which protect the stomatal guard cells that are known as trichophyllous, e.g., Nerium 
and Calotropis procera, another type of xerophytic leaves is rolling leaves; so, sto-
mata are shut away from the outside for decreasing water loss, e.g., sun-dune grass.

9.4.2  Anatomical (Internal) Adaptations

All anatomical modifications are developed for water reduction in the xeric plants 
(Fig. 9.2a–b).

9.4.2.1  Cuticle

Heavy wax deposition on the surface of the epidermis. The smooth surface of the 
cuticle reflects the light rays (has the highest ultraviolet light (UV) reflectivity) and 
bar access from the depths of the plant tissues, therefore preventing substantial 
water loss (Mulroy 1979); the cuticle’s low water permeability is considered as one 
of the most vital factors in ensuring the survival of the plant (Mauseth 2006).

Fig. 9.2 Anatomical adaptation (a) xerophytic stem (b) xerophytic leaf
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9.4.2.2  Epidermis

It is single layered or may have multiple epidermis with small and compact cells.
In stems the epidermis is radially elongated with deposition of wax, tannin, resin, 

and cellulose to reflect light which minimizes water evaporation from the surface of 
plant while in certain leaves of grasses has specialized epidermis to enable them to 
roll. These specialized cells of epidermis are known as bulliform cells with thin walled 
and enlarged usually evident in the depressions become more swollen than those seen 
in the ridges. During dry periods, these specific motor cells ease the leaves rolling by 
becoming flaccid while in moist conditions regain their usual turgidity which causes 
leaf unrolling.

9.4.2.3  Hairs

The hairs shield the stomata and prevent exaggerated loss of water. The stem and leaf 
surfaces of xeric plant develop ridges and furrows or pits; the latter consider the sites 
of stomata. Hairs present in these pits to guard the stomata from direct wind impact.

9.4.2.4  Stomata

In xerophytes, reduction of water loss is an important challenge. The sunken type is 
the common and found in the furrows or pits. In the rolling leaves, stomata are 
found on the upper surface and protected from the direct wind decreasing the tran-
spiration rate in xerophytic grasses (Jordaan and Kruger 1998). In dorsiventral 
leaves, stomata are usually present on the lower surface.

9.4.2.5  Hypodermis

One or several layers of thick-walled compacted cells and sometimes be filled with 
tannin and mucilage.

9.4.2.6  Ground Tissue

The mechanical tissues are well-developed and represented by sclerenchyma in the 
stem and the  metamorphosed stem  as the photosynthetic organ represented  by 
chlorenchyma of cortex as the leaves are either withered or fall in the early season. 
Ground tissues in succulent stems and leaves are filled with thin-walled parenchy-
matous cells storing an extreme amount of mucilage, water, and latex which make 
these organs swollen and fleshy; mesophyll of the leaves is compact with no 
 intercellular spaces. Palisade tissue develops in several layers. Spongy parenchyma 
develops broadly to store water especially in succulent leaves.
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9.4.2.7  Conducting Tissues

Phloem and xylem are fully developed in the xerophytic body (numerous vascular 
bundles) in order to have easy access to water. Xerophytes have a vascular system 
composed of phloem and xylem tissues. Xylem tissues help in transpiration, since 
the woody pipelines pull the water upward to the stomata and help the water move 
through the plant and act as a cooling mechanism in hot temperatures. The phloem 
tissues haul minerals and water to every part of the plant via their sieve-like system. 
If not for the phloem, areas of the plant would be deprived from water and proper 
minerals crucial for the plant’s survival (Talia 2013).

9.4.3  Physiological Mechanisms for Adaptation

In drought avoidance/tolerance, complex molecular networks are involved. At the 
initial stage of water deficit, plants usually are still capable of absorbing water from 
underground with efficiency through the root system, slightly close stomata to 
diminish water loss from transpiration, and adjust metabolism to mirror the avail-
able carbon resource (Hu and Xiong 2014). As stress conditions raised, some osmo-
lytes, e.g., prolines, spermines, soluble sugars, and betaine, accumulate in the plant 
cells to keep the cell turgor pressure stable (Seki et al. 2007). Numerous oxidation- 
protective enzymes, e.g., superoxide dismutase (SOD), catalase (CAT), ascorbate 
peroxidase (APX), and glutathione reductase (GR), exhibit variations in activities; 
this is quite frequent in drought-stressed plants (Goswami et al. 2013). More general 
responses of plants to water-deficit stress include altered expressions of numerous 
genes, especially those related to stress signal transduction pathways and the tran-
scription and regulation of thousands of functional proteins, collectively contribut-
ing to the molecular control of drought resistance. There are evidences that all 
plants, sensitive as well as tolerant, use similar, conserved mechanisms in response 
to environmental stress factors causing cellular dehydration, e.g., drought, salt, or 
high temperature stress (Hussain et  al. 2018; Vinocur and Altman 2005). 
Physiological mechanisms for adaptation in xerophytes are summarized in (Fig. 9.3).

9.4.3.1  Photosynthesis

Photosynthesis is one of the most temperature-sensitive processes in plants (Yamori 
et al. 2014). High temperature in the arid regions has direct and indirect limiting 
effects on photosynthesis. The indirect effects include the effect on stomatal con-
ductance, photorespiration, restricted CO2 diffusion, as well as alteration in gas 
 diffusion coefficient and Rubisco (ribulose bisphosphate carboxylase/oxygenase) 
specificity, whereas high temperature values directly affected the activity of several 
Calvin cycle enzymes, injured the thylakoids membrane, and damaged photosystem 
II (PSII) (Wise et  al. 2004; Feller 2006; Kurek et  al. 2007). In addition, several 
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 studies proved that Rubisco activase (RCA) expression and endogenous levels are 
modulated by high temperature and hence constrain photosynthetic efficiency of 
plants at heat stress (Sánchez de Jiménez et  al. 1995; Law and Crafts-Brandner 
2001). Rubisco activase (RCA) is a nuclear-encoded, cytosol-synthesized chloro-
plast protein that modulates the activity of Rubisco by enhancing the ATP-dependent 
removal of inhibitory sugar phosphates from Rubisco active sites (Salvucci and 
Ogren 1996). This action of RCA is crucial for photosynthesis because it frees the 
active site of Rubisco for impulsive carbamylation by CO2 (Salvucci and Ogren 
1996; Spreitzer and Salvucci 2002).

Generally, plants have developed three photosynthetic mechanisms including C3, 
C4, and crassulacean acid metabolism (CAM) to assimilate atmospheric CO2 
(Fig. 9.4). Plants using C4 and CAM photosynthetic pathways can adapt better to 
drought-prone climate (Ashraf and Harris 2013). C3 plants open their stomata in 
daytime for CO2 intake and fixation and close their stomata at night. This mechanism 
is obsolete when C3 plants confront water limitation because it does not retain mois-
ture under drought stress conditions. C4 plants have developed a metabolic pump to 
concentrate CO2 in the bundle sheath cells and perform CO2 fixation in mesophyll 
cells and bundle sheath cells separately (Chaves et al. 2003). This specific mecha-
nism allows higher water-use efficiency than that of C3 plants and facilitates survival 
for C4 plants in arid areas (Chaves et al. 2003). On the one hand, about 85% of plant 
species are C3 plants such as oat, wheat, spinach, etc. On the other hand, examples 
of C4 plants include maize, sugarcane, and sorghum. Crassulacean acid metabolism 
(CAM) is an essential desert adaptation method preventing water loss in plants 
growing in a hot environment. Since the cycle was first observed in the plants belong-
ing to family Crassulaceae, it was named as Crassulacean acid metabolism. The core 
of this adaptation method is in the capability of opening the stomata at nighttime 
while being closed at daytime to hinder transpiration water loss during the day. In 
warmer climates, e.g., deserts, water loss is far less in C4 plants compared to C3 
plants, offering a stronger selective advantage to C4 plants. CAM is a second meta-
bolic adaptation, in which water loss is minimized along with utilizing a C4 pathway. 
CAM plants’ stomata remain open during the night while remaining closed during 
the day. Rapid growth is stinted in CAM plants relative to C3 plants, but in desert 
environments, where survival is relatively important compared to rapid growth, it 
pays in terms of reproduction to be a CAM plant. To recap, CAM plants are C4 plants 
that retain their stomata stay opened at night and closed during the hottest part of the 
day, maximizing water storage. Most plants in deserts are CAM.  Exceptionally, 
some desert C3 plants have been found such as Rhazya stricta, Calotropis procera, 
and C. gigantean, and they have high photosynthesis yield with no diminishing in 
photosynthetic capacity detected up to leaf temperature of 48 °C (Tezara et al. 2011; 
Lawson et  al. 2014). This indicated that these plants have peculiar physiological 
adaptations enabling them to thrive where most C3 plants cannot grow.

Lawson et al. (2014) suggested that in Rhazya stricta Rubisco activase (RCA) 
has undergone a duplication event in which one copy lost the ability to generate 
an isoform that have the regulatory subunit as found in other species (Salvucci 
et  al. 2003), whereas the other has the regulatory subunit. Wild watermelon 
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(Citrullus lanatus sp.) is another example of xerophyte plant that exhibits extraor-
dinarily high drought tolerance, although it carries out C3-type photosynthesis 
(Kawasaki et  al. 2000). The photosynthetic apparatus of the plant stays intact 
under extended drought and high light intensities owing to drought tolerance 
mechanisms, mainly the production of a large number of drought-induced pro-
teins (Yoshimura et al. 2008).

C3 C4 CAM

photosynthesis photosynthesis photosynthesis

.
. h

Night: Stomata opened

Day: Stomata closedS

G3PG3P G3P

SugarSugar Sugar

Atmospheric COAtmospheric CO2 Atmospheric CO2

Mesophyll
cell

CO2
CO2

Bundle
Sheath
cell

C4 acid
PEPC

Mesophyll
cell

C4 acid

2

PEPC

CO2

Fig. 9.4 C3, C4, and CAM photosynthesis. In C3 plants, CO2 enters the Calvin cycle by reacting 
with ribulose-1,5-bisphosphate to produce G3P, whereas in C4 and CAM photosynthesis, C4 acids 
aspartate and malate are the first stable, detectable intermediates of photosynthesis. The primary 
carboxylation is catalyzed not by Rubisco but by PEPC. The participating enzymes are found in 
one of the two cell types: PEPC is limited to mesophyll cells; the decarboxylases and the Calvin 
cycle enzymes are restricted to the bundle sheath cells. In CAM plants, at night, PEPC in the cyto-
sol captures CO2, and the produced C4 acid is stored in the vacuole. During the day, the stored 
malate is translocated to the chloroplast and decarboxylated by NADP-malic enzyme; the released 
CO2 is then fixed by Calvin cycle. PEPC phosphoenolpyruvate carboxylase, Rubisco ribulose 
bisphosphate carboxylase/oxygenase, G3P glyceraldehyde 3-phosphate
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It is well known that the rate of photosynthesis is proportional to the chlorophyll 
content. The solar radiation absorbed by a leaf is largely a function of the foliar 
concentrations of photosynthetic pigments. Abundant sunlight and water scarcity in 
arid environments are specified for plants with reduced chlorophyll amount in the 
photosynthetic reaction center; the low concentrations of chlorophyll can directly 
diminish photosynthetic potential (Filella et al. 1995; Liu and Guan 2012). Several 
halo-xerophytes have low chlorophyll contents as an adaptive mechanism to limit 
solar radiation absorption, and this is compensated by increased chlorophyll stabil-
ity against the prevailing stress conditions (Farghali and El-Aidarous 2014).

9.4.3.2  Osmoprotective and Osmotic Readjustment Strategies

Previous studies have revealed that xerophytes developed a structural modification 
of root architecture under drought stress to enhance water absorption from the soil 
and then switched (see Sect. 4.1.1.) their stress-resistant strategies sequentially from 
drought avoidance to drought tolerance through programmed induction of osmo-
lytes and distinctive sets of defensive proteins (Yoshimura et al. 2008; Fang and 
Xiong 2015).

Osmolytes accumulation, also known as compatible solutes, is a powerful mech-
anism for maintaining water status in plants. Compatible solutes accumulated in the 
cytoplasm without obstructing with cellular metabolism even at elevated concentra-
tions. They have not only a potential role in osmotic adjustment (Flowers et  al. 
1986; Glenn et al. 1999) but also they act as osmoprotectants by directly stabilizing 
proteins and membrane structures, during dehydration status, and by protecting the 
cell against oxidative stress as scavengers of reactive oxygen species (ROS) 
(Szabados and Savouré 2010). From a chemical point of view, osmolytes are diverse 
organic and inorganic substances including sugars such as trehalose and sucrose 
(Jouve et al. 2004), sugar alcohols (polyols) such as mannitol and sorbitol (Koyro 
2006), some amino acids and quaternary ammonium compounds such as proline 
and glycine betaine (Boscaiu et  al. 2009), and inorganic ions (Fang and Xiong 
2015). Osmotic adjustment is one of the drought tolerance mechanisms exhibited by 
xerophytes.

Carbohydrates

Soluble carbohydrates, e.g., sugars and polyols, are some of the solutes that are of 
high compatibility for osmotic adjustment and osmoprotection. The role of carbo-
hydrates in osmoregulation of xerophytes is the same as they do in a large number 
of mesophytes. There are over 100 known highly desiccation-tolerant species that 
are distributed among several plant orders (Gaff 1981); several plants such as 
Craterostigma plantagineum are known for massive reversible fluctuation of carbo-
hydrates during periods of rehydration or desiccation. For example, the unusual 
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sugar 2-octulose accumulates in developing leaves of well-hydrated plants, but it is 
rapidly converged into sucrose when desiccation period begins.

Gil et al. (2011) studied the variation of carbohydrates content in five halophytes 
growing in Mediterranean marsh to find the possible correlation between the type of 
carbohydrates accumulated and the plant. They found that in Inula crithmoides, the 
most abundant carbohydrates identified were the polyols myoinositol and glycerol. 
Besides its function in osmoregulation under cellular dehydration conditions, myo-
inositol is a key component of several biochemical pathways in plants, including 
cell signaling and membrane biogenesis (Nelson et al. 1998), whereas glycerol is 
the main osmolyte in yeast and algae (Hohmann 2002; Cui et al. 2010). The closely 
related Juncus acutus and J. maritimus both accumulated high level of sucrose, 
while sorbitol was the major carbohydrate detected in Plantago crassifolia, which 
contained very low levels of the rest of sugars and polyols. Sorbitol is the osmolyte 
used specifically by plant of the whole Plantaginaceae family (Flowers et al. 2010). 
Sorbitol contents also correlated positively with high temperature and evaporation. 
Glucose and fructose were proved to be the carbohydrates present at higher concen-
trations in Sarcocornia fruticosa, which is probably the most salt tolerant of the 
studied species.

Polyol

Accumulation of polyols, whether straight chain, e.g., sorbitol and mannitol 
(Bieleski 1982), or cyclic polyols, e.g., myoinositol and its methylated derivatives 
(Loewus and Dicklnson 1982), is correlated with drought tolerance. They have two 
main functions under harsh condition: they act as osmolytes and protect cellular 
structures as low-molecular-weight chaperones (possibly by scavenging active oxy-
gen), thus limiting injuries to macromolecular complexes, membranes, or processes 
such as photosynthesis. In addition, polyols are nonreducing sugar that may also 
store additional carbon under abiotic stress conditions (Paul and Cockburn 1989). 
Inositol is necessary for membrane biosynthesis which accounts for signaling func-
tions in all organisms. It is also fueling the biosynthesis of other compounds that 
have correlation with stress tolerance such as non-cellulosic cell wall components, 
e.g., gums, mucilage, cell wall-located carbohydrates, and carbohydrates in glyco-
proteins (Loewus and Loewus 1983). Mannitol forms a substantial percentage of all 
assimilated CO2 (Bieleski 1982) and serves as compatible solutes, low-molecular- 
weight chaperones as well as ROS scavenger (Smirnoff and Cumbes 1989).

Raffinose

Raffinose family oligosaccharides (RFOs), e.g., stachyose, raffinose, and verbas-
cose, are soluble galactosyl-sucrose carbohydrates. Previous studies have concluded 
that the expression of enzymes responsible for the production of galactinol and 
RFOs and their intracellular accumulation in plant cells are associated with plant 
response to drought stress (Kaplan et al. 2007; Peters et al. 2007). Nishizawa et al. 
(2008) suggested that under water-deficit condition, raffinose and galactinol may 
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act as osmoprotectants, scavenge ROS, stabilize cellular membranes, and protect 
cellular metabolism, especially photosynthesis, from oxidative damage associated 
with drought. Raffinose and related oligosaccharides are considered as important 
molecules of the resistance mechanism in xerophytes (Sanchez et al. 2008).

Amino Acids and Quaternary Ammonium Compounds

Amino acids, e.g., proline and quaternary ammonium compounds (QAC) such as 
alanine betaine, glycine betaine, and choline O-sulfate osmolytes, are zwitterions at 
physiological pH. Though ionic, they harbor no net charge. Their osmoprotective 
role in cytosol may be correlated to their peculiar chemistry (Bohnert and 
Jensen 1996).

Proline

Proline biosynthesis occurs by two pathways, glutamate and ornithine pathways. A 
positive correlation was proved between plant stress and proline accumulation. 
Proline plays an extremely beneficial role in plant grown under stressful conditions. 
Proline acts at least four major roles during stress; it acts as an excellent osmolyte, 
contributes majorly as an antioxidative defense molecule, and functions as molecu-
lar chaperon stabilizing protein structure and as a signaling molecule (Hayat et al. 
2012). It is well known that proline safeguards plants from stress by stabilizing the 
mitochondrial electron transport complex II (Hamilton and Heckathorn 2001), 
membrane proteins (Holmström et  al. 2000), and enzymes, e.g., Rubisco (Allen 
et al. 1997).

Proline accumulation is known to happen during water deficit. The proline bio-
synthetic pathway is activated, and its catabolism is halted during dehydration, 
whereas rehydration regulates the other opposite direction (Deuschle et al. 2001; 
Rentsch et al. 1996; Yoshiba et al. 1995). Unlike carbohydrates, proline content var-
ies among species, but these differences are obviously not related to their taxonomic 
classification: xerophytes species from the same family or even the same genus 
show significantly different levels of endogenous proline (Boscaiu et al. 2009). In 
general, the species which accumulate more proline as a drought tolerance mecha-
nism (e.g., Rosmarinus officinalis and Stipa tenacissima) accumulate low levels of 
sugars, whereas those which have high levels of sugars (e.g., Thymus vulgaris and 
Dorycnium pentaphyllum) have low amounts of proline indicating that any  particular 
species normally accumulates only one type of osmolyte in significant amounts 
(Boscaiu et al. 2009).

Glycine Betaine

Glycine betaine (N, N, N-trimethylglycine) is one of the most QACs that has been 
extensively studied. The biosynthesis of glycine betaine (GB) happens via a two- 
step oxidation from choline and betaine aldehyde which are catalyzed by choline 
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monooxygenase (CMO) and betaine aldehyde dehydrogenase (BADH) (Cromwell 
and Rennie 1953; Xu et  al. 2018). Glycine betaine levels in plants vary among 
organs and species and increase in response to abiotic stress (Zhang et al. 2012). 
Glycine betaine enhances plant tolerance to abiotic stress mainly by membrane sta-
bilization and protection of proteins and photosystem II and mitigate oxidative dam-
age by induction of ROS-scavenging enzyme genes (Chen and Murata 2011). 
Occurrence of QACs, especially GB in plant community coexisting in xerophytic 
environment, suggests their ecophysiological role in the tolerance of plant species 
to abiotic stress (Piazza et al. 2014). Previous studies showed that GB accumulators, 
e.g., Larrea and Baccharis and Grindelia species, can develop and endure under 
extreme abiotic stress (Zavala and Ravetta 2002; Medeiros and Pockmand 2011). In 
addition, Piazza et al. (2014) suggested that GB presence in all the studied species 
of Flourensia (typically grow in xeric environment) may indicate its role in the 
genus tolerance to stress. Generally, the fact that QACs were present in 50% of the 
dominant native xerophytes studied suggests that QACs accumulation may repre-
sent a community-level adaptation in xeric environments.

Inorganic Solutes

The ability of plant to accumulate high concentrations of inorganic ions to maintain 
the water potential of the cell more negative than the surrounding medium is a cru-
cial factor to determine the plant’s ability to survive under water-deficit condition 
(Khidr et al. 2017). This adaptation was detected in many species of plants and is 
well known to play a role in fending against dehydration (Blum 2017). Plants grown 
in semiarid and arid areas have increased Cl− concentration (Khidr et al. 2017). In 
addition, several xerophytes were found to have increased SO4

2− concentrations dur-
ing dry season. Sulfur is incorporated in a wide range of biomolecules such as 
cofactors and peptides (Nocito et  al. 2007). Sodium accumulation in xerophytes 
such as Zygophyllum xanthoxylum plays an important ecophysiological role to 
enable xerophytes to adapt to extremely drought habitat. In this respect, Xi et al. 
(2018) demonstrated that Z. xanthoxylum exhibited a maximum water storage and 
uptake minimum water loss by accumulating Na+ in its leaves by reducing leaf 
osmotic potential, downregulating transpiration, and enhancing leaf succulence. 
Inorganic solutes, especially Na+, are also found to be important cellular osmoregu-
lators in Suaeda fruticosa (halophyte) and Artemisia judaica (xerophyte). Potassium 
was also identified as a primary osmoticum in xerophytic plant A. sphaerocephala 
with 10.5-fold higher than proline concentration (Aba Alkhail and Moftah 2011). 
Potassium is a major plant macronutrient that plays important roles in stomatal 
behavior, enzyme activity, and drought resistance (Wang et al. 2004a).
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9.4.3.3  Hormonal Regulation

Modulation of endogenous phytohormone levels is one of the most important physi-
ological modifications to counter the harmful effect of drought. The main phytohor-
mones include abscisic acid (ABA), gibberellic acids (GAs), cytokinins (CKs), 
auxins (Aux), ethylene (ET), jasmonic acid (JAs), nitric oxide (NO), salicylic acid 
(SA), brassinosteroids (BRs), and strigolactones (SLs). Many studies indicated that 
plant hormone ABA modulates plant tolerance to drought stress (Liu et al. 2003; 
Xiong and Zhu 2003). Accumulation of ABA in the leaf can instigate stomatal clo-
sure, hence diminishing transpiration rate, and fend against dehydration of leaf tis-
sues and decrease leaf expansion during the early stages of soil drying (Ron et al. 
2004). Several studies showed that the ABA concentration increases in guard cells 
when humidity is low; such increase resulted from induction of ABA biosynthesis 
and/or inhibition of ABA breakdown (Huang et  al. 2008; Waadt et  al. 2014). 
Additionally, ABA was found to stimulate proline biosynthesis and accumulation 
by increasing the activity of pyrroline-5-carboxylate reductase (P5CR) (Verslues 
and Bray 2006). However, the correlation between ABA endogenous level and 
stress tolerance is not always positive. Remarkably, the xerophytic species Papostypa 
speciosa had low ABA levels (Llanes et al. 2016). Stomatal closure has also been 
connected to the endogenous level of JA and its precursor (OPDA, 12-oxo- 
phytodienoic acid). It was suggested that plants with enhanced drought tolerance 
exhibited higher OPDA level which might act together with ABA to reduce stomatal 
aperture (Savchenko et al. 2014).

9.4.3.4  Proteome Response

Proteomic studies provide essential information about proteins in a specific sample, 
to explore more components of biochemical pathways and to highlight posttransla-
tional modification (Yang et  al. 2015). Although physiological and anatomical 
responses of xerophytes have been extensively studied, there are still little informa-
tion available regarding the water-deficit-induced proteome response in these plants. 
Comparative proteomic analysis provided a detailed picture of functional proteins 
induced in xerophytes in response to drought. Late embryogenesis-abundant (LEA) 
protein family, heat-shock proteins (HSPs), antioxidant proteins, and ABA 
biosynthesis- related protein are among the most accumulated proteins in xerophytes 
under harsh environment.

Heat-Shock Proteins (HSPs)

Heat-shock proteins (HSPs) are ubiquitous proteins present in animal and plant 
cells. They originally were attributed to respond to heat shock but are now known to 
be a response to a wide variety of stresses (Vierling 1991). In animals and plants, 
five major families of HSPs are recognized as molecular chaperones according to 
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their rough molecular weights, e.g., HSP90, HSP100, HSP60, HSP70, and small 
HSP (sHSP) (Gupta et al. 2010). It is well established that HSPs are responsible for 
protein stabilization, assist protein refolding, prevent protein aggregation, and 
maintain organellar precursor proteins under stress conditions (Huttner and Strasser 
2012; Wang et al. 2004b). Most HSPs have critically vital chaperone functions such 
as three-dimensional folding of newly synthesized proteins and/or proteins dam-
aged by stress within cells (Whitley et al. 1999). Yoshimura et al. (2008) studied the 
programmed proteome response of drought tolerance in wild watermelon (Citrullus 
lanatus) which shows exceptionally high drought resistance. They found that 
HSP70 and sHSPs are upregulated, suggesting their vital role in coping with water 
deficits. Akashi et al. (2011) found that 15 out of the 23 upregulated proteins (65% 
of the upregulated proteins) in xerophytic plant Citrullus lanatus were HSPs. 
Upregulation of many HSPs in xerophytes grown under drought condition suggests 
that these proteins are important for acclimation to drought and protecting cellular 
proteins in risk of deleterious denaturation in the presence of strong light in arid 
environment (Akashi et al. 2011).

Late Embryogenesis-Abundant (LEA) Proteins

Late embryogenesis-abundant (LEA) are divided into at least eight subfamilies: 
LEA (1–6), dehydrin, and seed maturation protein (SMP) (Finn et al. 2014). LEA 
proteins have been shown with crucial role in osmotic adjustment in plant cells. 
They are hydrophilic proteins due to high amounts of charged amino acid residue, 
with very high thermal stability, and they function as biological macromolecules’ 
protector, limiting collisions between enzymes; redirect intercellular water alloca-
tion; bind to inorganic ions to prevent damage caused by drought stress; prevent 
excessive hydration of plant tissues; and regulate the expression of other gene via 
binding to nucleic acids (Hanin et al. 2011; Shao et al. 2005). Studying Cleistogenes 
songorica, a xerophyte C4 desert plant, Muvunyi et al. (2018) identified 44 putative 
LEA genes that could have functional importance during low water availability and 
may be used to enhance crop resistance to abiotic stress. Expression patterns of 
stress-responsive proteins in Stipa purpurea, a highly tolerant plant to drought and 
cold, revealed that dehydrin was heavily expressed in leaves when relative water 
content decrease (Yang et al. 2015). These results indicated that dehydrin accumula-
tion may improve drought resistance by protecting cells against dehydration.

9.4.3.5  Reactive Oxygen Species Scavenging

Reactive oxygen species (ROS) function as signaling molecules regulating many 
biological processes in plant (Ron et al. 2004). However, accumulation of excessive 
amounts of ROS can negatively affect plant cells because they halt metabolic pro-
cesses and impair cellular components. To avoid oxidative damage, plants evolved a 
system of ROS-scavenging enzymes, e.g., ascorbate peroxidase (APX),  superoxide 
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dismutase (SOD), catalase (CAT), peroxidase (POX), glutathione reductase (GR), 
and peroxiredoxin, to avoid damage of oxidative nature, whereas ascorbic acid, 
carotenoids, glutathione, and flavonoids act as nonenzymatic antioxidants (Schafer 
et al. 2002). Together, they form a highly efficient system to remove ROS and guard 
plant cells. In fact, ROS-scavenging aptitude of plant antioxidant system is one of 
the most important mechanisms to tolerate harsh environmental conditions. Previous 
studies reported that antioxidant enzymes’ (SOD, CAT, POX, and GR) levels are 
higher in drought-tolerant plants species providing protection against oxidative 
stress. In this respect, Ozkur et al. (2009) found that CAT, APX, and GR activities 
are induced by drought in Capparis ovata, a xerophyte. Moreover, regulation of 
SOD isoenzymes (Mn SOD, Cu/Zn SOD, and Fe SOD) is proved to be an adaptive 
mechanism to drought-induced oxidative stress in many xerophytic plants such as 
Gypsophila aucheri (Esen et al. 2012).

9.5  Molecular Basis of Drought Resistance in Xerophytic 
Plants

Drought stress adaptation strategies contain ample pools of genes of stress toler-
ance. Discovering the genetic basis of how xerophytic plants adapt to water deficit 
is one of the most confronting tasks. Understanding the molecular mechanisms 
underlaying plants’ resistance to environmental stresses is imperative for genetic 
engineering approaches to enhance crop performance under stress. The adaptive 
response of xerophytes to water deficit is a sophisticated process involving many 
genes and signaling pathways. The external water scarcity stimuli are perceived 
rapidly by sensors on the membrane, and then the signals are delivered through vari-
ous signal transduction pathways; this results in the expression of drought- responsive 
genes that lead to physiological changes and drought adaptation (Zhu 2002). A 
number of secondary messengers (such as Ca2+, ROS, phosphoglycerol, and ABA) 
and transcriptional factors play important roles in the signal transduction pathways 
(Xiong et al. 2002). The proteins produced from the expression of drought-induced 
genes are classified into three groups: (1) regulatory proteins involved in the signal-
ing transduction pathway and transcriptional regulation mainly via phosphorylation 
and dephosphorylation (protein kinase, transcription factors, and protein phospha-
tase), (2) functional proteins that safeguard the membranes and other cellular con-
stituents (such as LEA protein, HSPs, and antioxidant enzymes), and (3) transporter 
proteins that facilitate the transport of water and mineral ions across the cellular 
membranes (such as aquaporins) (Hirayama and Shinozaki 2010).

Shi et al. (2009) using cDNA-AFLP (amplified fragment length polymorphism) 
technique have identified 68 TDFs (transcript-derived fragments) as drought 
responsive in xerophytic desert shrub Haloxylon ammodendron. Fifty-seven per-
cent of TDFs was corresponding to proteins participate in signal transduction, tran-
scriptional regulation, stress and defense response, transport, and photosynthesis. 
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Shi et  al. (2013) identified at least 123 genes related to drought acclimation in 
extreme xerophyte Reaumuria soongarica. Most of these genes are correlated to 
ABA biosynthesis and catabolic and receptor compound, such as rate-limiting 
enzyme 9-cis epoxycarotenoid dioxygenase (NCED) in the biosynthesis pathway 
and protein phosphatase 2Cs (PP2Cs), a sensor for ABA signal.

9.6  Conclusion and Future Perspective

Understanding the unique mechanisms that empower drought tolerance in xero-
phytes is very useful due to its potential to pinpoint key genetic elements for crop 
enhancements and enhanced agricultural managements. It is now known that xero-
phytes are characterized by complex anatomical, biochemical, and molecular adap-
tive mechanisms to survive in an ecosystem with scarce water recourses. 
Accumulation of compatible solutes (organic and inorganic molecules), proteins 
(HSPs and LEA), ABA-mediated regulation of stomatal opening in addition to a 
network of antioxidant enzymes, and compounds to scavenge toxic ROS are the 
main drought responses exhibited by xerophytes. These responses play a vital role 
in alleviating the harmful impact of drought on vital cellular constituents to main-
tain normal growth and stable photosynthesis under such harsh environment. 
Integrating information obtained from metabolomic, proteomic, and transcriptomic 
analysis to assess the cross talk and fill in vacancies in the regulatory networks of 
xerophytes response to drought is one of the most challenging tasks for researches 
in the coming years and is a necessity for producing drought-resistant crops.
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Abstract High temperature-induced heat stress has been identified as an important 
abiotic stress having a detrimental effect on crop productivity and quality. Episodes 
of heat stress alone or combined with other environmental stresses are on the rise 
world over causing significantly losses in crop yield and thus reducing world food 
security. Heat stress effects can be mitigated by breeding thermotolerance in crop 
plants using various genetic approaches which requires understanding of the plant 
responses at physiological, biochemical and molecular level. Reproductive stage in 
crop plants is very sensitive to heat stress though vegetative growth is also affected. 
Heat stress response starts with the perception of stress and results in sensing, signal 
transduction and gene expression. Growth and photosynthesis are reduced, and leaf 
senescence is enhanced under heat stress, thus reducing biomass accumulation. 
Chloroplast is the major organelle influenced by heat stress. Metabolic reprogram-
ming in chloroplast occurs in order to optimize growth and development under heat 
stress. Heat stress reduces grain number, grain weight and grain quality which are 
important commercial traits due to less assimilate availability and shorter grain 
growth rate and duration leading to reduced yield. Development of thermotolerance 
is associated with ROS, sugar and hormone signalling, expression of HSFs genes 
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and activation of HSPs, enhancement in antioxidant capacity, accumulation of com-
patible solutes, etc. In this chapter, we discuss the current understanding of plant 
response to heat stress at physiological, biochemical and molecular level with 
emphasis on crop plants.

Keywords Heat stress · Thermotolerance · Reactive oxygen species · Heat 
tolerance · Heat-shock proteins · Epigenetic changes

Abbreviations

ABA Abscisic acid
APX Ascorbate peroxidase
AsA Reduced ascorbic acid
CaMs Calmodulins
CKs Cytokinins
DHAR Dehydroascorbate reductase
GR Glutathione reductase
GSH Reduced glutathione
HS Heat stress
HSEs Heat-shock elements
HSFs Heat stress transcription factors
HSPs Heat-shock proteins
PCD Programmed cell death
POX peroxidases
RdDM RNA-directed DNA methylation
ROS Reactive oxygen species
SAGs Senescence-associated genes
SOD Superoxide dismutase
TF Transcription factor

10.1  Introduction

Environmental plant physiology helps us to understand the mechanisms which 
enable plant survival, distribution and productivity across the diverse climates of 
our planet. Plant systems both natural and managed experience a wide range of 
environmental stresses including heat stress, which is expected to increase as a con-
sequence of global climate change. Heat stress can be defined as temperatures 
higher than the optimum which hamper growth and cause irreversible damage to 
plants. Agricultural production worldwide has been affected by changes in climate 
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as yield reduction due to heat stress reduces global food security (Christensen and 
Christensen 2007). Exposure to heat stress reduces growth, development and yield 
as plant processes are affected at various levels of organization (Wahid et al. 2007).

Heat stress can be continual or transient varying in intensity and duration, and its 
effect is dependent on the stage of the plant. Although a detrimental effect of heat 
stress is observed both at vegetative and reproductive stages, the effect is more 
intense at the reproductive stage. In many parts of the world, the crops often experi-
ence heat stress at the flowering stage and/or during grain development resulting in 
significant loss in grain yield and quality (Prasad et al. 2017). Heat stress response 
starts with sensing of stress and results in signal transduction and gene expression. 
Sensors in many cellular apartments help in sensing changes in ambient tempera-
ture. Temperature changes increase the fluidity of membranes and cause an initia-
tion of the lipid-based signalling cascades, followed by increased influx of calcium 
and changes in cytoskeletal organization. Subsequently, the adaptive mechanisms 
are initiated in order to provide protection against heat stress (Saidi et al. 2011). 
Exposure of plants to nonlethal high temperatures triggers the genetically controlled 
process of heat acclimation which plays a major role in plant survival facing heat 
stress under field conditions (Wang and Li 2006). The ability of an organism to 
tolerate high temperatures is often referred to as thermotolerance. Development of 
thermotolerance is associated with ROS, sugar and hormone signalling, expression 
of HSFs genes and activation of HSPs, enhancement in antioxidant capacity, accu-
mulation of compatible solutes, etc.

Plants respond to heat stress at various levels of organization. In this chapter, we 
discuss the current understanding of response of plants to heat stress at the physio-
logical, biochemical and molecular level with special emphasis on crop plants. 
Enhancing crop productivity in heat stress environments is an important goal in 
agriculture worldwide. This requires an in-depth knowledge of processes which 
enable plants to acclimate and adapt in order to mitigate the detrimental effects of 
heat stress and thus maintain productivity.

10.2  Sensing Temperature Stress in Plants

A typical heat stress response starts with the perception of stress and results in sens-
ing, signal transduction and gene expression. Plasma membranes are the first to face 
and sense heat and are major heat sensing parts of the cells. The composition of 
lipid bilayer and the degree of its saturation dictate membrane fluidity under high 
temperature condition, and change in membrane fluidity is one of the initial 
responses of plant cells under high temperature stress (Niu and Xiang 2018). 
Sensing (perception) of temperature in plants is carried out through different tem-
perature sensing devices (Fig. 10.1) which results in changes in membrane fluidity, 
conformational changes to proteins, disassembly of cytoskeleton, rearrangements in 
metabolic processes and finally expression of array of target genes (Schroda et al. 
2015). Temperature changes are perceived and then transduced to nucleus where the 
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transcriptome is altered (Ruelland and Zachowski 2010). Sensing of temperature 
fluctuations by plasma membrane, temporal influx of Ca2+ and activation of down-
stream signalling pathways is a conserved response in plants (Saidi et al. 2009). The 
activation of Ca2+-permeable channel due to high temperature or chemical treat-
ments has been reported in moss Physcomitrella patens. The intensity of HS 
response is dependent on the magnitude of Ca2+ influx immediately after heat epi-
sode. Disturbing Ca2+ influx using chemicals blocking Ca2+ channels resulted in 
suppression of HS response and heat acclimation/thermotolerance in soybean and 
tobacco (Saidi et al. 2009; Ruelland and Zachowski 2010). Downstream of heat- 
sensitive Ca2+ channels calmodulins (CaMs) and kinases acts to further amplify the 
signal and regulate expression of transcription factors and HSPs. CaMs are known 
regulators of HSPs expression in plants. Heat shock leads to accelerated accumula-
tion of CaM3 and CaM7 in Arabidopsis, while addition of CaM antagonists results 
in downregulation of hsp26 and hsp70 genes (Liu et al. 2005). The presence of 
CaM proteins is shown to enhance the DNA binding ability of HSFs to heat-shock 
elements (HSEs) on the promoter sites of HSPs (Bokszczanin and Fragkostefanakis 
2013). cam3 mutants exhibited reduced HSP levels and heat sensitivity, while 
cam3 overexpressing plants exhibited high levels of many HSPs leading to 
enhanced thermotolerance in Arabidopsis. Hence, induction of thermotolerance 
in plants is controlled through Ca2+-dependent activation of CaMs and kinases. 

Fig. 10.1 Schematic representation of the temperature sensing machinery in plants
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However, how heat stress perception is different from and integrated with percep-
tion of other abiotic stresses is largely unknown (Niu and Xiang 2018).

10.3  Effect of High Temperature on Physiological, 
Biochemical and Molecular Processes

10.3.1  Physiological Processes

10.3.1.1  Growth and Flowering

Heat stress affects plant growth, development, flowering and productivity. Heat 
stress can vary both in intensity and duration, and hence the plant response varies 
accordingly. The threshold temperatures causing mild, medium or severe heat stress 
vary with the crop and the stage. Most of the studies on response of plants to high 
temperature have been conducted in greenhouse or plant growth chambers under 
variable temperature combinations and hence cannot be easily compared. Plant 
growth is hampered by heat stress at both vegetative and reproductive stages, though 
susceptibility is higher at reproductive stages.

High temperatures generally reduce germination percentage and seedling emer-
gence leading to poor stand establishment coupled with lack of seedling vigour in 
crops (Essemine et al. 2010). Under extreme heat stress say around 40 °C germina-
tion in wheat occurred but was inhibited in freshly harvested seeds and seedling 
growth was severely inhibited as embryonic cells were damaged. Heat-tolerant 
wheat variety showed seedling vigour coupled with higher total amylase activity of 
the kernels compared to a heat-susceptible variety up to 35 °C (Alka and Khanna- 
Chopra 1995). Wheat seeds aged for 36–40 weeks acquired the ability to germinate 
at 40 °C, thus breaking the thermodormancy observed in freshly harvested seeds. 
Heat stress can cause physiological injuries such as scorching, shedding and yel-
lowing of leaves, growth inhibition, less biomass and damage to developing fruits 
leading to loss in productivity (Vollenweider and Günthardt-Goerg 2005). In wheat 
warm temperature such as 30 °C day/25 °C night reduces leaf area, tiller number 
and productive tillers and reduces biomass compared to crop growing under optimal 
or lower temperatures (Rahman et al. 2009). High temperature causes loss of water 
content and decrease in photosynthesis rate and productivity (Almeselmani et al. 
2009; Ashraf and Harris 2013).

10.3.1.2  Senescence

Heat stress during grain development phase is associated with increase in chlorophyl-
lase activity, decline in photosynthesis and photosynthetic pigments and thus enhances 
leaf senescence (Todorov et al. 2003). Oxidative damage of cell membranes caused 
by reactive oxygen species (ROS) production under heat stress is a consequence of 
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detrimental effect on chlorophyll and photosystems (Camejo et al. 2006). Grain yield 
under heat stress in wheat is directly proportional to the duration of photosynthetically 
active leaf area duration (Chauhan et al. 2009; Shirdelmoghanloo et al. 2016).

Senescence, a programmed cell death process (PCD), is associated with the over-
production of ROS which causes oxidative stress. During leaf senescence, there are 
significant changes in chloroplast structure and function, damage to plasma mem-
brane and alterations in metabolic processes (Khanna-Chopra 2012). Antioxidant 
defence of the leaf declines as senescence progresses, thus implying the importance 
of ROS in the senescence process. Several studies have emphasized the importance 
of oxidative stress and its management under heat stress in plants (Khanna-Chopra 
2012; Hasanuzzaman et al. 2013). Heat-tolerant wheat cultivar exhibited a slower 
rate of monocarpic senescence coupled with lower oxidative stress and damage due 
to a better antioxidant defence and higher Rubisco activity than the susceptible cul-
tivar during heat stress (Khanna-Chopra and Chauhan 2015). High diurnal tempera-
tures also hastened flag leaf senescence in wheat coupled with decline in SOD, APX 
and CAT activity (Zhao et al. 2007). Reduced production of ROS coupled with a 
better antioxidant defence plays an important role in stress tolerance (Mittler 2006). 
High temperature-induced increase in ROS levels resulted in increased SAG tran-
scripts such as senescence-related transcription factor PeWRKY6-1, WRKY53 and 
cysteine protease homolog SAG12, thus promoting senescence (Miao et al. 2004; 
Rosenvasser et al. 2006).

Relationship between abiotic stresses and leaf senescence is the shared response 
to the phytohormones such as abscisic acid (ABA), cytokinins (CKs), ethylene and 
strigolactones (Wang et al. 2018). ABA induces H2O2 accumulation and enhances 
antioxidant defence, thus modulating the process of senescence (Jajic et al. 2015). 
Senescence is promoted by ethylene, ABA and strigolactones, while its initiation is 
delayed by CKs. The holistic picture of hormonal signalling pathways and its inter-
play with other regulatory factors in heat stress-induced senescence is complicated 
and needs more research.

Delayed senescence, or functional stay-green, results in a longer duration of 
grain filling period and yield stability under high temperature stress in several 
crops (Abdelrahman et al. 2017). Genotypes showing stay-green trait had higher 
yields associated with higher photosynthetic rate, reduced sterility of reproductive 
organs resulting in higher grain numbers. Studies on molecular markers have 
shown that QTLs for stay-green trait coincide with loci for drought and heat toler-
ance (Gous et al. 2016; Pinto et al. 2016). Hence stay-green is a desirable trait for 
enhancing heat tolerance in crops and needs to be understood at the biochemical 
and molecular level.

10.3.1.3  Reproductive Physiology

Reproductive processes in crops are very sensitive to high temperature stress. These 
processes generally extend over 2–3 weeks in different crop species. Reproductive 
stages have different optima and critical temperature thresholds, beyond which 
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these processes are affected leading to poor seed set and reduction in yield. 
Temperatures between 30 and 40  °C have been identified as damaging for key 
reproductive processes in different crop species using growth temperatures facilities 
(Prasad et al. 2017). Significant reproductive damage can occur if maximum tem-
perature is between 30 and 38 °C in cereals, 40 °C in millets, around 36 °C in oil-
seeds and 32–40  °C in pulses. It has been shown in many crops that heat stress 
influences pollen development reducing pollen viability and germination causing 
sterility and poor seed set (Kaushal et al. 2016). However, limited information is 
available on heat stress effects on female reproductive organs in most field crops.

Heat stress impacts the biochemical and nutritional aspects of anther/pollen in 
field crops. Heat stress increases unsaturated fatty acids in pollen exine wall, thereby 
making the membrane more porous in sorghum (Prasad and Djanaguiraman 2011). 
Reproductive organs such as tapetal cells have several fold higher mitochondrial 
number compared to vegetative tissue in order to meet the higher energy demand 
which can lead to higher ROS production. Increased production and accumulation 
of ROS under high temperature stress damages membrane lipids, increases mem-
brane permeability and causes denaturation of functional proteins, thereby influenc-
ing pollen tube growth (Parrotta et al. 2016). Increased ROS level in anther/pollen 
correlated with heat susceptibility in wheat and sorghum (Kumar et al. 2014a, b; 
Prasad et al. 2017). In sorghum pollen, viability is reduced under heat stress due to 
reduced sucrose availability (Jain et al. 2007). Heat stress over a longer duration 
reduced the expression of genes involved in synthesis and degradation of starch and 
sugar transporters in tapetum and anther of sorghum (Jain et al. 2010). It has been 
observed that heat stress also affects female reproductive organs in sorghum in 
terms of receptivity of stigma to pollen and causes desiccation to style and damage 
to ovary, thereby reducing pollen tube growth and fertilization (Prasad et al. 2017).

In addition to the warmer day temperatures, rapid increase in night temperatures 
is also included in the climate change scenarios in the future (IPCC 2013). Growth 
chamber studies on the effect of increase in night temperature in wheat and rice 
showed that spikelet sterility is increased leading to reduction in yield (Coast et al. 
2014; Narayanan et al. 2015). However, higher night temperatures under field con-
ditions led to reduced biomass due to enhanced night respiration leading to loss of 
carbohydrates and resulted in reduced yield and quality in rice with minimum 
reduction in spikelet fertility (Bahuguna et al. 2016).

10.3.1.4  Grain Development and Yield

High temperatures are more detrimental at the reproductive stage and during grain 
development in many crops resulting in substantial loss in yield (Wahid et al. 2007; 
Prasad et al. 2017). Temperature between 20 and 24 °C is optimum for grain filling 
in different spring wheat cultivars, while temperatures above 35  °C can limit 
proper grain filling leading to shrivelling of grains, hence reducing the grain 
weight. In wheat high temperatures reduce assimilate translocation, grain growth 
rate and duration and grain setting, thereby reducing grain number, size and weight 
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(Akter and Islam 2017). Viswanathan and Khanna-Chopra (2001) showed that 
high temperature stress of 6–8 °C during grain development reduced grain growth 
duration and rate in wheat varieties differing in grain weight stability. The suscep-
tible variety showed more reduction in grain growth duration, while the stable 
variety showed more reduction in grain growth rate under high temperature stress. 
The heat-tolerant variety exhibited thermotolerance in grain growth rate, starch 
and protein synthesis in developing grains compared to the heat-susceptible vari-
ety. Extremely high temperatures (>35  °C) during ripening can lead to reduced 
grain filling by inhibiting the disposition of storage materials such as starch and 
protein resulting in reduced final yield in rice (Yamakawa and Hakata 2010). Heat 
stress during kernel growth in maize affects kernel size and weight and determines 
whether kernels at the tip will fill even after successful pollination. Temperatures 
during grain filling above 40 °C affect kernel growth and filling and hasten grain 
maturation, leading to yield loss in maize (Wilhelm et al. 1999).

Wheat can be exposed to heat stress throughout the growth period or terminal 
heat stress, i.e. during grain growth period. Patil et al. (2008) found a wide variation 
in heat tolerance both continual and terminal in T. aestivum and T. durum genotypes. 
High biomass production and grains m−2 contributed towards heat tolerance in yield 
under both heat stress environments. High grain yield and grains per unit area cor-
related with photothermal quotient under both heat stress environments as high tem-
perature is often associated with high radiation. Under continual but moderate heat 
stress environment, grain weight is maintained although grain number is reduced in 
wheat genotypes. T. aestivum genotypes performed better than T. durum genotypes 
under terminal heat stress environment, while T. durum showed specific adaptation 
to continual moderate heat stress.

Grain legume productivity and quality is reduced if crop experiences high tem-
perature stress during reproductive development and grain filling phases (Sehgal 
et al. 2018). Severe losses in legume grain yield can occur if temperatures exceed 
the optimum range of 10–36 °C. Grain development is susceptible to heat stress as 
tapetum layer is disintegrated, thereby reducing nutrition to microspores causing 
dehiscence of anthers. High temperatures cause reduction in both pod number and 
grain weight resulting in reduced grain yield. Grain weight is reduced due to less 
carbohydrate availability and shorter grain filling duration (Farooq et al. 2017).

10.3.2  Effect of Temperature Stress on Biochemical Processes

10.3.2.1  Photosynthesis

Photosynthesis, the key process determining productivity, is very sensitive to high 
temperature stress. Heat-tolerant plants often retain the ability to maintain leaf 
gas exchange and CO2 assimilation rates under heat stress (Wahid et al. 2007). 
Mild heat stress influences leaf water relations, decreases stomatal conductance 
and intercellular CO2 concentration and thereby decreases net photosynthesis 
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(Greer and Weedon 2012). Photochemical reactions and carbon metabolism are 
sensitive to heat stress (Wise et al. 2004). High temperatures decrease net assimi-
lation due to decrease in photosynthesis rate and increase in dark and photorespi-
ration rates. Calvin-Benson cycle enzymes are heat sensitive. Loss in 
photosynthesis correlated with decrease in Rubisco activity under moderate heat 
stress (Law and Crafts- Brandner 1999). Rubisco enzyme is stable under heat 
stress, but Rubisco activase is heat labile causing loss of Rubisco activity at high 
temperatures (Salvucci and Crafts-Brandner 2004; Sharkey 2005). Photorespiratory 
activity increases because oxygenase activity of Rubisco increases, while the car-
boxylase activity declines due to higher specificity and solubility of O2 compared 
to CO2 of Rubisco (Jordan and Ogren 1984). Heat-stressed leaves retain the 
capacity for electron transport and RuBP regeneration (Crafts-Brandner and Law 
2000). In various species, lower expression of Rubisco per unit leaf area has been 
reported under high temperature stress which is concomitant with decrease in 
protein content (Sage and Kubien 2007).

Heat-stressed plants show lesser chlorophyll accumulation due to either reduced 
chlorophyll synthesis or accelerated degradation or both. The enzymes of chloro-
phyll biosynthetic pathway are inhibited by high temperature (Dutta et al. 2009). 
Thermotolerant tomato genotypes exhibited higher chlorophyll a/b ratio and lower 
chlorophyll/carotenoids ratio compared to susceptible genotypes under high tem-
perature stress indicating its importance in heat stress tolerance (Camejo et  al. 
2005). In developed leaves, chlorophyll a and b degradation was higher leading to 
senescence compared to young leaves under heat stress (Karim et al. 1999).

High temperatures reduce PSII activity considerably as it is thermolabile (Camejo 
et al. 2005). Heat stress induces release of Mn atoms due to dissociation of manga-
nese-stabilizing protein at oxygen-evolving complex and damages D1 and/or the D2 
proteins of the PS II reaction centre. This leads to an imbalance between electron 
flows from oxygen-evolving complex towards the accepter side of PSII in the direc-
tion of PSI reaction centre under heat stress (Allakhverdiev et al. 2008). Loss of 
photosynthetic activity at very high temperatures is attributed to the inactivation of 
the acceptor side of PSII and reduced electron transport in the chloroplast 
(Allakhverdiev et al. 2008). Compared to PSII, PSI activity is more heat stable. PSI 
activity is stimulated and cyclic electron flow around PSI is increased under moder-
ate heat stress, thus generating ATP which appears to be an adaptive process enabling 
dissipation of excess energy and maintaining active CO2 fixation (Mathur et al. 2014).

Hence, heat stress damages the oxygen-evolving complex, PSII reaction centre 
components, Rubisco activity and system generating ATP in plants. The ability of 
plants to acclimate and recover from damages of heat stress depends on the balance 
between PSII damage and repair in vivo (Allakhverdiev et al. 2008). An important 
aspect of PSII repair is the de novo synthesis of DI protein damaged due to ROS, 
which also influences the repair process. The adaptive processes triggered by mem-
brane-linked sensors such as synthesis of compatible solutes and stress proteins 
alleviate ROS-induced inhibition of repair of photosynthetic machinery and thus 
contribute towards the acclimation process (Mathur et al. 2014).
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10.3.2.2  ROS Generation and Antioxidant Defence

Under optimal environmental conditions, cellular equilibrium is obtained by a coor-
dinated and highly regulated balance among several metabolic pathways that exist 
in diverse organelles. However, under HS this balance may get disturbed because 
different enzymes have different temperature optimum. Heat stress is associated 
with impairments in chloroplastic and mitochondrial functions leading to acceler-
ated production of ROS (Pospíšil 2016). ROS, viz. 1O2, H2O2, O2

•– and HO•, are 
toxic molecules causing oxidative damage to proteins, DNA and lipids (Pospíšil 
2016; Foyer 2018). During heat stress, accelerated production of ROS is well docu-
mented and these reactive species can be produced in different parts of cell impor-
tantly in membranes by NADPH oxidases and subcellular locations (chloroplasts, 
mitochondria, peroxisomes, etc.) during photosynthesis, respiration and other pro-
cesses (summarized in Fig.  10.2). An intimate relationship exists between HS 
response and ROS-mediated damage.

Fig. 10.2 Various intracellular sources of ROS in a plant cell during high temperature. CW cell 
wall, ETC electron transport chain, H2O2 hydrogen peroxide, OH− hydroxyl radical; O2− superox-
ide ion, PS photosystems I and II, PM plasma membrane, SOD superoxide dismutase, TCA tricar-
boxylic acid cycle
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Acquired thermotolerance (Heat acclimation) is a major protective mechanism 
in plants. Plants are static life forms, with insufficient capacity to thermoregulate 
that depends on the availability of water, and prompt acclimatization to temperature 
fluctuations is imperative for their viability. Differential acclimation treatments 
showed different heat stress responses. Gradual increase in ambient temperature 
(gradual increase from 22 to 45 °C in 6 h) was more effective in terms of plant sur-
vival, compared to a stepwise acclimation (38 °C) and recovery (22 °C) (Larkindale 
and Vierling 2008). The capability of plant acclimatization to usually damaging 
high temperatures is a primitive and conserved dynamic reaction. Heat stress- 
induced oxidation is expressed in membrane damage through peroxidation of mem-
brane lipids (Larkindale and Knight 2002) and damage to DNA and proteins 
(Awasthi et  al. 2015). Heat acclimation results in the elevation in expression of 
genes encoding ROS-scavenging enzymes during heat acclimation and heat shock 
(Rizhsky et al. 2002; Pospíšil 2016). Heat acclimation is mediated through balanc-
ing cellular biochemical processes that can protect from oxidative stress under HS 
(Bergmüller et al. 2003; Larkindale and Huang 2004). Several studies have indi-
cated that HSFs are involved in sensing of ROS especially during heat stress and 
acclimation (Suzuki and Katano 2018).

It has been reported that enhanced activities of ROS-scavenging enzymes and 
increased biosynthesis of antioxidants contribute to plants’ tolerance to HS and heat 
acclimation is achieved through enhancing antioxidant response (Wahid et al. 2007; 
Awasthi et al. 2015). Transcriptome changes in response to HS have been reported by 
many groups in the last decade, and a large number of transcripts exhibited differen-
tial expression under HS and acclimation compared to no stressed plants (Rizhsky 
et al. 2002; Busch et al. 2005; Schramm et al. 2006; Kilian et al. 2007; Larkindale 
and Vierling 2008). Upregulation of major HSFs and HSPs gene families, viz. 
HSP101, HAP70 and small HSPs, has been reported under HS in all of the above-
listed studies. The transcripts of other gene families that increase dramatically under 
HS include dehydration-responsive element-binding protein (DREB2) TF family 
and ASCORBATE PEROXIDASE2 (APX2). Expression of APX2 is enhanced under 
HS and is regulated by HSFA2 (Schramm et al. 2006). Specific activities of different 
antioxidative defence enzymes are well known to respond to HS and provided 
defence by scavenging ROS. Increased transcript level and/or net activities of super-
oxide dismutase (SOD), peroxidase (POX), ascorbate peroxidase (APX) and catalase 
(CAT) have been reported in several plants including Brassica juncea, wheat, grapes, 
cotton, maize, grasses, bean, tomato, lilium and others (Dat et al. 1998; Sairam et al. 
2006; Scandalios et al. 2003; Ye et al. 2000; Jiang and Huang 2001; Huang et al. 
2003; Rivero et al. 2004; Wang and Li 2006; Yin et al. 2008; Kaur et al. 2009; Gur 
et al. 2010; Lin et al. 2010; Khanna-Chopra and Chauhan 2015).

The role of different ROS-scavenging enzymes in heat acclimation and HS toler-
ance is evaluated by several groups by using overexpressing transgenics or knockout 
mutants. Overexpression of single antioxidant protein gene or two genes simultane-
ously resulted in enhanced thermotolerance under highly defined controlled envi-
ronment conditions. Only few studies conducted on mature plants reported positive 
impact on yield or other related traits (Shafi et al. 2015). By using whole-genome 
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microarrays, it has already been reported that acquired thermotolerance is highly 
complex and multigenic trait involving multiple gene regulation processes. 
Knockdown or overexpression of a single gene may result in altered expression of 
other related genes. Overexpression of wheat MnSOD in Brassica, superoxide 
reductase (SOR) Pyrococcus furiosus in Arabidopsis and cytosolic Cu/Zn SOD iso-
lated from Avicennia marina in rice conferred tolerance to HS (Prashanth et  al. 
2008; Gusta et al. 2009; Im et al. 2009). Wang et al. (2006) reported that overex-
pressing cAPX in tomato resulted in enhanced thermotolerance. Overexpression of 
both APX and MnSOD resulted in abiotic stress tolerance including HS in tall fes-
cue and other plants (Wang et al. 2007; Lee et al. 2007). In addition, increased levels 
of SOD and APX due to overexpression might interact with other ROS- responsive 
enzymes and increase their HS tolerance (Lee et al. 2007). Rice mutants deficient in 
both cytosolic APX1 and APX2 showed normal growth under control condition but 
increased levels of ROS, membrane damage, higher AsA levels and CAT activity 
under abiotic stresses. The increase in total antioxidant capacity under abiotic 
stresses in APX double mutant rice is indicative of the importance of diverse antioxi-
dant machineries in plants (Rosa et  al. 2010). Knockdown of one of the ROS- 
scavenging enzymes may result in enhanced activities of other antioxidative 
enzymes, increased biosynthesis of antioxidant metabolites such as ascorbic acid 
and maintenance of higher AsA/DHA ratio (Rosa et al. 2010).

The activities of ROS-scavenging enzymes under HS are regulated through cal-
cium, ethylene, ABA and SA signalling pathways (Larkindale and Huang 2004). 
Arabidopsis mutants defective in SA, ABA, ethylene and ROS signalling pathways 
exhibited a decline in both the capacity for heat acclimation and basal thermotoler-
ance (Larkindale et al. 2005; Suzuki and Mittler 2006).

Proteins are the most sensitive macromolecules in the cells as they are subjected 
to denaturation very rapidly after heat episodes. The stability of protein synthesizing 
machinery is very essential for survival during prolonged heat exposure. Heat stress 
is known to cause structural changes to proteins in plants (Anderson and Padhye 
2004), and so the stability of enzymes during extremes of environmental conditions 
such as very high temperatures can be considered as an adaptive character of plants. 
Brock (1967) reported that structural and functional stability of various enzymes is 
essential for the survival of thermophiles under very high temperatures. The in vitro 
heat stress stability is also reported for some proteins of higher plants as in temper-
ature-tolerant and adaptive weed plant Chenopodium murale which is a highly heat 
stable chloroplastic Cu/Zn SOD exhibiting activity even after 100  °C treatment 
(Khanna-Chopra and Sundaram 2004). N-terminal sequence analysis of this novel 
protein showed a unique pattern of amino acids. Heat stable SOD and APX are also 
reported in cytosol, chloroplast and mitochondria of Chenopodium album (Khanna-
Chopra et  al. 2011; Khanna-Chopra and Semwal 2011). Carter and Thornburg 
(2000) reported the thermostability of a MnSOD in floral organs of Nicotiana spe-
cies. The thermostability of other important antioxidant defence enzymes APX and 
CAT was higher in Vinca than in sweet pea leaf extracts (Anderson and Padhye 
2004). These heat stable forms may be playing important role in basal as well as 
acquired thermotolerance and survival of these plants in very high temperatures.
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Antioxidant enzymes are essential components of plant defence under 
HS-mediated oxidative stress. Under HS upregulation of enzyme activities and 
enhanced transcript levels of ROS-scavenging enzymes is reported by many groups. 
They are known to be essential for heat acclimation process in plants.

Antioxidant metabolites such as reduced ascorbic acid (AsA) and reduced gluta-
thione (GSH) are very important for regulating ROS levels through direct or indirect 
scavenging under abiotic stresses (Foyer 2018). In maize GSH and hence total glu-
tathione content increased under heat stress, thereby emphasizing its importance for 
heat stress tolerance and ROS management (Dash and Mohanty 2002). Maintenance 
of high reduced/oxidized (GSH/GSSG) ratio under HS lead to enhanced thermotol-
erance in wheat and maize (Kocsy et al. 2004a, b). The scavenging of H2O2 by GSH 
is facilitated by increased GR activity in mustard under HS (Dat et al. 1998). In 
many crop plant homologues of GSH, hydroxymethylglutathione (hmGSH) is also 
present which has serine in place of glycine. Increased synthesis/accumulation of 
GSH is the characteristic of heat-stressed plants. HS and cold stress induced increase 
in GSH, and reduced hmGSH synthesis was higher in heat-tolerant genotypes com-
pared to the susceptible genotypes (Kocsy et al. 2000, a). Increase in GSH levels is 
an early response in thermal stress. Heat-shock-treated maize roots exhibited 
increase in GSH content and decrease in cysteine content due to increased GSH 
biosynthesis (Nieto-Sotelo and Ho 1986). Only heat-tolerant maize genotypes and 
not the susceptible genotypes exhibited increase in GSH content under HS at 40 °C 
for 3 days (Szalai et al. 2009). Maintaining high GSH/GSSG ratio either by increased 
GSH biosynthesis or recycling through GSSG reduction is essential for the protec-
tion of plants from abiotic stresses that induced oxidative stress in plants. GSH 
biosynthesis is influenced by HS and oxidative stress in plants, and manipulation of 
GSH biosynthesis enhanced abiotic stress tolerance (Sirko et al. 2004; Szalai et al. 
2009). Manipulation of proline synthesis effects not only the GSH concentrations 
but also the levels of other antioxidants, for example, genetic manipulation of pro-
line synthesis in soybean plants, also affected GSH concentrations under drought 
and heat stress combination indicating towards the competitive use of glutamate, the 
common precursor for proline and GSH biosynthesis (Kocsy et al. 2005). Li et al. 
(2010) also reported increase in GSH content both during high temperature stress 
and acclimation to chilling stress. Increased GSH/GSSG ratio was reported in lily 
plants, which was linked to enhanced heat stress tolerance (Yin et  al. 2008). 
Arabidopsis mutants defective in GSH biosynthesis cad2-1 (mutants of 
γ-glutamylcysteine synthetase gene) have shown strong decrease in basal thermo-
tolerance, reduced heat acclimation capacity and increased TBARS content 
(Larkindale et al. 2005).

Most eukaryotic organisms and all higher plants produce ascorbic acid (AaA), a 
powerful, water-soluble scavenger of ROS (Foyer 2018). AsA has the ability to 
donate electrons in both types of biochemical reactions involving or not involving 
enzymes; hence, it is the most powerful antioxidant compound. AsA is mainly 
present in photosynthetic organelles such as chloroplasts. High concentration (as 
50 mM) of AsA has been reported in stroma. Reduced pool of AsA in cells is main-
tained by dehydroascorbate reductase (DHAR) and glutathione reductase (GR) 
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during AsA-GSH pathway as observed in transformed plants overexpressing 
GR. AsA content increased in grape plants acclimated to high or low temperatures 
(Li et al. 2010). However, most ascorbic acid biosynthetic genes were downregu-
lated during heat stress (40  °C) in tomato fruits as revealed by gene expression 
analysis (Ioannidi et al. 2009). Mutants defective in AsA biosynthesis vtc-1, vtc-2 
(mutants of GDP- mannose phosphorylase gene) and vtc-4 (mutants of l-galactose 
1-P phosphatase gene) have shown reduced capacity to heat acclimation. 
Arabidopsis vtc-1 and vtc-2 have reduced basal thermotolerance and heat acclima-
tion capacity than the non- transformed plants and showed massive membrane dam-
age when subjected to direct HS (Larkindale et  al. 2005). vtc2-1 has greater 
thermoinduced photon emission and increased lipid peroxidation at high tempera-
tures (Havaux et al. 2003). In contrast, the increased levels of AsA in transgenic 
potato plants overexpressing l-gulono-γ- lactone oxidase (GLOase) gene resulted 
in increased tolerance to oxidative stress imposed by methyl viologen or salt stress 
(Hemavathi et al. 2010).

Tocopherols are lipid-soluble antioxidants present in different plant cells and are 
essential for scavenging of ROS and lipid radicals (Kruk et al. 2005). α-tocopherol 
has the highest antioxidant capacity among the four isomers that have been reported 
in plant cells. Lipid peroxidation is an inherent feature of HS, and tocopherols pre-
vent the HS-induced chain reaction of lipid autoxidation, making it a powerful lipid 
radical trap (Sadiq et al. 2019). Bergmüller et al. (2003) showed that HS and other 
abiotic stress-induced ROS generation lead to increase in the amounts of α-tocopherol 
and γ-tocopherol in wild-type plants and γ-tocopherol in vte4-1 mutant (mutant of 
tocopherol cyclase gene which lacks α-tocopherol). Chlorophyll content and photo-
synthesis rate were similar in nonmutant and vte4-1 mutant under HS indicating that 
α-tocopherol can be replaced functionally by γ-tocopherol in vte4-1 under HS 
(Giacomelli et al. 2003).

Carotenoids are lipid-soluble antioxidants that have many functions in plant cells 
besides protecting from HS-induced oxidative stress (Kim et al. 2018). The role of 
monoterpene (a carotenoid compound) was already reported at elevated tempera-
ture and oxidative stress (Peñuelas and Munné-Bosch 2005; Ahmad et al. 2009). 
Mutants of Arabidopsis npq1-2 (mutants of violaxanthin deepoxidase gene) with 
reduced capacity of violaxanthin synthesis showed decreased capacity for heat 
acclimation and thermotolerance (Larkindale et al. 2005).

From all of the above-cited studies, it can be concluded that antioxidants are the 
major components of HS tolerance and are the functional and essential parts of 
acquired thermotolerance in plants. ROS are central signalling molecules of heat 
and other abiotic stresses. However, other components of heat acclimation also act 
parallel and are as important as the antioxidant defence system.
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10.3.2.3  Accumulation of Compatible Solutes

Increased accumulation of compatible organic solutes also can result in enhanced ther-
motolerance. These solutes have a role in the protection of enzymes and protein com-
plexes against heat-induced inactivation (Yang et  al. 2007). Transgenic tobacco 
overexpressing genes coding for betaine-aldehyde dehydrogenase (BADH) showed 
enhanced ability to synthesize glycinebetaine and enhanced photosynthesis during 
high temperature stress. Accumulation of low-molecular-weight osmolytes also pro-
tects cells during excessive water loss during high temperature stress by maintaining 
an appropriate cellular turgor (Yang et al. 2007). Proline is the major osmoprotectant 
that accumulates in plants in response to abiotic stresses including HS. Proline plays 
multifaceted roles in plants as an amino acid, osmolyte, antioxidant and chaperone 
(Kaushal et al. 2011). Increased thermotolerance with high proline accumulation has 
been reported in many plants. However, different studies suggest differential responses 
of plants with high proline accumulation and HS tolerance. Arabidopsis plants overex-
pressing ∆(1)-pyrroline-5-carboxylate synthetase 1 (AtP5CS1) gene accumulated high 
levels of proline under HS not leading to enhanced thermotolerance (Lv et al. 2011).

10.3.2.4  Secondary Metabolites Under Heat Stress

Secondary metabolites in plants are derivatives of primary metabolites, are pro-
duced due to various physiological changes and environmental cues and have 
long- term effects on plants under changing environments (Zandalinas et al. 2017). 
Secondary metabolites are classified in three major groups based on their biosyn-
thetic pathways: (I) nitrogen-containing compounds such as cyanogenic glyco-
sides, alkaloids and glucosinolates; (II) phenolic compounds such as flavonoids 
and phenylpropanoids; and (III) terpenes such as isoprenoids (Ashraf et al. 2018). 
High temperature stress influences plant secondary metabolism. In fact, Verma and 
Shukla (2015) observed that secondary metabolites biosynthesis is correlated with 
increasing temperatures in plants. HS resulted in a marked decline in photosynthe-
sis and enhanced levels of ginsenosides in Panax quinquefolius (Jochum et  al. 
2007). In tomato HS leads to enhanced levels of phenolic secondary metabolites 
(Rivero et al. 2001). High temperature resulted in enhanced biosynthesis of gin-
senosides in hairy roots of Panax ginseng (Yu et al. 2005). In addition, overexpres-
sion of b-carotene hydroxylase (chyB) gene in Arabidopsis resulted in enhanced 
thermotolerance due to enhanced biosynthesis of zeaxanthin and protection of 
membranes from  oxidative damage (Meiri et al. 2010). Expression of violaxanthin 
biosynthesis genes was upregulated, and zeaxanthin biosynthesis genes were 
downregulated in heat- sensitive plant spinach, while in relatively heat-tolerant 
plants such as rice and wheat, the upregulation of genes involved in biosynthesis 
of violaxanthin, antheraxanthin and zeaxanthin is reported under HS (Yan et al. 
2016). Hence, apart from their commercial values as pharmaceuticals, flavours and 
additives, plant secondary metabolites play an important role in heat and other 
abiotic stress tolerance in plants.
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10.3.3  Molecular Effects

10.3.3.1  Heat-Shock Proteins and Transcription Factors

Induction of heat-shock proteins (HSPs) under HS is a well-known response in 
higher plants (Kotak et al. 2007; Suzuki and Katano 2018). HSPs are known to act 
as molecular chaperones for protein folding and disassembly under HS. The HSP 
gene network in plants is very complex, and many of the HSP families play the role 
of functional proteins involved in growth and development. Although almost all 
HSPs show induction after heat stress in plants, there is still no specific information 
on their exact role/function in plant survival under HS. The major HSP groups are 
HSP100/clpB, HSP90/HtpG, HSP70/DnaK, HSP60/GroEL and small HSPs (sHsps) 
(Kotak et al. 2007). Although it is well known that accumulation of HSPs is a con-
served response in plants, variation in the levels of HSPs accumulation has been 
documented among/within plant species under HS. The variation in HSPs accumula-
tion in plants is genetic and correlated with HS tolerance (Barua et al. 2003). Elevated 
levels of HSPs are essential for heat acclimation and thermotolerance in plants.

HSP 100 or HSP100/ClpB specifically has been reported essential for the onset 
of heat acclimation in plants and other organisms (Hong and Vierling 2000; Lee 
et al. 2005). The role of HSP 101 in acquisition of thermotolerance is reported in 
Arabidopsis hot1 mutants (mutation in HSP 101 gene). The hot1 plants were ther-
mosensitive in terms of hypocotyl elongation, while transformation of hot1 plants 
with HSP 101 gene resulted in restoration of thermotolerance of hot1 mutants simi-
lar to nonmutant plants (Hong and Vierling 2000). Suppression/defects in HSP101 
gene expression using antisense suppression, co-suppression or mutants and knock-
outs plants exhibited serious defects in heat acclimation/thermotolerance (Queitsch 
et al. 2000; Nieto-Sotelo et al. 2002), indicating that HSP101 protein is essential for 
plant survival under heat stress. HS results in heat-shock granule (HSG) formation 
in cytoplasm. The presence of these high-molecular-weight complexes has been 
shown to be important for the survival of cells subjected to heat stress. Smykal et al. 
(2000) have shown that these complexes are predominantly composed of LMW 
HSPs, HSP 40 and HSP 70. These granules have shown a chaperone-like activity. 
The 90 amino acids long C-terminal domain of LMW HSPs (α-crystallin domain) 
is conserved among higher plants. This complex family of HSPs plays vital roles in 
various subcellular locations in plants including protections from HS. The various 
subcellular locations where sHSPs are found include cytosol, mitochondria, chloro-
plast, nucleus, endoplasmic reticulum and peroxisomes, where they mainly exist in 
the form of oligomers (>8 monomers) in a functional state (Yang et  al. 2019). 
Chloroplast and mitochondrial small HSPs known as csHSPs and mHSPs, respec-
tively, are known to protect electron transfer machinery in these organelles under 
HS. It has been reported that differential accumulation of csHSPs was correlated to 
the heat tolerance of photosystems in ecotypes of Chenopodium album through pro-
tecting photosynthetic proteins from HS-induced oxidative stress (Downs et  al. 
1999; Barua et al. 2003). Constitutive overexpression of sHSPs in chloroplast and 
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mitochondria resulted in enhanced thermotolerance in tomato and tobacco (Sanmiya 
et al. 2004; Neta-Sharir et al. 2005; Guo et al. 2007). sHSPs are important in devel-
opmental programs and especially important in the protection of thermosensitive 
tissues such as anthers in tomato (Giorno et al. 2010) and cork oak somatic embryos 
(Puigderrajols et al. 2002). In different rice cultivars, expression of 20 kDa sHSP 
was selective in HS-tolerant varieties, while other HSPs were expressed in all vari-
eties studied (Iqbal et al. 2010).

Heat stress transcription factors (HSFs) are the central regulons of HS transcrip-
tome expression in plants. Plant have many HSFs coding gene classified into three 
major evolutionary classes known as A, B and C (Kotak et al. 2007). The N-terminal 
domain of all HSFs is essential for binding to the heat stress promoter elements 
(HSEs) specifically. HSEs are recognized as repeated palindromic motifs 
(5′-AGAAnnTTCT-3′), upstream of transcription initiation site of HSPs and many 
other HS-inducible genes. LpHsfA1 and AtHsfA2 have been widely studied and 
considered master regulators of HS-induced transcriptome in tomato and 
Arabidopsis, respectively. Overexpression of theses TF genes resulted in enhanced 
thermotolerance, while mutants of these genes exhibited serious defects in acquired 
thermotolerance (Mishra et al. 2002; Charng et al. 2007; Nishizawa et al. 2007; 
Ogawa et al. 2007).

Overexpression of HSPs and HSFs in different plant species resulted in enhanced 
thermotolerance. Transgenic plants showed significantly enhanced thermotolerance 
in different physiological processes including photosynthesis (Neta-Sharir et  al. 
2005; Xue et al. 2010), antioxidant defence (Panchuk et al. 2002) and increased 
seedling survival or seed germination rates after imposition of HS. Due to different 
initial growth temperatures (18–25 °C for Arabidopsis), thermotolerance assay tem-
peratures and time periods (35–49 °C for 1 h to 5 days in Arabidopsis), it is difficult 
to compile and conclude from present-day literature on heat-tolerant transgenic 
plants. Many reports have shown altered expression of many other HSPs and/or 
stress-related genes in plants overexpressing HSFs and HSPs or knockout plants 
(Panchuk et al. 2002; Sakuma et al. 2006; Charng et al. 2007; Yokotani et al. 2008). 
Whole-genome microarray studies during heat stress also showed altered expres-
sion of more than 4000 genes during heat acclimation in Arabidopsis (Larkindale 
and Vierling 2008). Some of the studies were conducted with heat acclimation 
(Panchuk et al. 2002; Charng et al. 2007; Yokotani et al. 2008) before heat stress, 
thus showing enhanced survival rates of overexpressing plants and decreased capac-
ity to acclimate in knockout plants (Sakuma et al. 2006; Charng et al. 2007). Specific 
parameters were taken as a measure of thermotolerance in different transgenics; 
however, growth and seed yield-related parameters were not reported. Constitutive, 
ectopic or stress-induced expression of single HSP and HSF gene led to enhanced 
thermotolerance under highly defined conditions only in model plants, which could 
not be transformed to agronomically important heat-tolerant crops due to highly 
complex genetic response of plants to heat stress.

Major oxidative stress-responsive genes such as APX are controlled by HSFs 
(Suzuki and Mittler 2006). HSF overexpressing transgenic Arabidopsis exhibited a 
novel heat-responsive isozyme of APX (Panchuk et al. 2002). In Arabidopsis, H2O2 
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accumulated due to HS is essential for sustained expression of HSPs. Many genes 
such as HsfA4a, Zat 12, RbohD and MAPK3 are associated with H2O2 signalling in 
plants and are also responsive to other abiotic stresses resulting in enhanced produc-
tion of H2O2. Interestingly HSFs are now being considered as potential redox- 
sensing molecules in plants. HsfA4a and HsfA8 are now being considered as major 
TFs that might also act as a H2O2 and redox sensor in Arabidopsis (Miller and 
Mittler 2006).

Besides HSFs, many other potential regulons are now being increasingly impli-
cated in acquired thermotolerance including DREB family and WRKY TFs. 
DREB2A, a transcription regulating mainly dehydration-responsive genes, is 
reported to be a regulator of HSFA3 in Arabidopsis (Sakuma et al. 2006). These 
results indicate that there is an HSF-mediated crosstalk between heat and other abi-
otic stress signalling, for example, HS-mediated upregulation of DREB gene family 
member LeDREB1  in tomato (Frank et  al. 2009). Recently, it was shown that 
HS-induced inhibition of phosphorylation of DREB2A resulted in enhanced ther-
motolerance in Arabidopsis (Mizoi et al. 2019). Overexpression of some of these 
families may result in enhanced thermotolerance and knockdown in severe loss in 
heat acclimation and basal heat tolerance (Sakuma et al. 2006; Hong et al. 2009; Li 
et al. 2009). In addition, bZIP Tfs are also being implicated in heat stress tolerance. 
The overexpression of bZIP-type TF ABF3 involved in ABA signalling imparts HS 
tolerance in Arabidopsis (Kim et al. 2004). However, knockdown of bZIP28 gene in 
Arabidopsis resulted in severe chlorosis and decreased expression of HSP genes, 
and retransformation of these plants with full ORF of bZIP28 resulted in regaining 
of thermotolerance (Gao et al. 2008). Multiprotein binding factor 1c (MBF1c) is 
also reported recently to be the regulator of thermotolerance in Arabidopsis. MBF1c 
accumulates rapidly and is localized to nucleus during heat stress, and MBF1c 
knockout plants showed decreased basal and acquired thermotolerance (Suzuki 
et al. 2008).

Heat tolerance is a complex response of plants involving mainly, but not limited 
to, HSFs and HSPs and other TFs. Beyond these, other signalling pathways and 
other biochemical and molecular changes also influence acquisition of thermotoler-
ance in plants. For example, mutants disrupting calcium, salicylic acid, ethylene, 
abscisic acid and hydrogen peroxide signalling pathways exhibited defects in heat 
acclimation despite accumulating sufficient amounts of HSPs (Larkindale et  al. 
2005). Spraying plants with these signalling molecules resulted in enhanced ther-
motolerance with or without the corresponding increase in HSP levels (Larkindale 
and Knight 2002). Hence, HS response in plants is a highly complex process involv-
ing more than 20 different HSFs, other TFs and signalling networks. TFs are respon-
sible for the regulation of gene expression of HSPs and other defence proteins. 
HSPs are important for cellular maintenance during HS and acting as chaperones in 
protein folding and play other multitudes of functions in heat acclimation process.
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10.3.3.2  Transcriptome Changes Under High Temperature Stress

Heat stress response is a multigenic trait, and many genes exhibited altered expres-
sion under HS in plants. Whole-genome sequence information of model plant 
Arabidopsis and many other crops like rice, wheat, chickpea and pigeon pea has a 
significant impact on genome-wide functional analysis of HS-responsive genes in 
plants. Whole-genome expression studies are performed using microarray analysis 
and next-generation sequencing (NGS) data. After the discovery of these gene 
expression analysis technologies, a significant number of studies have been reported 
in model plants as well as crops under heat stress. Microarray studies under HS in 
Arabidopsis, wheat, maize, soybean and rice revealed an altered expression of many 
genes (Table 10.1, Busch et al. 2005; Larkindale and Vierling 2008; Hu et al. 2009; 
Mittal et al. 2009; Sarkar et al. 2009; Singh et al. 2010; Bita et al. 2011; Chauhan 
et al. 2011; Khurana et al. 2011; Mangelsen et al. 2011; Zhang et al. 2012a, b; Jung 
et al. 2013).

Whole-genome expression studies in Arabidopsis exhibited that majority of the 
genes responsive to heat stress are regulated by HsfA1a/HsfA1b (Busch et al. 2005). 
Mittal et al. (2009) further proved the same in transcriptome of rice. Microarray 
analysis of Hsfs in various tissues of rice including shoot, root and panicles demon-
strated the role of OsHsfA2a in regulation of HS transcriptome in all the tissues 
(Chauhan et al. 2011). Heat stress-induced early flowering in Arabidopsis is also 
regulated through heat-responsive genes in the absence of photoperiodic effects 
(Balasubramanian et  al. 2006). Microarray studies in barley under heat stress 
revealed that heat stress differentially regulated gene expression at the seedling 
stage compared to the reproductive stage (Oshino et al. 2011). Similarly, Qin et al. 
(2008) revealed that short-term heat stress altered expression of higher number of 
genes compared to prolonged heat stress.

Next-generation sequencing (NGS) is a highly robust tool for gene expression 
analysis. NGS involves sequencing of whole transcriptome. The NGS technologies 
available are Roche 454 (based on pyrose-sequencing), Illumina/HiSeq and 
sequencing using oligonucleotide ligation and detection (SoLiD). NGS technolo-
gies have been used as a tool for gene expression analysis under abiotic/biotic 
stresses in plants (Varshney et al. 2009). Using Illumina sequencing of heat stress- 
responsive transcriptome exhibited the differential expression of many genes in 
Arabidopsis and other plants (Table  10.1, Gulledge et  al. 2012; Li et  al. 2013). 
Majority of the genes upregulated were Hsfs and Hsps coding genes together with 
some stress-responsive transcription factors and metabolic genes. NGS has also 
been successfully used to identify HS-regulated small miRNAs and sRNAs involved 
in heat tolerance in model plants and crops (Xin et al. 2010; Jeong et al. 2011; Yu 
et al. 2011; Barrera-Figueroa et al. 2012; Chen et al. 2012). Hence, the revolution in 
the form of microarray and NGS technologies contributed towards a better under-
standing of genome-wide changes in response to HS in plants.
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Table 10.1 Summary of some of the transcriptomics studies of plants using microarray and  
next-generation sequencing tools under high temperature stress

Plant Technique used and effects on gene expression References

Rice Microarray analysis under heat stress at 40 °C for 20 min to 8 h 
exhibited upregulation of many transcription factor families 
including Hsfs, NAC, AP2/ERF, WRKY, MYB, C2H2 and many hsp 
genes, cellulose biosynthesis genes

Zhang et al. 
(2012a, b)

Rice 2-week-old seedling stressed at 42 °C for 10 h root microarray 
exhibited upregulation of Hsfs, Hsp70, HSP90, HSP100 and 
sHSPs families

Hu et al. 
(2009)

Rice Microarray analysis of 10-day-old seedlings stressed at 42 °C 
resulted in upregulation of sHAPs, hspP30, hsp90, hsp and 
cytochrome P450 genes

Mittal et al. 
(2009)

Rice 2-week-old seedlings subjected to heat stress at 37 °C for 1 h 
exhibited a twofold increase in 710 genes including Hsfs, bZIP 
TFs and hsps

Jung et al. 
(2013)

Arabidopsis Illumina RNA-Seq of Arabidopsis cDNA library prepared from 
plants subjected to heat stress revealed SR45a mediated alternate 
splicing of heat-induced transcribed genes

Gulledge 
et al. (2012)

Arabidopsis RNA-Seq analysis of heat-stressed transgenic Arabidopsis 
constitutively overexpressing tomato hsf SIHsfA3 revealed 
upregulation of many hsp genes families leading to enhance 
thermotolerance

Li et al. 
(2013)

Arabidopsis Microarray studies on Arabidopsis seedlings under heat stress 
with and without acclimations revealed the essential role of 
hsp101, hsp110, Hsfs and APX2 in heat acclimation

Larkindale 
and Vierling 
(2008)

Wheat Microarray study on wheat seedlings at the flowering stage 
subjected to heat stress at 37 °C or 42 °C for 2 h showed 
upregulation of hps, transporters and signalling molecules in 
developing wheat flowers

Khurana et al. 
(2011)

Wheat Using Affymetrix wheat genome array of 10-day-old seedlings 
stressed at 40 °C for 1 h with and without acclimation, it was 
revealed that many genes involved in hormone, calcium and sugar 
signalling differently expressed apart from upregulation of Hsfs 
and hsps

Qin et al. 
(2008)

Wheat Microarray study on wheat seedlings at the flowering stage 
subjected to heat stress at 37 °C or 42 °C for 2 h showed 
upregulation of hsps, Hsfs, bZIP TFs and calmodulins

Chauhan et al. 
(2011)

Barley Using microarray of developing barley seeds heat-stressed for 
0.5–6 h revealed upregulation of 958 genes and downregulation of 
1122 genes. Hsfs and hsps genes upregulated, while genes related 
to storage compound synthesis and cell growth were 
downregulated

Mangelsen 
et al. (2011)

Tomato Microarray studies on heat stress-tolerant and susceptible varieties 
showed that long-term heat stress tolerance in tolerant genotype 
was due to constitutive expression of hsps compared to the 
susceptible genotype which showed lower expression of hsps after 
2 h of stress

Bita et al. 
(2011)

(continued)
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10.3.3.3  Epigenetic Regulation of High Temperature Stress

Apart from the various genetic, biochemical and physiological regulation of HS 
responses in plants, a lot of work has been done towards the understanding of epi-
genetic regulation of HS response. Epigenetic changes are transgenerational adap-
tive responses of plants which include changes through DNA methylation, histone 
chaperones, histone modifications, histone variants, small RNAs and long noncod-
ing RNAs.

DNA Methylation

DNA methylation is a process of addition of methyl group to cysteine bases of 
DNA. Methylation of DNA defends genome from selfish DNA elements (transpo-
sons and retrotransposons) and regulates gene expression through transcriptional 
gene silencing (Liu et al. 2015b). DNA methylation is differentially regulated by HS 
in different plants. Heat stress enhanced DNA methylation and homologous recom-
bination in Arabidopsis (Boyko et al. 2010). Several genes related to genome meth-
ylation, viz. domains regulated methyltransferase-2 (DRM2), nuclear RNA 
polymerase-1 (NRPD-1) and NRPE1, are known to be upregulated under HS in 
Arabidopsis (Naydenov et  al. 2015). Enhanced DNA methylation under HS is 
known in trees and crops in addition to model plants (Table 10.2). Heat-tolerant 
cultivars of Brassica exhibited lower levels of genome methylation compared to the 
heat-susceptible genotypes under HS (Gao et al. 2014). Heat-induced hypomethyl-
ation of genome is attributed to lower expression of genes involved in DNA 
 methylation like DRM1 and DRM3 in cotton (Min et al. 2014). Popova et al. (2013) 
reported that Arabidopsis mutants defective in DNA methylation exhibited declined 
basal thermotolerance and RNA-directed DNA methylation (RdDM) is essential for 
plants’ survival under high temperature stress. Mutants of chromomethylase 2 crm2 
showed improved thermotolerance, while nrpd2 mutants are reported to be hyper-
sensitive to HS (Pandey et al. 2016). These studies showed that DNA methylation 
plays an important role in heat stress response in plants.

Table 10.1 (continued)

Plant Technique used and effects on gene expression References

Tomato Microarray analysis of heat-stressed developing tomato 
microspores showed upregulation of Hsfs, hsps and antioxidant 
defence-related genes

Frank et al. 
(2009)

Banana RNA-Seq analysis of cDNA library of 6-week-old banana 
seedlings subjected to lethal heat stress at 55 °C for 2 h with or 
without acclimation showed genes related to Hsfs, hsps, ROS- 
scavenging and fatty acid metabolism were significantly 
upregulated in heat-acclimated plants compared to directly 
stressed plants

Vidya et al. 
(2018)
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Histone Modifications, Chaperons and Variants

Covalent modifications to histone tails via acetylation, methylation, ubiquitination, 
phosphorylation, carbonylation, sumoylation and glycosylation are affected by HS 
in plants. HSF1 transcription factor-mediated acetylation of histones H3/4 and 
H3K4 methylation results in the initiation of transcription in unicellular alga 
Chlamydomonas under HS (Strenkert et  al. 2011). Acetylation of histone H3 
declined under HS in cork oak (Correia et al. 2013). Downregulation of histometh-
yltransferase gene and histone monoubiquitination genes is reported under heat 
stress in cotton anthers (Min et al. 2014). However, the exact role of histone cova-
lent modifications remains to be studied in plant heat stress tolerance. Histone chap-
erones play an essential role in nucleosome assembly during replication and 
transcription. H3-H4 and H2A-H2B chaperones are classified based on their prefer-
ence for binding to histones. Chromatin assembly factor 1 (CAF1) is essential for 
the formation of chromatin assembly complex for replication and transcription. 

Table 10.2 Summary of some studies on epigenetic regulations involved in heat stress responses 
in plants

Plant Epigenetic responses References

Arabidopsis • DNA methylation
• Histone acetylation
• miRNAs interference
• Histone chaperones modifications
• Upregulation of epigenetic regulators
• siRNAs
• ATP-dependent chromatin remodelling
• CAF-1-dependent chromatin assembly complex

Pecinka et al. (2010)
Mlynarova et al. 
(2007)
Singh et al. (2014)
Boyko et al. (2010)
Liu et al. (2015a)
Zhang et al. (2012a, 
b)
Weng et al. (2014)

Rice • DNA methylation
• Hypomethylation at CHG site

Ou et al. (2012)
Folsom et al. (2014)

Wheat • miRNAs
• Long noncoding RNAs

Xin et al. (2010)
Xin et al. (2011)

Maize • Genome hypermethylation
• Histone modifications
• Histone variants

Wang et al. (2015)
Eichten and Springer 
(2015)

Barley • miRNAs Kruszka et al. (2014)
Cotton • DNA methylation

• Histone modifications
Min et al. (2014)

Brassica sp. • DNA methylation
• miRNAs
• Chloroplast small RNAs (csRNAs)

Bilichak et al. (2015)
Wang et al. (2011)
Yu et al. (2013)

Grapevine • Transgenerational stress memory inheritance of 
DNA methylation

Baránek et al. (2015)

Cork oak • DNA methylation
• Histone modifications

Correia et al. (2013)

Nicotiana 
benthamiana

• siRNAs Andika et al. (2013)
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Mutants lacking CAF-1 exhibited heat sensitivity and lost the recovery capacity 
after exposure to HS (Pecinka et al. 2010). CAF-1-dependent chromatin assembly 
complex plays an important role in the protection of germ line from heat-induced 
epigenetic changes (Pecinka et al. 2010). In addition, the variants of histones H2A, 
viz. H2A.Z containing nucleosome, are reported to be involved in heat sensing 
(Kumar and Wigge 2010). However, more studies are needed to pinpoint the roles 
of individual histone modifications and histone variants in heat tolerance.

Small RNAs

Small noncoding RNAs typically 18–30 nucleotide strands are known to regulate 
gene expression differentially under HS in plants. The two major classes of small 
RNAs present in the plants are MicroRNAs (miRNAs) and small interfering RNAs 
(siRNAs). Several miRNAs responsive to heat stress are conserved in plants which 
are regulated differentially during HS in different plants. Several families of miR-
NAs are known to respond to HS in Arabidopsis and other crop plants including 
miR156, miR159, miR160, miR162, miR167, miR168, miR169, miR171, miR408, 
miR827 families, etc. (Zhong et al. 2013; Kumar et al. 2014a, b; Liu et al. 2015b). 
Several HS-responsive miRNAs also respond to other abiotic stresses like drought 
(Ballen-Taborda et al. 2013; Liu et al. 2015b). Hence, miRNAs are components of 
regulatory networks for heat and other abiotic stresses in plants. siRNAs are 24 
nucleotides of small RNAs and are the products of repetitive sequences in genome 
which are major sites of DNA methylation via RdDM pathway. Many siRNAs are 
known to be affected under heat stress in plants. siRNAs are major posttranscrip-
tional gene silencing (PTGS) components. PTGS pathways are induced through 
sense transgene (S-PTGS), antisense transgene (A-PTGS), inverted repeat trans-
gene (IR-PTGS) and virus replication (VIGS). Heat stress results in the initiation of 
S-PTGS and A-PTGS in plants (Zhong et al. 2013). Chloroplast small RNAs (csR-
NAs) are also responsive to HS, and many csRNAs silence the target chloroplast 
genes under heat stress.

Epigenetic or transgenerational changes in the DNA are adaptive responses 
against environmental cues. Heat stress leads to transgenerational changes in plants 
(Boyko et al. 2010; Liu et al. 2015b; Pandey et al. 2016). Heat-induced methylation 
of DNA, changes in histones, etc. may lead to the diverse phenotypic plasticity dur-
ing long-term evolution in plants.

10.4  Conclusions and Future Research

Climatic models have predicted the warming of earth by 1.5–4 °C by the end of the 
twenty-first century with a significant impact on agricultural productivity and thus 
diminishing world food security (IPCC 2013). A rise of one degree in temperature 
is predicted to reduce wheat production by 6%. In order to maintain food security 
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and agricultural production in the future, it is necessary to understand the response 
of plants to heat stress and stress combinations so that appropriate strategies can be 
planned to breed stress-tolerant crop plants. Air temperatures higher than the opti-
mum threshold for longer period cause irreversible damage to plants and thus cause 
heat stress (Teixeira et al. 2013). Heat stress is often associated with increase in soil 
temperature and loss of moisture resulting in drought stress and consequently water 
stress to plants. Hence, heat stress effects on plant growth and productivity may be 
aggravated due to accompanied drought stress. Heat stress response starts with the 
perception of stress and results in sensing, signal transduction and gene expression. 
HS influences both the source and sink capacity of the plant. Growth and photosyn-
thesis are reduced, and leaf senescence is enhanced under HS, thus reducing the 
source availability. Chloroplast is the major organelle influenced by heat stress. 
Plants adapt and acclimate to heat stress in order to survive and reproduce by alter-
ing the metabolism considerably in chloroplast which results in the breakdown of 
chlorophyll, ROS generation, enhancing antioxidant defence and turnover of pro-
teins involved in carbon assimilation. Stay-green character is a desirable trait in 
crops under heat stress and helps in maintaining higher yield. Heat stress also 
reduces source availability and sink capacity by reducing both grain number and 
grain weight, thus influencing important commercial traits, i.e. grain yield and qual-
ity. An important strategy of crop plants growing under field is to acquire thermotol-
erance by exposure to episodes involving gradual increase in high temperatures and 
involves induction of several plant processes. Heat acclimation involves upregula-
tion of antioxidant defence, induction of HSFs, HSPs and major changes in the 
transcriptome of plants. Studies done using Arabidopsis mutants have shown that 
important players involved in the development and maintenance of acquired ther-
motolerance include HSPs, ABA, ROS and SA pathways. Identification of high 
temperature-tolerant germplasm of different crops and its further transfer to high- 
yielding varieties with the help of conventional breeding programs and marker- 
assisted selection will help in better understanding of the genetic and physiological 
basis of heat tolerance in crops. Effort is needed to identify germplasm in different 
crops having tolerance to heat stress and heat stress and drought combination spe-
cifically during flowering and grain development so that crops can be bred tolerant 
to stresses occurring together.
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Abstract Temperature is one of the most important abiotic factors affecting yield 
of crop plants. Every crop species needs an optimum temperature to show its maxi-
mum potential. If the temperature is raised above a critical limit, it may cause irre-
versible damage to plants. When the temperature is raised beyond a certain limit for 
period long enough which can cause an irreversible damage to plants, it is called 
high temperature stress. The effect of high temperature is still more severe for cold- 
loving plants like wheat. This crop needs a temperature of 12–30 °C to give maxi-
mum yield. But in recent years, the increasing temperature is causing serious threat 
to wheat production. Wheat breeders are facing a dilemma in recent years when on 
one side the demand of wheat is increasing every year due to increasing population 
and on second side production is decreasing due to rising temperature. Heat stress 
causes damage at both morphological and cellular level. It may cause adverse alter-
ations in plant growth, development, cellular and physiological processes, and yield. 
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In wheat heat stress particularly at grain filling stage is more harmful. Due to high 
temperature, reactive oxygen species are generated which is harmful for plants. In 
their defense, plants try to cope up with heat stress by using mechanism of avoid-
ance or tolerance. In avoidance mechanism, plant completes its life before the onset 
of stress and never faces the stress. Tolerance mechanism includes alteration in plant 
metabolism by producing compatible solutes that are able to organize heat response 
proteins and cellular structures which help in maintaining cell turgor. 
Morphologically, plant can alter its aerial and root parts which avoid overheating of 
plant. In wheat, heat-tolerant genotypes try to cool their canopy by increasing 
uptake of water from soil. In recent time, various biotechnological tools have helped 
in the identification of genes associated with heat tolerance in plants. Many genes 
controlling expression of heat response proteins (HRPs) are now tagged. In the pres-
ent chapter, we have tried to discuss various adaptation mechanisms used by wheat 
to protect it from heat stress at morphological, cellular, physiological, and molecu-
lar level.

Keywords Heat stress · Wheat · Adaptation · Tolerance · Heat response proteins 
(HRPs)

11.1  Introduction

Plants are the base of life on this planet. Every individual is dependent on plants for 
their food directly or indirectly. But like other organisms, plants too need an appro-
priate environment under which these can give their maximum potential. The envi-
ronment includes both biotic and abiotic components. When any of these components 
hamper in life cycle of plants, plants are said to be under stress. This stress may be 
due to biotic or abiotic causes. Insect, pathogens, and weeds are the major factor of 
biotic stress, while nutrient, temperature, water, etc. come under abiotic stress. 
About 50% of all yield losses in crop plants are generally caused by most of abiotic 
stresses (Rodríguez et al. 2006). These stresses cause alteration in plant biology at 
morphological, physiological, biochemical, and molecular level (Wang et al. 2001; 
Bita and Gerats 2013). At present time high temperature stress is causing serious 
challenges in crop production. The term heat stress is commonly used to denote the 
condition in which temperatures rise above the optimum for a period which can 
cause irreversible damage in plant growths and yield (Wahid et al. 2007). On an 
average, global ambient temperatures have increased by 0.13 °C per decade since 
1950 (IPCC 2007). The temperature is expected to rise further by the rate of 0.2 °C 
per decade in the coming years. With this rate, average temperature will be about 
5.8 °C more at the end of this century (De Costa 2011). This stress is very unpredict-
able in nature and depends on both intensity and duration of high temperature. 
Emission of large amount of greenhouse gases (GHGs) and deforestation are the 
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main causes of this rise in temperature. In previous 40 years, along with GHGs, the 
concentration of CO2 is also increased manifold. Although this increase in ambient 
CO2 concentration has increased yield of maize and soybean, reverse trend is 
observed in case of wheat and rice (Lobell et al. 2011). Among these two crops, 
wheat (Triticum spp.) is even more prone to heat stress as it is a cool-season crop. It 
is one of the most important staple foods globally. It is cultivated in almost every 
country of the world. The genus Triticum includes three cultivated species with dif-
ferent chromosome numbers, i.e., diploid (T. monococum), tetraploid (T. durrum), 
and hexaploid (T. aestivum). Out of these three, bread wheat (T. aestivum) is culti-
vated in more areas. Wheat is a good source of both carbohydrate and protein. 
Although wheat productivity has increased manifold in past, the demand of wheat 
is increasing day by day due to growing population. The world population will 
increase by 23% reaching 9.6 billion in 2050. About 880 million ton wheat will be 
required to feed such a huge population (IIWBR 2015). This demand can be ful-
filled by increasing yielding potential of wheat under both normal and stress envi-
ronment. Temperature is one of the most limiting factors in wheat production. This 
crop requires a low temperature for most of vegetative phase, after which a slow rise 
in temperature is needed for ample flowering and grain formation. But due to global 
warming, this low temperature period is shrinking which in turns leads to reduction 
in wheat yield as it has been already reported in many countries (Alexander et al. 
2006; Hennessy et al. 2008). The high temperature stress can further decrease the 
yield potential of wheat genotypes in the near future. Under such situations, it is 
very important to study the effects of rising temperature on various stages of wheat. 
This knowledge then can be used to breed genotypes which are suitable for high 
temperature environment.

11.2  Interface of Wheat Under Heat Stress

Wheat is an annual C3, cool temperature-loving plant belonging to Poaceae family. 
This crop is very sensitive to elevated temperature. About 13.5 million ha of wheat 
grown in India faces heat stress at some stage of life cycle (Joshi et al. 2007). The 
optimum temperature for this crop ranges from 12 to 22 °C which is particularly 
important for grain filling stage (Farooq et al. 2011). Every 1 °C increase above this 
mean temperature decreases wheat yield by about 10% (Gibson and Paulsen 1999). 
When wheat is exposed to high temperature, the plant shows accelerated senescence 
leading to decreased chlorophyll content of leaves. This leads to lower CO2 assimi-
lation and increased photorespiration due to which shrunken grains are formed 
(Farooq et al. 2011; Tashiro and Wardlaw 1990). Every stage of this crop is adversely 
affected when temperature rises beyond a certain limit. According to a laboratory 
study, the germination of wheat seed is positively correlated with temperature but 
within the limit of 10–30 °C (Buriro et al. 2011). The temperature above and below 
this range may lead to poor germination. But in India, germination is not a problem 
because here wheat is cultivated as a rabi season crop. In this country, khariff season 
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crops are late planted due to late onset of  monsoon which in turn leads to late har-
vesting. Due to this wheat sowing is postponed up to mid-December. Wheat requires 
a long period (about 145 days) to complete its life cycle from seed to seed, but due 
to this late planting, reproductive phase faces high temperature (>30 °C). This cre-
ates heat-shock response which is triggered by even a few days of high air tempera-
tures, particularly when the temperature exceeds 32  °C during seed formation 
(Blumenthal et al. 1994; Stone and Nicolas 1994). As grain yield is a complex trait, 
it depends on a number of contributing traits. Leaves are the primary source of pho-
tosynthesis in plants from where starch translocate to grains. Under temperature 
stress, plant height is reduced leading to reduction of specific leaf weight (SLW), 
leaf width, and ultimately total dry weight (Sing 2009). At cellular level photosyn-
thesis is affected due to production of reactive oxygen species (ROS) mainly hydro-
gen peroxide (H2O2), superoxide radical (O2

•ˉ), and hydroxyl ion (OH•) (Schoffl 
et al. 1999). These ROS are main cause of membrane disintegration due to which 
chlorophyll loss occurs leading to premature leaf senescence in wheat (Blum and 
Ebercon 1981). The breakdowns of thylakoid membrane also severely affect photo-
system II (PS II) of photosynthesis reaction (Al-Khatib and Paulsen 1999). 
Photosynthesis is also reduced due to inactivation of enzyme Rubisco, an important 
enzyme of photosynthetic reaction (Xu et al. 1995). Secondly, rate of carboxylation 
of Rubisco is reduced, while its oxidase activity upregulated (Salvucci and Crafts-
Brandner 2004). Overall the duration of grain filling is reduced due to which lesser 
number of grains is developed. Also the grains are found to be shriveled due to 
forced maturity (Hütsch et al. 2019). At elevated temperature, water uptake is also 
affected causing severe drought problems. This in turn makes the situations more 
severe as transpiration is affected due to which canopy temperature increases. 
Nutrient uptake is also reduced which is one of the major factors leading to shriv-
eled grains of low quality.

11.3  Adaptation Mechanism in Wheat for Heat Tolerance

Plants are living organism, but they cannot run away from stress area. But like other 
organisms, they also have some mechanism to protect themselves from stress like 
high temperature. It is evident that when there is uniform heat stress, some plants 
perform better than others due to their inherent mechanisms. This ability of plants 
to survive, grow, and maintain their optimum productivity under high temperature 
stress is called heat tolerance (Wahid et al. 2007). There are a large number of mor-
phological, physiological, and biochemical mechanism of heat tolerance adopted by 
wheat plant.
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11.3.1  Escape Mechanism

Plant can maintain their potential either by escape mechanism or by giving a true 
resistant response to high temperature. In the escape mechanism, plant never faces 
the heat stress as plant completes its life cycle before the onset of stress. Earliness 
of wheat genotypes uses this mechanism. Wheat genotypes of short duration can 
avoid the devasting effect of terminal heat stress. Fast emergence of seedlings and 
early ground cover by leaves are traits which can be used as selection criteria for 
earliness (Cossani and Reynolds 2012). Tolerance mechanism either helps in reduc-
tion of absorption of harmful solar radiations or protects the plant from these radia-
tions by minimizing their effect on functioning of plants. In wheat folding of leaves, 
presence of small hairs on leaves and stem waxiness are the key traits which reduce 
absorption of solar radiations (Bonos and Murphy 1999). For these traits, synthetic 
wheat and triticale represents good source of genetic variability and exhibit mini-
mum amount of yield reduction under abiotic stresses (Suresh et al. 2018). Under 
stress conditions, days to heading, days to maturity, plant height, number of effec-
tive tillers per plant, and biological yield are important yield attributing parameters. 
Flag leaf and awn have also proved as affective traits for high temperature tolerance 
in wheat.

11.3.2  Physiological Trait Adaptations

At physiological level, cell membrane is perhaps most susceptible to rising tem-
perature. Wheat tries to cope up with high temperature stress by maintaining cell 
membrane integrity (Blum and Ebercon 1981). A tolerant genotype has capacity to 
protect its membrane from disintegration and thus avoid the leakage of electrolytes. 
Thus membrane stability can be an important criterion for selection of thermotoler-
ant genotypes (Dhanda and Munjal 2006, 2012). Stability of cell membrane can be 
accessed by studying osmotic potential of a cell. As the main cause of membrane 
breakdown is ROS produced due to oxidative stress, tolerant plant has capacity to 
maintain cool canopy by enhanced transpiration. The plants having lower canopy 
temperature even under high temperature can be selected as heat-tolerant genotypes 
(Hütsch et  al. 2019). The decreased conductivity of stomata is another cause of 
reduced photosynthesis under elevated temperature as it halts in the process of tran-
spiration. The process of transpiration is very crucial for plants because it affects a 
number of physiological processes like water and nutrient uptake, photosynthesis, 
and maintenance of canopy temperature. As the temperature rises beyond a critical 
limit, transpiration is stopped adversely affecting all these processes. But heat- 
tolerant genotype has the ability to maintain higher rate of stomatal conductance at 
anthesis and grain filling stage under late sown conditions (Pooja and Munjal 2019). 
Stomatal conductance has a positive correlation with transpiration rate, which is 
directly linked with cooling of plants and maintenance of water balance in plant. 
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Some nondestructive methods like canopy temperature (CT) which in turn is nega-
tive correlation with transpiration can be used for evaluation of genotypes under 
heat and drought stress (Munjal and Rana 2003; Munjal and Dhanda 2016). 
Normalized difference vegetation index (NDVI) which measures the greenness of 
plant canopy and thus chlorophyll content also exhibit the same trend with respect 
to different growth stages (Singh and Jaiswal 2013). Wheat genotypes having higher 
NDVI values will have more chlorophyll content resulting in greater photosynthetic 
activity and exhibit tolerance to heat stress (Sharma et al. 2018). Stay green nature 
of delayed senescence of foliage is another important trait associated with stable 
yield of plants under abiotic stress conditions (Thomas and Ougham 2014). Stay 
green genotypes exhibit delayed loss of chlorophyll and remain greener even after 
anthesis. These genotypes have higher photosynthetic assimilation in the late stages 
of plant development and can utilize nutrients and moisture more efficiently at this 
stage which contributes to increased crop yield (Harris et  al. 2007; Munjal and 
Dhanda 2016). In wheat, stay green can be used as a criterion for heat tolerance as 
there is significant variability among wheat genotypes for this trait. Temperature 
also affects plants indirectly by causing drought stress. To cope up with this situa-
tion, plant can adjust their root parameters such that it can absorb more water from 
soil. Genotypes with cooler canopy and stable yield have higher water use effi-
ciency (WUE) and nutrient use efficiency (NUE) (Singh et al. 2017). Overall a tol-
erant genotype has higher photosynthesis, transcription, stem reserve mobilization, 
and water and nutrient use efficiency.

11.3.3  Biochemical Trait Adaptations

At biochemical level, plants start producing specific protein under high temperature 
stress; these proteins are called heat-shock proteins (HSPs; Lindquist and Craig 
1988). Based on molecular weight, there are five categories of HSPs, namely, 
HSP100s, HSP90s, HSP70s, HSP60s, and the small HSPs (Waters 2013; Sharma 
et al. 2015; Comastri et al. 2018). Production of HSPs increases in heat-tolerant 
genotypes as compared to susceptible ones which protect the newly formed proteins 
from degradation due to high temperature (Maestri et  al. 2002; Rampinoa et  al. 
2009). HSPs also help in translocation of more proteins to the mature grains and 
thus maintain the bread making quality of wheat (Blumenthal et al. 1991). In case 
of abiotic stress, production of ROS causes oxidative damage to DNA and proteins 
in plants which subsequently leads to destruction of functionality of enzymes (Gill 
and Tuteja 2010). In fact expression of genes coding for HSPs is directly regulated 
by production of ROS (Volkov et al. 2006). For scavenging the ROS, plants have 
evolved several antioxidant mechanisms to prevent damages to cells. Several anti-
oxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and guaia-
col peroxidase (POX) and peroxiredoxins (Prxs) are the most important to cope up 
with oxidative stress (Caverzan et al. 2016). Under multiple abiotic stress condi-
tions, another group of protein, i.e., late embryogenesis abundant (LEA) proteins, 
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are accumulated in plant. These proteins are extremely hydrophilic in nature and 
allows for a more efficient acquisition of plants to desiccation stabilizing protein 
and membrane (Battaglia et al. 2008).

11.4  Role of Signaling Molecule in Heat Stress Adaptations

Signal transduction is a mechanism by which signal from environment is received 
by a cell, in response to which a chain of intracellular reactions starts which at last 
activate several genes. Every type of abiotic stress causes a change in osmotic con-
dition in cell which acts as signal and bound to receptors present on cell membrane 
(Zhu 2016). When temperature rises beyond a critical limit, it leads to change in 
fluidity of plasma membrane which in turn leads to formation of phosphatidic acid 
(PA) and phosphatidylinositol 4, 5-bisphosphate (PIP2). These molecules act as sig-
nal for G-protein-coupled receptor; a heterotrimeric transmembrane protein is the 
most common type of receptors (Mishkind et al. 2009). Within a cell, it activates a 
series of proteins which are called second messenger. Some of these messengers 
cross the nuclear membrane and activate genes associated with heat tolerance. In 
wheat, heat stress leads to dissociation of chaperon molecules from heat-shock tran-
scription factors (HSFs). Now these HSFs bind heat response elements (HREs) 
which in turn activate heat response genes (HRGs) (Zhu 2016). In general when 
there is no stress, bZIP28, a common transcription factor (bound to membrane of 
endoplasmic reticulum), remains bound to chaperone BIP and thus prevents its 
movement to nucleus. Once the heat stress occurs, the interaction of bZIP28 and 
BIP is destabilized leading to dissociation of these molecules. Free molecules of 
bZIP28 then moved to nucleus where it activates various genes associated with heat 
tolerance (Abhinandan et al. 2018). When elevated temperature generates ROS in 
plant cell, HSP 70 and HSP 90 which are present in cell in low amount and bound 
to TF, HsfA1 destabilized. HsfA1 is free now and can enter in nucleus and activates 
heat- shock protein coding gene (Ohama et al. 2017). In another pathway, oxidative 
stress leads to formation of free cytosolic Ca2+ which activate another transcription 
element, DREB2A (Zhang et al. 2012). These all pathway helps in overexpression 
of HSPs which protects proteins from misfolding. This type of response can also be 
induced by exogenous application of salicylic acid (SA). Stimulation of genes by 
SA produces antioxidants which reduces oxidative damage in wheat under heat, 
drought, and saline conditions (Noreen et al. 2017; Fardus et al. 2018).

11.5  Genetic Adaptation of Wheat to Heat Stress

The heredity component of every individual represents its genotype. It is genotype, 
environment and their interaction which generate a particular phenotype. So, plant’s 
reaction to any stress like temperature stress is governed by its gene. Only certain 
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gene overexpresses during high temperature and provides a tolerance reaction 
against high temperature. In general heat-tolerant genotypes have 5% more tran-
scriptomes under stress as compared to non-stress condition (Saidi et al. 2011). In 
wheat, the chromosomes 3A and 3B contain most of genes associated with heat 
tolerance (Xu et al. 1996; Ni et al. 2017). In recent years modern techniques such as 
marker and QTL analysis, functional genomics, transcriptomics, and proteomics 
have helped researchers in identification of major genes important under abiotic 
stress conditions. In case of wheat, an F-box gene TaFBA1 has been identified, 
which overexpresses during drought conditions and protects the plant cells from 
harmful effect of ROS (Zhou et  al. 2014). When this gene was transformed in 
tobacco explant, resulting transgenic plants were more stable at temperature above 
optimum (Li et  al. 2018). Similarly, overexpression of wheat genes WRKY1 and 
WRKY33 in transgenic Arabidopsis led to higher degree of thermotolerance (He 
et al. 2016). In another study, Comastri et al. (2018) mapped four heat-shock protein 
genes of sHSP26 family; three on short arm of chromosome 4A and one on 
4B. These genes are upregulated under stress condition and help in acquisition of 
thermotolerance to wheat. Transcriptomic analysis has revealed that as the stress 
period starts, genes related to flag leaf and grains are overexpressed which helps in 
maintaining stable yield over wide environment (Su et al. 2019). From this study, 
three genes, namely, TaFBR1, TaFBR2, and TaFBR3, associated with flavonoid bio-
synthesis pathway were identified.

These all represent a brief account of genetic mechanism by which plants try to 
cope up with abiotic stresses. Although a large number of genes are also identified 
in wheat and related species, still there is hope to find out more genes regulating 
tolerance mechanism under stress environment.

11.6  Adaptation for High Night Temperature

Wheat is very intolerant to high temperature beginning from germination to matu-
rity. Both day and night temperatures are important when discussing about effect of 
temperature on this crop. When the day and night temperature exceed 32 and 27 °C, 
germination is inhibited and if the stress occurred at from anthesis to maturity grain 
yield and quality is severely affected (Al-Khatib and Paulsen 1990; Reynolds et al. 
2000). In case of some cereals like rice, an increase in one degree night temperature 
about 10% reductions in grain yield is recorded (Peng et al. 2004). This situation 
may be more severe as the night temperature is expected to increase faster than day 
temperature in the coming year (Sillmann et al. 2013). When the night temperature 
exceeds 14 °C, it can cause 32 and 11% reduction in photosynthesis at seedling and 
late anthesis stage, respectively (Prasad et al. 2008). At seedling stage, tolerant gen-
otypes grow faster and try to produce more leaf area so that they can maintain their 
canopy cooler at night. But at terminal stage, leaves start drying due to which it 
cannot maintain canopy temperature. Wheat genotypes possessing awns are more 
stable under fluctuating night temperature (Blum 1986). At higher night  temperature, 
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respiration is increased due to which grain size is reduced. So plants which can 
maintain their respiration rate in dark hours can tolerate this stress. These plants do 
not waste their extra energy for cooling of their canopy. Stem reserve mobilization 
may be the most important trait to select genotypes with tolerance to high night 
temperature (Garcia et al. 2015). There is still very less knowledge of mechanisms 
by which night temperature stress can be managed.

11.7  Future Prospects

The demand of wheat is increasing day by day as the population is increasing. 
Although the productivity of wheat has increased many fold in past century but at 
present time there is a need to develop genotypes which can perform better under 
the changing climate conditions. This can be achieved by getting more knowledge 
about the mechanisms by which wheat plant can cope up with high temperature. 
Traditional mutational studies and modern tools like markers are quite helpful in the 
identification of genes associated with heat tolerance. Further allelic variations can 
be studied using target-induced local lesions in genome (TILLING). Recently most 
of wheat genome has been sequenced. Now there is a great need to narrow out 
sequences to genes which are responsible for important biochemical and physiolog-
ical processes under biotic and abiotic stress conditions. In conclusion varietal 
development program under heat stress can be achieved with advance knowledge of 
genes associated with thermotolerance.
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Abstract Similar to the other crops, production of floricultural plants (crops for 
ornamental purposes) is susceptible to high temperature. High temperature changes 
flowering time, causing problems in the schedule of shipment to the market. 
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Consistent with the idea of plant adaptation to climate, induction of long-day spring 
flowers (Arabidopsis/thale cress) is accelerated by high temperature, whereas 
 induction of short-day autumn flowers (chrysanthemum) is delayed by high 
 temperature. High temperature also reduces flower size and causes paler petal colors 
(e.g. chrysanthemum, rose, and Eustoma) and fruit skin colors (e.g. grape and 
apple), thus decreasing the quality of flowers and fruits. The reasons for high- 
temperature caused disorders are not necessarily clear, but high temperature 
 influences part of gene expressions involved in flowering time (FT, Flowering 
Locus T) and pigment synthesis (such as CHS, chalcone synthase). High- 
temperature- tolerant cultivars are identified or selected in floricultural and 
 pomological (fruit) crops. High-temperature effects could be alternatively attenuated 
by shading or supplementation of magnesium. Heat is sometimes required for 
flowers: some plant species generate heat in flowers by themselves. Petal color 
affects flower temperature. Relationships between flower and heat in these various 
aspects are illustrated by photographs and illustrations of the representative studies 
in this research field.

Keywords Extreme temperature · Flowering habit · Flower coloration · Heat 
stress

12.1  Introduction: High Temperature Affects Floricultural 
Production

The global temperature is gradually rising by 0.02 °C every year (Berkeley Earth 
2019). High atmospheric temperatures caused by global warming will be a great 
risk for production of most crops, but the effects of high temperature on crop 
 production and breeding of high-temperature tolerant cultivars have just started to 
be widely studied in recent years. In the present report, we will focus on the effect 
of high temperature on the production of flowers (floriculture), to discuss necessary 
solutions to overcome adverse effects of future high temperature on flower 
 production. The number of reference papers is limited on this topic, but representative 
papers will be reviewed in precision to learn high-temperature response and 
 tolerance of flowers. Reference photographs of flowers will be also cited from 
representative papers, as long as copyright permission is given from the publishers.

High temperature affects both quality and quantity of flower production. As for 
the quantity of flower production, short period (3 days) of very high temperature 
(35 °C maximum for 6 h each day) during early flowering period was enough to 
reduce flower yield of pyrethrum (Tanacetum cinerariifolium). Pyrethrum flower is 
the source of the production of pyrethrin, a natural insecticide. In addition to the 
yield of flowers, pyrethrin content in the flower (achene) is also reduced by heat 
stress, causing the problem of unstable pyrethrin production in the main producer 
country Australia (Suraweera et al. 2016). Reduction of the number of flowers is 
also observed in groundnut (Arachis hypogaea cultivar ‘ICGV 86015’): the number 
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of flowers decreases as the day temperature is raised from 28 to 48  °C (Prasad 
et al. 2000).

As for the quality of flowers, flower diameter is reduced by 16% and petal 
 number is reduced by 23% in rose (Rosa sp., cultivars ‘M4-4’, ‘J06-20-14-3’, 
‘97/7-2’, ‘Red Fairy’, ‘Sweet Chariot’, ‘Vineyard Song’, ‘Old Blush’, and ‘Little 
Chief’), only by 1-h heat shock at 44 °C. Although severe heat shock will be better 
for estimation of heat tolerance, heat-tolerant trait of rose is heritable (Liang et al. 
2017). The shape of freesia (Freesia refracta cultivar ‘Blue Heaven’) inflorescence 
is affected by high temperature. Juvenile plants of freesia generated from corms are 
usually chilled at 10  °C.  When juvenile plants are treated at 24  °C for 1, 2, or 
3 weeks, abnormal (malformed) inflorescences are formed on mature plants, and the 
ratio of abnormal inflorescences rises with the longevity of heat stress at 
24 °C. Abnormal inflorescences have different (vertical) angles of flower stalks or 
form aberrant flowers at the base of inflorescence (Fig.  12.1). The formation of 
abnormal inflorescences is correlated with faster development of floral meristems 
(Motozu et al. 2000).

Heat stress affects floral scent (fragrance) as well. The production of 
 phenylpropanoid-based volatiles was reduced in petunia (Petunia × hybrida) flowers 
(cultivars ‘P720’ and ‘Blue Spark’) when day/night temperature was raised from 
22 °C/16 °C to 28 °C/22 °C (Cna’ani et al. 2015). Floral scent will not be important 
for petunia as an ornamental flower, but decrease of floral scent is critical for 
 excellently fragrant species such as sweet pea, freesia, and fragrant rose. Other 
damages to flowers by heat stress include decoloration of petals and altered time of 
flowering. These topics will be described in the other sections of this chapter. Heat 
stress causes sterility in flowers (Yang et al. 2009; Ishimaru et al. 2016; Hakata et al. 
2017; Zhang et al. 2018), but this is not within the focus of the present chapter. 
Interestingly, heat does not always have negative influences on flower production. 
When rose cultivars ‘Meirutral’ and ‘Meidanclar’ are grown at the day/night 

A B

Fig. 12.1 Abnormal inflorescence of freesia. (a) Normal inflorescence. (b) Abnormal inflores-
cences. These figures illustrate data in Motozu et al. (2000)
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 temperature of 24 °C/18 °C or 29 °C/24 °C, longevity of open flowers was increased, 
and the ratio of bud drop was decreased at higher temperature. Most notably, flower 
longevity was increased from 2 to 9 days and bud drop was decreased from 61 to 5% 
in ‘Meirutral’, when plants were heated at green-bud stage. ‘Meidanclar’ also 
enjoyed similar effects of high temperature, but malformed flowers were increased 
in this cultivar. Although high temperature induces smaller flowers, high temperature 
is beneficial for some rose cultivars (Monteiro et al. 2001). Such benefits of high 
temperature should be also remembered to promote flower production under high 
temperature. After listing heat effects to flowers, we will also review physiological 
or chemical treatments and genetic approaches to alleviate heat damages.

12.2  High-Temperature Response of Long-Day 
and Short- Day Plants

12.2.1  Long-Day Plant

The time required from germination to reproductive growth (flowering) is the 
important trait for plants to survive in the environment (Song et al. 2015). Flowering 
time is principally regulated by the length of light and dark conditions in a day 
(photoperiod), although regulation of flowering time is much more complicated. 
Thale cress (Arabidopsis thaliana) is a “facultative” long-day plant: thale cress 
flowers much earlier under long-day conditions than under short-day conditions. 
Studies of thale cress have demonstrated that abiotic stresses also control time of 
flowering, in addition to photoperiod. The reason for the response of flowering time 
to abiotic stresses is considered that plants try to generate seeds before they are 
fatally damaged by stresses (Takeno 2016).

Temperature is one of such environmental stresses that accelerate flowering in 
thale cress. Thale cress flowering is accelerated by high temperature (Song et al. 
2015). Here, we will review how thale cress plants sense temperatures. Plants sense 
both temperature and photoperiod by the same mechanism. Protein called 
“Phytochrome B” usually senses the “quality” of light, i.e. the ratio between red 
light and far-red light. Also wave lengths of lights, Phytochrome B also senses the 
temperature through its temperature-dependent reversion from the active “Pfr state” 
to the inactive “Pr state” (Fig. 12.2; Legris et al. 2016; Kreslavski et al. 2018). Thus, 
Phytochrome B is considered to work as a temperature sensor by this conformational 
change. Phytochromes interact with phytochrome-interacting factors (PIFs), the 
transcriptional factor proteins with the basic helix-loop-helix (bHLH) DNA binding 
domain. PIF4 protein is actually reported to be involved in acceleration of flowering 
by high temperature in thale cress: flowering is no longer accelerated in the pif4 
mutant of thale cress which lack the function of PIF4, under high temperature 
(Kumar et al. 2012).

S. Hegde et al.



347

The expression of the FT (Flowering Locus T) gene, encoding florigen, takes 
place in the vascular tissues of leaves, and the PIF4 gene is also expressed in the 
same tissues. In “chromatin immuno-precipitation” assay, PIF4 protein binds to the 
promoter DNA region of the FT gene. This indicates that heat-activated Phytochrome 
B activates PIF4, which enhances expression of the FT gene (Kumar et al. 2012). 
Here, florigen is the master regulator that transmits flowering-inducing stimuli in 
higher plants (Tsuji 2017). The FT gene of thale cress and the Heading Date 3a 
(Hd3a) gene of cultivated rice (Oryza sativa) encode phosphatidylethanolamine 
binding-like proteins, which are the realities of florigen (Kardailsky et  al. 1999; 
Kobayashi et al. 1999; Kojima et al. 2002).These proteins are expressed in leaves 
and then translocated to shoot apices via the phloem and promote flowering in shoot 
apices (Corbesier et al. 2007; Tamaki et al. 2007).

High temperature also accelerates the heat-stress responsive pathway, e.g. 
 upregulation of heat shock proteins (HSPs) which help the folding of proteins, and 
HSPs are related to flowering as well. Once HSPs are activated, plants can adapt to 
the secondary heat stresses. This is called “adaptation to heat stress.” HSP90 is 
highly induced during adaptation of thale cress. HSP90 is quite abundant in normal 
temperature to help the protein folding. Mutation in the HSP90 gene affects a variety 
of “quantitative life-history traits,” including delay of flowering, reduction of total 
seed set, and increase in morphological diversity (Sangster et al. 2007, 2008). Then, 
HSP90 might regulate the flowering time by modulating several proteins. Candidates 
of such target proteins of HPS90 are an F-box protein ZTL involved in photoperiod 
regulation (Kim et  al. 2011) and Heat Shock Transcription Factor A1 (HSFA1) 
involved in high-temperature tolerance together with HSP90 (Yamada et al. 2007). 
In summary, Phytochrome B and PIF would regulate high-temperature-induced 
change of flowering time through regulation of the expression of the FT gene in the 
vein of leaves (Fig. 12.2), and HPS will also influence this response.

Phytochrome B
Pfr ⇨ Pr

High 
temperature

Shoot apex

Flowering

PIF4
activation

Leaves

FT

FT

Fig. 12.2 Activation of FT by high temperature in thale cress: schematic representation
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12.2.2  Short-Day Plant

Data indicate that flowering induction of short-day plants such as chrysanthemum 
responds to high temperature oppositely from long-day plants such as thale cress. 
Chrysanthemum is the most popular cut flower in Japan: it occupies more than one- 
third of cut flower production, followed by rose, carnation, Gerbera, Statice, 
Eustoma, and gentian. Chrysanthemum is produced in many areas of Japan but is 
most produced in warm or semi-tropical areas such as Aichi and Okinawa (http://
www.e-stat.go.jp/SG1/estat/Pdfdl.do?sinfid=000031665471). Chrysanthemum also 
occupies 18% of all sales of ornamental plants in Japan (http://www.maff.go.jp/e/
policies/agri/attach/pdf/index-5.pdf#search=%27chrysanthemum+production+d
ata%27). Chrysanthemum originates in East Asia and first cultivated in China. Data 
on the response of short-day plants to high temperature is practically restricted to 
chrysanthemum, but the other species may respond to high temperature in the 
same way.

Carvalho et  al. (2005) reported high-temperature response of chrysanthemum 
cultivar ‘Reagan Improved’. They test cultivated chrysanthemum under 15, 18, 21, 
or 24 °C and compared flower traits. As in the other reports, they observed smaller 
but larger number of flowers per plant at higher temperatures. They also reported 
that the pink color of the petal was lighter (paler) at higher temperatures, similar to 
the other reports. On the other hand, they did not observe great difference in 
 flowering time (days from the start of short-day treatment to anthesis). This range 
(15–24 °C) of moderate stimulus will not have significant effect on the induction of 
chrysanthemum flowering.

An interesting survey was performed on the response of chrysanthemum cultivar 
‘Bright Golden Anne’ to high temperature by Karlsson et al. (1989). They changed 
day temperature and night temperature independently from 10 to 30  °C.  Clear 
 difference in flowering time was observed in this wide range of temperatures 
(Fig. 12.3a). The optimum temperature for shortest flowering time of chrysanthemum 
is both day and night temperatures of 18 °C, which requires 60 days to flowering. 
The flowering time becomes longer when temperatures are more different from this 
optimum level. The flowering time is even 120 days, the double of the shortest case 
at high temperatures such as day temperature of 30 °C and night temperature of 
26 °C. The “total flower area” per plant was also measured in their analysis. This is 
the output of the balance between flower size and flower number, but the optimum 
temperatures are day temperature of 20 °C and night temperature of 16 °C, at which 
temperature the flower area is 300 cm2 (Fig. 12.3b). This value is also much affected 
by high temperature, for example, the values is more than halved (less than 150 cm2) 
at day temperature of 28 °C and night temperature of 22 °C. Virtually no flower is 
generated at both day and night temperatures of 30 °C. Light intensity also matters. 
The above data were obtained at light intensity (photosynthetic photon flux, PPF) of 
15  mol  day−1  m−2. Flowering is delayed, and flower area is reduced in darker 
conditions.
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Genetic analysis of the generally observed flowering retardation of 
 chrysanthemum at high temperature was performed on the cultivar ‘NIFS-3’ 
(Nakano et  al. 2013). In chrysanthemum shoot apices, expressions of meristem 
identity genes SOC1 (Suppressor of Overexpression of Constans 1), LFY (Leafy), 
AP1 (Apetala 1), and FUL (Fruitful) and floral homeotic genes AP3 (Apetala 3), AG 
(Agamous), SEP (Sepallata), and PI (Pistillata) are induced within 3  weeks in 
short-day condition at 20 °C. Expression inductions of four SOC1/LFY/AP1/FUL 
homologs were not significantly affected by high temperature at 30 °C, although 
expression inductions of two AP1/FUL homologs were delayed. Consistent with 
this, there was no clear delay in the induction of floral meristems at high temperature, 
in microscopic analyses. On the contrary, expression inductions of all four 
AP3/AG/SEP/PI homologs examined were delayed by high temperature (Fig. 12.3a). 
As a result, development of floral organs after generation of floral meristem is 
delayed in chrysanthemum. The delay of the expressions of these genes is seemingly 
caused by the delay in the expression induction of the CsFTL3 gene, one of the FT 
(Flowering Locus T) homologs, in leaves at high temperature (Fig. 12.3b). This is 
consistent because FT is florigen, the inducer of flowering. Expression of the 
CsTFL1 gene, a homolog of flowering suppressor TFL1 (Terminal Flower 1), was 
not altered by high temperature at shoot apices, indicating that FT pathway is solely 
inhibited by high temperature. They also confirmed this phenomenon by grafting 
between high-temperature sensitive cultivar ‘Mona Lisa’ and high-temperature 
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Fig. 12.3 Response of chrysanthemum to high temperature (1). Days needed to anthesis from the 
start of short day (a) and total flower area per plant (b), shown as the function of day temperature 
and night temperature. Data were acquired for plants grown in PPF of 15 mol day−1 m−2. These 
figures illustrate data in Karlsson et al. (1989). (a) Expression inductions (in short-day condition) 
of the AP3/AG/SEP/PI homologs was analyzed every week at 20 or 30 °C. (b) Expression induction 
of the CsFTL3 gene was analyzed every week at 20 or 30 °C. Data were cited from Nakano et al. 
(2013) under the Creative Commons CC-BY conditions
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 tolerant cultivar ‘Kurarisu’, where high-temperature retardation of flowering 
occurred depending on root-stock cultivars.

In summary, cultivation of chrysanthemums is the best around 
18–20 °C. Symptoms are observed at higher temperatures, such as retardation of 
short-day induced flowering, reduction in flower area, and reduction in pigment 
synthesis. Physical treatments should be performed to reduce temperature in the 
greenhouse, or high-temperature-tolerant cultivars should be used/bred to avoid 
symptoms, when chrysanthemums are grown at high temperatures. Knowledge on 
the other short-day plants is nearly lacking, but a similar phenomenon is observed 
in Eustoma: elongation of inflorescence stem is inhibited at high temperatures in 
Eustoma seedlings, causing rosette-like structure without flowers. Thus, mechanisms 
of high-temperature inhibition of flowering must be also analyzed in the other plant 
species.

12.3  High-Temperature Effects on Petal Colors

12.3.1  Anthocyanin Synthesis

Another problematic effect of high temperature to flowers is decoloration. 
Anthocyanin is a flavonoid subclass which is the pigment present in flowers 
 responsible for color variations. Temperature is a key factor reducing biosynthesis 
of anthocyanin (Puangkrit et al. 2018), but we have to understand the process of 
anthocyanin synthesis first.

Animal pollinators are generally the cause of color polymorphism in flowers 
(Mu et  al. 2010). Seed production in plant species is correlated with the flower 
color, size, and visitation rates of pollinators. Conversely, recent studies provided 
the information that flower color diversity is related to the physical factors of the 
environment (Mu et  al. 2010). The different color polymorphism is directly 
 proportional to the specialized metabolite anthocyanin in many of red, purple, and 
blue flowers, together with yellow/orange carotenoid and yellow/pink betalain. 
Decoloration of flowers in high temperature may affect pollination in nature, but 
decoloration affects sales of ornamental flowers in the market.

Cyanidin, pelargonidin, and delphinidin are the main anthocyanidins present in 
higher plants (Schwinn and Davies 2004). The first step of anthocyanin synthesis is 
catalyzed by chalcone synthase (CHS), which synthesizes naringenin chalcone 
from p-coumaroyl-CoA and three molecules of malonyl-CoA. Then the naringenin 
chalcone is catalyzed to naringenin in presence of chalcone isomerase followed by 
further synthesis of dihydrokaempferol in presence of flavonoid 3′-hydroxlase 
(F3′H; Fig.  12.4). Naringenin is also catalyzed to apigenin (flavone) which is 
 catalyzed by flavone synthase. Again, in the presence of flavonoid 3′-hydroxlase 
(F3′H), apigenin is catalyzed to luteolin. In addition, dihydrokaempferol produces 
leucopelargonidin and further catalyzed to pelargonidin in presence of 
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 dihydroflavonol 4-reductase (DFR) and anthocyanidin synthase, respectively. 
Meanwhile, dihydroquercetin synthesized by dihydrokaempferol in the presence of 
F3′H. Dihydroquercetin is catalyzed to both quercetin and leucocyanidin by  flavonol 
synthase (FLS) and dihydroflavonol 4-reductase (DFR), respectively. Cyanidin 
 synthesis is catalyzed from leucocyanidin by anthocyanidin synthase.
Dihydrokaempferol is responsible for synthesizing dihydromyricetin and myricetin 
which is catalyzed by flavonoid 3′,5′-hydroxlase (F3′5′H) and FLS.  Further, 
 leucodelphinidin and delphinidinare are synthesized in the presence of DFR and 
ANS, respectively. Finally, anthocyanins are synthesized by glycosylation of 
 cyanidin, pelargonidin, and delphinidin (Fig.  12.4). Anthocyanins derived from 
cyanidin, pelargonidin, and delphinidin are typically pink, red, and violet, but colors 
(hues) are variable depending on the type of glycosylation and chemical environment 
in plant cell (vacuole).

For the synthesis of kaempferol, quercetin, and myricetin in gentian, flavonol 
synthase (FLS) is essential. Pelargonidin, cyanidin, and deslphinidin (anthocyanidins) 
are altered by the sugars and other moieties binding to form anthocyanins in a 
 species-specific manner. For example, different colors of the petals accumulate 
 different anthocyanin like pink-flowered gentians (Gentiana) petals contains 
 gentiocyanin, blue-flowered contains gentiodelphin and orange-flowered contains 
solely pelargonidin glycosides in their petals. In the case of aurantiaca and lutea 
types of gentian, similarities in amino acid sequences were revealed at CHS, CHI, 
ANS1, and ANS2 loci, while F3H and DFR loci showed variation in amino acid 
sequences. Relatively high levels of transcripts are detected for DFR, F3H, CHS, 
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Fig. 12.4 Biosynthesis pathway of anthocyanins. CHS chalcone synthase, CHI chalcone 
 isomerase, F3H flavanone 3-hydroxylase, DFR dihydroflavonol 4-reductase, ANS anthocyanidin 
synthase, FLS flavonol synthase, F3′H flavonoid 3′-hydroxlase, F3′5′H flavonoid 3′,5′-hydroxlase, 
FSII flavone synthase. This figure was generated based on the data in Berman et al. (2016)
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ANS, and UDP-glucose: flavonoid-3-O-glucosyltransferase genes in aurantiaca 
petals in comparison with lutea petals (Berman et al. 2016).

However, structural genes above themselves do not always regulate the 
 anthocyanin accumulation. For example, the study conducted by Fatihah et  al. 
(2019) in Nicotiana benthamiana and Lilium flowers describes that ROSEA1 (ROS1, 
a MYB-type transcription factor) and DELILA (DEL, a bHLH-type transcription 
factor) regulate the biosynthesis of anthocyanin. There are myeloblastosis protein 
(MYB) complexes, WD40, and helix-loop-helix (bHLH) transcription factor  families 
(Quattrocchio et al. 1998; Koes et al. 2005). Out of these three transcription factors, 
WD40 is required for stabilization of “MBW complexes,” and MYB and bHLH 
co-expression is essential for activation of the structural genes for anthocyanin 
synthesis (Bovy et  al. 2002; Hichri et  al. 2011). In the process of regulating 
 anthocyanin production, MYB plays a key role (Hichri et al. 2011). In many plant 
species, MYB alone is enough to stimulate anthocyanin production (e.g. 
Anthocyanin1(ANT1) of tomato (Schreiber et  al. 2012) and MYB10 of apple, 
 strawberry, and potato (Kortstee et  al. 2011)). In the case of maize C1, MYB is 
unable to stimulate anthocyanin without bHLH (Bovy et  al. 2002). Therefore, 
 biosynthesis of anthocyanin is regulated by both MYB- and bHLH-type transcription 
factors, whereas in some cases only one transcription factor is sufficient.

12.3.2  Decoloration of Petals

Anthocyanin content/accumulation varies from developmental stages and is induced 
by many factors including cold temperature (Chalker-Scott 1999). In other words, 
anthocyanin content in flowers is less at high temperatures. Conditioned low- 
temperature environments of petunia (Shvarts et al. 1997) and rose flowers (Biran 
and Halevy 1974) showed increased synthesis of anthocyanin content. In a study 
conducted on ‘Jaguar’ rose flowers by Dela et  al. (2003) showed the long-term 
noticeable effect on concentration of anthocyanin when high temperature is applied. 
The anthocyanin synthesis enzymes (CHS and DFR) in ‘Jaguar’ were decreased by 
50% after treatment of heat, revealing that declined anthocyanin content is because 
of reduced transcription rates of these genes. Therefore, even after the treatment 
with high temperature, the inhibition of anthocyanin accumulation continues by 
decreased levels of CHS and DFR (Dela et al. 2003). Similar studies on strawberries 
showed that inhibition of anthocyanin accumulation is caused by the decrease in the 
phenylalanine ammonia lyase (PAL) and CHI activities (Civello et al. 1997).

An interesting study by Nozaki et al. (2005, 2006) on Chrysanthemum  morifolium 
Ramat. (pink flower genotype of chrysanthemum) revealed differential anthocyanin 
content under different temperatures or seasons. At 30 °C, the poor flower coloration 
was observed except for one genotype ‘Chatoo’ out of six pink-flower genotypes in 
greenhouse. Especially great difference in petal color was visible for ‘Sei-Monako’ 
genotype. In ‘Sei-Monako’, chroma (vividness) values were low under high 
 temperature. The overall illustration of this phenomenon is shown in Fig. 12.5. In 
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addition, contents of cyanidin3-O-(6″-O-monomalonyl-beta-glucopyranoside) and 
cyanidin3-O-(3′,6″-O-dimalonyl-beta-glucopyranoside) were lower at higher 
 temperature (Nozaki et al. 2006). This study also indicated that the mean temperature 
is the key factor rather than day or night temperatures, to determine the coloration 
of flower.

Another study conducted on pink-flower chrysanthemum by Puangkrit et  al. 
(2018) describes the effect of high temperatures on pigmentation, petal coloration, 
and flavonoid biosynthesis genes during the developmental stages of inflorescence. 
Exposures to 20 and 30 °C revealed that anthocyanin levels (cyanidin3-O-(6″-O- 
monomalonyl- beta-glucopyranoside) and cyaniding3-O-(3″,6″-O-dimalonyl-beta- 
glucopyranoside)) at 20  °C were much higher than those at 30  °C.  Observation 
throughout the “bud break to vertical stages” at 20 or 30 °C revealed the maximum 
temperature sensitivity of “petal extension to vertical stage” and its importance for 
pigmentation. The structural genes of anthocyanin biosynthesis (CmplCHS1, 
CmplCHS2, CmplCHI, CmplF3H2, CmplC3′H, CmplDFR1, CmplDFR2, and 
CmplANS) were heat-sensitive.

12.3.3  Color Influences Flower Temperature

Floral color (hue) is also adjusted based on the temperature of the environment 
(Dela et al. 2003; Stiles et al. 2007). Study was conducted on petal color changes 
and pigment concentrations (i.e. pelargonidin/cyanidin ratio) of Baccara rose by 
Biran and Halevy (1974) at different temperature ranges. The inner (reddish with 
major pelargonin) and outer (bluish with major cyanin) side of Baccara rose petals 
was examined under low (14 °C/20 °C) and high (18 °C/25–30 °C) temperatures. 
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Fig. 12.5 Decoloration of chrysanthemum. (a) Difference in the shape and color of cultivar ‘Sei 
Monako’ depending on the seasons. (b) Petal colors of cultivar ‘Sei Monako’ grown in winter, 
spring, or summer. Colors were plotted on color circle (Kasajima 2016, 2019). Saturation 
 (vividness) is higher at edges of the circle, and the center of the circle is white/gray. The pictures 
in (a) illustrate data in Nozaki et al. (2005)
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The result showed that ratio among cyanin and pelargonin was high in low 
 temperature as compared to high-temperature conditions. Lacey and Herr (2005) 
reported that multiple floral parts of Plantago lanceolate produce maroon to black 
(dark-colored) spots in spring and autumn when the temperature is cool. The closely 
clustered spikes in the inflorescence are dark in these tiny flowers. These spikes are 
more reflective and lighter at summer due to reduced pigmentation (Stiles et  al. 
2007). Dark-colored spikes produced under cool temperatures absorb solar radiation 
more efficiently, and thereby they produce warm condition for seed development. 
On the contrary, less radiation is absorbed by light-colored spikes in summer, which 
is effective to cool flowers (Stiles et  al. 2007). Thus, flower color influences 
 temperature conditions of the flower itself.

Petal colors influence flower interior temperature due to the variance in absorption 
and reflection of the light in a bit different manner as well (Seymour et al. 2009b; 
Mu et al. 2010). This effect can be of significance for the adaptation of plants living 
in stressful conditions. For example, in drought- and heat-stressed conditions, 
 individuals with pigmented flowers usually survive better than anthocyanin-free or 
less ones (Steyn et  al. 2002), and white-flowered individuals are frequently 
 susceptible to the stress and therefore suffer a large loss in fitness benefit (Coberly 
and Rausher 2003; Mu et al. 2010). In contrast to this, in arctic or cold alpine areas, 
flower color may have evolved to become white to help keep interior temperatures 
warm and stable against fluctuating ambient temperatures (Seymour and Schultze- 
Motel 1998). This adaptation is essential to the development of pollen, ovules, and 
fertilization (Mu et al. 2010). For example, the white petals of Crocus chrysanthus, 
an arctic herb species, reflect light into flower interiors to warm. Simultaneously, at 
ambient temperature, white flowers are generally warmer compared to yellow or 
purple flowers in interior structures but not in corolla, since white petals reflect light 
more efficiently than dark ones (Fig. 12.6; McKee and Richards 1998; Mu et al. 
2010). Studies examining the relationships between petal colors, interior temperature 
of flower, and pollinator visitation rates usually employ a comparative methodology 
like between varieties of a single species. However, the different factors involved in 
these studies may be confusing. For example, the three varieties of Crocus differ in 
both flower structure and petal color (McKee and Richards 1998). Hence, further 
studies will be necessary to obtain direct evidence as to the effects of petal colors on 
flower temperature, by using genetic mutants or transformants.

In summary, high temperature reduces anthocyanin synthesis in flowers. High- 
temperature effects on carotenoids and betalains are not clear. If syntheses of these 
pigments are not susceptible to high temperature, flowers synthesizing these 
 pigments do not show decoloration symptom in high temperature, unlike the  flowers 
accumulating anthocyanin in petal. Reports on the effect of petal color on the 
 temperature of flower interiors are also meaningful. White petals are cooler than 
colored petals in accordance with our imaginations, but flower interior is oppositely 
cooler in flowers with colored petals. This is thought to be a consequence of lower 
light reflectance on the colored petal. Consistently, colored flowers seem to survive 
better than white flowers in heat (Steyn et al. 2002).
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12.4  Heat Production in Flowers

12.4.1  Heat-Producing Flowers

We are showing examples of heat damage to flowers, but adequate level of 
 temperature is necessary for plants. Especially pollination seems to be dependent on 
relatively higher temperatures in many plant species. Some plants also heat 
 themselves to tolerate cold temperature. In this section, we will review such 
 examples where plants generate high temperature by themselves. Several seed 
plants actively elevate their body temperature above the surrounding environment. 
The first discovery of such plant thermogenesis was made by Jean-Baptiste de 
Lamarck in the eighteenth century (Lamarck 1778), who documented the 
 thermogenesis in the inflorescence of European arum lily during blooming. To date, 
floral organ-specific thermogenesis (i.e. single flowers, inflorescences consisting of 
many florets, or cones) has been found in plants from diverse range of plant taxa, 
including the monocotyledon families Araceae, Arecaceae, and Cyclanthaceae; 
dicotyledon families Annonaceae, Aristolochiaceae, Hydnoraceae, Magnoliaceae, 
Nelumbonaceae, Nymphaeaceae, Rafflesiaceae, and Schisandraceae; and 
 gymnosperm families Cycadaceae and Zamiaceae (Seymour 2010).

Heat production occurs by massive increase of cellular respiration rate in flowers 
(Meeuse 1975). Based on the pattern of heat production, the thermogenic plants are 
categorized into two groups: thermoregulatory and non-thermoregulatory (Seymour 

sunlight

reflection absorption

sunlight

White petal Colored petal

+1.5 C −0.5 C

Fig. 12.6 Effect of petal color on flower temperature. Pictures illustrate reflection of sunlight on 
petals of Gentiana leucomelaena, an Alpine herb. White petals reflect more sunlight than deep- 
colored petals. Anthers are warmed by approximately 1.5 °C above the ambient temperature in 
white flowers, whereas anthers are cooled by approximately 0.5 °C in purple flowers; thus petal 
colors cause 2 °C difference in anther temperatures. This figure was generated based on the data in 
Mu et al. (2010)
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et  al. 2010; Kakizaki et  al. 2012).Thermoregulatory plants can regulate floral 
 temperatures to a constant level for several days during blooming, even if ambient 
temperature fluctuates changes. Thermoregulation has been observed in a few 
 species of thermogenic plants, Philodendron, Symplocarpus, and Dracunculus 
belonging to the family Araceae and Nelumbo belonging to the family 
Nelumbonaceae. In contrast, most thermogenic plants are non-thermoregulatory 
which cannot maintain the floral temperature, namely, thermogenesis occurs 
 explosively and transiently.

Plant thermogenesis is closely associated with floral development (Seymour 
2010; Kakizaki et al. 2012). Although the molecular mechanism for the initiation of 
thermogenesis has not been fully understood, some physiological experiments 
 demonstrated that salicylic acid, which is a well-known plant hormone, is the trigger 
of heat production in thermogenic inflorescence of voodoo-lily (Sauromatum 
 guttatum; Raskin et al. 1987; Raskin et al. 1989). Salicylic acid begins to dramatically 
increase in appendix of the inflorescence, the main thermogenic organ, in the late 
afternoon of the day before blooming, and immediately reaches 100 times higher 
than the basal level. In the next morning, blooming starts with the exposure of 
appendix by unfolding the “spathe” (a large bract that encloses the inflorescence), 
which is followed by the extensive thermogenesis in appendix, and the peak of its 
temperature reaches 10  °C above the ambient temperature. The salicylic acid- 
induced heat production in appendix is not observed when appendix is exposed to 
constant darkness, suggesting that thermogenesis is regulated by photoperiod (day/
night length) as well (Raskin et al. 1989).

Other example of well-studied thermogenic plants includes sacred lotus 
(Nelumbo nucifera). About a century after observation of thermogenesis in sacred 
lotus by Miyake (1898), Seymour and Schultze-Motel discovered the physiological 
thermoregulation of its flower (Seymour and Schultze-Motel 1996, 1998). Here, it 
was demonstrated that the receptacle inside the petals is the main thermogenic 
organ. The period of thermoregulation is basically related to their pattern of 
 “protogynous” (pistil maturating earlier than stamen) anthesis in this plant. The 
lotus bud initiates thermogenesis in early summer when the petals are still closed, 
and then thermogenesis continues when the petal opens slightly to reveal the 
 stigmas. The thermoregulatory capacity is finally lost when flower fully opens to 
expose the stamens. The temperature of the thermogenic receptacle is typically 
around 30–36  °C within 2–4  days sequence of flowering, although the ambient 
 temperature fluctuates between 10 and 45 °C. Moreover, the receptacle temperature 
is completely regulated even in constant darkness for over 3  days; thus 
 thermoregulation of sacred lotus depends on temperature and is not influenced by 
photoperiod (Seymour and Schultze-Motel 1998).

Skunk cabbage, a member of Araceae family, is the only plant species 
 demonstrating the thermogenesis at cold environment, at least at the moment 
(Fig.  12.7; Knutson 1974). There are species from eastern Asia (Symplocarpus 
 renifolius) and eastern North America (S. foetidus), both of which are 
 thermoregulatory and naturally growing on wetland (Nie et  al. 2006). During 
blooming in early spring, they produce enough heat to melt snow (Kamata et al. 
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2009). The thermogenesis occurs in its inflorescence (spadix), especially in florets 
(Fig.  12.8; Onda et  al. 2008; Sayed et  al. 2016). Interestingly, skunk cabbage 
 maintains their spadix temperature at around 23  °C even if ambient temperature 
drops below zero (Seymour et al. 2009a). The thermoregulation of spadix continues 
during the fertilizable female phase for around 1-week period, which is the longest- 
term thermoregulation among all currently known plant species.

12.4.2  Biochemical Basis of Thermogenesis

Biochemical mechanisms for thermogenesis of flowers are reported. Thermogenesis 
is associated with the metabolic heat production through the increase of respiration 
rate in flowers, especially with the “cyanide-resistant respiration pathway” via 
 alternative oxidase (AOX; Moore et al. 2013). AOX is a mitochondrial enzyme in 
plants, fungi, and nematodes, and its expression is induced by several environmental 
stresses. AOX accepts electrons from the “ubiquinone pool” and uses them to reduce 
oxygen to water without generating ATP. Thus, the chemical energy is transformed 
to heat in AOX reaction. In thermogenic plants, the abundant AOX protein exists as 
the reduced (active) form in floral organ (Elthon et al. 1989; Umbach and Siedow 
1993; Onda et al. 2007), probably due to the reduction via mitochondrial o-type 

Fig. 12.7 Thermogenesis of skunk cabbage. Left: The blooming stage of skunk cabbage in the 
field. Right: Thermography of the skunk cabbage. One of the spathes surrounding the spadix was 
cut off to display the spadix
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thioredoxin “Trx o” (Umekawa and Ito 2018). Therefore, not only the level of res-
piration rate, which is comparable to most animals, but also relatively high propor-
tion of AOX-mediated respiration within the total respiration allow the thermogenic 
plants (flowers) to generate heat.

In the thermoregulatory flowers, thermoregulation is achieved by the temperature- 
dependent control of respiration in flowers: the floral respiration rate decreases as 
flower temperature rises and vice versa (Seymour et al. 2010). It is noteworthy that 
the temperature responses of the respiration in these flowers are opposite to the 
general chemical reactions where the reaction rate increases as temperature rises. 
Recently, we performed thermodynamic analysis on the respiration in thermogenic 
spadices of skunk cabbage (Umekawa et al. 2016). The results indicated that the 
thermoregulation is achieved by temperature-dependent change of cellular 
 biochemical equilibrium comprising “exothermic (heat producing) and endothermic 
(heat absorbing) reactions” in the respiratory metabolism of skunk cabbage. Namely, 
the cellular equilibrium is formed by an exothermic pre-equilibrium reaction which 
consists of a fast-reversible step (reverse reaction is endothermic) that precedes 
 formation of unstable intermediates (k1 and k1), and the following rate-limiting 
 exothermic step determines the entire reaction rate (k2; Fig. 12.9). The occurrence 
of the reverse (endothermic) reaction in the pre-equilibrium reaction needs relatively 
high temperature due to its high activation energy (Fig. 12.9); thus the rate of the 
reverse (endothermic) reaction increases as temperature increases. Therefore, higher 
temperature increases the rate of reverse (endothermic) reactions and reduces the 
concentration of intermediates, and finally the entire reaction rate decreases. The 

Spathe

Fig. 12.8 Structure of the spadix of skunk cabbage. Spadix is composed of a pith and numerous 
florets. Spathes are surrounding spadix. Thermogenesis is mainly observed at the florets of spadix. 
Each floret contains stamens, a pistil, and petals. This figure was cited from Sayed et al. (2016) 
under the Creative Commons CC-BY conditions
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Fig. 12.9 Model of the temperature-dependent respiratory control in thermogenic spadices of 
skunk cabbage. The model is composed of a leading fast-reversible step that forms equilibrium (k1 
and k1) and a final step of oxygen consumption through mitochondrial terminal oxidases (AOX and 
COX) (k2). The activation energies of the exothermic reactions with reaction constants k1 
(RH2 → R + 2H+ + 2e−) and k2 (1/2O2 + 2H+ + 2e− → H2O) are expressed as Ea and Ea”, respectively. 
The endothermic reaction with reaction constant k1’ (R + 2H+ + 2e− → RH2) is indicated as Ea’. The 
overall activation energy (Eo) is expressed as: Eo = Ea + Ea” − Ea’. This figure was cited from 
Umekawa et al. (2016) under the Creative Commons CC-BY conditions
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involvement of the endothermic reaction (NADPH production catalyzed by 
 mitochondrial isocitrate dehydrogenase) in the respiratory control was a new 
 concept for understanding the physiological thermoregulation. Here, both AOX- 
and COX-mediated reactions can berate limiting steps in the pre-equilibrium 
r eaction. To evaluate the contribution of those pathways to respiratory control, 
 further studies on the temperature response of overall activation energy of AOX-/
COX-mediated respiration were conducted (Fig. 12.10; Umekawa et al. 2016). The 
results indicated that AOX pathway is more sensitive to the temperature change than 
COX pathway. AOX-mediated respiration seems to be involved in the fast response 
of thermoregulation to the temperature fluctuations.

12.4.3  Significance of Self-Produced Heat

The biological significance of thermogenesis for plants has been of great concern to 
the researchers since its discovery. In some of the thermogenic plants, heat 
 production initiates after flower opening; therefore thermogenesis may not be 
required for anthesis but is required for reproduction. Pollinator attraction is one of 
the most reasonable explanations so far (Meeuse and Raskin 1988). Most 

Fig. 12.10 Comparison of the temperature responses of Eo formitochondrial respiration mediated 
by the AOX- or COX-respiratory pathways. Eo values of NADPH-NDA/ICDH-mediated 
 respirations thorough AOX (red) or COX (blue) pathways. This figure was cited from Umekawa 
et al. (2016) under the Creative Commons CC-BY conditions
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 non- thermoregulatory species increase the scent production by volatilization during 
thermogenesis that makes flowers more attractive to insects. For example, titan 
arum (Amorphophallus titanum), which possesses the largest flower in the world (a 
maximum height of 3 m), also transiently produces heat and the animal-like odor in 
its inflorescence at night (Barthlott et al. 2009). The temperature gap between the 
warmed large inflorescence and the cool air in its natural rain forest habitat may 
cause heat convection. This could enhance the transport of scent far away. Moreover, 
thermoregulatory flowers can offer the energy reward for insect pollinators. Flying 
beetles, the main pollinators of thermoregulatory plants, require high body 
 temperatures of their flight muscles to produce sufficient power; thus the constant 
warm environment inside the floral chamber makes the beetles save the energy cost 
for their activities (Seymour et al. 2003).

Thermoregulation is more directly important for the success of fertilization in 
some flowers. As mentioned above, skunk cabbage begins to bloom in early spring 
when pollinators are not in the field and pay massive energy cost to maintain their 
floral temperature for about 1 week. The optimal temperature for pollen germination 
and pollen tube growth is 23 °C, which is the same as the temperature regulated in 
the spadix of the skunk cabbage (Seymour et al. 2009a). Interestingly, no pollen 
germination or pollen tube growth was observed at 8 °C, which is higher than the 
average of ambient temperature during blooming of skunk cabbage (Onda et  al. 
2008). This suggests that physiological temperature regulation is crucial for the 
fertilization of skunk cabbage in their natural habitat.

In the present section, we showed that heat is not always harmful to flowers: 
optimal thermogenesis has essential roles in pollination and fertilization in some 
occasion. Heat may also benefit floral traits in the other aspects, although they are 
not basically the subject of this chapter. On the contrary, plants should be cooled to 
attenuate the harmful effects of high temperature. Plants decrease leaf temperatures 
through transpiration (Cook et al. 1964; Negi et al. 2008), although there is a risk to 
wither by losing leaf water. Thermoregulation by chemical equilibrium may be a 
clue for self-cooling of plants. If plants can heat themselves by chemical reactions, 
they would be also able to cool themselves. It is desirable to identify such a self- 
cooling mechanism of plants to attenuate heat stress.

12.5  Genetic Approaches to Attenuate High-Temperature 
Effects

There seems to be no specific gene identified to function for flower tolerance to high 
temperature up to date. Nevertheless, there exists difference between cultivars as to 
flower tolerance to high temperature, and then some genes or genetic loci function 
for attenuating high-temperature effects on flowers, such as reduction of pigmentation 
and acceleration/delay of flowering. Such genes/loci should be identified in future 
studies. For example, some allele of the MYB gene encoding transcription factor 

12 High-Temperature Tolerance of Flowers



362

may function for high-temperature tolerance of pigment synthesis, and some allele 
of the FT gene encoding florigen may function for high-temperature tolerance of 
flower induction. Genetic studies on high-temperature tolerance of flowers are quite 
limited, but we will overview a few related studies in the present section. These will 
give good hints for future breeding of high-temperature-tolerant cultivars of 
 ornamental/floricultural plants (flowers).

As already described in a previous section, flowering of chrysanthemum is 
delayed by high temperature, and this is due to the reduction in the expression of the 
FT gene (Nakano et al. 2013). In this report, they also showed that there is difference 
in high-temperature tolerance between chrysanthemum cultivars. Cultivar ‘Mona 
Lisa’ was bred in the Netherlands and relatively susceptible to high temperature. 
The optimum growth condition of chrysanthemum is 18–20 °C. FT expression is 
half reduced at 25 °C compared with 20 °C and dramatically reduced at 30 °C in this 
cultivar. This results in delay of flowering even at 25 °C (Fig. 12.11). In contrast, 
cultivar ‘Kurarisu’ was bred for summer production in Japan and then is tolerant to 
high temperature to some extent. The expression of FT is not affected at 25 °C, but 
it is dramatically reduced at 30 °C. Consistent with this, flowering is not delayed in 
‘Kurarisu’ at 25 °C, although it is delayed at 30 °C (Fig. 12.11).

In Eustoma (Lisianthus), rosette-like leaves are formed at high temperatures 
such as 25 or 28  °C, depending on cultivars. Thus, high temperature has deadly 
effect on flower production: plants do not form flowers until the next year. This will 

Fig. 12.11 Response of chrysanthemum to high temperature (3). Photographs of cultivars ‘Mona 
Lisa’ and ‘Kurarisu’, grown at 20, 25, or 30 °C. Photographs were taken 50 days after starting 
short-day treatment. Data were cited from Nakano et  al. (2013) under the Creative Commons 
CC-BY conditions
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be a protective mechanism of Eustoma plants against heat conditions, but 
 agriculturally unfavorable trait. Some high-temperature-tolerant cultivars are 
reported such as ‘Florida Blue’ and ‘Florida Pink Frill’ (Harbaugh and Scott 2005). 
These cultivars can be grown at 28–31 °C without rosetting. The mechanism of their 
tolerance to high temperature is not clear, but FT pathway may be also involved in 
this phenomenon.

Fruits show similar symptoms as flowers in high temperature as well. Reports on 
genetic effects in fruits will benefit genetic approaches to attenuate the effect of high 
temperature in flowers. In the skin (surface) of apple fruits, synthesis of red 
 anthocyanin pigment is inhibited by high temperature. Figure  12.12 illustrates 
decoloration of apple skin under high-temperature condition during fruit maturation. 
Anthocyanin content is reduced to approximately a quarter when this cultivar is 
grown in high temperature (Lin-Wang et al. 2011). In high temperature, expressions 
of all tested genes involved in anthocyanin synthesis, such as chalcone synthase 
(CHS), were suppressed. The MYB1 gene (also called the MYB10 gene) is responsible 
for the regulation of these genes and for red skin color of apple fruits (Takos et al. 
2006; Kikuchi et al. 2017). Consistently, the expression of MYB1 was reduced by 
high temperature, as well as the other regulatory genes. These trends were 
 regenerated by artificial heating of fruits. Although high-temperature-tolerant apple 
cultivar is not identified, screening of apple cultivars may identify cultivars with 
strong allele of the MYB1 gene, which can generate red fruits even in high 
 temperature. Such trial to genetically enforce anthocyanin synthesis is performed in 
grape. In grape, MYB alleles regulate hue of skin anthocyanin (red or purple), and 
alleles of the O-Methyl Transferase (OMT) gene regulate anthocyanin concentration. 
Selection of purple MYB allele and strong OMT allele by DNA markers will generate 
dark-purple grape even in high temperature (Azuma et al. 2015). Identification of 
such “strong” alleles of the regulatory genes of anthocyanin will also improve 
flower tolerance as to decoloration in high temperature.

New Zealand
(Max. day temp. 24 C)

Spain
(Max. day temp. 32 C)

Fig. 12.12 Decoloration of apple skin. Mature fruits of cultivar ‘Mondial Gala’ grown in orchards 
of New Zealand and Spain. The averages of maximum day temperature during fruit maturation in 
the orchards are indicated in the figure. The pictures illustrate data in Lin-Wang et al. (2011)
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12.6  Physiological Treatments to Attenuate 
High- Temperature Effects

Chemical, physical, or physiological treatments have been also tested to attenuate 
unfavorable effects of high temperature on flowers. Cooling the greenhouse by air 
circulation and water mist is a basic treatment to avoid high temperature. Other 
additional strategies are taken when plants are not cooled enough by these methods. 
An interesting effect of magnesium on flower color was observed in aster (Fig. 12.13; 
Shaked-Sachray et  al. 2002). In the cultivar ‘Sungal’ of aster, anthocyanin 
 concentration of petals is approximately halved when growth temperature rises 
from 17 to 29 °C. The authors hypothesized that magnesium ion protects anthocyanin 
from degradation at high temperature, and actually anthocyanin concentration was 
nearly recovered to the original level when they applied 0.8 mM of magnesium ion 
to aster. It will be important to test whether this kind of approach is also effective in 
other floricultural plant species.

Shading (cutting off sunlight) with shading net is a popular approach to avoid 
high-temperature effects. In rice, the temperature of flower was decreased by 2.4 °C 
(Ishimaru et  al. 2016). Due to this treatment, heat sterility of rice cultivar 
‘Thadokkham1’ was reduced from 23.3 to 10.0%. Zhao et  al. (2012) shaded 
 herbaceous peony cultivar ‘Dafugui’ (Fig. 12.14; Zhao and Tao 2015). By cutting 
off 60% of sunlight, the day temperature was reduced by 3  °C.  The decreased 
 temperature itself will merit plant growth, but reduced intensity of sunlight affected 
both photosynthesis and flower color: the color of petal was clearly lighter in shaded 
plant, due to less accumulation of anthocyanin. We can learn from this phenomenon 
that the deepness of flower color is increased by both lower temperature and higher 
light intensity, and higher light intensity is more important at least in some cases. 
The same phenomenon was also observed in tuberose (Huang et al. 2000). The pink 
flower color of tuberose cultivar ‘77A05’) is lost at 30 °C. The color remains white 
with 45% shading. In addition, the pink color at 25  °C is also reduced (become 
lighter) with 45% shading, indicating that high light intensity is necessary to 

17 C 29 C 29 C + Mg2+

Fig. 12.13 Decoloration of aster. Colors of the petals of aster flowers are illustrated. Flowers were 
grown at 17 °C/9 °C or 29 °C/21 °C day/night temperatures in left or center, respectively. Flowers 
were grown at 29 °C/21 °C day/night temperatures, with treatment (drench for 3 times, a week 
apart) of 0.8 mM of Mg(NO3)2 in right. This illustration was prepared based on the data in Shaked- 
Sachray et al. (2002)
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 generate pink color of the flowers. The effect of shading on flower color is not 
clearly detected at 20 °C. Flower colors of the other plants may be also regulated by 
the balance between temperature and light intensity.

High temperature affects deepness of flower colors, but it may merit flower 
 fragrance. Studies of Hirata et al. (2016) observed decoloration and decrease of rose 
petals in summer (Fig. 12.15), just like the other plant species. On the contrary, they 
noticed that the fragrance of this rose cultivar is stronger in summer. They analyzed 
that a different bioanalytic pathway of flower scent is active in summer. This will be 
because rose flowers try to compensate for the smaller size of flowers to attract 
pollinators.

12.7  Conclusion: Strategies to Attenuate High-Temperature 
Effects

Flowers change or modulate themselves in response to temperatures much more 
than we imagined before starting to write the present chapter together. Many parts 
of the changes under high temperatures are unfavorable for production of ornamental 
flowers, such as deformation of flowers (Fig.  12.1), but some changes may be 
 beneficial such as increased fragrance in rose and increased number of flowers in 
chrysanthemum. Heat is also beneficial in heat-producing flowers, for pollinator 

Shade Sun

Fig. 12.14 Decoloration 
of herbaceous peony. 
Flowers of herbaceous 
peony cultivar ‘Dafugui’ 
grown with or without 
shading (‘shade’ and ‘sun’, 
respectively). Data were 
cited from Zhao and Tao 
(2015) under the Creative 
Commons CC-BY 
conditions

Winter (6 C) Summer (26 C)

Fig. 12.15 Decoloration of rose. Flowers of rose cultivar ‘Yves Piaget’ grown in winter and 
 summer. Average ambient temperatures were 6 or 26 °C in winter or summer, respectively. Data 
were cited from Hirata et al. (2016) under the Creative Commons CC-BY conditions
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attraction and pollination reaction. Plants respond to high temperature through 
Phytochrome B pathway (Fig.  12.2). This pathway will be responsible for high- 
temperature- induced changes at least in some cases. One of the typical symptoms of 
high temperature is heat delay of flowering in short-day plant (chrysanthemum), 
although flowering is accelerated in long-day plant (thale cress). High temperatures 
in both day and night delay flowering of chrysanthemum (Fig. 12.3); nevertheless 
high-temperature-tolerant cultivars can express the FT gene in leaves even in 
 moderately high temperature and can avoid heat delay of flowering (Fig. 12.11). 
Another typical symptom of high temperature is decoloration of anthocyanin  
 pigment in the petal (Fig. 12.5). Magnesium treatment is potentially effective for 
avoiding this effect (Fig. 12.13). There are also genetic differences in tolerance to 
decoloration: strong alleles of MYB or OMT genes are beneficial for tolerance to 
decoloration. Data indicate that dark-colored petals are good at cooling interior 
structure of flowers (Fig. 12.6). This mechanism will function for seed production 
in high temperature in the field. Simple cooling of plants is certainly good to avoid 
high-temperature effects. For example, low-temperature treatment of Eustoma 
seeds and seedlings are good to avoid rosetting (Fukushima et al. 2009), although 
cooling needs energy and cost. Shading with shading net is an ecology way to cool 
plants, but decreased light intensity may cause decoloration (Figs. 12.14 and 12.15). 
The entire picture of the relationship between flowers and high temperatures is not 
still clear, but there actually exist genetic variations and physiological treatments 
which are effective to avoid high-temperature effects as above. Plants may be also 
able to cool themselves by unknown reactions, if they can heat themselves 
(Fig. 12.7).
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Chapter 13
Assessing the Effects of High Night 
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Parameters: Involvement of Cellular 
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Response
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Abstract Plant ecophysiological response to environmental stresses involves sub- 
organismal mechanisms. For example, elevated ethylene levels can promote the 
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degradation of chlorophyll (CD) and damage to the cellular membranes (MD), lead-
ing to decreased photosynthetic rate (PN) and photosynthate transfer, as well as 
increased respiration (RS) under heat stress, causing loss of yield. To determine the 
extent of contribution of ethylene-triggered responses in rice plants under high night 
temperature (HNT; 30  °C) stress, the capability of applied ethylene perception 
inhibitor, 1-methylcyclopropene (1-MCP), to prevent rice yield loss by minimizing 
HNT-induced, ethylene-promoted CD and MD, was examined. Rice was subjected 
to either 30 or 25 °C (ambient night temperature (ANT)); under each night tempera-
ture regime, sets of plants received 1-MCP application or not. High night tempera-
ture increased CD (7%), MD (46%), and RS (28%) and decreased PN (6%), pollen 
germination (42%) and spikelet fertility (SF; 31%), and yield (14%). In response to 
1-MCP application, plants grown under HNT showed decreased CD (from 8 to 
10.6 μg cm−1), MD (from 42% to 35%), and RS (from 1.3 to 0.9 μmol m−2 s−1) and 
increased SF (49.5  to  70%), pollen germination (15  to  18.9%), and yield 
(15 to 17.7 g plant−1). The 1-MCP application increased SF and brought rice yields 
under HNT up to levels observed under ANT as a result of increased pollen germi-
nation and decreased RS and MD, indicating that ethylene-triggered responses are a 
major component of rice response to HNT.

Keywords 1-Methylcyclopropene · Heat stress · High night temperature · Rice · 
Respiration

Abbreviations

1-MCP 1-Methylcyclopropene
ANT Ambient night temperature
CD Chlorophyll degradation
DAT Days after treatment
ETR Electron transport rate
HNT High night temperature
LNC Leaf nitrogen content
MD Membrane damage
NPQ Non-photochemical quenching
NT Night temperature
PN Photosynthesis
ROS Reactive oxygen species
SF Spikelet fertility
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13.1  Introduction

Organismal plant response and adaptation to environmental stresses involve, to a 
large extent, sub-organismal mechanisms. This study examines the role of the eth-
ylene response in rice (Oryza sativa L.) under night temperature stress. Rice is 
grown between 50°N and 35°S latitude (Grist 1986) and is one of the stable foods 
(Food and Agriculture Organization [FAO] 2008). Several studies have shown that 
high night temperature (HNT) can reduce rice production (Cheng et al. 2009, 2010; 
Mohammed and Tarpley 2009a, b, 2010). Peng et al. (2004) reported that rice yield 
will decrease by 10% for a 1 °C increase in night temperature. According to IPCC 
(2014) reports, average temperature by the end of the twenty-first century is pro-
jected to increase by 1.4–5.8  °C, and much of this increase is because of 
NT. According to Alward et al. (1999), less heat loss due to cloudiness can increase 
night temperatures.

Hays et al. (2007) and Djanaguiraman and Prasad (2010) reported that chloro-
phyll degradation (CD), senescence, abscission of plant parts, and yield loss are 
because of increased ethylene production under high temperature. Larrigaudiere 
et al. (2004) reported that ethylene plays an important role in production of reactive 
oxygen species (ROS), which are involved in CD, membrane damage (MD), and 
abscission of plant organs. Premature leaf senescence and CD along with damage to 
the photosystem and electron transport mechanism can decrease leaf photosynthetic 
rate (PN) (Pettigrew et al. 1993; Havaux and Tardy 1996; Guo et al. 2006). Respiration 
(RS) is increased to provide energy and substrates used to repair MD (Amthor and 
McCree 1990). Mohammed and Tarpley (2009a, b) have shown increased CD and 
MD under HNT. The resultant increase in respiration can contribute to a decrease in 
average grain weight, thus grain yield (Morita et al. 2005).

Under HNT, spikelet fertility (SF) in rice decreases due to decrease in transloca-
tion of photosynthates to the spikelets due to decreased PN and increased RS and MD 
(Cheng et al. 2009, 2010). Prasad et al. (2006) reported that decreased SF is linked 
to poor anther dehiscence and pollen tube elongation and low shedding and germi-
nation of pollen on the stigma. Under severe conditions, HNT can also cause spike-
let abortion, thereby decreasing yield (Cheng et  al. 2010). Counce et  al. (2005) 
reported that reduced production and/or improper transfer of carbohydrates to the 
grains can decrease grain dimensions and weight. High night temperature decreased 
rice grain dimensions and increased chalkiness due to insufficient accumulation of 
photosynthates and depression of cell growth (Nagato and Ebata 1965; Lisle et al. 
2000; Cooper et al. 2008).

Ethylene receptor inhibitor, 1-methylcyclopropene (1-MCP), can attach to ethyl-
ene receptors, thereby preventing signal transduction and translation, thus prevent-
ing ethylene-induced effects (Sisler and Serek 1997; Blankenship and Dole 2003). 
We hypothesized that 1-MCP would inhibit ethylene-triggered responses such as 
CD and MD, thereby preventing yield loss. Therefore, the purpose of this study was 
to determine the capability of applied 1-MCP to prevent rice yield loss by minimiz-
ing HNT-induced, ethylene-promoted CD and MD.

13 Assessing the Effects of High Night Temperature on Rice Photosynthetic…



376

13.2  Materials and Methods

13.2.1  Plant Husbandry

“Cocodrie” (rice variety) was grown in pots containing a clay soil in both the experi-
ments. Planting depth was 2.5 cm and plants were thinned from five to one plant per 
pot after emergence. Flooding was imposed at first tillering stage. At boot develop-
mental stage, 50% of the plants were randomly moved to heat stress and 50% of the 
plants in each temperature regime were treated with 1-MCP. Fertilizer was applied 
according to Mohammed and Tarpley (2011).

13.2.2  Temperature Treatments

Heat treatments were randomly assigned to greenhouse location in both the experi-
ments. The ANT was set at 25 °C and HNT as 30 °C. Heat stress was imposed using 
infrared heaters as described by Mohammed and Tarpley (2009c) from boot stage 
until harvest. The infrared heating system was designed to minimize direct heating 
of vegetation through a rapid feedback and control system utilizing incremental 
adjustments of the canopy air temperature (Mohammed and Tarpley 2009c).

Temperature and humidity were measured using standalone sensor from Onset 
Computer Corporation. Temperatures in both the temperature regimes were main-
tained at the set temperature “+” or “−” 0.5 °C. The temperature/humidity in control 
setup was 25.3 °C/15.6 g m−3 and in HNT setup was 30.4 °C/15.6 g m−3.

13.2.3  1-MCP Treatments

Treated plants were provided with 1-MCP at the rate of 10 g (a.i) ha−1. To eliminate 
possible drift contamination of untreated plants, the 1-MCP-treated plants were far 
away from the untreated plants.

13.2.4  Pigment Concentrations

Chlorophyll and carotenoid concentrations of penultimate leaves were determined 5 
days after treatment (DAT). Three leaf discs (totaling 1.0 cm2) were obtained from 
mid-blade for pigment extraction in dimethyl sulfoxide and incubated in the dark for 
24 h at room temperature. The absorbances of the extracts at 480, 648, and 664 nm 
were used to calculate the carotenoids, chlorophyll a, and chlorophyll b 
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 concentrations according to Lichtenthaler (1987) and Chappelle et al. (1992). The 
pigment concentration was expressed on a leaf area basis, μg cm−2.

13.2.5  Leaf Nitrogen Content (LNC)

The LNC of the second topmost leaf was measured using a LECO FP-528 Nitrogen/
Protein Analyzer. The LNC was expressed in percentage.

13.2.6  Membrane Damage (MD)

The MD was determined on the second topmost leaf, five DAT according to 
Mohammed and Tarpley (2009b) and Ibrahim and Quick (2001). The MD was cal-
culated as MD = {1 − [1 − (Ci55/Cf55)]/[1 − (Ci25/Cf25)]} × 100 where C55 and 
C25 refer to the conductance at 55 and 25 °C, respectively, and the subscripts i and 
f refer to the initial and final conductance. The conductance was measured using 
conductivity meter.

13.2.7  Photosynthetic Rate (PN) and Respiration (RS)

The PN and RS were measured at 3 and 5 DAT using a LI-6400. While measuring PN 
and RS, the leaf cuvette temperature and CO2 concentration were set to 25 °C and 
390  ppm, respectively. The light intensity in the cuvette was set at 1500 and 
0 μmol m−2 s−1, respectively, while measuring PN and RS. The PN was measured in 
the day and RS in the night.

13.2.8  Chlorophyll Fluorescence

A  fluorometer was used for quantifying thylakoid membrane stability (Fo/Fm), 
capability of reaction center (Fv/Fm), quantum yield (Y), electron transport rate 
(ETR), and non-photochemical quenching (NPQ), 3 and 5 days after treatment. 
Klughammer and Schreiber (2008)’s equations were used to calculate NPQ 
[NPQ = (Fm − Fms)/Fms].
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13.2.9  Reproductive Parameters and Yield

Staining (iodine potassium iodine) technique was used to determine pollen viability 
(Virmani et al. 1997 with minor modifications). Microscopy was used to observe the 
pollens which were classified as viable or non-viable based on degree of staining, 
shape, and size. The sterility of pollen was presented as percentage.

Procedure from Mohammed and Tarpley (2009a) was used to determine pollen 
germination (in vitro germination) on a medium. The pollen was considered as ger-
minated if the tube length was equal to or greater than grain diameter as determined. 
The germinated pollen was presented as percentage.

The SF was estimated according to Kobata et al. (2009). Spikelets from threshed 
panicles were immersed in 70% (v/v) ethanol. The floating (sterile and empty) and 
sunk (filled) spikelets were separated, dried, and weighed. In this study, %SF = (filled 
spikelet weight ÷ total spikelet weight [filled + unfilled]) × 100.

13.2.10  Grain Dimensions, Chalkiness, and Nitrogen 
Concentration

Grain dimensions and chalkiness of brown rice were determined using Winseedle, 
which uses scanned color images (image analysis) of grain.

The LECO FP-528 Nitrogen/Protein Analyzer was used to determine grain nitro-
gen concentration (GNC; %, w/w) from the mainstem panicle grains (brown rice).

13.2.11  Experimental Design and Data Analysis

For each experiment, a complete randomized design was executed. From both the 
experiments, there were 12 plants per night temperature X chemical treatment. Analysis 
of variance (ANOVA; SAS) was conducted to test the significance of experiment, NT, 
chemical treatment, and their interactive effects on the parameters measured. Means 
were separated using Tukey’s Honest Significant Difference (HSD; α = 0.05).

13.3  Results

13.3.1  Pigment Concentrations, Leaf Nitrogen Content (LNC), 
and Membrane Damage (MD)

The chlorophyll a concentration (8%) and chlorophyll a/b ratio (4%) were lower 
under HNT than ANT (Fig. 13.1a, d ). Application of 1-MCP increased carotenoids  
(25%) and LNC (40%), under ANT (Fig.  13.1c, f). Under HNT, application of 
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Fig. 13.1 Impact of night temperature and 1-methylcyclopropene (1-MCP) on concentrations of 
leaf chlorophyll a (a), chlorophyll b (b), carotenoids (c), chlorophyll a/b (d), total chlorophyll (e) 
and leaf nitrogen content [LNC] (f)
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1-MCP increased chlorophyll a (32%), chlorophyll b (33%), carotenoids (27%), 
total chlorophyll (32%), and LNC (15%) (Fig. 13.1a–c, e, f).

Figure 13.2 shows increased MD (46%) under HNT compared to ambient for 
untreated plants and 1-MCP application decreased MD under ambient (8%) and 
HNT (17%), compared to untreated plants.

13.3.2  Photosynthetic Rate (PN) and Chlorophyll Fluorescence

Untreated plants under HNT showed lower PN (6%) compared to ANT, 3 DAT 
(Fig. 13.3a). There is no difference between the NT and chemical treatments for 
stomatal conductance, internal CO2, and transpiration, 3 days after treatment 
(Fig.  13.3b–d). Figure  13.3a shows that 1-MCP application increased PN (13%) 
compared to untreated, under ambient temperature regime, 3 days after treatment. 
Five DAT, no difference was observed between the NT or the chemical treatments 
for PN, stomatal conductance, internal CO2 concentration, or  transpiration 
(Fig. 13.4a–d).

Three DAT, no difference was observed between the NT or chemical treatments 
for Fv/Fm, Fo/Fm or NPQ (Fig. 13.5a, b, e). For untreated plants, HNT decreased Y 
(15%) and ETR (15%) compared to ANT, 3 DAT (Fig.  13.5c, d). Under HNT, 
1-MCP application increased Y (15%) and ETR (15%), compared to untreated, 3 
DAT (Fig. 13.5c, d). For untreated plants, HNT lowered Fv/Fm (5%), Y (12%), and 
ETR (12%) and increased Fo/Fm (15%), compared to ANT, 5 DAT (Fig. 13.6a–d). 
Five DAT, no difference between 1-MCP-treated and untreated for chlorophyll fluo-
rescence parameters was observed (Fig. 13.6a–e).

Fig. 13.2 Impact of night 
temperature and 
1-methylcyclopropene 
(1-MCP) on relative injury 
(membrane damage [MD])
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13.3.3  Leaf Respiration Rate

High night temperature increased RS by 28% and 45% measured at 3 DAT and 5 
DAT, respectively,  compared to ambient (Fig.  13.7a, b). The application of 
1-MCP lowered RS by 13% and 18% measured 3 and 5 DAT, compared to 
untreated (Fig.  13.7a, b). For plants grown under HNT, application of 1-MCP 
lowered RS by 14% and 30% measured at 3 and 5 DAT, compared to untreated 
(Fig. 13.7a, b).

Fig. 13.3 Impact of night temperature and 1-methylcyclopropene (1-MCP) on photosynthetic rate 
[PN] (a), stomatal conductance (b), internal CO2 concentration (c) and transpiration (d) measured 
on the penultimate leaves, 3 days after treatment 
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13.3.4  Reproductive Parameters and Yield

High night temperature or 1-MCP application showed no effect on pollen viability 
(Fig.  13.8a). However, HNT lowered pollen germination (42%), SF (31%), and 
yield (14%), compared to ANT (Fig. 13.8b–d). Under ambient temperature regime, 
1-MCP application increased pollen germination (15%), SF (8%), and yield (13%), 
compared to untreated (Fig.  13.8b–d). Under elevated NT, 1-MCP application 
increased yield (18%), pollen germination (27%), and SF (41%) (Fig. 13.8b–d).

13.3.5  Grain Dimensions, Chalkiness, and Nitrogen 
Concentration

High night temperature decreased grain length (3%), compared to ambient 
(Fig. 13.9a ). For plants grown under HNT, application of 1-MCP increased grain 
length (3%), width (2%), volume (6%), and surface area (5%) compared to untreated 
plants (Fig.  13.9a–d). High night temperature  or  1-MCP application showed no 
effect on GNC (Fig. 13.9f).

Fig. 13.4 Impact of night temperature and 1-methylcyclopropene (1-MCP) on photosynthetic rate 
[PN] (a), stomatal conductance (b), internal CO2 concentration (c) and transpiration (d) measured 
on the penultimate leaves, 5 days after treatment
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Fig. 13.5 Impact of night temperature and 1-methylcyclopropene (1-MCP) on Fv/Fm (a), Fo/Fm 
(b), quantum photosynthetic yield [Y] (c), electron transport rate [ETR] (d) and non-photochemi-
cal quenching [NPQ] (e), 3 days after treatment

13.4  Discussion

It was observed in this study that HNT increased chlorophyll degradation (CD), 
which might be a result of chloroplast membrane lipid peroxidation as shown by 
greater damage to the membrane. Ristic et al. (2007) stated that thylakoid mem-
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Fig. 13.6 Impact of night temperature and 1-methylcyclopropene (1-MCP) on Fv/Fm (a), Fo/Fm 
(b), quantum photosynthetic yield [Y] (c), electron transport rate [ETR] (d) and non-photochemi-
cal quenching [NPQ] (e), 5 days after treatment

brane damage usually results in CD. Guo et al. (2006) and Mohammed and Tarpley 
(2009a) reported increased CD, and Xu and Zhou (2006) reported decreased LNC 
under heat stress. Yang et al. (2006) stated that ethylene plays an important role in 
CD. It was observed in this study that application of ethylene perception inhibitor 
(1-MCP) decreased CD and increased LNC indicating the involvement of ethylene 
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in CD. Previous study has indicated that 1-MCP can prevent CD under heat stress 
(Djanaguiraman and Prasad 2010; Djanaguiraman et al. 2011). The PN of the leaf is 
positively associated with total chlorophyll concentration and LNC (Mae 1997; 
Llorens et al. 2003). It was observed in this study that HNT decreased leaf chloro-
phyll concentration and LNC, thereby decreasing PN. Apart from chlorophyll and 
LNC, HNT also affected photosystem II as indicated by decreased Fv/Fm, Y and 
ETR. Poor performance of photosystem II is indicated by decreases in Y and ETR 
(Genty et al. 1989). The 1-MCP application improved Fv/Fm, Y, and ETR, indicating 
that 1-MCP application can protect photosystem II, under HNT. Djanaguiraman and 
Prasad (2010) have reported positive effects of 1-MCP application on photosystem 
II efficiency under heat-stress conditions.

Björkman et al. (1980) stated that impaired functioning of key enzymes, thyla-
koid membrane activities, and photosystems under heat stress is due to increased 
membrane damage (MD). Ethylene production is upregulated under heat stress 
(Hays et al. 2007; Djanaguiraman and Prasad 2010), which can accelerate MD, 
increase ROS production and decrease antioxidant enzyme activities (Moeder 
et al. 2002; Kawakami et al. 2010). Damage to these membranes increases mainte-
nance respiration for repair mechanisms; thus respiration (RS) increases with tem-
perature and for membrane repair mechanisms (Amthor and McCree 1990). It was 
observed in this study that HNT increased RS, which might affect plant carbon 
status because increase in RS increases the proportion of assimilates respired 
(Turnbull et al. 2002). Studies have shown that HNT increased RS and MD (Cheng 

Fig. 13.7 Impact of night 
temperature and 
1-methylcyclopropene 
(1-MCP) on respiration 
rate [RS], 3 (a) and 5 (b) 
days after treatment (DAT)
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et al. 2009; Loka and Oosterhuis 2010). In addition, it was observed in this study 
that Fo/Fm, (indicator of thylakoid membrane damage; Ristic et al. 2007) increased 
under HNT, thus providing more evidence that HNT can damage membranes. It 
was observed in this study that 1-MCP application decreased RS, MD, and Fo/Fm. 
Djanaguiraman and Prasad (2010) reported decreased MD under heat stress as a 
result of 1-MCP application. 1-MCP decreases RS and Fo/Fm, thereby suggesting 
its role in decreasing production of ethylene-triggered ROS, which is the primary 
cause of MD (Larrigaudiere et al. 2004; Djanaguiraman and Prasad 2010). Reid 
and Çelikel (2008) stated that the decrease in Fo/Fm indicates that 1-MCP prevents 
ethylene from binding to the receptor and thus inhibiting the ROS response cas-
cade, hence damaging the membranes.

High night temperature decreased pollen germination, SF, and yield, but had no 
effect on pollen viability. Hall (1992) and Matsui et al. (2001) have shown that high 
temperatures can decrease pollen germination. Prasad and Djanaguiraman (2011) 
reported lower pollen germination as a result of pollen membrane damage due to 

Fig. 13.8 Impact of night temperature and 1-methylcyclopropene (1-MCP) on pollen viability (a), 
pollen germination (b), spikelet fertility [SF] (c) and yield (d)
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Fig. 13.9 Impact of night temperature and 1-methylcyclopropene (1-MCP) on grain length (a), 
width (b), volume (c), surface area (d), chalkiness (e) and nitrogen content (f)
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higher ROS levels under HNT. Jain et al. (2007, 2010) stated that pollen sterility and 
poor germination under heat stress are due to lower sucrose utilization, reduced 
number of carbohydrate transporters, and lower sucrose biosynthesis by the pollen. 
It was observed in this study that HNT decreased SF due to decrease in PN and pol-
len germination and increase in RS. Afuakwa et al. (1984) and Dinar and Rudich 
(1985) reported that decrease in SF under heat stress is due to lower transport of 
photosynthates or inability to mobilize carbohydrates to the grain. It was observed 
in this study that 1-MCP application increased PN and pollen germination and 
decreased RS, thereby increasing SF, hence yield. Djanaguiraman and Prasad (2010) 
reported that 1-MCP application under heat stress increases yield, harvest index, 
and number of filled pods per plant in soybean.

It was observed in this study that HNT decreased grain length and volume and 
increased grain chalkiness. Several studies have reported decreased grain dimen-
sions and increased chalkiness under HNT (Counce et al. 2005; Ambardekar et al. 
2011). The increased chalkiness of the grains and decreased dimensions were due to 
decreased PN and increased RS and MD. Our previous study has shown that decreased 
production (PN), increased consumption (RS), and reduced transfer of carbohydrates 
to the grain due to MD can reduce grain dimensions (Mohammed and Tarpley 
2010). In addition, Commuri and Jones (1999) and Morita et al. (2005) stated that 
HNT can reduce endosperm cell area and cell number, thereby limiting its capacity 
to accumulate photosynthates, thus reducing grain dimensions.

In conclusion, HNT increased ethylene-triggered reactive oxygen species- 
induced CD and MD. As a result of CD and MD due to HNT, there was a decrease 
in PN and an increase in RS. In addition, HNT also decreased pollen germination. 
High night temperature decreased rice yield as a result of reduced photosynthate 
production (reduced PN), increased consumption of photosynthates (high RS), and 
decreased SF. Application of ethylene perception inhibitor (1-MCP) reduced CD 
and MD and increased pollen germination, thereby increasing SF. Application of 
1-MCP brought rice yields under HNT up to levels observed under ANT, indicating 
that ethylene-triggered responses are a major component of rice response to HNT 
stress. This study provides further evidence of the importance of considering sub- 
organismal mechanisms  when examining plant organismal responses to environ-
mental stresses.
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Abstract Heavy metal/metalloid (HM) contamination issues are becoming pro-
gressively more widespread worldwide, which are witnessed in various locations 
like foundries, mining industries, smelters, vehicular emissions, coal burning power 
plants, and agricultural sectors. Heavy metal/metalloid occurs naturally in the 
Earth’s crust, but man-made sources and various industrial activities have led to 
severe environmental contamination globally. In the present era, accumulation of 
HMs in agricultural land is of prime concern as it possesses negative consequences 
on safety of food and its marketability, productivity, and health of soil organisms. 
Plants cultivated in HM-contaminated sites reveal reduced photosynthesis, mineral 
nutrients, biomass production, vegetative growth, altered metabolic activities, and 
higher accumulation of metal(s). Heavy metal/metalloid toxicity causes a redox 
imbalance and induces the enhancement in the generation of reactive oxygen spe-
cies (ROS). However, when ROS reach above threshold level, an imbalance in intra-
cellular content of it incurs, thus resulting in oxidative condition. Plants respond to 
such intensified concentration of HM in the natural environment by invigorating 
various defense responses such as sequestration of HM into vacuoles, metal chela-
tion, control over uptake of metals ions through their carriers, and amplification of 
enzymatic and non-enzymatic antioxidative defense mechanisms. These responses 
inferred by flora are the outcomes of complex signaling cascades functioning in the 
plant cells so as to mediate the extracellular stimuli into an intracellular response. 
This section of the book reveals outlook associated with HM phytotoxicity ranging 
from metal uptake and its transportation, distribution, homeostasis, toxicity at cel-
lular level, and signaling pathway. Our main intent is to highlight predominantly on 
the mechanisms of HM-instigated oxidative stress-related responses of plants and to 
unreveal signal transduction mechanism(s) under HM stress.

Keywords Environmental pollution · Metal/metalloid transporters · Phytotoxicity · 
Reactive oxygen species · Sequestration

14.1  Introduction

Plants, during their vegetative life cycle, encounter various biotic and abiotic 
stresses. Abiotic stresses include drought, temperature (both low and high), salinity, 
lack of essential nutrients, air pollution, heavy metals (HMs), etc. Heavy metals are 
recognized as most dangerous pollutants as it possess high toxicity to both flora and 
fauna and due to its considerable buildup into the environments as a consequence 
of natural and man-made processes (Yadav 2010; Wang et  al. 2014). Among 90 
naturally occurring elements, 53 of them are designated as HMs, based on their 
specific density. Thus, metals having density less than 5 g cm−3 and those having 
density exceeding 5 g cm−3 are termed as light metals and HMs, respectively (Xalxo 
and Keshavkant 2018). On the basis of HM solubility, 17 of them are probably 
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available to all living beings under physiological conditions and are vital for living 
cells/organisms and different ecosystems (Schutzendubel and Polle 2002). Various 
metals, like cobalt-Co, copper-Cu, iron-Fe, molybdenum-Mo, manganese-Mn, 
nickel- Ni, and zinc-Zn are essential micronutrients, hence are mandatory for the 
plant’s normal growth and development. These elements which act as essential 
micronutrients participate in redox response, electron transport, and other vital 
functions of plants. However, other elements, for instance, arsenic-As, cadmium-
Cd, chromium- Cr, lead-Pb, mercury-Hg, etc., are potentially lethal for plants, hence 
reducing their growth and development (Nazar et al. 2012). The accumulation of 
various HMs and metalloids in soils and waters leads to severe problem globally, as 
these HMs and metalloids cannot be wrecked down readily either chemically or 
biologically into nontoxic forms, therefore persisting in various ecosystems for sev-
eral years (Xalxo and Keshavkant 2018). Environmental contamination with HMs 
has exceeded beyond the acceptable limit these days and is injurious to all living 
organisms (Tak et  al. 2013). As declared by the Comprehensive Environmental 
Response Compensation and Liability Act (CERCLA), USA, the highest permis-
sible concentrations of some of the HMs in water are 0.002, 0.015, 0.01, 0.01, 0.05, 
and 0.05 mg L−1 for Hg, Pb, Ar, Cr, Cd, and Ag respectively (Chaturvedi et  al. 
2015). The soil standards, as customized by the Indian standards for HMs, are 
Cd = 3–6, Cu = 135–270, Ni = 75–150, Pb = 250–500, and Zn = 300–600 mg kg−1 
(Nagajyoti et al. 2010). It is acknowledged that metals at a low concentration might 
have advantageous consequences that are referred as hormesis (Zengin and 
Munzuroglu 2006). However, all HMs have the capability to display detrimental 
consequences at higher level and are proficient to enter into the food web 
(Chandrakar et al. 2017). The toxic effect of each metal depends on various factors 
such as its availability to flora and fauna, type of metal, its oxidation state, pH, 
concentration of metal, the path and the time of exposure, and so on (Mani and 
Kumar 2014). United States Environmental Protection Agency (UEPA) has listed 
all these HMs as chief contaminants. The ramifications due to HMs in soil are very 
complex, and consequences caused by these rely upon various chemical processes. 
Among various processes, adsorption- desorption and complexation-dissociation 
reactions normally influence metal activity in soil, while oxidation-reduction pro-
cess alters the valencies of metal (Swartjes et al. 2007). Excessive concentrations of 
HMs in plants cause alterations at physiological, biochemical, and molecular levels 
(Chandrakar et al. 2017; Xalxo and Keshavkant 2018). Heavy metal-induced altera-
tions include decline in the rate of photosynthesis, transpiration, respiration, nitro-
gen metabolism, and mineral nutrition along with alterations in redox status, 
concentration of signal molecules, enzymatic and non-enzymatic antioxidants 
activity, membrane permeability, phytochelatin (PC) content, protein, phenolics 
content, etc., consequently leading to plant death (Tripathi et al. 2007; Hayat et al. 
2012; Qadir et al. 2014; Kumar et al. 2015; Chandrakar et al. 2017; Xalxo et al. 
2017). Phytotoxic consequences of HMs on various plant species were revealed in 
depth by various researchers (Malecka et  al. 2001, 2008, 2009; Rucinska and 
Gwozdz 2005; Krzelowska et  al. 2010; Pawlak-Sprada et  al. 2011; Chandrakar 
et  al. 2016; Rucinska-Sobkowiak 2016; Drzewiecka et  al. 2018; Xalxo and 
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Keshavkant 2019). This chapter reviews general aspects of HM/metalloid toxicity 
ranging from metal uptake from soil, their transportation from ground to above 
aerial parts, and homeostasis to cellular stress responses. The prime objective of 
this section is to highlight principally on the mechanisms of HM-instigated oxida-
tive injury-associated responses and to show the working of various signal trans-
duction pathways under HM/metalloid toxicity. This particular subject area needs 
intense exploration to provide vital information to understand cellular responses 
against HM toxicity.

14.2  Sources of Heavy Metal Pollution in the Environments

There are various sources of HM release in the environments such as natural and 
anthropogenic routes. Naturally occurring HMs are available in insoluble forms like 
precipitated or complex forms that are not easily accessible by plants for uptake. 
Natural processes that cause overaccumulation of HMs in the environments include 
comets, erosion, volcanic eruptions, and mineral weathering. Various agricultural 
and horticultural sources include livestock manures, sewage sludge, inorganic fertil-
izers, and agricultural chemicals like fungicides, pesticides, etc. Inorganic fertiliz-
ers, fungicides, and phosphate fertilizers contain variable concentrations of HMs, 
like Pb, As, Cd, Cr, Ni, Zn, etc., depending on their sources. Heavy metals that are 
originated from man-made sources are soluble and are present in mobile reactive 
forms and are readily available to plants. Various anthropogenic sources comprise 
of battery manufacture, alloy manufacture, atmospheric deposition, manufacturing 
of explosive, inappropriate piling of solid wastes from industries, tanning of leather 
preservatives in dyes and woods, etc. (Dixit et al. 2015). The geochemical cycle of 
HM leads to overaccumulation of it in the environment, which may perhaps cause 
lethal effects to both flora and fauna, when present above permitted levels (D’amore 
et al. 2005). The pathways through which HMs generally enter into the natural eco-
systems include crumbling of parent materials, amendments in the geochemical 
cycle by anthropogenic activities, shifting of excavation to different localities, and 
release of elevated amount of metal waste by manufacturing companies. Mining and 
processing of ores are chief sources of HM contamination in the ecosystems, and 
the revival of ecosystems from HM contamination caused by various activities may 
possibly take several decades.

14.3  Heavy Metal/Metalloid Transporters

In plants, the transportation of HM ions from ground to upper aerial parts is regu-
lated by specific transporters and metal pumps; also these transporters and metal 
pumps maintain the metal homeostasis within the cells (Pilon et al. 2009). These 
transporters are the members of diverse metal transporter families and are usually 
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made up of membrane proteins that transfer metal ions to epidermal cells from the 
mesophyll or transfer metal ions from the roots to aboveground parts. At subcellular 
level, these transporter proteins regulate the uptake and transfer of metal ions across 
the plasma membranes, across vacuoles through tonoplasts, and other various endo-
membrane organelles (Maestri et al. 2010). Overexpression of these transporter pro-
teins increases tolerance against HM and does not show injurious effect on 
homeostasis at physiological condition (Curie et al. 2000; Verret et al. 2004). Few 
important HM transporters include HM ATPases (HMAs): CPx-type ATPases, ABC 
(ATP-binding casette) transporters, NRAMP (natural resistance associated macro-
phage proteins), CDF (cation diffusion facilitator family), and ZIP (ZRT-IRT-like 
protein) family. The process through which these HM transporters operate com-
prises of a sequence of signaling events, for instance, chain reaction that includes 
addition of phosphate group, hormones, mitogen-activated protein kinases (MAPK), 
and calcium-calmodulin systems. These signaling events finally lead to balancing of 
mineral nutrients within the plant cell that is vital for plant survival under unfavor-
able circumstances.

14.3.1  Heavy Metal ATPases (HMAs): CPx-Type ATPases

The function of HM transporters protein is to transport the metal ions across various 
cellular compartments, cytoplasm, and vascular tissues especially xylem. This par-
ticular HM transporter belongs to a varied class of superfamily that is found in all 
three kingdoms. The function of CPx-type ATPases is to propel an array of cations 
across the membranes. CPx-type ATPases include various ATPases, like H+-
ATPases, Na+/K+-ATPases, and Ca2+-ATPases of fungi and plants, animals, and sev-
eral other organisms, respectively (Axelsen and Palmgren 2001). Heavy metal/
metalloid ATPases are made up of eight transmembrane domains, where the large- 
sized cytoplasmic loop is sandwiched amid transmembrane 6 and 7 (Mills et  al. 
2003). The P-type ATPase transporters have been divided into five chief families, 
i.e., type I, type II, type III, type IV, and type V. Based on their transport specificity, 
these major families (type I–V) are again categorized into two or more subfamilies 
(Axelsen and Palmgren 2001). Among various subfamilies, P1B subfamily is 
assigned for transportation of HMs in plants. Solioz and Vulpe (1996) revealed that 
P1B possess conserved intramembranous cysteine-prolinecysteine/histidine/serine 
sequences and hence are reported as the CPx-ATPases. Overexpression of AtHMA4 
gene has been shown to ameliorate growth and development of roots in Arabidopsis 
thaliana even in the presence of various noxious levels of Zn, Cd, and Co (Verret 
et al. 2004). Mills et al. (2005) revealed that AtHMA4 deficit mutant plant leads to 
augmented sensitivity toward Zn and Cd toxicity, which confirmed the earlier find-
ings. Later, Hanikenne et  al. (2008) found that the AhHMA4 (homologue of 
AtHMA4) from the hyperaccumulating species Arabidopsis halleri bestowed toler-
ance against HMs like Zn and Cd. AhHMA4 is also engaged in translocation of Zn 
from root-to-shoot, its hyperaccumulation, and maintains Zn-Fe homeostasis. 
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Parameswaran et al. (2007) performed proteomic analysis of microsomal fractions 
and found another homologue of AtHMA4, generally expressed in epidermal leaf 
cells of Noccaea caerulescens (Schneider et al. 2013). In an experiment using trans-
genic approach, OsHMA3 gene, localized in tonoplast that principally encodes a 
P1B-ATPase transporter, was identified in hyperaccumulating Oryza sativa L. that 
manages transport of Cd from ground part to above shoot portion (Miyadate et al. 
2011). Upon Zn and Cd exposure, overexpression of HMA4 and HMA3 gene 
showed tolerance in Arabidopsis thaliana against these stresses. Moreover, overex-
pression of HMA5 was seen in roots and other plant parts of Arabidopsis thaliana 
upon exposure of Cu (Xu et al. 2010).

14.3.2  ATP-Binding Cassette Transporters (ABC Transporters)

The ABC transporters are exceptionally massive and varied family of membranous 
proteins present in organisms of all the three monarchy. ATP-binding cassette trans-
porters are engaged in a wide array of transport functions (Theodoulou 2000; 
Martinoia et al. 2002). These are distinguished by the presence of couple of funda-
mental structural organizations in two copies, i.e., (1) an extremely hydrophobic 
transmembrane domain, each one of them consisting four or six transmembrane 
spans, and (2) a marginal (cytosolic) ATP-binding domain or nucleoside binding 
fold (Theodoulou 2000). Majority of these proteins serve to propel HM across the 
membrane and transfer a broad variety of substrates comprising of sugars, ions, 
lipids, pigments, peptides, antibiotics, and xenobiotics and are also engaged in vac-
uolar deposition of non-essential HMs within the cells. Till date, couple of sub-
classes of ABC transporters has been recognized in plants; these are (1) multidrug 
resistance-associated proteins (MRPs) and (2) the multidrug resistance proteins 
(MDRs). Bovet et al. (2003) revealed that gene expression of four MRPs was upreg-
ulated in roots of Arabidopsis thaliana upon application of Cd; however expression 
of AtMRP3 gene was comparatively more prominent. Furthermore, AtMRP3 was 
also stimulated upon Cu exposure, but under Zn toxicity, there was slight induction 
of AtMRP3. During transcriptome-based screening, Bovet et al. (2005) observed 
that ABC trasporters, like AtPDR8, AtABCG36, and PEN3, localized in plasma 
membranes, were highly upregulated under Cd toxicity in Arabidopsis thaliana. 
Further studies showed that similar ABC transporters were also upregulated upon 
Pb toxicity. The Arabidopsis plants overexpressing PDR8 were more resistant to Cd 
and Pb toxicity, while RNAi and T-DNA mutant plants were sensitive to these (Kim 
et al. 2007). A novel ABC transporter IDI7, which is regulated by Fe, has been rec-
ognized in the tonoplast of Hordeum vulgare L. roots (Yamaguchi et al. 2002). This 
IDI7 has characteristics similar to ABC transporter and is stimulated under Fe defi-
cit conditions.
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14.3.3  Natural Resistance-Associated Macrophage Proteins 
(Nramps)

The Nramps are annotated as an extremely conserved family of membrane proteins. 
These proteins are engaged in metal ion transport in living organisms including 
flora and fauna. In plants, this group of protein family was initially recognized in 
Oryza sativa L. where three Nramps, i.e., OsNramp-1, OsNramp-2, and OsNramp-3, 
were revealed (Belouchi et al. 1995, 1997). Alike, various genes are discovered in a 
variety of plants such as Arabidopsis thaliana in which six Nramps were distin-
guished (Maeser et al. 2001). The plant Nramps seems to group into two subfami-
lies, which include first group AtNramps 1 and 6 and second group Nramps 2 to 5 
(Maeser et al. 2001). In plants, Nramps are conserved and possess 12 transmem-
brane domains having transport motif’ sandwiched between transmembrane-8 and 
transmembrane-9 (Curie et al. 2000). In Arabidopsis thaliana roots, gene expres-
sion of AtNramps1, 3, and 4 was overexpressed under Fe deficit conditions (Thomine 
et al. 2000), whereas AtNramp3 was associated with uptake of Fe and Cd (Thomine 
et al. 2000). AtNramp3 gene was upregulated under Fe deficiency and was expressed 
in the xylem and phloem, localized into the vacuolar membranes, and functions in 
mobilizing metal pools from the vacuoles (Thomine et al. 2003). In Solanum lyco-
persicum, LeNramp1 was exclusively expressed under Fe deficit condition in roots, 
situated in the vascular parenchyma (Bereczky et  al. 2003). Interestingly, it was 
noted that Nramp transcript level in Hordeum vulgare L. was downregulated under 
Cd toxicity and sufficient supply of nitrogen (N), though Nramp transcript level was 
notably upregulated by Cd but under N deficiency (Finkemeier et  al. 2003). 
Consequently, above findings demonstrate that Nramp carry out various physiologi-
cal functions, and few of the Nramps are concerned with Fe and Cd uptake and 
homeostasis.

14.3.4  Cation Diffusion Facilitator (CDF) Family

Cation diffusion facilitator transporter gene was originally differentiated in 
Arabidopsis and was named as ZAT. Upregulation of this gene in genetically modi-
fied plants results in resistance against Zn stress (van der Zaal et al. 1999). It was 
anticipated that ZAT gene is engaged in the vesicular/vacuolar sequestration of Zn 
and therefore is concerned with Zn homeostasis and tolerance. A ZAT gene, ZTP1, 
has been recognized in Thlaspi caerulescens and was seen to be upregulated prin-
cipally in the leaf tissue, followed by root tissue (Assunceaao et al. 2001). Degree 
of expression was higher in plants grown on calamine (which are enriched in Zn, 
Cd, and Pb) soil as compared with non-metalliferous soil. Majority of plants 
expressing these genes were found to be the Zn-tolerant, signifying the role of 
ZTP1/ZAT-like transporters in intracellular sequestration and tolerance against Zn 
stress (van der Zaal et al. 1999; Assunceaao et al. 2001). Persans et al. (2001) have 
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distinguished CDF transporter (TgMTP1) which is accountable for metal ion accu-
mulation within the shoot vacuoles in Thlaspi goesingense. Another CDF trans-
porter, ShMTP1, has also been recognized in the Stylosanthes hamata (tropical 
legume) that can be grown in acid or high Mn2+ containing soils (Delhaize et al. 
2003). The ShMTP1 provide tolerance against Mn2+ toxicity by sequestrating metal 
ions and functions antiporter of proton/Mn2+ in yeast and Arabidopsis thaliana 
(Delhaize et al. 2003). An experiment conducted in Arabidopsis thaliana revealed 
the presence of eight genes showing homology with the members of CDF family 
(Maeser et al. 2001).

14.3.5  The ZIP Family

The ZIP proteins are basically affianced in the uptake of Fe and Zn and their accu-
mulations (Guerinot 2000). Nevertheless, they may possibly be engaged in response 
against Cd toxicity (Xu et  al. 2012) and Ni tolerance (Nishida et  al. 2011). 
Approximately, 85 ZIP family members are recognized from various prokaryotes 
and eukaryotes organisms, out of which 15 of them belongs to Arabidopsis (Maeser 
et al. 2001). This protein contains eight transmembrane domains, where the extra-
cellular region contains the amino- and carboxyl-terminal ends (Guerinot 2000). 
Regarding single member of this family, Arabidopsis consists of three iron- regulated 
transporter (IRT) genes that regulate the upward movement of metal ions in plants 
from soil. The upregulation of several of IRT genes like IRT1, IRT2, and IRT3 was 
stimulated by increased concentration of Zn, revealing their functions in regulating 
Zn-Fe homeostasis in Arabidopsis thaliana. It is interesting to note that upregul-
taion of IRT genes does not explicitly lead to HM tolerance. For instance, IRT1 
overexpression in Arabidopsis thaliana led to over accumulation of Fe, Mn, Co, and 
Zn that caused negative effects to plant (Barberon et al. 2011). Interestingly, IRT3 
overexpression in Arabidopsis thaliana has diverse consequences on accumulation 
of Fe and Zn; Zn accrual increases in the shoot, whereas Fe accretion increases in 
the roots of transgenic lines (Lin et al. 2009).

14.4  Potential Threats of Heavy Metals/Metalloids

14.4.1  Morphological Amendments

Presence of HM in agricultural soil and groundwater higher than the permissible 
level causes perturbations in the metabolism of plant cells resulting in various mor-
phological modifications like wilting, curling, leaf necrosis, reductions in leaf 
number and area thus diminished photosynthesis rate and biomass accumulation, 
dissipation of mineral contents, reduced elongation rate, stunt growth, and reduced 
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yield (Chandrakar et al. 2017; Xalxo and Keshavkant 2018). Mostofa and Fujita 
(2013) demonstrated that exposure of Oryza sativa L. seedlings to Cu caused 
severe oxidative stress which appeared in terms of chlorosis (loss of normal green 
coloration of leaves), necrosis (death of cell or tissues), and leaf rolling. Upon 
individual and combined application of Cu and/or Cd, there was a noteworthy 
decline in diameter of root, its breadth, and width of leaf midrib in Sorghum bicolor 
(Kasim 2006). Plants when exposed to lethal dose of Cd showed visible symptoms 
of injury like chlorosis, reductions in growth and development, and root tip brown-
ing which ultimately led to cell death (Guo et al. 2008). Other symptoms of Cd 
toxicity include noteworthy decrease in the length and diameter of the internodes, 
leaf area, and thickness. Heavy metals have greater affinity for sulfhydryl groups 
of enzymes, and binding of HM ions with these groups causes distortion of mem-
branes; therefore loss of turgor and rigidity are accountable for plant wilting under 
HM stress conditions. The presence of HMs in the soil restricts the water uptake 
and essential minerals, thus creating dehydration inside the cells, ultimately lead-
ing to leaf curling (Panda et al. 2009). Insufficiency of vital nutrients in plants also 
causes additional symptoms of HM toxicity, i.e., necrosis, which predominately 
affects the green leaves under which leaves turn brown or black in color. Farnese 
et al. (2017) reported that accumulation of As results in necrosis of outer margins 
of leaf, indicator of cell demise in particular area, which finally leads to death of 
the leaf. After performing root bioassay of Brassica napus L. seedlings, which was 
exposed to As, Farooq et al. (2017) affirmed that decrease in root length resulted in 
lethal effect of the stresses on cell elongation. Pandey and Sharma (2002) and 
Rahman et  al. (2005) also reported necrosis and chlorosis in Brassica oleracea 
L. and Hordeum vulgare L., respectively, under Ni toxicity. Steiner et al. (2012) 
while working on Jatropha curcas plants found visible symptoms of Al toxicity 
like presence of minute necrotic spots and chlorosis on the margins of juvenile 
leaves and in the margins and center of adult leaves, respectively. Recently, study 
conducted by Ardisana et al. (2018) revealed chlorosis and necrosis in Solanum 
lycopersicum under Pb stress, indicating altered mineral nutrient absorption and 
rate of photosynthesis.

14.4.2  Physiological Effects

14.4.2.1  Growth and Productivity

Root Plasmolysis

Heavy metals being a non-essential constituent and extremely fatal to flora signifi-
cantly affect growth and crop production. From the soil, HMs are taken up and then 
transported by various transporters localized in the plasma membranes of roots 
(Ovecka and Takac 2014). When plants are exposed to HM toxicity, usually, roots 
are the foremost organ that encounters HMs, where metal ions result in  discoloration 
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and plasmolysis after entering into the cells (Shaibur and Kawai 2011). As plas-
molysis is an active process and well-known characteristic feature of viable cells, it 
is used as a marker to observe the cell viability under various environmental stresses 
(Lang et al. 2014). Plants when exposed to HM toxicity show augmented lignifica-
tions in root cells and microtubule dissolution, which later results into rapid ampli-
fication in cell width, thus increasing diameter of root (Lou et al. 2015). Aluminium 
toxicity inhibits extension of the main axis and lateral root because of constrained 
cell division, and as a result root system appeared under developed and fragile, and 
apices were inflamed and injured (Panda et al. 2009).

Biomass

Plants when exposed to HM toxicity have popularly been reported to cause a note-
worthy diminution in the biomass. This possibly may be because of the fact that 
root tissues are the foremost organ that comes in contact with HMs inside the soil 
(Chandrakar et  al. 2018). As HMs have high affinity for sulfhydryl groups of 
numerous proteins and enzymes that are located in the radicular membranes, it 
causes interruption in root functions and cellular death (Shaibur and Kawai 2011). 
The reductions in rate of germination, root elongation, and biomass accumulation 
are consequences of HM contamination (Schutzendubel et  al. 2001). Various 
researchers revealed that the prime influences of HM toxicity are the inhibition in 
rate of germination, biomass accumulation, root extension, and normal growth 
(Munzuroglu and Geckil 2002; Suzuki 2005; Chandrakar et al. 2016; Xalxo and 
Keshavkant 2019). In plants, reduction in germination rate and growth responses 
may result because of negative consequences of HMs on cellular functioning where 
maximum accessible energy is used for the production of stress linked vital com-
pounds like phytochelatins (PCs), antioxidants, etc. Distinguished scientists have 
reported rigorous decrease in biomass production, which eventually cause decrease 
in crop productivity under HM toxicity (Ahmad et al. 2011; Asgher et al. 2014; 
Chandrakar et al. 2017; Xalxo and Keshavkant 2018). Most probable reason shown 
for reduction in biomass accumulation was increased permeability of cell mem-
brane, thereby unavoidably increasing leakage of cellular constituents/fundamental 
nutrients which were primary components for the generation of energy and plant 
development (Farooq et al. 2015). Additionally, under HM stress, the water loss is 
increased, while water uptake is reduced by the roots which also results in dimin-
ished biomass accumulation (Gomes et al. 2013; Sidhu et al. 2018). Hence, it is 
obvious that when plants are exposed to HMs beyond their permissible limits, they 
negatively affect plant growth and development (Chandrakar et al. 2016; Xalxo and 
Keshavkant 2018).
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Cell Division, Elongation, and Expansion

Plants when exposed to HM lead to inhibited cell division in the root meristematic 
zone, thus resulting in diminished growth. Reduction in mitotic activity thus 
decreased the rate of cellular division in the root apical meristem consequently 
leading to inhibited expansion and elongation of the novel cells (Suzuki 2005; 
Farooq et al. 2015). Heavy metal toxicity also reduces root cellular turgor leading 
to inhibition in cell enlargement. Exposure to HMs adversely influences the cell 
division machinery that is responsible for the cell cycle regulation in plants. 
Heavy metals also suppress the formation of proteins like cyclins and Cdk that are 
involved in cell cycle check points (Sharma et al. 2012). Inhibition of the enzyme 
activity involved in DNA repair system may be the outcome of binding of HMs to 
thiol groups which are accountable for DNA damage (Patra et  al. 2004). 
Chromosomal aberrations with lower mitotic index, altered cell divisions (mitotic 
and meiotic), disruption of nuclear and plasma membranes, distortion in thyla-
koid structure, augmentation in amount of nucleoli, starch granules and plasto-
globuli, severe plasmolysis, deficiency/absence of chromatin materials, and 
amplification in vacuoles count and size are few of the ultra-morphological altera-
tions revealed in various plant parts under various HM toxicities (Patra et al. 2004; 
Aravind and Prasad 2005).

14.4.2.2  Photosynthetic System

Chlorophyll Synthesis

Among various vital biological processes, photosynthesis is one of the most studied 
phenomena during different biotic and abiotic stresses. Different plant species vary 
in patterns of metal accretion which affects biosyntheses of pigments, necessary for 
photosynthesis (Shakya et  al. 2008; Vesely et  al. 2011; Xalxo and Keshavkant 
2018). Heavy metal may possibly associate with the photosynthetic machineries 
and may lead to a broad array of detrimental consequences together with photooxi-
dative damage. One of the major negative effects of HM stress is inhibition of pho-
tosynthesis because HM invariably affects the function of photosynthetic system by 
hampering the machinery of both light and dark reactions. It is revealed that plant 
exposed to HM slows down the photosynthetic rate, transpiration rate, stomatal con-
ductivity, plant growth and development, and ultimately loss in yield (Shakya et al. 
2008). Babu et al. (2010) reported that the negative consequences of metal ions on 
growth, activities of leaf enzymes, and photosynthesis along with activities of both 
photosystem, i.e., PS-I and PS-II, were found to be dose dependent and were further 
amplified with an increase in exposure time. Heavy metal ions also influence the 
electron transport system and modify the energy transfer at multiple sites. Isolated 
chloroplasts were examined to reveal any alteration on the electron transport system 
due to HM ions, and it was found that PS-II was more vulnerable to HM toxicity as 
compared to PS-I. The activity of PS-I can be diminished on higher concentration 
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of HM exposure (Ivanov et  al. 2006). Reduction in the concentration of various 
enzymes like ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) activity 
and/or its biosynthetic enzymes δ-aminolevulinic acid dehydratase and protochlo-
rophyllide reductase may be the reason for reduction in the chlorophyll content 
(Farooq et al. 2016). Gene expression analysis of δ-aminolevulinic acid dehydratase 
showed that transcript level of this gene was downregulated under various abiotic 
stresses (Agnihotri and Seth 2016). Heavy metals affect chlorophylls and also 
 carotenoids in plants because phytotoxic outcome of HM appears to be linked with 
excess generation of ROS which stimulate the production of carotenoids (Ghnaya 
et al. 2009; Kumar et al. 2012). Carotenoids, a low molecular weight compound 
owing to their antioxidant property, function by quenching higher concentration of 
ROS (Gill and Tuteja 2010). Among various established mechanisms in plants, to 
avoid photooxidative damage, one of the fundamental photoprotective mechanisms 
is the liberation of excessive excitation energy (Janik et al. 2008). Various accessory 
pigments like zeaxanthin (Zx), antheraxanthin (Ax), and the de-epoxidized compo-
nents of xanthophyll cycle are engaged in the avoidance mechanism for dissipation 
of energy in PS-II (Toth et al. 2007). The Pinus sylvestris grown in areas contami-
nated with heavy metals such as Al, Pb, and Cu revealed reduction in the xantophyll 
content (Matysiak 2001). Janik et al. (2008) reported that reduction in the second 
step of violaxanthin de-epoxidation leads to accumulation and augmentation in the 
cis-isomers fraction of violaxanthin in leaves of Secale cereal upon Cd exposure 
(Janik et al. 2008). On the other hand, when Lemna minor plants were exposed to 
Cd stress, amplification in the level of all the pigments of xanthophyll cycle was 
observed as an antioxidative response (Appenroth et al. 1996). It is well acknowl-
edged that xanthophylls play important role in quenching of ROS-induced reac-
tions. Xanthophylls also avoid excess production of free radicals, thus limiting the 
oxidative damage caused by excess ROS. Both adaptation and survival of plants 
under HM toxicity depend on their competence to resist the oxidative injury via 
antioxidant systems.

Chloroplast Membrane

Inside the cell, apart from mitochondria, peroxisomes, and other organelles, chloro-
plasts are one of the chief sites for the formation of free radicals and are pretty 
susceptible to HM-induced injury. Predominantly, this free radical modifies the 
function of chloroplast membrane and elements of the photosynthetic electron 
transport chain, thereby damaging the light reaction of photosynthesis (Ventrella 
et al. 2011). Li et al. (2006) and Schneider et al. (2013) revealed that Pteris vittata 
and Leucaena leucocephala when exposed to As toxicity resulted in structural 
injury to the chloroplast internal membranes. Toxic level of Cr has also shown to 
damage chloroplast ultrastructure, thus disturbing the photosynthetic process 
(Peralta et al. 2001). Plants, when exposed to Cd stress, lead to amendment in mem-
brane function by inducing lipid peroxidation reaction and disturbances in chloro-
plast metabolism by reducing chlorophyll biosynthesis and decreasing the activities 
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of enzymes involved in CO2 fixation (Fodor et al. 1995). Degradation of chloro-
plasts and alteration in their internal membranes due to HMs has shown detrimental 
consequences on pace of photosynthesis which is responsible for decreased level of 
photosynthetic pigment and rate of carbon assimilation (Farnese et al. 2017). Plants 
when exposed to HM stress also lead to structural disorganization of chloroplast 
membranes and perturbations in functioning of integral photosynthetic activity, 
consequently leading to alterations (breakage and swelling) of thylakoid  membranes 
and reduced synthesis of photosynthetic pigment. Reduction in pigment biosynthe-
sis may possibly be due to the absence of appropriate regulatory mechanism for its 
synthesis at lethal concentrations of HMs (Sharma et al. 2012; Chandrakar et al. 
2016). Heavy metal-induced over produced ROS-mediated lipid peroxidation reac-
tion may also be accountable for destruction of chloroplast membranes (Mascher 
et al. 2002; Chandrakar et al. 2017; Xalxo and Keshavkant 2018).

CO2 Fixation

The net fixation of CO2 is a fundamental process that dictates the total amount of 
carbon that recycles into the biosphere. Plants on exposure to HM stress show 
reduction in the rate of CO2 fixation, thus reducing photosynthetic rate (Demirevska- 
Kepova et al. 2004; Gusman et al. 2013). Heavy metal-induced overproduction of 
free radical results in distortion of chloroplasts membranes, thus interfering with 
CO2 assimilation and photosynthetic activity (Stoeva and Bineva 2003; Demirevska- 
Kepova et al. 2004; Gusman et al. 2013). Demirevska-Kepova et al. (2004) observed 
reduction in biomass accumulation and inhibition in enzyme activity, thus affecting 
CO2 fixation. Stoeva et al. (2005) revealed that subjection of As-stress to Zea mays 
L. decreased the rate of CO2 fixation with a noteworthy diminution in the function-
ing of PS-II. Application of As also leads to significant decrease in the chlorophyll 
fluorescence ratio, rate of CO2 fixation, PS-II functioning, and consequently dimin-
ished photosynthetic efficiency (Stoeva and Bineva 2003; Chandrakar et al. 2016). 
Plant growth reduction due to HM contamination may possibly be attributed due to 
inhibition of enzymes of Calvin cycle, thus diminished rate of CO2 fixation, and also 
by restrictive transport of carbohydrates from source to sink regions. Because of 
reduced pace of CO2 fixation, recovering of NADP+ get stopped (final electron 
acceptor), leading to decreased photosynthetic electron transport. This overall pro-
cess leads to decrease in the rate of electron transport and excess generation of 
excitation energy. As a result, the excess excitation energy thus produced, stimulate 
the alternative pathways of electron transport like, water-water cycle and photores-
piration, leading to excess leakage of electrons out of electron transport chain 
(Gusman et al. 2013).
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Stomatal Conductance

Heavy metals are well known to destroy the structures of plasma membranes. Any 
damage to the outer membranes results in disparity in the uptake and transportation 
of essential nutrients and ions in the plant cells which ultimately lead to reduction 
in the stomatal conductance (Paivoke and Simola 2001). Inhibition of key enzymes 
like δ-aminolevulinic acid dehydratase and increased activity of chlorophyllase 
(pigment degrading enzyme) leads to the increase/decrease in the concentration of 
pigment and stomatal conductance under HM stress (Sharma and Dubey 2005; 
Xalxo and Keshavkant 2019). Subjection of plants to HMs/metalloids leads to 
deposition of these in the cuticles which envelop the guard cells and its auxiliary 
cells that result in decreased stomatal opening (Rucinska-Sobkowiak 2016). Lead 
toxicity has been shown to decrease the stomatal aperture, which later leads to clos-
ing of stomata that result in slower diffusion of water vapors due to the greater 
diffusion gradient of it (Bondada and Oosterhuis 2000). Presence of Pb limits the 
compounds that are responsible for maintenance of cell wall plasticity and turgor 
pressure thus resulting in lowering of cellular water potential and thereby inducing 
stomatal closure. Closed stomata may also be an outcome of inhibited energy sys-
tem or altered K+ fluxes through membranes or Pb-induced ABA accumulation or 
all of these (Sharma and Dubey 2005). Furthermore, As interrupts with microtu-
bules assembly during cell division and thus normal cell cycle regulation get ham-
pered. Eventually, the regular pattern of cell division ceases, and there is a formation 
of abnormal stomata, thus leading to reduction in growth of plant (Gupta and 
Bhatnagar 2015). Heavy metal-induced detrimental effects include decrease in 
rates of photosynthesis, transpiration, and stomatal conductance which hampers the 
water and ion uptake (Milivojevic et al. 2006). Anjum et al. (2016) observed clos-
ing of stomata due to the Cd or As contamination which leads to deprivation of 
CO2; thus it arrests photosynthetic carbon assimilation and also reduces rate of 
transpiration. In Arachis hypogaea, Shi and Cai (2008) revealed reduction in net 
photosynthetic rate in association with decreased stomatal conductance and photo-
synthetic pigment under Cd stress. Studies have reported that Ni stress inhibits rate 
of photosynthesis due to the decreased stomatal conductance (Seregin and 
Kozhevnikova 2006; Ahmed and Hader 2010). Heavy metal-induced decline in 
photosynthesis rate suggests that restriction in the stomatal conductance leads to 
decreased internal CO2 level and as a result decrease in rate of photosynthesis 
(Gusman et al. 2013).

14.4.2.3  Nutrient and Water Uptake

Micro- and Macronutrients

Mineral nutrients are the major components of the plant structural component, 
thereby providing mechanical support to plants. These micronutrients also play a 
vital role in plant growth and development. However, HM toxicity may interfere 
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with uptake and transport of essential nutrients, thus disturbing the mineral compo-
sition. Both micro- and macronutrients aid in biosyntheses of macromolecules, like 
proteins, carbohydrates and nucleic acids, growth substances, and chlorophylls, and 
most importantly help in stress tolerance (Paivoke and Simola 2001). Reactive oxy-
gen species is accountable for oxidative damages to various biomolecules like pro-
teins, lipids, and nucleic acids, which in turn are responsible for different 
physiological amendments such as diminished growth, nutrient deficiency, 
decreased nutrient transport, genotoxicity, and retarded photosynthesis (Nagajyoti 
et al. 2010). Roots are the first tissues that interact with HMs and accumulate them 
inside the cells and disturb the nutrient uptake (Stoeva et al. 2005). Selectivity and 
permeability of root cell membranes also get modified due to HM contamination, 
thereby resuling in reduced uptake of nutrients (Gusman et al. 2013). Adequate con-
centration of nutrients helps plants in accumulation of biomass. Excess accrual of 
HM competes with nutrient ions for their binding with transport protein and thus 
interferes with the uptake of nutrients (Gusman et al. 2013). Significant reduction in 
uptake of nutrients and transfer of ions from ground to aboveground parts were 
revealed in As stressed Triticum aestivum L., and reduced nutrient uptake was asso-
ciated with decreased photosynthetic rate (Liu et  al. 2008; Gusman et  al. 2013). 
Plants obtain N from soil, in the form of nitrate or ammonium, but incidence of HM 
disturbs the N assimilation; thus genes that are accountable for transportation of 
nitrate and ammonium in plants are downregulated (Norton et al. 2008).

Water Relations

Apart from providing mechanical support to the plant and fixing it in the soil, the 
prime purpose of roots is the water absorption and transport of inorganic nutrients 
from soil. Generally, accumulation of HM is found higher in roots than other plant 
parts as it is the foremost organ to come in contact with HM ions (Seregin and 
Ivanov 2001; Chen et al. 2004; Małecka et al. 2008). Excessive availability of HM 
hampers the proficiency of the water flow by decreasing the rate of transpiration 
(Barcelo and Poschenrieder 1990). In roots, transport of water by the symplast and 
apoplast pathways also gets disturbed by HM exposure resulings into reduced water 
uptake (Steudle 2000, 2001). Heavy metal also inhibits the aquaporin activity and/
or alters the expression of these proteins, thus resulting in impairment of water 
transport through the membranes (Przedpelska-Wasowicz and Wierzbicka 2011). 
Subjection of HM leads to accumulation of callose in cell walls that is accountable 
for the reduced movement of water. Samardakiewicz et al. (2012) revealed that sub-
jection of Pb to Lemna minor roots resulted in accretion of callose within the plas-
modesmata. On the other hand, deposition of metals on cell walls leads to thickening 
of these, which increases the apoplast resistance to water flow. It has previously 
revealed that Pb was responsible for thickening in the cell wall (Krzesłowska et al. 
2009) and increased lignin content in Pisum sativum L. (Paivoke 1983) and Glycine 
max L. (Pawlak-Sprada et al. 2011), callose in Lemna minor roots (Samardakiewicz 
et al. 2012), and callose, pectins, cellulose, and sudanophilic lipid compounds in the 

14 Ecophysiological Responses of Plants Under Metal/Metalloid Toxicity



408

protonemata of Funaria hygrometrica (Krzesłowska et  al. 2009). Obstruction in 
leaf development due to the water deficit may be due to hampered transport of water 
to above parts of plants particularly to leaf. A quick reduction in osmotic potential, 
root vacuolization, and reorganization of tissues may be regarded as the strategy to 
enhance water retention in plants (Rucinska-Sobkowiak et al. 2013). It is proposed 
that modifications in the aquaporin permeability are linked with the alteration of 
aquaporin proteins by phosphorylation/dephosphorylation, the processes which 
may be controlled by abscisic acid (ABA). Plant exposure to HM may possibly 
stimulate augmentation in signaling compounds such as calcium ions, polyamines, 
and various plant hormones like ethylene, auxin, jasmonic acid (JA), salicylic acid 
(SA), and ABA.

14.4.3  Phytotoxicity of Heavy Metals/Metalloids at Cellular 
and Molecular Levels

14.4.3.1  Lipid Peroxidation

Lipid peroxidation is an indicator of oxidative injury, induced by various abiotic and 
biotic stresses including HM, and has been acknowledged in varied plant species 
(Cho and Park 2000; Cargnelutti et al. 2006; Ahsan et al. 2007; Wang et al. 2008; 
Cavusoglu et al. 2009; Pandey et al. 2009; Maheshwari and Dubey 2009; Chandrakar 
et al. 2017; Xalxo and Keshavkant 2018). Plants subjected to HM toxicity displayed 
an augmentation in lipid peroxidation reaction as a consequence of excess ROS 
generation (Chandrakar et al. 2017; Xalxo and Keshavkant 2018), and also accel-
eration in it might be done by the lipoxygenase with the formation of hydroperox-
ides (Huang et al. 2012). Heavy metal-induced production of free radical leads to 
deterioration of cellular components involving polyunsaturated fatty acid (PUFA) 
residues of phospholipids, which are tremendously susceptible to oxidation (Abd- 
Allah et al. 2015). The PUFAs like linoleic acid (18:2) and linolenic acid (18:3) are 
predominantly vulnerable to attack of singlet oxygen (1O2) and hydroxyl radical 
(˙OH), resulting in the formation of lipid hydroperoxides (Ahmad et al. 2010). Lipid 
peroxidation is regarded as most detrimental process that occurs in plants during 
HM toxicity. Several aldehydic products such as malondialdehyde (MDA) and 
4-hydroxy-2-nonenal (HNE), along with hydroxyl and keto fatty acids, are gener-
ated as consequences of PUFA peroxidation under HM stress (Chandrakar  and 
Keshavkant 2018). Treatments of Cd, As, and Pb notably increased the accumula-
tion of lipid peroxidized products in Pisum sativum L. (Metwally et  al. 2005), 
Glycine max L. (Chandrakar et al. 2017), and Trigonella foenum graecum L. (Xalxo 
and Keshavkant 2018), respectively. In plant cells, some of the PUFA oxidation 
products function as secondary messengers either directly or after enzymatic modi-
fications (Mittler 2002; Miller et al. 2010).
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14.4.3.2  Oxidative Damage to DNA

Subjection to abiotic stress like HM can harm DNA which can affect the strong 
steadiness of the plant genome (Chandrakar et al. 2017). The excessively accumu-
lated ROS are the key mediators of damage to cellular organization and significant 
biomolecules (Tuteja et al. 2009; Chandrakar et al. 2017). Binding of metals to the 
cellular nuclei results in modifications in DNA nucleotides, inter- and intra- 
molecular cross-linking of DNA and proteins, and DNA fragmentation and reorga-
nization, which can further induce mutation (Nagajyoti et al. 2010). For example, 
when ROS is produced by oxidative stress nearby DNA, it forms a mutagenic adduct 
8-OxoG (7,8-dihydro-8-oxoguanine) that may possibly establish bonding with ade-
nine. If unchecked by the repair machinery, this may lead to transverse mutation 
from cytosine to thiamine (Cunningham 1997). Common genotoxic effects reported 
due to the As toxicity involve disruption of mitotic spindle fibers. In the seeds of 
Hordeum vulgare L., the degree of anomalies found in the chromosomes was related 
to As aggregation (Bandyopadhyay and Maity 1995). Chromosomal behavioral 
analysis of Cd exposed Pisum sativum L. root tips revealed increased frequency of 
chromosomal abnormalities like fragmentation, early and late separation of chro-
mosomes, single and double bridges, and chromosome agglutination (Siddique 
et al. 2009).

14.4.3.3  Oxidative Damage to Proteins

Proteins on direct reaction with excess ROS undergo oxidative modifications. 
Interactions with MDA and HNE (lipid peroxidation products) also result in oxida-
tive stress (Xalxo and Keshavkant 2018). Both MDA and HNE produced as a result 
of lipid peroxidation undergo non-enzymatic condensation with free amino groups 
of proteins or nucleic acids, which leads to browning. Glycosylamine formed as a 
result rearranges to produce the Amadori product (1-amino-deoxyketose), which 
consequently degrades into intermediate products (MDA and HNE). These interme-
diates thus obtained mix with other amino groups which results in the formation of 
glycosylation end products. Oxidized protein is universally present and thus can be 
used as a marker to diagnose HM-imposed oxidative stress. Carbonylation is another 
irreversible and most frequently transpiring oxidative protein modulation under HM 
stress. It may result due to oxidation of amino acid side chains (leading to formation 
of arginine and proline to g-glutamyl semialdehyde, threonine to amino ketobutyr-
ate, and lysine to amino adipic semialdehyde). Reaction between proteins and lipid 
peroxidized products, for instance, HNE and MDA, may also initiate carboxylation 
reaction. Scientists have revealed that the content of protein carbonylation is found 
more in the mitochondria in comparison to the chloroplasts and peroxisomes which 
signifies that the mitochondria are more vulnerable to oxidative injury (Ahmad et al. 
2010; Gill and Tuteja 2010). Heavy metal-induced oxidative amendments of pro-
teins lead to various detrimental consequences on the cellular physiology of plants. 
The oxidative damage caused by excess ROS can be mild to brutal on cell functions 
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depending upon various factors such as fraction of biological molecules that are 
modified and for how much time the alteration persisted in the cell.

14.5  Production of Reactive Oxygen Species and Antioxidant 
Defense Systems: Markers in Ecophysiological Studies

Overaccumulation of ROS is considered as the first biochemical modification when 
plants are exposed to HM-contaminated sites (Gill and Tuteja 2010; Chandrakar 
et al. 2017; Yadu et al. 2017; Xalxo and Keshavkant 2018). The ROS comprises of 
1O2, superoxide radical (O2˙−), hydrogen peroxide (H2O2), hydroperoxyl radical 
(HO2), ˙OH, hydroperoxide (ROOH), peroxyl radical (ROO˙), and alkoxyl radical 
(RO˙). These free radicals are extremely reactive and noxious and cause injury to 
various biomolecules like proteins, lipids, carbohydrates, and DNA which eventu-
ally leads to death of the cells (Gill and Tuteja 2010). Excess accrual of ROS, as a 
consequence of diverse environmental stresses including metal toxicity, affects crop 
yield and food security globally (Xalxo and Keshavkant 2018). Reactive oxygen 
species are generally shown to damage nucleic acids, oxidize proteins, and cause 
lipid peroxidation, thus hampering many cellular functions (Chandrakar et al. 2017; 
Xalxo and Keshavkant 2018). A severe imbalance occurs between production and 
elimination of ROS, and this disproportion later results in remarkable physiological 
challenges to the plants that is cumulatively termed as “oxidative syndrome” 
(Kovacik et al. 2010; Morina et al. 2010; Chandrakar et al. 2017; Yadu et al. 2017; 
Chandra et al. 2018). Heavy metals such as As, Cu, Cd, Cr, Fe, Hg, Pb, and Zn have 
the capability to stimulate the excess generation of ROS inside the cells (Duquesnoy 
et  al. 2010; Vanhoudt et  al. 2010, Korpe and Aras 2011; Márquez-García et  al. 
2011). The mechanism of ROS generation is dissimilar for redox-active and redox- 
inactive metals (Pourrut et al. 2008; Opdenakker et al. 2012). Redox-active metals 
like Cu and Fe act as catalyst in the Haber-Weiss/Fenton reactions, wherein H2O2 
splits into •OH at a neutral pH (Sahi and Sharma 2005; Valko et al. 2006). On the 
other hand, redox-inactive metals like Cd, Pb, Hg, As, Zn, and Ni hamper enzymatic 
activities as they have strong affinity for –SH groups of the proteins (Pourrut et al. 
2011; Chandrakar et al. 2016). As redox-inactive metals have electron-sharing affin-
ities, they form covalent bonds with sulfhydryl groups of proteins. Heavy metals, 
particularly Pb, bind to functional groups (COOH) of protein molecules and inacti-
vate enzymes (Sharma and Dubey 2005; Gupta et  al. 2010). Additionally, HM 
induces displacement of vital cations from specific binding sites of enzymes, thus 
disturbing the intracellular ROS balance, resulting in excess accumulation of 
ROS.  Heavy metals are also proficient in depleting reduced glutathione (GSH) 
within plant cells (Bhaduri and Fulekar 2012). Depletion of major antioxidants due 
to the accumulation of HMs inside the cells also disrupts the ROS balance. Heavy 
metals also directly bind to GSH and its derivatives whose presence is obligatory to 
scavenge excess ROS generated in the plants, hence leading to ROS accrual in cell 
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(Lee et  al. 2003). In addition, plasma membrane-integrated NADPH oxidase is 
engaged in HM-induced oxidative injury (Pourrut et al. 2008, 2013; Potocky et al. 
2012). Reactive oxygen species generation via NADPH oxidase was revealed by 
Rodriguez-Serrano et  al. (2006), Hao et  al. (2006), and Pourrut et  al. (2008) in 
Pisum sativum L., Triticum durum L., and Vicia faba L. treated with Cd, Ni, and Pb, 
respectively.

To defend itself against these ROS, plant cells and its components (chloroplasts, 
mitochondria, and peroxisomes) utilize antioxidant security systems. Prior investi-
gations have confirmed that cellular antioxidant system is significant for defense 
against several stresses (Tuteja 2007; Singh et al. 2008; Chandrakar et al. 2017). 
The antioxidant defense machinery comprises of enzymatic and non-enzymatic 
factors. The superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase 
(APX), monodehydoascorbate reductase (MDHAR), dehydroascorbate reductase 
(DHAR), and glutathione reducaste (GR) are termed as enzymatic antioxidants, 
while GSH, ascorbate (AsA), carotenoids, and tocopherols (lipid soluble) are 
placed under non-enzymatic group (Chandrakar et  al. 2017; Yadu et  al. 2017; 
Xalxo and Keshavkant 2018). These antioxidants prevent additional buildup of 
ROS intracellularly, thus maintaining redox homeostasis in the cell (Gill and 
Tuteja 2010). Many examples of amendment in the antioxidant machinery imposed 
by HMs in various plant species are present in the literature (Miller et al. 2010; 
Ahmad et  al. 2011; Chandrakar et  al. 2017; Xalxo and Keshavkant 2018). 
Antioxidative restoration to metal toxicity depends upon the metal type, quantity, 
and plant species. In plants, major role of ROS homeostasis maintenance is played 
by AsA and GSH antioxidants. Elevation in AsA and reduction in GSH amount 
have been studied in Oryza sativa L. seedlings after Ni stress (Maheshwari and 
Dubey 2009). Exposure of Glycine max L. seedlings to Ni leads to loss in AsA 
amount (Prasad et al. 2005). Treatment of Phaseolus vulgaris L. seedlings to Cd, 
Pb, Hg, and Cu, separately, resulted in an amplification in AsA and tocopherol 
levels (Zengin and Munzuroglu 2006); similarly Cd treatment also exhibited a 
concentration reliant increase in the GSH levels of germinating Vicia faba L. seeds 
(Szollosi et al. 2009). The level of antioxidant enzymes escalated in the leaves of 
Pisum sativum L. and Trigonella foenum graecum L. plants in retaliation to Cd and 
Pb, respectively (Dixit et al. 2001; Xalxo and Keshavkant 2018). The SOD and 
CAT also enhanced in the plant cells after Hg exposure (Patra et al. 2004); also, 
gene expression of these enzymes was upregulated by Cr and Pb in Zea mays 
L. and Trigonella foenum graecum L., respectively (Labra et al. 2006; Xalxo and 
Keshavkant 2018). The antioxidant enzyme responses to HM stress depend on the 
tissues, for instance, application of Cd-induced GST in Pisum sativum L. roots, but 
no induction of GST was observed in leaves (Dixit et al. 2001). Similarly, GST 
was upregulated by Cu in germinating Oryza sativa L. embryos, but downregula-
tion was observed when whole seed was taken into consideration (Ahsan et  al. 
2007; Zhang et al. 2009).
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14.6  Signal Transduction Under Heavy Metal/Metalloid 
Toxicity

To conserve the normal quantity of essential metal ions, plants have developed 
various methods to reduce their contact with HMs, which are non-essential for 
them. Few mechanisms required for homeostasis are common in all, but some of 
the processes target individual metal ions for their elimination from intracellular 
environment. When these two systems fail to overcome stress responses, plants 
put up a stress defense system including several proteins and signal transducing 
molecules like heat shock proteins, hormones, ROS, and most significantly the 
specific metal- responsive genes (Maksymiec 2007). However, diverse signal 
transduction pathways get initiated in response to HMs, most common of these 
includes the calcium calmodulin pathway, ROS signaling, hormones, and the 
MAPK phosphorylation pathway. Researchers have reported that HM toxicity in 
plants causes alterations in calcium (Ca) concentration, MAPK cascade, and tran-
scriptional modifications of the genes involved in stress defense (Shao et al. 2008, 
2009; Thapa et al. 2012).

14.6.1  Calcium Calmodulin System

Calcium, a vital macronutrient, enters into plants via root systems and is transferred 
to the other parts of the plant through xylem (Tuteja et al. 2009; Ahmad et al. 2012). 
Calcium ion not only acts as a major component in all signaling systems but also 
plays a role during normal development and several biotic and abiotic stresses 
including HM (Tuteja and Mahajan 2007; Himschoot et al. 2015). In plants, expo-
sure of HM alters the concentration of cytoplasmic Ca2+ due to the influx of Ca2+ 
from outer environment of the cell, or due to the discharge of the stored intracellular 
Ca2+ inside the cell (Steinhorst and Kudla 2014). Plants consist of a range of Ca2+ 
sensors like calcineurin B-like proteins (CBLs), calmodulins (CaMs), calmodulin- 
like proteins, and Ca2+-dependent protein kinases (CDPKs). These biological sen-
sors sense and decipher alterations in the levels of cytosolic Ca2+ and transmit it as 
signal for further response (Luan et al. 2002; Sanders et al. 2002; Dodd et al. 2010; 
Steinhorst and Kudla 2013). The Ca2+-dependent protein kinases are sensory pro-
teins that bind to Ca2+ directly prior to phosphorylation of substrates which are 
involved in signal pathway during various stresses (Hamel et al. 2006; Schulz et al. 
2013). Various experiments have been performed to explore the role of CBLs in 
plants vs. abiotic stresses. The identification and classification of CBLs have been 
done in several plant species including Cicer arietinum L. (Tripathi et al. 2009), 
Glycine max L. (Li et al. 2012), Vitis vinifera (Tripathi et al. 2009), and Solanum 
lycopersicum (de la Torre et al. 2013) to enhance their endurance toward abiotic 
stresses. In plants, higher intracellular accumulation of Ca2+ was observed under Cd 
stress, thus implementing adaptive techniques that help to mitigate the toxicity of 
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HM (Yang and Poovaiah 2003). The Ca-calmodulin system was seen to be intri-
cated in tolerance mechanisms of Nicotiana tabacum, in response to Ni and Pb 
toxicity. High amount of toleration toward Ni and sensitivity to Pb were observed in 
transgenic Nicotiana tabacum plant expressing NtCBP4 (Nicotiana tobacum 
calmodulin-binding protein). Another Ca2+ sensor, i.e., CDPKs, senses and relays 
the downstream signaling pathway cascade (Asano et al. 2012). It aids in the regula-
tion of Oryza sativa L. growth via continuous expression of CDPK gene (Manimaran 
et al. 2015). Reports have also proposed the possible mitigation of HM stress by the 
induction of exogenous Ca2+ which assists via influencing various vital processes of 
plants. Moreover, addition of Ca2+ also affects the action of defensive antioxidant 
enzymes (APX, GR, and SOD) (Ahmad et  al. 2015). Thus, the study of varied 
expression patterns of the Ca2+-binding proteins in plants against HM stress will be 
advantageous in further analysis of the functions and mechanisms behind Ca2+-
dependent signaling in plants.

14.6.2  Plant Hormones

Phytohormones are universally present and play principal roles in growth and devel-
opment during plant life cycle (Divi and Krishna 2009). Auxin is known to be the 
best hormone for plant growth regulation; ABA positively influences bud dormancy 
and closing of stomata; cytokinin helps in delaying aging; gibberellin induces seed 
germination; and brassinosteroids regulate growth and development of plants (Sun 
et  al. 2005; Vert et  al. 2005; Jaillais and Chory 2010). Phytohormones are low 
molecular weight mediators between various signaling pathways, and they also 
influence plant retaliation to abiotic stresses (Bostock 2005). Significantly, ethylene 
(ET), SA, and JA are closely linked with the plant defense mechanisms vs. acting 
stress. The EIN2, EIN3, JAZ proteins, and AP2/ERF TF gene family are strongly 
influenced by ET and JA (Mauch-Mani and Mauch 2005; Fujita et al. 2006; Kazan 
2015). An investigation by Singh and Shah (2014) showed that subjection to JA 
increases antioxidant responses, hence leading to Cd stress endurance in Oryza 
sativa L. Thus, clearly suggesting that modulation in extent of plant hormones alters 
the plant response to HM stress. Increase in ET biosynthesis was reported by 
Rodriguez-Serrano et  al. (2009) in Pisum sativum L., Masood et  al. (2012) in 
Brassica oleraceae L., and Chmielowska-Bak et al. (2013) in Glycine max L. under 
Cd stress. Experiments done by Popova et al. (2009) in Cd stressed Pisum sativum 
L. revealed augmentation in the SA level which helped to defend leaves from lipid 
peroxidation. The results suggested that elevated concentration of intracellular SA 
accumulated after Cd treatment may act directly as an antioxidant or indirectly acti-
vate other antioxidant responses. Comparative transcriptome analysis of Oryza 
sativa L. seedlings treated with As(V) and As(III) showed that As modified the sig-
naling pathway and defense mechanism of the plant, revealing that As(III) pro-
foundly affects hormonal signaling processes such as ABA metabolism (Chakrabarty 
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et al. 2009). Additionally, the detailed study of signal cascade involving hormones 
under HM stress can help in growth of plants with increased stress bearing.

14.6.3  Role of Reactive Oxygen Species

The recognition of stress signal and initiation switching of signal transduction path-
ways are the adaptive reactions that decides the existence of plants under stressed 
environment. Production and aggregation of ROS, particularly O2˙−, H2O2, ˙OH and 
1O2, is one of the stress stimuli. Due to HM stress, ROS is formed in huge amount 
which is termed as “oxidative burst,” an alarming signal to trigger the gene expres-
sion of transcription factors (TFs) and various other protective genes (Sharma et al. 
2012). The excessive formation of ROS disturbs the balance of the normal cellular 
functioning, resulting in oxidative harm to biomolecules (Karuppanapanadian et al. 
2011; Kapoor et al. 2015). These free radicals play a dual role that is based on time, 
site, and their quantities. Firstly, ROS at low concentration acts as a signal  messenger 
and helps in eliciting response against several stresses, while at elevated concentra-
tion, it poses threat to the plant cell. Reactive oxygen species receptors include 
histidine kinases, redox-sensitive TFs, ROS-sensitive phosphatases, and redox- 
regulated ion channels (Steffens 2014). Various scientists have revealed that ROS 
generation due to the HMs is confirmed by the accruals of lipid peroxidation prod-
ucts like MDA and HNE (Sharma et al. 2012; Rai et al. 2015; Chandrakar et al. 
2018; Xalxo and Keshavkant 2018). Studies have confirmed that HM like Cd causes 
lipid peroxidation and PCD in varied plant due to the agitation in the metabolism of 
cell organelles like chloroplasts and mitochondria (Cho and Seo 2005; Metwally 
et al. 2005; Bi et al. 2009). It has been revealed that subjection to Hg toxicity induces 
Ca2+ accrual, decreases free radical generation, and activates MAPKs, which con-
tributes to the plant resistance to Hg stress (Chen et al. 2014). As stated by various 
researchers, As contamination negatively affects regular growth and development of 
plants and instigates oxidative injury (Shri et al. 2009; Islam et al. 2015; Chandrakar 
et al. 2017). During stress condition, enzymatic and non-enzymatic antioxidant sys-
tems undergo several modifications (Dwivedi et  al. 2010; Kanwar and Poonam 
2015; Chandrakar et al. 2017). As a defense strategy, few mechanisms tackle toxic-
ity in the plants. The primary detoxification mechanism comprises increased anti-
oxidant activity which preserves homeostasis intracellularly by scavenging excess 
accumulated ROS, and secondary mechanism includes HM sequestration into the 
vacuoles by various peptides (Kumar et al. 2015). During stress condition, antioxi-
dant system is triggered to lessen the negative consequences due to excess ROS (Rai 
et al. 2011; Chandrakar et al. 2017; Yadu et al. 2017; Xalxo and Keshavkant 2018). 
Shri et  al. (2009), Chandrakar et  al. (2017), Yadu et  al. (2017), and Xalxo and 
Keshavkant (2018) reported amplified activities of CAT, SOD, POD, APX, and GR 
in Oryza sativa L., Glycine max L., Cajanus cajan L., and Trigonella foenum- 
graecum L. seedlings, respectively, exposed to various HMs.
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14.6.4  Mitogen-Activated Protein Kinase Cascade

Mitogen-activated protein kinases are serine/threonine kinases and are signaling 
molecules conserved throughout evolution in the plants (Jonak et  al. 2002). It is 
composed of MAP kinase kinase kinases, MAP kinase kinases, and MAP kinases 
(MAPKs/MPKs) (Nakagami et al. 2005). These molecules aid during stressed envi-
ronments and are significant in the establishment of tolerance while introducing the 
adaptive downstream signaling. Phosphorylation occurs in signal cascade of several 
TFs such as DREB, bZIP, NAC, and WRKY and thus affects normal functioning 
like differentiation, growth, and developmental and stress responses of cells (Lin 
and Aarts 2012). Transcriptional initiation of these MAPKs in Oryza sativa L. con-
firms its regulatory function in plant maturation, safety, and stress signaling (Kim 
et al. 2003). Genomic study of different plants explained that components of this 
signaling pathway are determined by multigene families. Approximately, 20 
MAPKs, 10 MAP kinase kinases, and 60–80 MAP kinase kinase kinases are a part 
of the Arabidopsis genome (Chen et al. 2012b), and similar quantities of these have 
also been reported in other species like Oryza sativa L. and Zea mays L. (Rao et al. 
2010). The purpose of MAPKs has been deliberated under variety of stresses. The 
MAPKs under physical factors like cold, heat, drought, and salinity are differen-
tially regulated in Oryza sativa L., proposing the participation of this gene family in 
stress signaling (Kumar et al. 2008; Chen et al. 2012a; Zhang et al. 2012). Jonak 
et al. (2004) reported four isoforms of MAPK in Medicago sativa seedlings when 
subjected to Cu or Cd stress. Similar results were also obtained by Yeh et al. (2007) 
in Oryza sativa L. after Cd-induced toxicity. In conclusion, all of these pathways 
together aid in the regulation of TFs that regulates genes necessary for plant adjust-
ment during stress.

14.7  Assisting Plant to Survive: Future Directives 
and Perspectives

Accumulation of excessive HM in the environment has become a major threat 
due to its adverse effects in all the living organisms. Negative effects of HM 
toxicity on flora and fauna are a matter of serious concern globally. Even at low 
concentrations, HMs are very reactive and their concentrations gets build up in 
the food web, leading to detrimental effects to all the living organisms. Various 
detrimental consequences of elevated or lethal concentrations of HM ions to 
sensitive plants include reduced growth, crop productivity, and yields. 
Developing the mechanisms to help plants for the management of HM toxicity 
may be useful in creating new ideas for the remediation of HM.  Presently, 
researchers are more worried in developing novel technologies of least expen-
sive and eco-friendly land retrieval techniques. Currently, there is a couple of 
biotechnological approaches to limit the negative consequences of HM contami-
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nations in the natural environments. First approach involves increasing the HM 
uptake capacity of plants for the amplification of their efficacy in phytoremedia-
tion of HM from contaminated sites. Another strategy includes the enhancing 
plant tolerance against HMs, which increases plant growth and crop yield. 
Genetic manipulation of transporter gene responsible for localization of HM is 
reassuring step as the encoded proteins can effectively regulate the entry, circu-
lation, and accrual of metal ions in the plant tissues. On the other hand, the 
modifications of membrane transporters to decrease the uptake and transfer of 
particular HM ions may result in disparity in maintaining the redox state of 
essential metal ions. Therefore, molecular and cellular adaptation seems manda-
tory to improve their tolerance against HM toxicity, which hampers the HM 
entry into the food chain. It is confirmed that the overaccumulations of HMs are 
also responsible for imbalance in the homeostasis of antioxidants and slanting 
the balance that induces the ROS generation and its interference in normal func-
tioning of cellular macromolecules (proteins, lipids, nucleic acids, etc.) and 
organelles. Additionally, PCs and metalothionins (MTs), responsible for metal 
sequestration, and their functional diversity and molecular adaptability are 
attracting the scientist regarding the HM detoxification and regulating the cel-
lular ion balance. Both PCs and MTs interact with antioxidant defense system 
directly or indirectly and aid plants in transporting and distributing excessive 
HM ion between different tissues in a time- or tissue-specific manner. Glutathione 
also plays a major role in HM entry, passage, compartmentation, sequestration, 
and formation of specific metal-binding ligands such as PCs. The modification 
in gene expression of PCs is one of the potential mechanisms for amplifying the 
plant efficiency for phytoremediation. Understanding the consequences of gene 
expression of the GSH/PC biosynthetic pathways, probably in a tissue-specific 
manner, on metal tolerance and accumulation may lead to understanding of their 
usefulness in remediation of HM toxicity. There are evidences that used trans-
genic plants which overexpressed PCs and conferred HM tolerance. Presently, 
scientists are using microorganisms for the removal or remediation of HM stress. 
Strategies developed by microbes for sustained survival in HM-polluted sites 
include various mechanisms such as bioaccumulation, biomineralization, bio-
sorption, and biotransformation. Signaling pathways like MAPK cascades trig-
ger environmental and developmental signals into adaptive and programmed 
responses in response to HM stress. Various important physiological and devel-
opmental processes like stress and hormonal responses and innate immunity are 
controlled by MAPK cascade. Extensive investigations are required for finding 
of suitable substrates of MAPKs and their association with other signaling mol-
ecules. Importantly, for detailed understanding of the detrimental effects of 
HMs on seeds/seedlings, the knowledge about the signaling networks needs to 
be explored including the interaction of ROS, reactive nitrogen species, and 
seed/plant hormones with HMs.
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14.8  Conclusions

It is evident from various researches that non-judicious use and excessive presence 
of HM have lethal consequences on flora and fauna. It is evident that there are vari-
ous substitutes, by political or social actions decreasing the discharge of toxic pol-
lutants into the natural environments, utilization of genetically modified plants or 
the use of naturally occurring tolerant crops, which may aid to defeat contaminated 
environmental conditions. Nevertheless, extensive research programs are required 
for enhanced understanding of deleterious impacts of HM on the living system and 
its related areas to control the ecological redox of our environment.
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Abstract Cadmium (Cd) is among the elements that exhibit a pronounced toxic 
effect on a variety of physiological and metabolic processes. Photosynthesis is one 
of the main processes of autotrophic organisms. The negative effect of cadmium on 
the photosynthetic apparatus leads to inhibition of many metabolic pathways that 
ensure the vital activity of plants. Cadmium can have a direct effect on photosystem 
II, decreasing the electron transfer rate and inhibiting the oxygen-generating 
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 complex. Besides that, under the cadmium influence, there is a violation of the 
structure and synthesis of pigments, a quantity reduction in open reaction center 
(RC), as well as inhibition of enzymes in the dark phase of photosynthesis. In addi-
tion, Cd can indirectly affect photosynthesis as a result of changes in plant water 
metabolism, stomata closure, and reduction in CO2 availability for assimilation cen-
ters. Under oxidative stress caused by cadmium, the integrity of thylakoid mem-
branes is impaired, as well as the rate of photosynthesis decreases as a result of 
inhibition of the activity of CO2 fixation enzymes. At the level of the whole plant, 
disruption of the photosynthesis process is accompanied by a decrease in the growth 
rate and productivity of plants. The review discusses the toxic effects of cadmium 
both directly on photosynthesis and on other processes associated with it.

Keywords Cadmium · Heavy metals stress · Photosynthesis · Chlorophyll 
fluorescence

Abbreviations

Cd Cadmium
Chl Chlorophyll
Ci Intercellular CO2 concentration
E Transpiration rate
ETR Electron transport rate
F0 Minimal level of chlorophyll fluorescence
Fm Maximum fluorescence of dark-adapted leaves
Fv Variable fluorescence of dark-adapted state
Fv/Fm Potential efficiency of PSII
gs Stomatal conductance
OEC Oxygen evolving complex of PSII
PN Net photosynthetic rate
PN/Ci Instantaneous carboxylation efficiency
PSII Photosystem II
QA and QB Bound plastoquinones of PSII
qN and NPQ Nonphotochemical quenching
qP Photochemical quenching
RC Reaction center
ROS Reactive oxygen species
Rubisco Ribulose-1,5-bisphosphate carboxylase/oxygenase
φP0 = TR0/ABS Maximum quantum yield for primary photochemistry
ΦPSII Effective quantum yield of PSII photochemistry
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15.1  Introduction

The current rapid development of industry is accompanied by an increase in the 
amount of toxic heavy metals in the environment, pollution of which is gradually 
spreading to wider areas of our planet as a result of anthropogenic activities (Silva 
et al. 2014). Cadmium (Cd) is ubiquitous in the soil and is distinguished by its muta-
genic and carcinogenic properties (Hasan et al. 2011). Among other heavy metals, 
cadmium has one of the highest emission rates in the soil (Wei and Yang 2010; Zhao 
et  al. 2010), with agricultural areas contaminated higher than urban soils (Wang 
et al. 2015). The use of phosphate and organic fertilizers, soil liming, sewage sludge, 
industrial emissions, and the mining and metallurgy industries are anthropogenic 
sources of Cd (Sanità di Toppi and Gabbrielli 1999; Irfan et al. 2014). Cd consump-
tion with food is mainly due to the use of crop products (Mo et al. 2009). Cadmium 
can cause serious human health problems even at low concentrations (Takahashi 
et al. 2011). At the same time, there are no threshold values of toxic concentrations 
of Cd (Clemens et al. 2013).

The negative effects of heavy metals are found in all autotrophic organisms. 
Cadmium is a nonnutritive heavy metal that can be very phytotoxic at low concen-
trations (Masood et  al. 2012). The content of soluble Cd is usually about 
0.01–0.7 mg kg−1 of soil (Kovalchuk et al. 2001), but can reach 2.2–2.5 mg kg−1 
(Samani Majd et al. 2007). Cd is easily absorbed from the soil and transferred to the 
aboveground organs of plants (Gallego et al. 2012), which always leads to a signifi-
cant decrease in plant growth parameters (Ci et al. 2009; Li et al. 2013), causes leaf 
chlorosis (Liu et  al. 2011), leaf rolling, and browning of root tips (Najeeb et  al. 
2011), which negatively affects reproduction (Xiong and Peng 2001) and induces 
plant senescence (Hall 2002; Maksymiec 2007) due to significant changes in many 
metabolic processes (Baryla et al. 2001; Singh et al. 2006)—such as photosynthesis 
(Wan et al. 2011), transpiration rate (E; Bazzaz and Govindjee 1974), chlorophyll 
(chl) synthesis (Jain et al. 2007), change in the chloroplast ultrastructure (Sandalio 
et  al. 2001), stomatal conductivity (Burzyński and Żurek 2007), sugar synthesis 
(Moya et al. 1993), and nutrient intake (Pinto et al. 2004; Rodríguez-Serrano et al. 
2009; Zhang et al. 2014)—as well as plant death (Faller et al. 2005; He et al. 2008; 
Hayat et al. 2014). At the molecular level, exposure to Cd can damage many vital 
macromolecules, such as nucleic acids, enzymes, and membrane lipids (Watanabe 
et al. 2003).

15.2  Cd Uptake Into the Plant

In soil, Cd2+ is present in soluble form and therefore is quickly absorbed by plants 
through the root system (Krevešan et al. 2003), which is the first place of the negative 
influence of these ions (Krupa and Baszynski 1995). Uptake and accumulation of Cd 
causes a reduction in growth and damage to the root tips (Valentovičová et al. 2010), 
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an imbalance in the absorption of mineral nutrients and water (Gouia et al. 2000), 
and enzyme inactivation (Siedlecka and Krupa 1999; Soudek et al. 2014). All this 
causes a significant reduction in biomass, restricting the development of plants (Riaz 
et al. 2014), or even plant death at high Cd concentrations. At the molecular level, Cd 
causes irreversible changes in protein conformation due to interactions with sulfhy-
dryl (SH) groups (Dafré et al. 1996), changes in the permeability of cell walls and 
membranes due to interactions with nucleophilic groups (Ramos et al. 2002), and 
changes in redox cell balance.

The degree of Cd absorption by the roots depends on the availability of the metal 
in the root formation environment (Soudek et al. 2014; Xue et al. 2018), as well as 
soil characteristics and temperature. Plants do not have a system for eliminating Cd 
from root cells, and the movement of the absorbed metal mainly occurs in a passive 
manner with a transpiration flow (Gallego et  al. 2012). Part of uptaken Cd is 
adsorbed in the cell wall of the root cortex by extracellular saccharides (Bekasova 
et al. 2002). On the other hand, Cd can enter the plant cell using a transport system 
that participates in the absorption of micronutrient, for example, using transmem-
brane carriers of divalent metals on the plasma membrane, most likely via Ca2+ 
channels (Song et al. 2017). Absorbed Cd either enters the vacuole of the roots, or 
moves to the xylem for transport to aboveground organs with a transpiration flow 
(Sanità di Toppi and Gabbrielli 1999). The Cd accumulation in shoots linearly 
depends on the transpiration rate (Liu et al. 2016).

In most higher plants, there are mechanisms that prevent the movement of Cd 
from roots to shoots (Baker 1981). The ratio of Cd held in the roots and translocated 
to the leaves varies significantly among different plant species (Ekvall and Greger 
2003; Tran and Popova 2013). Among the plants studied are Noccaea caerulescens 
(Lombi et  al. 2002), Sorghum bicolor (Xue et  al. 2018), Oryza sativa (He et  al. 
2008), Brassica napus (Larsson et al. 1998), Dittrichia viscosa (Fernández et al. 
2013), Lactuca sativa, Hordeum vulgare (Akhter et  al. 2012), Brassica juncea 
(Mohamed et al. 2012), Cassia alata (Silva et al. 2018), and Carthamus tinctorius 
(Moradi and Ehsanzadeh 2015), which have a specific mechanism for the Cd accu-
mulation in the roots that reduce the transport of Cd to the shoots (Baker 1981; Pinto 
et al. 2004; Degl’Innocenti et al. 2014). This strategy promotes the adaptation of 
plants to living in soils with a high content of heavy metals (Tran and Popova 2013; 
Moradi and Ehsanzadeh 2015; Liu et al. 2018). A decrease in transpiration rate is 
often accompanied by a decrease in the influx of Cd from the roots to the shoots 
through the xylem and the accumulation of Cd in the roots (Fan et  al. 2011). 
Transporting Cd is an energy-intensive process with ATP consumption produced 
during photosynthesis and respiration. The negative impact of Cd on these pro-
cesses may indirectly contribute to the slowing down of metal translocation to 
aboveground organs and its accumulation in the roots (Fernández et  al. 2013), 
although for most plants Cd is toxic even at very low concentrations in the 
root medium.

Total accumulation and related Cd tolerance vary greatly between different plant 
species, varieties, and populations (Sorić et al. 2011; Šimić et al. 2012; Franić et al. 
2017). Genotypic variations in absorption and accumulation of Cd were found in 
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Betula pendula, Picea abies, Pinus sylvestris (Österås et  al. 2000), safflower 
(Pourghasemian et al. 2013), Oryza sativa (Liu et al. 2007), and Triticum (Cakmak 
et al. 2000; Greger and Löfstedt 2004). Resistance to stress is due to the ability of 
the plants to accumulate various concentrations of Cd, which vary depending on the 
type of tissue (Wang et al. 2008). As a result of root sequestration, a limited move-
ment of Cd is observed both in the symplast as a result of metal localization in the 
vacuoles and in the apoplast due to the development of apoplastic barriers (Lux 
et al. 2011). From the root to the stem and leaves, Cd is transported at a very weak 
speed (Ernst et al. 1992) that, however, significantly exceeds the translocation of 
other heavy metals (Burzyński and Kłobus 2004). The effect of decreasing Cd con-
centration in leaves can be observed as a result of increased plant growth, that is, a 
dilution effect (Ekvall and Greger 2003). On the other hand, redistribution of Cd to 
old leaves may be one of the mechanisms of stress adaptation in shoots (Maria et al. 
2013). Another mechanism for increasing tolerance to Cd toxicity in leaves may be 
metal isolation in vacuoles (Wu et al. 2013).

Cd accumulation in the tissues of most plants gradually decreases in the direction 
from the roots to the leaves (Silva et al. 2018). The critical toxic concentration of Cd 
in the roots is higher than that in the stem and leaves, which are less tolerant to metal 
accumulation. Moreover, it is these tissues that are more susceptible to oxidative 
stress (Silva et al. 2018).

To quantify the degree of metal transfer between plant organs, several factors can 
be used: for example, the bioconcentration factor (BCF)—calculated as BCF = Cdpt/
Cdns, where Cdpt is the Cd concentration in plant tissue and Cdns is the Cd concentra-
tion in the soil (Yoon et al. 2006)—or the translocation factor (TF), obtained as TF 
= Cds/Cdr, where Cds is the Cd concentration in the shoots and Cdr is the Cd concen-
tration in roots. For example, Cassia alata is considered a Cd-hyperaccumulator, 
since is BCF >1 in this plant (Silva et al. 2018). TF depends on the type and concen-
tration of Cd in the solutions with which plants are treated (Sterckeman et al. 2011).

15.3  Plant Growth Inhibition

Excessive Cd can disrupt the vital processes of photosynthesis, respiration, and 
nitrogen metabolism, resulting in reduced plant growth (Sanità di Toppi and 
Gabbrielli 1999). A decrease in plant biomass is the best-known symptom of phyto-
toxicity of Cd (Feng et al. 2010; Akhter et al. 2012). Growth inhibition by even 
small amounts of Cd has been shown in various plant species, including Medicago 
truncatula (Saeidi et  al. 2012), Cucumis sativus (Burzyński and Kłobus 2004), 
Pinus sylvestris (Ekvall and Greger 2003), Juncus effuses (Najeeb et  al. 2011), 
Helianthus annuus (Laspina et al. 2005), Vigna unguiculata (Santos et al. 2018), 
Ricinus communis, Brassica juncea (Bauddh and Singh 2012), Carthamus tincto-
rius (Moradi and Ehsanzadeh 2015), barley, maize (Lysenko et al. 2015), Brassica 
juncea (Iqbal et al. 2010), tomatoes (Cherif et al. 2012), and Atriplex plants (Nedjimi 
and Daoud 2009).
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The Cd effect on water and ionic plant relationships inhibits growth and photo-
synthesis. Cd treatment negatively affects water metabolism and is accompanied by 
a change in water potential, E, and relative water content (RWC), which correlate 
with the general state of plant metabolism (Flower and Ludlow 1986). Oxidation by 
cadmium of SH group of membrane transport proteins (Lösch 2004) leads to inhibi-
tion of the aquaporin activity (Przedpelska-Wasowicz and Wierzbicka 2011) and, as 
a result, impedes the water movement in plants (Irfan et al. 2014). Inhibition of H+-
ATPase activity on membranes leads to impaired absorption of nutrient ions and 
affects the cell division (Zhang et al. 2009; Janicka-Russak et al. 2012), which can 
lead to a reduction in leaf surface, premature senescence, and, as a result, cause a 
decrease in the total photosynthesis of plants (Krupa et al. 2002).

Cadmium toxicity adversely affects all aspects of plant growth, including root 
dry masses (Najeeb et al. 2011), shoot dry masses, net dry masses, plant growth, and 
total leaf area per plant (Li et al. 2013; Moradi and Ehsanzadeh 2015). A decrease 
in leaf area (Per et al. 2016) leads to a decrease in the efficiently used solar energy 
in the process of photosynthesis, which causes a decrease in the accumulation of dry 
matter in the plant. Cd stress inhibits cell division and root development in higher 
plants (Yi and Meng 2003). Excessive Cd caused a decrease in net dry masses and 
plant height, and also caused the formation of chlorotic or necrotic areas on old rice 
leaves (He et al. 2008). Wheat and rice showed a decrease in the length of shoots 
and roots, as well as net dry masses (Moya et al. 1993). A significant growth retarda-
tion and reduction in the total leaf area per plant was found in rape plants (Larsson 
et al. 1998) and in safflower genotypes (Moradi and Ehsanzadeh 2015). Cd treat-
ment of rice seedlings caused a reduction in the length of the shoots and roots along 
with an increase in the dry masses/fresh masses ratio—an increase in this ratio due 
mainly to a decrease in fresh masses with almost constant dry masses (Moya et al. 
1993). This indicates the effect of Cd on plant–water relations.

To explain stress-induced growth retardation, Potters et  al. (2007, 2009) pro-
posed the concept of stress-induced syndrome, according to which, during the 
implementation of the general acclimatization strategy, individual sublethal stresses 
can trigger a set of morphogenic reactions in order to reduce the negative impact of 
stress through directed growth processes. Apparently, part of this strategy is the 
intensive formation of reactive oxygen species (ROS) and an increase in antioxidant 
activity, as well as a change in the effects of plant hormones. Growth reduction can 
also occur as a result of the effects of Cd on plant development processes, namely 
photosynthesis and metabolite transport (Prasad and Zeeshan 2005; Burzyński and 
Żurek 2007), as well as cell division (Dalla Vecchia et al. 2005).

The degree of Cd toxicity for a plant depends on its content both in the soil and 
directly in the plant tissue. For example, according to Tian et al. (2015), with a low 
total content of Cd in the soil (Cd ≤ 5 mg kg−1), the sweet sorghum phenotype does 
not undergo noticeable changes. However, in pea plants, growth inhibition occurred 
already at 5 μM Cd2+, but without changing the level of chlorophyll (Wodala et al. 
2012). A high total Cd content (up to 30 mg kg−1) in Sorghum bicolor decreased 
plant height and dry weight (Wang et al. 2017), length and weight of roots, shoot 
weight, and area and number of leaves (Xue et al. 2018). However, when growing 
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plants in nutrient solutions, a significant decrease in sorghum biomass occurred 
already at 10 mg Cd L−1 (Pinto et al. 2004), that is, Cd exposure depends on the 
growing medium. According to Gill et al. (2012), in garden cress, a high total Cd 
content in the soil (100 mg kg−1) changes photosynthesis, nitrogen metabolism, and 
plant growth, but with a low Cd content, sulfur metabolism and antioxidant systems 
are activated.

A decrease in the growth of plants treated with Cd can occur as a result of 
impaired CO2 fixation, which leads to a decrease in the net photosynthetic rate (PN) 
(Ahammed et al. 2012), as well as due to the effects on the photosynthetic apparatus 
itself and membrane permeability (Fernández et  al. 2013; Fan et  al. 2011; Deng 
et al. 2014). Under these conditions, normal root growth is impaired, which limits 
the ability of the plant to absorb and transport nutrients. The suppression of plant 
growth by cadmium strongly correlates with a decrease in the chlorophyll content 
(Ali et al. 2015) and, as a consequence, a decrease in the rate of photosynthesis (Li 
et al. 2013), which can occur as a result of a violation of the pigments’ ultrastructure 
(Feng et al. 2010).

In addition to higher plants, Cd greatly limits growth and disrupts division 
(Laube et al. 1980) and ultrastructure (Fernandez-Piñas et al. 1995) of microalgae 
cells. Numerous studies have been conducted on different species of algae 
(Khoshmanesh et al. 1996; Nagel et al. 1996; Mendoza-Cozalt et al. 2002; Talarico 
2002; Thapar et al. 2008; Afkar et al. 2010). For example, in Koliella antarctica, at 
a high Cd concentration, an increase and deformation of cells, a change in the struc-
ture of the cytoplasm, rupture of the chloroplast membranes, and disorganization of 
thylakoids were observed (La Rocca et al. 2009). With a high concentration of Cd 
in Koliella antarctica (La Rocca et al. 2009), there was an increase and deformation 
of cells, altered structures of the cytoplasm, chloroplast sheath breaks, and disorga-
nization of thylakoids.

In microalgae, a significant amount of accumulated Cd was associated with cell 
wall components (Zhou et  al. 1998), which negatively affects the absorption of 
nutrients into cells (La Rocca et al. 2009). Cadmium may compete with other diva-
lent cations, mainly Ca2+, for the extracellular binding sites of specific membrane 
transporters (Zhao et al. 2002) that can lead to changes in the cellular level of Ca2+, 
an essential element for cell growth and development.

15.4  Stomata Activity

In plants, there is an effective translocation of metal from the root to the shoot, 
which leads to the accumulation of Cd in the leaves. Cadmium translocation into 
leaves is carried out by long-distance transport, which depends on the rate of tran-
spiration (E) and stomatal conductance (gs). Cadmium reduces the stomatal fre-
quency (Barceló et al. 1988), gs (Baryla et al. 2001), and the associated CO2 uptake 
(Asgher et al. 2014). This may have an indirect effect on photosynthesis by reducing 
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the concentration of intracellular CO2 available for assimilation, which may lead to 
a decrease in PN and E (Shi and Cai 2008; Ahammed et al. 2013; Xue et al. 2018).

The decrease in gs level in plants is due to stomata closure as a result of exposure 
to guard cells by Cd (Wan et al. 2011; Moradi and Ehsanzadeh 2015). Apparently, 
cadmium destroys the regulation of Ca2+ transporters, which leads to a decrease in 
the absorption or use of CO2 and, ultimately, to a decrease in photosynthesis (Pietrini 
et al. 2010). Thus, the likely cause of Cd’s influence on stomatal movement and 
plant–water relations associated with them could be interference of Cd in ionic 
movements (K+ and Ca2+) in stomatal guard cells (Poschenrieder et al. 1989; Nedjimi 
and Daoud 2009). Cadmium can also inhibit stomatal opening by reducing cell wall 
elasticity (Barceló et al. 1986). In addition, the influence of Cd on the biosynthesis 
of abscisic acid is not excluded.

The effect of stomatal closure, and the associated decrease in gs, on photosyn-
thetic ability is due to a change in intercellular CO2 concentration (Ci) (Seemann 
and Critchley 1985), which leads to a restriction of CO2 supply for assimilation into 
chloroplasts. The change in Ci in plants subjected to Cd stress is shown in mung 
bean (Wahid et al. 2008), safflower (Moradi and Ehsanzadeh 2015), and rape (Ali 
et al. 2015). However, it should be noted that a decrease in the efficiency of the 
Rubisco enzyme, by which the carboxylation process is carried out (Hasan et al. 
2011), may cause Ci to increase (Barbosa et al. 2014).

There is a correlation between a decrease in instantaneous carboxylation effi-
ciency (PN/Ci) and an increase in Ci, which indicates inhibition of CO2 absorption 
by Cd (Nwugo and Huerta 2011; Santos et al. 2018). The fall in PN, associated with 
an increase in Ci, can be directly related to the influence of stressful conditions on 
the activity of photosynthesis. It can often be observed that a decrease in the photo-
synthesis rate occurs regardless of the stomata diffusion parameters, which may be 
due to a change in the efficiency of the photosynthetic apparatus or its size (Seemann 
and Critchley 1985). According to Moradi and Ehsanzadeh (2015), a decrease in PN 
under the Cd influence can only be partially associated with a decrease in gs, and 
reduction in photosynthesis mainly involved nondiffusion restrictions.

Stomata closure is accompanied by a decrease in E, which limits the transport of 
Cd from roots to shoots and minimizes the negative effects of Cd (Gratão et  al. 
2015). Transpiration rate reduction by Cd has been shown in honeysuckle (Jia et al. 
2015), aquatic fern (Deng et  al. 2014), wheat (Hayat et  al. 2014), and tomato 
(Degl’Innocenti et al. 2014). In addition, Januškaitienė (2010) reported a decrease 
in water-use efficiency (WUE) of Pisum sativum and Hordeum vulgare plants sub-
jected to Cd stress. WUE reflects the instantaneous gas exchange state of the plant 
(Pinzón-Torres and Schiavinato 2008) and shows the amount of fixed carbon per 
unit of water lost (Boutraa et al. 2010).

The effect of Cd depends on the plant species and may be associated with their 
anatomical features and a decrease in pigment content. For example, in Arachis 
hypogaea, Cd initiated an increase in the number of stomata and a decrease in their 
length in the epidermis of the leaf (Shi and Cai 2008). However, small but numerous 
stomata were characterized by high productivity in the CO2 adsorption with mini-
mal loss of water, which is typical for xerophyte plants (Sundberg 1986; Bosabalidis 
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and Kofidis 2002). Gas exchange of plants may also depend on the anatomical fea-
tures of the leaves. It is generally accepted that a large volume of palisade paren-
chyma corresponds to a large surface area of CO2 absorption (Rhizopoulou and 
Psaras 2003). Mesophyll compartmentalization promotes less water loss, but 
reduces tissue conductivity for CO2 (Terashima 1992; Miyazawa and Terashima 
2001). Treatment of Cd leads to expansion of the lamina, upper epidermis, and 
thickness of the palisade parenchyma (Shi and Cai 2008). These anatomical features 
may contribute to a decrease in gs and E and, consequently, to a PN decrease.

The degree of toxicity of Cd in the leaves depends on its concentration. In the 
leaves of barley seedlings, Cd at a high concentration (80 μM and above) had a 
pronounced damaging effect until necrotic spots appeared, in which the metal may 
be excluded (Pietrini et al. 2010). However, with small concentrations or prolonged 
accumulation, Cd also causes a marked decrease in leaf development, but often 
there are no noticeable effects at the photosynthetic level, which may be due to the 
inclusion of efficient metal compartmentalization and/or detoxificant–repair mecha-
nisms. Degl’Innocenti et al. (2014) also showed no effect of Cd on gs and E, which 
indicates that reduction in PN in Cd-treated plants is not associated with stomatal 
limitation, which was also confirmed by unchanged Ci values. In a study by Liu 
et al. (2018), Cd with a total content of ≤ 4 mg kg−1 of soil did not significantly 
affect the conductivity of CO2, as a result of adaptation to the environment already 
at Cd ≤ 2 mg kg−1.

15.5  Chloroplast Degradation

Due to a number of defense mechanisms, only very small amounts of Cd accumu-
late in chloroplasts (Lysenko et al. 2015). On the path of Cd movement from soil to 
chloroplasts is a series of barriers in the form of selective permeability of mem-
branes and heavy metal immobilization mechanisms (Siedlecka and Krupa 1999). 
In leaves, cadmium can bind to polysaccharides of the cell wall or move in vacuoles. 
There are plants that can accumulate Cd in trichomes or isolate on the surface of 
leaves (Choi et al. 2001). However, a small portion of Cd remains, which penetrates 
into the chloroplasts.

In some microalgae, more than half of the total amount of Cd in the cell can be 
concentrated in chloroplasts (Nagel et  al. 1996; Mendoza-Cozalt et  al. 2002). 
However, the degree of compartmentalization of Cd strongly depends on the cells’ 
structure in different microalgae species. For example, Euglena cells do not have 
cell walls and vacuoles and therefore approximately 60% of Cd accumulates in 
chloroplasts (Mendoza-Cozalt et  al. 2002). The opposite situation is observed in 
Audouinella saviana, in which Cd is absent in chloroplasts, since this alga has cell 
walls and vacuoles (Talarico 2002).

In higher plants, the amount of Cd in chloroplasts is species-specific and depends 
on the time of metal accumulation. However, data on the accumulation of Cd in 
plant chloroplasts vary greatly among different authors, since the accumulation of 
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Cd in chloroplasts depended little on the concentration of metal in the soil (Lysenko 
et al. 2015). For example, in Brassica napus, chloroplasts accumulated 0.02% of 
leaf Cd over a long period (Baryla et  al. 2001), while in Phragmites australis, 
10–15% (Pietrini et al. 2003).

Exposure to Cd leads to degradation of the chloroplasts’ structure (Horváth et al. 
1996; Maksymiec 2007), mainly as a result of the destruction of thylakoid proteins 
and membranes (Skórzyńska-Polit and Baszyński 1997). In addition, chlorophyll 
degradation can occur enzymatically due to Cd-inducible chlorophyllase (Hasan 
et al. 2011). The presence of Cd reduces the number of chloroplasts when calculated 
per cell and unit leaf area (Fagioni et al. 2009). However, there are observations 
when the net CO2 assimilation ratio per unit leaf area decreases, but does not change 
per unit chlorophyll (Pietrini et al. 2003).

Li et al. (2016) observed a Cd-induced reduction of Ca2+ content in the roots, 
stems, and leaves of Allium fistulosum. A decrease in the concentration of Ca2+ after 
exposure to Cd causes damage to intracellular binding proteins, which leads to dis-
ruption of membranes integrity (Lu et  al. 2010). In barley plants, Cd treatment 
reduced the K+ content in both the thylakoids and stroma of the chloroplast, as well 
as the Mn2+ concentration in thylakoids. In addition, in the presence of Cd, there is 
a decrease in the content of Cu2+ in thylakoids and Ca2+ in the stroma, but an increase 
in Ca2+ and Fe in thylakoids and Mg2+ in the stroma is simultaneously observed 
(Lysenko et al. 2019). After Cd treatment, a decrease in Mg2+ was also observed in 
leaves, stems, and roots (Liu et al. 2015). In the roots and leaves, some researchers 
found a decrease also in the Fe and Mn content (Basa et al. 2014; Ali et al. 2015). 
Cadmium stress greatly reduces the Cu2+ and Zn2+ content in chloroplasts (Tang 
et al. 2013; Santos et al. 2018). The absorption of Zn2+ in chloroplasts may reduce 
due to the competition of Zn2+ with Cd2+ for space in the carrier, while the treatment 
of Cd does not reduce the total content of Zn2+ in the leaves (Gallego et al. 2012).

Lysenko et al. (2019) showed that after Cd treatment, the amount of Ca2+ in the 
stroma decreased when calculating per mg of Chl in the whole chloroplast, but 
increased in thylakoids, while the content of Mg2+ in the stroma increased with a 
constant content in thylakoids. Since, compared with Mg2+ and Ca2+, the accumula-
tion of Cd2+ was insignificant, competition between these metals was unlikely. This 
process may be a plant defense mechanism against the penetration of Cd2+ into the 
thylakoids, and Ca2+ may be an effective competitive inhibitor of the action of Cd2+ 
on the oxygen evolving complex (OEC; Faller et al. 2005), while Mg2+ does not 
appear to be involved in these events (Sigfridsson et al. 2004). Most likely, part of 
Ca2+ is transported from the stroma to thylakoids, while Mg2+ is sent to the stroma. 
This may serve as a mechanism for protecting thylakoids from exposure to Cd2+. 
Moreover, the total concentration of divalent cations in chloroplasts does not change.

Under the influence of high Cd concentrations, chlorophyll (Chl) is degraded in 
plant leaves (Pietrini et al. 2003; Shi and Cai 2008; Wan et al. 2011; Silva et al. 
2012; Liu et al. 2018; Xue et al. 2018), although a decrease in the carotenoid (Car) 
content was also noted (He et al. 2008; Shi and Cai 2008; Moradi and Ehsanzadeh 
2015). A decrease in Chl content can partially explain the decrease in PN observed 
with Cd stress (Xue et al. 2018). Cd can interfere with Chl synthesis (Burzyński and 
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Kłobus 2004; Laspina et al. 2005; Nedjimi and Daoud 2009; Moradi and Ehsanzadeh 
2015) by inhibiting Δ-aminolevulinic acid dehydratase (EC 4.2.1.24) and proto-
chlorophyllide reductase (EC 1.3.1.33; Ci et al. 2010), due to the interaction of Cd 
with sulfhydryl groups (Prasad and StrzaŁka 1999). The effect of Cd on the Chl 
content can also be carried out indirectly due to a nutritional deficiency (Van Assche 
and Clijsters 1990). Cadmium inhibits Fe uptake by roots, which can lead to leaf 
chlorosis (Siedlecka and Krupa 1999). Analogous results were obtained in the 
Brassica juncea leaves (Ebbs and Uchil 2008), although Pietrini et  al. (2003) 
exclude the chlorophyll loss possibility due to low levels of Fe in the leaves. Chl and 
Car levels may also fall as a result of oxidative stress caused by Cd (Cherif 
et al. 2012).

Cd ions have a constant valence, and therefore its effect on the redox balance of 
the cell can be carried out indirectly, apparently by substituting divalent metals in 
enzymes (Maret and Moulis 2013). Cd2+ can replace Mg2+ in tetrapyrrole centers of 
Chl, which causes molecular degradation of the light-harvesting complex II (LHCII) 
(Gillet et al. 2006; Wang et al. 2014). Perhaps this process is one of the main mecha-
nisms of the negative effect of Cd on plant photosynthesis (Küpper et al. 1998). 
However, the Cd2+/Chl ratio in plant chloroplasts under natural conditions is very 
low (1/1000) (Lysenko et  al. 2015). The maximum Cd2+/Chl ratio reaches 1/257 
(Geiken et al. 1998). However, according to Lysenko et al. (2015), Cd2+ affects only 
a very insignificant part of Chl antennas, and therefore the widespread opinion 
about the significant effect of ion substitution in Chl on plant photosynthetic pro-
ductivity should be considered insolvent.

Many studies have reported that as Cd-induced leaf chlorosis develops, the ratio 
Chl a/b increases (Shi et al. 2003), although Shi and Cai (2008) in Arachis hypo-
gaea observed only synchronous mixing of both Chl types. The value of Chl a/b can 
increase as a result of an increase in the content of Chl a, as well as a decrease in the 
content of Chl b. In addition, leaf chlorosis can be caused by both direct and indirect 
effects of Cd on the content of both types of Chl (Ebbs and Uchil 2008).

Chl b pool was shown to have a greater effect on chlorosis than Chl a pool 
(Angadi and Mathad 1998; Fargaová 2001). A change in the ratio of the two forms 
of Chl can be associated either with a decrease in the transition of Chl a to Chl b, or 
with an increase in the reverse reaction of Chl b in Chl a. In higher plants, the pre-
dominant form is Chl a. Auxiliary pigment Chl b is formed in a reaction with Chl 
oxygenase, as a result of which the methyl group of the porphyrin ring transfers to 
the formyl group (Porra et al. 1994). This enzyme is light-dependent and was found 
not only in higher plants, but also in microalgae (Masuda et al. 2003).

According to Ebbs and Uchil (2008), the preferred loss of Chl b during Cd stress 
is most likely to result from the conversion of Chl b into Chl a. A similar conversion 
of pigments was found in a number of plants (Ito and Tanaka 1996) and is carried 
out using ferredoxin-dependent Chl b reductase through the formation of hydroxy-
methyl, as occurs with the formation of Chl b (Scheumann et al. 1998). Similar Chl 
transformations can be part of the adaptive mechanism of plants under conditions of 
changing light intensity. Chlorophyll b is released from the PSII conglomerates and 
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then transformed to form the reaction center (RC) of the Chl a molecule (Ohtsuka 
et al. 1997).

Transformation of Chl b into Chl a also occurs during catabolic processes during 
aging (Scheumann et al. 1998), involving enzymes that decompose Chl a but not 
Chl b (Dangl et al. 2000). The formation of ROS induced by Cd or nutritional defi-
ciency (K, Mg, Zn) can also cause leaf aging with a corresponding loss of Chl b 
(Marschner 1995). For example, in Brassica napus, catalase gene expression 
increased during aging, and in Zea mays, expression of glutathione-S-transferase 
(GST; EC 2.5.1.18) increased (Dangl et al. 2000). Cd also increased expression of 
these two enzymes (Lang et al. 2005). An increase in Chl a/b may be due to the 
initiation of catalase activity during Cd stress, as shown in Brassica juncea (Singh 
and Tewari 2003). According to Ebbs and Uchil (2008), the predominant decrease 
in Chl b, aging, and Cd-induced chlorosis are associated with similar processes 
under oxidative stress, namely, an increase in the transformation of Chl b into Chl a 
and a simultaneous decrease in Chl oxygenase activity. The active reduction of Chl 
b in Chl a probably serves to compensate for the Cd-induced decrease in Chl syn-
thesis and prevents the destruction of photosynthetic machinery.

15.6  Photosynthesis

The photosynthetic apparatus is one of the main objects of Cd action in photo-
trophic organisms (Prasad and StrzaŁka 1999; Ci et al. 2010; Cherif et al. 2012). 
The inhibitory effect of Cd on PN is shown in various plant species (Krupa and 
Baszynski 1995; Di Cagno et al. 1999; Silva et al. 2018), including maize (Wang 
et al. 2009; Lysenko et al. 2015; Silva et al. 2017), legumes (Vassilev et al. 2005), 
rice (Moya et al. 1993; Wang et al. 2014; He et al. 2008), soybeans (Xue et al. 2013), 
sweet sorghum (Xue et al. 2018), Brassica campestris, Brassica juncea (Chen et al. 
2011), and Ceratopteris pteridoides (Deng et  al. 2014). Moreover, the degree of 
negative influence of Cd depends on the type of plant photosynthesis (C3 or C4). C3 
plants are more tolerant of high Cd concentrations (Inouhe et al. 1994) and suffer 
less from leaf chlorosis (Siedlecka and Krupa 1999).

Cd causes negative changes at both the structural and functional levels of the 
organization of the photosynthetic apparatus of plants (Singh et  al. 2006; Cherif 
et al. 2012). Under Cd stress, there may be a deterioration in chlorophyll synthesis 
(He et  al. 2008), damage to thylakoid membranes (Maksymiec 2007), impaired 
electron transport (Pagliano et al. 2006), and inhibition of the effectiveness of PSII 
and CO2 assimilation enzymes, and Rubisco and phosphoenolpyruvate carboxylase 
(PEPC; Burzyński and Kłobus 2004; Tran and Popova 2013; Masood et al. 2012; Li 
et al. 2015). The photosynthetic rate can also be reduced by inhibiting ferredoxin- 
NADP+ reductase (EC 1.18.1.2; Costa et al. 2012) and ATP synthase when Cd inter-
acts with the functional sulfhydryl groups of these enzymes (Van Assche and 
Clijsters 1990). Cd has been shown to negatively affect the state of PSII protein 
complexes (Ahmed and Tajmir-Riahi 1993).
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15.6.1  Light Phase of Photosynthesis

The multiple effects of Cd toxicity can be the cause of inhibition of the photosyn-
thetic electron transport. High Cd concentrations very quickly reduce the functional 
activity of photosystem II (PSII; Baszyński 1986; Burzyński and Kłobus 2004; 
Wodala et  al. 2012; Moradi and Ehsanzadeh 2015), but not photosystem I (PSI; 
Bazzaz and Govindjee 1974; Küpper et  al. 2007). PSII photosynthetic electron 
transport is already inhibited at low Cd2+ concentrations (5 μM), as evidenced by a 
decline in the effective quantum yield of PSII photochemistry (ΦPSII), the maximum 
electron transport capacity (ETRmax), and the maximum quantum yield for electron 
transport.

It is assumed that the target sites of Cd action are located on both sides of the 
PSII, donor and acceptor (Pagliano et  al. 2006). On the donor side, Cd2+ can 
exchange with the Ca2+ ions of the Ca/Mn cluster in the oxygen evolving complex 
(OEC) (Faller et al. 2005). Šeršeň and Kráľová (2001) observed a direct effect of 
Cd2+ on the Mn ion cluster located in the OEC. In this case, Cd caused the release 
of Mn2+, which inactivated the electron transport from H2O to the reaction center of 
photosystem II. This hypothesis is also supported by the fact that a decrease in the 
Mn2+ content was found in the thylakoids, but not in the chloroplast stroma in the 
Cd-stressed plants (Lysenko et al. 2019). Thus, the damaging effect of heavy metals 
consists in displacing Mn2+, Ca2+, and Cl−, important cofactors necessary for water- 
splitting systems (Krupa and Baszynski 1995; Faller et al. 2005). On the other hand, 
under the action of Cd, a change in the OEC polypeptide composition can occur 
(Skórzyńska and Baszyński 1993).

On the acceptor side of PSII, Cd2+ most likely binds to QB and not to QA 
(Sigfridsson et al. 2004). According to Parmar et al. (2013), Cd is able to act on 
nonheme Fe in the QA-Fe-QB complex and cause a molecular reorganization of QB, 
thereby reducing the electron transport rate (ETR). On the other hand, according to 
Paddock et al. (2003), conformational modification of QB may also occur due to 
protonation of histidine residues. In addition, Ishikita and Knapp (2005) showed 
that inhibition of electron transport can occur due to the interaction of Cd with tyro-
sine residues in protein D1–161. In any case, inhibition of the electron transfer rate 
can lead to inhibition of OEC (Bazzaz and Govindjee 1974; Tripathi et al. 1981).

Inhibition of photochemical processes may also be due to inhibition of the Calvin 
cycle under Cd stress. In this case, there is a decrease in the consumption of ATP 
and NADPH, which is accompanied by a violation of the ΔpH on thylakoid mem-
branes (Krupa et al. 1993). As a result of this, the electron transfer and quantum 
efficiency of PSII are reduced (Zribi et al. 2009). Exposure to Cd causes stomata to 
close, which leads to CO2 limitation, the accumulation of ATP and NADPH, and, as 
a result, to the disturbance of photosynthetic machinery (Sayed 2003).

The degree of damage to PSII by Cd is strongly due to light conditions (Küpper 
et al. 2002). With minimal illumination, the suppression of PSII by Cd is mainly due 
to the disruption of the light-harvesting antenna functions, since Mg2+ in Chl II 
molecules is replaced by Cd2+. At maximum illumination, the destruction of the 
PSII reaction center may be observed (Küpper et al. 2002).
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Photosystem I is considered to be relatively insensitive to the action of Cd2+ (Pál 
et  al. 2006). However, in the case of Cd-induced Fe deficiency in plants, some 
researchers observed inhibition of electron fluxes around PSI (Siedlecka and 
Baszynski 1993; Šeršeň and Kráľová 2001; Timperio et  al. 2007). Wodala et  al. 
(2012) also reported a reduction in the ΦPSI and the number of electrons in the inter-
system chain under Cd stress. Cd acts on PSI mono- and multimeric complexes, 
disrupting the stable binding of Chl to lipoproteins and, therefore, reducing the 
number of PSI complexes (Sárvári 2005; Fagioni et al. 2009). In addition, Cd can 
cause a decrease in the flow of electrons to the PSI from stromal donors. The poten-
tial sources of electrons from the stroma can be peripheral ferredoxin and pyridine 
nucleotides, primarily NADH and NADPH, which can also serve as carriers of elec-
trons from the triozo phosphate pool in the stroma (Asada et al. 1992). Chow and 
Hope (2004) suggest that electrons from pyridine nucleotides can then be directed 
to the plastoquinone pool using NAD(P)H dehydrogenase. Ascorbate may also act 
as an additional potential source of electrons.

15.6.1.1  Chlorophyll Fluorescence

Under the influence of environmental changes, there is a correction of the working 
capacity of photosynthetic machinery. Under stressful conditions, plants require 
less light energy for photosynthesis. Overabundant photon energy is gently scat-
tered in the form of heat by chlorophyll fluorescence to prevent photoinhibition and 
photooxidation. Changing the parameters of the fast-polyphase fluorescence of the 
induction transient process allows us to register a violation of the functional state of 
photosynthesis under stress (Strasser et al. 2004). Moreover, there is a close correla-
tion between Chl fluorescence and the physiological state of the photosynthetic 
apparatus. Changes in Chl fluorescence parameters reflect the intensity of heavy 
metal stress (Baker and Rosenquist 2004; Żurek et al. 2014), including Cd stress 
(Sheoran et al. 1990; Larsson et al. 1998; Di Cagno et al. 1999; Krupa and Moniak 
1998; Burzyński and Żurek 2007). Measurement of Chl fluorescence parameters 
allows obtaining information on the functional state of photosystems. The most 
important among these parameters are the F0 (minimal level of chlorophyll fluores-
cence), Fm (maximum fluorescence of dark-adapted leaves), Fv (Fv = Fm − F0; vari-
able fluorescence of the dark-adapted state), Fv/Fm (potential efficiency of PSII), 
and fluorescence curves reflecting phenomenological energy flows (Kalaji and 
Łoboda 2007; Tuba et al. 2010).

The negative effect of Cd is observed at different stages of the photosynthesis 
light phase (Maksymiec and Baszyński 1996). The effect of Cd on the electron 
transport rate in photosystems is determined by measuring fluorescence parameters 
such as Fv/Fm and ΦPSII, and qP (photochemical) and qN, NPQ (nonphotochemical 
quenching of the excited state of chlorophylls) (Liu et al. 2011; Ahammed et al. 
2012). A decrease in these parameters with Cd stress is shown in many plant species 
(Filek et al. 2010; Pietrini et al. 2010), as well as in some types of hyperaccumula-
tors (Küpper et al. 2007). However, the degree of influence of Cd is individual in 
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each plant species and varieties, which can be explained by the different values of 
Cd penetration into chloroplasts. For example, prolonged exposure to Cd reduced 
the Fv/Fm and ΦPSI in some varieties of barley and did not affect these parameters in 
other varieties (Wu et al. 2003). At a high Cd content (up to 600 μM) in maize seed-
lings, the PSII photochemical activity (Fv/Fm, ΦPSII, qP, ETR) decreases only in a 
sensitive, but not in a tolerant line (Ekmekçi et al. 2008).

The minimum chlorophyll fluorescence (F0) level increases under stress due to a 
decrease in the efficiency of electron transfer from the Chl a antenna to the RC of 
PSII or when these centers are damaged (Ralph and Burchett 1998; Pietrini et al. 
2003). A decrease in F0 can occur if inactive PSII centers function as scattering 
sinks (Larsson et al. 1998). Shi and Cai (2008) in peanut plants already at 10 μM Cd 
showed a sharp increase in F0 as a result of a decrease in Fv/Fm and Fv/F0. It is also 
interesting to note that the Tradescantia plants showed an increase in F0 at 3 h, but 
a decrease in F0 at 5 h Cd exposure (Judy et al. 1990).

With an increase in the Cd content, Fm also decreases (Franić et al. 2017), appar-
ently, as a result of violation of the thylakoid membrane ultrastructure (Ekmekçi 
et al. 2008). This reduces the time to reach Fm (tmax), which indicates the stress state 
of the plant. Because Fm reflects PSII functionality when all QA are reduced, short-
ening tmax implies a decrease in the QA pool suitable for reduction (Mallick and 
Mohn 2003). After Cd treatment, the value of VJ (variable fluorescence at J step) 
increases, which implies a decrease in the effectiveness of QA

− reoxidation (accu-
mulation of reduced QA

−), since VJ determines the value of part of the reduced QA
− 

(Kalaji et al. 2014). Sm indicates how many electrons move in the electron transfer 
chain (Stirbet and Govindjee 2011). A decrease in Sm under stress indicates that Fm 
can be achieved faster, because fewer electrons are used to reduce PSII acceptors. 
This is also observed when the parameter tmax decreases. Under stressful conditions, 
the primary incline of the relative fluorescence (Mo) increases, corresponding to the 
relative rate of QA reduction (Christen et al. 2007).

When exposed to Cd, a decrease in Fv/Fm is observed, which indicates a slow-
down in electron transport in PSII (Pietrini et  al. 2003; Sigfridsson et  al. 2004; 
Küpper et al. 2007; Ahammed et al. 2013; Parmar et al. 2013; Moradi and Ehsanzadeh 
2015; Liu et al. 2018) and is always used as a stress indicator (Linger et al. 2005). 
Shi and Cai (2008) observed a decrease in Fv/Fm and Fv/F0 with a simultaneous 
change in Chl/Car, which indicates a change in the location of chlorophylls in thy-
lakoids, leading to a decrease in photochemical potential (Gruszecki et al. 1991).

Basa et al. (2014) in Beta vulgaris found that ΦPSII significantly decreases with 
Cd toxicity, which corresponds to a decrease in electron transfer in PSII apparently 
due to the destruction of RC (Váňová et al. 2009). A decrease in ΦPSII under Cd 
stress may be the result of an increase in qN, which is an indicator of the dispersion 
of light as heat in plants (Per et  al. 2016). Under Cd stress, an imbalance arises 
between the total amount of absorbed light and the number of photons used to gen-
erate energy in chloroplasts. Excessive light energy provokes the appearance of 
stable triplet forms of Chl, causing oxidative destruction of membranes 
(Sárvári 2005).
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According to Janeczko et al. (2005), Cd reduced specific energy fluxes calcu-
lated per cross section of the sample (CS). Herewith, a slowdown in photosynthetic 
electron transfer was observed due to a decrease in the number of active reaction 
centers (RCs) of PSII capable of QA reduction. At the same time, Cd increased the 
amount of excitation energy that is dissipated as heat (DI0/CS). This was accompa-
nied by a decrease in the maximum quantum yield for primary photochemistry 
(φP0) and efficiency, while the trapped exciton was able to travel the electron to the 
electron transport chain to a greater extent than QA

− (Ψ0). Due to Cd-induced signifi-
cant damage at some RC of PSII and a slight decrease in photon absorption by the 
antenna system (ABS) per CS, there is increased absorption flux per RC (ABS/RC), 
trapped energy flux per RC (TR0/RC), and dissipated energy flux per RC (DI0/RC).

At low Cd concentrations, it can often be observed that this heavy metal does not 
affect the photosynthetic electron transport (Wu et al. 2003; Burzyński and Żurek 
2007; Tang et  al. 2013). For example, in cotyledons and leaves of cucumber at 
20 μM Cd (Burzyński and Żurek 2007), despite a sharp inhibition of PN and gs, the 
potential efficiency of PSII remained unchanged, and the only diminished fluores-
cence parameter was ΦPSII. This can be explained by a decrease in the activity of 
carbon metabolism or insufficient use of ATP and NADP during CO2 assimilation 
(Subrahmanyam and Rathore 2000). Di Cagno et al. (1999) also found changes in 
ΦPSII, qP, and quantum efficiency of active RC of PSII (Φexc) with unchanged Fv/Fm 
in sunflower plants (10 or 20 μM Cd). The Fv/Fm ratio did not change in tomato 
leaves treated with Cd (Degl’Innocenti et al. 2014). However, other authors obtained 
opposite results in hyperaccumulator plants (Mobin and Khan 2007). The potential 
effectiveness of PSII remains unchanged if the Fv/Fm ratio exceeds 0.8 (Björkman 
and Demmig 1987). Degl’Innocenti et  al. (2014) suggested that the short-term 
effect of Cd on tomato plants only moderately affects the reoxidation rate of the 
primary PSII acceptor. This effect caused only a slight shift in the ETR and ΦPSII 
values due to a decrease in CO2 assimilation. In contrast to the studies of a number 
of authors (Krupa et al. 1993; Castagna et al. 2013), Degl’Innocenti et al. (2014) 
showed that the content of Chl did not change in plants treated with Cd, which indi-
cates the absence of inhibition of Chl biosynthesis and oxidation. At the same time, 
the presence of Cd inhibited plant growth without significantly affecting photosyn-
thesis. It is possible that a decrease in growth and PN without changes in Chl fluo-
rescence parameters may be observed if plants partially adapted to Cd stress, as was 
shown in tomatoes (Degl’Innocenti et al. 2014).

After processing Cd of barley and corn seedlings, there were no essential changes 
in the values of such fluorescence parameters as Fv/Fm, ΦPSII, and qP (Lysenko et al. 
2015). The two nonphotochemical coefficients, qN and NPQ, changed indepen-
dently, because, although both coefficients operate with Fm and F′m (maximum fluo-
rescence of light-adapted leaves), qN operates with F′0 (fluorescence in leaves 
previously exposed to light) and NPQ does not. The literature describes cases where 
qN and NPQ have varied in different directions (Lichtenthaler et al. 2005).

The nonphotochemical quenching ratio of the Chl excited state (NPQ) tends to 
increase after Cd treatment (Pietrini et al. 2010). However, Liu et al. (2010) showed a 
decrease in NPQ under the action of Cd, associated with the fast-relaxing  component 
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of NPQ (qE), which determines the excitation of thylakoid membranes. At the same 
time, the slow-relaxing component of NPQ, depending mainly on photoinhibition 
(qI), changed insignificantly. This coefficient depends on the photoinhibition of PSII 
and on the dislocation of the light-harvesting complex outside the PSII. An increase in 
qI may be associated with an increase in the concentration of Cd in chloroplasts, while 
a decrease in qE depends on the external concentration of Cd and is species-specific. 
For example, in corn chloroplasts, NPQ remained almost unchanged, while in barley 
chloroplasts it decreased significantly (Lysenko et al. 2015).

According to Lysenko et al. (2015), in chloroplasts, Cd has two effects. The first 
effect, responsible for the decrease in ΔpH of membranes, reduces NPQ and is more 
responsive to the presence of Cd in the soil. The second effect causes photoinhibi-
tion or transformation of PSII antennas, increases nonphotochemical quenching, 
and is more responsive to the presence of Cd inside chloroplasts. In case of equal 
values of these changes, the final effect cannot be seen. For example, at 80–200 μM 
Cd, qI increases, qE decreases, and the net NPQ remains unchanged (Lysenko et al. 
2015). Similarly, in pea leaves at 50 μM Cd, the second effect took precedence and 
qN rose, at 1 mM Cd the effects were the same and qN remained unchanged, and at 
5 mM Cd the first effect dominated and qN decreased (Geiken et al. 1998).

The degree of negative influence of Cd on photosynthetic light reactions depends 
on the stage of leaf growth. Thus, in young leaves of Phragmites australis, the Fv/Fm 
ratio was high even at high Cd concentrations, since Fm decreased proportionally to 
F0, which probably indicates poised damage or effective adaptation of the photosyn-
thetic machinery under stressful conditions (Pietrini et al. 2003). However, in fully 
mature leaves, Fv/Fm was greatly reduced, with leaf chlorosis and destructive conse-
quences for PSII. Phragmites australis appears to have a specific ability to protect 
plastids from the negative effects of Cd, and this ability has been found to be high 
in young leaves, but not in old leaves (Fediuc and Erdei 2002). Similar results were 
also obtained in different parts of the same rye leaf (Krupa and Moniak 1998).

When studying transient processes of fluorescence induction for 1  s, the key 
states are F0 and Fm (Strasser et al. 2004). The intermediate points between these 
extremes, named K (300 μs), J (2 ms), and I (30 ms), determine the electron flux 
between the various components of the PSII.  The state of these components is 
described by an informative O-J-I-P curve (Boisvert et al. 2006).

When disposing off absorbed photons in RC of PSII, some energy is needed to 
initiate electron transfer from QA to PSI. The apparent activation energy (AAE), 
associated with the rapid increase in fluorescence Chl a, is of great importance for 
studying the bioenergetics of various stages of electron transfer in PSII. The study 
of apparent activation energies in thylakoid membranes is carried out in order to 
analyze the transient processes of O-J-I-P fluorescence, in order to study the various 
stages of recovery of QA, QB, and PQ. Depending on the degree of oxidation–reduc-
tion of the pools QA, QB, and PQ, the apparent activation energies of PSII differ in 
the primary source (Boisvert et al. 2006). The rapid increase in Chl a fluorescence 
is used to study acceptor systems other than PSII, namely, the OEC and PSI 
(Schansker et al. 2005). Depending on the site of exposure, Cd may have different 
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effects on electron transfer and cause a change in the apparent activation energies 
of PSII.

In chloroplasts, Cd can bind to chlorophyll–protein complexes and causes an 
imbalance between photon absorption and electron transport in PS (Bashir et  al. 
2015). To detect PSII damage, transient analysis is used according to the JIP test. In 
Sorghum bicolor, Cd induced an increase in DI0/RC, ABS/RC, TR0/RC, and ET0/
RC (electron transport flux per RC), and a significant decrease in φP0, ΨEo (proba-
bility that an electron moves further than QA

−), δRo (probability that an electron is 
transported from the reduced intersystem electron acceptors to the final electron 
acceptors of PSI), PIabs (performance index), and RC/CS0 (QA-reducing RC per CS) 
(Xue et al. 2018). The decrease in ΨEo and δRo showed that the PSII electronic trans-
fer was blocked due to the accumulation of QA

−. An increase in DI0/RC, ABS/RC, 
TR0/RC, and ET0/RC, and a decrease in RC/CS0 means inactivation of part of the 
active RC, possibly due to a decrease in the Chl concentration and also a decrease 
in the Chl a/b ratio when processing Cd (He et al. 2008). The functional significance 
of such fluorescence parameters as ABS/RC, φP0, and ΨEo can be combined using 
the performance index (PIabs), the value of which is closely related to the possibility 
of energy conservation in photosystems and their activity. A marked reduction in 
PIabs with an increase in Cd content in Sorghum bicolor leaves indicates a slowdown 
in electron transport and inhibition of photosynthesis (Xue et al. 2018).

According to Franić et al. (2017), in corn leaves, the toxic effects of Cd are mani-
fested in a reduction in quantum yield of PSII electron transfer and in the efficiency 
of excitation energy capture by active RC of PSII (TR0/ABS, ET0/ABS, and ET0/
TR0). The reduction in acceptor side-dependent yields (ET0/ABS, ET0/TR0), which 
denote the efficiency of electron transfer, suggests the stimulation of photoinhibi-
tion in response to Cd action (Pagliano et al. 2006).

Cd treatment results in a decrease in TR0/ABS (= φP0), which is associated with 
the photoinhibition process (Turnau et al. 2008). An increase in ABS/RC with Cd 
treatment (Janeczko et al. 2005; Franić et al. 2017) indicates that part of the open 
RCs were closed or expanded the antenna size (Krüger et al. 1997). Simultaneously 
with a change in these parameters decreases the density of the RC per excited CS 
(RC/CS0) and the density of the RC on Chl a basis (RC/ABS). Inactivation of the 
RC can be a downregulation protective mechanism against photoinhibition. The 
increase in TR0/RC observed with Cd treatment (Franić et al. 2017) may indicate 
damage to the OEC (Kalaji et  al. 2014). Exposure to Cd significantly increases 
energy dissipation (DI0/RC), which is associated with leaf protection from oxidative 
stress, that is, absorbed excess light energy is dissipated instead of being used in 
QA

− reduction (Franić et al. 2017). PIABS, which is defined as the ability for the accu-
mulation of exciton energy to restore intersystem electron acceptors, is rated as 
(RC/ABS)(TR0/ABS − TR0)(ET0/TR0 − ET0). An increase in PIABS with Cd pro-
cessing occurs due to an increase in all three parameters, but the component ET0/
(TR0 − ET0) has the most influence (Franić et al. 2017), which implies an increase 
in CO2 assimilation, since a link was established between electron transfer in the 
photosystem and the CO2 absorption (Krall and Edwards 1992). However, an 
increase in electron transfer can also be associated with other processes in the cell 
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(Kalaji et al. 2016). An increased PIABS value means an improvement in the overall 
efficiency of the photosynthetic apparatus. Some corn hybrids showed a decrease in 
PIABS when processing Cd, which may be due to a decline in all components of 
PIABS, but especially RC/ABS values (Franić et al. 2017), indicating that most of the 
reaction centers were inactivated (Żurek et al. 2014; Begović et al. 2016).

In some cases, after Cd treatment, an increase in Chl a content is observed 
(Aghaz and Bandehagh 2013; Franić et al. 2017), which is accompanied by a rise in 
F0, F150, and F300. Under these conditions, stress is apparently associated with func-
tional damage to the photosynthetic apparatus, which was accompanied by a rise in 
energy leakage per RC and by the reduction of TR0/DI0 (Strasser et al. 2000). An 
increased content of Chl can also be observed when plants adapt to the presence of 
Cd or at its low content (Chaneva et al. 2010).

15.6.2  Dark Phase of Photosynthesis

It has been shown that, in isolated chloroplasts, CO2 assimilation slows down during 
Cd treatment, but no change in photochemical reactions occurs, that is, PN decelera-
tion by Cd occurs at the level of dark photosynthesis reactions. Weigel (1985) sug-
gested that inhibition of Cd occurred either at the level of CO2 fixation or as a result 
of a change in the activity of the Calvin cycle enzymes. Impairment of the activity 
of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco, EC 4.1.39) and 
other enzymes of the dark stage of photosynthesis upon exposure to Cd was recorded 
in various plants (Prasad and StrzaŁka 1999; Burzyński and Żurek 2007; Mobin and 
Khan 2007).

The negative effects of Cd2+ observed in the carboxylation phase of photosynthe-
sis (Weigel 1985; Di Cagno et al. 1999) can lead to inactivation of enzymes through 
reactions with their thiol groups (Fuhrer 1982). The main target of Cd exposure is 
two key enzymes of photosynthetic fixation of CO2, Rubisco and phosphoenolpyru-
vate carboxylase (PEPC; EC 4.1.1.31) (Krantev et al. 2008). Cd2+ is able to reduce 
Rubisco activity by replacing Mg2+ in the catalytic center of the enzyme, which fixes 
CO2 (Siedlecka et al. 1998). High concentrations of Cd2+ also lead to irrecoverable 
dissociation of Rubisco subunits (Lhcb1 and Lhcb2), resulting in complete enzyme 
inhibition (Malik et al. 1992; Hajduch et al. 2001).

It is often observed that a reduction in the maximum Rubisco activity during 
Cd stress is accompanied by only a slight decrease in the Rubisco protein content 
(Pietrini et al. 2003). A decrease in Rubisco activity may be due to Cd-induced 
oxidative stress or due to action of proteases activated by ROS (Prasad 1996; 
Romero- Puertas et  al. 2002). ROSs can directly influence the dissociation of 
Rubisco subunits (Ishida et  al. 1999). It is also possible that the decrease in 
Rubisco activity is associated with inhibition of Rubisco activase (EC 4.1.1.36), 
which has the large Cys thiol residues subunit (Portis 2003) in the carboxy termi-
nus, with which Cd binds.
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There is evidence of the effect of Cd on Calvin cycle enzymes in the stroma of 
chloroplasts (Prasad and StrzaŁka 1999). The phosphoglycerate kinase (EC 2.7.2.3) 
and glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) enzymes, which are 
necessary during the recovery phase of the Calvin cycle, are inhibited to some 
extent by Cd (Sheoran et al. 1990). In addition, Cd reduces the potential activity of 
phosphoglycerate kinase, which indicates the effect on the synthesis of this enzyme. 
Decline of CO2 reduction may affect photochemical efficiency. A decrease in ΦPSII 
can occur as a result of a disequilibrium between the absorbed light energy and that 
part of it that is used in the carboxylation reaction (Burzyński and Kłobus 2004).

Cd negatively affects the dark and light stages of photosynthesis, but the site of 
the primary effect of Cd on photosynthesis depends on the specific conditions of the 
experiment, and the concentration and duration of Cd processing. For example, in 
maize seedlings, the degree of PN decrease and the time of manifestation of the plant 
response to Cd treatment depended on the metal concentration (Wang et al. 2009). 
Prolonged Cd processing can cause significant metabolic changes, reflecting vari-
ous interrelated processes in plants. According to Burzyński and Kłobus (2004), the 
effect of Cd on photosynthesis reactions is rather indirect, for example, due to 
changing numerous physiological processes. Cd reduces the rate of Fe transport into 
leaves, and low Fe content interferes with Chl synthesis and changes the chloro-
plasts’ ultrastructure, which affects both stages of photosynthesis (Siedlecka and 
Krupa 1999). Cd also reduces the amount of OEC (Janeczko et al. 2005); disrupts 
water metabolism (Poschenrieder and Barceló 1999), assimilation, and distribution 
of nutrients (Krupa et al. 2002); induces oxidative stress (Dietz et al. 1999); and, as 
a result, inhibits leaf growth and reduces the total area for light absorption.

Burzyński and Kłobus (2004) noted that among other parameters of photosyn-
thesis, Cd had the most noticeable effect on PN, which suggests that Rubisco and 
Calvin cycle enzymes are more susceptible to Cd than light photosynthesis reac-
tions. At the same time, a sharp decrease in PN was apparently not associated with 
the influence of Cd on stomata activity, since, despite the low value of gs, the values 
of Ci remained at a sufficiently high level. PN independence from gs has been pro-
posed by Sheoran et al. (1990). Increased Ci values are probably associated with a 
decrease in PN or with activation of dark respiratory processes stimulated by expo-
sure to Cd (Romanowska et  al. 2002) and usually associated with leaf aging. 
However, Shi and Cai (2008) showed that in Arachis hypogaea, Cd-induced PN 
inhibition is mainly associated with changes in Chl and gs, and an increase in Ci 
indicates inhibition of dark photosynthesis (Sas et al. 2006).

The toxicity of Cd2+ is manifested at varying degrees depending on the stage of 
plant development. So, at the early stage of vegetation of the plant pigeonpea 
(Cajanus cajan L.), 0.5 and 1.0 mM Cd2+ resulted in a 50% reduction in photosyn-
thesis and activity of photosynthetic carbon reduction polymerase chain reaction 
(PCR)-cycle enzymes (Rubisco, phosphoglycerate kinase, NAD(P)-
glyceraldehyde-3-phosphate dehydrogenase, and aldolase (EC 4.1.2.13) (Sheoran 
et al. 1990). At a late stage of vegetation, Cd2+ did not affect photosynthesis and the 
enzymes studied. A decrease in their activity was observed only at high concentra-
tions of Cd2+ (5 mM).
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Some authors argue that the main site of Cd exposure is the light phase of photo-
synthesis (Küpper et al. 2007). However, other researchers found that Cd primarily 
interferes with the functioning of the CO2 assimilation pathway and only then 
affects the light reactions of photosynthesis (Burzyński and Żurek 2007). Baszyński 
et  al. (1980) showed that the main cause of the decrease in photosynthesis after 
exposure to Cd is a decrease in the content of Chl, which preceded the decrease in 
the concentration of CO2.

Studying the effect of Cd on photosynthesis for short periods of time has largely 
eliminated the indirect effects of the metal, such as Fe deficiency, a decrease in Chl, 
and the destruction of general cellular metabolism (Burzyński and Żurek 2007). In 
maize seedlings (Zea mays L.), Cd primarily inactivated Rubisco and PEPC and, 
secondly, changed the electron transfer rate of PSII, that is, Cd affected both stages 
of photosynthesis; however, the main goal of the toxic action of Cd was Calvin 
cycle reactions, not PSII (Wang et al. 2009). In sunflower plants under conditions of 
Cd stress, a reduction in Rubisco activity was observed at a constant Fv/Fm ratio (Di 
Cagno et al. 2001). This indicates that the process of photosynthesis mainly changes 
due to the dark phase.

According to most researchers, a decrease in PN is most likely to occur when Cd 
acts on the CO2 assimilation path. It is assumed that Cd primarily inhibits the carbon 
photoreduction cycle and only then affects the electron transfer in photosystems 
(Weigel 1985; Krupa and Moniak 1998; Burzyński and Żurek 2007).

15.6.3  Microalgae Photosynthesis

Heavy metals inhibit growth (Dudkowiak et al. 2011) and photosynthesis of algae 
(Nishikawa et al. 2003). In Chlamydomonas reinhardtii, an inhibitory effect of Cd 
on OEC and a decrease in ETR in both PSs were found (Perreault et al. 2011). A 
decrease in ETR under the influence of Cd led to a decrease in apparent activation 
energy (AAE) for all PSII reduction steps. The effect of Cd on OEC correlated with 
a variation in AAE for all the PSII reduction phases. In addition, AAE to reduce the 
plastoquinone pool also had an effect on PSI activity. Inhibition of these sites has 
shown that the OEC activity of PSII and PSI activity are dependent on AAE associ-
ated with the transfer of electrons to PSII. In Chlamydomonas, Cd inhibits photoac-
tivation of PSII (i.e., the OEC assembly) by competitively binding to the Ca2+ main 
site in PSII (Faller et al. 2005).

The negative effects of Cd on photosystem II are shown in Scenedesmus acutus 
and Chlorella vulgaris (Ilangovan et al. 1998). In addition, the inhibitory effect of 
Cd on OEC activity has been found (Pagliano et al. 2006). However, La Rocca et al. 
(2009) at 5 ppm Cd did not show signs of a violation of the acceptor side, despite a 
decrease in the rate of photosynthesis. This conclusion is consistent with the 
assumption that Cd primarily affects the donor side of PSII.

Koliella antarctica had a rather high sensitivity to Cd. The degree of exposure to 
Cd depended on its concentration. After 1  ppm Cd treatment, a moderate toxic 
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effect was shown on growth, chloroplast ultrastructure, chlorophyll content, photo-
synthesis efficiency (Fv/Fm), and ETR in PSII. Treatment with 5 ppm Cd led to a 
significant reduction in these processes and even to the death of algae cells (La 
Rocca et al. 2009).

15.6.3.1  Cyanobacteria Photosynthesis

Cyanobacteria rather quickly accumulate a large amount of toxic metals (Les and 
Walker 1984), which can lead to inhibition of photosynthesis (Dudkowiak et  al. 
2011). The degree of toxic accumulation of metals by cyanobacteria depends on the 
species, physiological conditions, and concentration of metal ions in the medium, as 
well as on the physicochemical properties of the medium, that is, pH and tempera-
ture (Les and Walker 1984; Koelmans et al. 1996). At the same time, it turned out 
that cyanobacterial thylakoid membranes are much more resistant to the effects of 
Cd2+ than in higher plants (Nováková et  al. 2004). In Synechococcus elongatus, 
concentrations of 0–100  mM Cd had a rather activating effect on the thylakoid 
membranes. An inhibition of PSII photochemical activity was manifested only at 
1000 mM Cd, while the site of action of Cd2+ was probably on the PSII oxidative 
side. Analogous data were obtained when measuring oxygen evolution. The carbox-
ylation enzyme activity was maintained even at 1000 mM Cd (Nováková et al. 2004).

Cd2+ reduced the growth of cyanobacterium Nostoc muscorum cells (Dixit and 
Singh 2015). Growth inhibition occurred as a result of the destruction of cellular 
components or impaired absorption of nutrients, as well as due to a decrease in 
enzyme activity and photosynthesis (Thapar et al. 2008). Cd caused disorganization 
of thylakoids, a change in the proportions of the pigment antenna, and a reduction 
in the content of Chl, phycocyanins, and Car (Leborans and Novillo 1996; Dixit and 
Singh 2015), which led to a decrease in photosynthetic activity (Murthy et al. 1989).

Short-term Cd processing reduced O2 release rate (Dixit and Singh 2015), that is 
most likely a result of inhibition of OEC, by replacing with cadmium of divalent 
cations responsible for water oxidation (Šeršeň and Kráľová 2001; Peters and Chin 
2003). In addition, the inhibitory effect of Cd2+ is directed to the oxidative side of 
PSII, but before NH2OH (Verma and Singh 1995).

At a low concentration (25 μg mL−1), Cd2+ inhibits energy transfer on the way to 
the PSII center, and also causes a conformational modification in the Chl antenna in 
cyanobacteria (Singh et al. 1993). Higher concentrations (100 μg mL−1) of Cd2+ can 
damage the photosynthetic complex (Dixit and Singh 2015).

Cd2+ causes the destruction of phycocyanin in the composition of phycobili-
somes, which leads to a decrease in the emission intensity (Singh et al. 1993) in 
Nostoc muscorum (Dixit and Singh 2015). A decrease in the number of phycocya-
nin in Nostoc muscorum cells (Dixit and Singh 2015) and in the cyanobacterium 
Spirulina platensis (Murthy et al. 1989) is observed, which indicates a greater ease 
of decomposition of phycocyanin by Cd than allophycocyanin in phycobilisome.
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15.7  Protection of the Photosynthetic Apparatus

15.7.1  Oxidative Stress and Antioxidant Systems

High concentrations of Cd can cause oxidative stress in plant cells, although it is not 
a redox metal (Cho and Seo 2005; Vassilev et al. 2005; Masood et al. 2012; Moradi 
and Ehsanzadeh 2015). Oxidative stress enhances lipid peroxidation (Chaoui et al. 
1997), resulting in impaired membrane permeability, and inhibition of growth, pho-
tosynthesis, and normal synthesis of Chl (Mobin and Khan 2007; Masood et  al. 
2012). Blocking electron transfer in PSII by cadmium leads to the generation of 
reactive oxygen species (ROS), superoxide anion (O2

•─), hydroxyl (OH•) radicals, 
and H2O2, the accumulation of which leads to the destruction of the chloroplasts’ 
structure and causes leaf chlorosis (Romero-Puertas et al. 2004; Hasan et al. 2011; 
Ahammed et al. 2012; Masood et al. 2012; Asgher et al. 2014). Cd causes the accu-
mulation of ROS in all organs, thereby affecting the redox balance of the whole 
plant (Iannelli et al. 2002; Foyer and Noctor 2005).

Among all components, cell membranes are most sensitive to damage by heavy 
metals (Singh et  al. 2006). Lipid peroxidation, determined by malondialdehyde 
(MDA) content, can be used as a test to determine the development degree of oxida-
tive stress (Kumari et al. 2010; Gallego et al. 2012). The content of MDA in plant 
tissue increases under the action of toxic Cd concentrations (Ahammed et al. 2013; 
Xu et al. 2013). With prolonged exposure to Cd, there is a significant reduction in 
membrane stability index and in electrolyte leakage (Gonçalves et al. 2007), which 
indicates a serious damage to the integrity of the membranes (Moradi and 
Ehsanzadeh 2015).

Since Cd cannot participate in Fenton’s reactions, its role in the ROS formation 
mechanism causing membrane damage is unclear (Rodríguez-Serrano et al. 2009). 
Possibly, under strong illumination of chloroplasts, Cd causes the formation of trip-
let forms of chlorophyll in PS antennas, and subsequently singlet O2 and other types 
of ROS (Atal et al. 1991).

Under stressful conditions in plants, there is an imbalance between the produc-
tion and scavenging of ROS. In order to reduce the damaging effect of Cd, various 
mechanisms have been developed in plants that allow both sequestering the metal 
and neutralizing the ROS generated by it using special absorbers (Siripornadulsil 
et al. 2002). Protective strategies include the formation of various antioxidants and 
the activation of ROS-absorbing enzymes, as well as enhancing sulfur metabolism 
(Fernández et al. 2013; Choppala and Bolan 2014; Ahmad et al. 2015). One mecha-
nism may be the expression or activation of antioxidant enzymes (Ranieri et  al. 
2005), including superoxide dismutase (SOD; EC 1.15.1.1), which is involved in 
the early stages of cell defense. The activity of superoxide dismutase depends on the 
accumulation of Cd in the tissues, species, and stage of plant growth, as well as the 
time of exposure to the metal (Sandalio et al. 2001; Shah et al. 2001). Superoxide 
dismutase decomposes O2∙─ into H2O2 and O2 (Hsu and Kao 2007; Gill and Tuteja 
2010). The accumulation of hydrogen peroxide is limited to catalase localized in 
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peroxisomes and mitochondria (CAT; EC 1.11.1.6), peroxidases (EC 1.11.1.x), and 
ascorbate peroxidase in chloroplast (APX; EC 1.11.1.7) (Mishra et al. 2006; Bhatt 
and Tripathi 2011; Sharma et al. 2012). Nonenzymatic ROS quenchers can be carot-
enoid pigments (Anjum et al. 2015).

Gillet et  al. (2006) showed a marked increase in Mn-SOD, but a decrease in 
Fe-SOD in Cd-treated plants. Similar reactions to oxidative stress have also been 
observed in other plants (Vido et al. 2001; Sarry et al. 2006). SOD activation also 
occurred in Brassica napus (Meng et  al. 2009) and tomatoes (Ahammed et  al. 
2013). In yeast, Mn-SOD activation and a decrease in Cu/Zn-SOD activity were 
observed (Vido et  al. 2001). Fe-SOD transcript levels are also induced by Cd 
(Ahammed et al. 2013). A decrease in SOD activity probably occurs when Fe is 
replaced by Cd in the Fe-SOD enzyme (Yamakura and Suzuki 1980) or when the 
accumulation of O2

•─ exceeds the SOD’s ability to eliminate, and ROS could inacti-
vate the enzyme.

According to some authors, the formation of ROS during Cd-stress occurs as a 
result of a decrease in the level of glutathione and inhibition of GR, CAT, and APX 
(Dietz et al. 1999; Romero-Puertas et al. 2004). Indeed, in wheat plants (Ahmad 
et  al. 2009), tomato (Ahammed et  al. 2013), rice (Shah et  al. 2001), and peas 
(Sandalio et al. 2001), there is a decrease in CAT activity, sensitive to O2∙─ radicals 
that lead to enzyme degradation (Cakmak 2000). A decrease in enzyme activity can 
also occur when it is destroyed by proteases or as a result of photoinactivation 
(Sandalio et al. 2001).

Contrary to the authors mentioned above, other studies have found an increase in 
APX activity (Gillet et al. 2006; Ahmad et al. 2009), which can compensate for the 
decrease in CAT in the presence of Cd. Increased APX activity is shown in Brassica 
napus (Meng et al. 2009), Vigna mungo (Singh et al. 2008), tomato (Ahammed et al. 
2013), and Brassica juncea (Mohamed et al. 2012). Induction of the Cd level of the 
APX transcript is shown in tomato (Ahammed et al. 2013).

Catalase activity after Cd treatment of plants can also increase (Hasan et  al. 
2008). Ahammed et al. (2013) observed a Cd-induced increase in the CAT1 tran-
script level. Experiments with plants with different sensitivity to heavy metals 
revealed a pattern that catalase activity is always higher in plants resistant to Cd 
(Cho and Seo 2005).

Under the stress of Cd, a loss of Rubisco activity occurs, which cannot be due to 
the degradation of the Rubisco protein (Pietrini et al. 2003). An increase in the ROS 
level is accompanied by oxidation of the Rubisco SH groups, which correlates with 
a reduction in the photosynthesis rate (Liu et al. 2008). In plant seedlings, the main 
goals of the toxic effects of Cd are Calvin’s cyclic reactions rather than PSII (Krupa 
et al. 1993). Cd stress initially inhibits the carbon photoassimilation cycle and only 
then affects the ETR in PSII (Burzyński and Kłobus 2004; Burzyński and Żurek 
2007; Wang et al. 2009). On the other hand, the action of ROS formed by Cd leads 
to a decrease in the content of Chl and Car, which is accompanied by lower light 
absorption and adversely affects the photolysis of water and ETR (Deng et al. 2014).
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15.7.2  S-Metabolism Activation

Cd toxicity can be reduced due to increased S-assimilation due to the involvement 
of S-metabolism in the formation of the antioxidant system of the cell (Bashir et al. 
2015), which protects photosynthesis and supports growth under Cd stress (Asgher 
et al. 2014). The accumulation of Cd in the tissues of many plants stimulates the 
absorption of sulfates in the roots (Nocito et  al. 2002), which is associated with 
increased expression of ATP-sulfurylase (EC. 2.7.7.4) (Gill et al. 2012), which cata-
lyzes the activation reaction of SO4

2− by interacting with ATP. In turn, plant photo-
synthesis also depends on S availability, which affects the efficiency of carboxylation 
and the stomatal movement (Iqbal et al. 2011), since sulfite reductase (EC 1.8.7.1) 
is a ferredoxin-dependent enzyme and, along with ferredoxin-NADP+ reductase and 
nitrite reductase (EC 1.7.7.1), competes for the electrons of the PSI transport chain, 
especially since ferredoxin-NADP+ reductase is inhibited by Cd (Gillet et al. 2006).

15.7.2.1  Glutathione Production

Glutathione is the main substance for maintaining the redox balance of the cell and 
is used to remove ROS (Noctor and Foyer 1998). Glutathione reductase (GR; EC 
1.8.1.7) catalyzes the conversion of oxidized glutathione (GSSG) to reduced gluta-
thione (GSH) (Noctor et al. 2002). The high solubility and mobility of glutathione 
allows it to be present in large quantities in all cellular organelles (Foyer and 
Rennenberg 2000). Glutathione can regulate the activity of photosynthetic enzymes 
associated with thioredoxin (Schürmann and Jacquot 2000). In addition to chloro-
plasts, glutathione is also present in mitochondria, where it supports oxidative phos-
phorylation and the formation of ATP (Hutchison et al. 2000).

GR activity with Cd stress is increased in leaves, but decreased in chloroplasts 
(Ahmad et al. 2009). High GR activity may support increased GSH/GSSG ratio. 
Increased GR activity is associated with transcriptional or translational modification 
(Romero-Puertas et al. 2002). Reduced GR expression in roots can lead to oxidative 
damage after Cd treatment (Mishra et al. 2006). The accumulation of Cd also leads 
to a reduction in GR activity in chloroplasts, which has been shown in many plants 
(Zhang et al. 2003; Pietrini et al. 2003; Ahmad et al. 2009).

Glutathione synthesis occurs after activation of inorganic sulfur due to the ATP- 
sulfurylase enzyme (ATP-S; EC EC. 2.7.7.4) followed by a cascade of enzymatic 
reactions (Leustek 2002; Tausz et al. 2004). Increased activity of ATP-S and other 
S-assimilation enzymes in leaves and chloroplasts under Cd stress (Ahmad et al. 
2009) promotes plant resistance to heavy metals (Dominguez-Solis et al. 2001).

Synthesis and reduction of glutathione are highly energy-intensive processes. 
Sulfate reduction in chloroplasts requires eight electrons per molecule (Leustek and 
Saito 1999), as well as the presence of NADPH to preserve its reduced form (Noctor 
et al. 1998). Therefore, in order to increase the availability of GSH for the entire 
plant, large investments in resources are needed at the expense of other processes. 
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However, an increased concentration of GSH along with phytochelatins (PCs) 
seems to be the optimal protective strategy for saving key photosynthetic thiol 
enzymes from inactivating Cd (Pietrini et  al. 2003). Cd-induced oxidative stress 
stimulates the expression of GSH synthesis genes (Schafer et  al. 1998), thereby 
inducing a progressive increase in GSH concentration (Masood et al. 2012; Silva 
et al. 2018), which contributes to tolerance to oxidative stress (Pietrini et al. 2003). 
In addition, GSH makes it difficult to relocate Cd from roots to aboveground organs 
(Nakamura et al. 2013).

A key enzyme that catalyzes the conjugation of xenobiotics with GSH is gluta-
thione S-transferase (GST; EC 2.5.1.18) (Coleman et  al. 1997), whose activity 
(Skórzyńska-Polit et al. 2010; Gillet et al. 2006) and the transcript level GST1 is 
upregulated by Cd (Ahammed et al. 2013). Cd is a strong thiol scavenger that cre-
ates a sulfate deficiency (Nocito et al. 2002). However, Cd can only be captured by 
reduced forms of thiols (Ow 1996). In addition, GSH effectively reduces the likeli-
hood of Cd interacting with the thiols of the enzyme catalytic centers and inhibiting 
their ability to carbon photoassimilate (Pietrini et al. 2003).

Thus, increasing GSH concentrations contribute to minimizing Cd stress (Xiang 
et al. 2001). The increased GSH content correlates with stress tolerance of plants 
and provides a mechanism for detoxifying heavy metals (Masood et al. 2012).

15.7.2.2  Phytochelatin Synthesis

Phytochelatins (PCs) in plants are sulfur-containing polypeptides with the structural 
formula (γ-Glu-Cys)n-Gly. PCs are synthesized from GSH in a sequestration reac-
tion using phytochelatin synthase (EC 2.3.2.15) (Grill et al. 1985, 1989). PC synthe-
sis is induced by the accumulation of Cd in plant cells (Sanità di Toppi and Gabbrielli 
1999). PCs chelate Cd with SH groups of cysteine mainly in the root cell walls 
(Bajguz and Hayat 2009; Bajguz 2010) and thus impede the circulation of Cd in the 
plant (Bajguz and Hayat 2009; Bajguz 2010) and free Cd inside the cytosol (Grill 
et al. 1985). By the number of phytochelatins formed, one can judge the degree of 
development of the heavy metal’s stress (Cobbett 2000).

15.7.2.3  Phytocystatin Synthesis

One of the strategies for maintaining photosynthesis in Cd stress is the synthesis of 
thiol compounds, for example, phytocystatin (PhyCys), which are involved in the 
regulation of metabolic processes (Eason et  al. 2014). PhyCys’ protective action 
under Cd stress extends to photosynthetic machinery enzymes (Rubisco), nitrogen 
use efficiency, and ROS scavengers enzymes (SOD and APX) (Per et al. 2016), as 
well as to S-assimilation enzymes to maintain higher levels of Cys and GSH for 
metal detoxification (Khan et al. 2009). In addition, PhyCys can act as a regulator 
of proteolysis during plant acclimatization, increasing tolerance to Cd (Per 
et al. 2016).
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PhyCys is part of the cystatin superfamily and is a proteinase inhibitor that regu-
lates proteolytic activity (Martínez et al. 2012; Kunert et al. 2015). In addition to 
functioning as the regulator of numerous metabolic processes, PhyCys is also 
involved in the formation of plant response to stress (Zhang et al. 2008). PhyCys 
gene expression (CsC and AtCYS1) was observed during cold and heat stresses, 
wounding, salinity, and drought (Pernas et  al. 2000; Hwang et  al. 2010). 
Overexpression of the AtCYS1 gene led to the prevention of cell death due to expo-
sure to ROS (Belenghi et al. 2003). Overexpression of the BoCPI-1 protease inhibi-
tor delays Chl destruction (Eason et al. 2014). Overexpression of PhyCys delays the 
destruction of the photosynthetic apparatus during senescence and significantly 
increases the amount of Rubisco protein (Prins et al. 2008). Ectopic expression of 
oryzacystatin enhances shoot branching and the accumulation of Chl in leaves 
(Quain et al. 2014).

15.7.3  Selenium Treatment

Selenium (Se) is not a necessary nutrient, but it can reduce the amount of free radi-
cals in cells and thereby weaken the toxicity of Cd (Lazarus et al. 2006). The pres-
ence of Se prevents the absorption of Cd, neutralizes its toxicity, and activates 
antioxidant enzymes, thereby improving plant growth (Filek et al. 2008). The addi-
tion of Se to in vitro wheat cultures significantly improved the development and 
functioning of chloroplasts and reduced their degradation (Filek et al. 2009), as well 
as weakened Cd inhibition of photochemical processes (Filek et al. 2010).

Apparently, Se accelerates ETR in PSII, including antennas, which increases the 
number of active reaction centers and also affects the activity of OEC. By stimulat-
ing photosynthesis, Se helps maintain starch concentration, which decrease when 
exposed to Cd. Adding Se also reduces ROS formation (Filek et al. 2010).

15.7.4  Silicon Treatment

Silicon (Si) fertilization helps to mitigate abiotic stresses due to dilution effects, 
which leads to increased crop yields (Marschner 1995; Balakhnina et  al. 2012). 
Deposition of Si in the leaves promotes tolerance to Cd, and also contributes to the 
preservation of water in the cells (Hattori et al. 2005).

A high Si content enhances plant resistance to stress through the activation of 
protective mechanisms (Mitani et al. 2009). The mechanism for reducing the toxic-
ity of Cd with Si includes a decrease in the solubility of metals due to pH changes, 
the accumulation of phenols, and the formation of insoluble Cd–Si complexes (Gu 
et al. 2011). The degree of positive influence of Si during Cd pollution is dependent 
on plant species (Lukačová Kuliková and Lux 2010).
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The addition of Si can alleviate the negative effects of Cd (Kaya et  al. 2009; 
Broadhurst et  al. 2013). Adding Si does not increase the production of net dry 
masses in normal conditions (Silva et al. 2017). However, it has been shown that 
under Cd stress conditions with prolonged exposure to Si, the net dry masses pro-
duction increases (Zhang et al. 2008; Rizwan et al. 2012; Silva et al. 2017).

Suppression of absorption and transport of Cd, including through interaction 
with Si (Farooq et  al. 2016), is considered as an effective protective mechanism 
against the toxic effects of Cd (Song et al. 2009). Adding Si to the soil reduces the 
availability of Cd, which reduces its absorption (Silva et al. 2017) and more effec-
tively sequesters Cd in the roots (Vaculik et al. 2009, 2012), and also significantly 
reduces its movement into shoots (Song et  al. 2009; Rizwan et  al. 2012). Plant 
hyperaccumulators absorb Si using energy-dependent carriers (Ma et  al. 2006). 
Silicon is able to integrate into the structure of the cell wall, which prevents the 
absorption of Cd by the roots and its movement into the aboveground organs 
(Lukačová et al. 2013). When transported to shoots, Si accumulates in the vascular 
system of the leaves in the form of a polymer, which prevents the movement of toxic 
ions (Mitani et al. 2005) and contributes to their coprecipitation (Gu et al. 2011). 
Apparently, Si hinders the transfer of Cd along the apoplastic pathway and contrib-
utes to its accumulation in the symplast (Ye et al. 2012).

Silicon can stimulate photosynthesis under conditions of cadmium stress by 
increasing φP0 and ΦPSII, decreases F0, and increases Fv/Fm and qP (Nwugo and 
Huerta 2008; Feng et al. 2010). The Si use after the Cd stress onset can restore dam-
age to the photosynthetic apparatus and improve ΦPSII (Farooq et al. 2016), which is 
apparently not associated with a decrease in the content of Chl (Nwugo and Huerta 
2008). Chl concentrations do not always change when Si is used under Cd stress 
conditions (Lukačová et al. 2013), although Feng et al. (2010) observed a higher 
Chl content with less damage to the thylakoid membranes on cucumber plants.

It should be noted that the Si-dependent blocking of the absorption and transport 
of Cd from the roots to the aboveground organs is not able to answer the question of 
why photosynthesis is restored after the end of Cd stress, although the concentration 
of Cd in the leaves did not change significantly. Apparently, the positive effect of 
introducing Si into aboveground tissues of the plants is due to the local effects of Si 
accumulation in the shoot, rather than the effect on Cd transport over long distances 
(Farooq et al. 2016).

Si-mediated metal stress tolerance also appears to be associated with improved 
antioxidant activity and high levels of ascorbate and glutathione (Ma and Yamaji 
2006). On the other hand, the use of high doses of Si can cause an imbalance of 
nutrition and reduce the formation of dry matter in plants (Araújo et al. 2011). Si at 
high concentrations is likely to coprecipitate metals necessary for the functioning of 
photosynthesis, such as Fe and Cu (Gu et al. 2011).

Thus, the positive effects of Si under Cd stress can be accomplished through 
several mechanisms, namely, reducing Cd absorption and translocation, improving 
Cd compartmentation, retuning redox homeostasis, and increasing antioxidant 
capacity (Farooq et al. 2016).
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15.7.5  Brassinosteroid Treatment

Brassinosteroids (BR) are polyhydroxysteroid phytohormones originally found in 
pollen from Brassica napus (Vardhini and Anjum 2015), but then they were found 
to be widespread throughout the plant because BRs are nontoxic, rapidly absorbed, 
and metabolized (Bajguz and Tretyn 2003). The classification of brassinosteroids 
consists in counting the number of carbon atoms in the molecular structure (C27, 
C28, or C29). Currently, more than 60 BRs have been identified (Haubrick and 
Assmann 2006), of which 24-epibrassinolide (EBR), 28-homobrassinolide, and 
brassinolide are biologically active (Vardhini and Anjum 2015).

Brassinosteroids are involved in the regulation of many processes at different 
levels of plant organization, including growth and productivity (Rao et  al. 2002; 
Sasse 2003), gas exchange (Farooq et al. 2009), antioxidant enzymes (Sharma et al. 
2010), and stimulation of chlorophyll synthesis (Fariduddin et  al. 2003). In 
Arabidopsis, brassinosteroids stimulated plant growth, inducing cellulose forma-
tion, due to overexpression of its synthesis genes (Xie et al. 2011).

BRs participate in developing tolerance to various stresses (Vardhini et al. 2006; 
Hasan et al. 2011; Ahammed et al. 2012), such as high or low temperatures (Hayat 
et al. 2010a), moisture stress, drought (Yuan et al. 2010), salinization (Anuradha 
and Rao 2001; Alyemeni et al. 2013), damage by pesticides, polycyclic aromatic 
hydrocarbons (Ahammed et al. 2012), and Cd stress (Allagulova et al. 2015).

Brassinosteroids remove the negative influence of Cd stress in plants (Hasan 
et al. 2008, 2011; Ahammed et al. 2013). The use of BR mitigated the toxicity of Cd 
for plant growth (Anuradha and Rao 2009; Hayat et al. 2014; Santos et al. 2018). 
Treatment with EBR under Cd stress enlarged the relative water content in plants 
(Anuradha and Rao 2009; Hayat et al. 2007). BR reduced Cd in rapeseed plant tis-
sue (Janeczko et al. 2005), cowpea plants (Santos et al. 2018), bean (Rady 2011), 
wheat (Kroutil et al. 2010), and Chlorella vulgaris (Bajguz 2000). EBR is likely to 
increase phytochelatin production in stress tissue cells (Bajguz 2011). This effect of 
EBR directly affects the decrease in values of the bioconcentration factor (BCF) and 
the translocation factor (TF), as well as the decrease in the rate of Cd translocation 
to the aerial organs (Santos et al. 2018).

Brassinosteroids can mitigate Cd exposure by improving the PN of plants (Hayat 
et al. (2010b) by increasing gs (Zhang et al. 2014). EBR increased the E of plants 
susceptible to Cd toxicity and simultaneously contributed to water absorption and 
root elongation (Santos et al. 2018). The increment in water-use efficiency in plants 
treated with EBR is inextricably related to the increase in the PN and E (Santos et al. 
2018). PN/Ci values increased in EBR-treated Vigna unguiculata as a result of an 
increase in PN and a synchronous decrease in Ci (Santos et al. 2018). An increase in 
the PN/Ci ratio showed that EBR acted on Rubisco and enhanced CO2 photoassimi-
lation (Wahid et al. 2008).

EBR facilitated the effects of Cd treatment on the levels of other nutrient metals 
in plants, which reduced impairment of ionic homeostasis in tissues (Saidi et al. 
2013). In Vigna unguiculata, EBR maintained the concentrations of Fe and Mn 
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required for Chl biosynthesis (Lopes Júnior et al. 2014). EBR mitigated the toxic 
effects of Cd, contributing to an increase in Chl a and b in Vigna (Santos et  al. 
2018), Chl b in Phaseolus (Rady 2011) and total Chl in Brassica juncea (Hayat 
et al. 2007) and radish plants (Anuradha and Rao 2009).

BR mitigates the negative effects of Cd on fluorescence parameters, primarily by 
preventing the RC destruction and supporting TR0/CS and ET0/CS. The stimulatory 
effects of BR on Fv/Fm have been observed under various adverse conditions, 
namely, phenanthrene and pesticide contamination, as well as cooling (Cui et al. 
2011). The EBR use in rape seedlings reduced the effects of inhibiting photochemi-
cal processes caused by Cd, reducing damage to photochemical RC and OEC, and 
also supporting efficient transport of the photosynthetic electron. EBR enhanced 
TR0/CS, ET0/CS, and φP0, as well as Ψ0. EBR limited the Cd-induced increase in 
dissipation of excitation energy (DI0/CS), while at the same time protecting the 
OEC complex from a decrease in activity (Janeczko et al. 2005).

EBR mitigated the negative actions of Cd in the light phase of photosynthesis in 
plants Vigna unguiculata (Santos et al. 2018), Triticum aestivum (Hayat et al. 2014), 
Phaseolus vulgaris (Wael et  al. 2015), and Carthamus tinctorius (Moradi and 
Ehsanzadeh 2015), minimizing negative effects on F0, Fm, and Fv/Fm. Janeczko 
et al. (2005) revealed an increase in Fm after EBR treatment of plants subjected to 
Cd stress. However, with a high Cd concentration in Zea mays, a decrease in Fm 
values was observed (Wang et al. 2009). The use of EBR led to an increase in ΦPSII 
and qP values in Cd-treated plants, which indicates an increase in photon absorption 
for use in photochemical reactions and an improvement in the ability of plants to 
absorb excitation energy in PSII reaction centers (Santos et al. 2018).

Epibrassinolide attenuates NPQ and the amount of excess energy of photosystem 
II in Cd-treated plants, thereby reducing thermal dissipation associated with excita-
tion energy (Santos et al. 2018). This indicates an excessive excitation of photosys-
tem II with an excess of light. In this case, excess energy can be eliminated by 
quenching to exclude the destruction of photosystem II (Silva et al. 2012). In plant 
photosystems, under the Cd influence, the electron transport rate decreases (Silveira 
et al. 2015). According to Santos et al. (2018), EBR treatment mitigated the negative 
effects of Cd on the ETR by increasing the redox efficiency of PQ.

Epibrassinolide treatment significantly increases photosynthetic assimilation of 
CO2 (Anuradha and Rao 2009; Ahammed et al. 2012), contributing to an increase in 
dry weight of the plant (Hayat et al. 2000; Yu et al. 2004). BR increases the Chl 
content (Hayat et al. 2012), apparently as a result of the expression of genes synthe-
sizing these pigments (Bajguz 2011). Epibrassinolide stimulates the activity of pho-
tosynthesis both by expressing genes and by increasing the enzyme activities of the 
Calvin cycle (Jiang et al. 2012).

In plants under Cd stress, a sharp reduction in the activity of carbonic anhydrase 
(EC 4.2.1.1) occurs (Anuradha and Rao 2009), which catalyzes the invertible con-
version of HCO3 and CO2 and thereby is able to regulate the CO2 applicability for 
Rubisco (Badger and Price 1994). However, enzyme activity can be restored 
using EBR.
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The molecular defense mechanism of photosynthetic reactions using EBR may 
enhance the activities of antioxidant systems (Rady 2011; Mazorra et  al. 2002), 
which limit the development of Cd-induced oxidative stress (Ahammed et al. 2013). 
The use of EBR can reduce the content of ROS and MDA in affected plants, that is, 
BR can alleviate the effects of Cd stress (Hasan et al. 2008, 2011; Ahammed et al. 
2012, 2013). Treatment with epibrassinolide reduces electrolyte leakage that occurs 
after treatment of plants with Cd (Allagulova et al. 2015; Santos et al. 2018). The 
decrease in oxidative stress is due to BR-induced enhancement of antioxidant activ-
ity and subsequent uptake of ROS (Cui et al. 2011).

Epibrassinolide increases the activities of glutathione S-transferase, peroxidase, 
and GR (Ahammed et al. 2012). The use of EBR under Cd stress can significantly 
increase the transcription of antioxidant enzyme genes (Ahammed et  al. 2012, 
2013). An increase in the activities of these enzymes can occur both by stimulating 
gene expression in de novo synthesis and by activating existing enzymes in response 
to BR treatment (Cui et al. 2011). Pretreatment of EBR radish seeds contributed to 
an increase in nitrate reductase activity under stress Cd (Anuradha and Rao 2009).

In addition, EBR treatment leads to the induction of secondary metabolism 
enzymes and also enhances their catalytic activity (Ahammed et  al. 2013). The 
increased activity of phenylalanine ammonia lyase may contribute to the accumula-
tion of phenols and flavonoids (Dixon and Paiva 1995), which can detoxify ROS 
(Wang et  al. 2011). Activation of cinnamyl alcohol dehydrogenase means an 
increase in the cinnamic alcohol formation involved in the lignification process 
(Mitchell et al. 1994).

The efficiency of the protective effect of EBR increases in older tissues (Janeczko 
et al. 2005). This phenomenon may be due to a correlation between the increase in 
Cd toxicity and tissue age or the effects of heavy metals for a long time (Krupa and 
Moniak 1998). In plants subjected to simultaneous exposure to EBR and Cd, 
ETR/PN value decrease, indicating that Mehler’s reaction, photorespiration, and 
CO2 assimilation used less photochemical energy (Fang et al. 2011). The ETR/PN 
ratio can reflect the power of alternative electron sinks (Silva et al. 2010) and is used 
as a criterion for the rate of photorespiration as a defense system (Palliotti et al. 2015).

15.7.6  Decrease in Cd Toxicity Under Salt Stress

The effect of Cd on photosynthesis reactions can be largely indirect due to func-
tional changes in other physiological processes (Burzyński and Kłobus 2004), for 
example, due to impaired absorption and distribution of nutrients (Krupa et  al. 
2002) and induction of ROS (Dietz et al. 1999). The disturbance of water metabo-
lism observed in Cd stress (Poschenrieder and Barceló 1999) leads to an increase in 
stomatal resistance (Baryla et al. 2001) and, consequently, CO2 absorption (He et al. 
2008; Asgher et al. 2014). A decrease in the concentration required for the assimila-
tion of intracellular CO2 may lead to a decrease in the photosynthetic activity (Shi 
and Cai 2008; Ahammed et al. 2013; Xue et al. 2018).
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The effect of Cd on photosynthesis occurs due to a change in the activity of reac-
tions of the light and dark stages, as well as a decrease in the rate of Chl synthesis 
(Ebbs and Uchil 2008), and also by reducing the amount of the oxygen evolving 
complexes (Janeczko et al. 2005). The negative effects of Cd on Rubisco as the main 
CO2 fixation enzyme have been shown (Ishida et al. 1999).

The study of the effect of different concentrations of Cd in solution on wheat 
seedlings lacking the root system made it possible to exclude the effect of the root 
conducting system on metal absorption. Our studies have shown that Cd reduces the 
rate of photosynthesis (Table 15.1). The introduction of Cd into the solution caused 
a reduction in the ETR of chloroplasts, the maximum rate and efficiency of the car-
boxylation reaction, and the rate of utilization of triose phosphates.

Changes in the physiological parameters of the leaves were observed for 4 days 
using high (0.1 mM) and ultrahigh (1 and 5 mM) concentrations of Cd2+. The use of 
0.1 and 1 mM Cd2+ led to a gradual decline in the relative water content and Chl 
content in the leaves, as well as in the rate of photosynthesis, as assessed by the 
photosynthetic O2 evolution rate (Figs.  15.1–15.3). At ultrahigh concentrations 
(5 mM) of Cd2+, a significant decrease in photosynthetic activity occurred already 
during the first hours after treatment with Cd.

The violation of water metabolism of plants under the action of Cd occurred 
simultaneously with a decline in the water content in the leaves, which is very simi-
lar to the process observed at salinity. The simultaneous presence of Cd in a 50 mM 
NaCl solution led to the activation of anti-stress defense mechanisms. The presence 
of NaCl in solutions with a high concentration of Cd2+ (0.1 and 1 mM) had a para-
doxically positive effect on the photosynthetic O2 evolution rate. In the first 6 h of 
incubation, a sharp decrease in photosynthetic activity occurred. Subsequently, the 
rate of O2 release in the presence of Cd + NaCl exceeded that of plants with one Cd 
(Fig. 15.1a, b), which may be due to the inclusion of protective mechanisms. The 
mechanism of this phenomenon is not yet clear. Given the rapid response of plants, 
it is possible that Na+ has a direct effect on the oxygen evolving complex PSII, 
removing the inhibitory effect of Cd. The addition of NaCl had no noticeable effect 
on the relative content of water and Chl in the leaves of the plants, although their 
content decreased during the experiment (Figs. 15.2 and 15.3). The extremely high 
concentration of Cd2+ (5 mM) caused a rapid irreversible decline in photosynthetic 
activity despite the presence of NaCl (Fig. 15.1c).

Table 15.1 The PN/Ci curve parameters of Triticum aestivum seedlings treated with 0.1 mM Cd2+

Parameters Control 0.1 mM Cd

The maximal rate of СО2 uptake, μmol CO2 m−2 s−1 5.96 ± 0.22 3.84 ± 0.12
Rate of nonphotorespiratory CO2 efflux in the light, μmol CO2 m−2 s−1 0.41 ± 0.02 0.46 ± 0.02
Efficiency of carboxylation, μmol CO2 m−2 s−1 Pa−1 0.17 ± 0.01 0.13 ± 0.01
The maximal rate of a carboxylation, μmol m−2 s−1 6.15 ± 0.26 4.0 ± 0.22
Rate of electronic transport at a light saturation, μmol m−2 s−1 15.9 ± 0.81 7.6 ± 0.32
Rate of recycling triosophosphates, μmol m−2 s−1 1.27 ± 0.08 1.1 ± 0.05
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Fig. 15.1 Photosynthetic release of O2 during incubation of wheat seedlings in Cd2+ solutions of 
various concentrations with the addition of 50 mM NaCl
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Fig. 15.2 Relative water content (RWC) of wheat seedlings in Cd2+solutions of various concentra-
tions with the addition of 50 mM NaCl
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15.8  Cd Effect on C-Metabolism

The carbohydrate metabolism of plants directly depends on the activity of the pho-
tosynthetic apparatus and its inhibition in the presence of Cd (Weigel 1985; 
Baszyński 1986). In the shoots of rice plants under the influence of Cd, the total 
content of carbohydrates increases, and the distribution of assimilates between 
organs also changes. Carbohydrate content increases in the stem and leaves, but 
remains unchanged in the roots (Moya et al. 1993). Large amounts of starch also 
accumulated in the cells of the microalga Koliella antarctica (La Rocca et al. 2009). 
Perhaps this is due to a sharp suppression of growth and a decrease in the nutritional 
need of cells (La Rocca et al. 2009). In contrast, sugar beet roots and shoots showed 
a decline in sugar after exposure to Cd (Greger and Bertell 1992).

In rice seedlings, treatment with 0.1 mM Cd blocked the movement of stored 
carbohydrates from seeds to the rest of the plant (Moya et al. 1993). A decrease in 
transport speed may result from the slowdown in several transport processes, includ-
ing loading, transferring, and unloading (Samarakoon and Rauser 1979). A larger 
upbuilding of carbohydrates in the seeds may be associated with a lesser loading in 
the source areas. Blocking the movement of stored carbohydrates and reducing 
unloading in the final tissue explain the accumulation of substances in the stem, but 
not in the root.

On the other hand, the accumulation of carbohydrates may be associated with an 
increase in the glyoxylate pathway under the conditions of disturbance of the dark 
reactions of photosynthesis in Cd-treated plants. Indeed, under these conditions, the 
activation of glyoxylate pathway enzymes, namely isocitrate lyase and malate syn-
thase, has been shown (Gillet et al. 2006). An increase in the activity of one of the 
glycolysis enzymes, phosphoglycerate mutase, was also noted. However, due to the 
reversibility of the reaction, under conditions of Cd stress, this enzyme is apparently 
involved in the process of gluconeogenesis and the synthesis of sugars from acetate.

Under conditions of Cd stress, a significant accumulation of starch occurred in 
rape culture (Shukla et al. 2003). In this regard, the reaction of the plant to the pres-
ence of Cd is similar to the reaction of photosynthetic plant tissues to darkness. 
Filek et al. (2010) suggested that starch accumulation may be due to the formation 
of a starch radical as a result of redox processes induced by Cd, when excess elec-
trons are fixed on the starch polymer matrix.

On the other hand, during starch accumulation, Cd binds to SH groups of fruc-
tose 1,6-bisphosphatase in the cytosol, which inhibits the synthesis of sucrose and 
limits the recirculation of phosphates between the cytoplasm and chloroplasts 
(Sharkey 1990). Inhibition of P-metabolism enhances starch synthesis. Similar pro-
cesses occur at high CO2 or low temperatures in C3 plants (Pietrini et al. 2003).

At the same time, Gillet et al. (2006) observed an increase in uridine diphosphate 
(UDP)-glucose:protein transglucosylase activity (EC 2.4.1.112) involved in the 
synthesis of protein-bound alpha-glucan. The enzyme may be associated with 
reversible glycosylated polypeptides, which are highly conserved plant-specific 
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proteins, which can perform self-glycosylation. This increase may be the reason for 
the accumulation of starch in Cd-treated plant cells (Nishikawa et al. 2003).

15.9  Cd Effect on N-Metabolism

Carbon dioxide is the final electron acceptor of the transport chain of photosystems. 
In conditions of CO2 deficiency, for example, in the case of Cd stress, excess light 
energy is partially dissipated (Qiu et al. 2003), but can also be used to recover alter-
native electron acceptors (Eichelmann et al. 2011), for example, NO2

−, the reduc-
tion of which occurs by means of a light-dependent nitrite reductase. Since eight 
electrons are required for the photoassimilation of each NO2

− molecule into gluta-
mate, compared to four electrons for CO2 assimilation (Robinson 1986), photore-
duction of carbon dioxide predominates under normal conditions. It would seem 
that under the conditions of CO2 limiting under Cd stress, the main flow of the 
electron transport chain can be redirected to the restoration of alternative electron 
acceptors. Indeed, a decrease in photosynthetic activity under Cd stress is accompa-
nied by an increase in demand for N-compounds in the plant, which may be due to 
the participation of N in the regulation of photosynthesis (Marschner 1995). 
However, in the plant there is a close relationship between C and N metabolism. 
There is a synchronous decrease in photosynthesis and photosynthetic nitrogen-use 
efficiency (Khan and Khan 2014). In turn, a correlation was found between the N 
content and photosynthesis activity (Iqbal et al. 2011), as well as the Rubisco con-
tent and S-metabolism (Iqbal et al. 2012). N limiting can lead to a high decrease in 
the photosynthetic efficiency (Resurreccion et al. 2001). In fact, treatment with high 
concentrations of Cd reduces the total N content, which leads to an imbalance 
between C, S, and N metabolism and, as a result, growth inhibition and a decrease 
in resistance to Cd stress (Gill et al. 2012).

It is assumed that a decrease in nitrogen use efficiency implies a lower N quota 
appropriated to the photosynthetic apparatus (Takashima et al. 2004). Indeed, in the 
presence of Cd, a decrease in the activity of nitrate reductase was observed 
(Anuradha and Rao 2009; Gill et al. 2012), a key enzyme for fixing inorganic N 
from the soil, reducing NO3

− to NO2
−. At relatively high Cd levels (100 μM), is 

decreased glutamine synthetase activity (Devriese et al. 2001), which catalyzes the 
synthesis of glutamine from glutamate and NH4+. Gillet et al. (2006) suggested that 
low glutamine synthetase activity in the cytosol and chloroplasts under Cd stress 
may be associated with an inhibition at the expression level. Inhibition of glutamine 
synthetase may contribute to an increase in the level of glutamate required for the 
biosynthesis of proline, glutathione, and phytochelatins. This assumption is also 
confirmed by an increase in the activities of methionine synthetase, catalyzing the 
final stage of methionine biosynthesis, and S-adenosylmethionine synthetase, cata-
lyzing the first stage of cysteine biosynthesis from methionine (Gillet et al. 2006). 
Cysteine can later be used for glutathione biosynthesis.
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As a result of inhibition of photosynthetic activity due to Cd stress, it becomes 
necessary to obtain ATP from other sources. In this case, enzymatic pathways with 
a lower consumption of ATP per electron begin to prevail (Eichelmann et al. 2011), 
which is accompanied by the formation of additional ATP (Noctor and Foyer 1998), 
which can be used in the synthesis of secondary metabolism substances. In plants at 
Cd stress, ATP synthase activity may increase, leading to activation of ATP metabo-
lism and consumption (Kalaji et al. 2014). Gillet et al. (2006) found that with Cd 
stress there is an increased expression of ATPases in various organelles, as well as 
inorganic pyrophosphatase. Nishikawa et al. (2003) revealed a correlation between 
P-metabolism and Cd detoxification during vacuolization.

15.10  Proline Accumulation

Cadmium toxicity can also be neutralized by proline accumulation (Siripornadulsil 
et al. 2002). In fact, the accumulation of nitrogen-containing compounds, including 
proline, is part of a general strategy for adapting plants to the negative effects of 
various stresses (Hare and Cress 1997). Cadmium is one of the strongest producers 
of proline among other heavy metals (Alia 1991). Increased resistance to Cd stress 
as a result of proline accumulation has been shown in several studies (Shevyakova 
et al. 2003; Moradi and Ehsanzadeh 2015). Synthesis of proline is carried out with 
the expenditure of a large amount of energy. However, under stressful conditions, 
these costs are justified, since in large quantities proline is able to maintain cell 
homeostasis (Hare and Cress 1997), stabilize the enzyme structure (Demiral and 
Türkan 2005), enhance membrane stability, and participate in ROS protection (Khan 
et al. 2007). An increase in the NADP+/NADPH ratio as a result of proline biosyn-
thesis stimulates the oxidative pentose phosphate pathway and, thus, provides pre-
cursors for the production of secondary metabolites (Hare and Cress 1997). In 
addition, proline can serve as an energy source in the restoration of plants after 
stress exposure (Hare and Cress 1997).

15.11  Conclusion

Various mechanisms of the toxic effect of cadmium on plant photosynthesis are 
presented. The action of Cd can be divided into a direct effect on the photosynthetic 
apparatus in chloroplasts and indirectly, with the participation of various physiolog-
ical and metabolic processes localized both in the leaves and in other organs of the 
plant. It is shown that there are many local targets for the action of Cd on the photo-
synthetic apparatus, which to some extent affect the photosynthesis process, among 
which it is difficult to single out the main direction of the toxic action of the ion. 
Accordingly, it is difficult to develop general principles for counteracting Cd toxic-
ity on the photosynthetic apparatus. The most effective way to avoid the effects of 
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Cd toxicity is to use plant species that are most resistant to the absorption of Cd 
from the soil. The remaining measures of protection against absorbed Cd are in the 
process of formation and study of the physiological and biochemical bases of the 
existing mechanisms. We hope that this review will help solve this problem.
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Abstract Many metal elements are essential for plant growth at low concentrations 
but their excessive levels in the rhizosphere may cause phytotoxicity depending 
upon the fact that metals are easily absorbed and translocated in soil–plant systems. 
Nonessential metals/metalloids, i.e., Pb, Cr, Cd, As, Hg, etc., initiate a series of con-
secutive and/or parallel events at morphological, physiological, and molecular levels 
in aquatic plants depending on the nature of element and plant species. This chapter 
emphasizes the responses of aquatic macrophytes to metals/metalloids, with possi-
ble implementation in phytoremediation techniques. Metal-triggered growth inhibi-
tion, alterations in enzyme activities, inhibition of photosynthesis, changes in 
nutrient acquisition and metabolism, and the formation of free radicals are the major 
components reviewed in this book chapter. Discussion about the metal toxicity 
avoidance strategies like fluctuations in rhizospheric environments, plasma mem-
brane exclusion, cell wall immobilization, phytochelatin-based sequestration and 
compartmentalization processes, stress proteins, and metallothioneins is also within 
the scope of this chapter. Metal tolerance in aquatic plants is more likely involved in 
an integrated network of multiple response processes generally described as “fan- 
shaped response” rather than several isolated functions described above. Plant toler-
ance to metals/metalloids is mainly determined from its transport across plasma 
membrane and tonoplast in plant. The appropriate understanding of metal-triggered 
ecophysiological responses of aquatic plants may make it promising to use them for 
treatment of metal polluted waters and soils.

Keywords Aquatic plants · Defense mechanisms · Ecophysiological responses · 
Metals/metalloids · Phytofilteration · Phytostabilization · Tolerance
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16.1  Introduction

Heavy metals (HMs) are continuously added into the water reservoirs and aquatic 
bodies by both anthropogenic and natural processes such as household sewage and 
industrial effluent liberations, mining, electronic waste, farming, and fluctuations in 
natural climatic events like storms and floods (Tanwir et al. 2015). This results in a 
rapid increase of metal content of aquatic reservoirs, which directly are available to 
aquatic animals such as a wide variety of fishes and aquatic invertebrates living 
inside it. It is also initiating a comprehensive array of negative biological effects on 
growth of aquatic fauna and flora, ranging from being vital for living organisms to 
those being fatal, respectively. The presence of low concentrations of metals in 
water reservoirs is required for different species of plants and animals living in the 
aquatic environment. These includes micronutrients (Zn, Cu, Fe, Co, Mn, Cr, Mo) 
and macronutrients (Mg, Ca, P, N, S, K), but in case of increase of these metals from 
threshold level, they will cause fatal effects leading not only to reduction in growth 
but also to reduced rate of metabolic processes together with reproduction, with 
concern on the whole trophic chain comprising humans (Asati et al. 2016). In addi-
tion, metals having no essential role in plant metabolisms, such as Cd, Pb, As, Ni, 
and Hg, accelerate the global poisonous effect on organisms at very low concentra-
tions. High concentration of metals in aquatic bodies could be highly dangerous for 
natural diversity and also to human health. This is because of the long persistence in 
water, toxic properties, bioaccumulation in living organisms, and biomagnification 
in the food chain (Javed et al. 2019). Toxic metal contamination is an international 
problem; thus, international rules and regulations are demanded for maintenance of 
water quality at specified limits of the WHO in freshwater, marine water, and 
groundwater and also in biota (Gheorghe et al. 2017). At present, according to the 
European Water Framework Directive (EUWFD, 2000/60/EC), five major charac-
teristics including biological parameters, such as macrophytes, phytoplankton, ben-
thic invertebrates, phyto-benthos, and fishes, concern hydro-morphological water 
quality and chemical properties, which are required for the assessment of ecological 
status of water bodies. The effect of metals on biotic life of water reservoirs is an 
important indicator of water quality (Javed et al. 2019). Fishes and mollusks are 
important aquatic organisms which are used as indicators of water quality due to the 
metals in water bodies. Aquatic plants give important information to forecast the 
rank of oceanic environment, because they are immobile and quickly attain equilib-
rium with their surrounding environment. Aquatic plants can take up large amounts 
of heavy metals in their tissues. Many studies have been published on the use of 
aquatic plants for the elimination of heavy metals from contaminated water reser-
voirs (Mishra and Tripathi 2009). Normally resilient and progressive associations 
have been present among metal concentrations in plants and water and/or between 
sedimented metal concentration in soil and aquatic plants (Bonanno and Giudice 
2010).The maximum metal uptake (bioconcentration factors [BCF]) was reported 
for nickel and cadmium uptake by Typha sp. (BCF = 0.8 and 1.3, respectively) and 
for zinc increase in Juncus sp. (BCF = 4.8) (Ladislas et al. 2012).
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Various physical and chemical methods are used to remove the metals from water 
bodies but most of them are not appropriate due to high cost and less performance. 
The chemical processing of wastes also produces a large amount of chemical sludge 
that increases the cost of the project (Rakhshaee et al. 2009). Thermal and chemical 
processing of wastewater is a difficult process at a large scale, since it is too costly 
and also degrades the valuable components of water and soil (Gaur and Adholeya 
2004). Recent increase in concerns regarding the heavy metal contamination of 
water reservoirs has originated an increase of suitable technologies to calculate the 
presence and mobility of metals in water, soil, and wastewater. Currently, phytore-
mediation is one of the effective and cheap solutions which are used to remove inac-
tive metals and other metallic pollutants from polluted water and soil (Javed et al. 
2017, 2018, 2019). Phytoremediation is the use of hyperaccumulating plants to take 
up large amounts of contamination from water, sediments, and soil. This technology 
does not harm the environment and is cost-effective. Hyperaccumulators are those 
plants which are capable of taking up large amounts of toxic metals (Cho-Ruk et al. 
2006). Phytoremediation is successful because it uses the natural system of exclu-
sive and selective accumulation abilities of plants, such as translocation to different 
parts of the plant body, bioaccumulation, and degradation of contaminants by the 
plant body (Tangahu et  al. 2011). Many plant species are successfully used for 
absorbing heavy metals and metalloids such as cadmium, lead, arsenic, chromium, 
and numerous radionuclides from water and soils. One unique type of phytoreme-
diation is phytoextraction, which can be used to remove metallic contaminants from 
soil of those having known biological function inside the plant body (Fe, Zn, Mn, 
Mg, Cu, Ni, Mo) or those having no specific known function in the plant body (Cd, 
Pb, Cr, Ag, Co, Hg) (Tangahu et al. 2011).

Phytofiltration is another type of phytoremediation that can be suitable in site 
plantation of hyperaccumulating plants in contaminated water bodies and is fre-
quently appropriate for aquatic plant species (Olguín and Sánchez-Galván 2012). 
Aquatic macrophytes are capable of absorbing heavy metals not only from the 
water, but also from the surrounding soil. Normally, aquatic plants can hyperaccu-
mulate high quantities of heavy metals. Due to that characteristic, these plants are 
used to eliminate toxic substances from the water environment and they also serve 
in biomonitoring of polluted water bodies (Cardwell et al. 2002). Aquatic plants 
exhibit phytofilteration under diverse contaminated water conditions and heavy 
metal presence.

Some plants have an additional ability to take up metals which have no known 
biological functions inside the plant body. Aquatic plants are among these plants 
and are able to accumulate higher concentrations of different metallic contami-
nants such as Pb, Cd, Hg, Cr, Ar, Ni, Zn, Cu, and Fe from wastewaters (Duman 
et al. 2010; Rai 2010; Rahman and Hasegawa 2011). Macrophytes are a type of 
aquatic plants that grow inside or near water bodies and are classified into three 
major groups (submerged, emergent, and floating plants). Aquatic plants have dif-
ferent roles in different situations and these roles are reported by diverse studies 
such as the ability to remove toxic metals (Skinner et al. 2007), act as bio-moni-
tors of metallic contents in water bodies (Pajevic et al. 2004), and capacity to act 
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as  biological filters. The aquatic environment is different from terrestrial ones, 
because higher uptake by plants is enabled by dissolution of contaminants in 
water, which may increase the accumulation of metallic contaminants (Javed et al. 
2019). Hence, aquatic macrophytes often face the first connection to metal con-
taminants of aquatic bodies. The main mechanisms behind the hyperaccumulation 
of toxic metal substances by aquatic plant are the existence of their strong antioxi-
dant machinery (Israr et al. 2006) and production of nontoxic metallic complexes 
(Malec et al. 2009).

16.2  Heavy Metals or Metalloids and Their Availability 
in the Plant–Soil System

Heavy metals consist of a large and heterogeneous group of elements generally dif-
ferent from each other in their biological functions and chemical characteristics. 
Heavy metals are generally included in the environmental pollutants’ group of met-
als because of their toxic effects on the growth and metabolism of animals, plants, 
and human beings. Various anthropic events such as smelting and mining processes 
and use of sewage water for agriculture resulted in a locally increased concentration 
of heavy metals such as Cd, Pd, Cr, As, Ni, and Co in soil up to unsafe levels (Javed 
et al. 2017). These metals are highly persistent in the natural environment; there-
fore, they are transferred into water, soil, and plant bodies. Humans can consume 
the plants as food which results in indirect intake of heavy metals from food, which 
can cause severe health issues. Aquatic organisms are affected by these metals due 
to their leaching from different point sources, giving rise to accidental mixing of 
toxicants in the environment (Javed et al. 2019). Due to this, metal pollution poses 
a great danger to aquatic flora and fauna, particularly to fishes, a major source of 
protein for humans (Rajeswari and Sailaja 2014).

Heavy metals are a diverse group including 19 elements which show many simi-
lar chemical and physical characteristics and are different from all other known 98 
elements. Cadmium, lead, and mercury are the most toxic heavy metals and have no 
known biological function. The heavy metals including Cu, Cr, Mn, Sn, Zn, and Ni 
are nonbiodegradable, and once diffused into the water bodies, they cause perma-
nent toxicity. Due to the nonbiodegradability of these metals, their toxicity causes 
severe types of damage to biological systems (Tanwir et al. 2015). Heavy metals 
including Pb, Cd, Hg, and Co are different from others because they are easily taken 
up by living tissues, resulting in various kinds of dangerous disorders and diseases 
even at very small quantities (Rajeswari and Sailaja 2014).

The term heavy metal arise from the classification of Gamelan in 1817; he 
divided the known elements into light metals, heavy metals, and nonmetals. “A 
metal with high specific gravity and higher atomic weight is called heavy metal.” 
The specific gravity of heavy metals ranges from 5.30 to 22.00 and the atomic num-
ber is always higher than 20 (Rajeswari and Sailaja 2014).
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16.2.1  Lead (Pb)

Lead (Pb) is a heavy metal in group fourteen of the periodic table. The atomic mass 
of lead is 207.2, with atomic number 82 and specific density 11.4 g cm−3. Lead has 
a high boiling point (1749 °C) and low melting point (327.40 °C). Sulfur is capable 
of combining with lead to produce PbS and PbSO4. Oxygen also chemically reacts 
with lead to give rise to PbCO3 whose concentration ranges from 9.5 to 30 mg kg−1 
in the upper layer of the earth (Javed et al. 2017). Lead is obtained from rocks and 
commonly used as bearings, solders, cable covers, caulking, pigments, plumbing, 
ammunition, Sb and Sn sleeve bearings, high-detail castings, and flex printing. Ionic 
lead, lead oxides, Pb (II), lead–metal oxyanion complexes, and lead hydroxides are 
the common forms of lead that diffuse into the soil, surface waters, and groundwater 
by industrialization processing. Lead hydroxyl complexes and Pb (II) are the two 
most stable form of lead. Lead (II) is also the most reactive form of Pb which is 
involved in the formation of mononuclear and polynuclear hydroxides and oxides. 
Lead hydroxides and lead sulfides are the most stable ores in the soil, which increase 
the soil sulfide levels by reduction (Rajeswari and Sailaja 2014).

16.2.2  Chromium (Cr)

Elemental chromium (Cr) is a heavy metal with atomic mass 51.99 and atomic 
number 24.00 which is naturally found in the earth’s crust. The specific density of 
chromium is 7.19 g cm−3 and it has three oxidation states which extend from Cr (II) 
to Cr (VI) (Jacobs and Testa 2005). Chromium produces stable compounds in triva-
lent [Cr (III)] form and naturally occurring ores contain the state ferrochromite. Cr 
(VI) is the second most stable form (Patlolla et al. 2009). Industries are the major 
source of anthropogenic release of chromium to water, soil, and air but it also is 
released due to the natural leaching processes of metals. Tanneries, chromate pro-
duction, metal processing, chrome and ferrochrome pigment production, and stain-
less steel welding are the major industrial units which release chromium as a waste 
product (Tchounwou et  al. 2012). Chromium is always released in the soil and 
water in hexavalent state [Cr (VI)] (Jacobs and Testa 2005). Hexavalent chromium 
[Cr (VI)] is a highly dangerous toxin released due to industrial processes and causes 
carcinoma production in human beings (Velma et al. 2009). Naturally Cr (VI) con-
centration was recently found at 50 μg per liter in drinking water which is above the 
World Health Organization permitted limit for water (Velma et al. 2009). Chromium 
is used in several industrial practices and occurs in all kinds of ecosystems (Wang 
et al. 2006). Major factors leading to the harmful effects of Cr complexes are the 
solubility and oxidation state.
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16.2.3  Nickel (Ni)

Nickel (Ni) is a white silvery toxic heavy metal at high concentrations with atomic 
mass 58.69 and atomic number 28 and is ranked 24th among the most abundant 
metals in the upper surface of the earth. It comprises about 3% of total matter on 
earth. The density of nickel is 8.9 g cm−3 and is also ranked as the fifth element on 
earth by weight after Fe, O2, Mg, and Si. Nickel belongs to the transition series of 
group 10 in the modern periodic table along with other elements. It is a corrosion- 
resistant metal, but it can easily dissolve in weak oxidizing acids. Naturally occur-
ring nickel is a blend of five different stable isotopes. However, it is also present in 
19 other unstable isotopic forms. Though nickel can occur in numerous oxidation 
states (−1, +1, +3, and + 4), the widespread oxidation state under environmental 
situations is Ni (II). Nickel is a universal trace metal and released in the air, soil, and 
water samples in the biosphere by anthropic and natural sources. Various nickel 
compounds are used in different industrial units such as nickel carbonate, nickel 
acetate, nickel oxide, and nickel hydroxide (Hall et  al. 2015). These complexes 
leach into the soil and environment and are ultimately taken up by plant tissues. 
They can enter into the food chain via plants and generate toxic effects on the health 
of animals and human (Cempel and Nikel 2006). In water reservoir, Ni enters by 
solubilization of nickel and biological cycles and sedimentation by natural pro-
cesses. pH is an important factor which controls the solubilization of nickel in soil. 
At pH 6.5, Ni compounds are present in soluble form, while at pH 6.7, Ni is found 
as insoluble hydroxides. Nickel is a metabolically vital micronutrient for normal 
plant growth and an important component of the enzyme urease which plays a vital 
role in nitrogen metabolism. It is highly phytotoxic when present in higher concen-
trations (Hall et al. 2015). The annual global addition of Ni to the human environ-
ment is almost 150,000 to 180,000 metric tons per annum.

16.2.4  Cadmium (Cd)

Cadmium is located in the second group of the transition elements. Cadmium’s 
atomic mass is 112.4, atomic number 48, and specific density 8.65 g  cm−3. It is 
highly toxic in its ionic form. Cadmium is mostly emitted into the natural environ-
ment by burning of coal in industries. Other important sources of Cd are emission 
from industrial paints and manufacturing of batteries (Nazar et al. 2012). Detergents, 
fertilizers, pesticides, biosolids, and refined petroleum materials also contain some 
Cd. Cadmium is used as an electrode in Ni–Cd batteries (Agency for Toxic 
Substances and Disease Registry (ATSDR) 2012). Therefore, it is important to 
study and control the potential consequences of application of sewage sludge to 
soils used for crops, as it could contain toxic amounts of cadmium. A common indi-
cator of Cd uptake in human beings is painful osteomalacia.
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16.2.5  Arsenic (As)

Arsenic is a global element with atomic number 33 and atomic mass 74.92; it is 
always present only at low concentration in all sorts of environments. Trivalent and 
pentavalent states of inorganic arsenite and arsenate naturally exist and its density 
is 5.72 g cm−3, while three organic substances also exist in the form of methylated 
metabolites: trimethylarsine oxide, dimethylarsinic acid (DMA), and monomethy-
larsonic acid (MMA). Natural leaching of arsenic takes place through various kinds 
of natural phenomenon like soil erosion, volcanic eruptions, and human activities 
(ATSDR 2012). Industries are also another important source of arsenic compound 
production which may cause the increase of arsenic in the natural ecosystem such 
as algicides, insecticides, fungicides, herbicides, dyestuffs, wood preservatives, 
and sheep dips. Arsenic is also used in different kinds of veterinary medicines 
which are used for the abolition of tapeworms in cattle and sheep (Centeno et al. 
2005). Arsenic is still used in drugs in Africa for the treatment of amoebic dysen-
tery, African sleeping sickness, black head in chicken and turkeys, and filariasis in 
dogs (Centeno et al. 2005).

16.2.6  Mercury (Hg)

Mercury is another important heavy metal present in group IV and row VI of the 
modern periodic table. Mercury has an atomic weight of 200.6, atomic number of 
80, and specific density of 13.60 g cm−3. It is typically produced as a by-product of 
metal refining processes. It is also liberated in the ecosystems by liberation of coal 
and its products in industries causing contamination of the natural environment 
(Driscoll et al. 2013). Another important source of mercury contamination is at side-
ways of gas and oil pipelines. In the natural environment, mercury is present in 
different forms like elemental form (Hg), mercuric ion form (Hg2+), and alkylated 
mercurous form (methyl- or ethyl-Hg2+). Mercurous and mercury are the two most 
important and highly stable forms in oxidizing conditions. The most noxious form 
of mercury is its alkylated forms which are highly volatile in air and readily soluble 
in water. The elimination of mercury in solution form contamination sites is possi-
ble by the use of some techniques like sorption to soils, humic materials, and sedi-
mentation (Rajeswari and Sailaja 2014).

16.3  Aquatic Plants

Plants that grow in aquatic environment are called aquatic plants. Aquatic plants are 
divided into four major groups based on the growth form (submerged, floating, 
floating leaved, and emergent) (Materac and Sobiecka 2017):
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• Submerged plants: these plants typically grow inside water bodies and are rooted 
in mud present at the bottom.

• Floating leaved: these plants have anchoring roots on the soil surface and leaves 
floating on the water surface.

• Floating: the roots, branches, leaves, and stems of such plants are floating sub-
merged in water and they do not have any anchoring in soil.

• Emergent: these plants spread their leaves and shoots in the air from the water 
surface, although keeping their roots below the surface.

Some examples of wetland plant species are shown in Table 16.1 (Ikram et al. 
2013; Javed et al. 2019).

16.4  Uptake and Translocation of Metals/Metalloids 
in Aquatic Plants

Aquatic plants have two major types, as “accumulators” and “excluders.” 
Accumulators are those plants which can survive in the presence of high amount of 
toxic agents in their apical tissues (Sinha et al. 2004). They are capable of deforming 
toxic substances into less toxic ones in leaves and stems. Plants have modified them-
selves to take up essential micronutrients from soil with high efficiency when they 
are present even at low concentration. They have developed various kinds of meta-
bolic processes such as producing chelating chemicals, redox reactions, and encour-
aging pH changes in the root zone that would solubilize micronutrients from insoluble 
precipitates to soluble ones. They also have developed extremely specific mecha-
nisms for the storage and translocation of micronutrients. The toxic chemical sub-
stances like heavy metals have no specific mechanisms of accumulating in plant 
tissues. Toxic elements use the same mechanisms for its translocation, uptake, and 
storage in plant tissues which are used by essential micronutrients, because they have 
common chemical characteristics. Therefore, the mechanisms of essential micronu-
trients are important for phytoremediation. There are particular proteins present in 
the plasma membrane of plant cells which are involved in the uptake of ions and 
accumulation in tissues. They are: (1) proton pumps (ATPases are proton pumps that 
use energy and produce electrochemical gradients), (2) cotransporters and anti-trans-
porters (these are proteins that are able to use electrochemical differences by protons 
produced by ATPase pumps to facilitate the active uptake of ions), and (3) transport 
channels (these are also group of proteins that enable the transfer of ions into and out 
of the cells in a passive way). All mechanisms are used for the transport of various 
kinds of ions across the membrane. The main problem behind the uptake of metal 
contaminants is the interaction between different kinds of ions. First, plant roots take 
up ions from soil and then translocate these ions into the stems and leaves. Plants 
normally take up a small concentration of trace elements ranging from 10 to 15 ppm 
for its metabolic requirements and these ions are not usually stored in high concentra-
tions (Tanwir et al. 2015). But the hyperaccumulator plants are capable of uptake and 
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storage of these toxic heavy metals up to thousands of ppm. How hyperaccumulating 
plants can take up toxic metals, store them in the tissue, and survive under high toxic-
ity is a matter of concern. There are various toxicity avoidance mechanisms but the 
storage of toxic ions in the vacuole seems to be a major one (Javed et  al. 2019). 

Table 16.1 Aquatic plants which are important for phytoremediation

Sr. 
no

Types of aquatic 
plant Common name Scientific name Family

1 Submerged Curly-leaf pondweed Potamogeton crispus Potamogetonaceae
Marsh spike-rush Eleocharis palustris Cyperaceae
Hornwort Ceratophyllum 

demersum L.
Ceratophyllaceae

Water weed Elodea canadensis L. Hydrocharitaceae
Water milfoil Myriophyllum 

oliganthum L.
Haloragaceae

Celery leaf buttercup Ranunculus sceleratus L. Ranunculaceae

Water celery Vallisneria americana L. Hydrocharitaceae
2 Floating leaved Crested floating heart Nymphoides cristata Menyanthaceae

American water lotus Nelumbo lutea L. Nelumbonaceae
White water lily Nymphaea odorata L. Nymphaeaceae
Water velvet Azolla pinnata Azollaceae
Duckweed Lemna aequinoctialis Lemnaceae
Water snowflake Nymphoides indica Menyanthaceae
Pepperwort. Water 
clover

Marsilea quadrifoliata Marsileaceae

Lotus, sacred lotus Nelumbo nucifera Nelumbonaceae
Water lettuce Pistia stratiotes Araceae
Indian pondweed Potamogeton nodosus Potamogetonaceae
Purple-fringed riccia Ricciocarpus natans Ricciaceae
Giant duck weed Spirodela polyrrhiza Lemnaceae

3 Floating Swollen duckweed Lemna gibba Linn. Lemnaceae
Common duckweed Lemna minor Lemnaceae
Hydrilla Hydrilla verticillata Hydrocharitaceae
Water meal Wolffia spp. Nymphaeaceae
Water lettuce Pistia spathulata 

Michaux
Araceae

Water hyacinth Eichhornia crassipes L. Pontederiaceae
4 Emergents Cooper’s reed Typha latifolia Typhaceae

Narrow leaf cattails Typha angustifolia L. Typhaceae
Elephant grass Typha elephantina Typhaceae
Cattails Typha spp. Typhaceae
Whip grass Hemarthria compressa Poaceae
Wooly bulrush Scirpus cyperinus L. Cyperaceae
Reed canary grass Phalaris arundinacea L. Poaceae
Frogfruit Verbena nodiflora L. Verbenaceae
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Uptake of ions into the roots and transport to the shoot of hyperaccumulator plants 
are facilitated by evapotranspiration which generates a force to absorb essential and 
nonessential elements together with other substances present in the soil into the plant. 
This mechanism is also responsible for the transport of contaminants into the plant 
tissues (Salido et al. 2003). Metal-accumulating plants can store metals like Zn, Cd, 
Pb, Ni, Mn, and Co at a concentration 1000 times higher than non-accumulator plants 
can. The microorganism communities present in the rhizosphere like bacteria and 
fungi are helpful in the mobilization of essential and toxic ions into bioavailable 
forms (Erdei et al. 2005). The major mechanisms involved in the phytoremediation-
based removal of toxic heavy metals from the soil and water bodies are phytoextrac-
tion, phytostabilization, and rhizofiltration.

16.4.1  Phytoextraction

Phytoextraction is a technique of toxic heavy metal removal from the soil and water 
with the help of plants. In this technique, plants can take up, absorb, and translocate 
heavy metals through roots into the aboveground tissues. The plants can be har-
vested and burnt to obtain energy and ash and can be used for recycling of metals 
(Erakhrumen 2007).

16.4.2  Phytostabilization

Phytostabilization is a phytoremediation technique in which specific plant species 
are used which can immobilize the toxic metals into the water and soil using differ-
ent mechanisms like absorption, accumulation in different plant parts, adsorption on 
root surface, or precipitation in root zone that will help in the prevention of toxic 
metals from their transformation in soil, deflation, and transportation by erosion 
(Erakhrumen 2007). Specific species of plants can be used for the phytostabilization 
of specific metals. This idea was supported by a comparative study in which two 
aquatic plants, Typha domingensis and Phragmites australis, were successfully 
used for the stabilization of Hg and As. However, these two species are inefficient 
in case of phytostabilization of other toxic and essential metals (Bonanno 2013).

16.4.3  Rhizofiltration

Rhizofiltration is a technique used for the phytoremediation of toxicants present in 
aquatic bodies. Such plants are used that can precipitate the toxic metals onto 
roots, or take up and sequester or compartmentalize the metals into roots of plants. 
This technique is commonly used for the detoxification of wastewater present in 
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constructed wetlands (Erakhrumen 2007). Many species of aquatic plants are 
reported which are involved in the phytofilteration of pollutants. Eichhonia 
crassipes is an aquatic macrophyte that is used for the absorption of Pb, Cu, Zn, 
and Ni in water reservoirs. This plant is able to accumulate higher concentration of 
metals in roots than in shoots, due to the tap and fibrous root system found in this 
plant, which is involved in phytofiltration (Thayaparan 2013).

Many scientists have concluded that aquatic macrophytes act as a sink for heavy 
metals in the aqueous environment (Xing et al. 2013), and diverse aquatic plants 
take up variable quantities of diverse heavy metals. For example, various studies 
have exposed that floating aquatic plants like Eichhornia crassipes (Newete et al. 
2016), emergent aquatic plant species like Typha latifolia (Duman et al. 2016), and 
aquatic submerged plants like Ceratophyllum demersum and Hydrilla verticillata 
(Xue et al. 2012) and Potamogeton malaianus (Romero-Oliva et al. 2015) are capa-
ble of accumulating high concentrations of heavy metals. Due to this characteristic 
of aquatic plants, various species are used for the removal of toxic heavy metals 
from wastewater. The accumulation of toxic contaminants in tissues usually 
decreases by efflux from submerged to floating and then finally to emergent aquatic 
plants, but this arrangement is sometimes influenced by the aquatic water and type 
of plants (Peng et al. 2008). Ultimately, it will also depend on the concentrations of 
metals in the water reservoir, while surface sedimentation also is a vital pool of 
contaminants in the aquatic ecosystem. There is still a gap of knowledge about the 
ability of several aquatic plant species to take up and accumulate heavy metals, the 
relations among the aquatic plants, and the level of metal contamination in water 
and sediments (Romero-Oliva et al. 2015).

16.5  Morphophysiological Responses of Aquatic 
Macrophytes to Metal/Metalloid Stress

16.5.1  Effect on Growth

The growth of plants is an important component to sustain life on this planet. 
Nutrient availability in soil and water, air quality, and plant genotype are the major 
factors behind the normal external and internal growth of aquatic macrophytes 
(Jacoby et al. 2017). The increasing concentration of Ni in the ecosystem harshly 
disturbs the growth and other metabolic activities of plants. The higher concentra-
tion of Ni and other heavy metals in the aquatic environment negatively affects the 
normal growth of plants, which is an important character which is used to assess the 
toxicity level (Ashfaque et al. 2016). The different processes of reduction of plant 
growth and metabolism by Ni2+ are inadequately elucidated. Besides causing overall 
metabolic disorder, heavy metals reduce the flexibility of cell walls, possibly by 
directly binding to pectins and by preventing peroxidase action in the cell walls and 
intercellular space; these peroxidases are required for lignification and connections 
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among polysaccharides comprising ferulic acid. It is incidental that plant growth 
reduction by Ni and other heavy metals causes inhibition of metabolic procedures 
and stunted development, which lead to decrease of normal cell divisions. It is not 
known if the Ni is capable of entering the cell nucleus and if it is able to react with 
the nuclear protein and DNA or not (Ashfaque et al. 2016).

Heavy metals also affect other metabolic processes, plant physiology, and bio-
chemical properties of plants, and the most detrimental effects are growth inhibi-
tion, necrosis, chlorosis, changed stomatal action, leaf rolling, efflux of cations, 
decreased water potential, alterations in membrane functions, retardation of photo-
synthesis, altered metabolism, respiration, and enzyme activities (Dubey 2011). In 
plants, aquaporin damage due to the presence of heavy metals greatly affects the 
plant–water relation. Under heavy metal stress of two aquatic plants, Myriophyllum 
spicatum and Ceratophyllum demersum, aquaporin-related membrane transport is 
negatively affected (Georgiadou et  al. 2018). Chatterjee and Chatterjee (2000) 
reported that under Cr toxicity, the transpiration rate and water potential were 
decreased due to an increase in relative water content and diffusion resistance in 
cauliflower. Likewise, excess of Zn, Cu, and Mg constrains the germination of seeds 
and vegetative growth in barley, wheat, and rice (Mahmood et al. 2007). On the 
other hand, a high accumulation of Pb, Fe, and Cu resulted in abrupt decrease in 
germination at seedling stage of tomato (Mami et  al. 2011). Lamina minor is a 
highly tolerant species and can tolerate Pb and Zn at 4 and 10 mg/L, respectively. 
Lead is the most toxic heavy metal when it is present at 8 mg/L in water or soil. Pb 
and Zn at higher concentration showed severe damage to photosynthetic pigments 
and soluble proteins (Jayasri and Suthindhiran 2017).

Heavy metals are extremely dangerous if they accumulate into the cytosol. They 
then retard cell respiration, the rate of photosynthesis, and nitrogen metabolism. 
Also the oxidative damage increases, which may result in stunted growth 
(Maksymiec et al. 2007). The heavy metals disturb the PSΙ and PSΙΙ of the photo-
system, altering the stomatal function that results in photosynthesis inhibition 
(Appenroth 2010). These metals can directly affect the activity of major enzymes of 
the photosynthetic pathway, like RuBisCO and PEPC. The cadmium ion decreases 
the activity of RuBPC and breaks down the Mg2+-complex structure. This may 
cause oxygenation of RuBisCO (Krantev et al. 2008). In Lemna minor, chlorophyll 
a is more affected by heavy metals than chlorophyll b, as a decrease of chlorophyll 
a reduces photosynthesis more than chlorophyll b (Jayasri and Suthindhiran 2017). 
At high levels of As and Al, nitrate reductase, glutamine synthetase, and nitrite 
reductase activities were decreased (Sharma and Dubey 2005). Ghani (2010) 
reported that the accumulation of nitrogen in roots and shoots is affected by the 
metal levels. However, protein content of Lemna minor decreased with increasing 
cadmium levels.
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16.5.2  Alterations in Enzymatic Activities

Similar to other heavy metals, Ni affects various physiological processes in plants, 
such as several enzyme activities. Results indicated that the toxicity of Ni is associ-
ated with oxidative stress in plants (Gajewska et al. 2009).The production of H2O2 
in living plant tissues is influenced by various enzymatic and nonenzymatic antioxi-
dants. Nickel toxicity in wheat causes a decrease in superoxide dismutase (SOD) 
production and slightly increases the release of ascorbate peroxidase (APX) in 
leaves of plant. APX is an important enzyme that is likely involved in the reduction 
of H2O2 in wheat leaves under Ni stress, because the increase in the production of 
APX always coincides with reduction of H2O2 concentration. At the same level of 
heavy metal pollution, plants showed different responses towards enzyme produc-
tion in both in vivo and in vitro conditions (Marquez-Garcia and Cordoba 2010). 
This difference may be due to the presence of physiological barriers that retard the 
translocation of heavy metals into the cytoplasmic region of the cell or due to the 
detoxification mechanism present in cells to cope with the heavy metal stresses. It 
is evident from different studies that Ni2+ stress enhances the activity of Mg2+-bound 
ATPases in the plasmalemma of Oryza sativa shoots (Seregin and Ivanov 2001). 
Fluctuation in the Ni ion concentration can either enhance or degrade enzymatic 
production in different tissues of aquatic macrophytes. In aquatic plants, the produc-
tion of SOD, CAT, glutathione reductase (GR), and ascorbate peroxidase (APX) 
showed different responses at different levels of toxic heavy metals (Shi et al. 2006). 
SOD and CAT production was increased due to the increased sludge in water bodies 
in Hemarthria compressa and Typha angustifolia. The increased production of CAT 
and SOD in plant tissues may be due to the presence of antioxidant defense against 
metal toxicity, as reported by Marquez-Garcia and Cordoba (2010). The increase in 
the production of antioxidant enzymes in Salvinia natans and Phragmites sp. was 
also reported (Dhir et al. 2009). Lemna trisulca, Phragmites australis, Salvinia min-
ima, and Ceratophyllum demersum show a higher increase in the production of 
antioxidant enzymes when they are grown in a water with high concentration of Cu 
and Cd (Hou et  al. 2007). However, enzymes other than SOD and CAT are less 
influenced by metallic toxicity. In two separate studies, Shanker et al. (2005) and 
Duarte et al. (2012) proved that plants growing under Cr stress showed rapid decline 
in CAT activity, which is due to the Cr-dependent inhibition of this enzyme system. 
Increase in the production of ROS (O2

•−, OH•) resulted in the inactivation of CAT 
due to the inactivation of a heme group binding with enzymes (Aravind and 
Prasad 2005).
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16.5.3  Photosynthesis Inhibition

Heavy metals are toxic for aquatic plants and show nonspecific reduction of photo-
synthesis by numerous direct and indirect ways. The reduction in photosynthesis 
rate may be due to one or more reasons like obstructed chlorophyll production, dis-
ruption of chloroplast structure, disordered electron transport, lack of CO2, inhibi-
tion of enzymes of the Calvin cycle, or closure of stomata. The Lemna minor planted 
under Ni toxicity showed a decline in photosynthetic rate due to the reduction in the 
number and size of chloroplasts; degradation of the ultrastructure of the chloroplast, 
which showed reduced number of thylakoid and grana; degradation of the construc-
tion of plasto globuli; and variations in membrane lipid composition (Jayasri and 
Suthindhiran 2017). These changes in the photosynthetic machinery may be the 
result of decreased cell moisture or peroxidation of lipids present in cell membrane 
by oxidative stress produced in response to Ni stress. Nickel is also involved in the 
inhibition of electron transport from pheophytin through plastoquinone QA and QB 
by modifying the carriers’ structures (plastoquinone QB, proteins of reaction center).

16.5.4  Effect on Nutrient Acquisition and Water Balance

Heavy metals alter the nutrients inside the aquatic plant body both positively or 
negatively (Xue et al. 2010). Nutrient ions and heavy metal ions can compete with 
each other for the binding on common transporter proteins due to the similarity in 
structure of nuclei which ultimately reduces the uptake of nutrient ions. One exam-
ple of this mechanism is the decrease of Fe2+, Zn2+, and Mg2+ in root tissues of plants 
due to increase in the concentration of Ni2+. The reason behind the decrease in nutri-
ent acquisition is the Ni2+-induced disorders in metabolic process which affects the 
enzymatic structure of the cell membrane. In shoots of Oryza sativa, the composi-
tion of phospholipid and sterol in the plasma membrane was altered together with 
ATPase activity due to the presence of Ni2+ and other ions. Cadmium inhibits both 
passive and active uptake of K, by binding to the plasma membrane ATPase in sugar 
beet (Lindberg and Wingstrand 1985). Actually, these deviation changes the mem-
brane permeability, which in response alters the ionic balance in the cytoplasm of 
plant cells (Romero-Oliva et al. 2015). The effect of heavy metals on nutrient acqui-
sition in plants depends upon their concentration in the environment. A study on 
ryegrass plants elaborated the effect of Ni and other toxic ions on the uptake of Fe. 
The iron concentration in root tissues increased with low Ni in the root zone of soil 
and decreased with increasing Ni concentration (Xing et  al. 2013). A 50 to 
200 mg g−1 soil Ni content reduced the uptake of Mg, Cu, and Mg in caryopses and 
Ca and Mg in the aerial parts of Triticum aestivum. H. verticillata, a common 
aquatic plant, can be able to take up different heavy metals like Pb, Cd, Hg, Ni, Cu, 
As, and Cr, which can compete with essential nutrient ions by using the same trans-
porter which transports nutrients (Xue et al. 2010; Romero-Oliva et al. 2015).
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16.5.5  Formation of Free Radical

Molecular species which contain unpaired electrons in their valence shell are capa-
ble of autonomous existence and are called free radical. These species are extremely 
reactive and can both receive or donate an electron from one molecular structure to 
another molecule. They can perform redox reaction in which oxidation and reduc-
tion take place at the same time. However, free radicals have a short life span up to 
10−6  s in biological systems due to its high reactivity (Engwa 2018). Some ROS 
containing oxygen are not capable of taking part in a chemical reaction but they 
generate free radicals. Frequent inflow and production of ROS from exogenous and 
endogenous sources may result in oxidative injury which leads to damage of several 
cellular functions. Damage to enzymes, proteins, DNA, and lipid membrane takes 
place due to oxidative injury (Dietz et al. 1999).

The most vulnerable target to oxidative damage is the plasma membrane, which 
contains high concentrations of unsaturated fatty acid. The lipid damage by ROS 
activity, usually known as lipid peroxidation, takes place in three steps (Rahman 
et al. 2012). The first stage is initiation; it includes the action of a ROS metabolite 
which is able to remove a hydrogen atom from a methylene present in the lipid due 
to the presence of a double bond. However, the residual fatty acid molecule accepts 
one electron from the surrounding, and by forming a conjugated diene, it stabilizes 
the molecular structure by rearrangement. In the second stage, which is called prop-
agation stage, fatty acid radicals combine with oxygen to convert it into a peroxyl 
radical (ROO•). The ROO• is able to extract the second hydrogen atom from a close 
fatty acid molecule, which once again yields another fatty acid radical. Plant pro-
teins are the target superoxide radicals (RO•), hydroxyl (OH•), and reactive radicals 
of ROS which trigger injury in tissues. Superoxide radicals and hydrogen peroxide 
radicals can both positively and negatively impair those plant proteins which have 
thiol (-SH) groups, while others show a fragile effect. These interactions of radicals 
and ROS can cause direct protein injury by changing an amino acid structure or a 
specific part of an amino acid, also showing indirect damage by fragmentation, 
peroxidation, and degradation of amino acids. Due to this protein damage, plants 
undergo loss of cellular functions together with degradation of important metabolic 
enzymes. Oxidation of protein produces keto, carbonyl compounds, and aldehydes. 
The peroxynitrite radical (ONOO•) together with other nitrogen radicals undergoes 
chemical oxidation to produce 3-nitrotyrosine, which is an important detectable 
marker used for the oxidation of protein. Oxidation of protein originates from many 
variations in their functions, like chemical fragmentation, inactivation, and enhanced 
proteolytic deprivation (Engwa 2018). ROS can also attack DNA even if it is a 
highly stable molecule and can cause different kinds of serious damage to DNA like 
single- and double-strand DNA disruptions, injury to purines, alteration of DNA 
bases, destruction of deoxyribose sugar, breakage of cross-linkages in the DNA 
protein, and injury to DNA repair. Hydroxyl radical (OH•) is the supreme harmful 
ROS that disturbs nucleic acids (Engwa 2018). The hydroxyl radical can produce 
injury to adenine and guanine and undergo oxidation to produce 8-hydroxyadenine 
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and hydroxydeoxyguanosine separately. It can also attack pyrimidine bases leading 
to the foundation of 5-(hydroxymethyl)uracyl, thymine glycols, thymine peroxide, 
and many other products. Superoxide radical (O2

•−) and hydrogen peroxide H2O2 do 
not have any detrimental effects on the physiological concentrations of DNA 
because they are less reactive. Transition heavy metals like iron that is able to bind 
easily with DNA sites and can undergo a catalization process to produce an OH• 
radical in response can damage DNA. Salvinia natans showed a similar kind of 
response when grown under heavy metal stress (Dhir et al. 2012).

16.6  Metal/Metalloid Toxicity Avoidance Mechanism 
in Aquatic Plants

16.6.1  Fluctuations in Rhizospheric Environments

Aquatic plants are capable of absorbing, translocating, and accumulating high con-
centrations of heavy metals and heavy metals chemical complexes present in their 
environment. In order to sustain their electric gradient, the roots of plants release 
protons when they take up higher amounts of cations than anions and uptake pro-
tons when the reverse occurs (Javed et al. 2019). In that way, the rhizosphere pH 
changes are due to the activities of plant roots. The pH changes due to activities of 
roots have discrete influence on the accessibility of many nutrients in the rhizo-
sphere and highly toxic heavy metals comprising Cr, Cd, and Hg. The induction of 
acidosis in the rhizosphere ultimately solubilizes Zn- and Al-containing complexes, 
which in response increase the endorsement of Zn or Al in plant tissues (Calba et al. 
2004). In contrast, the increased pH negatively alters the Cu solubility in the soil 
(Chaignon et al. 2002).

The rhizosphere pH fluctuation also takes place in aquatic plants, and due to this, 
they are able to tolerate higher concentrations of various heavy metals in water bod-
ies. Zeng et al. (2008) experimentally proved that the roots of rice plant can increase 
the rhizospheric pH when cultivated under high levels of Cr and predominantly at 
50 μM or above. The submerged aquatic plant Elodea canadensis L. also imparts 
significant effects on rhizospheric pH in the presence of Cd. Stoltz and Greger 
(2002) experimentally demonstrated the capability of Eriophorum scheuchzeri 
L. and Eriophorum angustiflium L. living in wetlands to increase rhizospheric pH, 
even when they were growing in highly acidic wastewater (Javed et al. 2017).

The rhizospheric pH is composed of three major components (Song et al. 2004):

 I. The anion and cation absorption difference between root and soil
 II. Rhizospheric respiration which produces CO2

 III. The root-associated secretion of H+, organic acids, and various other chemical 
compounds from roots
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The release of buffering agents from plant roots (CO3
2−, OH−) also may result in 

a change of rhizospheric pH. The buffering agents are released in response to the 
fluctuation in cation/anion balance due to the uptake of nitrogenous source (Tanwir 
et al. 2015). The uptake of NH4

+ ion significantly decreases pH, while, on the other 
hand, accumulation of NO3

− ion may increase the pH, but the decrease was more 
prominent as compared to increase. The pH value of soil in the root zone decreased 
by 1.1 units when treated with ammonium and increase of 0.25 units when recorded 
in the presence of nitrate. Furthermore, release of organic acids from roots is also 
involved in pH change, i.e., an anion in the form of citrate is produced which is 
capable of consuming protons, which in response increases soil pH.

Cadmium stress in aquatic plants generates oxidative stress which alters the 
activity of ATPase present in the plasma membrane. The decrease of ATPase activity 
by cadmium may result in pH increase of apoplast (Lindberg and Wingstrand 1985). 
The ATPase activity also retarded the proton efflux which in response changed the 
rhizospheric pH (Astolfi et al. 2005).

Increase in rhizospheric pH may enhance the precipitation of metal oxyhydrox-
ide and hydroxides (Vanloon and Duffy 2000). The pH changes also affect the bind-
ing of toxic metals with soil organic matter (Marschner 1995).

Eriophorum angustifolium growing in low concentrations of toxic heavy metals 
showed pH basification in the rhizosphere (Tariq Javed et al. 2013). Growing roots 
of maize in hydroponics under controlled conditions with different levels of Cd 
toxicity displayed varying changes in pH at high and low levels of toxicity (Tanwir 
et al. 2015). The increase in mucilage pH at lower level of applied Cd is possibly 
activated by Cd, which is due to the inhibition of proton pumps activity present in 
cell membrane (Janicka-Russak et al. 2008). A significant decrease in rhizospheric 
pH was also reported in Z. mays cultivated in a mixture of heavy metals (Blossfeld 
et al. 2010). A similar kind of study also reported the release of organic acids at low 
and high levels of applied Cd in a hot pepper plant (Xin et al. 2015). Organic acids 
are released by anion channels in the form of anions (Zhu et al. 2011), and the dis-
charge of anions is managed with the co-efflux of cations/proton under metal stress 
in a poplar plant (Qin et al. 2007). In case of Cucumis sativus, H+-ATPase pumping 
activity was altered due to a decreased proton efflux (Janicka-Russak et al. 2008).

16.6.2  Formation of Redox Barriers

The root-associated microorganisms and plant roots produce a redox barrier by oxi-
dizing activities. Aquatic plants, such as Spartina alterniflora, Oryza sativa, Typha 
latifolia and Phragmites communis, are capable of oxidizing a highly soluble form 
of Fe (II) to a sparingly soluble form of Fe (III) whose toxicity also is reduced, and 
due to this, an iron plaque is formed in their roots.
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16.6.3  Phytochelatin-Based Sequestration 
and Compartmentalization

Phytochelatins (PCs) are a group of metal-binding peptides which have a specific 
general structure n-Gly here n = 2–11 and they are produced in response to heavy 
metals. These metals (Hg, Cd, Ag, Ni Cu, Zn, Pb, and Au) are responsible for the 
biosynthesis of PCs. The key functions of phytochelatins are the induction of toler-
ance and detoxification of heavy metals in plants by forming metal chelates, espe-
cially in case of Cd (Yadav 2010). Formation of phytochelatins takes place in the 
cell cytosol, they bind to Cd, and then the Cd–PC complex is synthesized, which 
crosses the tonoplast with the help of an ATP-binding transporter. Production of iso- 
phytochelatins primarily depends upon the available concentration of glutathione 
synthetase or Gly in the plant cell at the time of heavy metal stress (Rea 2012).

It was evident from the study of Lindberg et al. (2004) that pretreated protoplasts 
with Cd showed reduced Cd uptake. An efflux of Cd from the cytosol is due to two 
main mechanisms; one of them is the transport of the Cd–PC complex and the other 
is Cd2+/H+ antiporter. Arabidopsis plants growing in high concentration of Cd2+ pro-
duced PCs rapidly, but at lower Cd2+ concentration, PCs were not only reduced but 
their production was inhibited (Li et  al. 2017). Increase in Cd concentration in 
Nitzschia palea may induce phytochelatins binding with metallic ion (Figueira et al. 
2014). The PCs can temporarily bind with Cd and reduce its toxicity in the cytosol 
of plants (Sylwia et al. 2010). S. alfredii, a Cd-tolerant plant, can tolerate high con-
centrations of Cd due to its binding to maleic acid (an organic acid produced by 
plant) in the cytosol (Tian et al. 2011). Phytochelatins are temporary blockers of 
heavy metals and they have no specific role in the chief intracellular mechanisms for 
the detoxification of toxic metals in aquatic plants (Liu et al. 2015).

16.6.4  Stress Coping Proteins

There are low-molecular weight polypeptide proteins with high concentration of 
cysteine residue which do not contain histidine and any aromatic amino acid. They 
are also composed of a large concentration of metallic ions and plenty of Cys-X- 
Cys amino acid arrangements where X is not equal to cysteine (Lu et al. 2003). 
Metallothioneins (MTs) are low-molecular-weight proteins ranging from 2 to 
16 kDa and composed of a structure based on three major classes (Liu et al. 2015). 
These metallic proteins are capable of binding to both toxic (Pb, Cd, As) and essen-
tial (Zn, Cu) metallic ions with the help of a thiol group (-SH) containing an active 
site (Choudhary et  al. 2010). Some aquatic plants also carry MT genes, which 
increase the metal-tolerant capacity of these plants (Shestivska et al. 2011).
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16.7  Metal/Metalloid Transport Across Plasma Membrane 
and Tonoplast of Aquatic Plants

One of the basic reasons behind the abiotic stress in plants is the increasing heavy 
metal toxicity in the environment. Although plants have conventional approaches to 
compensate for the critical uptake of salts in cellular cytosol, the tonoplast and cel-
lular membrane-associated proton-driven Na disseminate systems permit exclusion 
of sodium both into the vacuole and apoplast. The molecular mechanism behind the 
sodium exclusion into the apoplast is well described. This mechanism is called salt 
overly sensitive (SOS) pathway and is mainly composed of three proteins: the Na+/
H+ antiporter is the first component (SOS1), the second is kinase protein (SOS2) 
which controls the activity of SOS1, and the third one is the calcium-binding protein 
(SOS3) which controls the SOS2 (Neuhaus and Trentmann 2014).

16.8  Fan-Shaped Ecophysiological Responses in Aquatic 
Plants Under Metal/Metalloid Stress

Aquatic plants have a well-developed mechanism to mitigate the harmful effects of 
toxic heavy metals on growth and metabolism. However, higher concentrations of 
metals result in reduction in photosynthetic activity (Rai 2016). It was reported that 
in Quercus ilex alteration in photosynthetic activity does not take place under metal 
contamination and production of polycyclic aromatic hydrocarbons (PAHs) acts as 
an indicator of metal pollution. The heavy metal toxicity is obtained due to its bind-
ing to active sites of enzymes, and heavy metals can also interfere with nucleic acids 
and proteins and change the cell metabolism (Rai 2016). Aquatic plants also pro-
duce various kinds of biochemical and physiological changes in cell growing in 
metal contaminants (Singh et al. 2015). Fenton reaction and auto- oxidation are the 
two processes that increase the production of reactive oxygen species (ROS), which 
in response block the transport of essential biomolecules. Crossing the membrane 
and intracellular movement of toxic metal with the help of these biomolecules is the 
main mode of heavy metal increase in plant tissues (Rai 2016). Additionally, in the 
modern molecular era, the study of proteomics in an organism is necessary to under-
stand protein expression in plants via its genome (Liu et al. 2013). Furthermore, 
plant adaptations to tolerate metallic ions and plant stress responses are closely 
related with modifications in plant proteomics.

Aquatic plants have various mechanisms at all parts and stages of life to cope 
with heavy metal stress and all these mechanisms are collectively called as “fan- 
shaped ecophysiological response of aquatic plants” (Fig. 16.1). Plants respond to 
heavy metal stress at the root, shoot, and leaf at a cellular level. At root level, plants 
reduce uptake of metallic contaminants by various mechanisms such as root exu-
dates, pH modulation, mucilage secretion, mycorrhizal association, active ion efflux, 
and installation of a redox barrier. All these mechanisms operate  simultaneously to 
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stabilize the toxic metals in the plant rhizosphere or in the root tissues of plants. 
Leaves also take part in the removal of heavy metals by premature shedding of 
leaves. In shoot tissues of aquatic plants, pH modulation operates to compartmental-
ize metals in vacuole or reduce translocation from roots to shoot which facilitates 
the plant to take up higher concentrations of toxic metals and retain them into the 
roots. Aquatic plants also operate with various mechanisms of metallic stress coping 
at cellular levels such as production of metallothionein, phytochelatin-based seques-
tration, production of stress coping proteins, cell wall binding, sulfate metabolism, 
and metal extrusion. All these mechanisms make aquatic plants suitable for phytore-
mediation of heavy metals and especially hyperaccumulating plants, which can sur-
vive in many types of environment.

16.9  Conclusion

Phytoremediation is a modern technique that is used to eliminate toxic chemical 
substances from the environment in a biological way. Aquatic plants are capable of 
taking up heavy metals in large concentration, they have specific mechanism by 
which they absorb heavy metals, and they tolerate the effects of these toxicants on 
plant metabolism. Aquatic plants are easy to grow and harvest in a polluted waste-
water area. Their metal-accumulating capacity and stress coping activity are higher 
than other plants due to a unique fan-shaped response mechanism. So the use of 
aquatic plants is highly recommended for the detoxification or removal of heavy 
metals from wastewater reservoirs and water surrounding soils. Actually, these 
methods are important steps for vitally refining the efficacy of phytoremediation in 
a large scale, for industrial and field applications.
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Abstract Ultraviolet-B (UV-B) radiation and heavy metals (HMs) are well-known 
stress factors for plants. UV-B is a part of incoming solar radiation reaching to the 
earth surface and its intensity is regulated by the stratospheric ozone layer, which in 
recent time had shown a significant depletion due to several natural and anthropo-
genic factors. HMs have also increased in the environment due to the industrial 
discharge, emissions from vehicle exhaust and improper disposal of wastes in soil 
and water, which directly or indirectly influence all types of vegetation. It is impor-

D. Jaiswal · A. Pandey · S. B. Agrawal (*) 
Laboratory of Air pollution and Global Climate Change, Department of Botany, Institute of 
Science, Banaras Hindu University, Varanasi, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2156-0_17&domain=pdf


514

tant to identify physiological, biochemical, and molecular changes in plants against 
stress factors and plant’s strategy to survive successfully under such harsh environ-
ment. This review primarily focuses on how UV-B and HMs individually or in 
combination elicit plant responses, their survival and various adaptation mecha-
nisms in combating stress. Both stresses affect various physiological and biochemi-
cal processes at cellular and molecular levels in plants. Induction of several 
important metabolites such as N-containing compounds, phenolic compounds, ter-
penes, and essential oils is the major secondary response in plants for long-term 
stress adaptation under UV-B stress whereas sequestration of HMs by the formation 
of metal–ligand complex and the antioxidant defense systems are the most impor-
tant detoxification mechanism used by plants against HMs-induced stress. Based 
on the outcomes, it will be possible to identify important traits, plants, and various 
defensive or adaptive mechanisms in plants to cope up with UV-B and metal 
tolerance.

Keywords Supplemental UV-B · Heavy metals · Antioxidative enzymes · 
Secondary metabolites

Abbreviations

APX Ascorbate peroxidase
CAT Catalase
Ci Internal CO2

DAG Days after germination
DAS Days after sowing
DAT Days after treatment
ETR Electron transport rate
Fv/Fm  Maximum photochemical efficiency of photosystem II
GPX Glutathione peroxidase
GR Glutathione reductase
gs Stomatal conductance
GSH Non-oxidized sulfydryl form of glutathione
GSSG Oxidized form of glutathione
H2O2 Hydrogen peroxide
HMs Heavy metals
MDA Malondialdehyde
MTs Metallothioneins
NR Nitrate reductase
PAL Phenylalanine ammonia lyase
PCs Phytochelatins
Pn Net photosynthetic rate
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POX Peroxidase
PS I and PS II Photosystem I and II
qP Photochemical quenching
ROS Reactive oxygen species
SOD Superoxide dismutase
sUV-B Supplemental ultraviolet-B
Tr Transpiration rate
UVR8 UV resistance locus 8
ϕPS II Effective quantum yield of photosystem II

17.1  Introduction

As sessile organism, plants are continuously exposed to various abiotic and biotic 
stresses in their environment. From the beginning of the earth, sunlight functions as 
a driving force for photosynthetic organisms as well as plants. At that time, all types 
of radiation, including very harmful ultraviolet radiation, were reaching the earth, 
but due to evolution of oxygen-producing photosynthetic organisms, a gaseous 
layer of ozone (O3) forms in the stratosphere. From that time to now, this layer pro-
tects all living beings from the harmful ultraviolet (UV) radiations. Increasing 
industrialization and anthropogenic activities led to depletion of this O3 layer, which 
was first detected in 1980s. It was due to the excess use of chlorine and bromine 
hydrocarbons, which work as potent damaging molecules for O3 destruction. 
Nowadays, there are some other factors such as aerosols, hydrocarbons, and green-
house gases involved in depletion of O3 layer and increasing the amount of solar UV 
radiation. Sensitivity of plants to UV-B radiation varies among species; some are 
sensitive while other species are non-affected by enhanced UV-B radiation 
(Teramura and Sullivan 1994). As a stress for plant, it may cause morphogenetic 
effects which may affect the growth and morphology of plants (Rozema et al. 1997). 
The well-known sensitive targets of UV-B in plant cell are macromolecules (deoxy-
ribonucleic acid (DNA), proteins) and membranes which affect the normal growth 
of plants (Jansen et al. 1998). Plants exposed to elevated UV-B radiation developed 
antioxidant defense response with increased activities of catalase (CAT), superox-
ide dismutase (SOD), peroxidase (POX), and glutathione peroxidase (GPX) (Costa 
et al. 2002; Kumari et al. 2010). Radiation-related negative impacts on photosyn-
thetic process involve degradation of PS II proteins (Sullivan et al. 2003), reduced 
photosynthetic pigments (Surabhi et al. 2009), Rubisco activity (Yu et al. 2013), and 
stomatal functioning (Cooley et al. 2000; Kataria et al. 2014). Non-damaging level 
of UV-B induces defense responsive genes in plants. Brown et al. (2005) reported 
that UV-B stimulates UV RESISTANCE LOCUS 8 (UVR8) (UV-B-specific signal-
ing component) that modulates the expression of a range of genes involved in pro-
tection of plants against UV-B. Defense adaptation of plants led to accumulation of 
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UV-B screening compounds such as flavonoids (Kumari et al. 2009a, b), phenols, 
alkaloids, and essential oil.

Heavy metals (HMs) are one of the main abiotic factors that hampered the devel-
opment, growth and productivity of plants. HMs contamination of the environment 
due to increased anthropogenic activities, modern agricultural practices and rapid 
industrialization has become a matter of concern worldwide. Although many HMs 
occur naturally in earth crusts but due to various natural and/or anthropogenic activ-
ities, they released into the environment and contribute to undesirable toxic accu-
mulation of HMs in the environment (Chandra and Kang 2016), which causes 
toxicity to the living organisms (Eapen and D’souza 2005). HMs belong to a group 
of incessant, non-biodegradable, inorganic chemical constituent with the density 
higher than 5 g cm−3 that have cytotoxic, mutagenic, and genotoxic effects on both 
ends of food chain, that is, plants and animals through contamination of soil, water, 
and surrounding atmosphere (Emamverdian et al. 2015). The term HMs includes 
several metals and metalloids such as Fe, Zn, Cu, Cd, Cr, Pb, Hg, As, Ni, Co, and 
Mn among which Fe, Zn, Cu, Ni, Co, and Mn are referred as essential micronutri-
ents that are required at certain concentration for the normal growth and develop-
ment of plants, although excess concentration of these HMs becomes detrimental to 
plants, and other HMs such as Cr, Cd, Pb, As, and Hg are referred as non-essential 
with unknown biological and physiological functions and are toxic even at low con-
centration (Gill et al. 2012; Shahid et al. 2014; Singh et al. 2016b). In plants, HMs 
exert their toxicity through four possible mechanisms: (1) HMs compete with nutri-
ent cations and oxyanions for the absorption at root surface due to their similarity 
with cations and oxyanions, (2) disrupt structure and functions of several proteins 
by direct interaction with sulfhydryl (−SH) group of functional proteins and render 
them inactive, (3) displace essential cations from the specific binding sites in 
enzymes and signaling proteins thereby disrupting their functions, and (4) generate 
reactive oxygen species (ROS) that induces oxidative stress (DalCorso et al. 2013), 
which ultimately affects various physiological and biochemical processes in plants 
at cellular and molecular levels (Singh et al. 2016b).

17.2  UV-B as a Stress Factor for Plants: Morphology, 
Physiology, and Biochemistry

As a harmful radiation, ultraviolet-B generates oxidative stress in plants that affect 
plant life both positively and negatively by targeting DNA, photosynthetic machin-
ery, membranes, antioxidant enzymes, phytohormones, and secondary metabolites 
in plants (Jansen et al. 1998; Takshak and Agrawal 2019) (Fig. 17.1). UV-B radia-
tion functions as a stress for plant as it has harmful effects on growth and develop-
ment of plant, with a reduction in growth at a higher dose of supplemental 
Ultraviolet-B (sUV-B) irradiation (Kumari et  al. 2009a, b; Takshak and Agrawal 
2019). As a stress, UV-B induces antioxidative defense in form of increased enzy-
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matic and non-enzymatic antioxidant activities such as superoxide dismutase, cata-
lase, ascorbate peroxidase (APX), POX, and glutathione reductase (GR) to reduce 
oxidative stress and to scavenge ROS (Kumari et al. 2010). Apart from the stress, 
UV-B induces secondary metabolites pathways through activating the enzymes of 
phenyl propanoid pathway (Takshak and Agrawal 2014; Kumari and Agrawal 
2011). UV-B induced the defense through activation of free radical scavenging 
activities, which depicts plant organs effectively perform to reduce the stress 
(Takshak and Agrawal 2015a). This subsection discusses the UV-B-induced changes 
in growth, morphology, physiology, and biochemistry of plants.

17.2.1  Morphological Changes

Several morphological changes occur in response of UV-B such as the reduction of 
plant height and leaf length/area, increased auxiliary branching, leaf bronze, glaz-
ing, chlorosis, and necrotic spots (Kataria et al. 2014). A study with mulberry plants 
showed negative effects of sUV-B (3.78 kJ m−2 day−1) on plant morphology in form 
of stunted growth, leaf length, width, and petiole length with non-significant differ-
ences between male and female plants (Chen et  al.  2016). Fraser et  al. (2017) 
reported that UV-B with low-dose R: FR (Red: Far red) induced compactness in 
coriander in form of longer petiole formation, whereas in combination with white 
light it did not have effect on petiole length. It can be suggested that UV-B used as 
a method for increasing compactness in commercially cultivated plants. Contrary to 
this, UV-B imposed inhibition on low R: FR-induced hypocotyls elongation. UV-B- 

UV-Stress

Induces Oxidative stress

Pigment degradation and ROS generation

Activates Defense Machinery

Production of
antioxidant
enzymes

Production of UV-
screening compounds

(flavonoids/ Carotenoids)

Production of Secondary
metabolites

(Phenolics, Alkaloids,
Terpernes or oils)

Fig. 17.1 A general outline of defense response in presence of ultraviolet-B.
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induced growth pattern has been varied among species. As revealed by Bassman 
et al. (2003), plant height of Pinus ponderosa followed similar trend in both ambient 
and two times ambient UV-B, whereas three times ambient UV-B reduced the height 
with an increase at final stage as compared to other two treatments. sUV-B exposure 
of initial 6 months increased the seedlings height of Pseudotsuga menziesii while 
non-significant differences found at the later stage. Higher dose of UV-B (3×) 
reduced the plant height in Picea engalmanni whereas non-significant changes were 
found between lower dose (2×) and ambient. Another study commences that higher 
dose of UV-B deleteriously affects plant growth (plant height, biomass of leaves and 
shoot except root) as compared to lower dose and controls (Bassman et al. 2003). 
Hamid et al. (2018) also reported the negative impact of UV-B on plant height and 
number of tillers at early growth stages in Heteropogon contortus, whereas root 
length, number of leaves and biomass were mostly affected at the  later stage of 
growth. Kakani and co-authors reported a significant decrease in leaf area (30%) 
and plant height (47%) after 16 h of exposure in Gossypium hirsutum. Early devel-
opment of necrotic patches was found under UV-B exposed plants as compared to 
the control (Kakani et al. 2003a, b). Initial exposure of UV-B leads to coloration of 
bronze which later converted into chlorotic and necrotic surfaces followed by leaf 
fall. Sometimes long-term exposure leads to the curling or cupping of leaves. A 
change in various morphological parameters is described in Table 17.1.

Koti et  al. (2004) recorded the negative impact on floral morphology, such 
as reduction in petal length and staminal length either alone (UV-B) or interaction 
with temperature and CO2. Higher dose of UV-B induces reduction in flower length 
(28%) and pollen production or the pollen number in different genotypes of soy-
bean. At the dose of 15 kJ m−2 d−1 pollens were not developed any aperture while the 
control plants are triporate (Koti et al. 2004). As documented by Koti et al. (2004), 
floral length and the number of pollen number/anther were significantly reduced 
under sUV-B exposure in Glycine max. A reduction of 45.5% in leaf growth was 
observed while the number of leaves was found to be increased. A reduced leaf area 
and increased leaf thickness are a well-known morphological responses reported by 
Jansen (2002), Furness et  al. (2005), Hectors et  al. (2007), Yang et  al. (2008), 
Wargent et al. (2009), Klem et al. (2012), and Robson and Aphalo (2012). Tripathi 
et al. (2019) observed reductions in all the studied floral parameters in two cultivars 
of sunflower (DRSF 108 and Sungold) under UV-B exposure as compared to con-
trol. Stomatal number and density were also found to be increased under the UV-B 
exposure with higher under DRSF 108. UV-B reduced the stem elongation whereas 
it promotes leaf elongation, leaf thickness, and axillary branching (Potters et  al. 
2007). Increased tillering, axillary branching, and reduced stem elongation are well- 
known distinguished features produced by UV-B (Jansen 2002; Furness et al. 2005). 
As revealed by Kumari and Agrawal (2010) in an experiment of two doses, higher 
dose-induced reduction (45%) in leaf growth at the later stages whereas specific leaf 
weight and the number of leaves were increased. Most of the studies on UV-B 
showed that higher dose of UV-B has several detrimental effects on plant morphol-
ogy, which may affect the reproductive capability of plants.
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Table 17.1 Morphological responses of plants against UV-B stress

Plants Dose Parameters Effects (%) References

Morus alba Ambient+3.78 kJ m−2d−1 Plant height Decreased Chen et al. 
(2016)Leaf area Decreased

Petiole length Decreased
No. of leaves Decreased

Heteropogon 
contortus

Ambient+7.2 k J m−2d−1 Plant height Decreased Hamid et al. 
(2018)Root height Decreased

No. of leaves Decreased
No. of tillers Decreased
Leaf area Decreased
Biomass Decreased

Gossypium 
hirsutum

Ambient+16 k J m−2d−1 Plant height Decreased Kakani et al. 
(2003a, b)Branch number Increased/not 

changes
Branch length Increased/not 

changes
Leaf area Decreased

Glycine max 9.8 kJ m−2d−1 Petal length Decreased Koti et al. 
(2004)Staminal 

column length
Decreased

Flower length Decreased
Pollen number Decreased
Pollen 
germination rate

Decreased

Pollen tube 
length

Decreased

Cymbopogon 
citratus

1.8 kJ m−2d−1 Biomass (lower 
dose)

Not change Kumari and 
Agrawal (2010)

3.6 kJ m−2d−1 Biomass (higher 
dose)

Decreased

Leaf area Decreased
No. of leaves Increased

Acorus calamus 1.8 kJ m−2d−1

3.6 kJ m−2d−1

Plant height Decreased Kumari et al. 
(2009a, b)Leaf area Decreased

Leaf number Increased
Branch number Increased

Coleus 
forskohlii

3.6 kJ m−2d−1 Plant height Decreased Agrawal 
(2015b)Leaf number Decreased

Leaf area Decreased
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17.2.2  Physiological Changes

Physiological processes are key mechanisms in the plant upon which the whole 
plant life is dependent. As sunlight is the fundamental need of the plant for conduct-
ing physiological processes, and UV-B is the fraction of sunlight, so, it can not be 
removed by any kind of secondary management practices. Excess UV-B works as 
an oxidative stress for plant and disturbs the plant physiology, which ultimately 
affects the growth and metabolism. Photosynthetic processes were also targeted as 
disruption of photosynthetic pigments by UV-B. Some previously reported targeted 
processes of photosynthesis are (1) reduced C-fixation and oxygen evolution, (2) 
impairment and unbalancing between PS I (photo system) and PS II, (3) reduced 
Rubisco activity, (4) ATP (adenosine triphosphate)  synthesis, (5) photosynthetic 
storage, and (6) impairment of electron pool between QA (quinone) to QB.

Kataria et al. (2014) reported that sUV-B has various negative impacts on photo-
synthesis linked to damaging PS II, thylakoid membrane integrity, Rubisco activity 
and stomatal conductance (gs). In Arabidopsis thaliana (Colombia), photosynthetic 
rate was unaltered while transpiration rate (Tr) and gs increased under UV-B treat-
ment (Lake et al. 2009). Alteration in carbon and nitrogen metabolism occurs due to 
a decrease in photosynthesis and growth. UV radiation also involves in degradation 
of D1 and D2 proteins of reaction center and it can be degraded by a fluence rate of 
1 μmol m−2 s−1 of UV radiation. Photosynthetic activity reduced in rice due to a 
decrease in Rubisco content (Fedina et al. 2010; Zlatev et al. 2012). Reduced pho-
tosynthetic rate and gs were recorded in Coleus forskohlii at all the stages with 
maximum at 90 (31%) and 60 (30.9%) DAT (days after treatment) (Takshak 
and Agrawal 2015b). As documented by Kumari and Agrawal (2010), photosyn-
thetic rate has changed non-significantly in Cymbopogon citratus exposed against 
sUV-B whereas gs and Tr were reduced at both low and high doses of UV-B. Contrary 
to this, water use efficiency (WUE) was found to be increased. Exposure of sUV-B 
on different cultivars of G. max also showed reduction in photosynthetic rate in 
cultivar JS-335 (62%) followed by PK-416 (55%), JS 97–52 (47%) and minimum 
in PS-1042 (39%) at the later stages of growth. Stomatal conductance and 
WUE showed the similar trend with a maximum decrease in JS-335 and a minimum 
decrease in PS-1042 (Choudhary and Agrawal 2015). Hofmann et  al. (2003) 
revealed that leaf water potential was found to be increased in Trifolium repens. 
Different doses of sUV-B lead to cause changes in several physiological parameters 
of plant (Table 17.2).

Photosynthetic efficiency of C. citratus was found to be reduced by 14% at the 
higher dose of UV-B (Kumari and Agrawal 2010). Quantum yield of C. forskohlii 
declined under sUV-B exposure at all the stages with maximum at later stages of 
growth. As reported by Yao et al. (2005), quantum yield of PS II was reduced sig-
nificantly under UV-B in Cucumis sativus. Ghisi et al. (2002) reported that starch 
content was found to be increased by 18% in barley exposed to UV-B while the 
sucrose content was reduced by 36%. Here, chlorophyll content and photosynthetic 
oxygen evolution were not significantly influenced. In most of the study, it was 
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Table 17.2 Physiological responses of plants against sUV-B stress

Plants Dose Parameter Effects References

Trifolium repens 
L.

13.3 kJ m−2d−1 Leaf water potential Increased Hofmann et al. (2003)
Quantum yield Not 

change
Arabidopsis 
thaliana

9.96 kJ m−2d−1 Photosynthetic rate Not 
change

Lake et al. (2009)

Transpiration Increased
Stomatal 
conductance

Increased

Quantum yield Decreased Schultze and Bilger 
(2019)

Cucumis sativus 3.5 kJ m−2 Photosynthetic 
efficiency

Decreased Yao et al. (2005)

C. citratus 1.8 kJ m−2d−1

3.6 kJ m−2d−1

Photosynthetic rate Not 
changed 

Kumari and Agrawal 
(2010)

Stomatal 
conductance

Decreased

Transpiration rate Decreased
Water use efficiency Decreased
Photosynthetic 
efficiency

Decreased

Glycine max 7.2 kJ m−2d−1 Photosynthetic rate Decreased Choudhary and 
Agrawal (2015)Stomatal 

conductance
Decreased

Transpiration rate Decreased
Water use efficiency Decreased
Photosynthetic 
efficiency

Decreased

Vigna radiata 7.2 kJ m−2d−1 Photosynthetic rate Decreased Choudhary and 
Agrawal (2014)Stomatal 

conductance
Decreased

Water use efficiency Decreased
C. Forskohlii 3.6 kJ m−2d−1 Photosynthetic rate Decreased Agrawal (2015b)

Stomatal 
conductance

Decreased

Water use efficiency Decreased
Photosynthetic 
efficiency

Decreased
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found that photosynthesis, stomatal conductance, and quantum yield of the plants 
were reduced under UV-B and it may vary upon treatment and growth stages.

17.2.3  Biochemical Changes

Alteration in metabolism and biochemistry is a key regulatory process that takes 
place in plants in response to stress which makes plants system capable to overcome 
the stress. There are several pronounced effects of UV-B that take place in plants: 
decreased photosynthetic pigments, increased UV-B screening compounds such as 
flavonoids and anthocyanin, changes in enzymatic and non-enzymatic antioxidants 
and protein contents (Table 17.3). In most of the work, it was found that photosyn-
thetic pigments were decreased such as in alfalfa, barley, mustard, cowpea, green 
gram, pea, rice, rye, soybean, and wheat and these reductions ranged from 10 to 
70% with maximum in dicot species than monocot (Kakani et  al. 2003a, b). 
Chlorophyll content was found to be reduced by 15 and 20% in sunflower cotyledon 
irradiated with 15 and 30 kJ m−2 sUV-B. Photosynthetic pigments in the leaves of 
C. forskohlii exposed to sUV-B were reduced significantly at all the stages (Takshak 
and Agrawal 2015b). Afreen et al. (2006) reported that melatonin concentration in 
Glycyrrhiza uralensis was found to be increased by 160% in presence of sUV-B as 
compared to white light control. Among three dose experiments of sUV-B, chloro-
phyll a and b content of the plant quinoa was reduced as the UV-B dose increased 
and maximum reduction was noticed under the dose 3 (Hilal et al. 2004). Epidermal 
flavonoid concentration was found to be increased in rye during developmental 
stages due to both ontogenic responses and sUV-B exposure (Burchard et al. 2000).

Exposure to sUV-B induces ROS generation, which may cause peroxidation of 
membrane lipids, measured in form of malondialdehyde (MDA) content. sUV-B 
exposure increased the MDA content in C. forskohlii (Agrawal 2015b). Ma et al. 
(2019) reported the increase of MDA with an increasing dose of UV-B and maxi-
mum after 12 h of exposure. Lipid peroxidation was increased with growth stages in 
two cultivars of Vigna radiata with higher in cultivar HUM 1 than HUM 12 exposed 
to sUV-B (ambient +7.2  kJ  m−2  d−1). An exposure of 25  kJ  m−2 dose of sUV-B 
increased vitamin D2 in several parts of shitake mushroom by 36.7, 68.6, and 
106.4 μg/g for pileus, middle, and gill parts, respectively. In the gill part of mush-
room, concentration of vitamin D2 was increased from 2.77 (unexposed) to 13.8, 
40.7, and 61.9 μg g−1 after exposures of 25, 50, and 75 kJm−2, respectively, at 35 °C, 
which denoted the increasing dose of UV-B increased concentration of vitamin D2 
and it may be due to the conversion of ergosterol in to vitamin D2 by UV-B (Ko 
et al. 2008).

Total protein content of plant was also affected by UV-B radiation. Santos et al. 
(2004) found a reduction of protein by 8.4% in leaves of potato exposed to biologi-
cal effective UV-B radiation (7.83 kJ m−2 d−1). Protein content was reduced by 32.2 
and 44.2% in Raphanus sativus exposed to sUV-B, at both 20 DAG (days after 
germination) and 40 DAG, respectively (Singh et al. 2010). Reduction in protein 
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Table 17.3 Biochemical responses of plants against UV-B stress

Plants Dose Parameter Effects References

Helianthus annuus 15 kJ m−2d−1

30 kJ m−2d−1

Chlorophyll Decreased Costa et al. (2002)
Ascorbic acid Increased
Dehydroascorbate Increased

Chenopodium 
quinoa

7.5 W m−2 Chlorophyll Decreased Hilal et al. (2004)
Phenols Increased

Solanum tuberosum 7.83 kJ m−2d−1 Pigment Decreased Santos et al. (2004)
Protein Decreased

Taxus chinensis 10.8 μw 
cm−2 nm−1

Chlorophyll Decreased Zu et al. (2010)
Flavonoids Increased

Raphanus sativus 7.2 kJ m−2d−1 Chlorophyll Decreased Singh et al. (2010)
Ascorbic acid Increased
Protein Decreased

Triticum aestivum 
L.

7.1 kJ m−2 Chlorophyll Decreased Agrawal and 
Rathore (2007)Ascorbic acid Decreased

Thiol Increased
Vigna radiata 7.1 kJ m−2d−1 Chlorophyll Decreased Agrawal and 

Rathore (2007)Ascorbic acid Decreased
Thiol Increased

Vigna radiata L. 7.2 kJ m−2d−1 Chlorophyll Decreased Choudhary and 
Agrawal (2014)MDA Increased

Flavonoids Increased
Phenol Increased
Protein Decreased

Acorus calamus 1.8 kJ m−2d−1

3.6 kJ m−2d−1

Chlorophyll Decreased Kumari et al. 
(2009a, 2009b)Phenol Increased

C. citratus 3.6 kJ m−2d−1 Chlorophyll Decreased Kumari and 
Agrawal (2010)Ascorbic acid Decreased/

increased
MDA Increased
Phenol Increased

C. forskohlii 3.6 kJ m−2d−1 Chlorophyll Decreased Takshak and 
Agrawal (2015b)Protein Decreased

Thiol Increased
Proline
Phenol

Increased
Increased
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content was also recorded in mung bean by sUV-B exposure (Choudhary and 
Agrawal 2014).

High UV-B reduced the carbohydrate content by 22% in white clover (T. repens). 
Nitrogen content was also increased but more at higher UV-B dose (Lindroth et al. 
2000). As reported by Quaggiotti et al. (2004), nitrate reductase (NR) activity in the 
second leaf of Zea mays was found to be reduced 41% at the 12th day of UV-B 
exposure while the nitrate content of the second leaf was also decreased in both 
control and UV-B-treated plants but finally at 12th day a 24% reduction in nitrate 
content was reported. Photosynthetic oxygen evolution rate was reduced by 10% 
under sUV-B exposure at the 12th day of treatment. As reported by Ubi et al. (2006), 
anthocyanin content in four early ripening cultivars of apple was increased under 
UV-B. Taxol content in Taxus was increased by 31% while the flavonoid content 
was increased by 36% under UV-B exposure. In a recent study, Hamid et al. (2018) 
showed that elevated UV-B reduced the amount of reducing sugar whereas total 
sugar, starch, and sucrose were increased at the later stages of growth. The data 
from most of the studies showed that UV-B imposed on plants negatively impact the 
biochemistry of plants.

17.2.4  Molecular Changes

UV-B radiation perceived by the plants and respond to it which may vary upon 
nature of the UV-B treatment, the extent of adaptation and acclimation to UV-B, and 
its interaction with other environmental factors. Response of UV-B was mediated 
by two signaling pathways: specific signaling (photomorphogenic responses) and 
non-specific signaling (Fig. 17.2). Photomorphogenic responses initiated by activa-
tion of UVR8, combined with CONSTITUTIVE PHOTOMORPHOGENESIS1 
(COP1), involve activation of transcription factors of ELONGATED HYPOCOTYL5 
(HY5), which through various signaling mechanisms lead to the activation of 
enzymes involved in secondary metabolism pathway and stomatal functioning. 
Non-specific signaling involves generation of ROS, DNA damage, and wound/
defense signaling molecules (Jenkins 2009). UV-B exposure reduced RNA tran-
scripts of Chl a/b binding proteins (cab) to low or even undetectable levels in third 
leaf and younger leaf bud tissue in Pisum sativum L (Jordan et al. 1994). sUV-B 
radiation also induced the photo damage of D1 and D2 proteins in reaction center PS 
II in Dunaliella salina (Masi and Melis 1997).

In Leucaena leucocephala, mimosine accumulation increased due to several 
stress including UV. The induction of mimosine takes place at the molecular level 
by stimulating multiple cysteine synthases, one or more involved in mimosine bio-
synthesis (da Silva Rodrigues-Corrêa et al. 2019). A study by Gupta et al. (2018) on 
Z. mays denoted the role of differentially expressed genes (DEGs) in UV-B signal-
ing pathways and other molecular functions responsible for leaf cell death.
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A proteomic analysis of linseed leaf reported a total of 17 bands (from 28 to 
278.06  kDa) in control plants, among which 7 protein bands were affected by 
 treatments (sUV-B, tropospheric O3, sUV-B + O3). It was observed that the three 
protein bands (222.24, 90.58, and 60.38 kDa) were sensitive against the UV-B expo-
sure, among which 222.24 and 90.58 kDa proteins were absent whereas a reduced 
amount of 60.38  kDa proteins was observed under the sUV-B exposure. RAPD 
(Rapid amplification of polymorphic DNA) analysis for the detection of DNA dam-
age which is induced by stress showed a variation in appearance and disappearance 
of new bands in all the treatments. The unique band index (UBI) showed changes in 
RAPD profiles and was 39.4, 45.3, and 56.6% for sUV-B, O3, and sUV-B  +  O3 
samples, respectively (Tripathi et al. 2011). It is clear from several studies that regu-
latory/damaging effect of UV-B at molecular level may induce developmental 
changes and secondary metabolic pathway in plants.

17.3  Adaptation Under UV-B Stress

17.3.1  Morphological and Anatomical Adaptations

Plants avoid the harmful UV-B using two mechanisms: (1) molecular mechanism 
which includes DNA damage and repair and (2) morphological adaptations such as 
increasing leaf hair, cuticular wax, and leaf thickness through changes in epidermal 
reflectance and transmittance. In natural system, both the mechanisms are impor-
tant. As epidermis is the first layer of protection and it has potential to alter the 
incident light, there are several modifications that occur to counter the stress, for 
example, in several cases, epidermis is ornamented with hairs and trichomes which 
contain UV-absorbing compounds (Skaltsa et al. 1994). Sometimes there is deposi-
tion of epicuticular waxes on leaf surfaces which is also responsible for UV-B 
reflectance as reported by Tevini and Steinmüller (1987). Deposition of wax on 
adaxial surface of leaf was found under sUV-B (Kumari and Agrawal 2010). Wax 
deposition was also observed by Takshak and Agrawal (2017) in Withania som-
nifera exposed to sUV-B.

In Chenopodium quinoa, leaf mesophyll cells were substituted by a layer of pali-
sade parenchyma with elongated cells under +UV-B treatment which is not present 
in –UV-B plants where the mesophyll tissues were non-distinguishable without dif-
ferences in cells, a homogeneous spongy parenchyma. This thicker epidermal wall 
may lead to protection against UV-B. To avoid the UV-B stress in plants, some com-
mon changes which occur in plants are increasing leaf thickness with a decrease in 
leaf area and stomatal frequencies (Barnes et  al. 1990). As analyzed by Hollósy 
(2002), the ultra-structural observation of mesophyll cells (UV-A-exposed) of 
Lysimachia nummularia L. plant showed a lesser amount of starch grains as com-
pared to control plants, besides there is an accumulation of electron dense precipi-
tates in vacuoles bordering the tonoplast membrane. Chloroplasts lost its structural 
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integrity linked by the loss of orderly pattern of grana and thylakoid in  UV-B- exposed 
cells. Hamid et al. (2018) observed an increase in mesophyll, spongy, and palisade 
cells of H. contortus under UV-B exposure as compared to control ones.

As reported by Brandle et al. (1977), various ultrastructural modifications were 
found in P. sativum leaf cells, that is, rupture of chloroplast outer membrane, swell-
ing of chloroplast, swollen cisternae, and vesiculation of plasmalemma. Under 
enhanced UV-B radiation, shortened chloroplasts with swollen and distorted thyla-
koids were observed in Morus alba. Besides, osmiophilic granules were also 
increased in females than in males (Chen et  al. 2016). According to Hilal et  al. 
(2004), a fivefold increase in wall thickness was due to lignin deposition in cotyle-
dons of Quinoa due to UV-B radiation. In contrast to this, leaf thickness was 
decreased on the adaxial surface of blueberry leaves as compared to control plants. 
Among the two varieties, the reduction was greater in Brigitta (5.6-fold) than in 
Bluegold (2.4-fold). The intercellular cavities were found to be increased, 58% in 
Bluegold and 46% in Brigitta as compared to control ones (Inostroza-Blancheteau 
et al. 2014). A tanniferous deposition on stomatal guard cells and epidermal cell 
lumen of Scots pine needles while, in loblolly pines tannins accumulated on the 
central vacuole of mesophyll cells (Laakso et al. 2000). The cross-sectional area 
was also reduced significantly in treated plants. In spite of this, needle length was 
also found to be reduced in both 9- and 12-day-old plants. In 61-day-old plants, both 
the abaxial and adaxial surfaces were thicker in UV-B-treated plants. The increased 
thickness of cutin layer was also found in Scots pines. UV-B also increased the 
thickness of secondary walls of outer epidermal layer as compared to control plants. 
UV-B exposure induced stomatal closure in cucumber seedling, bean, and oilseed 
rape leaves (Allen et al. 1997; Teramura 1983; Nogués and Baker 2000). It showed 
that the various modifications take place in leaf structure both at epidermal anatomy 
and internally to reduce the stress on plants.

17.3.2  Antioxidative Defense Mechanisms

Plants respond to stress by scavenging free radicals or by generation and increment 
of antioxidative defense compounds which include enzymatic and non-enzymatic 
antioxidants. Carotenoids work as a potential UV screening compound in plants and 
are found to be increased under UV-B exposure. A variable increase in these anti-
oxidants was found in plants exposed to the radiation. Plants exposed to mineral 
nutrient amendment with sUV-B showed more carotenoid contents in comparison to 
control. A two-dose experiment on sunflower cotyledons showed that GSH (non- 
oxidized sulfhydryl form of glutathione) content has increased by sixfold under 
UV-B treatment and GSH/GSSG (oxidized form of glutathione) ratio was also 
enhanced. Ascorbate-deficient mutants of A. thaliana showed lower antioxidative 
defense, measured in form of total glutathione, CAT activity, and APX activity as 
compared to wild ones under sUV-B exposure (Gao and Zhang 2008). After 3 days’ 
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exposure of cucumber first leaves to UV-B, it showed a large increase (4.5-fold) in 
SOD and APX activity, while non-significant effect on GR activity (Kondo and 
Kawashima 2000). Costa et al. (2002) reported that lower dose of UV-B induced 
more antioxidant system as compared to high dose of UV-B in sunflower cotyle-
dons, such as GSSG and ratio of GSH and GSSG was also increased in both the 
doses but it was higher (150%) in lower dose as compared to higher dose (75%). 
Ascorbic acid and dehydroascorbate were also increased and it was maximum under 
lower dose, that is, 53 and 54% as compared to control. CAT and GPX activity 
increased under UV-B whereas SOD activity reduced under both the doses with 
maximum reduction under lower dose (Costa et al. 2002).

A short-term exposure of UV-B on Achyranthes bidentata showed a significant 
increase in scavenging activity in form of enzymatic activities (SOD, POD, and 
CAT activity) that was found to be increased significantly but the activity may vary 
upon time (Li et  al. 2019). Antioxidant enzymes SOD, CAT, and POD were 
expressed and increased to protect cells when oxidative stresses such as H2O2 
(hydrogen peroxide) concentration increases in cell. The same results also recorded 
in germinating soybeans to counter the negative effect of H2O2 (Ma et al. 2019). As 
reported by Singh et al. (2010), antioxidant activity in R. sativus varied with age and 
treatment. CAT activities were found to be reduced at both (20 and 40 DAG) the 
stages while the POX, SOD, and GR activity was increased at both the stages. APX 
activity was reduced initially, but a large and significant increase at the later stage of 
growth was recorded. Ascorbic acid content was also increased at both the stages 
with maximum at initial stage. Two doses (15 and 30 kJ m−2 d−1) of sUV-B effects 
on sunflower cotyledons showed an increase in CAT and GPX activities while 
reduction in APX activity as compared to control ones (Yannarelli et  al. 2006). 
Ascorbic acid content of leaves was reduced under UV-B exposure in both mung 
bean and wheat. sUV-B exposure increased the thiol content in both the cultivars 
(Agrawal and Rathore 2007). Total phenol and flavonoid were increased with 
increasing doses of UV-B with maximum under three doses of UV-B while beta-
lains were maximum under dose 1 and lowest under dose 3.

17.3.3  Secondary Metabolites Production

17.3.3.1  Phenolics

Shikimic acid pathway involves production of various phenolic compounds and the 
common precursors for the phenolics are aromatic amino acids, phenylalanine and 
tyrosine. The key enzymes, PAL (phenylalanine ammonia lyase), and TAL (tyrosine 
ammonia lyase), were involved in the formation of cinnamic acid and p-coumaric 
acid. Cinnamic acid leads to stilbenes and styrylpyrones, while the p-coumaric acid 
leads to lignins, coumarins, furanocoumarins, hydrolysable tannins, condensed tan-
nins, and flavonoids. Tannins from Betula pendula and Laurus nobilis were increased, 
while Phlomis fruticosa, Ceratonia siliqua, Vaccinium spp., Caluma vulgaris, Rubus 
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chamaemorus, showed no significant changes under UV-B radiation. Coumarins and 
furanocoumarins in Pastinacea sativa were increased while these were decreased in 
Quercus robur. Hydroxycinnamates content in B. pendula, B. resinifera, and 
Hordeum vulgare was increased under UV-B exposure. Most of the species showing 
an increase in flavonoids content under UV-B exposure (Bassman 2004). Whole and 
sliced strawberry showed an increase in total soluble phenolic (TSP) content under 
UV-B exposure with maximum TSP at lower dose of UV-B (Du et al. 2014). High 
blush blueberries treated with UV-B showed an increase in total phenolic content 
with maximum under high dose and 2 h of adaptation time (Eichholz et al. 2011). 
Here, the dominant phenolic fractions are flavonoids (40%) and phenolic acids 
(49%). As we know that flavonoids work as UV-B screening compound and involve 
in defense as antioxidant molecules. Postharvest irradiation of visible + UV-B on 
apple fruit (Malus domestica), increased the sum of flavonoids, sum of phenols, and 
sum of total phenols significantly. Quercetin glycosides showed a significant increase 
under Vis treatment alone, while a sixfold higher increase in presence of Vis + UV-B 
treatment was noted. Anthocyanin content was also increased by 20–25% under Vis 
+ UV-B treatment (Hagen et  al. 2007). The results showed that UV-B treatment 
increased the phenolic compounds as due to the induction of PAL. Total phenolic 
content in the peel of harvested lemons was increased highly in flavedo (outer col-
ored layer of mesocarp of citrus) after 2 min of UV-B treatment (Interdonato et al. 
2011). As reported previously by Schreiner et al. (2009), among four different treat-
ments (1 h dose of 0.075 W h m−2 with 2 h (T-1) and 22 h (T-2) adaptation time and 
2  h dose of 0.150  W  h  m-2 with 2  h (T-3) and 22  h (T-4) adaptation time) on 
Tropaeolum majus, T-1 showed a maximum increase of phenolics in inflorescence, 
while in leaves and seeds T-4 showed a maximum increase in phenolic content. 
Phenolic compounds were found to be increased in the second summer under long-
term exposure of B. pendula (Tegelberg and Julkunen- Tiitto 2001). Zagoskina et al. 
(2003) also proved that phenolic compounds were increased by sUV-B radiation in 
tea plant callus culture.

17.3.3.2  N-Containing Compounds/Alkaloids

Among N-containing compounds, alkaloids contribute in a major form. Alkaloids 
are low-molecular-weight nitrogen-containing heterocyclic organic compounds and 
present in 20% of all plant species. The numbers of identified structures of alkaloids 
have been 12,000 or more than 16,000 (Zhang and Björn 2009). The plant species 
that contain desired alkaloids showed variation in growth and alkaloid contents 
(Schläger and Dräger 2016). As reported by Ramani and Chelliah (2007), catharan-
thine (alkaloid) concentration in cell suspension cultures of Catharanthus roseus 
was found to be induced by UV-B through receptor activation, medium alkaliniza-
tion (Ca2+ influx and Cl− efflux), ROS production and MAP kinase pathway activa-
tion, which finally led to transcription of two genes encoding tryptophan 
decarboxylase (Tdc) and strictosidine synthase (Str). Another report by Ramani and 
Jayabaskaran (2008) showed that alkaloids (catharanthine and vindoline) from cell 
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suspension cultures of leaves of C. roseus were found to be increased by sUV-B and 
it was highest at 48–72 h of irradiation. Terpenoid indole alkaloids (TIAs) absorb 
UV-B radiation and involve protection against UV-B radiation. In a study, Binder 
et al. (2009) showed the effect of UV-B radiation on six different terpenoid indole 
alkaloids of C. roseus. The results showed that among all six alkaloids (serpentine, 
catharanthine, ajmalicine, horhammericine, lochnericine, and tabersonine), loch-
nericine concentration was found to be increased highly after 20 min of exposure 
and the lowest increase of catharanthine content after 10 min of exposure. Besides, 
serpentine after 10 min, ajmalicine after 20 min, and tabersonine after 15 min of 
exposure while horhammericine concentration was highest initially before exposure 
and reduced continuously after exposure. Another study by Gregianini et al. (2003) 
showed that TIA of Psychotria brachyceras that is brachycerine was also influenced 
by UV radiation. Synthesis of TIA needs three compartments—plastid, cytosol, and 
vacuole—while, for vindoline, endoplastic reticulum is also required. This study 
showed that the brachycerine concentration was found to be increased tenfold by 
UV-C radiation 16 h daily on rootless cutting cultures. Daily exposure of UV-B for 
16 h increased the concentration of alkaloid by twofold. A brachycerine absorbance 
maximum is 226 and 280 nm, showing its UV protecting or filters properties. In 
Aquilegia caerulea, alkaloid content was reduced by UV-B exposure as the control 
fraction was high as compared to UV-B-treated plants. This may occur due to 
destruction of ultraviolet radiation. A study of acetylsalicylic acid and UV-B on 
hairy root cultures of Anisodus luridus showed that UV-B induced and upregulated 
the gene expression level of four structural genes, including PMT, TRI, CYP80F1, 
and H6H, of tropane biosynthetic pathway and accumulation of tropane alkaloids, 
which finally led to higher production of end-product scopolamine (Qin et al. 2014). 
As studied by Rai et al. (2011), artemisinin concentration in Artemisia annua L. was 
increased by 10.5% upon short-term (14 days) pre-treatment of UV-B (4.2 kJ m−2 d−1) 
on seedling. Gao et al. (2016) reported that post-treatment of high level of UV-B 
followed by dark caused sevenfold increase in indole alkaloid (6-hydroxyl-1H- 
indol-3-yl) carboxylic acid methyl ester. The binary stress upregulates the genes 
involved in the metabolic pathway converting shikimate to l-tryptophan and the 
frameworks of indole biosynthesis anthranilate, indole, and l-tryptophan, which 
increased 2-, 441-, and 1-fold, respectively.

17.3.3.3  Terpenes/Essential Oil

Essential oils are a kind of natural oils obtained from medicinal plants with the help 
of extraction and distillation technique. They are a mixture of volatile and non- 
volatile compounds and mostly soluble in ethanol (Trujillo et al. 2015). The con-
stituent of plant essential oil comes under two entirely distinct chemical classes, 
terpenoids and phenylpropanoids (Sangwan et  al. 2001). Terpenes represent the 
major components, occurring much more frequently and abundantly, while phenyl-
propanoids provide essential and significant flavor and odor to the oil (Sangwan 
et al. 2001).
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An indoor plant Picea abies exposed to UV-B radiation for 4 h led to an epigen-
etic change, which includes DNA methylation and in a defensive way the plant 
responds by emitting volatile terpenes; the monoterpene hydrocarbons myrcene, 
limonene, borneol, and the monoterpene ester bornyl acetate (Ohlsson et al. 2013). 
In a study of Chang et al. (2009), enhanced UV-B radiation alters the growth of 
Ocimum basilicum L. and induces the synthesis of volatile oils among which the 
three major compounds (cineole, linalool, and eugenol) were found to be increased 
significantly as compared to control. Dolzhenko et al. (2010) reported that UV-B 
induces the expression of genes involved in terpenoid biosynthesis. Dolzhenko and 
co-workers studied by exposing field grown and growth chamber grown peppermint 
plants to UV-B radiation which showed that in both the experiments genes involved 
in terpenes biosynthesis was upregulated but the content of essential oil was higher 
in growth chamber grown plants with lower phenol content and vice versa in field 
plants. In Cuminum cyminum L. genes involved in secondary metabolites, biosyn-
thesis was found to be increased under UV-B stress (Ghasemi et  al. 2019). Two 
UV-B treatments (A-1 h, B-2 h) were applied on the plants and it was found that in 
both the treatments, terpenes concentration was increased up to 6 h but after that a 
decrease was analyzed. After 6 h, treatment A showed an increase of 2.5 mg 100–1 
of extract while in treatment B 4.5 mg 100–1 was reported as compared to control 
plants. Here, we can say that UV-B treatment of 2 h has more inducing effect on 
terpenes biosynthetic enzymes. Gil et al. (2012) reported that sUV-B (low, 16 h at 
8.25 μW cm−2, and high 4 h at 33 μW cm−2) dose increases the terpenes content in 
in vitro-cultured plants of Vitis vinifera. At low UV-B dose, membrane-related ste-
rols (regulate membrane fluidity under stress) were increased in young leaves, 
which led to accumulation of grapevine, while at high UV-B dose antioxidant diter-
penes and stress-related hormone abscisic acid was increased in mature leaves that 
showed defense response of plants against UV-B stress. In a previous study, 
Hikosaka et al. (2010) documented that UV-B radiation increased the essential oil 
content and total antioxidant capacity of Japanese mint after 7 days of exposure. It 
may occur due to the increasing number of unfolded leaves, which led to higher 
biomass accumulation and higher essential oil content per plant. In sweet basil 
(O. basilicum), sUV-B exposure increased secondary metabolites content with the 
highest increase in eugenol content at five leaf stage (Johnson et al. 1999). Among 
all the compounds, most of them increased at five leaf stages (b-pinene, 1, 8- cineole, 
linalool, and eugenol) while two of them (trans-b-ocimene and methyl eugenol) 
were increased at three leaf stages. Supplemental UV-B exposure (1.4 kJ m−2 d−1) 
on O. sanctum L. increased the essential oil content by 42% (Kumari and Agrawal 
2011). Major compound eugenol showed non-significant reduction under sUV-B 
while the other major compound β-caryophyllene was increased by 18.6%.Electron 
microscopic observations of basil plant showed that plants exposed to sUV-B 
induced more production of oil which might led to smooth surface oil sacs, whereas 
control plants have partially filled wrikled oil sacs.  In a recent study of Li et al. 
(2019), total oleanolic acid (OA) content (terpene) in leaves showed the highest 
increase by 201% after 3 h exposure (among 1 h, 2 h, 3 h and 4 h) of sUV-B than 
control plants of A. bidentata. In roots, OA was also increased up to 3 h (highest) 
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while non-significant changes between control and 4 h treatment. Secondary metab-
olites increase refers to the adaptation of plants against sUV-B stress. In Mentha 
piperita, essential oil content was increased under UV-B treatment with a decrease 
in menthol content. Besides, menthol reduction in other compounds such as men-
thone, menthofuran, and menthyl acetate synthesis was increased (Maffei and 
Scannerini 2000). Another study on sweet basil showed that the number of oil 
glands was increased in both mature and developing leaves exposed to UV-B as 
compared to controls, which ultimately led to higher production of oil in UV-B- 
exposed plants (Ioannidis et al. 2002). As studied by Kumari and Agrawal (2010), 
sUV-B exposure on C. citratus (D.C.) Staph increased the essential oil content by 
25% as compared to control. Another study made by Takshak and Agrawal (2018) 
showed that essential oil content in C. forskohlii was decreased by 8.6% under 
sUV-B exposure.

17.4  Heavy Metal Stress

17.4.1  Physiological Responses of Plants Under Heavy Metal 
Stress

HMs affect various physiological processes in plants directly or indirectly (Clijsters 
et al. 1999), in fact the majority of responses in plants in relation to HMs are linked 
with growth, differentiation and physiological processes. HMs affect the photosyn-
thetic efficiency in several plants (Krupa and Baszynski 1995). The HMs Cu, Cd, 
and Pb in excess directly inhibit photosynthetic electron transport and activity of 
Calvin Benson cycle enzymes (Myśliwa-Kurdziel et al. 2004). In addition, HMs can 
also affect photosynthetic activity indirectly by decreasing the content of photosyn-
thetic pigments or by damaging the photosynthetic apparatus and structure of chlo-
roplast (Molas 2002). Zhou et al. (2017) reported that chloroplast ultrastructure of 
Robinia pseudoacacia disturbed as thylakoid lamellae gradually disordered and 
loosely packed under Pb stress. Van Assche and Clijsters (1986) revealed that excess 
of Zn supplied in nutrient medium displaces Mg from the water-splitting site in 
oxygen-evolving complex of photosystem II (PS II), thereby inhibiting electron 
transport chain in Phaseolus vulgaris. Excess of Cd caused reduction in net photo-
synthetic rate (Pn) and chlorophyll fluorescence parameters such as maximal photo-
chemical efficiency of PS II (Fv/Fm), effective quantum yield of PS II (ϕPS II), 
photochemical quenching (qP) in rice and tomato seedlings, respectively (He et al. 
2008; López-Millán et al. 2009). In fact, maximal photochemical efficiency of pho-
tosystem II (Fv/Fm) used as an indicator of stress in plants (He et  al. 2008). In 
Triticum aestivum Cr (VI) significantly reduced Fv/Fm, qP (Tripathi et al. 2015). Li 
et  al. (2015) also found decreased Fv/Fm, qP, ϕPS II, and electron transport rate 
(ETR) under higher level of Cd in Elsholtzia argyi, a Cd-accumulating plant. 
Contrary to these results, mild effect of excess HMs on PS II efficiency was observed 
in Triticum durum by Ciscato et al. (1997) and in C. sativus by Burzyński and Kłobus 
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(2004). So the disturbance in PS II efficiency under HMs stress depends on plant 
species, time of exposure to metals and their content in leaf tissues (Burzyński and 
Kłobus 2004). Todeschini et al. (2011) observed that excess Zn negatively affected 
the activity of PS II by decreasing the expression of D1 and D2 reaction center 
proteins.

Kosobrukhov et  al. (2004) reported the photosynthetic activity of plants also 
determined by stomatal regulation of photosynthesis as well as transpiration, and 
suggested that lower Tr under Pb stress is due to a decrease in the number, size and 
conductance of stomata, which in turn leads to decreased internal CO2 (Ci) and net 
photosynthesis rate (Pn) in Plantago major. Similarly, inhibition in Pn due to the 
reduction of gs and photosynthetic pigment contents in Arachis hypogaea was 
reported under Cd and Zn stress (Shi and Cai 2008, 2009). Gill et al. (2012) also 
suggested that a decrease in Pn under Cd stress in Lepidium sativum could be par-
tially due to decreased gs and Ci; likewise, Emamverdian et  al. (2018) reported 
decreased photosynthetic parameters such as Pn, Ci, gs, Tr under high concentration 
of Cu, Pb, and Zn in Indocalamus latifolius.

HMs also affect two distinct physiological processes, that is, water relation and 
mineral nutrition in plants which are essential for both photosynthesis and growth 
of plants (Burzyński and Kłobus 2004). In general, HMs are known to alter the 
water relation of plants (Barceló and Poschenrieder 1990). HMs caused perturba-
tion in water balance and thus a reduction in WUE was observed under Cd stress in 
P. sativum and E. argyi (Januškaitienė 2012; Li et al. 2015). In Brassica oleracea, 
leaf water potential and transpiration rate was reduced accompanied with increased 
leaf diffusive resistance, which showed development of water stress under excess of 
Cd2+, Co2+, and Ni2+ (Pandey and Sharma 2002). Suppression of the gene expression 
of dehydration-related transcription factors and aquaporin isoforms showed that 
water stress is a potential constituent of Cd-induced obstruction in Solanum torvum 
(Yamaguchi et al. 2009).

HMs compete with nutrients for their absorption and uptake by plants which 
consequently affect utilization and function of these nutrients in plants (Krupa et al. 
2002). Membrane transporters are involved in the uptake of bioavailable metal ions 
by plants; in addition, non-nutrient HMs that shared similar chemical properties can 
also enter inside plants through these transporters (DalCorso et al. 2013). Arsenate 
competes with major plant nutrients phosphorus in the form of phosphate for the 
same transporter in root cell membrane (Vetterlein et al. 2007). Likewise, selenate 
(SeO4

2−) and sulfate (SO4
2−) are chemically similar; therefore, selenate competes 

with sulfate for the translocation across membrane, by sulfate transporter (Schiavon 
et al. 2012). HMs also affect the nutrient contents in plants as Gonçalves et al. (2009) 
revealed that Cd2+ decreased the macronutrients and micronutrients content in the 
root and shoot of in vitro-cultured Solanum tuberosum cultivars. Zouari et al. 2016 
also reported Olea europaea plant treated with 30  mg CdCl2 kg−1 soil showed a 
decrease in Ca, Mg, and K contents, in both above and below ground plant parts. 
Addition of Cr (VI) to nutrient medium decreased the nutrients element Na, K, Ca, 
and Mg in wheat (Tripathi et al. 2015). Similarly, Ni toxicity decreased N, P, and K 
concentrations in rice (Nazir et  al. 2016). Ni toxicity also decreased Cu and Mn 
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concentrations in wheat (Wang et al. 2015). It was found that application of excess 
Zn caused elevated concentration of Cu and Fe whereas lowered concentration of 
Mn in the root of Brassica juncea and Brassica napus (Feigl et al. 2014). Excess of 
Zn also induced the expression of the ferric-chelate reductase gene (FRO2) that con-
tributed to high uptake of Fe in A. thaliana (van de Mortel et al. 2006). Table 17.4 
summarizes the physiological responses of plants under HMs stress.

17.4.2  Biochemical and Molecular Responses of Plants

One of the primary responses of plants when exposed to excess of HMs, are the 
generation of ROS, which leads to oxidative stress in plants (Kohli et  al. 2017). 
Several redox active metals (Cr, Cu, Mn, and Fe) can directly generate oxidative 
stress via formation of ROS through Haber-Weiss and Fenton reaction whereas non- 
redox active metals (Cd, Ni, Zn, Hg) lead to oxidative stress via multiple mecha-
nisms such as inhibition of the activity of antioxidant enzymes and depletion of 
glutathione, binding to sulfhydryl group of proteins (Emamverdian et  al. 2015). 
These ROS are very toxic and lead to alteration of various biochemical processes 
and induce damage to biomolecules such as peroxidation of membrane lipids, alter-
ation of proteins and enzymes functions, DNA breakage, damage to pigments, and 
disruption of some metabolic pathway (Kohli et al. 2017). Therefore, plants have 
developed several defense mechanisms such as enzymatic and non-enzymatic anti-
oxidant defense systems to combat the stress generated by HMs. Plant damage 
occurs when the equilibrium between ROS production and scavenging perturb and 
the amount of ROS exceeds the capacity of antioxidant defense systems (Kisa et al. 
2016). Table 17.5 summarizes the various biochemical responses of plants under 
HMs stress.

17.4.2.1  Lipid Peroxidation

Plasma membranes of cells are the primary target of HMs toxicity in plants. HMs 
cause lipid peroxidation via production of ROS (Shahid et al. 2014). Measurement 
of the level of thiobarbituric acid reactive substance (TBARS) such as MDA in tis-
sues is widely used as an indicator of lipid peroxidation in plants (Yusuf et al. 2012; 
Rai et al. 2014).

Singh et al. (2016a) suggested that increased content of MDA in the root and 
shoot of T. aestivum must be due to increased formation of ROS under excess of Cd 
and Cu. In the root of Astragalus neo-mobayenii, MDA level increased with increas-
ing concentration of Cu (Karimi et al. 2012). Rai et al. (2014) also reported that 
when Cr applied in excess, MDA content significantly increased in the leaves of 
C. roseus.
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17.4.2.2  Protein Damages

HMs induce changes in the quantity and quality of protein through various mecha-
nisms as they cause structural modification in proteins and render them inactive via 
binding with –COOH, –NH2 –SH functional groups, modify genes expression, dis-
place essential metal ions from metal-dependent proteins and increase ribonuclease 
activity (Shahid et al. 2014). Proteomic analysis in cucumber under Cd stress indi-
cated that relative abundance of several proteins that are involved in response to 

Table 17.4 Physiological responses of plants under HMs stress

Plants
Heavy 
metals Parameters Effect References

Phragmites australis (Cav.) 
Trin. Ex. Steudel

Pb, Zn Photosynthetic rate Decreased Bernardini 
et al. (2016)Stomatal 

conductance
Decreased

Internal CO2 Decreased
Mesophyll 
conductance

Decreased

Robinia pseudoacacia Pb Photosynthetic rate Decreased Zhou et al. 
(2017)Stomatal 

conductance
Decreased

Internal CO2 Decreased
Fv/Fm Decreased
ϕPS II Decreased

Bana (Pennisetum 
americanum × P. purpureum) 
and vetiver (Vetiveria 
zizanioides) grass

Cd Fe concentration Decreased in both 
plant

Zhang et al. 
(2014)

Water content and 
transpiration rate

Decreased in bana 
grass whereas not 
affected in vetiver

Zea mays L. var. Super 
20–20

Cr and 
Pb

Ca, Mg, Na and K 
concentration

Decreased Singh et al. 
(2015)

Cucumis sativus L. var. 
Jinyan 4.

Cd Photosynthetic rate Decreased Sun et al. 
(2016)Stomatal 

conductance
Decreased

Transpiration rate Decreased
Internal CO2 Increased

Zea mays L. genotype EV-77 
and EV-1098

Pb Stomatal 
conductance

Decreased Ahmad et al. 
(2011)

Internal CO2 Decreased
Transpiration rate Increased
Water use 
efficiency

Decreased

K+ and Cu2+ ions Decreased
Amaranthus paniculatus L. Ni Fv/Fm Decreased Pietrini et al. 

(2015)ϕPS II Decreased
qP Decreased
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stress, metabolism, photosynthesis, and storage were repressed due to Cd treatment 
(Sun et al. 2016). Duquesnoy et al. (2009) revealed that Agrostis tenuis leaf pro-
teome such as oxygen-evolving enhancer protein, RubisCO small and large subunit, 
ATP synthase differentially expressed under As stress. Beltagi (2005) reported that 
Pb caused qualitative and quantitative changes in protein of Vicia faba root nodule. 
Cr treatment significantly reduced protein content in C. roseus leaves (Rai et  al. 
2014). Similarly, maize (Z. mays) seedling treated with different concentration of 
Pb and Cr revealed that increasing concentration of Pb and Cr decreased protein 
content in the root and shoot of maize (Singh et al. 2015).

Table 17.5 Biochemical responses of plants under HMs stress

Plants
Heavy 
metals Parameters Effect References

Brassica juncea L. Czern and 
Coss.) cv, Pusa Jai Kisan and SS2

Cd H2O2 content Increased Iqbal et al. 
(2010)MDA content Increased

Ascorbate content Decreased
GSH content Increased
CAT, APX, GR, 
SOD activity

Increased

Avena sativa,Pennisetum glaucum, 
and Eleusine coracana

Ni Total chlorophyll 
content

Decreased Gupta et al. 
(2017)

MDA content Decreased
Proline content Increased
SOD activity Increased
CAT activity Decreased

Brassica juncea L. var. Pusa
Jaikisan

Ni, Cr, Pb, 
Cd, Hg

Total chlorophyll 
content

Decreased Sheetal et al. 
(2016)

Proline content Increased
SOD and POX 
activity

Increased

Amaranthus paniculatus L. Ni Total chlorophyll 
content

Decreased Pietrini et al. 
(2015)

MDA content Increased
SOD and GPX 
activity

Increased

APX and CAT 
activity

Not 
affected

Catharanthus roseus (L.) G. Don., 
rosea and alba

Cr Total chlorophyll 
content

Decreased Rai et al. 
(2014)

Carotenoid 
content

Increased

Protein content Decreased
MDA content Increased
Proline content Increased
APX, CAT, GPX 
activity

Increased
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17.4.2.3  DNA Damages

HMs-induced DNA damage has been widely reported in several plants species 
(Aina et al. 2004; Gichner et al. 2006; Pourrut et al. 2011). Metal ions may bind to 
four different potential sites of DNA such as the base ring nitrogen, the negatively 
charged phosphate oxygen atoms, the hydroxyl group of ribose and the exocyclic 
base keto groups (Oliveira et al. 2008). Oliveira et al. (2008) also reported that Pb, 
Cd, and Ni bind to dsDNA and lead to different modifications in the structure of 
dsDNA such as destabilization of double-helix, conformational changes. Ou et al. 
(2012) suggested that DNA methylation patterns were modified in the leaf tissue of 
Oryza sativa treated with Cu2+ Cd2+ Cr2+ Hg2+ and these modifications were exclu-
sively confined to CHG (Cytosine and guanine rich site where H represents A,T or 
C) hypomethylation. Genome expression analysis in Z. mays inbred line 178 
revealed that genes related to cellular processes, signaling, and metabolic functions 
were more than five times up- or downregulated compared to control under Pb stress 
(Shen et  al. 2013). Pourrut et  al. (2011) demonstrated a cross link between 
Pb-induced oxidative stresses, DNA strand breakage and chromosomal aberrations 
in V. faba roots.

17.4.2.4  Photosynthetic Pigments

Combination of heavy metals such as Cd, Zn, Cr, and Cu leads to decreased content 
of chlorophyll and carotenoids in all poplar hybrids except for the Eco28 hybrid 
(Chandra and Kang 2016). Pb and Cr at higher concentration significantly decreased 
total chlorophyll and carotenoids content in maize seedlings (Z. mays) (Singh et al. 
2015). Tripathi et al. (2015) reported that due to toxicity of Cr (VI) total chlorophyll 
content decreased by 19% compared to control in wheat. Xue et  al. (2013) also 
revealed that Cd decreased the total chlorophyll content and chl a/b ratio in soybean 
seedlings (G. max). δ-Aminolevulinic acid (ALA) synthetic ability and 
δ-aminolevulinic acid dehydratase (ALAD) play a key role in the biosynthesis of 
chlorophyll (Cenkci et al. 2010). Cenkci et al. (2010) reported that higher concen-
tration of Pb increased ALA level, which is the substrate for ALAD activity and 
inhibited the activity of ALAD, resulting in decreased formation of porphobilino-
gen, which is required for synthesis of chlorophyll and thus content of chlorophyll 
a and chlorophyll b decreased in Brassica rapa. Prasad and Prasad (1987) showed 
that by binding with –SH group of ALAD, Pb and Hg inhibit the activity of ALAD 
enzyme leading to decreased chlorophyll content in Pennisetum typhoideum.
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17.5  Adaptation and/or Tolerance Mechanism Under Heavy 
Metal Stress

Plants have numerous interrelated networks of defense mechanisms to avoid or 
tolerate HMs toxicity. In the environment, different types of plants species may 
have evolved different strategies to tolerate and/or avoid HMs toxicity (Meharg 
1994). Some of the mechanisms adopted by plants species, when they come into 
contact with HMs, include (1) immobilization or chelation of HMs and (2) exclu-
sion and restriction of HMs uptake. Once heavy metals overcome these barriers and 
enter inside the cell, a variety of potential defense mechanisms exist there to attenu-
ate the effect of HMs such as compartmentation of HMs within vacuoles, chelation 
or sequestration of HMs by organic acids, amino acids, peptides (phytochelatins 
and metallothioneins [MTs]), synthesis of stress proteins, and activation of enzy-
matic and non-enzymatic antioxidant systems (Hall 2002; Zhu et al. 2011; Hossain 
et al. 2012). Figure 17.3 depicts the HMs toxicity and detoxification mechanism 
in plants.

Fig. 17.3 Possible mechanisms of HMs toxicity and detoxification in plants (Hossain et al. 2012; 
DalCorso et al. 2013; Emamverdian et al. 2015).
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17.5.1  Extracellular Defense Mechanisms

Root exudates of plants play an important role in chelation of metals and prevent 
intracellular accumulation of HMs; for example, plants exude histidine and citrate, 
which chelates Ni and leads to reduced uptake of Ni by plants (Salt et al. 1999). 
Pinto et al. (2008) reported that organic acids such as malate and citrate released by 
roots of sorghum and maize may play an important role in tolerance of these species 
under Cd stress. Organic acids released by root apex of maize also play a prominent 
role in Al tolerance (Pellet et al. 1995). Zhu et al. (2011) reported that root apex of 
tomato plant secrete oxalate which helps to exclude Cd from entering tomato roots, 
thereby contributes to Cd resistance in the Cd-resistant tomato cultivar. Several 
plants species also reduce the uptake of metals by restricting heavy metal ions to 
apoplast (Tice et  al. 1992). Silene vulgaris ssp. Humilis, a heavy metal-tolerant 
plant, accumulated several HMs in the epidermal cell wall either by binding to a 
protein or as silicates (Bringezu et al. 1999).

17.5.2  Intracellular Defense Mechanisms

17.5.2.1  Compartmentation or Sequestration of Heavy Metals

One of the strategies adopted by plants to divert heavy metal ions from the cytosol 
or other cellular compartments is the sequestration of HMs into the vacuoles, for 
example, preferential storage of Cd in the vacuoles reduced the Cd toxicity to plants 
which may be responsible for the long-term growth of B. napus on Cd-contaminated 
soil (Carrier et al. 2003). Wang et al. (1991, 1992), on the basis of computer simula-
tion studies, suggested that sequestration of Cd and Zn in the vacuoles via chloride/
phosphate and citrate may be a possible mechanism in the accumulation of Cd and 
Zn, respectively, in Nicotiana tabacum. From A. thaliana, a gene (ZAT) was iso-
lated, which is closely related to animal ZnT (Zn transporter) gene, under high level 
of Zn, overexpression of ZAT gene in transgenic plants led to accumulation of Zn in 
the roots (Van der zaal et al. 1999). Persans et al. (2001) suggested that high-level 
expression of TgMPT1 gene that encodes vacuolar metal ion transport protein 
accounts for the enhanced ability of Thlaspi goesingense to accumulate metal ions 
in shoot vacuoles. In addition to vacuolar sequestration, plants also have some mor-
phological features such as trichomes that are involved in sequestration of HMs. 
Choi et al. (2001) reported that head cell of the trichomes of N. tabacum actively 
exclude Cd by forming and excreting Cd/Ca-containing crystals.
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17.5.2.2  Chelation by Phytochelatins

Chelation of heavy metals by the high-affinity peptide ligands such as phytochela-
tins (PCs) and metallothioneins (MTs) constitutes the potential detoxification and 
tolerance mechanism in the cells under HMs stress. PCs are synthesized from glu-
tathione (GSH) by the enzyme phytochelatin synthase and have the general struc-
ture (γ-Glu-Cys)n-X, where X is Gly, γ-Ala, Ser, Gln, or Glu and n  =  2 to 11, 
depending on the organism; however, the most common forms have 2–4 peptides 
(Yang et al. 2005). The biosynthesis of PCs is induced by several HMs such as Cd, 
Hg, Ag, Cu, Ni, Pb, As, and Zn; however, Cd is the strongest inducer (Zenk 1996).
PCs are synthesized in the cytosol as the product of enzymatically synthesized pep-
tides (Verkleij et al. 2003) and interact with metals to form complexes which are 
actively transported from cytosol to vacuoles as their final destination (Song et al. 
2014). The cysteine residue of PCs interacts with HMs via their thiol (−SH) group; 
Di Toppi and Gabbrielli (1999) reported that the thiol group of PCs forms complex 
with Cd, which are sequestered in the vacuoles and thus prevent the free circulation 
of Cd2+ ion inside the cytosol. The HMs–PCs complex is transported from the cyto-
sol to vacuoles by metal/H+ antiporter or ABC transporter of tonoplast (Song et al. 
2014). Nouairi et al. (2009) reported that PCs content increased significantly under 
Cd stress in B. juncea and play an important role in metal detoxification. In Solanum 
nigrum, production of PCs was increased at 200 μmol L−1 Cu concentration, which 
resulted in immobilization of excess Cu in root (Fidalgo et al. 2013).

17.5.2.3  Chelation by Metallothioneins

Plant metallothioneins (MTs) are the low-molecular-weight, cysteine-rich, metal- 
binding polypeptides that also play an important role in metal detoxification and 
homeostasis (Guo et al. 2013). MTs show high affinity with several metals such as 
Cu, Cd, Zn, and As. MTs are the product of mRNA translation (Verkleij et al. 2003). 
Plants possess multiple types of MTs and on the basis of arrangement of cysteine 
residue divided into four distinct subgroups (Ferraz et al. 2012). Guo et al. (2013) 
identified a metallothionein gene designated as ScMT2–1-3 from sugarcane and 
reported that Cu2+ stress upregulated the expression of ScMT2–1-3 and this gene is 
significantly involved in the detoxification of Cu and storage in the cells. Zhigang 
et al. (2006) reported that at seedling stage ectopic expression of BjMT2, a metallo-
thionein type 2 gene from B. juncea, increased copper and cadmium tolerance in 
A. thaliana. Overexpression of Elsholtzia haichowensis metallothionein type 1 
(EhMT1) in transgenic tobacco plant also increased the tolerance of tobacco plant to 
Cu toxicity (Xia et al. 2012).
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17.5.2.4  Chelation by Organic Acids and Amino Acids

Organic and amino acids (citrate, malate, oxalate, histidine, and nicotinamine) are 
involved in the both extracellular and intracellular detoxification systems of plants. 
Intracellularly organic acids may chelate with HMs and transformed into non-toxic 
forms (Hall 2002). Lee et al. (1978) reported that Ni bound to citrate and strong 
correlation found in level of Ni and citrate in Ni hyperaccumulating plants. Oven 
et al. (2002) reported that cells of Crotalaria cobalticola, a Co hyperaccumulator 
and non-accumulators Rauvolfia serpentina and Silene cucubalus when exposed to 
excess of Co2+ ions, resulted in increased concentration of citrate and cysteine which 
may denote their involvement in HMs detoxification.

In addition, root exudates of plants also accumulate non-toxic forms of metals, 
under Al stress Fagopyrum esculentum secrete oxalic acid, which chelate Al ions 
and allow the accumulation of a non-toxic Al–oxalate complex in the leaves (Ma 
et al. 2001). Nicotinamine (NA) is a non-proteinogenic amino acid and possesses 
high affinity to many HMs such as Zn, Cu, Mn, Ni, and Cd (Lin and Aarts 2012). 
The Zn–NA complexes also have been detected in root cells of A. thaliana (Deinlein 
et al. 2012).

17.5.2.5  Enzymatic and Non-enzymatic Antioxidants

A number of enzymatic antioxidants such as SOD, APX, POX, CAT, and GR and 
non-enzymatic antioxidants such as ascorbic acid, glutathione, cysteine, amino 
acids, phenolic compounds, proline, and carotenoids perform potential detoxifica-
tion role against stress induced by HMs. Enzymatic antioxidants are a potent regula-
tor of oxidative stress caused by HMs in plants. Zouari et al. (2016) showed that 
SOD, GPX, and CAT activities increased significantly whereas APX activity 
decreased in Cd-treated O. europaea plant. Ni toxicity increased the activity of 
SOD, CAT, and POX in B. juncea (Yusuf et al. 2012). Similarly, SOD, CAT, and 
POX activities significantly increased in leaves and roots of Astragalus neo- 
mobayenii with increasing concentration of Cu (Karimi et  al. 2012). Rai et  al. 
(2014) observed that Cr toxicity resulted in increased activity of APX, CAT, and 
GPX activity in C. roseus.

Proline is an amino acid and believed to provide tolerance against HMs in plants 
(Singh et al. 2012). Vigna mungo seedlings grown with excess of Pb and Ni showed 
rapid accumulation of proline in their tissues (Singh et al. 2012). Zouari et al. (2016) 
also reported increased proline content in leaves and roots of Cd-treated O. euro-
paea plant. The proline content also increased significantly with increasing Cu con-
centration in Astragalus neo-mobayenii (Karimi et al. 2012).

Glutathione is a low-molecular-weight tripeptide (γGlu-Cys-Gly) involved in a 
wide range of metabolic processes and also a major transport and storage form of 
sulfur in plants; furthermore, it is one of the main potential antioxidant and redox 
buffers in plants (Yadav 2010). GSSG is converted to GSH with the help of enzyme 
GR and also the ratio of GSH/GSSG is an indicative of cellular redox balance in 
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plants (Yadav 2010). It involves the control of H2O2 level in cells through AsA-GSH 
cycle (Foyer and Noctor 2005). Kumar et al. (2012) suggested that Pb stress indi-
rectly caused oxidative stress in Talinum triangulare, which is indicated by the 
decrease in the ratio of GSH/GSSG with increased dose of Pb treatment.

Phenolic compounds are the plants’ secondary metabolites and have high ten-
dency to chelate metals. Kısa et  al. (2016) reported that total phenolics content 
increased in Z. mays under Cd, Cu, and Pb treatment. At higher Ni concentration, 
total phenolics and flavonoids content increased in Matricaria chamomilla due to 
increased PAL and shikimate dehydrogenase (SKDH) activity which are the main 
enzymes involved in biosynthesis of phenolics (Kováčik et al. 2009). Elguera et al. 
(2013) reported that Cd decreased the content of phenolic acids such as chlorogenic 
acid, ferulic acid, and caffeic acid in the leaves of L. sativum. In a medicinal plant 
Gynura procumbens total phenolics and flavonoids content was found to be reduced 
under Cd and Cu treatments, which might be due to reduced PAL enzyme activity 
(Ibrahim et al. 2017).

17.6  Interactive Effects of UV-B and Heavy Metals on Plants

Excess of both HMs and UV-B individually has detrimental effects on plant life. 
Effects of UV-B on growth, physiology, and biochemistry are modified by several 
other abiotic factors such as drought, fertilizer, ozone, and HMs. As HMs are an 
important component of soil system and required by plants while excess may cause 
toxic effects in plant system. In literature, there are limited studies on the interactive 
effect of sUV-B and HMs stress on plants. An experiment with sUV-B (0.4 W m−2) 
and Ni (0.01, 0.10, and 1.00 mM) on young soybean seedling showed that higher 
reduction in growth (plant height, leaf area, fresh mass, and dry mass) and chloro-
phyll content was found in combination of sUV-B with higher dose of Ni (1.00 mM) 
than Ni and control (Prasad et al. 2005). Lipid peroxidation and ROS production 
were also maximum under higher Ni dose with UV-B radiation. As previously 
reported by Valkama et al. (2003), high selenium (Se) concentration in soil increased 
the sensitivity of strawberry plants to sUV-B radiation. High Se dose (1 mg kg−1) 
with UV-B decreased the leaf growth by 15% in strawberry. The combined treat-
ment of UV-B and Cd induces the oxidative stress in wheat (Gondor et al. 2014). 
Cd-treated wheat induces the salicylic acid accumulation, which was not enhanced 
by sUV-B but increased oxidative stress with antioxidant enzyme activation and 
polyamine synthesis (Kovács et  al. 2014). In Spinacia oleracea L., chlorophyll 
(25.4%) and carotenoid (27.4%) contents were decreased maximum under combi-
nation of sUV and Cd at 15 days after sowing (DAS) than individual treatment and 
control while the anthocyanin and flavonoids showed non-significant changes. 
Peroxidation of lipid was maximum under sUV-B + Cd followed by sUV-B + Ni, 
sUV-B, Ni, and Cd. Ascorbic acid content was maximum sUV-B  +  Cd at 15 
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DAS. Proline content was found to be higher under combination as compared to 
individual ones and control (Shweta and Agrawal 2006). In short, we can say that 
interactive effects of heavy meats and sUV-B cause an additive detrimental effect as 
compared to their individual ones.

17.7  Conclusion

Based on current evidences, it becomes clear that both stresses affect various physi-
ological and biochemical processes, which ultimately lead to reduction in growth 
and productivity of plants. Plants perform different strategies to tolerate these 
stresses which include morphological and anatomical adaptation, induction of 
 antioxidant systems, secondary metabolite production, and extracellular and intra-
cellular defense mechanisms. Interactive effects of UV-B and HMs cause higher 
reduction in plant performance as compared to their individual effects. Although 
lots of works have been done in the area of these stresses individually but limited 
studies reported their interactive effects. It can be suggested that more studies will 
be conducted in near future to evaluate their interactive effects and also the possible 
mechanism to combat these stresses.
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Abstract Thickness reduction of stratospheric ozone layer is one of the environ-
mental threats that leads to shared increase of UV-B radiation reaching the Earth’s 
surface. Mechanisms of adaptation and damage of the photosynthetic apparatus 
(PA) in higher plants are considered in this review. Mn-containing water-oxidiz-
ing complex, D1 and D2 proteins, quinone molecules, disruption of thylakoid 
membrane integrity, and a number of Calvin cycle enzymes, first of all Rubisco, 
are the first targets of UV radiation. This review examines various mechanisms 
that can protect the PA against UV radiation. A shift of pro-/antioxidant balance 
towards antioxidants, synthesis of UV-absorbing pigments, and a number of other 
mechanisms are considered in this review. Reactive oxygen species, UVR8 pro-
tein, and photoreceptors such as phytochrome and cryptochrome are included in 
the UV-transduction chain. UV-induced inhibition of photosynthesis and growth 
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processes together with the positive effects of UV manifesting in an enhancement 
of the biosynthesis of different pigments such as flavonoids and carotenoids and 
increasing stress resistance of the PA are also discussed.

Keywords UV radiation · Photosynthesis · Oxidative stress · Photosystem II · 
Pigments · Protection

Abbreviations

CPD Cyclobutane pyrimidine dimers
DNA Deoxyribonucleic acid
FRL Far-red light
LHCII Light-harvesting complex II
PA Photosynthetic apparatus
PAR Photosynthetically active radiation
PFR Phytochrome active form
phyB Phytochrome B
POL Lipid peroxide oxidation
PSI Photosystem I
PSII Photosystem II
RL Red light
ROS Reactive oxygen species
UAPs UV-absorbing pigments
WT Wild type

18.1  Introduction

The wavelengths of UV radiation are in the range from 10 to 400 nm. However, 
solar radiation incident on the Earth contains only two wavelength ranges: UV-A 
(320–400 nm) and UV-B [280–320 (or 315) nm] (Strid et al. 1994). The shorter- 
wavelength UV quanta are absorbed by the ozone layer localized in the stratosphere 
and partly by atmospheric aerosols. As a result, UV irradiation reaching the Earth’s 
surface begins from the wavelengths of 290–300 nm depending on the region, and 
the proportion of UV radiation composes approximately 7% from the total solar 
irradiation, reaching the Earth’s surface (Caldwell 1981), but this value varies with 
ozone layer thickness (Qing et  al. 2004). Herein approximately 95% of the UV 
radiation incident on the plants belongs to the UV-A region and only 5% refers to 
UV-B (White and Jahnke 2002).
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It is known that for many plants, UV radiation in the range of 280–320 nm is a 
stress factor that can act nonlinearly. Even with a small decrease in the stratospheric 
ozone layer, it can be expected that a relatively strong biological effect of UV radia-
tion will appear, which can lead to a change in species diversity, plant productivity, 
and metabolic orientation in the process of plant development. What do we have in 
reality? The surface level of UV-B radiation was really elevated during the period 
from 1979 to 2008 (Ballaré et al. 2011). Although it is hard to predict ozone varia-
tions in the future due to many factors affecting this process, currently, in some 
areas of the Earth, an enhancement of UV-B radiation is expected due to the ozone 
layer depletion and other atmospheric changes (Bais et al. 2015). Hence, predicted 
increase in UV-B irradiation can induce additional decline of photosynthetic activ-
ity and the productivity of higher plants, and it is necessary to study the effect of 
ultraviolet radiation on plant organisms, especially its interaction with other stress 
factors. However, there is also an opinion that most of the experiments that study the 
effect of UV radiation were carried out under conditions far from the actual doses 
and spectral composition of the light actually acting on the plants, so it is hard to 
expect that even a slight increase in the proportion of UV-B can actually noticeably 
increase the negative effect of UV-B on plants (Fiscus and Booker 1995).

Ecological and physiological studies are often conducted in order to determine 
how the typical and elevated intensity of UV radiation, and solar UV-B in particular, 
inhibits growth, development, biomass accumulation, and photosynthesis in plants 
(Mark and Tevini 1996) and to estimate how clipping UV radiation affects these 
parameters using UV-absorbing filters (Kadur et al. 2007; Klem et al. 2012; Kataria 
et al. 2013, 2014; Dehariya et al. 2011).

Solar UV radiation primarily affects the photomorphogenetic regulation system, 
and its exclusion leads to enhanced leaf growth and plant biomass and an increase 
in the plant photosynthesis rate, but little effect on the electron transport speed and 
activity of the photosystem II (PSII) (Kadur et  al. 2007; Dehariya et  al. 2011; 
Kataria et al. 2013, 2014). However, with the combined effect of other stress factors 
and the expected increase in UV-B dose (Bais et al. 2015), a noticeable effect of 
solar UV radiation on the primary photosynthesis processes is also possible (Kataria 
et al. 2014). With regard to carbon exchange, it can be assumed that the presence of 
UV radiation retards carbon sequestration in plants (Kadur et al. 2007). In many 
plant species, reduced photosynthesis rate and productivity are especially effective 
under the action of UV-B radiation (290–320  nm) (Teramura and Ziska 1996). 
UV-B radiation also induces different changes in plant metabolism (Schreiner et al. 
2012), including the production of secondary metabolites, such as alkaloids and 
flavonoids, mostly involved in the plant defense system (Zhang and Björn 2009; 
Schreiner et al. 2012).

Along with a decrease in the activity of ribulose-1,5-bisphophate-carboxylase/
oxygenase (Rubisco), a decrease may be due to a decrease in availability of CO2, 
PSII activity, stomatal conductivity, reduction of photosynthetic and accessory pig-
ments, and the expression of photosynthetic genes which are vulnerable to UV 
radiation (Teramura and Ziska 1996; Klem et  al. 2012; Kataria et  al. 2014; 
Kosobryukhov et  al. 2015). The effect of UV radiation on various physiological 
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parameters is described in detail in a number of papers (Teramura and Sullivan 
1994; Jordan 1996; Teramura and Ziska 1996; Hollosy 2002; Dehariya et al. 2011; 
Klem et al. 2012; Schreiner et al. 2012; Kataria et al. 2013, 2014; Kosobryukhov 
et al. 2015).

All these effects are due to either the direct action of UV on the photosynthetic 
apparatus (PA), including a number of amino acids, proteins, enzymes, nucleic 
acids, unsaturated lipids, and others, or indirect effect by the generation of reactive 
oxygen species. For example, the action of UV radiation can change the activity of 
any enzymes themselves, as well as changes on the cell metabolism that affect the 
pattern and intensity of PA responses to stress (Lyubimov 2010). Investigation of 
UV radiation effect in model systems in the absence of light in the visible region is 
undoubtedly useful for studying targets of exposure to UV radiation. However, it 
should, if possible, be compared with the action of UV radiation under natural con-
ditions, when visible light is present in different spectral ranges (Vass et al. 2005), 
which plays a protective role against the inhibitory action of UV radiation. The 
spectral ranges of red and blue radiation play a particularly important role in the 
adaptation to UV radiation and UV resistance of PA (Kreslavski et al. 2018a, b; 
Hoffmann et al. 2015).

The interaction of photosynthetically active radiation (PAR) (and its spectral 
ranges) with UV under different conditions is discussed in detail in a number of 
recent papers (Klem et al. 2012; Hoffmann et al. 2015; Kreslavski et al. 2018a, b). 
Here, the ability of one or another wavelength to restore the reduced activity of PSII 
as a result of the resynthesis of photosynthetic proteins, first the D1 protein, plays 
an important role (Vass et al. 2005; Zsiros et al. 2006).

However, note that authors of the majority of works investigated the impact of 
UV radiation on the PA activity for a long period of time, or plants were briefly 
irradiated but the irradiation was repeated for many days (Joshi et  al. 1991; 
Lingakumar and Kulandaivelu 1993a, b; Biswal et al. 2003). These approaches are 
legitimate, and it is necessary to take into account the changes in plant characteris-
tics during long-term variations in growth conditions into account. However, to dis-
sect the mechanisms and pathways of plant adaptation to UV radiation, it is also of 
great importance to study the nature of plant responses to UV radiation for a short 
time, for example, a few hours or a few minutes (Kreslavski et  al. 2013a, b; 
Khudyakova et al. 2017).

18.2  Effects of UV Radiation on Photosynthetic Processes

18.2.1  Impact of UV Radiation on Photosynthesis

There are several direct effects of UV-B on photosynthesis in sensitive plants 
(Kataria et al. 2014). They are: decline in Rubisco activity, damage of PSII, decrease 
in carbon dioxide fixation, and photosynthetic pigment degradation. Changes in leaf 
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thickness, stomatal closure, leaf anatomy, canopy morphology, and chloroplast 
arrangement can indirectly affect photosynthetic processes (Bornman and Vogelman 
1991; Vass et al. 2005). Figure 18.1 illustrates the possible sites of UV radiation 
damaging effects.

Decrease in CO2 assimilation rate plays an important role in stress-induced 
responses of photosynthetic apparatus lowering light-harvesting antenna size, dis-
rupting thylakoid membrane integrity, and inactivating Calvin cycle enzymes, first 
Rubisco (Takeuchi et al. 2002). A number of works have also demonstrated that 
lowered CO2 assimilation rate can cause changes in stomatal conductance under UV 
(Urban et al. 2006; Dennis et al. 2013). So, Dennis et al. (2013) studied the effect of 
solar ambient UV-B on stomatal density, conductance, and isotope discrimination in 
four field-grown soybean [Glycine max (L.) Merr.] isolines. It was shown that UV-B 
decreased stomatal density and conductance in isolines expressing a unique 
branched kaempferol triglycoside. Authors suggested that lowered stomatal density 
was linked to elevated season-long water-use efficiency and reduction of internal 
CO2 concentration in leaves.

In the work (Schumaker et al. 1997), the authors examined the physiological and 
morphological reactions of rooted cuttings of Populus trichocarpa Torr. & Grey and 
P. trichocarpa × P. deltoides Bartr. ex Marsh., grown either in the presence of UV-B, 
the intensity of which was close to the intensity of solar UV-B (cellulose diacetate 
film, I = 120.6 mJ m−2 s−1), or low UV-B radiation (polyester film, I = 1.6 mJ m−2 s−1) 
during one growing season. The study demonstrated higher net photosynthesis, 
transpiration rate, and stomatal conductance in mature leaves exposed to low UV-B 
radiation level than in mature leaves exposed to UV-B radiation like the sun. 
However, changes in chlorophyll content and PSII activity were not observed. The 
authors concluded that the increase in net photosynthesis in response to the sub- 
ambient UV-B radiation treatment was partly a result of enhanced photosynthetic 
efficiency due to elevated amounts of palisade parenchyma cells in leaves.

Note that changes of photosynthesis depend on the strength of stress and on the 
parameter to which the data are related (Mark and Tevini 1996). Sunflower and 

Fig. 18.1 Main targets in photosynthetic apparatus under UV radiation

18 Impact of UV Radiation on Photosynthetic Apparatus: Adaptive and Damaging…



560

maize plants were grown in climate-controlled growth chambers under solar radia-
tion. Using UV-transmitting filters as covers, authors simulated a decrease in strato-
spheric ozone of about 12% based on ambient ozone levels in Lisbon. The 
photosynthetic rates of sunflower and maize plants based on leaf area showed higher 
or similar photosynthetic rates under enhanced UV-B radiation in comparison to the 
plants under normal UV-B radiation. However, photosynthetic rates on a plant basis 
were significantly decreased under enhanced UV-B radiation. The difference in the 
effect of enhanced UV radiation on photosynthetic rates calculated on various bases 
can be related to different leaf structures.

18.2.2  Impact of UV Radiation on Photosystem II

Between many cellular systems under environmental stress conditions, photosys-
tem II is the most sensitive cellular element (Berry and Bjorkman 1980; Barber and 
Andersson 1992; Allakhverdiev et al. 2008). Especially, it is known that even mod-
erate UV radiation can decrease PSII activity (Melis et al. 1992; Vass et al. 2005; 
Tyystjarvi 2008). PSII, stronger than photosystem I (PSI), is considered to be the 
most sensitive target of UV-B (Tyystjärvi and Vass 2000; Tyystjarvi 2008). PSII 
acceptor side components such as QA and QB, as well as D1 and D2 proteins, light 
harvesting complex II, the Mn4CaO cluster, YZ, cyt f, and enzymes of the Calvin 
cycle, first of all Rubisco, seem to be the most susceptible to photodamage due to 
UV irradiation (Vass et al. 1996; Kolli et al. 1998; Rodrigues et al. 2006; Zsiros 
et al. 2006; Tyystjarvi 2008; Lidon et al. 2012; Hou and Hou 2013; Kataria et al. 
2014). Especially, the Mn cluster of the water oxidation complex seems to be the 
most sensitive to UV radiation, and among all the components, it is the initial target 
of UV (Kataria et al. 2014). As a result, PA activities such as photosynthetic rate 
(Pn) and PSII quantum yields Y(II) and FV/FM are declined. However, the integrity 
of the thylakoid membrane and chloroplast structure seems to be more sensitive 
compared to the photosynthetic parameters (Lidon et al. 2012).

In the UV-B region, the quanta of light have high energy and can easily damage 
the target molecules. There is a number of papers that analyze the UV absorption 
spectra of the PSII components and intermediate products in the process of electron 
transport (Bensasson and Land 1973; Vass et  al. 2005). The significant selective 
absorption of plastosemiquinones was found in the UV-B range (Vass et al. 2005). 
The maximum of the plastosemiquinone-9 anion minus plastoquinone-9 difference 
spectra in methanol solution was approximately 320  nm (Bensasson and Land 
1973). However, probably it is necessary to discuss the modification of the QB- 
binding protein niche as it was also indicated by the lowered affinity of atrazine and 
DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) to occupy the QB site in 
UV-irradiated thylakoids and cyanobacterial cells (Vass et al. 2005). The damaging 
effects of UV-B radiation on the redox function of Tyr-Z and Tyr-D are also indi-
cated (Vass et al. 1996).
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The Mn cluster is extremely sensitive to UV-B (Szilárd et al. 2007). However, the 
Mn cluster in higher S-states has relatively good UV-B absorption; UV-B-induced 
damage may result in UV-B-induced photolysis of peroxidic intermediates to highly 
damaging hydroxyl radicals produced within the Mn cluster. The following mecha-
nism of UV-B damaging effect is suggested (Szilárd et al. 2007). Damage to the Mn 
cluster is sensitized by the S-state-dependent UV-B absorption. As a result, UV-B 
disrupts the Mn cluster structure and/or induces ROS production, in particular 
hydroxyl radicals and hydrogen peroxides.

Karpinski et al. (1997) reported that the inhibition of photosynthesis by UV-B 
radiation was accompanied with elevated H2O2 content and was linked to the dam-
age and degradation of D1 and D2 proteins of the PSII reaction center.

It is suggested (Vass et al. 2005) that there is a following sequence of PSII events 
induced by UV radiation: the primary event of UV radiation effects is the impair-
ment of the Mn cluster of the water-oxidizing complex. Then electron acceptors 
such as quinone and tyrosine donors are damaged. Eventually, D1 and D2 subunits 
of the reaction center are destroyed together with inhibition of photosynthesis and 
increase in elevated H2O2 (Karpinski et al. 1997). Note that the action spectrum of 
the degradation of D1 protein and the absorption spectrum of plastosemiquinones 
are similar (Jansen et al. 1996). Not only plastosemiquinones but also the Mn clus-
ter and YZ in the PSII reaction center can be considered as possible UV-active chro-
mophores, which are able to degrade D1 and D2 proteins (Babu et al. 1999; Vass 
et al. 2005).

Thus, PSII D1 and D2 proteins are the most vulnerable under UV-B; their degra-
dation can occur when the UV-B intensity is equal to 1 μE m−2 s−1 (Jansen et al. 
1996). However, the presence of visible light can decrease significantly the degrada-
tion of these proteins in vivo, since in intact cells and plants, the PSII damage is 
simultaneously repaired by de novo synthesis of the damaged components, first of 
all D1 and D2 proteins (Nishiyama et al. 2011). Here, D1 protein is quickly synthe-
sized, and its turnover time is 30 min (Wilson and Greenberg 1993).

It is also suggested that inhibition of light-harvesting complex II (LHCII) at 
UV-B radiation (Lidon et al. 2012) is linked to a decrease of content of LHCII chlo-
rophyll a/b-binding proteins, due to declining expression of the cab genes, coding 
the proteins. Obviously, the decrease of content of the proteins leads to the discon-
nection of LHCII main components from PSII (Jordan et al. 1994).

Note that the inhibition action of UV radiation on PSII is mainly demonstrated 
by irradiation of intact leaves and isolated chloroplasts or on plants using UV-B 
under conditions different from sunlight conditions, but it is suggested that UV-B- 
induced inhibition of PSII activity is not a spread primary effect on photosynthetic 
processes in native plants under field conditions (Nogues et  al. 1998). However, 
under conditions other than physiological, for example, with multiple stress and/or 
with an increase in UV-B dose caused by a decrease in thickness of the ozone layer 
(McKenzie et al. 2011), the impact of solar UV-B on PSII activity can be noticeably 
manifested (Ziska et al. 1993). So, in cassava (Manihot escuientum Crantz) which 
were grown at field, a significant reduction in maximal quantum PSII yield (FV/FM) 
and a subsequent enhancement of photoinhibition under elevated UV-B radiation 
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were indicated if temperature or PAR was higher than 35 °C or 1800 μmol quanta 
m−2 s−1, respectively (Ziska et al. 1993). Here, plants were grown at ambient solar 
radiation and ambient radiation plus an added UV-B radiation (5.5 kJ m−2 s−1) for 
95 days. The supplemental UV-B fluence, which was used in this experiment, simu-
lated 15% depletion in stratospheric ozone at the region of the equator.

18.3  Protection Mechanisms of Photosynthetic Apparatus 
Under UV Radiation

The energy of light quanta related to the UV-B region of 280–315 nm is the highest 
in comparison with the emission quanta of other parts of the light spectrum incident 
on plants. UV-B easily damages most organic molecules, including proteins, lipids, 
chlorophyll, deoxyribonucleic acid (DNA), and others; in particular, it damages cell 
membranes through processes of lipid peroxide oxidation (POL) (Strid et al. 1994; 
Foyer and Noctor 2005; Schmitt et al. 2014). In phototrophic organisms, oxidative 
stress damages first of all chloroplasts and induces POL processes (Foyer et  al. 
1994; Schmitt et  al. 2014) resulting in disruption of cellular processes (Nawkar 
et al. 2013). Therefore, to protect against UV stress, plants have formed a number 
of adaptation and regulatory mechanisms, including morphological changes, altera-
tions in pigment composition, and photosynthesis (Strid et  al. 1994; Schumaker 
et al. 1997; Sicora et al. 2003; Vass et al. 2005; Klem et al. 2012; Kataria et al. 2014; 
Kosobryukhov et al. 2015).

Note that plant responses to high intensity of UV-B radiation are mediated by 
various signal molecules, first of all H2O2 and products of POL (Hung et al. 2005; 
Schmitt et al. 2014), without involvement of specific photoreceptors (Frohnmeyer 
and Staiger 2003). After this, a specific signal chain induces expression of various 
genes leading to switching of adaptive reactions, including genes encoding antioxi-
dant enzymes and photosynthetic proteins (Schmitt et al. 2014).

PA is one of the most sensitive to ultraviolet radiation cellular systems (Kataria 
et al. 2014; Kosobryukhov et al. 2015). Thermal dissipation of excess of absorbed 
light energy, alternative electron transport pathways, induction of chloroplast anti-
oxidant systems, and repair of damaged PSII, taking place mainly by resynthesis of 
D1 and D2 proteins, are key protection mechanisms against oxidative stress (Niyogi 
1999; Asada 2006; Kreslavski et al. 2007; Kataria et al. 2014).

Adaptation to UV radiation is also manifested through thermal dissipation of 
excess energy of absorbed light. In principle, such dissipation into heat is found in 
the reaction center of PSI and PSII and in the antennae (Kreslavski et al. 2007). 
Dissipation of excess light energy occurs via the proton gradient on the thylakoid 
membrane. This gradient is formed by cyclic electron flux in PSI, photorespiration, 
and O2 reduction to the anion radicals that are disproportionated with the formation 
of H2O2.
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The recovery of damaged PSII and nuclear and chloroplast DNA from UV-B- 
induced dysfunction of proteins and enzymes is also an important adaptive mecha-
nism under UV stress. The resynthesis of D1 protein and the reassembly of repaired 
PSII centers are required for PSII recovery from a damage (Aro et al. 1993). Bergo 
et al. (2003) studied the role of visible light in the recovery of PSII from UV-B- 
induced stress. It was demonstrated that PSII recovery takes place only in white 
light and it is absent if the protein synthesis is blocked. Photoreceptors such as 
сryptochromes, phytochromes, and UVR8 can play a significant role in PA repair 
processes. We consider in detail the possible participation of the various light and 
photoreceptors in protection against UV radiation.

In addition, data available in literature lead to a conclusion that plant protection 
mechanisms are enough for PA adaptation to solar UV radiation. However, the 
impact of UV-B on PA can be significant under a majority of stress factors and is 
predicted to increase the UV-B fraction in the total solar radiation (Bais et al. 2015).

18.4  Visible Light Protection from UV Radiation: Role 
of Different Photoreceptors

Understanding the mechanisms of UV damage of molecular targets in plant cells, as 
well as the mechanisms of inhibition and poststress recovery of PA activity is 
required to clarify the ecophysiological role of UV radiation as an integral part of 
solar radiation (Strid et  al. 1994; Vass et  al. 2005; Lidon et  al. 2012; Hideg and 
Strid 2017).

There is general agreement that PAR can alleviate some of the negative effects of 
enhanced UV-B radiation on plants (Sicora et al. 2003; Vass et al. 2005; Klem et al. 
2012). It was found that high ratios of PAR to UV-B often decline UV-B damage in 
plants. Studies conducted under artificial conditions at low PAR, low UV-A, and 
high UV-B often show enhanced UV-B damage (Krizek 2004; Hoffmann et  al. 
2015). Therefore, spectral balance of PAR, UV-A, and UV-B plays an important 
role in UV plant sensitivity. In model experiments, it is also important to know if 
PAR affects the plants before irradiation (photoprotection), or PAR is switched after 
UV treatment (reactivation) (Han et al. 2001), or UV treatment is applied simultane-
ously with PAR.

It is shown that spectral balance between PAR, UV-A, and UV-B is an important 
factor for plant UV sensitivity in field studies (Krizek 2004). Given this depen-
dence, they should be studied taking into account the action of each of these factors 
interacting with each other primarily through the corresponding photoreceptors 
(UVR8, phototropins, cryptochromes, and phytochromes) and the corresponding 
signaling systems (Kreslavski et  al. 2009; Mishra and Khurana 2017). It is also 
necessary to take into account that a high level of UV radiation is usually combined 
with a high light intensity in the visible region, as well as with water deficiency or 
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other adverse factors that can modify the negative effect of stress on photosynthetic 
activity (Caldwell et al. 2007).

18.4.1  Role of UVR8 Photoreceptor

It is known that the UVR8 protein is a photoreceptor absorbing UV-B radiation 
(Christie et al. 2012; Tilbrook et al. 2013). A role of UVR8 as a UV-B photoreceptor 
was evidenced and studied in detail by Jenkins (2014). Low levels of UV-B expo-
sure induce signaling involving UVR8 and induce some UV-light-dependent genes 
participating in the protection against UV-induced stress (Brown and Jenkins 2008; 
Christie et al. 2012; Tilbrook et al. 2013), while higher dosages damage plants and 
their PA (Nawkar et al. 2013). In plant responses to UV-B, this photoreceptor inter-
acts with the multifunctional RING E3 ubiquitin ligase COP1, which is an essential 
component of UV-B signaling (Favory et al. 2009). It participates in the degradation 
of the ubiquitin-proteasome system (Lau and Deng 2012) and ultimately affects 
gene expression, metabolism, and morphology (Hideg and Strid 2017). Hereby, 
overexpression of UVR8 leads to increased UV-B photomorphogenesis, adaptation, 
and resistance to UV-B and, conversely, insufficient expression of UVR8 and COP1 
increases sensitivity to UV-B. Apparently, the induction of UV-B-specific photo-
regulatory path is important for the survival of plants in sunlight.

18.4.2  Effects of UV Radiation and Blue Light: Role 
of Cryptochromes

The induction of a protection system can be induced not only by UV radiation, 
mainly, UV-A (Jenkins 2009), but also by visible light (Sicora et al. 2003; Bergo 
et al. 2003) in the blue (Häder et al. 2003; Hoffmann et al. 2015) and red (Khudyakova 
et al. 2017) spectral regions.

Blue light region is known to regulate many processes such as phototropism, 
photomorphogenesis, stomatal opening, and leaf photosynthesis (Banerjee and 
Batschauer 2005). Besides, it improves stress acclimation of plants (Hoffmann et al. 
2015) and alleviates repair of DNA damage (Bergo et al. 2003).

It is known that DNA damage mainly occurs due to the formation of cyclobutane 
pyrimidine dimers (CPD) produced by dimerization of adjacent pyrimidines, and 
CPD can represent 75% of total DNA damage (Hollosy 2002). Blue light stimulates 
the production of photolyases involved in the repair of UV-B-induced CPD of DNA 
formed under UV-B (Bergo et al. 2003; Ballaré et al. 2011).

High-intensity blue light alleviates acclimation and promotes photosynthetic 
recovery in pepper plants exposed to UV radiation (Hoffmann et al. 2015). Thus, it 
was shown that a high dose of blue light induces biochemical and physiological 
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processes linked to stress protection which improves plant acclimation and allevi-
ates the recovery of PA in response to UV stress. The research demonstrated that 
UV-irradiated pepper plants grown either at light of high intensity 
(PAR = 300 μE m−2 s−1) or at blue light of high intensity (62%) showed elevated 
photosynthetic rate Pn, higher maximal photochemical PSII yield, and lowered non- 
photochemical quenching than UV-stressed plants cultivated under light at lesser 
white (PAR = 100 μE m−2 s−1) or blue (30%) light intensity.

In the last years, some studies concerning the role of cryptochromes in regulating 
abiotic plant stress responses appeared (Ohgishi et al. 2004; Mishra and Khurana 
2017). Blue light conditions transform cryptochromes in active state and they can 
activate a number of blue-light-inducible photosynthetic genes regulated by crypto-
chromes, especially genes encoding enzymes of the Calvin cycle and D2 protein 
(gene psbD) (Ohgishi et al. 2004).

18.4.3  Impact of UV Radiation and Red Light: Role 
of Phytochromes

There are many data on the protective action of RL irradiation in PA responses to 
UV radiation (Joshi et al. 1991; Lingakumar and Kulandaivelu 1993a, b; Biswal 
et al. 1997; Khudyakova et al. 2017; Kreslavski et al. 2004, 2016, 2018a). The stud-
ies suggest that RL-induced production of phytochrome active form (PFR) and ele-
vated content of phytochrome B (PhyB) are involved in the stress-protective action 
of RL (Kreslavski et al. 2018a). Activation of Phy induces various protective mech-
anisms, which lead to diminishing of the UV-induced oxidative stress and, conse-
quently, mitigate chlorophyll degradation, the decline of PSII activity, and the 
distortion of thylakoid membrane integrity (Biswal et al. 2003; Khudyakova et al. 
2017; Kreslavski et al. 2018a, b).

RL can be used in different combinations with UV irradiation and photoperiod. 
For instance, Lingakumar and Kulandaivelu (1993a) examined the effects of UV-B 
on PSII activity in cotyledon leaves of the Vigna sinensis irradiated at the middle of 
the photoperiod and indicated that short-term RL (λm = 612 nm) protected the PSII 
activity likely due to induction of formation of PhyB active form due to RL 
irradiation.

Preillumination of the A. thaliana plants with RL (λm = 664 nm) promoting the 
formation of PFR decreased the inhibitory action of UV-A radiation on photosynthe-
sis (Fig. 18.2) and PSII activity (Kreslavski et al. 2013b) and declined H2O2 content, 
but elevated the peroxidase activity in A. thaliana leaves compared with irradiation 
of plants with UV radiation only (Kreslavski et  al. 2012, 2013a, 2016). 
Preillumination of leaves with RL (max = 620–660 nm) after dark period alleviated 
the UV-A inhibitory action on PSII activity and reduced the pigment losses but 
increased the peroxidase activity in leaves and thylakoid membrane preparations, as 
compared to the respective effects of UV-A light applied without preillumination 
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(Kreslavskii et al. 2012). The formation of PFR also leads to less chlorophyll and 
carotenoid degradation and contributes to the maintenance of the chloroplast struc-
ture and activity in the process of leaf aging (Joshi et al. 1991; Biswal et al. 2003). 
Partial or complete reversibility of observed effects of RL with the following illumi-
nation of plants with far-red light (FRL) was shown, suggesting the participation of 
PhyB in these processes (Kreslavski et al. 2018a).

In a number of studies, the effects of short-term RL leading to activation of the 
phytochrome system on oxidant-antioxidant balance were investigated. For exam-
ple, Sharma et al. (1976) demonstrated phytochrome-regulated peroxidase activity 
in maize. In leaves of A. thaliana, phytochrome regulation of the content of 
UV-absorbing pigments (UAPs) was indicated (Kreslavski et al. 2013b). In lettuce 
leaves, RL preillumination increased the total peroxidase activity (Kreslavskii et al. 
2012) and the content of UAPs.

In other series of works, the role of phytochromes in the protection of PA from 
UV-induced damage was studied using phytochrome mutants and superproducers 
of PhyB (Kreslavski et al. 2013a, 2015, 2018a; Khudyakova et al. 2017).

The impact of elevated PhyB content on the resistance of photosynthesis to 
UV-B was studied by superproducers of PhyB—transgenic potato plants (Dara-12 
and Dara-5) (Kreslavski et al. 2015). These transgenic plants showed the elevated 
resistance of photosynthesis in response to UV-B (Fig. 18.3). Conversely, deficit of 
phytochromes led to declined UV-B resistance of PSII (Figs. 18.4 and 18.5). Thus, 
in phyAphyB A. thaliana mutants grown under white light, the inhibition effect of 
PSII activity was slightly bigger than in wild type (WT) (Fig.  18.4). Growing 
A. thaliana mutants under RL led to significant vulnerability to UV-B (Fig. 18.5). It 
is suggested that this effect is associated with the absence of cryptochrome activity 
in such plants (Khudyakova et al. 2017).

Fig. 18.2 Impact of 
various light illumination 
schemes: red light (RL) 
(3), far-red light (FRL) (2), 
UV-A (6), and short-time 
preillumination with red 
light (4) or RL/FRL (5) on 
the photosynthetic rate (Pn) 
in A. thaliana plants, 
placed in the dark after 
they were irradiated for 0, 
0.5, and 1.5 h (1). The 
far-red light (λmax—
730 nm, 2 W m−2 s−1). UV 
irradiation (365 nm, 
8 W m−2), n = 3. From 
Kreslavski et al. (2013a) 
with modifications
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In our opinion, elevated resistance of the PA to UV-A radiation was formed with 
the involvement of PFR production and the antioxidant system, especially the content 
of UV-absorbing pigments (UAPs) induced by oxidative stress after preillumination 
of plants with RL (Kreslavski et al. 2018a). Elevated content of PFR alleviates the 
UV-induced oxidative stress and, consequently, declines a damage of PSII, the dis-
tortion in thylakoid membrane integrity, and decrease in Rubisco activity (Takeuchi 
et al. 2002; Biswal et al. 2003; Kreslavskii et al. 2012, 2018a). However, such mech-
anism can work under conditions when the content of PFR is initially relatively low.

Induction of an antioxidant system by UV radiation can be implemented by the 
activation of antioxidant enzymes and formation of low-molecular-weight antioxi-
dants, which can also act as UV-absorbing filter and antioxidants, simultaneously 
(Niyogi 1999; Asada 2006; Kreslavski et al. 2012, 2018a). In PA protection against 

Fig. 18.3 The impact of UV-B irradiation (45 min) on the photosynthetic rate in transgenic potato 
plants—superproducers of phytochrome B (D-5 and D-12) and non-transformed plants (NT). A, 
plants for analysis were taken immediately after growing on an agar medium; B, after 55 days of 
growing plants in the greenhouse. Above the bars, the percentage of photosynthesis rate (ΔPn) 
after UV-B irradiation is reflected. The difference between the options is significant when р < 0.05 
(n = 3). From Kreslavski et al. (2015), with modifications

18 Impact of UV Radiation on Photosynthetic Apparatus: Adaptive and Damaging…



568

Time, ms

1
2

3,4

F
lu

or
es

ce
nc

e,
 r

el
. u

ni
ts

0

100

200

300

400

500

0,001 0,01 0,1 101 100 1000 10000

Fig. 18.4 Chl а fluorescence induction curves of A. thaliana wild type (1,2) and phyA phyB 
double mutant (3,4) before (1,3) and after (2,4) irradiation with UV-B. Typical curves are shown 
(n = 7). From Khudyakova et al. (2017) with modification
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Fig. 18.5 Chl а fluorescence induction curves of A. thaliana wild type (1,2) and phyA phyB 
double mutant (3,4) before (1,3) and after (2,4) exposure of plants to UV-B. Arrows show decline 
of fluorescence in WT and mutant. Plants were grown at the red light. From Khudyakova et al. 
(2017) with modification
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UV, such effects were found for flavonoids, carotenoids, alkaloids, and some other 
pigments (Klem et al. 2012; Solovchenko and Merzlyak 2008). Note that some of 
the UV-shielding compounds absorb both in the UV and visible regions (Krins et al. 
2010). Consequently, they can be generated by PAR and reduce a damage of the PA 
as a result of the UV-induced stress. Among such compounds, hydroxycinnamic 
acid esters and flavonoids have high absorbance in the UV range and, besides, they 
are localized mainly in the epidermal layers; therefore, they play an important role 
in the protection from UV radiation (Bharti and Khurana 1997).

18.4.4  Role of UV-Protective Substances, Phenolic 
Compounds, and Carotenoids in Protection Against UV

In higher plants, epidermal tissues contain phenolic compounds and chloroplasts 
comprise carotenoids. This optical filter is one of the most important defense mech-
anisms (Solovchenko and Merzlyak 2008; Götz et  al. 2010; Klem et  al. 2012; 
Schreiner et al. 2012; Saewan and Jimtaisong 2013). These and other compounds, 
for example, alkaloids, are usually induced under UV radiation and act as a sun-
screen, decreasing the penetration of UV-B into the leaf volume (Solovchenko and 
Schmitz-Eiberger 2003; Solovchenko and Merzlyak 2008; Klem et al. 2012; Barnes 
et al. 2016).

Just the epidermal layer of leaves, where the main content of flavonoids is 
located, can play an especially protective role from UV radiation (Tevini et  al. 
1991). Thus, A. thaliana mutants having defects in the general phenylpropanoid 
pathway and therefore lowered UAP content in the epidermis showed higher sensi-
tivity to UV-B compared with the wild type (Bharti and Khurana 1997; Chapple 
et al. 1992; Li et al. 1993).

Moreover, some flavonoids function as antioxidants (Husain et al. 1987; Li et al. 
1993) which can repair or protect PA from UV-B damage. Murali and Teramura 
(1986) reported that a different sensitivity to UV-B in cucumber seedlings is due to 
quantitative and qualitative difference in flavonoid content. It is suggested that UV 
radiation affects the content of flavonoids by activating the main enzymes of the 
phenylpropanoid pathway, most importantly, phenylalanine ammonia-lyase (PAL 
gene) and chalcone synthase (CHS gene) (Bharti and Khurana 1997; Solovchenko 
and Merzlyak 2008). Here, it is indicated that a network of photoreceptor photo-
transduction pathways including phytochromes, cryptochromes, and UV-B photo-
receptor participates in the control of chalcone synthase gene expression (Wade 
et al. 2001).

The presence of PAR usually has a positive influence on the accumulation of 
UAPs in leaves. So, PAR supplementary treatment induced photoprotective mecha-
nisms, which partially alleviate the negative effect of UV on the photochemical 
activity and carbon assimilation in plant acclimation to UV radiation in two barley 
varieties (Barke, Bonus) grown at field conditions (Klem et al. 2012). It was also 
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shown that the PAR treatment triggered the flavonol accumulation, preferably in 
young leaves. It is shown that in some plants, like parsley and mustard, phyto-
chrome is likely involved in the induction of flavonoid genes (56–58). RL acting 
through PhyB can regulate the content of UAPs (Kreslavski et al. 2018a). For exam-
ple, short-term RL irradiation increased the content of UAPs in lettuce leaves 
(Kreslavski et al. 2013b). Gerhardt et al. (2008) demonstrated that an increase in the 
spectrum of far-red light led to a suppression of UV-B-mediated induction of flavo-
noids in far-red light pre-irradiated B. napus plants. These authors also reported on 
higher contents of kaempferol glycosides and lowered levels of quercetin gluco-
sides in the presence of supplemental UV-B and moderate intensities of far-red 
light. With a low PAR, a protective effect of UV-A against UV-B was also detected 
(Jenkins 2009).

Carotenoids are included in the antioxidant protection against high-intensity 
light and UV-B irradiation (Solovchenko and Merzlyak 2008). In particular, carot-
enoids protect PA from excess blue light and UV-A, for example, by shielding light- 
harvesting complexes due to absorption of wavelengths up to 500 nm (Shaish et al. 
1993; White and Jahnke 2002).

18.5  The Interaction of UV-B and Other Stress Factors

In addition, the impact of UV radiation depends significantly on the presence of 
other environmental factors, primarily environmental stressors (Ballaré et al. 2011), 
which can enhance a damage likely by inhibition of the recovery of the photosyn-
thetic apparatus in case of UV-B stress (Vass et al. 2005). On the other hand, the 
negative effects of UV-B can be weakened under the joint action of UV radiation 
and other stress factors (Teklemariam and Blake 2004; Vass et al. 2005; Caldwell 
et  al. 2007). The alleviation might be explained by antioxidant enzyme system 
enhancement, synthesis of low-molecular-weight antioxidants like phenolic com-
pounds and carotenoids which serve also as UV-B-absorbing filter (Solovchenko 
and Merzlyak 2008; Barnes et al. 2016). In addition, changes in protein composi-
tion, leaf geometry, and stomatal resistance induced with another stress can decrease 
PA damage under UV irradiation.

For example, tropical legumes, Vigna unguiculata, were irradiated with elevated 
UV-B doses only or combined with stress induced by UV-B and higher tempera-
tures. Damage was less if the plants were exposed to both stress factors. Heat stress 
ameliorating effect was explained with the heat-induced biosynthesis of “heat 
shock” proteins (Nedunchezhian and Kulandaivelu 1996). Freezing tolerance of 
jack pine was studied in growth chambers with and without low, ambient levels of 
UV-B radiation (Teklemariam and Blake 2004). It was shown that freezing toler-
ance increased by UV-B radiation and this increase was linked to induction of phe-
nolics in plant tissues. Drought was demonstrated to ameliorate the PA damage 
likely by induction of antioxidant enzyme systems (Hideg et al. 2003).

A. Kosobryukhov et al.



571

18.6  Conclusion

Further research will be required to understand enough complex interaction of UV 
radiation and other stressful factors, such as elevated and lowered temperature and 
drought, as well as the interaction of UV with visible light, which influences the 
protection and recovery systems under conditions of predicted UV-B levels and 
other stressors. It is also important to find out a link between UV signaling system 
involved in the transduction of UV signal to cells and photosynthetic response. In 
addition, it is important to determine a system of genes sensitive to UV radiation 
and at the same time participating in photosynthetic regulation.
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Abstract Approximately 1.5% of the solar radiation reaching the Earth’s surface is 
accounted for by wavelengths in the ultraviolet-B range (280–320  nm) and its 
amount is increasing as a consequence of stratospheric ozone depletion linked to 
human activity. This radiation is known to be harmful to all biological organisms 
and even a modest increase in its level may induce adverse effects on the biosphere, 
with plants particularly sensitive. In this study we report new data on the effect of 
ecologically significant level of UVB light, alone or in combination with visible 
light, on photosynthetic electron transfer reactions in the stress-tolerant organism 
Thellungiella salsuginea. We could confirm that UVB light harms the donor side of 
photosystem II, but also electron transfer beyond the acceptor side of the photosys-
tem (i.e., cytochrome b6/f or photosystem I) is affected. In the presence of back-
ground visible light, the effect of UVB is rather different and a main target became 
electron transfer between QA and QB.
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19.1  Introduction

Even though light is essential for photosynthesis, when in excess, it may harm the 
photosynthetic apparatus itself (Li et al. 2018). Not only the amount of light, but 
also its quality in terms of wavelength, may have adverse effects on photosynthesis. 
In particular, the ultraviolet-B light component of the electromagnetic spectrum 
(280–315 nm) has been shown to be very dangerous to photosynthesis, as it affects 
a number of electron transfer steps and biochemical reactions with a very high 
quantum yield (Zavafer et al. 2015). These include damage to the quinone acceptors 
(Jansen et  al. 1996), damage to the Mn cluster of the oxygen evolving complex 
(Barbato et al. 1995, Hakala et al. 2005), and increased degradation of reaction cen-
ter D1-protein with concomitant inhibition of its synthesis (Barbato et al. 2000).

An increase in the level of ultraviolet-B light reaching the Earth’s surface has 
been measured as a consequence of stratospheric ozone depletion (Allen et  al. 
1998). Since its discovery, this fact has been causing much concern as it may have 
strong and adverse effects on ecosystems (Caldwell et al. 2007) and have to be con-
sidered as one of main face of climate global changes. In line with this view, it 
seems important to understand, at any level, the effect of this light on photosynthe-
sis. In line with this view, here we report the result from a study based on fluores-
cence induction and fluorescence decay after a single turnover flash, in which the 
effect of visible, ultraviolet-B (UVB), and a mixture of the two kinds of light (visi-
ble/UVB) is noted on the photosynthetic apparatus of Thellungiella salsuginea, a 
model organism in the field of plant environmental stress physiology. Our results 
indicated that the effect of ultraviolet-B light is different depending on whether vis-
ible light is present or not in the background. We found that ultraviolet-B light 
affects mainly the donor side of photosystem II and electron carriers beyond QB; 
however, when it was administrated together with visible light (which, per se, did 
not have any adverse effect), electron transfer between QA and QB was affected too.

19.2  Materials and Methods

Thellungiella salsuginea was grown as described by Goussi et al. (2018). Leaves 
from 4-week-old plants were used in all experiments. For irradiation, detached 
leaves were left to float on water and exposed to different kinds of light for either 1 
or 3 h. Control leaves were kept in the dark until the end of experiments. Irradiation 
conditions were as follows: white light, 400 μmol·m−2·s−1, and UVB light (from a 
Vilber-Lourmat lamp), 1 μmol·m−2·s−1. Before acquisition of fluorescence  transients, 
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plants were dark adapted for at least 30 min. Measurements were carried out as 
described by Pagliano et al. (2006) and analysis of chlorophyll transients performed 
as described by Strasser and Srivastava (1995). Statistical analysis was carried out 
by using the Origin software package, version 9.

19.3  Results

Irradiation of Thellungiella salsuginea leaves under our experimental conditions 
brought about a different effect depending on the particular light treatment. In terms 
of FV/FM, the intensity of visible white light used in this study did not significantly 
affect the maximal efficiency of PSII, whereas the presence of UVB, alone or in 
combination with white light, caused a marked decrease on FV/FM, depending on 
irradiation time (Table 19.1). This decrease, similar in both irradiation conditions 
(UVB, visible/UVB), was due to both an increase in F0 and a decrease in FM 
(Table 19.1 and Fig. 19.1a,b).

In Fig. 19.1a,b, chlorophyll transients (recorded after 30 min of dark adaptation) 
from leaves treated with visible, ultraviolet-B (UVB), or ultraviolet-B in combina-
tion with visible light (visible/UVB) for 1 h (1A) or 3 h (1B) are shown. The fluo-
rescence Ft of the dark-adapted control leaves showed a typical OJIP transient 
(Strasser et  al. 2004). As stated above, UVB treatment, alone or combined with 
background white light (visible/UVB), induced an increase in F0; at the same time, 
a considerable decrease of FM was observed. The effect was slightly more pro-
nounced after 3 h of irradiation. At variance, irradiation with white light did not 
produce any major adverse effects.

To further investigate this point, transients shown in Fig. 19.1a,b were normal-
ized at F0 and FM and then plotted as relative variable fluorescence, VOP (Fig. 19.2a,b). 
While visible light did not affect the shape of the transients, UVB light produced a 
strong effect, which was different depending on the presence or absence of back-
ground white light. When administrated alone, ultraviolet-B light produced a gen-
eral loss fluorescence (decrease of all phases, i.e., OJ, Ji, and IP); at variance, when 
visible light was present together with UVB light, a strong increase of the OJ and a 

Table 19.1 Absolute (Fo, Fm, Fm, Fk, Fj) and relative (Fv/Fm, Fk/Fj) values of chlorophyll 
fluorescence from control and light-treated plants

Fo Fm Fv Fv/Fm Fk Fj Fk/Fj

Control 678 3642 2964 0.814 1214 1848 0.657
1 h w 623 3251 2628 0.808 1205 1720 0.700
1 h u 898 2650 1752 0.661 1254 1572 0.798
1 h uw 741 2551 1810 0.710 1245 1591 0.783
3 h w 664 2930 2266 0.779 1111 1572 0.665
3 h u 923 2178 1185 0.576 1175 1385 0.848
3 h uw 884 1822 938 0.515 1161 1397 0.831
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Fig. 19.1 Unnormalized chlorophyll fluorescence transients recorded from plants treated either 
for 1 h (a) or 3 h (b) with white light (up triangles), UVB (squares), and with W/UVB (diamonds). 
Transient from dark control (circles) is also reported

Fig. 19.2 Normalized (Fo, Fm) chlorophyll fluorescence transients (VOP) from plants treated 
either for 1 h (a) or 3 h (b) with white light (up triangles), UVB (squares), and with W/UVB (dia-
monds). Transient from dark control (circles) is also reported. ΔVOP was calculated as VOP (treated)-
VOOP(control); plants were treated either for 1 h (c) or 3 h (d). Triangles, white-light-treated minus 
dark control; squares, UVB-treated minus dark control; diamonds, white/UVB-treated minus dark 
control
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decrease in the JI and IP phases was observed. This effect was qualitatively similar 
at 1 and 3 h of irradiation, but after 3 h it was more pronounced. By calculating 
ΔVOP (Fig. 19.2c,d) it became clear that the presence of visible light (visible/UVB) 
brought about a strong band peaking at about 2–3 ms, whose intensity increased 
with irradiation time; the appearance of this band was a specific effect of irradiation 
with visible/UVB, as it was induced neither by UVB nor by visible light alone. In 
addition, irrespective of the presence of visible light, UVB light brought about the 
appearance of two negative bands peaking about at 20 and 100 ms, corresponding 
to a decrease of phases JI and IP, respectively.

To further elucidate, at least semiquantitatively, the observed differences in fluo-
rescence kinetics, main bands occurring from O to P transients were analyzed sepa-
rately. This was achieved by double normalizing curves between 0 and 300 μs (L 
band, between O and K steps, Fig.  19.3a,b) and between 0 and 2  ms (K band, 
between O and J steps, Fig. 19.4a,b). K (Fig. 19.3c,d) and L (Fig. 19.4c,d) bands 
were obtained, and then plotted, as the difference between treated plants with 

Fig. 19.3 Normalized (Fo, Fk) chlorophyll fluorescence transients (VOK) from plants treated either 
for 1 h (a) or 3 h (b) with white light (up triangles), UVB (squares), and with W/UVB (diamonds). 
Transient from dark control (circles) is also reported. ΔVOk (L band) was calculated as VOK (treated)-
VOOK (control); plants were treated either for 1 h (c) or 3 h (d). Triangles, white-light-treated minus 
dark control; squares, UVB-treated minus dark control; diamonds, white/UVB-treated minus dark 
control
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 ultraviolet- B (either in the presence or absence of visible light) and dark control. 
After 1 h of irradiation, ΔVOK revealed a positive L band, peaking between 100 and 
200 μs. The maximum amplitude of the L band was after irradiation with UVB after 
3 h, whereas when present together with white light, the effect of UVB was much 
mitigated, very similar to that observed with just white light. The kinetic difference 
of VOJ revealed the so-called K band in treated plants, which appeared as a peak 
between 250 and 300 μs.

Changes in IP phase have been measured by transient normalization to the time 
range of 30–200 ms and expressed as VIP = (Ft − FI) / (Fm − FI) (Fig. 19.5a,b). Upon 
treatment with UVB light, a loss of IP phase was observed, bigger when visible light 
was present. Irradiation with visible light did not produce any adverse effect on this 
phase of the transient (Fig. 19.5a,b). Finally, fluorescence decay after a single turn-
over flash (in the μs range) was investigated. Visible light did not affect fluorescence 
decay, whereas UVB light, particularly when visible light was present in the back-
ground, produced a strong slowing down of fluorescence decay (Fig. 19.6).

Fig. 19.4 Normalized (Fo, Fj) chlorophyll fluorescence transients (VOj) from plants treated either 
for 1 h (a) or 3 h (b) with white light (up triangles), UVB (squares), and with W/UVB (diamonds). 
Transient from dark control (circles) is also reported. ΔVOI (K band) was calculated as VOI (treated)-
VOOI (control); plants were treated either for 1 h (c) or 3 h (d). Triangles, white-light-treated minus 
dark control; squares, UVB-treated minus dark control; diamonds, white/UVB-treated minus dark 
control
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19.4  Discussion

The effect of UVB on photosynthetic apparatus has widely been investigated. There 
seems to be a number of different targets in the thylakoid membranes for this kind 
of radiation. Damage to the Mn cluster (Barbato et al. 1995; Hakala et al. 2005; Vass 
2012; Vass et  al. 1996) associated with cleavage of the D1 protein originating a 
23-kDa C-terminal fragment (Barbato et al. 1995, 2000) is considered as the main 
target for this radiation, but additional target, such as the QB site (Trebst and Depka 
1990; Vass et al. 1996) has been suggested. The effect of irradiation with a mixture 
of the two lights has been less investigated, but available data (Sicora et al. 2003) 
indicate that, even though administrated at the same time, the two kinds of radia-
tions might have different and noninteracting targets. Results reported in this study 
suggest a slightly different view. UVB irradiation, apparently, did not affect QB site, 
as the rising in fluorescence in the 0–3 ms (OJ phase) is similar to the control. At 

Fig. 19.5 Normalized (Fi, Fp) chlorophyll fluorescence transients (VIP) from plants treated either 
for 1 h (a) or 3 h (b) with white light (up triangles), UVB (squares), and with W/UVB (diamonds). 
Transient from dark control (circles) is also reported

Fig. 19.6 Fluorescence decay in leaves treated for either 1 h (a) or 3 h (b) in plants treated with 
white light (dashed line), UVB light (solid line), or W/UVB light (dash dot line). Fluorescence 
decay from dark control is also shown (dotted line)
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variance, when analysis is restricted to the first 300 μs or the Fk/Fj ratio is  considered 
(i.e., the time required for water to diffuse to the donor side of the photosystem), 
UVB adversely affects the chlorophyll transient, confirming the donor side of PSII 
as a main target for UVB light. However, when white light is superimposed to UVB, 
the appearance of a strong band in the first 3 ms of the transient suggests that addi-
tional targets are hit, most likely the QB site. Accordingly, decay of fluorescence 
after a single saturating flash supports this possibility. Thus, we suggest that under 
mixed light conditions (at least when the light intensities here reported are used), 
electron transfer between QA and QB may be one main target. Clearly, if sensibility 
to UVB light increases when white light is present, it is likely that the actual target 
is a reduced or semireduced form of quinones.

The effect of UVB on the second part of the chlorophyll transient (JI, IP) instead 
seems to be essentially independent on the presence of visible light. In fact, a 
decrease in both JI and IP phases is observed. These phases are thought to describe 
electron transfer steps beyond quinone acceptor leading to reduction of PSI accep-
tors. If so, we have to conclude that cytochrome b6/f and/or PSI could be specifi-
cally targeted for damage. This possibility remains to be investigated.
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Abstract Climate change is the single most prominent abiotic stress factor that 
yields to devastating effects on flora, fauna, and geography alike. It initiates a cas-
cade of events, ultimately leading to the destruction of the biogeographical platform 
for the growth of plants throughout the globe. The adverse effects may be presented 
in the form of extreme fluctuation in temperature, increased concentration of salts 
and metals in the soil and water, elevation in carbon dioxide content, and drought 
and flooding among many others. Plants, being the primary natural source of suste-
nance, are badly affected by these conditions leading to a decrease in the overall 
quality and quantity of the plant yield. They have evolved themselves to naturally 
overcome and respond to these stress factors. This chapter provides a detailed intro-
duction of the concept of climate change in terms of geographical and temporal 
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aspects. The adverse aspects of climate change as an abiotic stress factor have been 
discussed thereafter. Towards the end of the chapter, various natural and artificial 
mitigation and interventional strategies have been reviewed.

Keywords Climate change · Abiotic stress · Plant responses · Environmental 
biotechnology

Abbreviations

ABA Abscisic acid
APX Ascorbate peroxidase
CDPKs Calcium-dependent protein kinases
CRT C-repeat class
DRE Dehydration responsive element
HSPs Heat stress proteins
LEA Late embryogenesis abundant
MAP Mitogen-activated protein
MAPK Mitogen-activated protein kinase
MAPKK Mitogen-activated protein kinase kinase
NPK1 Nicotiania protein kinase 1
OHC Ocean heat content
P5CS [delta] pyrroline 5 carboxylate synthetase (P5CS)
QTL Quantitative trait locus
RNA Ribonucleic acid
ROS Reactive oxidative species
SA Salicylic acid
SOD Superoxide dismutase
SOS Salt overly sensitive
SSS Sea surface salinity
SST Sea surface temperature

20.1  Introduction

Human activities have been the main cause of global warming since the  mid- twentieth 
century. This is mainly attributable to the increase in greenhouse gas concentration. 
The burning of fossil fuels, including coal and oil, coupled with the massive excava-
tion of natural resources, has led to a prodigious environmental disaster. Over the 
past two centuries, the average global surface temperature has increased by approxi-
mately 1 °C. Many areas have an even higher regional-scale warming with 20–40% 
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of the global population having experienced over 1.5 °C of warming within a year. 
Conversely, the rise in temperature has also resulted in intense changes to human 
and natural systems presented, for instance, as floods, droughts, extreme tempera-
tures, elevated sea levels, and loss of biodiversity (Field et al. 2012). People living 
in the low-income and middle-income countries are mainly affected by the climate 
change on an everyday basis. Global warming and climate change has led to food 
insecurity ultimately contributing to a rise in poverty and associated population 
migration (Field et al. 2012). Both settled and unsettled regions, including megaci-
ties, villages, islands, mountains, and coastal regions, are equally affected by the 
climate change. This has led to a significant impact on the ecosystems and living 
species of animals and plants. An increase in the awareness of global warming and 
its implications on the human health and economy has led to the initiation of world-
wide response at the personal and institutional level.

It is estimated that by the year 2050, the demand for agricultural products would 
rise by 70% (Noble and Ruaysoongnern 2010). It is, therefore, necessary to increase 
the crop yield in the limited arable land. However, many biotic and abiotic stress 
factors have led to a decrease in crop production. Among the abiotic stress factors, 
extremes of temperature, drought, and salinity are of prime importance. Global 
warming and climate change lead to further worsening of these stress factors. 
Estimates have shown that by the year 2050, salinity and drought would affect more 
than 50% of the cultivable land (Boyer 1982). Abiotic stress leads to a wide range 
of physiological, morphological, molecular, and biochemical changes that adversely 
affect the growth and yield of a plant. Salinization and drought, for instance, induce 
osmotic stress, which results in the loss of homeostasis and disruption of ion distri-
bution in the cell (Serrano et al. 1999; Zhu 2001a, b). Similarly, oxidative stress may 
result in the denaturation of structural and functional proteins (Smirnoff 1998). 
These stress factors therefore initiate a series of cell signaling pathways and cellular 
responses that result in a further increase in the stress of the plant (Shinozaki and 
Yamaguchi-Shinozaki 2000; Knight and Knight 2001).

Plants have developed a number of processes to address the changes in atmo-
spheric and climatic conditions. However, these changes can only provide limited 
protection to the plant. A number of biotechnological approaches are being exploited 
and developed to improve the response of plants to climatic stress factors. These 
approaches are generally based on the manipulation of genes that maintain and 
protect the structure and function of cellular components. The bioengineering strat-
egies depend on the overexpression of specific genes that are responsible for main-
taining signaling and regulatory pathways. These, therefore, contribute to the 
synthesis of structural and functional protectants, such as antioxidants, osmolytes, 
or other tolerance-inducing proteins. Though the current strategies have been able 
to address the issues of abiotic stress to a considerable degree, the genetically com-
plex phenomena of abiotic stress tolerance and the possible unfavorable side effects 
make this task much difficult. The current chapter reviews the threat of climate 
change to the living systems and the molecular, morphological, and physiological 
mechanisms by which it causes adverse effects on the plants.
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20.2  Climate Change Around the World

Climate change is a global phenomenon which nonselectively affects all the 
 geographical regions of the world. The year 2017, for instance, was the warmest 
year since 1981  in North America (Arguez et  al. 2012). Similar statistics were 
reported for Mexico and other South American countries as well (Sánchez-Lugo 
et al. 2017). There has been a marked difference in other climatic indicators as well. 
Annual precipitation, for instance, showed marked variation across the same geo-
graphical zones. In 2017, the precipitation across the western parts of Canada 
recorded below average precipitation rates, while the eastern parts had significantly 
higher ones. In North America, the dry and warm conditions contributed to the larg-
est forest fires ever recorded in Canada. During 2017, the United States spent over 
1 billion dollars on each of the 16 climate and weather events, which was the highest 
number of climatic events since 1980 (Bissolli et al. 2018).

The major part of South America experienced an upward trend in the tempera-
ture with an increase of at least 1.0 °C or higher over 30 years from 1981 to 2010. 
However, a gradual decrease in the temperatures have been noted in Suriname, 
northern Colombia, and parts of southern Brazil (Sánchez-Lugo et  al. 2017). 
Similarly, the precipitation pattern varied across the different parts, with signifi-
cantly wetter conditions observed across the coasts of Peru. Conversely, northern 
Brazil has been reported to be considerably drier than normal conditions (Bissolli 
et al. 2018).

As per the statistics of 2017, there was an average rise of 0.3–1.8 °C in most of 
the regions of the African continent. A few areas of Southern and Western Africa, 
however, noticed a drop in the temperature. With regards to the annual precipitation, 
Central, Western, and parts of Eastern Africa experienced annual precipitation 
above normal. The equatorial regions, however, reported a significantly lower rain-
fall (Sánchez-Lugo et  al. 2017). Extreme events, including heavy downpour and 
flooding, have been reported in many parts of the region. In Niger, Gambia, and 
Nigeria, every year, heavy rainfalls during August and September have been 
recorded. In Morocco, however, wetter Februarys and Decembers have been 
reported. A rise in the number of tropical cyclone events has been observed in 
Zimbabwe and Mozambique. In 2017, Madagascar and Réunion Island were also 
affected by another cyclone originating from the southern Indian Ocean (Bissolli 
et al. 2018).

In Europe, 2017 was observed as the fifth warmest year with an anomaly of 
+1.3 °C since 1851. Over most of the parts of the continent, the rise in the tempera-
ture changes was homogeneously distributed, with local temperature anomalies var-
ied mostly between +1 and + 2 °C (Sánchez-Lugo et al. 2017). Few regions including 
northeastern Germany, western Russia, and northern Poland received an above- 
average precipitation (base period 1981–2010) which totaled up to nearly 167% 
higher than the previous periods. Conversely, most of the parts of Europe had near- 
normal annual precipitation. Though the Iberian Peninsula and Italy received about 
20–40% less precipitation than normal average, the Middle Eastern region received 
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40–60% less than normal precipitation (Bissolli et  al. 2018). During winter 
2016–2017, southern Balkan states, Turkey, and Greece recorded temperature 
changes of minus 2 °C, while Scandinavia faced exceptionally mild winter condi-
tions with temperature anomalies reaching more than +4 °C.

In most of the regions of Asia, the annual mean surface temperature during 2017 
remained above normal (Sánchez-Lugo et  al. 2017). Precipitation pattern varied 
across different parts of the continent, with lower annual precipitation in central 
Asia and Eastern Siberia. The same trend continued in the Korean Peninsula, 
Northeastern China, and Mongolia. However, above higher rainfall was reported in 
the Indochina Peninsula, Malay Peninsula, Western China, Northeastern India, and 
the Maritime Continent (Bissolli et al. 2018). There was a significant season-wise 
variation in the climate though in most of Asia, and a positive trend has been 
observed. Colder and wetter springs have been reported over the past decades in 
Southwestern China. Similarly, an even colder winter and summer has been recorded 
in Siberia. Autumn was recorded to be of negative temperature anomalies from 
central Siberia to Japan. In Southeast Asia and western regions of Tibetan Plateau, 
the seasonal precipitation was recorded to be persistently above normal. However, 
it was below normal in the Korean Peninsula and Northeastern China from spring to 
autumn (Bissolli et al. 2018).

These climatic changes are not limited to the land surface only. During 2017, the 
climatic conditions continued to vary in the Pacific Ocean. In the western tropical 
Pacific, a continuous increase in ocean heat content (OHC), sea surface tempera-
tures (SSTs), and sea level was recorded contrary to the eastern tropical Pacific. 
Similarly, Sea Surface Salinity (SSS) recorded a saltier trend in the east, while it 
became fresher in the west. The flux of carbon dioxide and chlorophyll from the 
atmosphere to ocean were increased in the eastern equatorial Pacific. All these cli-
matic variations were consistent with 2016–2017 tendencies in freshwater flux and 
regional wind stress. In 2017, across much of the North Pacific, increase in surface 
temperatures ocean, heat content, and sea level was observed. Effects included 
destructive flooding in Hawaii. During 2017, in southeast of Greenland, OHC, 
SSTs, and sea level all remained below average. However, along the east coast of 
North America, these variables were on the higher side (Hartfield et al. 2018). In the 
Indian Ocean, SSTs and SSS were both below average in the east and high in differ-
ent parts of the western side. Sea level rise in the north of ~10°S in the Indian Ocean 
and rise in the south of the latitude were recorded during 2016–2017. These climatic 
changes, hence, have affected the geographical properties and the botanical, zoo-
logical, and agricultural conditions of the respective regions as well as globally.

20.3  Climate Change: A Spatiotemporal Phenomenon

Climate change has been undergoing ever since the birth of the world. The gradual 
change in the climatic parameters have led to prominent changes in flora and fauna 
alike. This ecological distress has led to severe loss in the agricultural yield  resulting 
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in the disturbance of the overall food cycle. Consequently, newer strategies, includ-
ing even intense agriculture efforts, have been developed to address the problems 
being presented, which again negatively affect the climatic conditions. However, the 
climate change phenomenon has become more prominent over the past couple of 
centuries owing to the harmful human activities. The earth’s surface, for instance, 
has become warm by 0.7–0.9  °C per century. The rate of warming over a hun-
dred years, however, has become nearly double since 1975 (Sánchez-Lugo et al. 
2017). The average temperature of 2017 is 0.38–0.48 °C above than the 1981–2010 
average. Recent data of 2017 show the average temperatures across ocean and land 
surface were 0.84 °C above the 1901–2000 average. By the year 2020, it is projected 
that the global surface temperature will be more than 0.5 °C warmer as compared to 
the 1986–2005 average. The planet is likely to continue to warm over this century 
and beyond. By 2100, average temperature could be between 1 and 5.4 °C warmer 
than it is today (Hartfield et al. 2018). Figure 20.1 represents the increase in tem-
perature over the last 130 years.

Increasing carbon dioxide levels is the most important cause of the rise in 
global temperature (Shakun et al. 2012). Burning of fossil fuels such as coals is 
the leading cause of the increase in CO2 atmospheric levels (Houghton 2008). A 
continuous increase in global atmospheric CO2 levels is being observed. The 
global rate of atmospheric CO2 was around 0.6 to 0.1 ppm per year in the 1960s. 
Over the past 10 years, however, it has been increased to 2.3 ppm per year. The 
global atmospheric carbon dioxide reached to a new level of 405.0 ppm in 2017. 
Over the past 60 years, the per annum increase in the rate of atmospheric carbon 
dioxide level is about 100 times more than the earlier years (Hartfield et al. 2018). 

Fig. 20.1 Graph representing the global temperature anomaly with year 1901–2000 as base period 
(OAA National Centers for Environmental information, Climate at a Glance: Global Time Series, 
published February 2019, retrieved on February 21, 2019 from https://www.ncdc.noaa.gov/cag/)
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Figure 20.2  summarizes the rise in the average sea levels owing to the melting of 
glaciers due to ever-increasing global temperatures.

Earth’s climate warming is evident from disintegration and disappearance of gla-
ciers around the world (Thompson 2010). More than one hundred thousand glaciers 
are documented in the World Glacier Documentary (Haeberli et al. 2000), but only 
a few of these, known as reference glaciers, around 40 in number, are periodically 
measured over longer periods to estimate the climate-associated changes in their 
size or mass. It is estimated that during 1980–2016, the cumulative mass balance in 
these glaciers’ loss has been around −19.9 m. In 2016, these reference glaciers lost 
the equivalent of 33 in. of water, implying the same depth of water that would be 
produced from the quantity of melted ice or snow (Hartfield et al. 2018). The melt-
ing of glacier mass has accelerated in the past few decades. It has increased from 
226 gigatons per year to 275 gigatons per year from 1993 to 2009. The major ice 
loss occurred from Antarctic ice that has been accelerated from 30 gigaton per year 
between 1992 to 2001 to 147 gigatons per year from 2002 to 2011. Over the past 
century, sea level has been rising, and in recent decades, the rate has increased dra-
matically (Holgate and Woodworth 2004). Since 1993, the average rate of rising in 
sea level has been about 3.1 mm per year, 2017 was marked as the year of the high-
est annual average rise, and the sea level was recorded to be more than 77 m above 
the 1993 average. This increase in average can be the result of the warming of the 
global ocean and an increase in the global mean steric sea level. By 2100, it is pro-
jected that global mean sea level will rise at least 8  in. but not more than 6.6  ft 
(Hartfield et al. 2018). Keeping in view the above information, it is imperative that 
the climate change mechanism is a global phenomenon that tends to affect all the 
regions of the world over centuries. The effects of climate change can be altered but 
it cannot be halted completely. Climate change and the accompanying abiotic stress 

Fig. 20.2 Graph representing the average rise in global sea level from 1880 to 2010 (Church et al. 
2011)
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factors, hence, serve as a constant threat to the living organisms. Understanding the 
effects of this stress factor can, hence, aid in developing mitigation strategies to 
address the threat.

20.4  Climate Change as an Abiotic Stress Factor

Abiotic stress, due to changing climatic conditions, in the form of heat, cold, salin-
ity, and drought causes changes in the biochemical, molecular, physiological, and 
morphological characteristics of plants, thus adversely affecting their productivity 
and growth. The mechanisms adopted by the plants to combat this abiotic stress has 
been briefly explained.

20.4.1  Sensors and Signal Transduction Pathways

Signal transduction pathways are stimulated by various stress signals. Which are 
perceived initially by sensors which are special molecules within the plant body. 
Sensors either alter the intracellular signaling by suppressing or initiating the sig-
naling cascade or increasing the specific gene expression by activating nuclear tran-
scription factors (Xiong et al. 2002). Various climatic stresses cause a temporary 
rise in intracellular Ca2+, due to release from internal spaces or apoplastic space. 
Channels are the sensors which facilitate Ca2+ influx. Ligand-sensitive calcium 
channels are responsible for the release of Ca2+ from internal stores. These ligands 
are secondary messengers. Signaling molecules and secondary messengers such as 
abscisic acid produced due to early Ca2+-mediated signals produce Ca2+ influx, 
which is an important characteristic of Ca2+ signaling (Xiong and Zhu 2001).

During environmental stress, pathways for signal transduction activate mecha-
nisms to combat stress by repairing and protecting proteins and membranes and 
maintaining homeostasis. Three major types of signal transduction pathways 
include, firstly, the signaling due to oxidative stress by reactive oxygen species 
(ROS) that uses MAPK which cause osmolyte, antioxidant, and ROS-neutralizing 
enzyme production. Secondly, signaling can be due to Ca2+ that causes stress- 
responsive protein production by LEA genes such as DRE/CRT and, lastly, ion 
regulation response due to signals produced by the salt overly sensitive (SOS) path-
way depending on Ca2+ (Xiong et al. 2002). The mechanism of initiation of stress 
responses has been summarized in Fig. 20.3.
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20.4.1.1  Oxidative/Osmotic Stress Signaling

Oxidative stress due to climate change involves ROS production. ROS such as 
hydroxyl and superoxide radicals damage plants by disrupting their cellular compo-
nents and functions such as photosynthesis (Sunkar et al. 2003). These ROS cause 
stress injury, leading to the activation of various protective mechanisms and produc-
tion of ROS scavengers. In order to scavenge these toxic compounds and protect 
themselves from stress injury, plants have developed various antioxidation strate-
gies. ROS scavengers are enzymatic, e.g., catalase, ascorbate peroxidase (APX), 
glutathione reductase, and superoxide dismutase (SOD), and nonenzymatic, e.g., 
anthocyanins, glutathione, carotenoids and ascorbate, and amphiphilic molecules 
(e.g., tocopherol), proteins, and osmolytes.

ROS signaling is mediated by MAPK pathways. In response to osmotic pressure, 
the receptors/sensors such as histidine kinases, transmembrane receptors, and pro-
tein tyrosine kinases activate the MAPK pathway. It results in increased osmolyte 
production that helps in the adjustment of osmotic pressure by regulating turgor 
pressure in cells hence adjusting the water gradient. MAPK upon activation either 
directly activates the transcription factor in nucleus or regulates the activity of 
cytoskeleton- associated proteins and gene expression by initiating various other 
signals (Xiong et al. 2002). New studies have reported that some solutes, such as 
proline (Pro), glycine betaine (GB), di-methylsulfoniopropionate, and mannitol, 
stabilize proteins and membranes directly by scavenging free radicals or by acting 
as chemical chaperons (Wang et al. 2003). Osmotic stress due to climatic variations 
leads to activation of several protein kinases along with mitogen-activated kinases. 
Osmotic stress also activates a number of phospholipid systems, which results in the 

Fig. 20.3 Schematic representation of downstream processes activated in response to climate 
change within the plant body
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production of various messenger molecules that work upstream of the activated 
protein kinases. Furthermore, it regulates the biosynthesis of abscisic acid (ABA) at 
various stages. The stress signaling, either ABA-independent or ABA-dependent, 
initially alters expressed transcription factors that leads to transcriptional activator 
expression which ultimately activates effector genes that play a part in stress toler-
ance (Zhu 2002).

20.4.1.2  Calcium-Dependent Signaling

Ca2+ plays an important role in various intracellular signaling processes in plants 
and animals. When there is no stimulus, cytoplasmic Ca2+ levels are low; when there 
is a stimulus present, Ca2+ enters the cell via several Ca2+ channels or released from 
intracellular stores. Rise in cytoplasmic Ca2+ concentration via channels is seen 
when there are environmental stresses. Calcium-dependent protein kinases (CDPKs) 
are Ca2+ influx sensors of significance in plants when there are stress conditions. 
Multigene families encode them whose expression is controlled temporally and spa-
tially during the course of development. Moreover, external stimuli also affect the 
response of some CDPK genes. The CDPK pathway increases the LEA protein 
expression for the anti-desiccation purpose (Serrano et al. 2003). LEA-type gene 
activation is regulated by various pathways such as the dehydration-responsive ele-
ment (DRE)/C-repeat (CRT), apart from osmolyte generation pathways. Such gene 
activation is part of damage repair pathways. LEA-type genes also play their role 
when natural desiccation occurs during maturation and development. In higher 
plants, under conditions of severe desiccation, high osmolality, and low tempera-
tures, LEA proteins are found to be accumulated in higher concentrations (Xiong 
and Zhu 2002). These LEA proteins are involved in the preservation of protein 
structure and membrane integrity by binding water, sequestering ions in stressed 
tissues, and preventing protein denaturation. LEA proteins and chaperones also pro-
vide dehydration protection to various macromolecules such as mRNAs, enzymes, 
and lipids (Yamaguchi-Shinozaki 2002). Similarity in sequence of a minimum of 
six LEA protein families becomes the basis of their sequence identification.

20.4.1.3  Calcium-Dependent Salt Overly Sensitive (SOS) Signaling

SOS signaling depending upon calcium provides protection during salt stress from 
ionic perspective. Ion transporters that maintain homeostasis of ions are targeted 
mainly in this signaling pathway. Activation of the SOS pathway occurs in response 
to excess amounts of intracellular or extracellular sodium ions, which in some way 
triggers a cytoplasmic Ca2+ signal. As a result of activation, it causes changes in 
activity and expression of ion transporters such as sodium (Na+), potassium (K+), 
and hydrogen ions (H+). As a whole, signal transduction during salt stress due to 
climatic changes involves regulation of ionic and osmotic signaling pathways and 
pathways leading to detoxification and control of growth. The SOS pathway  controls 
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signaling involving ions during salt stress (Zhu 2002). SOS1, SOS2, and S0S3 act 
via a similar pathway to improve tolerance during stress. The protein kinase com-
plex, composed of calcium-binding subunit SOS3 and kinase subunit SOS2, in 
response to calcium controls the activity and expression of ion transporters like 
SOS1. In the model plant, Arabidopsis, the SOS3-SOS2 protein kinase complex is 
genetically proved to be involved in the mediation of the SOS1 gene in salt stress, 
thus leading to the regulation of the SOS1 transporter. The complex is also involved 
in direct phosphorylation and activation of the SOS1 transporter (Xiong et al. 2002; 
Serrano et al. 2003). Studies reporting the sequence of the SOS1 protein and show-
ing growth comparison of plants of wild and mutant type during salt stress have 
suggested that Na+/H+ ion exchangers or antiporters are encoded by SOS1 on the 
cell membrane (Shi et al. 2000). A number of homologs of SOS2 and SOS3 have 
been identified for their roles in the activation of different pathways that transduce 
various other stress signals. Arabidopsis, along with SOS2 and SOS3, has been 
identified with 8 Ca2+-binding proteins similar to SOS3 and 22 protein kinases simi-
lar to SOS2 (Guo et al. 2001). Various proteins that bind calcium sense the rise in 
Ca2+ concentration in the cytosol. During climatic stress, the SOS3 family of Ca2+ 
sensors and CDPKs is reported to play an important role in signal transduction lead-
ing to specific protein phosphorylation cascades. Hence, during salt stress, Ca2+ 
signaling is thought to have a vital role in stress tolerance (Xiong et al. 2002). Ca2+ 
level can be modulated by various second messengers, which results in the initiation 
of various phosphorylation pathways that activates cellular protection proteins or 
transcriptions factors (TF). These TFs regulate some specific stress-responsive 
genes. Such type of genes is involved in the regulation of synthesis of various hor-
mones like ethylene, salicylic acid (SA), and abscisic acid (ABA). Their synthesis 
is increased during stress and they help in stress tolerance and signaling in plants. 
Stress signals, mainly salt and drought, activate genes that encode enzymes involved 
in ABA synthesis. It results in an increased ABA accumulation and biosynthesis, 
which can metabolize quickly when stress is relieved. As a feedback, expression of 
ABA biosynthetic gene can be stimulated by ABA itself via phosphoprotein cascade 
dependent on Ca2+ (Zhao et al. 2001). As a result of these regulatory molecules, 
another signaling pathway following the previously mentioned pathway can be ini-
tiated. The secondary signals and components, as well as output, can differ from 
primary stimuli in their specificity. Therefore, multiple signaling pathways can be 
activated by primary stress signals, which can differ in space, time, and outputs. 
These multiple pathways due to some similar components can form interlinked net-
works (Xiong et al. 2002; Wang et al. 2003, 2003). Probable results of pathways 
involved in osmotic signaling include water and osmolyte transport systems, gene 
expression, and activation of enzymes involved in the biosynthesis of osmolytes. 
Other changes are thought to be the result of detoxification signaling due to such 
climatic stress. In detoxification signaling, LEA-type genes, proteinases, and 
molecular chaperones are expressed, phospholipid hydrolysis occurs, and enzymes 
that take part in the removal and generation of ROS and various other proteins 
involved in detoxification are activated (Zhu 2002).
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20.4.2  Abiotic Stress-Inducible Genes

A variety of molecular mechanisms and specific gene sets in plants take part in 
stress response induced by various abiotic factors. Drought stress due to climate 
induces a number of genes that are involved in the synthesis of metabolic proteins 
which protect cells from dehydration. Moreover, genes involved in signal transduc-
tion are also regulated sequentially (Xiong and Zhu 2002; Yamaguchi-Shinozaki 
2002; Shinozaki et al. 2003). Three main groups of products produced as a result of 
gene regulation during stress can be classified as: (a) products directly providing 
cellular protection to plants, e.g., chaperones, LEA proteins, antifreeze proteins, 
heat stress proteins (HSPs), osmoprotectants, free radical scavengers, detoxification 
enzymes, etc.; (b) products regulating transcription and involved in signaling path-
ways, e.g., CDPK, phospholipases, MAPK (Frank et al. 2000; Ludwig et al. 2004), 
SOS kinase (Shinozaki and Yamaguchi-Shinozaki 2000; Zhu 2001a, b), and tran-
scriptional factors (Choi et al. 2000; Shinozaki and Yamaguchi-Shinozaki 2000); 
and (c) products taking part in transport and uptake of water and ions such as ion 
transporters and aquaporins (Blumwald 2000). These genes cause an increase in the 
response against abiotic stress factors by mainly inducing the expression of TFs.

20.4.3  Transcription Factors

Transcription factors (TFs) are micromolecules that regulate gene expression by 
attaching to DNA at specific sites. Genomes of plants consist of a number of tran-
scription factors, for instance, around 5.9% of the Arabidopsis genome encodes 
more than 1500 TFs (Riechmann et al. 2000). Numerous TFs are from a limited 
number of large multigene families. Response to several stress stimuli is often dif-
ferent in some specific members of a similar family, but in some members’ response 
to various stresses might be the same as gene expression profiles overlap signifi-
cantly (Bohnert et  al. 2001; Seki et  al. 2001; Chen et  al. 2002; Fowler and 
Thomashow 2002). As a result, during climatic stresses, similar signaling pathways 
and cellular responses are often activated, such as increase in the levels of osmopro-
tectants, stress-responsive protein synthesis, and increased production of ROS scav-
engers (Knight and Knight 2001). The presence of TFs among the stress-inducible 
genes suggests their regulatory roles in various stress signal transduction pathways 
(Knight and Knight 2001; Zhu 2002). Once activated, these molecules bring about 
morphological, anatomical, biochemical, and physiological changes in the plant 
body in order to facilitate their survival in such harsh conditions. However, there is 
a limit to which these plant responses can contain the effects of the environmental 
and climatic stress factors. Appropriate intervention strategies have to be developed 
to address them.
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20.5  Mitigation and Interventional Strategies to Address 
Climate Change

A variety of procedures and strategies have been developed by the concerned 
 legislative, regulatory, and scientific bodies to decrease the effects of climate change 
on the living organisms and vice versa. Laws aiming at decreasing the carbon foot-
print have been approved and applied by a number of countries throughout the 
world, which have demonstrated short-term positive outcomes. Similarly, from the 
biotechnological perspective, an increased effort has been made to understand and 
employ mitigation strategies to decrease the effects of climate change on plants.

In case of exposure of the plant to environmental stress due to changing climate, 
a variety of genes get activated, which causes upregulation of several metabolites 
and proteins, which provide defense against stressful conditions. Continuous efforts 
for obtaining plant breeds with improved stress tolerance profiles are being made. 
To enhance the breeding programs, advance molecular techniques involving use and 
identification of molecular markers are being employed. However, unwanted 
 features from donor parents are expressed, which is the major drawback in the intro-
duction of genomic portions (QTLs) that improves tolerance to stresses. Hence, 
improvement of genetically engineered plants is required either by addition or over-
expression of specific genes (Allen 1995).

Various possible targets for engineering the plants to enhance their stress toler-
ance profiles include genes that are part of regulatory and signaling pathways (Seki 
et al. 2003; Shinozaki et al. 2003), or genes that code for stress tolerance proteins 
(Wang et al. 2004), or enzymes that are involved in the synthesis of structural and 
functional metabolites (Park et al. 2004). Recent developments in plant engineering 
for the production of stress-tolerant plants have to led to various important attain-
ments, yet the complexity of genetic processes involved in environmental stress tol-
erance makes it hard to achieve the goal. Therefore, the integration of biotechnology 
with classical breeding and physiology is needed (Wang et al. 2003; Flowers 2004).

20.5.1  Stress Regulatory and Signaling Pathways

Genes that control transcription and signaling cascades, such as mitogen-activated 
protein kinases (MAPK), salt overly sensitive (SOS) kinases, and various transcrip-
tion factors, have been widely studied in plants for their possible roles in response 
to climatic stresses (Zhang et al. 2004). Alteration of these, as a result of genetic 
engineering, can result in the production of transgenic plants that are more tolerant 
to abiotic stress (Vinocur and Altman 2005). Recent studies have reported that 
nicotiana protein kinase/mitogen- activated protein kinase kinase kinase (NPK1/
MAPKKK) expression in maize plant activates an oxidative signal cascade that 
leads to better tolerance during salinity and thermal stress in transgenic plants 
(Shou et al. 2004).
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20.5.2  Heat-Shock Proteins and Chaperones

During climatic stresses, heat-shock proteins (HSPs), molecular chaperones, and 
late embryogenesis abundant (LEA) protein families are reported to be vital in pro-
ducing a stress-tolerance response (Wang et al. 2003; Flowers 2004). Increase in 
expression of these can enhance the plant ability to tolerate abiotic stress (Sun et al. 
2002). Genetically transformed rice plants, with overexpression of HSP101 gene 
from Arabidopsis, have shown significant progress in growth during retrieval from 
heat stress (Katiyar-Agarwal et al. 2003). Improved dehydration tolerance is also 
found in genetically engineered rice plants through the overexpression of the HVA1 
isolated form Hordeum vulgare L plant (Babu et al. 2004).

20.5.3  Reactive Oxygen Species

In the presence of stresses, whether abiotic or biotic, reactive oxygen species (ROS) 
production and the associated oxidative damage to plants can be alleviated by the 
use of various ROS scavengers and antioxidants (Mittler 2002). In transgenic plants, 
overexpression of ROS scavengers and antioxidants like Chlamydomonas glutathi-
one peroxidase, such as in transgenic tobacco, conferred increased oxidative stress 
tolerance induced by several stress signals (Yoshimura et al. 2004). Recent studies 
have reported the improvement in tolerance to various abiotic stresses such as heat, 
heavy metal salt, and hydrogen peroxide in genetically transformed plants due to 
overexpression of aldehyde dehydrogenase, which increases the metabolism of 
toxic aldehydes generated by the reaction of ROS with proteins and lipids (Sophos 
and Vasiliou 2003).

20.5.4  Stress-Associated Metabolites

A variety of metabolites such as amines (glycine), amino acids (Pro), and various 
sugars (mannitol) have been identified to help in providing tolerance against stress 
in plants. Increased generation of some required substances and reduction in the 
levels of toxic substances are two major strategies which can be employed in meta-
bolic engineering (Capell and Christou 2004). Increased levels of Pro are also linked 
to better stress tolerance in plants. Transgenic tobacco plants overexpressing [delta] 
pyrroline 5 carboxylate synthetase (P5CS) show rise in Pro levels. However, upreg-
ulation of Pro dehydrogenase can cause a decrease in Pro levels (Konstantinova 
et al. 2002). In Arabidopsis, knockout of Pro dehydrogenase or transformation with 
its antisense results in increased levels of Pro, leading to better environmental stress 
tolerance (Mani et al. 2002).
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Amines like GB have been recognized as osmoprotectants; the accumulation of 
these resulted in an increase in plant stress tolerance abilities. Transgenic plants of 
tobacco with betaine aldehyde decarboxylase from Suaeda liaotungenis were sig-
nificantly resistant to salt stress. Mutant rice plants transformed with the choline 
dehydrogenase gene, which codes for the product that facilitates choline oxidation 
to GB, showed better recovery from salt stress than that in wild type (Mohanty et al. 
2002). Co-targeting, the multiple steps of one pathway, was shown to be an effective 
approach for overexpressing GB in bacteria and plants. Certainly, the stress toler-
ance ability was increased in tobacco plants and E. coli with the aldehyde-choline 
dehydrogenase fusion protein. Polyamines, in plants, have also been recognized to 
play a vital role in stress tolerance (Nahar et al. 2016). Genetic engineering studies 
targeted to increase the levels of polyamines can result in the production of stress- 
tolerant plants as evident from proceeding examples. Overexpression of ornithine 
decarboxylase, S-adenosyl-methionine decarboxylase, and arginine decarboxylase 
(ADC) results in a significant increase in putrescine levels and a small increment in 
spermine and spermidine levels. During stress conditions of drought, higher levels 
of putrescine are observed in genetically modified rice plants overexpressing Datura 
stramonium ADC, which leads to increased spermine and spermidine synthesis and 
ultimately the protection of plant against drought conditions (Capell et al. 2004). 
Similarly, transgenic Arabidopsis overexpressing spermidine synthase cDNA from 
Cucurbita ficifolia have shown improved stress tolerance (Kasukabe et al. 2004). 
Genetic transformation of carbon metabolism and a variety of sugars, due to their 
possible roles in stress responses, can result in the production of more stress- tolerant 
plants. A nonreducing sugar  – trehalose  – is found in some desiccation-tolerant 
plants and in a number of bacteria. Increased expression of trehalose in transgenic 
rice plants has shown the development of high stress-tolerant abilities, implied by a 
reduction in photo-oxidative damage and higher rates of photosynthesis during 
stress conditions (Garg et  al. 2002). Mannitol, an important sugar alcohol, helps 
alleviate salt and water stress. Expression of mannitol-1-phosphate dehydrogenase 
gene resulted in more stress-tolerant transgenic wheat plants as evident from an 
increase in number of tillers, plant height, and biomass. Employment of biotechno-
logical tools to enhance the production of agents that can decrease the effects of 
climate change should, hence, be exploited to enhance the quality and quantity of 
the agricultural products.

20.6  Conclusion

Climate change, as discussed, is a spatiotemporally prevalent global scenario that 
tends to affect all the living organisms. Plants have developed various mechanisms 
to address the issues arising due to climate change. However, these responses are 
temporary and cannot prevent the plants in extremes of climatic conditions. The 
employment of biotechnological approaches can help in the screening, detection, 
dissecting, mitigating, and modifying the natural defense mechanisms to address 
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the threats of these abiotic stress factors. Latest techniques like RNA interference 
technology, chromosome engineering, and targeted gene replacement in addition to 
the omics tools can be used to derive maximum benefits from the minimum resources 
in a safe and effective manner. Globally harmonized legislative and scientific efforts 
are needed to exploit the possibilities of newer interventional strategies.
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Abstract Plants are the primary producers for all different types of ecosystems on 
earth. They use abiotic sources of energy such as light and inorganic chemical com-
pounds to build organic molecules which are used as carbon and energy source by 
all other organisms. Evolutionary biologists have long considered plant domestica-
tion by humans as a coevolutionary process between plants and human beings in 
which both the partners have changed over time. However, there are other important 
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factors that seem to have been ignored while discussing the “plant-hominin coevo-
lutionary continuum.” These are the different environmental conditions including 
various biotic and abiotic factors that have changed so much over time. These 
changes range from fast, short-term, or acute to slow, gradual, long-term, or chronic 
changes. Plants that adapted to these changing environmental conditions were 
favored by humans for domestication and hence they exist today, whereas those that 
could not cope with environmental changes went extinct. The genetic record of such 
adaptations is carried by today’s plant genomes. These adaptations are the genetic 
legacy of hundreds of millions of years of natural selection shaped by the changing 
environment. Though plants affect the environment, they are shaped by the environ-
ment. Humans have recently woken up to their self-made problems of overpopula-
tion, urbanization, pollution, indiscriminate use of fossil fuels, rising temperatures, 
melting glaciers, and others. All these ultimately translate into climate change. 
Though climate change events have been recorded throughout the history of the 
planet earth, every time life found a way to survive. But this time the situation is 
much worse as climate is changing at a much faster and severe rate and scientists 
predict that it may be impossible for the earth, humans, plants, and others to survive. 
In this scenario being the only primary producers, plants are as equally an important 
stakeholder as humans. If planet earth is to support the predicted nine billion human 
population by 2050, crop plants will need to tolerate and adapt to climate change at 
a rate and way that they have never done before. How plants sense different stresses 
and adapt to adverse environmental conditions are fundamental questions that need 
to be answered. In this chapter, we gather the important scientific studies that try to 
answer these questions through research, experimentation, and evidence at molecu-
lar level. We have discussed plant adaptation to adverse environment via strategies 
like calcium signaling, MAP kinase signaling, stress-sensing and other signaling 
molecules, antioxidant defense, phytohormone biosynthesis and signaling, tran-
scriptional regulation of response cascades under stress, and the cross talk between 
different stress responses.

Keywords Abiotic stress signaling · Plant defense response · Transcriptional 
regulation

Abbreviations

ABA Abscisic acid
ABRE ABA-responsive element
ADC Arginine decarboxylase
APX Ascorbate peroxidase
AsA-GSH cycle Ascorbate-glutathione cycle
BR Brassinosteroids
bZIP Basic leucine zipper
Ca2+ Calcium ions
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CaM Calmodulin
CBK CaM-binding protein kinase
CcaMKs Calmodulin-dependent protein kinases
CDPKs Ca2+-dependent protein kinases
CK Cytokinins
CNGCs Cyclic nucleotide-gated channels
DHAR Dehydroascorbate reductase
DRE Dehydration-responsive element
DRE/CRT Dehydration-responsive element/C-repeat
ET Ethylene
GLR Glutamate-like receptor
GPCRs G protein-coupled receptors
GR Glutathione reductase
GST6 Glutathione s-transferase6
GSTs Glutathione S-transferases
H2O2 Hydrogen peroxide
JA Jasmonic acid
LRR-RLKs Leucine-rich repeat RLKs
MAPKs Mitogen-activated protein kinases
NIG NaCl-induced gene
Ocs Octopine synthase
PA Polyamines
PLD Phospholipase D
RLKs Receptor-like kinase
ROS Reactive oxygen species
SA salicylic acid
SAA Systemic Acquired Acclimation
Spd Triamine spermidine
SPDS Spd synthase
Spm Tetramine spermine
SPMS Spm synthase
TFs Transcription factors
UV Ultraviolet

21.1  Introduction: Abiotic Stress Signaling in Plants

Plants being sessile organisms are often exposed to a plethora of abiotic stresses 
(Bohnert and Sheveleva 1998; Smirnoff 1998). Abiotic stresses are harmful effects 
caused by nonliving environmental elements that include drought, extreme cold or 
heat, critical pressure, intense light, salinity, change in pH, mineral deficiencies, 
redox reactions, acidic or alkaline soils, radiations, mechanical stresses, and extreme 
wind (Neha et  al. 2008). Environmental adversities like water shortage have 
 disastrous effects in plants all around the world (Garg et al. 2008).
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Abiotic stresses have a profound impact on the cellular environment of plants in 
terms of the different types and quantity of macro- and micromolecules produced 
either as a stress by-product or as a cellular response mechanism. These molecules 
include compounds such as amino acids, proteins, nucleic acids, and carbohydrates. 
Response to abiotic stresses is characterized by a rapid to long-term and local to 
global change in the transcriptome. Several genes are induced by environmental 
adversities, for example, RD29A, that have been identified in many species of plants 
such as Arabidopsis. The overexpression of the aforementioned gene plays a role in 
effective response and tolerance against stress factors in planta (Hirayama and 
Shinozaki 2010a). Several forms of induction stages occur because of varying 
dependency on de novo production of signaling molecules or proteins, including 
abscisic acid (ABA) (Hamm 1998; Hirayama and Shinozaki 2010b; Yamaguchi-
Shinozaki and Shinozaki 2006) and other phytohormones.

Gene expression profiling under abiotic stresses has become possible after suc-
cessful whole genome sequencing (Kilian et  al. 2007). By means of microarray 
experiments, many products of stress-inducible genes have been identified which 
can be categorized in two classes (Shinozaki et al. 2003): one consisting of those 
proteins which are specifically involved in abiotic stress tolerance directly such as 
late embryogenesis abundant (LEA) proteins and second comprising factors that 
regulate expression of stress-inducible genes and intracellular signaling molecules 
such as phosphatases, protein kinases (MAPK), several transcription factor pro-
teins, and phospholipid metabolic enzymes. It has been presumed that the plants 
possess an effective cellular response system against abiotic stress factors after the 
successful identification of stress-inducible genes in certain signal transduction 
pathways (Hirayama and Shinozaki 2010a). Plant responds to stress adversities via 
integration of several mechanisms as shown in Fig. 21.1.

21.2  Plant Strategies to Acclimate Under Adverse 
Environmental Conditions

A plant is affected by stress as soon as abrupt changes occur in the environment. 
Unlikely, certain plant species that are highly stress tolerant respond in a differ-
ent manner that is acclimating to that specific stress over time. Therefore, accli-
mation and stress are eventually associated with each other in plants. 
Stress-induced homeostasis is considered as a signal for plants to begin pro-
cesses necessary for modulation of new homeostasis linked to acclimation. 
Plants elicit resistance or tolerance response depending on the genetic capabil-
ity of that plant to maintain homeostasis in a time-dependent manner. The 
adjustment of homeostasis linked to a new acclimated state is not merely the 
result of a single physiological mechanism but rather many of them are inte-
grated over the period of plant acclimation. Upon stress, the short-term physi-
ological processes begin in a few seconds or minutes though they are transitory 
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in nature. It means such processes are not only rapidly detected in stressful 
conditions but also vanish very soon. However, long-term physiological pro-
cesses are comparably more stable, as they last longer. But in the period of plant 
acclimation, lifetimes of short-term and long-term processes intersect in time in 
such a way that the former initiate responses just after the onset of stress in 
contrast to long-term processes that are still detectable after some time. Thus, 
the pyramid of short-term and long-term processes shows that the execution of 
an acclimated state is a complicated process that requires time.

It is crucial to comprehend the interaction of stress-induced signaling path-
ways and the points of their cross talk which switch from one signaling pathway 
to the other. Calcium sensors are assumed as the initial response of a plant to 
external stimuli which generates downstream signaling. Many phytohormones 
also regulate stress responses, out of which abscisic acid (ABA) is the major 
hormone and has the ability to interact with salicylic acid (SA) and jasmonic 
acid (JA) signal transduction pathways. G proteins are also known to play a key 
role in regulating transduction pathways (Ku et al. 2018). The abovementioned 
components that play a key role in plant stress tolerance are described in 
Table 21.1.

Table 21.1 Components that play a key role in plant defense response under stress conditions

Components involved 
in plant signaling Role in abiotic stress References

Calcium ions Act as messenger Reddy et al. (2011);
Regulate gene expression Poovaiah et al. (1987)

Receptor-like kinases Sense and perceive extracellular ligands Osakabe et al. (2013)
Activate the downstream signaling 
pathway

Mitogen-activated 
protein kinases

Involved in cell division and 
differentiation

Tuteja and Singh (2012)

Involved in stress responses
Regulate antioxidant defense system

Polyamines Stabilize the cell components Todorova et al. (2015)
Protect the macromolecules from 
the free radicals

Fariduddin et al. (2013)

Component of adaptive mechanisms
Activate antioxidant defense system

G proteins Involved in transduction of extracellular 
signals into intracellular environment

Apone et al. (2003)

Regulate several enzymes Chakraborty et al. (2015)
Regulate the expression of LEA and 
LEA-like genes

Phytohormones Mediate defense response in plants Nakashima and Yamaguchi-
Shinozaki (2013)

Transcription factors Regulate responsive genes Singh et al. (2002)
Increase stress tolerance potential
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21.2.1  The Role of Calcium in Abiotic Stress Signaling

Stress causes signal-specific alterations in cellular calcium levels, which plays a 
role in the regulation of various physiological processes that are critical for adapta-
tion of plants to stress. Many calcium and calmodulin (CaM)-binding transcription 
factors have been isolated and characterized in plants. The identified transcription 
factors function in signaling pathways, determined by means of functional analyses 
(Reddy et al. 2011). Calcium ions are not only a major nutrient but also a key ion for 
maintenance of cell wall rigidity, structure, and function (Hepler 2005). Plants use 
calcium as a messenger more than other messenger molecules of plants and ani-
mals. Through the use of a variety of technologies which can monitor free calcium 
in the cytosol and other cellular compartments, it has been indicated that every other 
signal including developmental, hormonal, or stress swiftly elevates calcium ions, 
mainly in the cytosol and sometimes in other cellular compartments (Reddy et al. 
2011). In addition to that, alterations in the level of calcium depend on a given stress 
with respect to the place in the cell where change occurs, for example, in the nucleus, 
cytosol, other organelles, or any other place within the cell. Besides that, the dura-
tion and magnitude of elevation also depend on that particular stress (McAinsh et al. 
1996). Besides growth and development, environmental responses are also highly 
associated with the timely expression of particular genes in related cells at the right 
time. Meanwhile, Ca2+ was found not only to serve as messengers but also as regula-
tors of gene expression in plants (Poovaiah et al. 1987).

The level of Ca2+ in cells regulates gene expression by means of Ca2+ sensors 
(Reddy et al. 2011). Following their activation, Ca2+ sensors finally bind with Cz 
elements present in the promoter region of particular genes resulting in repression 
or induction of gene expression. Moreover, these sensors may also control DNA-
binding proteins and finally activate or repress gene expression. Eventually, higher 
levels of cellular Ca2+ trigger associated phosphatases or protein kinases (CaM-
binding protein kinase [CBK], CDPK, and CCaMK) that phosphorylates/dephos-
phorylates particular DNA-binding proteins to mediate gene expression. Some of 
the Ca2+ sensors are present in a nucleus, while others are transported to the nucleus 
as a defense response against stress. For example, At-CDPK2 and Mc-CDPK1 are 
triggered against osmotic and salt stress, respectively, thus suggesting significance 
of these proteins in the proper functioning of the nucleus. It is presumed that signal 
induction regulates gene expression by means of one or a combination of all of these 
signaling pathways (Hepler 2005; Raichaudhuri et al. 2006; Reddy et al. 2011).

It has been reported that two transcription factors (TFs), i.e., Arabidopsis NaCl-
induced gene (NIG) and At-CaM7, directly bind with Ca2+. Arabidopsis NaCl-
induced gene (NIG) shows response against salt stress and encodes the first identified 
plant TF that participates in direct Ca2+ binding (Kim and Kim 2006). NIG1 is 
comprised of the N-terminal and C-terminal which contain the EF hand like the 
Ca2+-binding motif and helix-loop-helix DNA-binding domain. This TF binds to 
another motif CANNTG, which is also called E-box. DNA-binding domains are 
also found in some additional EF hand proteins (Day et al. 2002), but their functions 
are not known (Reddy et al. 2011).
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At-CaM7 participates actively in transcriptional regulation. It has been reported 
that Ca2+/CaMs perform functions indirectly by triggering protein functions through 
their activation or deactivation. Conversely, CaM7 has been found rare as it directly 
coordinates with promoter regions of those genes that work in the development of a 
seedling (Kushwaha et al. 2008). In plants, there are light modulating genes with a 
promoter region that contains the Z-/G-box (ATACGTGT/CACGTG) to which 
CaM7 binds, thus regulating gene expression and photomorphogenesis. Nevertheless, 
the influence of Ca2+ binding on CaM7 DNA-binding activity is still under study. 
However, there is a chance of additional unrevealed Ca2+ sensors that also interact 
with other particular DNA sequences. Future examinations including biochemical 
investigations and EF hand proteins will help us in further exploration of other Ca2+-
binding transcriptional factors (Reddy et al. 2011).

21.2.2  MAP Kinase Signaling and Abiotic Stress Responses

These enzymes are involved in reverse phosphorylation for the transmission of sig-
nals. The MAPKKKs (MAPK kinase kinase) work by the signaling cascade in 
which the downstream kinase gets phosphorylated by the upstream kinases in a 
particular order (Xiong and Ishitani 2006). MAPK kinase kinase (MAPKKK), a 
MAPK kinase (MAPKK), and a MAPK are the three important components of this 
aforementioned cascade and interact with each other through phosphorylation. 
Moreover, such kinases perform both intra- and extracellular signaling in plants by 
shifting the information from sensors towards specific cellular responses such as 
cell differentiation, cell division, and stress response. MAPK signaling has also 
been associated with hormonal responses. In plants, MAP kinases are represented 
by multigene families and are involved in efficient transmission of specific stimuli 
and also involved in the regulation of the antioxidant defense system in response to 
stress signaling. These MAPK signaling pathways are triggered by different abiotic 
stresses (Tuteja and Singh 2012) as a representative of specificity in the system. 
MAPK actively participates in cell signaling cascades which are triggered by vari-
ous abiotic factors including salt, heat, cold, wounding, UV, touch, heavy metals, 
and osmotic stress (Tuteja and Singh 2012). Additionally, CTR1, ANP1–3, and 
AtMEKK are three MAPKKKs found in Arabidopsis thaliana. Three AtMEKK 
genes are expressed under stress conditions such as cold (Knight and Knight 2001). 
Activation of the plasma membrane triggers MAP3Ks or MAP4Ks in response to 
stress (Dan et  al. 2001). MAP4Ks play a vital role as mediators that interlink 
upstream signaling components to the central MAPK cascade. Two amino acids 
present in S/T-X3–5-S/T MAP3K motif are phosphorylated by serine/threonine 
MAP3Ks in the activation loop of MAP2Ks. MAP2Ks in turn phosphorylate the 
MAPKs at the tyrosine and threonine residues located in a highly conserved T-X-Y 
motif (Chang and Karin 2001). These kinases are capable of phosphorylating an 
array of substrates which also involve other types of kinases and transcriptional fac-
tors. The synthesis and stability of the MAPK cascade can also be modulated by 

Q. u. a. Sani et al.



613

adaptor or anchoring proteins, shared docking domains, and scaffold proteins 
(Takekawa et al. 2005).

Members of the MAPK signaling pathway can be triggered by various stress fac-
tors such as MPKs, for example, the A. thaliana AtMPK6 which is involved in 
H2O2, O3, ABA, JA, and ethylene signal transduction pathways, and also play a role 
in significant developmental processes including anther and embryo development 
and epidermal patterning (Teige et al. 2004).

21.2.3  Role of Receptor-Like Kinases in Plant Defense

Receptor-like kinases are the type of proteins which sense environmental stimuli 
and relay down to inter- and intracellular networks. They belong to a large family of 
genes in plants and contain a cytosolic domain named as Ser/Thr kinase. These 
receptor proteins function in sensing and perceiving extracellular ligands and acti-
vate the downstream signaling pathway by phosphorylating the intracellular threo-
nine/serine kinase domains (Osakabe et  al. 2013). Plants also require energy for 
reprogramming signaling pathways so that they can employ adaptive responses 
under stresses (Thao and Tran 2012). Phytohormones act as endogenous signals. 
They coordinate and mediate biochemical as well as molecular mechanisms that 
enable plants to tolerate environmental stresses and manage overall development 
(Choudhary et al. 2012). RLKs have been shown to integrate phytohormone signal-
ing under environmental stress conditions (Shiu 2001). During this period of growth 
and development in plants, the external stimuli activate a harmonized intercellular 
signaling for a coordinated defense response against the stress. Such an intercellular 
communication determines the fate of the cells and development of plant organs 
(Van Norman et al. 2011). Physical stimuli, ions, small organic molecules, and pep-
tides are involved in cell-cell coordination.

Receptor-like kinases can convey the perceived signals by catalytic activity of 
protein kinases towards the specified proteins inside the cytoplasm of cells. The 
RLK family in Arabidopsis is comprised of more than 600 members, with leucine-
rich repeat RLKs (LRR-RLKs) forming the largest collection (Gish and Clark 
2011). These proteins are also capable of maintaining homeostasis under stress 
(Smith et al. 2011).

21.2.4  Abiotic Stress Sensing and Putative Sensors in Plants

Plant cells are capable of sensing numerous environmental stress stimuli by altering 
physiology, metabolism, and gene expression. Despite a lot of efforts, only a small 
number of putative sensors have been described. In part, it may be due to the fact 
that plant genomes consist of a large number of gene families. Each family consists 
of multiple genes with almost the same function resulting in high redundancy, and 
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a loss or dysfunction of such genes does not produce significant effects. Hence, a 
direct conclusive evidence for the presence of stress sensors is hard to obtain and 
would be challenging to demonstrate a protein or macromolecule directly involved 
in sensing physical, chemical, and/or stress stimuli (Zhu 2016).

Stress factors such as high or low temperatures, osmotic stress agents, heavy 
metal or oxidative stress, and abscisic acid are known to cause elevation in concen-
trations of free cytosolic calcium that can be observed by scientists by means of 
other calcium reporters or genetically encoded aequorin (Zhu 2016). Plants possess 
a diverse family of channels such as cyclic nucleotide-gated channels (CNGCs) and 
another family of glutamate receptor-like (GLR) channels which generate Ca2+ sig-
nals upon stress (Swarbreck et al. 2013). COLD1 is a transmembrane protein and a 
putative sensor; recently, it has been reported that this sensor regulates cold stress 
sensing in rice crop (Ma et al. 2015). The authors suspect that COLD1 itself is a 
cold stress-sensing calcium channel or may be involved in the regulation of the 
calcium channel (Ma et al. 2015). But it is vague how this sensor plays a role in 
calcium sensing and results in cold tolerance. The fluidity of phospholipid mem-
branes in the cell are altered by both high and low temperatures (Sangwan et al. 
2002). High temperature may be detected by molecular chaperons that then bind to 
the misfolded proteins formed by heat denaturation (Sangwan et  al. 2002). This 
binding would help in the release of transcription factors associated with heat stress 
from the chaperons thus allowing the transcription factors to trigger the heat stress-
responsive genes. In plants, recently reported H2A-Z comprising nucleosomes are 
also proposed as thermosensory apparatus (Kumar and Wigge 2010).

Stress sensing is assumed as ligand perception; therefore, it is believed as a pro-
cess occurring on the cell membrane or at the cell surface, which then relays down 
to other subcellular organelles like the nucleus. More effective chemical genetic 
approaches and cutting-edge gene editing technologies may overcome the challenge 
of gene redundancy. The growing interest towards the significance of several cell 
organelles involved in the process of stress sensing and responsiveness along with a 
discrete stress-sensing model may also aid in the understanding of stress resistance 
and stress-sensing process. However, the combination of signals from various 
organelles is still not clear (Zhu 2016).

21.2.5  Polyamines as Potent Modulators Against Abiotic 
Stresses

Polyamines (PA) are a group of compounds that exist naturally in plants and possess 
an aliphatic nitrogen structure. Besides having roles in various physiological pro-
cesses, they also respond against several environmental adversities (Gill and Tuteja 
2010). Polyamines include spermine (Spm, a tetramine), spermidine (Spd, a 
 tetramine), and an obligate precursor called putrescine (Put, a diamine) that play a 
critical role in the modulation of plant physiological processes such as development 
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(Kusano et al. 2007). PA are also involved in the plant response system against a 
number of unfavorable environmental factors. Besides, polyamines stabilize the cell 
components and protect the macromolecules from the free radicals that are gener-
ated under adverse environmental conditions. The endogenous PA in plants also 
contribute in stress tolerance as a component of an adaptive mechanism in order to 
confer the negative effects of stress (Todorova et al. 2015). These endogenous PA 
have the ability to scavenge free radicals and activate an antioxidant defense system 
to cope with environmental adversities such as deficiency of mineral nutrients, 
salinity, osmotic stress and drought, high- and low-temperature stress, metal toxic-
ity, UV irradiance, ozone stress, and herbicides (Cuevas et  al. 2004; Fariduddin 
et  al. 2013; Iriti and Faoro 2009; Katerova and Todorova 2011; Kocsy 2011; 
Kuthanová et al. 2004; Wimalasekera et al. 2011).

Several evidences propose that the PA function in defense against abiotic stress. 
Cellular polyamine level varies under stress conditions. Years ago, it was reported 
that PA accumulate when potassium is deficient (Richards and Coleman 1952). 
However, it is now known that that PA levels change in plant species in response to 
a broad range of stress factors such as dehydration, salinity, heat and cold stress, 
nutrient deficiencies, and others (Liu et al. 2007). Accumulated evidence describes 
that most abundant PA under abiotic stress are spermine (Spm), spermidine (Spd), 
and putrescine (Put) (Yang et al. 2007).

Elevated concentration of PA is observed due to de novo synthesis of the free PA 
against abiotic stress factors. To understand the regulation of the PA level, it is nec-
essary to develop knowledge about biosynthetic gene expression because synthesis 
of PA is primarily controlled at the level of transcription. Data suggests that despite 
of the difference between timing and level of induction, SPDS, ADC, and SPMS are 
those PA biosynthetic genes that are upregulated during stress (Liu et al. 2014). Out 
of these biosynthetic genes, ADC is an important stress-responsive gene, identified 
in a wide range of plants (Wang et al. 2011). Therefore, ADC genes are considered 
as promising candidates to identify possible transcription mediators such as protein 
kinases or transcription factors. Before screening cDNA libraries via yeast one-
hybrid, the first step in characterization of possible PA biosynthetic gene regulating 
transcription factors is the identification and in silico analysis of potential promot-
ers. This identification usually employs characterization of putative cis-acting 
sequences present in the promoter. Bioinformatic analysis of the promoter from 
SamDC gene in rice revealed the existence of a number of putative cis-acting ele-
ments like W-box, LTRE, ABRE, and MYBR that are closely linked to several envi-
ronmental factors. The evidences propose that a common group of TFs or a single 
TF may control PA biosynthetic gene or different genes that are involved in PA 
biosynthesis, respectively (Wang and Liu 2015).

Accumulated free PA coincide with the high level of PA transcripts as stated in 
some studies, but this statement is incongruent with other studies (Wang and Liu 
2015). Due to catabolism of PA, there is inconsistency in the gene expression profile 
and accumulated PA. The PA biosynthetic genes also correlate with the stress toler-
ance in expression patterns (Pillai and Akiyama 2004).
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21.2.6  G Protein Signaling Components in Abiotic Stress 
Responses

The G protein complex is comprised of G-alpha, G-beta, and G-gamma and this 
protein complex along with GPCR has been found linked with various signal trans-
duction pathways in plants (Hamm 1998; Pandey et al. 2015). G protein-coupled 
receptors (GPCRs) are basically a large protein family that plays a role in the trans-
duction of extracellular signals into intracellular environment (Kroeze et al. 2003). 
G proteins employ downstream effectors such as phospholipases, ion channels, 
phosphatases/kinases, and GTPases in order to transduce signals (Xu et al. 2015). G 
proteins are involved in the regulation of several enzymes including phospholipase 
D (PLD) and phosphatidylinositol-phospholipase C (PLC) (Apone et al. 2003), ulti-
mately regulating the expression of LEA and LEA-like genes against various envi-
ronmental stress factors, as studied in Arabidopsis, presenting the vital role of G 
proteins in signaling pathways (Chakraborty et al. 2015).

The G protein signaling core in plants is much simpler in contrast to animals 
(Urano and Jones 2014). This protein signaling core functions in many biological 
mechanisms such as ozone resistance, sugar stress resistance, phytohormone signal-
ing, and seedling responses to light and germination (Chen 2008). Cell to cell com-
munication links the plant internal environment with the external through a cascade 
of events regulated by various signaling molecules, and one of the most important 
is GPCR proteins. External stimuli received at the membrane alters the conforma-
tion of intracellular GPCR domain and triggers the linked G protein as well as 
downstream signaling. Activated G protein in turn acts on downstream elements, 
ultimately generating a cascade that leads towards altered gene expression which 
enables plants to confer to environmental stresses (Misra et al. 2007).

21.3  Antioxidant Defense System in Plants Exposed 
to Adverse Environment

Cellular metabolism in plants produces reactive oxygen species (ROS). 
Environmental adversities result in the production of higher concentrations of these 
ROS leading to oxidative damage and hence cell death. In spite of their role in 
destruction process, ROS are presumed to be the second messengers of various cel-
lular mechanisms that also involve defense against several stress factors. Numerous 
enzymatic as well as nonenzymatic antioxidants are localized in the tissues that 
affect scavenging of the reactive oxygen species (Sharma et al. 2016). These ROS 
production and scavenging systems are present in many organelles such as peroxi-
somes, mitochondria, and chloroplasts, and these systems work in harmony with 
each other (Pang and Wang 2008). The equilibrium between formation and quench-
ing of ROS may be affected by various environmental adversities that elevate intra-
cellular ROS (Sharma et al. 2016). In order to avoid the oxidative damage, higher 
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plants raise the level of endogenous antioxidant defense. In plants, it has been 
expected that oxidative damage is the minimum effect produced by every environ-
mental stress apparently (Smirnoff 1995).

A significant amount of attention has been diverted towards the identification and 
characterization of transgenic plants and mutants that have altered antioxidant 
expression level. This potential approach helps in the development of understanding 
about its role in stress-defense response and antioxidant system itself (Sharma et al. 
2016). Antioxidants work in coordination and recruit a cascade of redox reactions. 
For example, the harmonization between ascorbic acid and phenolic compounds 
and ascorbic acid and glutathione is well known. But the results contradict with the 
status of antioxidants in oxidative stress (Gout et al. 2001).

It has been reported that the experiments conducted on overexpression of anti-
oxidants do not necessarily increase an antioxidative defense. Therefore, antioxi-
dative potential does not always synchronize positively in a plant defense 
response (Gout et al. 2001). Competence of an antioxidant system can be indi-
cated by the compartmentalization of ROS production and antioxidant localiza-
tion, ability to induce antioxidant defense, and the formation and translocation of 
these antioxidants (Blokhina et  al. 2003). The antioxidant defense system of 
plants helps in the protection of cellular organelles, nucleic acids, unsaturated 
membrane lipids, and other enzymes from the detrimental effect of free radicals 
(Larson 1988).

Among the plant species, the ascorbate-glutathione cycle is a major ROS scav-
enging pathway that resides in many cellular organelles including the cytosol, chlo-
roplasts, mitochondria, peroxisomes, and apoplast. This cycle regulates the 
concentration of ROS in these organelles (Mittler 2002). The AsA-GSH cycle 
actively participates in the successive reduction and oxidation of glutathione, ascor-
bate, and NADPH that is catalyzed by glutathione reductase (GR), monodehydro-
ascorbate reductase (MDAR), ascorbate peroxidase (APX), and dehydroascorbate 
reductase (DHAR) (Gratão et al. 2005). In this way, the AsA-GSH cycle functions 
in combating the oxidative stress. Many elements of the antioxidant defense system 
of plants have been characterized into model plants successfully. Moreover, altera-
tions or distortions in this system are a better way to understand the various ROS 
comprised of signaling pathways (Caverzan et al. 2016).

21.4  Phytohormones at the Crossroad of Abiotic Stress 
Responses

Phytohormones are a group of small molecules derived from important metabolic 
pathways and serve as essential regulators for plant growth and survival. In the past 
decade, research has advanced to a new level which includes discovery of those 
regions where hormones are synthesized in plants. Moreover, the concepts of plant 
hormone biology, identification of receptors of these hormones, perceiving stress 
signals, transport of phytohormones, and their signaling have been made clear, thus 
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offering new opportunities for carrying research on chemical specificity of phyto-
hormone signaling in plants (Santner et al. 2009).

Plants produce various hormones, and the major ones include cytokinins (CK), 
auxins, abscisic acid (ABA), gibberellins (GA), jasmonates (JA), strigolactones, 
ethylene (ET), brassinosteroids (BR), and salicylic acid (SA). Out of these, ET, SA, 
ABA, and JA function in mediating defense response in plants under abiotic and 
biotic stresses. Basically, ABA is known to function in defense response under abi-
otic stresses because such stresses elevate ABA, whereas SA, ET, and JA function 
in maintaining defense against pathogens. But the process of defense response 
against any stress is not merely limited to these hormones. Cross talk of SA, ABA, 
ET, and JA with that of GAs, CKs, and auxins in mediating defense response has 
been reported recently (Nakashima and Yamaguchi-Shinozaki 2013; Nishiyama 
et al. 2013).

Signal transduction pathways of ET, JA, ABA, and SA cross talk at various lev-
els, for example, hormone-responsive transcription factors (TFs), to mediate defense 
response in plants. Although it is remarkable that complete plant acclimation and 
continued growth are main features of a precise response against stress, defense 
response generated by plants against any stress is also dependent on the type of 
positive or negative cross talk in hormone signaling pathways instead of depending 
only on the contribution of each hormone (Verma et al. 2016). The synchronization 
of phytohormone metabolism, their transport, and the mediation of central signaling 
factor expression is critical in order to maintain the concentration of hormones in 
cells and tissues. Additionally, hormone metabolism is crucial for effective signal-
ing that can provide sustained growth and development response (Waadt et al. 2015).

21.5  Transcriptional Regulation of Stress Responses

Development of stress-tolerant crop plants requires a vibrant understanding about the 
interactions between transcription factors, genes, and their pathway to adapt to 
adverse environmental conditions. Although characterization of transcription factors 
and their targets takes time and labor, the experimental methods used in the identifi-
cation of roles of such transcription factors in stress response give reliable results. 
Additionally, mathematical models along with integration of computational 
approaches and high-throughput omics data provide a platform for new understand-
ings (Tchagang et al. 2013). In plants, regulation of stress-responsive genes by tran-
scription factors is the most critical means of responding to a broad range of stress 
factors (Singh et al. 2002b). The plant genome contributes a major volume to tran-
scription. In a model plant such as Arabidopsis, 1500 transcription factors are encoded 
by its genome (Riechmann et al. 2000). These transcription factors of ten belong to 
large gene families, which in some cases are unique to plants (Singh et al. 2002a).

For example, ERF proteins which are a subfamily of the ethylene-responsive 
element-binding protein (EREBP)/APETALA2 (AP2) family of transcription fac-
tors belong only to plants (Riechmann et al. 2000). These proteins are composed of 
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a well-conserved domain of 58–59 amino acids, known as ERF domain. It has been 
reported that the ERF domain binds to two analogous cis-elements: one is the GCC 
box found in promoters of pathogenesis-related genes involved in ethylene respon-
siveness and the other is dehydration-responsive element (DRE)/C-repeat motif, 
which confers resistance to drought and cold stress. ERF family members are linked 
to a wide variety of stress factors that is why they belong to a large-size family. The 
members of this family in one plant species are able to perform their role in other 
plants as well, thus increasing their stress tolerance potential (Singh et al. 2002a).

Another family of transcription factors in plants is the bZIP. This family is com-
prised of one class of proteins which contain octopine synthase  (ocs)-element-binding 
factor (OBF)/TGA and are associated to stress response. They bind to the ocs ele-
ment and control the gene expression of PR-1 and glutathione s-transferase6 (GST6) 
(Lebel et al. 1998). Other classes of the bZIP family are linked to signaling trans-
duction against stresses such as dehydration/salinity or UV light. ABA-responsive 
element-binding (AREB)/ABRE-binding factors, which belong to this class of pro-
teins, have shown responses at the level of transcription and translation, in dehydra-
tion or salinity stress (Jakoby et al. 2002).

In the past decade, a lot of effort has been put on the characterization of these 
factors in plants, which play a role in gene expression as a result of abiotic stresses. 
Sometimes, closely related transcription factors have the capability to trigger or 
repress the genes by means of cis-acting elements which respond against specific 
stress conditions (Singh et  al. 2002b). High-throughput molecular technologies 
should keep on providing effective transcription factor candidates or their combina-
tions that have the potential to boost up the expression of stress-responsive genes in 
a highly controlled and planned way, thus enhancing genetic engineering of crops 
which possess potent stress response abilities (Nal et al. 2001).

21.6  Cross Talk between Different Abiotic Stress Signaling 
Pathways

Being sessile organisms, plants continuously adapt to the changing climate at cel-
lular, molecular, and physical level. The foremost step in such an adaptation is turn-
ing on of the molecular response by perceiving the stress signal through receptors 
and relaying down the information to a specific signaling pathway. The signal trans-
duction pathways result either in physiological alterations which include closure of 
stomata or the expression of stress-responsive genes leading to modulation of cel-
lular as well as molecular mechanisms and processes. In the recent era, our under-
standing and knowledge about signal transduction pathways starting from stimulus 
until final response has been advanced. These pathways are part of a complicated 
signaling network actually and they are triggered in response to more than one stim-
ulus because of overlap between their branches (Knight and Knight 2001).

The perception of stress signal during environmental adversities and triggering 
the signaling cascade to turn on the process of adaptation are crucial steps which 
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determine the growth and development of plants. In the past years, research has 
been carried out to identify all components of such transduction pathways to confer 
resistance against a wide range of stresses (Chinnusamy et al. 2004). It is believed 
that plants possess a number of signaling pathways that cross talk with each other at 
several levels because of the presence of specific and general stress tolerance and 
resistance mechanisms (Huang et al. 2012).

21.7  Conclusion and Future Prospects

Plants are exposed to numerous environmental adversities that effect their survival. 
Plants which are unable to survive under adverse environment consume more 
resources in contrast to the ones which adjust in such environment. But how the 
plants evolve such mechanisms that help them to acclimatize such changes is a basic 
query. Therefore, in order to improve agricultural production in a frequently chang-
ing environment, more resistant crop plants are required.

In plant biology, the study on plant’s response to stresses is an emerging field of 
research, because of its dynamic consequences in the agriculture sector. 
Environmental adversities are the leading cause of decreased crop yield all over the 
world. The studies carried on model plants like Arabidopsis have provided funda-
mental information on molecular mechanisms behind stress responses. Moreover, 
important crops and wild plants including Arabidopsis are sensitive to environmen-
tal stresses, whereas some specialized crop plants such as halophytes or xerophytes 
are rather resistant to severe stressful conditions. Thus, there must be clear differ-
ences between tolerant and intolerant plant species in terms of efficient response 
mechanisms. In addition to that, the putative molecular mechanisms, expression of 
genes, and their roles should be discovered.

Revealing the integrated response by different signal transduction pathways 
would assist breeders in enhancing the production of tolerant food crops. Based on 
several studies, it has been presumed that the reprogramming of transcriptome is a 
vital aspect of adaptation and stress signaling in plants. As these stress responses are 
synchronized with survival and reproduction, understanding of the cross talk 
between signaling pathways linked with plants growth and development is impor-
tant. Similarly, efforts should be made to understand the cross talk between abiotic 
and biotic stress signaling pathways.
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Abstract Plants face a variety of biotic and abiotic stresses throughout their life 
cycle that adversely affect their growth and production. These stresses decrease the 
annual crop yield up to 70% globally and had created a problem of food shortage as 
well as the malnutrition for ever-increasing world population. Different strategies 
are being practiced to overcome these problems and found successful up to some 
extent. Exogenous use of plant growth promoters through different modes is one 
such among them that found helpful to improve the plant growth and production 
under stressful conditions and is being employed at commercial level to obtain bet-
ter production. However, most of them are the inorganic chemicals and are found 
toxic for organism and are not environmental friendly. Trend is increasing toward 
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the use of organic and environmental-friendly biostimulants with the ability to 
improve production and stress tolerance induction. Studies have revealed that exog-
enous use of these biochemicals through different modes (seed soaking, foliar spray, 
or as soil application) is found helpful in improving the plant growth and production 
under stressful conditions. These biostimulants include the chelation of macro- or 
micro-nutrients with different organic compounds, plant growth regulators of 
microbial origin, and plant-based biostimulants that are found helpful in improving 
the plant growth and production under stressful conditions. These include humic 
acids (humic and fulvic acid), chitosan, phosphites, bio-char, and plant-based 
extracts, including algal extracts and of different plant parts. These biostimulants 
along with the improvement of plant growth and production also found helpful to 
improve the yield and yield nutritional quality when applied exogenously through 
different modes. Improvements in the attribute due to the exogenous use of bios-
timulants under stressful condition are associated with their role in different physio- 
biochemical attributes, including plant antioxidative defense mechanism, plant 
photosynthetic efficiency, and plant water relation through the accumulation of dif-
ferent osmotica (osmolytes and osmoprotectants) that help to maintain cellular 
osmotic potential and better nutrient uptake and mobility. Plant-based biostimulants 
improve the plant growth due to the presence of different phytohormones and other 
secondary metabolites, vitamins, antioxidants, and the inorganic nutrients in the 
extract that directly affect the plant growth and production through improving the 
plant tolerance against abiotic stresses. Exogenous use of biostimulants through dif-
ferent modes also improves the plant growth, yield as well as the yield nutritional 
quality under stressful conditions. However, studies revealed that the effective dose 
for the induction of stress tolerance of these biostimulants is plant species, growth 
stage, and stress type specific. Moreover, the use of biostimulants for the effective 
improvement is also dependent on the mode of application. Although large work has 
been done to study the role of biostimulants in improving plant growth and produc-
tion, still more is required for final recommendations. More attention is required in 
this regard and in future due to their non-toxic and environmental-friendly nature.

Keywords Biostimulant · Exogenous application · Extracts · Abiotic stresses

22.1  Introduction

During their life cycle plants face a variety of different biotic and abiotic stresses 
that adversely affect the plant growth and final yield. Among different abiotic 
stresses, drought, salinity, heavy metal, high and low temperatures are the major 
ones that plants face during their life cycle (Ali and Ashraf 2011; Jamil et al. 2015; 
Ali et al. 2018; Noman et al. 2018a). It is estimated that collectively these stresses 
decreased the plant yield up to 70% that has created the problem of food security for 
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the increasing world population (Erni 2015). The first and the foremost effect of 
different abiotic stresses (drought, salinity, heat, and cold stress) is the change in 
plant water relations that affects the cellular turgor pressure (Lata et  al. 2018). 
Changes in plant water relations directly affect the photosynthetic rate, processes of 
assimilation, and other metabolic activities that ultimately decrease the plant growth 
(Akram et al. 2018; Haworth et al. 2018). This also affects the efficiency of PSII 
subunits that leads to lipid peroxidation of cellular membrane due to over produc-
tion of reactive oxygen species (ROS) under stressful conditions (Ebele and Emodi 
2016; He et al. 2018).

However, plants have developed certain mechanisms to counteract the adverse 
effects of different abiotic stresses (Kamanga and Mndala 2019). These include the 
maintenance of leaf water content through the production/accumulation of different 
osmolytes and osmoprotectants, hormonal regulation of different metabolic activi-
ties as well as the development of well-defined antioxidative defense mechanism for 
the scavenging of over-produced ROS. These include the over-production of differ-
ent enzymatic and non-enzymatic antioxidants that helps in scavenging of ROS 
(Kumar and Trivedi 2018).

During the last few decades a tremendous change in plant nutrient management 
has been developed by different techniques for the induction of stress tolerance for 
better crop production. Exogenous use of biostimulants through different modes is 
one of these that are being used for the improvement in plant growth and production 
under varying environmental conditions. In available literature the word biostimu-
lants was firstly used by Kauffman et al. (2007). He defined biostimulants as “the 
materials other than the fertilizers that improve the plant growth when is applied in 
low quantities.” There are many different available forms of biostimulants but they 
are divided into three major categories. These include humic substances (HS), 
hormone- containing products (HCP) along with the secondary metabolites and 
amino acid containing products (AACP). Biostimulants are beneficial for plant 
growth without being the nutrients, pesticides, or soil improvers (Calvo et al. 2014; 
Du Jardin 2015; Halpern et al. 2015). Biostimulants may be of synthetic or of natu-
ral origin including the microorganisms such as plant growth-promoting rhizobac-
teria (PGRs) (Zhang et al. 2003) and include the beneficial fungi (Halpern et al. 
2015). The major plant biostimulants are humic and fulvic acids, protein hydroly-
sates, seaweed extracts, chitosan, inorganic compounds, beneficial fungi (i.e., 
arbuscular mycorrhizal fungi; AMF and Trichoderma spp.) and plant growth- 
promoting bacteria (Habib et al. 2013; Noman et al. 2018a; Canellas et al. 2015; 
Rouphael et al. 2015; Ruzzi and Aroca 2015).
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22.2  Role of Different Plant-Based Biostimulants 
in Stress Tolerance

22.2.1  Humic Acid

Humic substances are formed by the chemical and biological decomposition of ani-
mal and plant matter by the microbial activity (Tilman et  al. 2011). Humic acid 
plays a key role in ecological and environmental processes. It regulates both the soil 
carbon and nitrogen cycle and affects the growth of plants and microorganisms 
(Nigania et al. 2017). Humic acid is a humus compound that is easily soluble in an 
alkaline solution but becomes precipitated in acidic (pH 1–2) solution (Hayes 2006).

Increase in plant growth with the exogenous application of humic acid is cited in 
available literature by many researchers (Nardi et al. 2002, 2009; Chen et al. 2004; 
Canellas and Olivares 2014; Meganid et al. 2015; Matuszak-Slamani et al. 2017). In 
an experiment by Rose et al. (2014), it was found that exogenous application of 
humic acid increased the root and shoot weight of different plant species up to 22%. 
It was also found that the effect of exogenous application of humus is plant species 
specific (Trevisan et al. 2010; Haghighi et al. 2012; El-Bassiouny et al. 2014). For 
example, the effect of humus extracted by the brown coal is less effective than the 
humus isolated from the peat (Canellas and Olivares 2014).

Plants face an evolutionary pressure to increase the surface area under stress for 
the absorption of water and nutrients in order to match the enhanced photosynthetic 
activity (Canellas and Olivares 2014). It is hypnotized that the positive effect of 
humic substances on plant growth is directly linked with the change in root archi-
tecture. Fine roots directly release the H+ ions in soil through H+-ATPase and organic 
acids in rhizosphere that change the soil pH in rhizosphere and increase the nutrient 
uptake by the roots through active or passive transport (Morsomme and Boutry 
2000). The H+-ATPase causes the hydrolysis of cytoplasmic ATP that results in the 
release of H+ ions in the apoplast that lead to the loosening of cell membrane. This 
is the basis of acid growth hypothesis that is induced by the auxins involvement 
(Nardi et al. 2000). Since cell growth is linked with the extracellular acidification, 
the activation of H+-ATPase is directly or indirectly linked with root hair prolifera-
tion (Canellas et al. 2008). This mechanism is especially observed in maize that in 
the presence of humic acid the maize seedlings changed their organic acid exuda-
tions (Ohno et al. 2004; Canellas et al. 2008; Puglisi et al. 2009).

Humic acids have been found effective in improving the growth by endogenous 
increased biosynthesis or through exogenous use through different modes and nutri-
tion of different crop plants. It is also helpful in improving the antioxidative defense 
mechanism of different crop plants that found effective in improving the plant 
growth under different environmental stresses (Table 22.1). However, this improve-
ment in plant growth is species specific and also depends upon the applied concen-
tration of humic acid. In maize it was studied that the exogenous use of humic acid 
improved the fresh and dry biomasses that was found associated with the improved 
leaf chlorophyll content and increased proline accumulation under drought and salt 

Q. Ali et al.



629

Ta
bl

e 
22

.1
 

R
ol

es
 o

f 
hu

m
ic

 a
ci

ds
 in

 p
la

nt
 s

tr
es

s 
to

le
ra

nc
e

Ty
pe

 o
f 

st
re

ss
Pl

an
t 

sp
ec

ie
s

Ty
pe

 o
f 

bi
os

tim
ul

an
ts

 
us

ed
C

on
ce

nt
ra

tio
n 

us
ed

M
od

e 
of

 
ap

pl
ic

at
io

n
G

ro
w

th
 

m
ed

iu
m

Im
pr

ov
em

en
ts

R
ef

er
en

ce
s

Sa
lt 

st
re

ss
M

ai
ze

H
um

ic
 a

ci
d

10
0 

m
M

Fo
lia

r 
ap

pl
ic

at
io

n 
an

d 
pr

e-
so

w
in

g 
se

ed
 tr

ea
tm

en
t

In
 s

an
d 

cu
ltu

re
 (

po
t 

ex
pe

ri
m

en
t)

In
cr

ea
se

d 
bi

om
as

s,
 F

v/F
m
, 

ch
lo

ro
ph

yl
l p

ig
m

en
ts

 a
nd

 p
ro

lin
e 

ac
cu

m
ul

at
io

n,
 in

cr
ea

se
d 

ac
tiv

ity
 o

f 
SO

D
, P

O
D

, C
A

T,
 M

D
A

 a
nd

 H
2O

2 
co

nt
en

t

K
ay

a 
et

 a
l. 

(2
01

8)

D
ro

ug
ht

 
st

re
ss

L
im

a 
be

an
H

um
ic

 a
ci

d
0,

 1
, 3

 a
nd

 6
 L

 h
a–1

Fo
lia

r 
ap

pl
ic

at
io

n
Fi

el
d 

ex
pe

ri
m

en
t

In
cr

ea
se

d 
ph

ot
os

yn
th

et
ic

 a
ct

iv
ity

, 
ca

ro
te

no
id

s,
 m

em
br

an
e 

st
ab

ili
ty

, 
L

R
W

C
, p

ro
lin

e,
 a

nd
 s

ol
ub

le
 s

ug
ar

s 
co

nt
en

t

B
eh

es
ht

i a
nd

 
Ta

da
yy

on
 

(2
01

7)

H
ea

t s
tr

es
s

To
m

at
o

H
um

ic
 a

ci
d

4.
8,

 9
.6

 a
nd

 
14

.4
 k

g 
ha

–1

M
ix

ed
 in

 s
oi

l
So

il
In

cr
ea

se
d 

pl
an

t h
ei

gh
t, 

bi
om

as
s,

 
nu

m
be

r 
of

 fl
ow

er
 c

lu
st

er
, a

nd
 to

ta
l 

nu
m

be
r 

of
 fl

ow
er

s

A
bd

el
la

tif
 e

t a
l. 

(2
01

7)

D
ro

ug
ht

 
st

re
ss

M
ar

jo
ra

m
H

um
ic

 a
ci

d
0,

 1
%

 h
um

ic
 a

ci
d

Fo
lia

r 
ap

pl
ic

at
io

n
Po

ts
 fi

lle
d 

w
ith

 s
oi

l
Im

pr
ov

ed
 p

la
nt

 h
ei

gh
t, 

le
av

es
 d

ry
 

w
ei

gh
t a

nd
 e

ss
en

tia
l o

il 
pe

rc
en

ta
ge

E
l-

K
ha

te
eb

 
et

 a
l. 

(2
01

7)
D

ro
ug

ht
 

st
re

ss
Fe

nn
el

H
um

ic
 a

ci
d

0,
 1

, 2
 a

nd
 3

 k
g 

ha
−

1
M

ix
ed

 w
ith

 s
oi

l
Fi

el
d 

ex
pe

ri
m

en
t

In
cr

ea
se

d 
se

ed
 y

ie
ld

, e
ss

en
tia

l o
il 

pe
rc

en
ta

ge
, p

-c
ym

en
e,

 G
am

a 
te

rp
in

en
e,

 a
nd

 th
ym

oq
ui

no
ne

A
ri

af
ar

 a
nd

 
Fo

ro
uz

an
de

h 
(2

01
7)

D
ro

ug
ht

 
an

d 
sa

lt 
st

re
ss

Pe
an

ut
H

um
ic

 a
ci

d,
 

sa
lic

yl
ic

 a
ci

d
0–

1.
5 

m
M

Fo
lia

r 
ap

pl
ic

at
io

n
Fi

el
d 

ex
pe

ri
m

en
t

In
cr

ea
se

d 
th

e 
N

a+
/K

+
 r

at
io

N
ig

an
ia

 e
t a

l. 
(2

01
7)

D
ro

ug
ht

 
st

re
ss

Su
nfl

ow
er

H
um

ic
 a

ci
d 

an
d 

zi
nc

0,
 4

 L
 h

–1
M

ix
ed

 w
ith

 
w

at
er

Fi
el

d 
ex

pe
ri

m
en

t
In

cr
ea

se
d 

gr
ai

n 
yi

el
d,

 g
ra

in
 w

ei
gh

t, 
an

d 
nu

m
be

r 
of

 s
ee

ds
 p

er
 h

ea
d

H
at

am
i (

20
17

)

D
ro

ug
ht

 
st

re
ss

B
la

ck
 c

um
in

H
um

ic
 a

ci
d

0,
 1

, 2
, 3

 k
g 

ha
–1

So
il 

ap
pl

ic
at

io
n

Fi
el

d 
ex

pe
ri

m
en

t
In

cr
ea

se
d 

se
ed

 y
ie

ld
, e

ss
en

tia
l o

il 
pe

rc
en

ta
ge

, p
-c

ym
en

e,
 γ

-t
er

pi
ne

ne
, 

an
d 

th
ym

oq
ui

no
ne

A
ri

af
ar

 a
nd

 
Fo

ro
uz

an
de

h 
(2

01
7) (c

on
tin

ue
d)

22 Plant-Based Biostimulants and Plant Stress Responses



630

Ta
bl

e 
22

.1
 

(c
on

tin
ue

d)

Sa
lt 

st
re

ss
So

ya
 b

ea
n

H
um

ic
 a

ci
d

<
30

 o
r 

>
 3

0 
kD

a
M

ix
ed

 in
 

H
og

la
nd

’s
 

nu
tr

ie
nt

 
so

lu
tio

n

H
yd

ro
po

ni
c 

so
lu

tio
n

Im
pr

ov
ed

 to
ta

l l
ea

f 
ar

ea
, p

la
nt

 
he

ig
ht

, f
re

sh
 a

nd
 d

ry
 m

as
se

s,
 a

nd
 

ch
lo

ro
ph

yl
l c

on
te

nt

M
at

us
za

k-
 

Sl
am

an
i e

t a
l. 

(2
01

7)

D
ro

ug
ht

 
st

re
ss

O
kr

a
Pu

tr
es

ci
ne

 a
nd

 
hu

m
ic

 a
ci

d
0,

 0
.5

, 1
 a

nd
 1

.5
 m

M
Fo

lia
r 

ap
pl

ic
at

io
n

Fi
el

d 
ex

pe
ri

m
en

t
In

cr
ea

se
d 

fr
ui

t y
ie

ld
, L

R
W

C
, 

vi
ta

m
in

 C
 a

nd
 p

ro
lin

e 
co

nt
en

ts
, 

C
A

T
 a

nd
 P

O
D

 a
ct

iv
iti

es
 a

nd
 W

U
E

B
ar

ze
ga

r 
et

 a
l. 

(2
01

6)

N
at

ur
al

 
co

nd
iti

on
s

D
ill

H
um

ic
 a

ci
d 

an
d 

in
do

le
 a

ce
tic

 
ac

id

0 
an

d 
40

0 
pp

m
Fo

lia
r 

ap
pl

ic
at

io
n

Fi
el

d 
ex

pe
ri

m
en

t
Im

pr
ov

ed
 s

ur
vi

va
l %

, p
la

nt
 h

ei
gh

t, 
nu

m
be

r 
of

 b
ra

nc
he

s,
 n

um
be

r 
of

 
um

be
ls

, a
nd

 s
ee

d 
oi

l y
ie

ld

Sa
id

-A
l A

hl
 

et
 a

l. 
(2

01
6)

D
ro

ug
ht

 
st

re
ss

W
he

at
H

um
ic

 a
ci

d
22

0 
m

l H
F 

pl
us

 1
0 

L
 

of
 w

at
er

 f
or

 1
 to

n 
se

ed
s

Pr
e-

so
w

in
g 

se
ed

 tr
ea

tm
en

t 
an

d 
fo

lia
r

Fi
el

d 
ex

pe
ri

m
en

t
In

cr
ea

se
d 

se
ed

 y
ie

ld
Sh

ah
ry

ar
i 

(2
01

7)

N
at

ur
al

 
co

nd
iti

on
s

L
et

tu
ce

H
um

ic
 a

ci
d

0,
 7

0,
 5

00
, 4

00
0,

 
60

00
, 1

4,
00

0,
 a

nd
 

42
,0

00
 m

g 
L

−
1

M
ix

ed
 w

ith
 

H
og

la
nd

’s
 

nu
tr

ie
nt

 
so

lu
tio

n

Pl
an

t g
ro

w
in

g 
m

ed
ia

In
cr

ea
se

d 
pl

an
t h

ei
gh

t, 
ro

ot
 le

ng
th

, 
an

d 
bi

om
as

s 
pr

od
uc

tio
n

V
er

di
 e

t a
l. 

(2
01

5)

Sa
lt 

st
re

ss
C

om
m

on
 

be
an

H
um

ic
 a

ci
d

3 
g 

L
−

1
M

ix
ed

 in
 s

oi
l

So
il

Pl
an

t h
ei

gh
t, 

nu
m

be
r 

of
 le

av
es

, r
oo

t 
le

ng
th

, f
re

sh
 a

nd
 d

ry
 b

io
m

as
s,

 a
nd

 
ph

ot
os

yn
th

et
ic

 p
ig

m
en

ts

M
eg

an
id

 e
t a

l. 
(2

01
5)

D
ro

ug
ht

 
st

re
ss

R
ap

es
ee

d
H

um
ic

 a
ci

d
0,

 3
, 6

 m
g 

L
–1

M
ix

ed
 w

ith
 

ir
ri

ga
tio

n 
w

at
er

Fi
el

d 
ex

pe
ri

m
en

t
Im

pr
ov

ed
 p

ho
to

sy
nt

he
tic

 p
ig

m
en

ts
, 

PS
II

 e
ffi

ci
en

cy
, a

nd
 a

nt
io

xi
da

nt
 

ac
tiv

ity

L
ot

fi 
et

 a
l. 

(2
01

5)

Ty
pe

 o
f 

st
re

ss
Pl

an
t 

sp
ec

ie
s

Ty
pe

 o
f 

bi
os

tim
ul

an
ts

 
us

ed
C

on
ce

nt
ra

tio
n 

us
ed

M
od

e 
of

 
ap

pl
ic

at
io

n
G

ro
w

th
 

m
ed

iu
m

Im
pr

ov
em

en
ts

R
ef

er
en

ce
s

Q. Ali et al.



631

D
ro

ug
ht

 
st

re
ss

W
he

at
H

um
ic

 a
ci

d
13

 m
g 

L
–1

Fo
lia

r 
an

d 
se

ed
 

pr
im

in
g

Sa
nd

y 
so

il
In

cr
ea

se
d 

pl
an

t h
ei

gh
t, 

nu
m

be
r 

of
 

le
av

es
, f

re
sh

 a
nd

 d
ry

 b
io

m
as

s,
 

ph
ot

os
yn

th
et

ic
 p

ig
m

en
t, 

to
ta

l 
so

lu
bl

e 
su

ga
r, 

ca
rb

oh
yd

ra
te

s,
 f

re
e 

am
in

o 
ac

id
s,

 p
ro

lin
e,

 a
nd

 n
ut

ri
en

t 
up

ta
ke

E
l-

B
as

si
ou

ny
 

et
 a

l. 
(2

01
4)

N
itr

og
en

 
st

re
ss

M
ai

ze
H

um
ic

 a
ci

d
0,

 1
00

, 2
00

 m
g 

ha
–1

H
oa

gl
an

d 
so

lu
tio

n
Pe

tr
i p

la
te

s
Im

pr
ov

ed
 f

re
sh

 a
nd

 d
ry

 m
as

s 
an

d 
an

tio
xi

da
nt

 a
ct

iv
ity

 (
SO

D
, P

O
D

, 
C

A
T,

 a
nd

 A
Px

)

Z
ha

ng
 e

t a
l. 

(2
01

3)

D
ro

ug
ht

 
st

re
ss

M
ai

ze
H

um
ic

 a
ci

d
0,

 1
50

, 3
00

, 4
50

 p
pm

Fo
lia

r 
ap

pl
ic

at
io

n
Fi

el
d 

ex
pe

ri
m

en
t

Po
si

tiv
el

y 
af

fe
ct

ed
 th

e 
pl

an
t h

ei
gh

t, 
yi

el
d 

co
m

po
ne

nt
s,

 s
ee

d 
yi

el
d,

 
bi

ol
og

ic
al

 y
ie

ld
, a

nd
 h

ar
ve

st
 in

de
x

M
og

ha
da

m
 

et
 a

l. 
(2

01
4)

Sa
lt 

st
re

ss
C

ot
to

n
Pu

tr
es

ci
ne

 a
nd

 
hu

m
ic

 a
ci

d
0,

 1
, 2

%
Fo

lia
r 

ap
pl

ic
at

io
n

Po
t 

ex
pe

ri
m

en
t i

n 
so

il

In
cr

ea
se

 in
 p

la
nt

 h
ei

gh
t, 

nu
m

be
r 

of
 

le
av

es
, l

ea
f 

ar
ea

, f
ru

iti
ng

 b
ra

nc
he

s 
pe

r 
pl

an
t, 

bi
om

as
s,

 a
s 

w
el

l a
s 

nu
m

be
r 

of
 b

ol
ls

, s
ee

d 
an

d 
fib

er
 

yi
el

d/
pl

an
t, 

lin
t p

er
ce

nt
ag

e,
 a

nd
 

se
ed

 in
de

x

A
hm

ed
 e

t a
l. 

(2
01

3)

D
ro

ug
ht

 
st

re
ss

Pi
st

ac
hi

o
H

um
ic

 a
ci

d
0,

 5
00

, 1
00

0,
 

15
00

 p
pm

Fo
lia

r 
ap

pl
ic

at
io

n
Fi

el
d 

ex
pe

ri
m

en
t

In
cr

ea
se

d 
le

af
 p

ho
to

sy
nt

he
tic

 
pi

gm
en

ts
, L

R
W

C
, p

ro
lin

e 
ac

cu
m

ul
at

io
n,

 a
bs

ci
si

c 
ac

id
 (

A
B

A
) 

in
 f

re
sh

 le
af

, a
nd

 r
oo

t d
ry

 w
ei

gh
t

K
as

m
an

i e
t a

l. 
(2

01
3)

D
ro

ug
ht

 
an

d 
sa

lt
C

um
in

 a
nd

 
ba

si
l

H
um

ic
 a

ci
d

0,
 1

00
0,

 2
00

0 
m

g 
L

–1
M

ix
ed

 w
ith

 
H

og
la

nd
’s

 
nu

tr
ie

nt
 

so
lu

tio
n

Pe
tr

i-
pl

at
es

Im
pr

ov
ed

 s
ee

d 
ge

rm
in

at
io

n 
an

d 
ro

ot
 a

nd
 s

ho
ot

 le
ng

th
H

ag
hi

gh
i e

t a
l. 

(2
01

2)

D
ro

ug
ht

 
st

re
ss

W
he

at
H

um
ic

 a
ci

d 
an

d 
flu

vi
c 

ac
id

33
.2

3 
g 

L
–1

 o
f 

hu
m

ic
 

ac
id

 a
nd

 9
.0

2 
g 

L
–1

 
of

 f
ul

vi
c 

ac
id

M
ix

ed
 w

ith
 

ir
ri

ga
tio

n 
w

at
er

Fi
el

d 
ex

pe
ri

m
en

t
In

cr
ea

se
d 

se
ed

 y
ie

ld
R

an
jb

ar
 e

t a
l. 

(2
01

2) (c
on

tin
ue

d)

22 Plant-Based Biostimulants and Plant Stress Responses



632

Sa
lt 

st
re

ss
M

ai
ze

H
um

ic
 a

ci
d

So
il 

ap
pl

ic
at

io
n 

as
 0

, 
2 

an
d 

4 
g 

kg
–1

 a
nd

 
fo

lia
r 

sp
ra

y 
as

 0
, 0

.1
 

an
d 

0.
2%

So
il 

an
d 

fo
lia

r
So

il
In

cr
ea

se
d 

th
e 

up
ta

ke
 o

f 
P,

 K
, M

g,
 

N
a,

 C
u,

 a
nd

 Z
n

K
ha

le
d 

an
d 

Fa
w

y 
(2

01
1)

Sa
lt 

st
re

ss
Pe

pp
er

 
se

ed
lin

gs
 

(c
v.

 D
em

re
)

H
um

ic
 a

ci
d 

an
d 

ph
os

ph
or

ou
s

0,
 7

50
, 1

50
0 

m
g/

kg
M

ix
ed

 in
 p

ea
t

Pe
at

In
cr

ea
se

d 
up

ta
ke

 o
f 

N
, P

, K
+
, C

a2+
, 

M
g2+

, S
, M

n2+
, a

nd
 C

u2+
 c

on
te

nt
s 

in
 

of
 r

oo
t a

nd
 s

ho
ot

Ç
im

ri
n 

et
 a

l. 
(2

01
0)

Ta
bl

e 
22

.1
 

(c
on

tin
ue

d)

Ty
pe

 o
f 

st
re

ss
Pl

an
t 

sp
ec

ie
s

Ty
pe

 o
f 

bi
os

tim
ul

an
ts

 
us

ed
C

on
ce

nt
ra

tio
n 

us
ed

M
od

e 
of

 
ap

pl
ic

at
io

n
G

ro
w

th
 

m
ed

iu
m

Im
pr

ov
em

en
ts

R
ef

er
en

ce
s

Q. Ali et al.



633

stress. It also found associated with improved the activities of antioxidant enzymes, 
including SOD, POD, CAT, and APX. Exogenous use of humic acid as foliar spray 
also improved the nutrient uptake in maize under salt and drought stress (Khaled 
and Fawy 2011; Zhang et al. 2013; Moghadam et al. 2014; Kaya et al. 2018). In 
wheat exogenous application of humic acid as foliar spray also improved the growth 
and seed yield in wheat (Ranjbar et al. 2012; El-Bassiouny et al. 2014). Improved 
photosynthetic activity, carotenoid contents, and membrane stability were found in 
lima bean by the exogenous application of humic acids (Beheshti and Tadayyon 
2017). It also improved the number of flowers and flower cluster in tomato 
(Abdellatif et al. 2017). In relation to these, exogenous use of humic acid was also 
found helpful in improving the plant growth in marjoram (El-Khateeb et al. 2017), 
fennel (Ariafar and Forouzandeh 2017), peanut (Nigania et  al. 2017), Sunflower 
(Hatami 2017), black cumin (Ariafar and Forouzandeh 2017) as well as improved 
the growth and yield in soya bean, okra, dill, rape seed, and cotton plants (Matuszak- 
Slamani et al. 2017; Barzegar et al. 2016; Said-Al Ahl et al. 2016; Lotfi et al. 2015; 
Ahmed et al. 2013). Exogenous use of humic acid also improved the growth as well 
as nutrient uptake in pepper seedlings under natural environmental conditions 
(Çimrin et al. 2010). In pistachio, exogenous application of humic acid increased 
the proline and ABA accumulation in leaves that resulted in its improved stress 
tolerance (Kasmani et al. 2013).

22.2.2  Fulvic Acid

Fulvic acid is mainly produced by the biodegradation of lignin-containing organic 
compounds (Malan et al. 2015). It helps in improving the cation exchange capacity 
of agriculture land (Malan et al. 2015). Due to its high solubility in water it can be 
easily leached down. It is present in very low concentration (0.2–1% w/v) in the soil 
(Malan et al. 2015) but has large impact on the soil fertility and plant growth. It is a 
non-toxic organic fertilizer that acts as mineral ion chelating agent and increases the 
water holding capacity of soil that ultimately increases the nutrient uptake by the 
roots and as a result enhanced plant productivity (Malan et  al. 2015: Lotfi et  al. 
2015). Fulvic acid has high attraction toward the water molecules that keep the soil 
moist and as a result increases the water availability for absorption to roots (Khang 
2011). Fulvic acid easily binds or chelates the mineral elements like Ca2+, Cu2+, 
Zn2+, Mn2+, K+, and Mg2+ and facilitates their translocation to the plants (Shahid 
et al. 2012).

Fulvic acid protects the plant against stress by increasing the soil efficiency by 
imparting its role in changing the soil pH and nutrient profile (Goatley and Schmidt 
1990). Presence of fulvic compounds in soil chelates the mineral ions present in 
rhizosphere and improves their translocation in plants through roots that ultimately 
improve the plant growth, yield, and yield nutritional quality (Stevenson 1994). It 
has been also found that the fulvic acid can also function as a phytohormone that 
helps in regulating many physiological and biochemical processes taking place in 
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cell (Akıncı and Öngel 2011). Fulvic acid helps to cope with salt stress by increas-
ing the buffering properties of plants against available soil salts as well as the soil 
acidity (Gezgin and Sanal 2012). It has been found that the exogenous application 
of fulvic acid as a biostimulant increased the drought stress tolerance in wheat 
(Yu-ling and LiJian-hua 1999). It was also found that the fulvic acid protects plant 
against oxidative damages by increasing the plant antioxidative capacity (Anjum 
et al. 2011a, b).

It has also been found that the exogenous application of fulvic acid has also been 
found effective in alleviating the abiotic stress tolerance in many crop plants as has 
been depicted from a lot of available literature. For example, exogenous application 
of fulvic acid is found effective in increasing the plant growth of crop plants grown 
under various different abiotic stresses (Shahid et al. 2012: Lotfi et al. 2015: Husein 
et al. 2015: Dinler et al. 2016: Moradi et al. 2017).

For crops fulvic acids act as chelators. They bound with minerals to make them 
into organic compounds that can be absorbed and translocated by plants more eas-
ily. They also enable the soil to hold more water, that is, they improve the soil field 
capacity and increase the water infiltration of the soil. Additionally, humic and ful-
vic acids reduce the toxicity of toxins present in the soil by reducing the amount of 
these harmful substances that reach the crop’s roots. Exogenous application of ful-
vic acid as foliar spray increases the plant oxygen uptake capacity that is directly 
linked with the increased chlorophyll content and the membrane stability under 
abiotic stress conditions as well as increases the nutrient uptake by the roots. 
Exogenous application of fulvic acid also found helpful in regulating the stomatal 
opening and closing with improved transpiration and respiration rate of the plants 
under stressful environments (Table 22.2).

Exogenous application of fulvic as foliar spray and seed priming was found help-
ful in improving seed germination rate, development of root and shoot, improved 
resistance against fungal attack, improved cell division, respiration rate as well as 
improved crop growth and final yield. Under natural environmental conditions, 
exogenous application of fulvic acid as foliar spray was found helpful in improving 
plant yield attributes such as the number of seeds, seed weight, harvest index, and 
seed oil percentage (Moradi et  al. 2017). It was found that the under salt stress, 
foliar application of fulvic acid was found helpful in improving the plant growth, 
contents of chlorophyll, protein, proline accumulation, as well as improved nutrient 
uptake by the roots in citrus and grapevines (Mahmoudi and Aryee 2015; El-Kenawy 
2017), respectively. Under heat stress, foliar application of fulvic acid was also 
found helpful in enhancing the seed germination rate as well as antioxidant activity 
of soya bean seedlings (Dinler et al. 2016). Exogenous use of fulvic acid as foliar 
spray was also found helpful in enhancing the plant growth through improving the 
PSII efficiency by decreasing the lipid peroxidation of cellular membrane with an 
increase in the antioxidative defence mechanism under drought stress in rapeseed 
(Lotfi et al. 2015). Exogenous use of fulvic acid was also found helpful in reducing 
the adverse effects of toxic heavy metals by decreasing their uptake by the roots in 
broad bean plants (Violante et al. 2010; Shahid et al. 2012; Tang et al. 2014).
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22.2.3  Chitosan

Chitosan is derivative of chitin, a compound present in cell wall of fungi and also 
the major component of the insect’s exoskeleton and crustacean’s shells. Chitosan 
has a wide use in agriculture and medicine industry. In many crops including the 
ornamentals and cereals, exogenous application of chitosan has been studied but 
depending upon the type of the chitosan molecule, its concentration, type of plant 
species, and the plant developmental stage (Limpanavech et  al. 2008; Kananont 
et al. 2010; Pornpienpakdee et al. 2010). The major role of chitosan in plant is stud-
ied as its activity to inhibit the microbial growth and decreased microbial membrane 
integrity that protects the plants from many diseases (Bautista-Baños et al. 2003; 
Prapagdee et al. 2007; Ali et al. 2015; Li et al. 2009; Maqbool et al. 2010). However, 
its activity as biostimulant has also been reported.

Chitosan is also regarded as a major component of the plant defense repose 
against wounds during healing and the pathogenic attack in pea and tomato 
(Bautista-Baños et al. 2003; Ferrari et al. 2013). It was found that upon wounding 
the chitosan triggers the accumulation of ROS (reactive oxygen species) and PRPs 
(pathogenesis related proteins) that protect the plants against the pathogenic attack 
(Mejía-Teniente et al. 2013; Pastor et al. 2013; Malerba and Cerana 2015). It was 
also studied that the exogenous application of chitosan caused an increase in pro-
duction of hydrogen peroxide (H2O2) that found effective to protect the plant cells 
from the oxidative damage caused by the over-production of ROS (Zhao et  al. 
2007). This increased concentration of H2O2 leads to increased production of plant 
defensive enzymes that enhances the biosynthesis of phenolic compounds. This 
mechanism has been studied in many different crops, including papaya (Ali et al. 
2012), sweet basil (Kim et al. 2005), grapes (Meng and Tian 2009), and tomato (Liu 
et al. 2007; Badawy and Rabea 2009).

The other mechanisms to induce the stress responses in plants are by the nitric 
oxide (NO) pathway (Raho et al. 2011; Zhang et al. 2013; Zhao et al. 2007). For 
example, in tobacco, chitosan reduces the accumulation of TMV (tobacco mosaic 
virus) and induces the TMV resistance (Zhao et  al. 2007) by the production of 
NO. In this case, NO is first produced in the chloroplast, then to the nucleus and 
later spread in the whole cell (Zhang et al. 2017). Furthermore, exogenous applica-
tion of chitosan is found effective in increasing the plant growth and stress tolerance 
in many crops, including wheat (Zeng and Luo 2012), maize (Rahman Al-Tawaha 
et al. 2018), mung bean (Ray et al. 2015), rice (Agrawal et al. 2002; Pongprayoon 
et al. 2013), and many others (Karimi et al. 2013; Sharifa and Abu-Muriefah 2013; 
Malekpoor et al. 2016; Bistgani et al. 2017).

Chitosan is commercially developed from chitin. Antibacterial and antifungal 
properties of chitosan have been studied extensively as a natural antimicrobial agent 
as used in various pharmaceuticals, cosmetic, and agriculture. In addition, it has 
been found that the exogenous use of chitosan through different modes induces 
positively many physiological and biochemical changes in plants by altering differ-
ent metabolic processes. However, the effect was specific to plant growth stage, 
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plant species, and the used concentration of chitosan (Tables 22.3 and 22.4). 
Exogenous application of chitosan improves the plant antioxidative defense 
responses in different crops by enhancing the H2O2 accumulation as signaling mol-
ecule. This increased concentration of H2O2 leads to the synthesis of different sec-
ondary metabolites such as polyphenolics, lignin, flavonoids, and phytoalexins in 
many crops, including tomato (El-Tantawy 2009), wheat (Zeng and Luo 2012), and 
rice (Pongprayoon et al. 2013).

It has been found that under natural environmental conditions, exogenous use of 
chitosan through different modes improved the plant growth in tomato by increas-
ing the biosynthesis of photosynthetic pigment and efficiency of PSII (El-Tantawy 
2009). It has been found that exogenous use of chitosan also reduced the plant tran-
spiration rate that resulted in improved grain yield under natural environmental con-
ditions in pepper plant (Bittelli et al. 2001) and wheat (Abdel-Aziz et al. 2018).

Exogenous use of different concentrations of chitosan through different modes 
improved the plant growth and antioxidative defense mechanism under salt stress in 
different crops (Guan et al. 2009). Chitosan applied exogenously improved the plant 
growth by enhancing the photosynthetic activity, proline accumulation, improve-
ment in antioxidative defense mechanism as well as improved nutrient uptake under 
salt stress in mung bean (Ray et al. 2015), rosemary (Helaly et al. 2018), and maize 
(Rahman Al-Tawaha et al. 2018). However, under drought stress, exogenous use of 
chitosan through different modes improved plant growth and yield quality by chang-
ing antioxidative defense mechanism as well as nutrient uptake in different crops, 
including common bean (Sharifa and Abu-Muriefah 2013), rice (Pongprayoon et al. 
2013), ricinus (Karimi et al. 2013) wheat (Zeng and Luo 2012), basil (Malekpoor 
et al. 2016), and thyme (Bistgani et al. 2017).

22.2.4  Phosphite

Among others, phosphites are also essential for all the living organisms on earth, 
including higher and lower plants due to their major proportion in DNA, RNA, ATP, 
and cell membranes. Phosphite groups play a key role in genetic hereditary, mem-
brane structure, signal transduction pathway, and cellular metabolism. Phosphate is 
the sole phosphorous containing group that is essential for plant optimal plant 
growth and development (López-Arredondo et al. 2014). Phosphite (Phi H2PO3

−) or 
its conjugate phosphorous acid (H3PO3) is being used as insecticide, supplemental 
fertilizer, and biostimulant from past three decades (Hanrahan et al. 2005). Phi as 
biostimulant enhances the plant stress tolerance, nutrient assimilation, and yield 
quality under abiotic stress. Phi is also being used for the control of pathogens in 
many countries (McDonald et al. 2015; Thao and Yamakawa 2009).

It has been clear from many studies that the foliar application of Phi improved 
the plant growth, yield, and yield nutritional quality of many crops, including onion 
(Gómez-Merino and Trejo-Téllez 2015), potato (Lovatt and Mikkelsen 2006), and 
pepper (Varadarajan et al. 2002). It has been found that the foliar application of Phi 
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may induce the sugar metabolism that disturbs the internal metabolic activity and 
induce the shikimic pathway that results in increased floral intensity and improved 
yield and yield quality (Lovatt and Mikkelsen 2006).

Under stressful condition, exogenous use of phosphite is found helpful in allevi-
ating the plant stress tolerance. Exogenous use of phosphite is found effective 
against pathogenic bacteria, oomycetes, and many pathogenic fungi that signifi-
cantly affect the crop growth and production. As a biostimulant exogenous use of 
phosphite was found helpful in improving the crop yield and yield nutritional qual-
ity in different crop species, including potato (Burra et al. 2014), maize (Ávila et al. 
2011), and strawberry (Glinicki et al. 2010). However, the improvement in growth 
is dependent upon crop species as well as applied concentration of phosphite. 
Exogenous use of phosphite induces abiotic stress tolerance in plants by improving 
the plant photosynthetic rate and antioxidant activity (Gonçalves et al. 2014).

Under different abiotic and biotic stresses, exogenous use of phosphite improved 
plant growth and production. Under drought stress, foliar application of phosphite 
improved the plant growth by improving the transpiration rate, PSII efficiency, and 
antioxidant activity in Eucalyptus (Gonçalves et al. 2014). Exogenous application 
of phosphite under room growth condition with different concentration increased 
the growth rate, phosphorous concentration, and also improved the root and shoot 
length of the strawberry (Glinicki et al. 2010) and while also increasing phospho-
rous concentration and enhancing the seedling in hydroponic condition in maize 
(Ávila et al. 2011). Under natural and room condition soil and foliar application of 
phosphite inhibited growth of the maize (Schroetter et al. 2006). Exogenous appli-
cation of phosphite also improved the plant tolerance against fungal infection by 
increasing the production of phenols and sterols in European ash plant (Keča et al. 
2018). Under heavy metal stress, exogenous application of phosphite also improved 
the plant growth by improving the protein (Hasan 2007).

22.2.5  Algal Extracts

About 10,000 species of macro-algae (seaweeds) have been found that cover almost 
10% of marine productivity. However, a small portion of seaweeds has a significant 
role as a food for humans and animals and also has a potential role in agriculture as 
organic fertilizers (Craigie 2011a, b; Khan et  al. 2012; Rönnbäck et  al. 2007). 
Studies have revealed that seaweeds are being used by the humans for many other 
purposes, including medicines, cosmetics, and coloring dyes in textile industry as 
well along with the food and agriculture industry (Coulter and Turner 2013). Ancient 
romans were familiar with the fertilizing nature of seaweeds as columella (the most 
noted writer in the roman history) depicted that the plant roots were wrapped by the 
seaweeds to retain the greenness of the seedlings (Battacharyya et  al. 2015). 
Recently, the trend is moving toward the use of seaweeds as organic manure in 
many countries for reclamation of soil with better production as alternate source of 
nutrients for soil in place of chemical fertilizers (Wells et al. 2007). Seaweeds are 
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now designated as plant biostimulants due to rich source of many important second-
ary metabolites (Craigie 2011a, b). It has been found that exogenous use of seaweed 
alters the many metabolic processes even in very low concentration that improved 
the plant growth, flowering and final yield and yield nutritional quality (Khan et al. 
2012). Furthermore, the large number of available literature depicted that the exog-
enous use of seaweeds extracts through different modes also helpful in improving 
the plant tolerance against many abiotic stresses, including drought, salinity, heat 
and cold, as well as heavy metal stress (Kim et al. 2015; Khairy and El-Shafay 2013).

Commercially available seaweed extracts have a diverse range of organic and 
inorganic components, including nitrogen, phosphorous, potassium, calcium, iron, 
magnesium, zinc, sodium, and sulfur, while organic components include the differ-
ent osmolytes, betaines, amino acids, antioxidants and proteins, as well as the phy-
tohormone in some cases (MacKinnon et  al. 2010). For example, brown algae 
extract also contains a proportion of amino acids and proteins. Dry weight of brown 
algae contains about 10–47% proteins (Nagahama et al. 2009). In addition, brown 
algae also contain significant amount of secondary metabolites and vitamin precur-
sors that have potential to enhance the plant growth and production when applied 
exogenously (Craigie 2011a, b).

Brown algae extract also contain a large amount of phenolic compounds, which 
protect the cell and cellular components from the adverse effects of stresses (Wang 
et al., 2009). Phenolic compounds also play significant role in scavenging the reac-
tive oxygen species produced under stressful conditions (Belattmania et al. 2016). 
Seaweed extract is available in different forms, including liquid and or as soluble 
powder form that can be applied as foliar and pre-sowing seed treatment. It can also 
be mixed with irrigation water and/or can also be applied by drip irrigation to the 
crops. It has been found that the foliar application of seaweed extract has improved 
the growth of many crops, including potato, tomato, plum, cherry, almonds, mango, 
etc. (Haider et al. 2012) but the effect was the treatment and growth level specific. 
Furthermore, the mode of application for improvement in crop growth is growth 
stage specific at which the extract was applied. Exogenous use of seaweed extract 
can also improve the yield nutritional quality and shelf life of fruit by improving the 
flavonoids accumulation (Fan et al. 2011). For example, exogenous application of 
seaweed extract as foliar application just before the 7–14 days of the harvesting 
improved the flavonoid concentration in spinach (Fan et  al. 2011; Ferrari et  al. 
2013). It also improved the productivity, quality, and nutrient status of olives 
(Chouliaras et al. 2009). The foliar application of seaweed extract also improved the 
olive oil quality by improving the linoleic and oleic acid content with a decrease in 
oil palmitoleic acid. Exogenous application of seaweed extract enhanced the shelf 
life of avocado and pears (Kamel 2014).

There are many compounds present in algal biomass that act as active com-
pounds at different stages of plant growth. These can be used as plant biostimulants 
through different modes but depend upon the plant species and the stage of plant 
growth (Table 22.5). The mechanism behind for the improvement in plant growth 
through exogenous use of seaweed extract was the high proportion of phytohor-
mones (cytokinins, auxins and auxin-like compounds, indole acetic acid, abscisic 
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acid) in the extract (Khan et al. 2009; Gorka et al. 2013; Wieczorek et al. 2013; 
Michalak and Chojnacka 2015). It has been found that exogenous use of algal 
extracts increases the plant growth, fresh and dry biomass, biosynthesis of photo-
synthetic pigments, and carotenoid content as well as improves the root develop-
ment (Michalak and Chojnacka 2016; Khan et al. 2009). Exogenous use of algal 
extracts as foliar spray, seed priming, or soil application is also found helpful in 
plants to increase their resistance against different abiotic stresses (Khan et  al. 
2009). Huge literature has been cited that depicts the role of algal extract as bios-
timulant to improve the plant growth and yield under abiotic stress conditions 
(Santaniello et al. 2017; Shukla et al. 2016; Rinez et al. 2018; Ibrahim et al. 2014). 
Furthermore under natural environmental conditions, exogenous use of green algal 
extract in Arabidopsis inhibited the root growth and lateral root development 
(Ghaderiardakani et al. 2019), while in sunflower exogenous use of algal extracts as 
foliar spray improved the plant growth and final yield (Osman and Salem 2011). 
Under drought stress, the use of seaweed extract as foliar spray was found helpful 
to improve the plant growth by improving the leaf relative water content, stomatal 
conductance, and water use efficiency in Arabidopsis (Shukla et al. 2016) and soya 
bean (Santaniello et al. 2017). In tomato exogenous application of seaweed extract 
as soil application improved the root development and number of leaves in plants 
(Oancea et al. 2013). Under salt stress, exogenous use of seaweed extract as foliar 
spray was found helpful for improving the plant growth, antioxidant activity, seed 
yield, yield nutritional quality, and the nutrient uptake in pepper (Rinez et al. 2018), 
wheat (Ibrahim et al. 2014; El-Baky 2009), and Sargassum dentifolium (Shaddad 
et al. 2014). Exogenous use of algal extract was also found helpful in improving the 
plant resistance against pathogenic attack in potato and tobacco (Jiménez et al. 2011).

22.2.6  Plant-Based Extracts

The world fertilizing trend is moving toward the use of eco-friendly fertilizers for 
the crop plants. Exogenous use of the plant extracts as biostimulants is one of them 
(Pourhadi et al. 2018). There are two major classes of plant-based biostimulants, 
seaweed extracts, and extracts of different plant parts that are being used for the bet-
ter crop production through different modes. Extracts of different plant parts (roots, 
shoots, seeds) show a differential response depending upon the mode of application 
and concentration used as well as the type of plant species (Chojnacka et al. 2015). 
Different plant parts contain different chemical compositions that alter the plant 
growth when applied exogenously (Rouphael et al. 2018). They may contain phyto-
hormones, nutrients as well as the antifungal and anti-microbial agents that protect 
the plant against the biotic and abiotic stress. Plants are source of different bioactive 
compounds and secondary metabolites, including nitriles, flavonoids, alkaloids, and 
antioxidant agents (Ahmed et  al. 2016). For example, sugar beet roots contain a 
large amount of sucrose as well as GB and fleuric acid that improves the crop 
growth. GB is naturally occurring amino acid that is involved in osmoregulation 
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under abiotic stress and enhances the activity of PSII (Malekzadeh 2015). Under 
abiotic stress like drought and salinity, plants accumulate GB in contents in their 
chloroplast resulting in improvement of stress tolerance (Raza et al. 2012). Fleuric 
acid in sugar beet also has antioxidant activity that improves plant growth when 
applied exogenously (Abbas et al. 2010).

Phyto-extracts of various plants contain organic and inorganic compounds, 
including mineral elements like potassium, calcium, sulfur, magnesium, phospho-
rus, vitamins, and amino acids. Therefore, phyto-extracts give more satisfying 
results as compared to synthetically manufactured chemicals. Similarly, plant-based 
extract contains a variety of phytohormones, including zeatin, a purine adenine 
derivative of plant hormone group cytokinin (Makkar et al. 2007). Zeatin improves 
the antioxidant properties of many enzymes and protects the cell from oxidative 
damage under stressful condition (Schäfer et al. 2015). Similarly, improvement in 
plant growth is also improves by the exogenous use of plant-based extract due to the 
presence of cytokinin (Wahid 2007).

Numerous plant species have been reported that improve the plant growth by 
their exogenous use as foliar spray. Rady and Mohamed (2015) studied that the 
exogenous use of moringa seed extract as foliar spray improved the seed germina-
tion and antioxidant properties of Capsicum annuum L. under heavy metal stress. 
They reported that this improvement may be due to the accumulation of phytohor-
mones, proline, sugars, ascorbic acid, glutathione, vitamins, and mineral nutrient as 
well. Similarly, exogenous use of moringa leaf extract improved the plant growth 
and fiber quality in cotton (Arif et al. 2019). Huge amount of available literature has 
depicted the role of plant-based extracts from different plant species to improve the 
crop growth, that is, wheat (Farooq et al. 2017), fenugreek (Latef et al. 2017), sor-
ghum (Ahmad et al. 2016a, 2016b), and common bean (Latif and Mohamed 2016).

Environmental constraints are the major factors that limit the plant growth. 
Different abiotic and biotic stresses limit the plant growth and production (Liu et al. 
2010; Abdel Latef and Miransari 2014; Ahmad et al. 2016a, b). To counteract the 
adverse effects of these biotic and abiotic stresses, plants have developed certain 
mechanisms that maintain the proper plant growth under such stressful conditions. 
Accumulation of certain osmolytes and osmoprotectants including proline, GB, 
total free amino acids, soluble protein, and soluble sugar is one of them (Abdel and 
Trasn 2016; Ahmad et al. 2016a, b; Liu et al. 2010). In relation to these, uptake of 
certain inorganic ions K+, Cl−, Na+ is also helpful in osmoregulation during stressful 
condition to maintain a proper plant growth and production (Table 22.6).

Exogenous application of different plant extracts through different modes has 
been found helpful to reinforce the proper plant growth under abiotic stress. 
However, the effect is concentration and the plant species specific (Tomar and 
Agarwal 2013). Different compounds extracted from the plants showed a variety of 
compounds depending upon the plant part used for the extraction (Yasmeen et al. 
2013; Rady and Mohamed 2015). These extracts showed a great potential as anti-
oxidant activity as well as osmoprotectants and osmoregulators (Noman et  al. 
2018a). These compounds in extracts collectively improve the plant antioxidative 
properties as well as plant growth. For example, foliar application of plant extracts 
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improved the plant growth, contents of photosynthetic pigments, proline accumula-
tion as well as the nutrient uptake under drought and salt stress, respectively, in 
wheat (Farooq et al. 2017). Foliar application of algal extracts remarkably improved 
the crop growth and biomass production under drought stress in moringa and alfalfa 
(El Sayed et  al. 2014). Similarly, exogenous application of different plant-based 
extracts also improved the plant growth and production as well as final yield and 
yield quality under salt stress by improving the antioxidant activity, accumulation of 
different osmolytes and osmoprotectants, and nutrient uptake in fenugreek (Farooq 
et  al. 2017) and common bean (Latif and Mohamed 2016). While under natural 
environmental conditions, exogenous use of plant extracts improved the plant 
growth and yield in pepper plant (Rady and Mohamed 2015). It was also studied 
that the exogenous use of sugar beet extract as foliar spray or pre-sowing seed treat-
ment was found significantly helpful in improving the plant growth, photosynthetic 
pigment, antioxidant activity, and nutrient uptake in different crops, including wheat 
(Noman et al. 2018a), okra (Habib et al. 2013) and eggplant (Abbas et al. 2010). 
Pre-sowing seed treatment of brinjal seed with aqueous extracts of different weed 
inhibited the seed born pathogenic fungi and improved the seed germination rate 
and seedling vigor (Kuri et al. 2011). Many different studies have revealed that the 
exogenous use of moringa leaf extract inhibited the seed germination and root 
growth in many crops, including mung bean (Husein et al. 2015) and wheat (Siddiqui 
et al. 2009).
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Abstract Plants are exposed to different environmental stresses like drought, salin-
ity, extreme temperatures, UV radiations, and heavy metals. Crop productivity is 
reduced significantly due to these stresses. As these abiotic stresses affect multiple 
stages of plant growth and development, so achieving tolerance to these stresses is 
also a complex process. Thus, basic mechanism of adaption and tolerance to abiotic 
stresses has been an area of comprehensive research to understand the mechanism 
of stress tolerance. The adverse environmental conditions are encountered by an 
integrated and complex cascade of molecular events in plants that depends upon the 
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intensity and time period of the stress. Plant stress tolerance encompasses modifica-
tions at whole-plant, tissue, molecular, cellular, and physiological levels. In plants, 
the adjustments at biochemical and physiological levels, like generation of reactive 
oxygen species (ROS), electrolytic leakage, relative water content, accumulation of 
free radicals, leaf wilting, leaf aging, and root growth stimulation, disturb the cel-
lular homeostasis that results in inactivation of enzymes, lipid peroxidation, and 
membrane damage, thus influencing cell viability. Moreover, gene expression is an 
important molecular response controlled by various transcription factors which 
regulate the expression of stress-related genes. The gene expression is either nega-
tively or positively controlled by transcription factors determining the plant sur-
vival. Therefore, it is necessary to study the transcription factors involved in 
regulating the gene expression so that the mechanism of stress tolerance may be 
understood. This chapter discusses various transcription factors regulating genes 
responsible for different abiotic stresses.

Keywords Transcription factors · Reactive oxygen species · Signaling molecules · 
abiotic stress

23.1  Introduction

The transcription factors (TFs) are associated with regulation of different abiotic 
stress-responsive genes like drought, reactive oxygen species (ROS), salinity, heavy 
metals, heat, cold, UV-radiation, and submergence (Amjad et al. 2018). The TFs act 
with cis-regulatory elements as molecular switches to regulate gene expression 
under stress. These TFs have the ability to bind with the promoter region of gene(s) 
and the expression of stress-responsive genes is upregulated or downregulated. The 
efficiency of plant adaptive responses is enhanced by inserting these TFs-encoding 
genes by different plant engineering methods. These metabolic processes in plants 
work on two approaches. First is regulation of stress response by reprogramming 
primary metabolism and second is change in regulatory pathways to the stress 
(Gujjar et al. 2014). Regulatory pathways consist of various signaling molecules, 
TFs, cis-regulatory elements, and associated genes. So, the second approach is more 
effective because signaling cascade is immediately initiated on exposure to stress 
mediated by the transcription of stress-responsive genes triggered by different tran-
scription factors (Golldack et al. 2011).

There are several TFs and other regulatory elements present in different organ-
isms and many of them have been identified up till now. Some important TF families 
found in plants are abscisic acid (ABA)-responsive element-binding factor (ABF; 
Kerr et  al. 2018), dehydration-responsive element-binding factor (DREB; Erpen 
et al. 2017), zinc-finger proteins (ZFPs; Faraji et al. 2018), myeloblastosis (MYB; 
Sun et al. 2018), WRKY genes (Vannozzi et al. 2018), N-acetyl-l-cysteine (NAC; 
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Martı et al. 2018), basic-leucine-zipper-protein (bZIP; Liu et al. 2019), and basic 
helix-loop-helix (bHLH; Alessio et  al. 2018). They have very important roles in 
gene expression regulation of abiotic stress-responsive genes in different plant spe-
cies. The perception of the stress signal and initiating the expression of particular 
stress-responsive gene is a multifactorial phenomenon in plants (Mahmood-ur- 
Rahman et al. 2019). Drought, cold, heat, submergence, UV radiation, and heavy 
metal tolerance are achieved by overexpression of stress-responsive genes in plant 
species with the help of TFs, which made this approach more useful in comparison 
with engineering of functional genes. The TFs of one family can stimulate the 
expression of many genes having the same or different functions (Gujjar et  al. 
2014). In this chapter, the TFs activated under different abiotic stresses by activating 
stress-responsive genes are explained in detail.

23.2  Transcription Factors Associated With Drought Stress

Any factor that causes the shortage of yield, when it is absent/present, is called 
stress (Rauf 2016). Every year in many parts of the world, development and growth 
of plant is reduced due to drought stress. As compared to other abiotic stresses, 
drought does not occur sharply, but it is developed gradually and rises with the pas-
sage of time, resulting in the significant damage to crop. The nutrient and water 
supply to plant are affected by drought. Water is necessary for various plant meta-
bolic activities, and its shortage affects different biochemical and physical processes 
in plants (Ahmad et al. 2014). Plants have modified themselves to combat with these 
stresses at cellular, biochemical, molecular, and physiological stages. The expres-
sion of multiple genes in several plant species is induced due to several hostile 
environmental conditions. By using the microarray experimentations, multiple 
stress-tolerant genes have been studied simultaneously (Kobayashi et al. 2005). The 
response of these genes is considered to regulate the expression of some other genes 
via signal transduction (Xiong and Fei 2006). The exogenic application of abscisic 
acid (ABA) influences numerous genes that react during water scarcity. Many 
reports have been categorized genes that are influenced via desiccation stress; nev-
ertheless, in Arabidopsis these genes do not react to foreign application of ABA. This 
suggests two types of signal transduction pathways: (a) ABA-dependent and (b) 
ABA-independent (Yamaguchi-shinozaki and Shinozaki 2006).

TFs are efficient regulators which are involved in controlling different gene clus-
ters when arranged in varying patterns. A single TF can regulate gene expression by 
its accurate and specific binding with cis-acting elements. This form of transcrip-
tional controlling system is called “regulon.” In Arabidopsis, some major regulons 
have been identified, which are regulated under stress conditions. The ABRE- 
binding factor (ABF) or ABA-responsive element-binding protein (AREB) is ABA- 
dependent regulon and C-repeat-binding factor (CBF) or dehydration-responsive 
element-binding protein 1 (DREB1) and DREB2 are ABA-independent regulon 
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(Sunkar et al. 2007). DREB2A and DREB2B proteins of Arabidopsis are important 
TFs involved in gene expression induced by drought (Nakashima et al. 2009). The 
core sequence “A/GCCGAC” of dehydration-responsive element (DRE) was identi-
fied in Arabidopsis. The ABA-independent cis-acting element is essential for con-
trolling the gene expression in response to water deficiency and other environmental 
stresses (Nakashima et al. 2009).

Many ABA-dependent and drought-inducible genes encode several TFs that 
have been reported in past years. Although signaling pathways liable for functional 
analysis of these genes are highly indefinite, but transcriptional initiation of stress- 
responsive genes is effectively understood with the help of studies on COR78/
LTI78/RD29A gene. Its promoter has both DRE/CRT (dehydration response 
element/C-repeat and ABA-responsive elements (ABRE); Yamaguchi-Shinozaki 
and Shinozaki 1994). The drought tolerance can be achieved by increasing the 
expression of DREB1 or CBF in transgenic plants, proposing that the system is 
significant for improvement of stress tolerance in crops. In Arabidopsis thaliana, 
the overexpression of ABF3/4 has resulted in slow transpiration rate and increased 
tolerance against drought and ABA hypersensitivity. The RD22 is an ABA-dependent 
gene that is responsible for drought tolerance. In response to cold stress, DREB1 or 
CBF cascades have a major role in improving ABA-independent expression of 
genes (Yamaguchi-shinozaki and Shinozaki 2006). DREB1/DRE regulon presents 
in several grasses and has capacity to develop drought stress tolerance via gene 
transfer in commercially essential grains.

Similarly, TFs (DREB2A/2B) show their response in desiccation stress and stim-
ulate expression of several drought-responsive genes (Heo et al. 2018). MYB TFs 
are identified via presence of MYB-domain which is involved in binding with DNA 
(Dubos et al. 2010). MYB/MYC and NAC are some other regulons that are expressed 
in response to different environmental stimulus (Sunkar et al. 2007). The MYB pro-
teins have been classified on the basis of different sequence repeats. Fifty-one per-
cent of AtMYB genes are upregulated and 41% are downregulated by drought in 
A. thaliana (Katiyar et al. 2012). Moreover, various MYB-TFs have been function-
ally identified for the participation in other drought responses. Earlier, some other 
MYB-TFs have been characterized for their function to control specific develop-
mental activity (Zimmermann et al. 2004) (see Table 23.1 for examples of TFs asso-
ciated with drought stress).

23.3  Transcription Factors Associated With Salt Stress

The growth, development, and productivity of the plant are compromised by the 
excessive salt accumulation in the soil (Kronzucker and Britto 2011; Deinlein et al. 
2014), inducing ion toxicity, alteration of metabolic processes, genotoxicity, osmotic 
stress, reduction of cell expansion and cell division, oxidative stress, membrane 
disorganization, and nutrient deficiency (Mahmood-ur-Rahman et al. 2019). It can 
also speed up the aging process in older leaves and lessen the growth of new shoots 
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Table 23.1 Various families of transcription factors involved in abiotic stress tolerance in plants

Family 
name

Transcription 
factor Response to stress

Species in which 
studied

bZIP ABF1 Cold Arabidopsis thaliana

ABF2 Drought and salt A. thaliana

ABF3 Salt A. thaliana

GmbZIP132 Drought, cold, and salt Glycine max

GmbZIP78 Salt and drought G. max

GmbZIP62 Salt, cold, and drought G. max

GmbZIP44 Salt and drought G. max

Wlip19 Drought and cold Triticum aestivum

ZmbZIP17 Heat, drought, and salt Zea mays

ABF1 WDS, salt, cold, oxidative, ROS, and 
ABA

Oryza sativa

ABF2 Salt, WDS, cold oxidative, ROS, and 
ABA

O. sativa

OsAREB1 Heat and drought O. sativa

OsAB15 Salt, ABA, cold, and WDS O. sativa

OsbZIP16 Salt, WDS, and ABA O. sativa

OsbZIP23 PEG, ABA, salt, and WDS O. sativa

OsbZIP46 Heat, WDS, H2O2, and ABA O. sativa

OsbZIP52 Cold stress (not induced in other 
stresses)

O. sativa

OsbZIP71 PEG, WDS, salt, and ABA O. sativa

OsbZIP72 Cold, salt, PEG, and ABA O. sativa

MYC AtMYC2 Salt, drought, and cold A. thaliana

MYB AtMYB2 Salt and drought A. thaliana

AtMYB4 Ethylene, SA, JA, and salt A. thaliana

AtMYB6 Ethylene, SA, JA, and salt A. thaliana

AtMYB7 Ethylene, SA, JA, and salt A. thaliana

AtMYB44 Ethylene, SA, JA, and salt A. thaliana

AtMYB73 Ethylene, SA, JA, and salt A. thaliana

MYB15 Salt, cold, and drought A. thaliana

OsMYB2 Salt, cold, and WDS O. sativa

OsMYB55 Heat O. sativa

OsMYB91 Salt, PEG, WDS, and heat shock O. sativa

OsMYB3R-2 Salt, cold, and drought O. sativa

GmMYB76 Salt G. max

GmMYB92 Salt and cold G. max

GmMYB177 Salt and drought G. max

OsMYB3R-2 Cold, drought, and salt O. sativa

(continued)
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Table 23.1 (continued)

Family 
name

Transcription 
factor Response to stress

Species in which 
studied

CBF/
DREB

DREB1A Cold A. thaliana

DREB2A Salt and drought A. thaliana

DREB2C Mannitol, salt, and cold A. thaliana

CBF1 Cold A. thaliana

CBF2 Cold A. thaliana

CBF3 Cold A. thaliana

CBF4 Drought A. thaliana

OsDREB1A Salt, wounding, and cold O. sativa

OsDREB1B Cold O. sativa

OsDREB1C Salt, wounding, cold, and drought O. sativa

OsDREB1F Drought, cold, and salt O. sativa

OsDREB2A Salt, drought, and cold O. sativa

OsDREB2B Cold and heat O. sativa

DREB1 Cold O. sativa

OsEREBP1 Cold O. sativa

OsERF109 WDS, salt, ABA, and ACC (ethylene 
precursor)

O. sativa

OsERF922 ABA and salt O. sativa

Sub1A-1 ABA and salt O. sativa

ZmDREB2A Salt, heat, cold, and drought Z. mays

PgDREB2A Salt, cold, and drought Pennisetum glaucum

SbDREB2 Drought Sorghum bicolor

SiDREB2 Salt and drought Setaria italica

CaDREBLP1 Salt, wounding, and drought Capsicum annum

AhDREB1 Salt Atriplex hortensis

GmDREBa Drought, salt, and cold G. max

GmDREBb Drought, salt, and cold G. max

GmDREBc Salt and drought G. max

GmDREB2 Salt and drought G. max

DmDREBa Cold Dendranthema x 
morifolium

DmDREBb Cold Dendranthema x 
morifolium

PNDREB1 Cold and drought Arachis hypogea

CAP2 Salt, drought, and auxin Cicer arietinum

DvDREB2A Heat, drought, and cold Dendranthema 
grandiflorum

SbDREB2A Salt, heat, and drought Salicornia brachiate

(continued)
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Table 23.1 (continued)

Family 
name

Transcription 
factor Response to stress

Species in which 
studied

NAC ATAF1 Drought A. thaliana

AtNAC2 Salt A. thaliana

AtNAC019 Salt and drought A. thaliana

AtNAC055 Salt and drought A. thaliana

AtNAC072 Salt and drought A. thaliana

OsNAC6 Salt, drought, and cold O. sativa

SNAC1 WDS, salt, cold, and ABA O. sativa

SNAC2 WDS, salt, cold, wounding, and ABA O. sativa

SNAC3 WDS, heat, salt, and ABA O. sativa

OsNAC5 WDS, cold, high salt, ABA O. sativa

OsNAC6 Cold, WDS, and high-salt O. sativa

OsNAC9 High-salt, WDS, and ABA O. sativa

OsNAC10 High-salt, WDS, and ABA O. sativa

OsNAC045 High-salt, low temperature, WDS, 
and ABA

O. sativa

OsNAP Salt, PEG, cold, ABA, and H2O2 O. sativa

CarNAC5 Heat and drought C. arietinum

TaNAC4 Wounding, ethylene, salt, and cold T. aestivum

GhNAC2 Drought and cold
GhNAC3 Cold
GhNAC4 Drought, cold, and salt G. hirsutum

GhNAC5 Drought and cold
GhNAC6 Drought, cold, and salt G. hirsutum

SiNAC Salt, drought, and ethephon S. italica

WRKY OsWRKY 11 Heat shock and WDS O. sativa

OsWRKY 30 WDS and ABA
OsWRKY 76 Low-temperature and ABA O. sativa

GmWRKY21 Low-temperature and ABA G. max

GmWRKY54 Low-temperature and ABA G. max

GmWRKY13 Low-temperature and ABA G. max

NbWRKY Low-temperature and ABA Nicotiana 
benthamiana

(continued)
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(Munns and Tester 2008). So, it is significant to increase the salinity tolerance in 
plants for enough food production leading towards sustainable agriculture. The 
stress tolerance in plants against abiotic stresses is increased by prior treatments 
with suboptimal conditions that improve survival capacity of the plants. For exam-
ple, seedlings and seeds are pretreated with NaCl to improve salt tolerance. After 
the short-term acquaintance to the nonlethal levels of salinity, some glycophytic 
plant species temporarily attain tolerance against the lethal levels of salt stress, this 
process is called acclimation of salt (Xie et al. 2011). It is used for cultivating dif-
ferent crops like wheat (Janda et al. 2016), peas (Pandolfi et al. 2012), and maize 
(Pandolfi et al. 2016). It allows plant species to develop and grow in elevated salt 
concentrations.

Variations in meditations of phytohormones, organic solutes (glucose, fructose, 
sucrose, and proline), and inorganic solutes (chlorine ions, potassium ions, and 
sodium ions) have been detected usually during salt acclimation or adaptation (Li 
et al. 2016). Though, these physiological studies have been carried out for a long 
time, but there is still a need to decipher the molecular mechanism, particularly 
memory maintenance of past salinity exposures by plants. The issue has been illus-
trated in some studies by applying higher levels of salt stress immediately after the 
exposure to low salt stress (Garcia et al. 2015; Moyano et al. 2018). This method 
was not enough to predict the information stored during low salt stress to 
improve tolerance level of plant against high salt stress. It was interesting to 
study that plant memorizes the acclimation of salt after exposure to low salinity 

Table 23.1 (continued)

Family 
name

Transcription 
factor Response to stress

Species in which 
studied

ZFP ZPT2–3 Low-temperature and ABA Petunia spp.

CaZF Low-temperature and ABA C. arietinum

OSISAP1 Low-temperature and ABA O. sativa

ZFP36 H2O2 and ABA
ZFP179 PEG, salt, and ABA O. sativa

ZFP182 Salt, cold, and ABA O. sativa

ZFP252 Salt stress and PEG O. sativa

OsTZF1 Methyl jasmonate, salicylic acid, and 
ABA

O. sativa

OsDi19–4 High salt and WDS O. sativa

OsDIS1 WDS O. sativa

OsDSG1 WDS O. sativa

OsRDCP1 Cold and WDS O. sativa

OsSDIR1 WDS and salt O. sativa

OsSRFP1 Cold, salt, WDS, H2O2, and ABA O. sativa

bZIP basic leucine zipper, MYB myeloblastosis, ZFP zinc finger protein, NAC N-acetyl-l- 
cysteine, ACC 1-aminocyclopropane-1-carboxylic acid, WDS water and dehydration stress, ABA 
abscisic acid, PEG polyethylene glycol, H2O2 hydrogen peroxide
Source: Plant TFD (http://planttfdb.cbi.pku.edu.cn/)

M. Ijaz et al.

http://planttfdb.cbi.pku.edu.cn/


671

stress for a short time and improves its tolerance against high salinity stress applied 
for long time, even after stimulus removal from environment, which is a quite simi-
lar finding when the heat acclimation achieved after applying a mild heat shock for 
very short time (Wu et al. 2013).

To maintain plant memory, two mechanisms might be involved (Crisp et  al. 
2016). First mechanism is to maintain TFs, signaling molecules and key metabolic 
components. Second mechanism is the change in the state of chromatin combined 
with modifications in memory-responsive genes expression like alteration in DNA 
methylation patterns and histone modifications. In salt-acclimated cells, elevated 
levels of proline and ABA have been reported and excessive production of reactive- 
oxygen species in mitochondria may serve as a signal of salinity acclimation. Beside 
the fact, response of unfolded proteins also exists in salinity-acclimated cells. In 
Arabidopsis, salinity and other environmental stresses enhance accumulation of 
unfolded proteins and initiate the stress response of endoplasmic reticulum (ER) 
(Tian et al. 2018). These abnormal proteins persist there until ER chaperones fold or 
degrade them by ER-associated degradation. In addition, the unfolded protein 
response is initiated by ER and its signals are transferred with the help of membrane 
bound TFs like bZIP17 and bZIP18 to trigger the genes expression encoding the ER 
associated with degradation or protein-folding machinery (Tian et al. 2018). Another 
example of the transcription factor involved in salinity stress is R2R3-type myelo-
blastosis (MYB) transcription factor OsMPS in rice, which triggers the genes in the 
biosynthesis of cell wall and phytohormones (Schmidt et al. 2013). In plants, salt 
and drought tolerance is achieved by biosynthesis of plant cuticle polymers as many 
stress-responsive TFs are involved in the activation of the genes that belong to the 
development and biosynthesis of the plant cuticle and extracellular biomatrix 
(Golldack et al. 2014).

To maintain growth and development like circadian clock, floral organ morpho-
genesis, shoot branching, gametophyte development, and leaf growth, an important 
proteins regulator, TEOSINTE-BRANCHED1/CYCLOIDEA/PCF (TCP), is 
involved (Zhou et  al. 2016). Domain TCP is significantly important for protein- 
protein interactions and gene expression regulation (Manassero et al. 2013). The 
bHLH (basic-helix-loop-helix) is present in some TCP domains. This bHLH struc-
ture is different from the bHLH family of TFs that serve as a DNA-binding motif in 
plants in terms of their structure. TCPs contain TEOSINTE BRANCHED (TB) 
from maize 1, CYCLOIDEA (CYC) region from Antirrhinum majus, and 
PROLIFERATING CELL FACTORS (PCFs) from rice. TCPs are found in different 
plants like Arabidopsis (23), rice (22), sorghum (20), tomato (30), strawberry (19), 
and Gossypium raimondii (38). CYC and TB1 served as negative regulators of floral 
development and lateral-branching, respectively (Ilhan et al. 2018). Other important 
feature of the TCPs has been triggered by miR319, which is basically involved in 
leaf morphogenesis regulation. The genes like TCP24, TCP10, TCP4, TCP3, and 
TCP2 are triggered by miR319 in Arabidopsis (Xu et al. 2014).

New proteins and genes are identified by using different bioinformatics 
approaches. The expression studies of some selected TCP genes by using Phaseolus 
vulgaris genotypes Zulbiye and Yakutiye under salinity stress have revealed the 
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important functions of TCP in salt stress (Ilhan et al. 2018). Different families of 
TFs like NAC, bZIP, MYB, and bHLH have important roles to tolerate the salinity 
stress in various plant species. These TFs activate the genes that are responsible to 
tolerate salt stress by binding on the promoter region of the genes. The genes respon-
sible for encoding these TFs can be bred in other plant species to make them tolerant 
to the severe salinity stress. This is necessary to meet the food demands and making 
agriculture sustainable (Golldack et al. 2014) (see Table 23.1 for examples of TFs 
associated with salt stress).

23.4  Transcription Factors Associated With Heat Stress

Heat stress is a universal stress which affects almost all organisms. The cellular 
components are damaged by heat stress due to membrane destabilization, genera-
tion of ROS, and protein denaturation (Hasanuzzaman et al. 2013). So, it is neces-
sary for the living organisms to initiate their protection mechanism rapidly after the 
exposure to heat stress by maintaining cellular homeostasis. The eukaryotic cells 
respond to heat stress in a well-organized manner and have more chances to survive 
upon exposure to stress. The heat stress response (HSR) is mainly controlled by TFs 
that are called heat shock TFs (HSFs). The HSFs are evolutionary conserved ele-
ments present in eukaryotes and are chief regulatory factors of HSR. During high- 
temperature stress, the HSFs are responsible for activation of the genes and enhance 
the expression of many heat shock proteins (HSPs) encoding genes. The HSPs act 
as molecular chaperones to protect the cellular components by inhibiting protein 
aggregation and denaturation. The structure of HSFs is modular (Scharf et al. 2012) 
and among HSFs their N-terminal sequence is conserved, which is involved in DNA 
binding and oligomerization while their C-terminal sequence is divergent. The 
transactivation domains and nuclear localization signals are present in most HSFs. 
In Arabidopsis, HSFs form trimers during heat stress because it is necessary to bind 
with cis-regulatory elements (heat shock elements (HSEs); nTTCnnGAAn or 
nGAAnnTTCn) (Ohama et al. 2016). In eukaryotes, the HSEs are commonly found 
in promoter region of heat stress-responsive genes. Plants had developed an HSR 
mechanism that is further refined during evolution. A complex transcriptional net-
work and large HSF families are present in plants to combat with different forms of 
stress induced by high temperature (Scharf et al. 2012).

The HSF families have ten members in plants which have different functions and 
expression patterns in HSR. In Arabidopsis, 3 classes that consist of 14 classes (A1- 
A9, B1-B4, and C1) are present and 21 HSFs are assigned to them. The A1 group 
has four members, HsfA1a, HsfA1b, HsfA1d, and HsfA1e. In a study, a mutant that 
does not have three genes (HsfA1a, HsfA1b, and HsfA1d) was unable to regulate the 
expression of many heat shock-responsive genes and showed a significant defi-
ciency to achieve thermotolerance. So, it was suggested that the genes (HsfA1a, 
HsfA1b, and HsfA1d) act as chief regulators in HSR (Liu et al. 2011; Yoshida et al. 
2011). Upon exposure to heat stress, HsfA1s not only are responsible for inducing 
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expression of HSPs but also activate a transcriptional cascade consisting of different 
TFs, which include MBF1c, DREB2A, and HsfBs genes (HsfB1, HsfB2a, and 
HsfB2b) and HsfAs (HsfA7a, HsfA7b, HsfA3, HsfA2, and HsfA1e). The HsfAs act as 
both activators and repressors in heat shock response. The DREB2A, MBF1c, and 
HsfAs positively regulate the gene expression in HSR (Nishizawa-yokoi et al. 2011). 
These TFs are responsible for enhancing and sustaining the expression of heat 
shock-responsive genes. Particularly, a multistep transcriptional cascade is activated 
by DREB2A because it activates HsfA3 (Ohama et al. 2016).

This transcriptional cascade is composed of DREB2A, HsfA3, and HsfA1; this 
cascade can be helpful to tolerate long period (almost for 24 h) of heat shock. In 
contrast, the HsfBs act as a repressor for the HSFs and negatively regulates heat 
shock response. The involvement of various TFs may be variable in different plant 
species, and it is helpful for plants to survive in varying temperature conditions. The 
activation of HSFs performs a significant role in the initiation of HSR. The regula-
tory mechanisms of HsfA1s are analyzed by using tomato, Chlamydomonas, and 
Arabidopsis. Some posttranscriptional modifications like phosphorylation are also 
involved in regulating the HsfA1 gene activity (Schmollinger et al. 2013). Because 
plants and animals are completely different organisms, while considering their dif-
ferences, it can be stated that plants must have evolved some unique mechanism for 
the regulation of HsfA1. However, some primary factors and molecular basis are 
unknown, which are involved in the regulation of HsfA1 and it is not yet clear that 
only the activation of HsfA1 is enough for initiating the transcriptional cascade. So, 
further analyses are yet needed to perform to completely understand the procedure. 
But, one thing is clear from this information that HSFs have great importance in 
regulating the heat shock response (Ohama et al. 2016) (see Table 23.1 for examples 
of TFs associated with heat stress).

23.5  Transcription Factors Associated With Cold Stress

Different plant species, including Arabidopsis, develop cold tolerance in response to 
low temperature which  is called as cold acclimation. The basic purpose to study 
cold acclimation process is to identify the plant mechanism of survival in cold 
stress. At the beginning, it was well known that several physiological and biochemi-
cal changes occur during cold acclimation process, for example, modification in 
lipid composition, rise in the level of protein molecules, and increase in full soluble 
protein content that can function as a cryo-protectant similar to proline and sugars 
(Chinnusamy et al. 2003). More lately, the role of gene expression variation was 
identified in the process of cold acclimation. From this observation it can be stated 
that physiological and biochemical changes were controlled by gene expression 
variation during cold stress and may intensify cold tolerance. The characterization 
of TFs responsible for cold acclimation was accomplished. Numerous genes present 
in Arabidopsis that can combat with cold stress are KIN (cold induced), ERD (early 
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responsive to dehydration), RD (responsive to dehydration), and LTI (low tempera-
ture induced) genes.

Upon exposure to cold stress, the transcript level for the genes responsible for 
cold tolerance starts to increase in few hours and it remained increasing over the 
time of cold exposure. Afterward, it quickly reduced to pretreatment points upon 
restoration of plants in hot weathers. CBF1, CBF2, and CBF3 (relating to DREB1a, 
DREB1b, and DREB1c) are existing in tandem arrangement on chromosome 4 and 
are sudden expressed in response to cold stress and after exposure to stress, expres-
sion reaches at its peak within 2 hours (Kidokoro et al. 2017). Transcription activa-
tor proteins are encoded by these genes that can recognize DRE/CRT elements 
present in promoter regions of cold-responsive genes by ERF/AP2 DNA-binding 
domains. In the presence of cold stimuli, the transgenic Arabidopsis plants exhibit 
constitutive overexpression of CBF1, CBF2, and CBF3 genes, which results in the 
cumulative expression of COR and CRT/DRE which help in enhancing freezing 
tolerance. Thus, it can be stated that CBF genes function like “master-switches” 
which trigger expression of gene groups (Van Buskirk and Thomashow 2006). Alike 
cis-acting elements, low-temperature responsive element and C-repeat (CRT) con-
sisted of DRE core motifs and found in cold-inducible genes. The Arabidopsis 
cDNA coding CBF/DREB1 and DREB2 were separated by yeast via one-yeast 
hybrid screening method (Gehan et  al. 2015). In different Arabidopsis varieties, 
these proteins consisted of ethylene-responsive element-binding factor (ERF)/
APETALA2 (AP2) motifs that particularly bind with CRT/DRE sequences, thus 
regulating genes transcription driven through CRT/DRE. The Arabidopsis genome 
consists of six and eight CBF/DREB and DREB2 genes, respectively, comprising of 
DREB1A, DREB1B, and DREB1C, which are greatly induced by cold. DREB2A and 
DREB2B influence by dehydration, not in cold stress (Singh and Laxmi 2015). For 
cold-inducible gene expression, DREB1A, DREB1B, and DREB1C are major TFs 
(Nakashima et al. 2009).

Cold stress-induced gene expression via DRE/CRT is highly increased through 
the signal produced from light. Phytochrome B is identified as a basic photo recep-
tor responsible for the light signaling. DREB1/DRE regulon occurs in different 
grasses and has ability to improve cold stress tolerance through gene transfer in 
commercially significant grains (Yamaguchi-Shinozaki and Shinozaki 1994). 
Fascinatingly, Fr-H2/Fe-AM2 gene locus was categorized as QTL against low- 
temperature stress. DREB1/CBF regulon has a role in stress tolerance without post-
transcriptional alteration in several grasses and reacts to stress induced by low 
temperature (Nakashima et al. 2009). In many grasses like oat, wheat, barley, maize, 
rice, and sorghum, DREB1/CBF-homologous genes were characterized. Numerous 
DREB1 genes are expressed as early response against low-temperature stress (see 
Table 23.1 for examples of TFs associated with cold stress).
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23.6  Transcription Factors Associated With Ultraviolet 
Radiations

The solar energy in right dosage is essential to maintain life on the Earth. The ultra-
violet (UV) radiations have wavelength 100–400 nm and have a small portion of 
electromagnetic radiations. A small fraction of UV radiation spectrum can reach to 
the earth surface because its composition is modified on its way to atmosphere. The 
ozone and atmospheric oxygen completely absorb the UV-C (200–280 nm). Some 
portions of UV-A (315–400  nm) and UV-B (280–315  nm) are absorbed by the 
stratospheric ozone layer. The levels of UV radiations in the environment can be 
changed depending upon weather, daytime, cloud coverage, latitude, and altitude; 
however, the progressive decrease in ozone layer from the last 50 years became a 
reason of increasing UV-rays level in the atmosphere, which has a great role in 
changing the plant ecosystem (Matus 2016). UV radiations can cause mutations in 
DNA when absorbed due to their high energy content. It has detrimental impacts on 
cellular functions like a decrease in membrane permeability and inhibits electron 
transport. Plants have developed mechanisms to respond to UV radiations that lead 
to biochemical and morphological changes. For example, UV-B radiations induce 
some physiological responses like cell expansion, altered growth patterns, thicker 
leaf blades, shorter petioles, and promotion of branching (Robson et  al. 2015). 
UV-C radiation does not harm plants in terms of physiology, but in some plants, 
responses have been reported for the radiations of shorter wavelengths. In fact, the 
fruits are exposed to short UV-C treatments after harvesting to increase health- 
promoting metabolites (Crupi et al. 2013).

Gene expression is changed in response to UV radiations. It depends upon the 
interaction among different environmental factors, nature of the radiation, and 
degree of adaption of the plant. The main challenge in studying effects of UV is to 
recognize different types of radiations (for example, UV-A from UVB/C) and it is 
also tough to differentiate their signs from temperature and visible light. Plants initiate 
the formation of some defense-related phytochemicals and antioxidants in response 
to UV light that are basically secondary metabolites in response to UV radiations. 
Among secondary metabolites, some are involved in plant tissue coloring that is a 
source of attraction for seed dispersers and pollinators. Secondary metabolites are 
usually accumulated in the plant organs that are exposed to various UV radiations, 
but it depends upon the plant species, and they may also be composed of mixture of 
several compounds (Jenkins 2009). The TFs of various families are involved in the 
activation of phenylpropanoid-related genes. A great breakthrough is achieved by 
the combinatorial study of interactions among basic-helix- loop-helix (bHLH), 
aspartic acid and tryptophan rich repeat protein (WDR) and R2R3-MYB. The R2R3-
MYB genes, member of the largest TFs family of plants known as myeloblastosis 
(MYB) superfamily that has two DNA-binding domains that are highly conserved, 
and their C-terminal motifs, are present in variable numbers. The phenylpropanoid 
regulation-related R2R3-MYB genes have been increased by duplication.
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Many members of the MYB family had been characterized and some of them act 
as positive regulatory elements for the formation of flavonols (MYBF1), anthocya-
nins (MYBA1/A2, MYB5B), and PAS (MYBPA1/PA2/PAR). Many of the studies have 
reported that the R2R3-MYB genes of grapes are involved in response to UV radia-
tions (Cavallini et al. 2015; Wong et al. 2016; Loyola et al. 2016). MYB activators 
enhance their expression on the exposure to radiations, while phenylpropanoid 
repressors show opposite behaviors. The different branches of the pathways have 
been fine-tuned by the repressor of R2R3-MYB, which belongs to a subgroup num-
ber (MYB-c2). Particularly, VviMYB4A is involved in the adaptation acclimation of 
propagative tissues to the UV-B radiation (Cavallini et al. 2015). MYB13, MYB14, 
and MYB15 have been induced by applying UV-C treatments, but their response 
intensity is different, and their time response is different. One important candidate 
of this family is MYB24 gene, and it is highly induced upon the exposure to UV 
(Carbonell-bejerano et al. 2014). Another function of this gene has been identified 
recently, which is its response in berries against water deficiency (Savoi et al. 2016).

In response to UV-B radiations, two common signaling pathways are present in 
Arabidopsis: The first is a photomorphogenic signaling pathway that is involved in 
regulating the response generated by low levels of UV-B radiation and the second is 
nonspecific pathway that is activated by high levels of UV radiation (release reac-
tive oxygen species by causing direct DNA damage). The UVR8 (UV-resistance 
locus 8) is a UV-B receptor that perceives UV-B and in turn it activates a long cas-
cade regulated by elongated hypocotyl5 (HY5) (Matus 2016). Several plant pro-
cesses like in the dark growth of hypocotyl (Ulm et  al. 2004), regulation of 
anthocyanin synthesis and flavanols (Ho et  al. 2013), and nitrate uptake in roots 
(Chen et al. 2016b) in light and UV response are regulated by a master regulator 
AtHY5. The carotenoids are regulated by LeHY5 genes in collaboration with PIF 
proteins in tomato. The depiction of HY5 and UVR8 orthologs in the grapes has 
demonstrated their functions in flavanols regulation in berries and leaves after the 
exposure to UV-B radiations. Direct activation of R2R3-MYB regulators can repro-
gram three secondary metabolites production, that is, terpenes, flavonoids, and stil-
benes in response to UV radiation in grapes. The activation of bZIP genes initiates 
the adaptive mechanisms against the UV-B radiation high exposure in grape vines, 
combined with their photomorphogenic response on exposures to low radiation. 
The flavonoid pathway has some structural genes that are directly triggered via 
bZIP factors and it mediates MYB responses by regulating their expression as well. 
Thus, it can be stated that TFs have very important role in controlling the damage 
caused by UV radiations in plants where they may enhance the expression of those 
genes that produce beneficial compounds upon exposure to all types of UV radia-
tions (Matus 2016) (see Table 23.1 for examples of TFs associated with UV stress).
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23.7  Transcription Factors Associated With Heavy Metals 
Stress

The metals are needed in very minute quantities to maintain life while their exces-
sive amounts can cause cellular damage. The various heavy metals that affect the 
growth of plants and other organisms which persist in the environment are mercury 
(Hg), chromium (Cr), iron (Fe), cadmium (Cd), copper (Cu), zinc (Zn), aluminum 
(Al), arsenite (AsIII), arsenate (AsV), manganese (Mn), molybdenum (Mo), and 
lead (Pb). These metals affect not only animals but also plants. They are necessary 
to maintain plant growth and development in trace amounts, and if these metals are 
not present in the minute amounts in the plant environment, plants cannot perform 
their functions properly. But, in excessive amounts they are very deleterious for the 
plants and other organisms consuming these plants. The damaging effects of metals 
on agriculture sustainability have been well understood (Jalmi et  al. 2018). For 
example, Cd is a deleterious pollutant that is highly toxic for all living forms (Dias 
et al. 2013; Clemens et al. 2013). Cadmium binds to sulfhydryl groups to denature 
or inactivate proteins, which is a reason of cellular damage because of the displace-
ment of cofactors from several proteins, including enzymes and TFs (Lin and Aarts 
2012). Beside this, Cd toxicity initiates the oxidative stress in different animals and 
plants that mediate cellular damage (Gallego et al. 2012). Numerous mechanisms 
are involved in detoxifying the heavy metals and increasing tolerance against the 
stress caused by heavy metals in plant (Thapa and Sadhukhan 2012). Mechanisms 
of metals detoxification in plant species are metal sequestration, chelation, excre-
tion from cell membrane, and their binding with different thiol compounds in cyto-
sol (Chen et al. 2016a).

Some other molecules and signaling pathways might take part in this process 
(Singh et  al. 2013). Additionally, several genes are also involved in heavy metal 
detoxification, which include CAD2, APDR8, AtPDR12, MAN3, OsNRAMP5, 
OsHMA9, ZNT1, ZNTA, AtATM3, EIN2, and ACBP1 (Ishikawa et al. 2012; Sasaki 
et al. 2012; Lin and Aarts 2012; Chen et al. 2014, 2016a). It was also reported that 
HsFA4a, heat shock TF, is responsible for Cd tolerance in rice and wheat by trigger-
ing MT gene expression (Shim et al. 2009). TFs are majorly involved in regulating 
the genes responsible for heavy metals detoxification. It is reported that glutathione 
(GSH) is a very important factor in detoxifying Cd (Flores-C’aceres et al. 2015; 
Hernández et al. 2015; Jozefczak et al. 2015) and conjugated vacuolar sequestration 
of GSH and phytochelatin is involved in Cd tolerance and accumulation in plants. It 
is reported that 176 proteins are present in Arabidopsis, which have zinc finger 
domains and many of them perform significantly important functions in plant stress 
responses and development. ZAT6, an important zinc finger of Arabidopsis thali-
ana, has been identified first time. Its expression has been regulated by the regula-
tion of phytohormones. ZAT6 is also involved in regulating low Pi stress responses 
and root development. Recently, it was also reported that ZAT6 is involved in mul-
tiple stress tolerance like freezing, salt, drought, and pathogen infection in 
Arabidopsis (Shi et al. 2014; Chen et al. 2016a). ZAT6 has also very important roles 
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in heavy metal detoxification. In Arabidopsis, the plants having high expression of 
ZAT6 are found tolerant to the toxicity of Cd. ZAT6 is directly involved in GSH 
synthesis and regulating the gene expression of phytochelatin-related genes that 
confer Cd tolerance in Arabidopsis (Chen et al. 2016a).

Heavy metals damage the organisms at cellular levels by several regulatory 
mechanisms. At the level of transcription, nongraminaceous plants accumulate Fe 
by the combinatorial action of FER-LIKE IRON DEFICIENCY-INDUCED TFs 
(FIT), bHLH38, and bHLH39 TFs. The ethylene-insensitive3-like1 (EIL1) and 
enthylene-insensitive3 (EIN3) interact with FIT and enhance Fe accumulation 
mediated by FIT and these are like bHLH38 and bHLH39 transcription factors. The 
IDF (IRT1-degradation factor-1) regulates degradation of IRT1 proteins bounded 
with cell membrane (Shin et al. 2013). The Ferritin 1 (FER1) mediates intracellular 
availability of iron in the roots and it prevents iron-dependent oxidative stress by 
oxidizing and storing it. Fe allocation is triggered by the Popeye (PYE), MYB10, 
MYB72, bHLH100, and bHLH101 transcription factors (Leskova et  al. 2017). 
Although the mechanism of Fe-sensing is unclear, yet a group of hemerythrin 
motifs, Brutus (BTS) and ZFP from Arabidopsis and rice, respectively, has been 
identified as Fe sensors. The PYE-like TFs are regulated at the posttranslational 
level by an E3 ligase BTS (Selote et  al. 2015). The ferric reductase defective 3 
(FRD3), nicotianamine synthase 4 (NAS4), and ferric reduction oxidase 3 (FRO3) 
genes are involved in the intracellular transport of Fe in the root inner parts and are 
regulated by the TFs that interact with PYE (Selote et al. 2015). MYB10 and MYB72 
are mutually controlled with the NAS4 expression (Palmer et al. 2013).

The phenylpropanoid pathway is regulated by MYB72, which is combined with 
the coumarins synthesis, so it is linked by Fe allocation processes and Fe acquisi-
tion. The aforementioned genes are Fe deficiency-responsive genes that perform 
their functions on different regulatory stages (Wu et al. 2012). In Arabidopsis, two 
major genes, FRO2 and IRT1, that are involved in Fe acquisition show their expres-
sion on exposure to Ni, Cd, or Zn, and the plant responds in the same way as in Fe 
deficiency. The FRO2 and IRT1 are also strongly repressed by applying the Cd 
stress in the same plant species. The expression of MYB72, PYE, bHLH38, bHLH39, 
bHLH100, and bHLH101 genes is highly upregulated during Zn or Cd stress 
(Leskova et  al. 2017). The various TFs are involved to tolerate the heavy metal 
stress-mediated responses like oxidative stresses because they are the key players in 
regulating the expression of those genes that take part in the synthesis of molecules 
like antioxidants and phytohormones that are used to combat with oxidative stress 
damages (see Table 23.1 for examples of TFs associated with heavy metal stress).

23.8  Transcription Factors Associated With Submergence

Though, only plant roots are exposed to soil flooding stress, but the complete plant 
functioning is disturbed in the nonappearance of proper perception of stress signals 
and initiating the proper feedback (Sauter 2013). As roots and soil microbes quickly 
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utilize the O2 in water-logged soils, so roots generate ATP for their appropriate func-
tioning by switching to inefficient anaerobic fermentation. The root growth and 
functions are compromised because reserved carbohydrates are consumed, which 
creates an anoxia state in which phytotoxic compounds enter in the plant from 
water-logged soil, membrane integrity is disturbed, and plants suffer starvation. 
Water and nutrients transport to shoot is also affected resulting in aging or senes-
cence, wilting, and even death. The adaptive mechanisms that prevent plants from 
anoxia are very crucial to sustain root functions and plant survival due to water- 
logging. These mechanisms prevent the loss of oxygen to increase its excess to root 
tips by forming a lignin/suberin barrier (Shiono et al. 2011), and root aeration and 
organ porosity are increased by increasing the formation of air spaces (Sasidharan 
and Voesenek 2015) and formation of adventitious roots that are rich in aerenchyma 
(Sauter 2013).

In complete submergence, plants suffer more problems; for example, plant 
access is completely cut off to aboveground atmosphere and photosynthesis is 
extremely compromised (Voesenek and Bailey-serres 2015). The improved aeration 
can be beneficial to combat with submergence. The directed shoot growth outside of 
the flood water can restore the plant contact to the atmosphere (Van Veen et  al. 
2013). The aerenchymatous tissues facilitate the oxygenation of the whole plant 
after the oxygenation of shoots. The photosynthesis rate is improved in some spe-
cies with the help of gas films and some specialized leaf traits. The plants strategy 
of energy-depleting escape is not beneficial if the floods are deep, because it will not 
lead to plant emergence, so plants switch to restricted growth strategy and preserve 
its reserved carbohydrates for postsubmergence growth establishment (Sasidharan 
et al. 2013).

A rice cultivar FR13A can survive for 2 weeks almost in complete submergence. 
The submergence 1 (Sub1) locus on the chromosome number 9 in rice is responsi-
ble for tolerating submergence (Xu et al. 2006). The Sub1 locus has three transcrip-
tional regulators that are ethylene-responsive factors (ERF) A, B, and C (Sub1A/B/C). 
Submergence intolerant species of japonica cv M202 have two ERFs; Sub1B-2 and 
Sub1C-2 are made tolerant by integrating FR13A Sub1 locus (Sub1A-1B-1/C-1). 
Within 14 days of submergence, the presence and high expression of Sub1A-1 are 
strongly associated with the submergence tolerance (Nakano et  al. 2016). The 
mRNA of Sub1C-1 accumulation is reduced due to submergence, in genotypes with 
Sub1A-1 (Fukao et al. 2006). In semiaquatic plants, submergence is tolerated by 
elongation of aerial organs mediated by the phytohormones (Bailey-Serres and 
Voesenek 2008). The synthesis and signaling of ethylene and gibberellin (GA) are 
modulated by the quantitative trait locus Sub1 during submergence.

The leaf aging, carbohydrate metabolism, and shoot elongation are acclimation 
responses that are triggered by the submergence-responsive genes activated by 
increased levels of ethylene. The TFs having GRAS domain, Slender rice1 (SLR1), 
and slender rice1-like1 (SLRL1) are positively regulated by an increased level of 
ethylene upon exposure to submergence. The ethylene production is restricted by 
Sub1A-1 stimulation. The biosynthesis of paclobutrazol, an inhibitor of GA, is 
involved in manipulating the leaf elongation during submergence and confirms the 
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underwater shoot elongation that is mediated by GA. At the downstream of GA 
signaling, Sub1C performs its function and also plays roles in submergence intoler-
ant rice in the process of shoot elongation (Jung et al. 2010).

Upon submergence, another important trait that is needed to be tolerated is 
detoxification of ROS that creates oxidative stress and causes cellular damage. The 
oxygen deprivation is caused by ROS, which is produced in response to various 
stresses. The plant faces a burst of ROS on exposure to air after a long anoxic condi-
tion. A wide range of enzymes known as antioxidants like glutathione peroxidase, 
ascorbate peroxidase, catalases, and superoxide dismutase and reductants like 
tocopherols, phenolic compounds, glutathione, and ascorbate can scavenge ROS to 
overcome the ROS stress. Various TFs are involved in regulating the genes respon-
sible for ROS scavenging synthesis of antioxidants and regulating the other genes 
responsible for submergence tolerance (Loreti et al. 2016) (see Table 23.1 for exam-
ples of TFs associated with submergence stress).

23.9  Transcription Factors Associated With Reactive Oxygen 
Species

The adverse environmental conditions affect both plants and animals, but due to 
sessile in nature, plants cannot go away to protect themselves from stress. Hence, it 
is necessary for their survival to develop some mechanisms to combat with different 
stresses. It is needed for plants to synthesize some molecules that can bound the 
detrimental impacts of stresses on reproduction and growth (Formentin et al. 2018). 
Adversative environmental conditions can leads toward the production of various 
ROS like hydroxyl radical (OH−), singlet oxygen (1O2), superoxide radical (O2−), 
and hydrogen peroxide (H2O2) that can cause oxidative damage in different cell 
organelles (Singh et al. 2019). To avoid this oxidative damage, various TFs enhance 
the expression of stress-responsive genes. The TFs are involved in regulating the 
expression of many stress-responsive genes that have roles in adapting and tolerat-
ing the stress accompanied with cis-acting genes elements that participate in the 
ROS-induced modifications of transcription. The extensive expression studies have 
explained and confirmed that different genes have regulatory roles in abiotic stress 
tolerance and same roles have been identified after application of various ROS- 
forming compounds.

Different transcription factors are involved in various ROS-induced responses. 
For example, redox-responsive transcription factor 1 (RRTF1) and AtERF6 bind 
with GCC box in response to ROS that brings transcriptional modifications (Wang 
et al. 2013; Matsuo et al. 2015). Oxidative damage downregulates some genes, for 
example, a transcription factor AP2/ ERF, cytokinin response factor 6, binds with 
GCC box to downregulate the genes related to cytokinin in damage produced by 
ROS (Zwack et al. 2016). Different TFs families like ZFNs, WRKY, MYB, GRAS, 
RAV, Zat, and NAC/NAM are also involved in ROS-mediated stress responses. Two 
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TFs Zat6 and Zat12 positively regulate Apx1 gene expression that is an ROS- 
responsive gene while Zat10 negatively regulates ROS-responsive genes. The oxy-
gen and superoxide dismutase accumulation is negatively regulated by zinc finger 
paralogs LSD1 and LOL1 (Singh et al. 2019).

The TFs belong to NAC family and are also important in achieving tolerance in 
opposition to different environmental stresses via ABA-independent and ABA- 
dependent signal transduction pathways (Puranik et  al. 2012). In Arabidopsis, a 
regulatory network is constituted by NAC013, NAC032, and NAC053 along with 
WRKY6 and ERF6 in response to oxidative stress (Vermeirssen et al. 2014). The 
TFs, when these interact with cis-regulatory elements, can change the expression 
pattern to alter the response toward the stress induced by ROS. In response to some 
external stimuli, a plasma membrane localized kinase auto-phosphorylates to acti-
vate the TFs. Afterward, the phosphoryl group is transferred to transcription factors 
that have the potential to change the conformation of TFs, which is necessary for its 
binding with cis-regulatory elements of the promoter region and regulates the gene 
expression. One transcription factor can control the expression of many genes 
because diverse ROS forms interact with various cysteine residues. The hydrogen 
peroxide is responsible for the activation of protein-tyrosine phosphatase (PTP1) 
that is involved in the MAPK6 inactivation in Arabidopsis (Gupta and Luan 2003).

Some TFs can be activated by increasing with their binding affinity with cis- 
regulatory elements, transport, and proteolysis for achieving the tolerance against 
oxidative stress by changing the metabolome, transcriptome, and proteome. The 
NPR1 is present in cytoplasm as oligomer during normal condition, but after appli-
cation of the oxidative stress, the reduction of disulfide occurs, which is mediated 
by thioredoxin and generated monomeric NPR1 is transported toward nucleus to 
modify the transcription process. Additionally, some posttranslational modifica-
tions like proteasome-mediated degradation and phosphorylation also regulate 
NPR1 activation. As well as, some heat shock factors are stimulated in response to 
hydrogen peroxide and transferred from cytoplasm to nucleus afterward the trimer 
formation (Liu et al. 2013; Giesguth et al. 2015). The activation of SAP12 is pos-
sible by changing its conformation by applying abiotic stress. During oxidative 
stress, Whirly1 is transported to nucleus from chloroplast and gets activated. The 
TFs like ANAC013 and ANAC089 are activated after their proteolysis in response to 
oxidative stress and these are translocated to nucleus from cytoplasm (Singh et al. 
2019). The TFs along with cis-regulatory elements are responsible for differential 
expression of genes in response to ROS that help the plant to avoid oxidative dam-
age (see Table 23.1 for examples of TFs associated with ROS).
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Abstract Photoperiodic genes in soybean affect latitudinal adaptation, plant 
growth, and overall productivity of the crop. Soybean adapts to large latitudinal 
zones from 50°N to 40°S, but its individual accessions adapt to a very narrow lati-
tudinal band. For its worldwide production, major considerations are its photoperi-
odic and growth habit genes. Inheritance of the photoperiodic genes and role of 
these genes regulate early or late flowering and also regulate early or late maturity 
of the crop. In this chapter, we have summarized the photoperiodic and growth habit 
genes and their role in soybean flowering and maturity. We have also discussed their 
mapping, mechanism, quantitative trait loci (QTL) study, and linked markers. Major 
photoperiodic genes include E1 gene, E2 gene, E3 gene, E4 gene, E5 gene, E7 gene, 
E8 gene, and E10 gene, and genes responsible for growth habit, Dt1 and Dt2, inter-
act with each other and are involved in the functions of flowering, maturity, and 
plant architecture. Specific combinations of these genes have been found to confer 
adaptation to specific zones of the world. Therefore, such study will be useful in the 
development of varieties adapted in adverse conditions of photoperiod in different 
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zones of the country. Plant photoperiodic response provides the synchronization of 
their growth pattern with the seasonal events and, therefore, their better adaptation. 
At the same time, high photoperiodic sensitivity can retard the dispersal of impor-
tant agricultural crops. These problems are solved with various breeding strategies.

Keywords Soybean · Flowering · Photoperiodic · Growth habit · Maturity · 
Markers

24.1  Introduction

Soybean (Glycine max (L.) Merrill) is a species of the legume, native of East Asia 
region (China), but now widely grown as edible bean all over the world. In different 
regions, this crop has its own unique production cycles of planting, growing, and 
harvesting. Soybean is a member of large family known as Leguminosae, and sub-
family Papilionoideae, which is known for economically important plants, legumes, 
peas, and beans; it has a complex genome and is a paleopolyploid species. Galegoid 
and Phaseoloid are the two clades of the subfamily Papilionoideae (Goldblatt 1981). 
Soybean is a participant of the Phaseoloid clade and shares the same place with 
common bean (Phaseolus vulgaris) and mung bean (Vigna radiata), whereas the 
other clade, the Galegoid, comprises pea (Pisum sativum), alfalfa (Medicago sativa), 
and two classical legumes, Lotus japonicas and Medicago truncatula. Warm and 
moist climate of the monsoon season is the basic need of soybean crop. Temperature 
between 15 and 32°C is required for its germination while optimum temperature 
required for its growth and yield ranges from 30 to 33°C. Temperature below 10 °C 
and above 38 °C affects the growth and yield. Day temperatures of 25 °C are good 
for flowering. The crop can be grown in areas that receive rainfall between 600 and 
650 mm. Rainfall during maturity deteriorates the quality of grain. Cloudy weather 
prolongs the vegetative phase. The crop is generally cultivated at an altitude of 
1200–2000 m. In most of the soybean varieties, day length is the key factor as they 
are sensitive to photoperiods and short-day plant duration. Most of the varieties of 
soybean flowers mature rapidly if grown under short-day conditions, where day 
length is less than 14 h. Hence, if longer-day conditions are present, flowering is 
affected by remaining in prolonged vegetative stage. Whereas, in very short-day 
conditions, flowering occur too early, which also ultimately affects the yield of the 
crop. So, in the adverse conditions of environment, photoperiodic duration can be 
controlled by studying the effects of various photoperiodic and growth habit genes 
and by understanding their mechanism to control flowering and maturity.

The interactions between environmental factors and various endogenous cycle 
are responsible for the control of the flowering of the plant species (Levy and Dean 
1998). Various environmental factors like duration of light, intensity of light, and 
temperature are the major favorable circumstances to control the reproductive 
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development of the plant species. It is the environmental cues mainly that give the 
competence to the plant species for their development. The day length limits the 
adaptation of soybean varieties and accessions to a small range of latitudes and date 
of sowing by disturbing vegetative and reproductive growth and development 
(Parvez and Gardner 1987). The time of flowering and maturity is an important trait 
for adaptation to specific latitudes. Here we have discussed the various genes 
involved in flowering under long-day conditions, which promotes early flowering in 
the same.

24.2  Eco-Physiology and Adaptation of Soybean Worldwide

Soybean was introduced in the historical background from Eastern part of China in 
2510 BP, which leads to the revolt in the field of agriculture of the Eastern Zhou 
dynasty (Ho 1975). Landraces of soybean crop with the uppermost range in the 
genetic makeup were found around the Huang He/Yellow River region (Dong et al. 
2004: Li et  al. 2010). Many studies based on the phylogeny found that soybean 
originated in the Southern China region of the Yangtze basin (Guo et  al. 2010). 
However, the study by Shimamoto et  al. (2000) supports the Southern origin of 
soybean, but no phylogenetic evidence supports these (Lee et al. 2011). Further, the 
study by Han et al. (2016), of the genetic differentiation and gene flow in semi-wild 
soybean, classified soybean as the landraces or wild type of soybean. According to 
Fukuda (1933) and Hymowitz (1970), Glycine gracilis is a derivative of the process 
of evolution and product of the hybridization between wild type Glycine soja and 
the Glycine max species of domesticated soybean. They also observed that there 
was no gene flow from Glycine max species to domesticated Glycine gracilis or 
wild Glycine soja, but a considerable gene flow was observed between species 
Glycine max and domesticated Glycine gracilis, which supports wild Glycine soja 
as the progenitor of both Glycine gracilis and Glycine max. Secondly, the region 
called the Valley of Huang-Huai, located in the central region of China that lies in 
the middle of Yellow River and the Huai River, is the main probable location for the 
domestication of soybean. Divergence showed that wild types of Glycine soja and 
Glycine max species interacted and formed Glycine gracilis intermediate (Kim et al. 
2010; Li et al. 2014). Several genetic bottlenecks appeared during the evolution of 
the soybean domestication and its diversification, markedly in the beginning of 
landraces in Asian and North American zones (Hyten et al. 2006). Valliyodan et al. 
(2016) and Li et al. (2013) stated about the nucleotide diversity found in soybean 
landraces. Also, there was introgression of different G. soja landraces genomes to 
increase the diversity in the modern breeding efforts between elite cultivars. During 
the study of selection for adaptation in wide range of latitudes of North America for 
photoperiodic gradient, founder effect was observed, which shows moderate level 
of diversity.

There are various hypotheses to explain evolutionary adaptation of soybean. 
Single origin hypothesis indicated that G. soja wild type of soybean form the 
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domesticated soybeans ensuing from a distinct cluster explained by Zhou et  al. 
(2015b). In contrast to this hypothesis, the phylogenetic studies by Xu et al. (2002) 
and also Abe et al. (2003), carried out by using nuclear or chloroplast markers (SSR) 
in soybean of wild cultivated soybeans, provide another hypothesis in East Asian 
zones. Studies by Lee and Park (2006) reported soybeans’ high genetic diversity in 
the Korean peninsula. Furthermore, archaeologists trace larger amounts of seeds of 
soybean in the regions of Japan and Korea as compared to the amount of seeds dis-
persed in Yellow River in China during the period 5000–3000 BP (Lee et al. 2011). 
The complex hypothesis in Central Japan with larger amounts of seeds shows that 
G. max and G. soja and their complex take long divergence time, at various loca-
tions in East Asia region, to domesticate soybean.

The earliest mention of soybean in Japanese text dates back to 712 AD. Introduction 
of soybean into neighboring countries of China dates around the first century (Wang 
and Wang 1992; Gai 1996), while its introduction to the Indian subcontinent begins 
through the Himalayan and North-Eastern areas dating back to 1000 AD (Hymowitz 
and Kaizuma 1981). In India, soybean cultivation began from Assam and North-East 
zones, and from there they became adapted to grow in different zones and responded 
according to their photoperiodic conditions, that is, long- and short-day conditions; 
its diversification took long years to take place. However, different adapted varieties 
of particular zones do not perform well in another zone, due to different photoperi-
ods. India is divided into six zones: Northern hill zone, Northern plain part of zone 
(28.7° average latitude), North-Eastern hill zone, Eastern zone, zone of Central part 
(22.61° average latitude), and Southern part of zones (16.13° average latitude).

Adaptation of soybean from its origin to different parts of the world through 
evolution at various latitudes explains the eco-physiological adaptation of this crop.

24.3  Photoperiodic Response

Photoperiodism is the plant response to the relative timespan of dark and light peri-
ods within the 24-h cycle. Growth and development of the plants, mainly flowering 
and vegetative growth, are affected by photoperiodism, which further affects the 
crop yield. Length of light duration is defined as critical day length when plant starts 
to bloom. It helps plant to change its phase from vegetative growth to reproductive 
phase, that is, flowering. Depending upon the photoperiod, day-length response 
plants is further classified as: (1) plants that bear flower under short duration of 
light, or short-day plant (SDP), like soybean, (2) plants that start flowering in longer 
duration of light phase, or long-day plant (LDP), like lettuce, spinach, etc., and (3) 
day-neutral plants (DNP). Soybean is a well-known photoperiod-sensitive legumi-
nous crop species that flowers when light duration becomes shorter than the day 
length required of an accession. Genotypic constitution at major photoperiodic loci 
plays a significant role in defining the critical day length of an accession. 
Photoperiodic genes also control maturity and interact with growth habit genes in 
determining the plant architecture. Such a systematic effect of photoperiodic genes 
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and light duration on plant architecture calls for basic studies to identify suitable 
combinations of these genes for different regions.

The interaction between the photo-morphogenic effects and CO2 assimilation is 
a complicated one. For example, plant species in early short-day conditions flow-
ered early, and improper development of plants reduced the height of plants, vegeta-
tive areas that ultimately affect the yield. Hence, maturation comes earlier and grain 
yield is affected also, decreased photosynthesis and shorter vegetative parts than 
average observed, to overcome the above-mentioned problems, along with latitudi-
nal adaptation, combination of dominant and recessive alleles can be studied. Allelic 
variations at each of the loci have a significant effect on flowering and maturity. 
These genes have been cloned and characterized recently and used for deciphering 
the role of these genes on plant architecture and for identification of suitable multi- 
allelic combinations for different regions. In soybean, major photoperiodic genes 
like gene E1, gene E2, gene E3, and gene E4, and growth habit Dt1 genes were 
identified and characterized for their phenotypic effect long back in the 1970s. 
Dominant photoperiodic alleles confer photosensitivity, late flowering, and matu-
rity. Recessive dt1 confers determinate growth habit. This chapter summarizes the 
understanding of the role of photoperiodic genes, their alleles, and their effect on 
maturity and days to flower. These different genes have a major effect on the 
crop yield.

24.3.1  Photoperiodic Adaptation of Soybean Crop at Latitudes

The size and condition of the crop are determined by weather. Weather conditions 
are determined by atmospheric pressure, temperature, solar energy, wind, precipita-
tion, humidity, and topography of the geographical zones. Due to the combination 
of these genes that controls flowering, individual soybean accessions are adapted to 
narrow latitudinal zones (Tsubokura et  al. 2013). According to Watanabe et  al. 
(2011), soybeans are grown worldwide ranging from the Equator to 50° N to 35° S 
latitudinal zones. Precision breeding is required for the development of the varieties 
with gene combinations that specify particular region and production, that are not 
comprising by early or late flowering and maturity due to the adaptation (Saindon 
et al. 1989b; Tsubokura et al. 2014). Fehr (1987)) declines the critical duration of 
photoperiod of cultivars successively moving from high to low latitudes. The devel-
opment of short-day soybean crop under long-day conditions with early maturity 
gene in Canadian and Northern regions is the best example of latitudinal adaptation. 
Consequently, cultivar adaptable in Northern Hemisphere sown in south of its adap-
tation area will flower and mature prior because the duration of critical light is 
increased and the opposite happens with the Southern Hemisphere (Miyasaka et al. 
1981). Soybean cultivation and production started from China and can be traced 
from the beginning era of China’s agriculture. The key soybean producing countries 
are the USA, Brazil, Argentina, China, and India, ranking from first to fifth in the 
order. However, the crop is not cultivated in the entire country or state but in some 
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specific zones of these countries due to the latitudinal adaptation. In higher lati-
tudes, long-day conditions prevail, which needs early maturity gene combination to 
reduce prolonged vegetative phase to increase the crop production. The diversity of 
soybean in latitudinal adaptation is associated with particular photoperiod of the 
latitudinal zone. As soybean is SDP, it requires the sensitivity toward photoperiod 
for the expansion of its latitudinal adaptation.

24.3.2  Inheritance of Photoperiodism in Soybean

The crop is adaptive to a broader range due to major variation in the quantitative 
trait loci (QTL) and genes responsible for flowering time, maturity, and growth 
habit. To date, eight major genes governing flowering time under long-day condi-
tions and maturity and two major genes controlling growth habit in soybean have 
been identified: E1 and E2 genes were identified by Bernard (1971), E3 gene by 
Buzzell (1971), gene E4 by Buzzell and Voldeng (1980), E5 gene by McBlain and 
Bernard (1987), gene E7 by Cober and Voldeng (2001)), gene E8 by Cober et al. 
(2010)), gene E10 by Samanfar et al. (2017)), Dt1 by Woodworth (1932)), and Dt2 
by Bernard (1972)). E1, E2 confer late flowering while e1, e2 early flowering, and 
recessive e3, e4 genes are for photo-insensitivity. Likewise, Dt1Dt1 shows indeter-
minate stem growth and dt1dt1 determinate stem growth. Dt1 and Dt2 both reduce 
plant height but the effect of Dt1 is higher. The most important maturity genes, E1 
to E4, postpone blooming in long-day conditions; however, they do not have major 
effects on flowering and maturity in short-day conditions (Cober and Tanner 1996).

Based on the latitudes and agro-climatic conditions, varietal adaptation to differ-
ent zones is very specific and varieties suiting for more than one zone are rare. Since 
flowering, maturity, and growth habits are governed by many genes, the incorpora-
tion of specific combination during varietal development would require the help of 
molecular markers for these genes. For the ten flowering, maturity, and growth habit 
genes characterized—E1, E2, E3, E4 (main genes), E5, E7, E8, E10 (latest reported), 
Dt1, and Dt2—many markers have been developed. Jung and Müller (2009) reported 
several regulatory pathways linked with flowering in various plant species, like 
model plant Arabidopsis thaliana and Oryza sativa. Using simple sequence repeats 
(SSR) molecular markers, the photoperiodic and maturity genes (such as E1 gene, 
E2 gene, E3 gene, E4 gene, E7 gene, and E8 gene) loci were mapped correspond-
ingly with various chromosomes (such as 06, 10, 19, 20, and 03) in soybean (Cregan 
et al. 1999; Cober and Voldeng 2001; Abe et al. 2003; Molnar et al. 2003; Cober 
et al. 2010).
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24.3.3  Genetics of the Photoperiodic Genes

Genetics of photoperiodic genes involves the study, their interaction with each 
other, and inheritance of these genes in controlling plant vegetative and reproduc-
tive phases of growth and development. Genetics also deals with the relationship 
between phenotypic and dominant, recessive genotypic correlation of photoperiodic 
genes. Gene E1 has been characterized that encodes a transcription factor conserved 
for domain B3, that is, putative nuclear localization signal, studied by Xia et  al. 
(2012). At this locus, E1 has been reported with three mutations: e1-as (recessive 
condition), e1-nl (lacking 130 bp region), and e1-fs (frame-shift mutation). Decrease 
in activity has been observed as a result of loss of nuclear localization domain in E1 
protein, which explains e1-as as a hypoactive allele. The GIGANTEA gene (GI) 
ortholog in Arabidopsis is referred as E2 gene (Watanabe et al. 2011). E3 gene and 
E4 gene have been recognized as phytochrome A3 and phytochrome A2 genes, 
respectively, orthologous to Arabidopsis (Liu et al. 2008; Watanabe et al. 2009). 
Watanabe et al. (2009) and Xu et al. (2013) reported three mutations in E3 gene, 
e3-tr, e3-fs, and e3-ns, of which allele e3-tr is a mutation that causes deletion in 
exon 4 whereas e3-fs (frame-shift) mutation causes stop codon in exon 1, and e3-ns 
mutation is SNP in exon 3 that introduces stop codon. E4 gene reported has four 
types of mutations, e4-kes, e4-kam, e4-tsu, and e4-oto, that result in premature stop 
codons (Tsubokura et al. 2013). For these genes, allele-specific markers have been 
developed for ge in soybean by different researchers (Liu et  al. 2008; Watanabe 
et al. 2009; Tsubokura et al. 2013; Xu et al. 2013). In E10, recessive conditions 
cause maturity earlier, by 5–10 days, than in dominant condition.

24.3.3.1  E1 Gene

E1 and E2, two independent gene pairs identified by Bernard (1971), function in 
flowering response and maturity in soybeans (Glycine max (L.) Merrill) in the same 
genetic background that was developed as commercial variety (Clark) by back-
crossing. E1, a gene for lateness linked to pubescence color (Tt), was transferred 
from strain T175, and E2, a gene responsible for earliness, from T245. E1 locus 
near-isogenic lines (NILs) was prepared and selected for the study because it has 
shown dramatic variations in flowering time than other soybean E genes (Cober 
et  al. 1996). Identification of molecular markers linked to photoperiodic genes 
enables breeders to establish the presence or absence of the gene in seedling without 
exposing the plants to required photoperiods and such molecular markers have been 
identified in soybean (Li and Niwa 1996). Earlier, it was implicit that gene E1 would 
be a PHY gene as thought by Cober and Voldeng (2001) and Cober and Tanner 
(1996)). Stewart et al. (2003) found that E1 locus has major impact on the time of 
flowering under the conditions of field. The overexpression of FT-like genes of 
many species like Arabidopsis governs flowering earlier (Lifschitz et al. 2006; Hsu 
et  al. 2006; Hayama et  al. 2007; Igasaki et  al. 2008). The loci E1, E3, and E4 
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(Saindon et al. 1989; Cober and Tanner 1996; Abe et al. 2003) are deliberate and 
sensitive toward photoperiod on various light durations. Satt 489, Satt 134, Satt 100, 
and Satt 460 SSR markers as linked to E1 gene on linkage group C2 (Abe et al. 
2003). E1 gene has been mapped on C2 linkage group between SSR marker Satt 
277 and Satt 557 in 2.1 cM distance with the diagnostic Satt 365 marker (Molnar 
et al. 2003). The map position and SSR markers for E1 gene was identified (Molnar 
et al. 2003) and has been confirmed by Liu and Abe (2010). A major QTL was pres-
ent on linkage group C2 at SSR marker position Satt 557 (Liu and Abe 2010). 
Thakare et al. (2011) evaluated E1 NILs (near-isogenic lines) to check the transcrip-
tion of GmFT-like genes in Arabidopsis and determined the relationship between 
time of flowering and FT gene expression. Previously in 2010, they developed NILs 
to characterize flowering in the model plant species like Arabidopsis thaliana and 
O. sativa L. at E1 locus in both short- and longer-day conditions to detect the expres-
sion of putative gene. Thakare et al. (2011) also noted that short days are inductive 
to flowering rather than longer days, by comparing flowering days in both recessive 
and dominant E1 alleles; hence, they stated that plants are responsive to photoperiod 
differences. Soybean genes complement the Arabidopsis FT functions and E1 locus 
affects time to flower by regulating the soybean FT expression. The allele that is 
responsible for lateness at each locus was partially dominant in most of the combi-
nations. E1 allele does not lengthen the reproductive duration but delays days to 
flowering. Using positional cloning approach, the E1 gene has been cloned (Xia 
et al. 2012). In soybean, out of ten, only two of the FT-like genes are expressive 
while other FT-like gene functions are unknown. By positional cloning of the E1 
gene, it is reported that they contain highly conserved region of B3 transcription 
factors and encode a protein that has putative nuclear localization signal, explained 
by Xia et al. (2012). They reported that in E1 alleles, one is lacking 130kbp portion 
from the E1 gene and named it as E1-nl. Another one named as E1-fs, due to frame- 
shift mutation caused by a single bp deletion, leads to premature proteins that have 
stop codon. The E1 gene in recessive condition (e1-as) is because of single substitu-
tion of amino acid in protein, which leads to putative proteins that suppress nuclear 
localization signal. Allele-specific markers for these alleles are developed by Xu 
et al. (2013). According to Zhai et al. 2014a, b), mechanism of E1 gene regulates 
flowering by controlling GmFT2a and GmFT5a to delay flowering under long-day 
conditions. E3 and E4 genes’ function loss could also suppress the E1 expression 
and congruently elevate the expression of GmFT, which leads to comparatively 
early flowering condition. However, longer-day conditions are essential for E1 
expression.

24.3.3.2  E2 Gene

E2 allele is also known as photoperiodic gene responsible for blooming and matu-
rity condition in soybean, and McBlain and Bernard (1987) suggested that E5 is 
similar to E2 in flowering. Further, it is explained (Bernard 1971; Watanabe et al. 
2004; Yamanaka et al. 2001) that the effect of allele E2 is weakened by recessive E1 
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allele. It has been determined that E2 gene locus is a GI ortholog (Koornneef et al. 
1998; Fowler et al. 1999; Mizoguchi et al. 2005; Hayama et al. 2007). GI ortholog 
controls mRNA expression of CO and FT gene in many plant species and hence 
play an important role in flowering. Earlier, E2 gene was mapped in a cross among 
the Misuzudaizu and Moshidou Gong 503 by Akkaya et al. (1995) and Cregan et al. 
(1999). E2 candidate gene was identified in the linkage group O (Gm 10) with the 
help of map-based cloning of qFT2 in soybean, which is an identified QTL for flow-
ering. In soybean, a flowering QTL, E2 gene was identified in recombinant inbred 
lines (RILs) population that develops with the cultivar “Misuzudaizu” (ft2/ft2; 
JP28856) and “Moshidou Gong 503” (FT2/FT2; JP27603). Recessive genotype 
(e2e2) at the E2 locus causes early flowering by the induction of FT2a, a homologue 
in soybean, whereas dominant genotype (E2E2) remains constant under a range of 
ecological conditions studied by Watanabe et al. (2011). Later researchers (Watanabe 
et al. 2009, 2011) identified genes E2 and E3 through positional cloning. E2 gene 
(GmGIa, Glyma10 g36600) is the ortholog of Arabidopsis flowering time gene 
GIGANTEA.  By using “Misuzudaizu” and “Moshidou Gong 503” recombinant 
hybrid lines fine mapping, which shows qFT2 within a region of 94 kilobase pair by 
preparing a single BAC clone harboring a genomic region of Williams 82, nine 
annotated genes were presumed. From the predicted genes, Glyma10g36600 shows 
very high similarity with Arabidopsis GIGANTEA (GI) gene. Through sequence 
analysis, it is found that glyma10g36600 in Misuzudaizu and cv. Harosoy NILs with 
dominant condition lack truncated GI, but in recessive Harosoy contains truncated 
GI due to SNP that causes premature termination codon in tenth exon of GI protein 
to make it dysfunctional. Whereas, Moshidou Gong 503 has donor for the late 
blooming qFT2 allele and this is further supported by the investigation having 
mutant of GI due to TILLING by EMS-mutagenesis population of cultivar Bay. 
Dominant conditions without dysfunctional protein cause early flowering and reces-
sive conditions cause late flowering (Watanabe et al. 2011).

24.3.3.3  E3 Gene

The flowering time inheritance in the short-day soybean was studied by Buzzel 
under long-day conditions with the artificial white fluorescent light (20 h) in the 
greenhouse (Buzzel 1971). One major gene with two alleles is responsible for con-
trolling the flowering response. Through the study of various photosensitivity 
responses of different soybean NILs, the relationship between some of the photore-
ceptor genes and E3 gene was recommended (Cober et al. 1996). Whereas, linkage 
relationship between Dt1 and E3 loci has also been reported later (Cober and Tanner 
1996). E3 gene has been mapped on the linkage group L with 32.4 cM distance in 
SSR marker Satt 099, with Satt 229 as a diagnostic marker (Molnar et al. 2003). 
Yamanaka et  al. (2005) developed residual heterozygous line (RHL), which is 
derived from RILs, for evaluating QTLs (Haley et al. 1994). In the midst of these 
QTLs, many associations are reported with the E3 gene (Orf et al. 1999; Mansur 
et al. 1993; Funatsuki et al. 2005). Salvi and Tuberosa (2005) explained the use of 
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NILs that must differ at a single QTL for fine mapping, and description of an indi-
vidual locus is detected according to soyGD (Shultz et al. 2006; Shultz et al. 2007), 
the Soybean Genome Database (http://soybeangenome.siu.edu/), and the Legume 
Information System (LIS; http://www.comparative-legumes.org/). Many QTLs, 
over the range of 60 loci, are associated with traits related to agriculture in the 
region of approximately 30–40 cM between Dt1 and Satt 373. Such tremendously 
huge number of QTLs in any way have effects, and the relation between the Dt1 and 
E3 loci can also have an effect on many aspects of plant morphology. The dominant 
allele E3, which gave a fluorescent-sensitive response of delayed flowering, also 
resulted in later field maturity while the recessive allele e3 that gave an insensitive 
response resulted in earlier maturity. Using map-based cloning approach, this gene 
has been cloned (Watanabe et  al. 2009). E3 has been cloned and allele-specific 
primers have been identified by Watanabe et al. (2009). These researchers recog-
nized the E3 locus (PhyA) homologues GmPHYA3, and also reported that it lacks 
13.33  kb region including exon 4, which formed incomplete histidine–kinase 
domain. These researchers designed three allele-specific primers in which forward 
primer is the same for both E3 and e3 alleles but the reverse primer is from the nor-
mal gene in E3 allele and from the deleted region in e3 allele. Watanabe et al. (2009) 
and Xu et al. (2013) both reported three types of mutations designated as E3-tr, E3- 
fs, and E3-ns for E3 gene. As mentioned above, E3-tr mutation is due to lacking of 
the three regions in the gene including exon 4 of E3. Also, E3-fs (frame-shift) muta-
tion creates a stop codon in exon 1 and, lastly, the mutation that introduces SNP in 
exon 3 causes glutamine amino acid change to stop codon known as E3-ns. Allele- 
specific amplification produces a band of 1904 bp in photosensitive genotype and 
829 bp in photo-insensitive genotype. Gene responsible for E3 locus is identified by 
map-based cloning using RHL lines.

24.3.3.4  E4 Gene

E4 gene was identified by Buzzell (1971) studying the flowering time inheritance in 
soybean, under long-day conditions using natural day length (extended 20 h) with 
incandescent light (ILD). Buzzel identified that dominant allele of a gene E4 
responds to ILD and delays maturity whereas the recessive allele E4 gives an insen-
sitive response and early maturity. Later, the complete inheritance of ILD response 
was established and it was found that for a plant to be insensitive to ILD, it was 
necessary that both E3 and E4 alleles should be present (Saindon et al. 1989). E4 
gene has been mapped on linkage group I (Molnar et al. 2003), close to the diagnos-
tic marker Satt 354. Satt 239 and Satt 496 SSR markers, as linked to E4 gene on 
linkage group I (Liu et al. 2008), assigned this gene to linkage group I and could 
clone it. E4 gene has been cloned by Liu et al. (2008) as one of homologue of PhyA, 
GmphyA2. These authors reported that insertion of 6238 bp long Ty1/copia-like 
retrotransposon found on exon 1 of functional E4 results in its inactivation. Three 
allele-specific primers were developed in which forward primer is the same for 
photosensitive and photo-insensitive genotypes but a reverse primer is from 
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 retroposon in E4 (E4-SORE) and normal gene in E4. Allele-specific amplification 
produces a band of 1229 bp in photosensitive genotypes and 837 bp in photo-insen-
sitive genotypes. Later, Tsubokura et al. (2013) identified four more recessive alleles 
named as E4-kam, allele E4-oto, allele E4-tsu, and allele E4-kes, and developed 
allele- specific CAPS markers for them.

24.3.3.5  E5 Gene

E5 gene was reported using a cross: Harosoy × L64–4830 (McBlain and Bernard 
1987); segregation study for late maturity was noted later (Watanabe et al. 2011) 
and a new gene was reported designated as E5 for allele in L64–4830 and recessive 
e5 in Harosoy. “Clark” variety performs major function for the maturity gene iso-
lines; it is having E2 (dominant allele) instead of recessive e2 present in Harosoy. It 
is thought that it also has e5 allele. In the cross between the above-mentioned lines 
(Harosoy-E5 × Clark-e5), QTL analysis was performed and high LOD score was 
obtained between markers qDF_01 and qDM_01, which indicated E2 is close to it 
(Watanabe et al. 2011). Their result indicates that probably E5 is located close to E2 
or it may be an allele of E2 locus. Harosoy-E5 may be the result of astonishing 
outcrossing with the plant containing E2-dl allele pollen, which results in lateness 
in Harosoy-E5. So, they predicted that E5 is a separate gene. Study of the gene fur-
ther would be helpful in knowing the mechanism responsible for flowering and 
maturity response in soybean plants. Dissanayaka et al. (2016) mapped this new 
locus and found a crossover between Satt 365 SSR marker, while Watanabe et al. 
(2009) found E5 in heterozygous condition in F2 plants with Satt 557 marker.

24.3.3.6  E7 Gene

Cober and Voldeng (2001a) identified E7 locus; in its response to ILD, Cober and 
Voldeng (2001b)) found that E7 allele confers early maturity and weakens the sen-
sitivity to ILD only under the genotype of E1E1E3E3E4E4. E7E7 gene has been 
mapped on LG C2 to a 22.2 cM distance between SSR markers Satt 100 and Satt 
460 that have Satt 319 as a diagnostic marker (Molnar et al. 2003). Recently, Liu 
and Abe (2010) reported that E7 may confer the photosensitivity even under the 
genotype E1E1E3E3E4E4.

24.3.3.7  E8 Gene

The E8 gene is also found in the linkage group C1 flanked by Sat_404 and Satt 136 
SSR markers. Till now, in this linkage region no other maturity gene is reported. 
Soybean Genetics Committee gave the symbol E8E8 to this gene flanking in C1 
linkage group. Dominant E8E8 condition is responsible for late maturity, whereas 
recessive e8e8 is responsible for early maturity. Similarly, recessive E6 alleles 
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 hasten flowering in short-day conditions and are mainly found in tropical region, so 
it is doubtful that E8 allele is E6 or similar to this (Bonato and Vello 1999).

24.3.3.8  E10 Gene

E10 has been identified very recently (Samanfar et al. 2017), and linked SSR mark-
ers were developed for the locus. Isoline derived from Maple Presto OT98–17 and 
that derived from Harosoy isoline OT02–18, both are having the same genotypic 
constituents at the main known photoperiodic and maturity loci in condition e1e1 
(recessive) e2e2 (recessive) e3e3 (recessive) e4e4 (recessive) e7e7 (recessive) e8e8 
(recessive). Then also the isoline OT98–17 matured 6 days before in comparison to 
the OT02–18 isoline in open (field) conditions. Early maturity could be introgressed 
into OT02–18 and OT98–17 and late maturity by merely choosing unreplicated 
progeny of F3 as parents, and this explained OT98–17 having an extra, unknown 
maturity gene with earliness. Through genetic analyses, E10 was identified and FT4 
was identified as the candidate gene for E10. E1 gene controls flowering by regulat-
ing the expression of flowering locus, but day length is the factor that is important 
in regulation of this gene. FT4 is expressed in parallel with E1. When long-day 
conditions are prevailing, it results in later flowering and when shorter-day condi-
tions are present, downregulation of FT4 results in flowering with earliness (Zhai 
et al. 2014a, b). E1 functions downstream and acts as a repressor in flowering time 
of soybean (Xu et al. 2015). At chromosome 08, gene E10 is located. Recessive E10 
results in earlier maturity, 5–10 days earlier than dominant E10. FT4 is the likely 
candidate gene for the E10 locus by the analysis of protein:protein interaction.

24.4  Growth Habit

Growth habit genes in soybean are determined as Dt1 and Dt2. Plant height is 
mainly controlled by Dt1 gene. Recessive dt1 confers determinate growth habit. 
However, information as well as knowledge on these genes in our literature is not 
available. Therefore, in this chapter, we have attempted to provide knowledge of 
photoperiodic and growth habit genes, especially in the soybean crop. The recessive 
dt1 allele at growth habit locus expresses determinate growth habit and Dt1 confers 
indeterminate growth habit with late or an early flowering combination. Soybean is 
a quantitative short-day crop (SDP) that means the night length will facilitate and 
control the initiation of flowering. This signal starts from the leaf and moves via 
phloem toward the whole plant. In addition to growth, the photoperiod is also 
responsible for controlling the mechanism of plant maturity, its height, seed weight, 
pod number, number of branches, node number, etc. In the USA, 13 different matu-
rity groups (from 000 to X) have been distinguished according to their maturity and 
adaptation. Cultivars belonging to the same group may not compulsorily be the 
same; they may mature in different periods and can have different development 
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rates. A high latitude with a long-day photoperiod and temperature range signifi-
cantly affect the maturity rates of soybeans.

Soybean yield depends indirectly on stem growth habit as it is an important adap-
tation and agronomic trait that directly affects many phenotypic traits like height of 
a plant, days to flower, duration of the maturity, number of nodes, several abiotic 
stress tolerance, agronomic traits (Specht et al. 2001; Bernard 1972; Heatherly and 
Smith 2004). There are two types of classification on the basis of duration of the 
termination of apical stem growth, which are: determinate and indeterminate. 
Determinate stem is the thick stem and its growth stops when flowering is initiated. 
The thickness of this type of stem is more due to latitudinal growth in stem girth, 
which continues even after the apical growth of the stem length comes to an end. 
Most of the soybean cultivar of the USA and China are indeterminate and grow in 
the North region while in contrast the cultivars growing in the South are determinate 
types. The indeterminate types discussed above are better adapted to a shorter grow-
ing season because of proper vegetative and reproductive growth. On the other 
hand, vegetative and reproductive stages are separated in determinate type of growth 
habit, as explained by Heatherly and Elmore (2004). Semi-determinate types find 
the North more valuable, like determinate types, which do not need a compact seed-
ing rate to achieve higher yield, in comparison to indeterminate types. They gener-
ally turn out lesser number of stem nodes. Moreover, some degree of lodging 
resistance is observed in the indeterminate one, which is overcome in the semi- 
determinate cultivars as they are shorter in height than the previous one (Chang 
et  al. 1982). In “green revolution,” Peng et  al. (1999) took into account similar 
cereal genes in their study.

According to conventional genetic analysis, epistatic interaction between two 
genes, Dt1 and Dt2, controls growth habit of the stem in various genotypes of soy-
bean (Bernard 1972). Semi-determinate phenotypes are obtained when dominant 
Dt2/Dt2 is present in the genetic background of Dt1/Dt1, whereas indeterminate 
phenotypes are produced in presence of dt2/dt2. However, epistatic effect of dt1 
allele is confirmed when determinate phenotype is obtained in the presence of dt1/
dt1 genetic backgrounds on the transcription of Dt2/dt2 locus. Dt1 gene is the plant 
ortholog of Arabidopsis thaliana TERMINAL FLOWER1 with functionally con-
served domain, which is a floral suppressor gene (Tian et al. 2010; Liu et al. 2010). 
Expression (Shannon and Meeks-Wagner 1991; Bradley et al. 1997) in shoot apical 
meristems (SAMs) was explained, which cause transformation of indeterminate 
phenotype growth habit to the determinate phenotype growth habit. Tian et  al. 
(2010) noticed four independent mutations caused in soybean during its domestica-
tion. Dt1 locus is positioned on chromosome 19 (Liu et al. 2007; Tian et al. 2010), 
whereas chromosome 18, at which the Dt2 gene is located, has been identified as 
MADS domain factor gene (Ping et  al. 2014). Since determinate and semi- 
determinate growth habits are not seen in G. soja, and Dt2 confers semi- determinacy, 
it is regarded as a gain of function mutation.

Woodworth (1932) first reported in soybean the Dtdt gene pair, now known as 
Dt1dt1. They are commonly categorized as determinate (Dt1Dt1) or indeterminate 
(Dt1d1) because their major effects are in stem growth termination. Gene Dt1 was 
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cloned by Liu et al. (2010) as TFL gene. Four dysfunctional alleles are reported in 
this locus (Dt1-ab, Dt1-bb, Dt1-tb, and Dt1-ta); these mutant alleles code for the 
protein single amino acid substitutions. Xu et  al. (2013) reported three dysfunc-
tional allele-specific primers except for dt1-ta. Bernard (1972) found the strain T 
117 in the USDA Genetic type core collection, which has character of the interme-
diate stem type called semi-determinate, where Dt2 is controlled by a dominant 
gene at a diverse locus. Bernard also found it phenotypically similar to the hetero-
zygote Dtldt1 gene. Dt1 and Dt2 are epistatic loci. Dt2 locus is only expressed in the 
presence of Dtl, and Dt1dt1 homozygous genotype causes its suppression.

24.5  Conclusion

Our knowledge about photoperiodic and growth habit genes in soybean crop has 
greatly facilitated our understanding of their mechanisms in eco-physiological and 
latitudinal adaptation of the crop. Study of and understanding photoperiod are 
important because day length is a reliable indicator of plant development, its flower-
ing schedule, and circadian rhythms. Shedding light on genes is directly related 
with plant photoperiodism and growth habit. We have summarized the traits that can 
be combined together and screened phenotypically for genetic improvement in the 
crop. Moreover, in the past, large amounts of genetic resources are available for the 
development of better-adapted plant species. But the usage of these resources is 
limited due to unavailable gene sequences, which might be possible nowadays for 
identification of quantitative traits of soybean. Plant breeding gives the opportunity 
to study and bring changes in the previously unfamiliar areas of plant sciences, and 
also brings together physiology and genetics to disclose the several agricultural 
bases of molecular breeding.
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Abstract After the use by a wide range of activities and applications, and/or after 
making available by accidental sources, the trace metal elements remain as a major 
contaminant in the main environmental compartments including soils. Very com-
plex systems were evolved by plants which offered a control of the adsorbed and the 
accumulated metals. Researches have been directed to upgrade the understanding of 
the plant tolerance process with high arsenic (As) accumulation outside consider-

D. B. Sghaier (*) · N. Sleimi 
UR MaNE, Faculty of Sciences of Bizerte, University of Carthage, Bizerte, Tunisia 

S. Pedro · B. Duarte 
Faculty of Sciences of the University of Lisbon, MARE – Marine and Environmental 
Sciences Centre, Lisbon, Portugal 

M. Diniz 
Department of Chemistry, Faculty of Sciences and Technology, CQFB, REQUIMTE, 
UniversidadeNova de Lisboa, Caparica, Portugal 

I. Caçador 
Faculty of Sciences of the University of Lisbon, MARE – Marine and Environmental 
Sciences Centre, Lisbon, Portugal 

Department of Plant Biology, Faculty of Sciences, University of Lisbon, Lisbon, Portugal

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2156-0_25&domain=pdf


708

able metabolic deterioration. The review of the research results presented here may 
be helpful to figure out the detoxification mechanisms that point out tolerance in 
Arthrocnemum indicum.

Keywords Arsenic · Accumulation · Cellular compartmentation · Detoxification · 
Arthrocnemum indicum

25.1  Introduction

The arid zone of the developing countries needed the treatment facilities to avoid 
the wastewater charges containing salt and heavy metals in agricultural soil (Helal 
et  al. 1999). Arsenic (As) toxifies humans, animals, and plants and as a result, 
contaminated soil by As is a worldwide problem. As appeared in the environment 
through human action (Vromman et al. 2016) and affects agricultural yield through 
disturbing the expansion, behavior, and living of the plants (Sghaier et al. 2015).

In fact, it was reported that metals have an effect to provoke phytotoxicity origi-
nates from their solid attraction to the thiol (S-H) groups of the proteins. Besides, the 
extent of the plant’s response to As stress depends not only on its intensity but also its 
duration (Vromman et al. 2016). Thus, to mitigate their deleterious effects, the plants 
develop various physiological and biochemical mechanisms such as the extrusion of 
toxic ions, the reduced uptake of ions and the chelating harmful ions by proteins link-
ing metals are the suitable tools adjusted by plants to reduce the adverse effects of the 
metal poisonous (Briat 2010). In fact, understanding how the plants accumulate and 
store the heavy metals, is basic to select the suitable species used for the phytoman-
agement (Montargès-Pelletier et al. 2008). In Zn and Ni hyperaccumulator plants, it 
has been demonstrated that the compartmentation at the cellular plays an important 
role for the detoxification of these metals (Frey et  al. 2000; Küpper et  al. 2001). 
Despite the harmful consequences of As, some species are disposed to resist in As 
contaminated site (Wenzel 2013). It is likely that the cellular/subcellular compart-
mentation level is a key factor in the detoxification of As in the plants species (Hall 
2002; Leitenmaier and Küpper 2013). In our previous works, Tamarix gallica dem-
onstrated that the As was distributed into the different component like the cell wall 
and the intracellular/soluble fraction reducing their toxic effect (Sghaier et al. 2016). 

Arthrocnemum indicum L. is a succulent perennial shrub, from family 
Chenopodiaceae widely encountered in salt marshes (Rabhi et al. 2009). The halo-
phyte A. indicum is particularly interesting because it is one of the rare species that 
has proved extremely well adapted to hypersaline and harsh environmental condi-
tions (Redondo-Gómez et al. 2010). This chapter will be specifically focused on the 
mechanisms contributing to the As subcellular localization and the rate of accumu-
lation inside this halophyte in the leaves and the roots.
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25.2  Accumulation of As

An elevated metal dose was observed in the roots more than in the leaves among 
treatments (Table 25.1). The translocation factor (TF) is designated as metal trans-
ferring/moving from the roots to the leaves; it ranged from 0.26 ± 0.01to 0.45 ± 0.04, 
indicating that the treatment with the minimum As dose had the elevated TF. The 
adverse trend was detected for the combined stress, the highest TF present in the 
elevated dose of metal combined with salt (Table. 25.1).

In the present study, the translocation factor was below than 1. In fact, the trans-
location TF is considered as the mechanism whereby metal ions absorbed by the 
belowground part are directed to the aboveground part and to the intracellular com-
partment (Revathi and Subhashree 2013). Previous studies demonstrated that Zea 
mays, Lolium perenne, Brassica napus, and Helianthus annuus accumulated As in 
the roots and not in the aerial tissues resulting in a translocation factor below 1 
(Gulz et al. 2005; Gupta et al. 2008; Wu et al. 2011).

Halophytes seem to have a process limiting the transferring of the captivated 
metals to the aboveground parts, and most trace metals are stored in the below-
ground parts (Yim and Tam 1999). A weak arsenic mobilization to the aerial parts 
of plants has been documented (Lizama et al. 2011); in our previous studies, Tamarix 
gallica showed also an As TF below 1 (Sghaier et al. 2016) implying a conservation 
of the metal in their lengthy range transfer, as a resistance mechanism adopted by 
As accumulator species. The As restriction translocations to the shoots by internal 
fence are controlled to preserve the aerial part (Quaghebeur and Rengel 2004). 
Arsenic is distinguished by a weak mobility concerning the translocation from the 
roots to the shoots; an arsenate-tolerant genotype revealed a weak rate of phosphate 
and arsenate absorption than the non-tolerant genotype and also exhibited a lack of 
the strong affinity absorption mechanism (Indriolo et al. 2010). The impaired anion 
uptake system was attributed to arsenate tolerance (Meharg and Hartley-Whitaker 
2002). The arsenic restricted translocation might be induced as a consequence to the 
arsenic reduced to the arsenite in the roots, pursued by an association with thiols, 
and therefore will be confined in the root vacuoles (Zhao et al. 2009). Further, it was 
reported that Holcus lanatus tolerance to arsenate needed both adaptive elimination 
of the strong affinity transport mechanism and production of constitutive phyto-
chelatin (PC) (Hartley-Whitaker et al. 2001).

Table 25.1 Translocation factors (TF) for metals within Arthrocnemum indicum (n  =  3; 
average ± SD)

Arsenic
200 μM 500 μM 800 μM 200 μM + NaCl 500 μM + NaCl 800 μM + NaCl

TF 0.43 ± 0.03 0.37 ± 0.03 0.45 ± 0.04 0.26 ± 0.01 0.36 ± 0.07 0.34 ± 0.02
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25.3  Cellular Compartmentalization of As

Arsenic was mainly bound to the aqueous fraction in the leaves (Fig. 25.1a), varying 
from 50.97 ± 0.4% to 55.18 ± 0.9%, and identical doses were observed in the poly-
saccharides and the ethanolic fraction. In the roots, it was bound to the aqueous and 
the ethanolic fraction (Fig. 25.1b), with concentrations ranging from 31.77 ± 0.7% 
to 49.69 ± 1.2% and 33.61 ± 0.2% to 48.09 ± 0.4%, respectively; the variation of the 

Fig. 25.1 Metal concentrations (average %; n = 3) in different fractions of Arthrocnemum indi-
cum. Leaf (a) and root (b) fractions, from bottom to top, are ethanolic, aqueous, proteic, pectin, 
polysaccharides, lignin, and cellulose
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fractions was less obvious (Fig. 25.1b) (with total miss in the lignin fraction in the 
roots and the leaves) (Fig. 25.1).

In the treatment without salt, the global of As in the leaves presented a different 
behavior in As compartmentation: the intracellular/soluble fraction showed power-
ful differences between treatments (p < 0.05), showing a rising accumulation with a 
pike below the 800 μM As dose. Inner the soluble fraction, the variation appeared in 
the ethanolic fraction when the elevated dose was tested. Otherwise, the As related 
to the proteins did not show a major difference (Fig.  25.2a). In the cell wall 

Fig. 25.2 Metal concentration (average %; n = 3) located intracellularly (ethanolic + aqueous 
fraction), on the proteic fraction and on the cell wall (pectin + polysaccharides + lignin + cellulose 
fractions) of Arthrocnemum indicum: leaves (a) and roots (b)
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 component, the change was noteworthy between extreme doses (Fig. 25.2a); it was 
clear to notice that when the elevated dose of As was applied in the medium 
(800 μM), a decline in the As accumulation in the pectin fraction was detectable. 
Contrary to what was detected in the leaves, the global As dose in the roots demon-
strated a major difference with rising treatment doses: the elevated accumulation 
was observed when 500 μM As was provided in the medium and an expansion was 
detected in the As linked to cell wall components, but declined when the elevated 
dose was utilized. The highest As accumulation in the polysaccharides and the cel-
lulose fraction was observed at 500 μM As (Fig. 25.2b). Contrarily, a decrease in As 
accumulation in the soluble/intracellular fraction was observed when 500 μM was 
applied in the medium followed by an augmentation at 800 μM As. A rise in Al 
accumulation across treatment was presented in the proteic fraction (Fig. 25.2b).

In the combined stress, the total As accumulation in the leaves was different to 
the observed above; no difference showed across treatments (p > 0.05). Nonetheless, 
some changes were observed in comparison to the treatments without NaCl: the As 
accumulation in the cellulose fraction was determinate in the highest doses (500 and 
800 μM) and was absent at lowest concentration. Additionally, a decrease in As 
accumulation was detected in the polysaccharide fraction. There was too a rising in 
the ethanolic fraction with huge variation among the two extreme concentrations, 
200 μM and 800 μM (p < 0.05) (Fig. 25.1a). In the roots, in the soluble fraction there 
was no difference marked with rising treatment concentrations; the only difference 
was observed between the extreme values in the ethanolic and the aqueous fraction 
(p < 0.05) (Fig. 25.1b). The cell wall components accumulated less As at the highest 
treatment (800 μM), particularly in the cellulose fraction where no As was found at 
800 μM; the pectic fraction revealed a maximum amassing from 200 to 500 μM As, 
yet continued constant, while further metal was provided in the medium. Both with 
and without NaCl added, the proteic fraction retained more stable arsenic 
(Fig.  25.2b). In the treatment without salt, the changes were observed from one 
treatment to another, whereas with the addition of the salt the greatest increase was 
detected in 800 μM As (Fig. 25.2b).

The plant ability to withstand in spite of the accumulation of elevated metal 
doses in their tissues is largely overcame by metal chelation in nontoxic form and 
its compartmentation in the cell walls, the vacuoles, and the non-photosynthetic tis-
sues (Ghnaya et al. 2013; Cappa and Pilon-Smits 2014). Using a sequential extrac-
tion and in different solvents, we obtain the various forms of accumulated As. The 
As speciation in the tissues indicated that the considerable form of metal accumula-
tion in A. indicum was obtained by 80% ethanol and aqueous relative to the intracel-
lular/soluble fraction containing the vacuole and the cytoplasm (Fourati et al. 2016). 
Similarly, a large fraction of As in Pityrogramma calomelanos was found as water 
extractable (up to 93%) (Francesconi et al. 2002). Overall, As compartmentation 
offered an outstanding difference among roots and leaves, with almost metal linked 
to the soluble fraction (up to 80% in the roots and up to 60% in the leaves) with or 
without NaCl. Further, more than 20% of As in the leaves was cell wall related with 
a slight decrease in the roots (10%). Arsenic compartmentation in the leaves was 
more shared; the protein and the soluble fractions together contained more than 
30% of total As. In advanced researches, to decrease metal toxicity, the metals are 
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stored in the plant in distinct cell compartments (Sousa et al. 2008; Reboreda and 
Caçador 2007) and confined in the vacuoles and in the cell wall (Sousa et al. 2008). 
The rate of the subcellular Ni compartmentalization has a crucial potency in the 
tolerance (Küpper et al. 2001).

Thus, this study revealed that As bound essentially to intracellular fraction. Since 
the soluble fraction includes the liquids from the cytoplasm and the vacuole, vacu-
olar sequestration was proposed as a prevention mechanism to build metal in the 
cytosol (Küpper et al. 2001). Vacuoles are recognized as a powerful location of trace 
metal amassing (Wu et al. 2005). It has been shown that free metal ion chelators in 
plant cells, such as phytochelatins, organic anions, and inorganic anions, allow cells 
to handle higher external metal concentrations (Zaier et  al. 2010; Ghnaya et  al. 
2013). The synthesis of phytochelatins disabled the metal ion toxicity; then the 
production of the complexes metal phytochelatin is a common process where the 
homeostasis of trace metals is in plants (Zenk 1996).

Nonetheless, the compartmentation model is considered as species and metal 
specific. For example, Ni, Cd, and Zn are accumulated in the vacuoles of epidermis 
cells (Küpper et al. 2001; Psaras et al. 2000). In A. indicum, at elevated external 
doses, the proteic fraction has become important in the leaves and the roots, espe-
cially in the metal treatment. The same observation was obtained in T. gallica’s 
roots which demonstrated that the proteic fraction had a great importance in the 
compartmentation of As (Sghaier et al. 2016). The researches on Hybanthus flori-
bundus demonstrated that the cell wall is treated as the early obstacle opposing the 
access of the harmful metals in the cell and could thus to cover the cytoplasm by 
blocking the cross-linking of the metal ions (Bidwell et  al. 2004). Besides, it is 
demonstrated that 70–90% of trace metals were found in the cell walls and Cd was 
interrupted to access the cytoplasm in Athyriumyo koscense (Xiong et  al. 2009), 
Lactuca sativa (Ramos et al. 2002), and Bechmeria nivea (Wang et al. 2008). This 
result was mentioned in the research relative of Halimione portulacoides which 
proved that the half of the total cellular Cd was bound to the cell wall (Sousa et al. 
2008). Similarly, it is demonstrated that Cd2+ attached to the pectin and the cellulose 
which are the dominant elements of the wall (Reboreda and Caçador 2007; Qiu 
et al. 2011). Further, it was reported that the powerful capacity of Sesuvium portu-
lacastrum to link Ni in the cell walls might reveal the tolerance to this metal faced 
to Cakile maritima (Fourati et al. 2016). Arsenic related to cell wall pectin could not 
be a fundamental tolerance process (Krzesłowska 2011). In this study, the As was 
not stored in the cellulose and in the pectin fraction in the leaves (less than 3% of 
total As), regardless of the treatment applied. While the polysaccharide fraction was 
the preferred attached location in the leaves. 

25.4  Conclusion

The translocation restriction into the shoots and the metals linking to the cell wall 
are recognized as a process for non-hyperaccumulator plants (Wagner 1993; Grant 
et al. 1998).
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As related to the soluble fraction and the cell wall can be an effective mechanism 
for blocking the amassing in the cytoplasm and also its toxicity to the metabolic 
reactions of the plants. According to these data, we conclude that the vacuoles and 
the cell wall are included in the As tolerance process to cover the active metabolic 
cellular compartment from harmful doses, and various approaches are distinctly 
implicated relying on the elements. This physiological study proposes the ability of 
A. indicum to be used for rehabilitation of As-contaminated soils.
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Abstract Plants face a number of environmental stresses that affect the crop pro-
ductivities, food quality and food safety worldwide. The environmental adversities 
including biotic and abiotic stresses alter physiological aspects, biochemical traits 
and molecular mechanisms of plants. The employment of pesticides, fertilizers and 
herbicides during agricultural practices leads to reduced soil fertilities and addition 
of pollutants into the environment. It is therefore advisable to use economical and 
environmentally friendly methods for sustainable agriculture. Soil microorganisms 
are considered to be the important candidates that provide the economically fasci-
nating mode for plant protection during stressed conditions. They modulate plant 
growth through plethora of mechanisms by regulation of phytohormone levels, 
nutrient uptake, nitrogen fixation, phosphate solubilization, antioxidative defence 
expression, production of different secondary metabolites and siderophores. 
Furthermore, they also provide tolerance towards biotic stresses such as pathogenic 
organisms through activation of induced systemic resistance (ISR) and systemic 
acquired resistance (SAR) mechanisms in plants. The microbe interactions with 
plants are, therefore, most crucial in sustainable agriculture practices that replace 
conventional methods by biological methods. They contribute to improve plant 
characteristics and control plant diseases under changing environmental conditions 
without interfering in the functioning of ecosystem. So, the inclusive use of the soil 
microorganisms proves to be the potential technology for sustainable agriculture 
globally. The present chapter highlights the interactions of beneficial microbes with 
plants under adverse conditions and their mechanism of action for improvement of 
plant health.

Keywords Abiotic stresses · Biotic stresses · Reactive oxygen species · 
Rhizosphere · Phytopathogens

26.1  Introduction

The rapid industrialization and urbanization and use of different chemical pesticides 
and fertilizers have caused considerable environmental adversities and affected the 
fertility of soil and microbes inhabiting within them (Battisti and Naylor 2009; 
Youssef and Eissa 2014). Moreover, the abrupt use of different chemicals, 
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 insecticides, weedicides, fungicides, etc., has led to reduce the beneficial microbial 
populations from the soil. Since, substantial use of fertilizers alters soil pH and 
makes the minerals and other nutrients unavailable to plants, thereby reducing their 
productivities (Gupta et al. 2015a, b). There are huge losses of crop productivities 
due to pathogenic organisms and pests as well (Berendsen et al. 2012; Venkateshwaran 
et  al. 2013). The pathogenic attack is further augmented by different conditions 
such as temperature, drought, heavy metals, salinity, flooding, etc. (Borneman and 
Becker 2007). Therefore, abiotic and biotic stresses together contribute towards 
global loss of agricultural productivities. These environmental stresses disturb mor-
phology, physiology, biochemical traits and genetic attributes of plants (Chodak 
et al. 2015). The abrupt utilization of chemical fertilizers is increased for replenish-
ment of mineral components such as nitrogen and phosphorous in soil for obtaining 
higher yields of crops that possess environmental hazard as well as economically 
unfeasible for the farmers (Pii et al. 2015). To preclude this problem, and for sus-
tainable agricultural practices, the most possible approach is exploiting microbial 
communities such as PGPB (plant growth-promoting bacteria) and arbuscular 
mycorrhizal (AM) fungi that aid growth promotion in plants under all conditions 
(Kumar and Verma 2018). Different microbial genera associated with plant growth- 
promoting characteristics are Pseudomonas, Bacillus, Burkholderia, Azotobacter, 
Enterobacter, Azospirillum, Klebsiella, Serratia, Variovorax, etc., that improve 
growth and development of plants (Hayat et al. 2010; Kaymak 2010; Ahemad and 
Khan 2012). Many of these microbial diversities are able to tolerate abiotic stresses 
and resist pathogenic attack because of which they have been commercialized as 
biofertilizers and biopesticides (Vimal et al. 2017; Banerjee et al. 2010; Finkel et al. 
2017). There are a number of direct and indirect mechanisms of growth promotion 
in plants possessed by microbes during stressful conditions (Ortíz-Castro et  al. 
2009). The direct microbe-mediated stress tolerance mechanism in plants occurs 
through synthesis of different phytohormones (auxins, gibberellins, cytokinins), 
ACC deaminase, N2 fixation, production of siderophores and different secondary 
metabolites (Glick 2010; Mayak et al. 2004; Kaymak 2010). They also induce sys-
temic resistance in plants during pathogenic attack and enhance mineralization, 
enzyme synthesis and phosphorous solubilization under different stressed condi-
tions (Trivedi et al. 2005). Other indirect mechanisms mainly comprise of microbial 
use as biocontrol agents, antibiotic synthesis and chelation of iron and its com-
plexes in rhizospheric zone (van Loon 2007). Rhizobacterial strains, namely, 
Pseudomonas fluorescens and Bacillus subtilis, are considered to be the most effec-
tive indirect stimulants in mediating stress tolerance in plants (Damayanti et  al. 
2007; Spaepen et  al. 2007). Other characteristics such as nitrogen assimilation, 
nutrient acquisition and secretion of different antibiotics and enzymes also provide 
plant protection against different plant pathogens, thereby implicating their role in 
improving agricultural crop quality (Damayanti et  al. 2007; Hayat et  al. 2010; 
Mishra et al. 2010). Studies have revealed that PGPR exhibited antagonistic rela-
tionship with different pathogens through producing Fe chelators, antibiotics, pig-
ments, HCN, glucanases and chitinases (Pathma et  al. 2011; Zahir et  al. 2004; 
Farooq et al. 2009). The growth-promoting microorganisms use  multiple methods 
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to assist plant growth and these multiple stimulants can become active simultane-
ously during stressful conditions (Farooq et al. 2009; Martínez-Viveros et al. 2010). 
The advancement in metabolomic and transcriptomic techniques provides new 
insights for studying different biosynthetic pathways encompassing regulation and 
biological control (Gupta et  al. 2013). However, to be active in rhizosphere, the 
microbes must sustain in a significant population in that zone for longer time in 
order to positively regulate plant growth and development (Bhattacharyya and Jha 
2012; Joshi and Bhatt 2011). It has been suggested that inoculation with beneficial 
microorganisms regulated hormonal balance and induced plant growth resistance 
against different phytopathogens (Spence and Bais 2015). In addition, they secrete 
metabolites such as rhizobitoxine and exopolysaccharides which induce many 
developmental processes in plants through inhibition of ethylene levels during 
stressed conditions (Złoch et al. 2016; Spence and Bais 2015; Vardharajula et al. 
2011). Some of the PGPR are comprised of sigma factors that regulate the gene 
expression during extremities in order to overcome the adverse effects in plants 
(Ahmad et al. 2011; Gupta et al. 2013). The role of arbuscular mycorrhizal fungi 
assisted with the roots of higher plants has also been explored in stimulating growth 
and development of plants. They play an essential role in sustainable agriculture 
because of cycling of nutrients, their absorption and translocation towards shoots. 
All these mechanisms enable the plant to maintain their normality under severe 
conditions and best suited to be substituted for different inorganic pesticides and 
fertilizers (Govindasamy et al. 2010). In particular, we will discuss the evidences 
highlighting the interactions of plants with microorganisms for promoting plant 
health during stressed conditions and their sustainable use for agricultural practices.

26.2  Microbial Communications in Rhizosphere

Zone in the soils that are adjacent to roots is recognized as the rhizosphere and the 
whole surface region of roots is termed as the rhizoplane (Fig. 26.1) (Coats and 
Rumpho 2014). This region is of chief significance for plant growth, development 
and productivity as it is the main fraction of interaction with a great diverse micro-
bial neighbourhood, also referred as microbiome (Venturi and Keel 2016; Poole 
2017). In nature, plants cohabit along with varied microorganism like archaea, bac-
teria, fungi and protists collectively called the plant microbiota (Hassani et al. 2018). 
Terrestrial plants intermingle with microbes largely at roots. Roots provide special 
niche at the interface that is comprised of rhizospheric soil, rhizoplane as well as 
endorhizosphere. Microbiome is enclosed with symbiotic microbes, commensals 
and few pathogens that form relation with roots and soils and give rise to root holo-
biont for determining biological and agricultural yield (Fig.26.1). There is an evi-
dence to signify the meaning of root microbiome that is entangled with 
rhizosphere-associated microbiota, including their genetic elements for determina-
tion of plant health (Coats and Rumpho 2014; Philip Poole 2017).
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Roots are also entitled for the production of chemical signals for promoting 
growth of microorganism predominantly for the zoospores (Gow et al. 1999). This 
generates a link between the plant and soil components to act as an intermediate. 
And this plant-microbe communication is mediated through root exudates generat-
ing chemotactic response of the microbes towards secreted products such as soluble 
sugars, organic acids and various amino acids for root colonization (Bais et al. 2006; 
Haldar and Sengupta 2015; Mhlongo et al. 2018).

26.2.1  Function of Root Exudates in Rhizosphere Microbial 
Interactions

The roots act as perfunctory support for transport of minerals and water in plants. In 
addition, the rhizospheric zone is a well-known hotspot for microorganisms 
(Kuzyakov and Blagodatskaya 2015). This is mainly attributed to the amount of 
compounds they secrete which act as key signals that enable them to either attract 
or repel towards the plants (Lakshmanan et al. 2014). It was further suggested that 
root exudation regulates the link between the roots and soil microbes (Mommer 
et al. 2016). Moreover, the shared machinery of signalling pathways in the rhizo-
sphere persuades intensification of plant-microbe, microbe-microbe and plant-plant 
interaction for controlling various responses in the rhizosphere.

Olanrewaju et al. (2019) had reviewed that root exudates along with other com-
ponents such as rhizodeposits synthesized by plants enable the determination of 
microbiota accumulated in the rhizobiome plane region adjoining the plants. It is 
not necessary that root exudation entirely help in plant nutrition and growth. Many 

Fig. 26.1 Plant-microbe interactions in root, rhizosphere and bulk soil zones
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of them play key signal molecules in developing associations at rhizobiome. Sugars, 
for instance, monosaccharides disaccharides, raffinoses, arabinose, polysaccharides 
and oligosaccharides; amino acids like leucine, aspartate, proline, asparagine, 
aspartic acid, glutamine, tryptophan, arginine, isoleucine and cysteine; organic 
acids (oxalic, tartaric, fumaric, maleic); metabolites; enzymes; and hormones are 
the main regulatory molecules associated with plants (Hayat et al. 2017; Olanrewaju 
et al. 2019). It is assumed that other antimicrobial metabolites and volatile organic 
compounds (VOCs) significantly play a positive role for long-distance linkage in 
the rhizobiome. For example, in maize (Zea mays), benzoxazinoids are a class of 
defensive molecules synthesized during the emergence of lateral and crown roots 
(Guo et al. 2016; Gunina and Kuzyakov 2015).

Plants possess unique machinery for the transport and secretion of compounds 
within the rhizosphere (Weston et al. 2012). To illustrate, Lorenz Hiltner described 
the term ‘rhizosphere’ as the soil cubicle and is effected by plant roots (Haldar and 
Sengupta 2015). The microorganisms are chemotactically attracted towards plant 
root exudates, volatile organic carbon and rhizodeposits and get activated in this 
carbon-rich environment (Fig.26.1) (Ho et al. 2017). Plant root exudates vary from 
species to species; therefore the differences among rhizosphere microbiomes are 
expected (Evangelisti et al. 2014).

In the last few decades, rhizospheric interactions mediated by root exudates have 
been extensively studied (Broeckling et al. 2008; Badri et al. 2013; Chaparro et al. 
2013a, b). Moreover, the associations could be neutral or favourable or deadly 
(Hassani et al. 2018; Doornbos et al. 2012). In some cases, organisms display transi-
tions from pathogenicity to symbiosis according to environmental conditions 
(Zhang et al. 2015; Newton et al. 2010; Wille et al. 2019). The PGPB interact among 
one another and, with plants in a refined mode, mediated through chemical com-
munication recognized in rhizosphere. This leads to mutual affairs that are pivotal 
for effective root-root associations (Bertin et al. 2003; Mommer et al. 2016), min-
eral availability, microorganism accrual and biofilm construction in inhabiting com-
munities (Sasse et al. 2017). Along with this, they are well inhibitors of pathogenic 
organisms (Rosier et al. 2016; Li et al. 2013). To elucidate, various metabolomic 
and metagenomic approaches are boon for researchers to discover and enumerate 
compounds released by microbes including their profiling. Among metabolite 
‘blends’ nearby root exudates are substantial for mutual interaction. In addition, the 
term ‘signalomics’ also effectively explains these approaches for interpretation of 
chemical signal communications taking place within rhizosphere, roots and 
microbes (Mhlongo et al. 2018).

PGPB occurring at microbiome assemblages led to secrete an array of signalling 
metabolites affecting gene expression of host plants that has made these metabolites 
a hotspot for researchers. Here, VOCs are the crucial signalling molecules of bacte-
rial communities as they are having low molecular weight firstly and secondly due 
to their lipophilic nature serve as chemical signals for effective microbial communi-
cation in contrast to non-volatile counterparts (Gonzalez and Marketon 2003; Tyc 
et  al. 2015). This cell communication mediates quorum sensing (QS) signals to 
colonize plant roots with plant growth-promoting rhizobacteria (PGPR) (Kai et al. 
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2016; Kanchiswamy et  al. 2015; Hong et  al. 2012; Helman and Chernin 2015). 
These signals further act as autoinducers for intra- and inter-bacterial communica-
tion among different species (Gonzalez and Marketon 2003). With respect to micro-
bial associations, the exudates also present antimicrobial activities and also regulate 
quorum systems (QS) (Zuniga et al. 2017; Hassan et al. 2016). Various microbes 
also partake in quorum sensing (QS) that defines the skill for detection and respon-
siveness towards microbial density, with the raised levels or response to small meta-
bolic QS signal molecules (Garcia-Contreras et al. 2016).

A symbiotic relationship gets established between plants and rhizobacteria either 
through secreted or emitted molecules which are beneficial for plants. While plant 
hormones are growth inducers and defence regulators, PGPR also generate these 
metabolites such as auxins, cytokinins, gibberellins, ABA, SA and JA (Wei-wei 
et al. 2008; Fahad et al. 2015). The formation of VOCs in maintaining soil fertility, 
plant growth and resistance is well known (Kai et al. 2009; Rothballer et al. 2018).

The chemical convolution encompassing root exudation is linked to many external 
factors like photosynthesis, size and soil characteristics. These compounds can be 
modulated varying on their secreting source. The strong intricacy determines that root 
exudates have prospective to overlie more comprehensive information regarding com-
munication events of rhizosphere (Mommer et al. 2016; Sasse et al. 2017). Furthermore, 
the chemical nature of root exudates directly affects rhizospheric communities that 
has been proved through implicating the use of secreted products affecting soil micro-
bial communities. For instance, citric acid secreted from cucumber roots attracted 
B. amyloliquefaciens SQR9 and induced biofilm formation. Likewise in banana, 
fumaric acid magnetized B. subtilis N11 strain to form biofilm over the surface (Zhang 
et al. 2014). Another compound observed in the root exudates is flavonoids (i.e. 2-phe-
nyl-1,4-benzopyrone derivatives) for the induction of nod genes in bacteria and for 
lipochitooligosaccharide (LCO) formation. This further triggers nodulation process in 
the roots. Captivatingly, LCO participates efficiently during interactions between 
arbuscular mycorrhizal fungi and plants. Besides, the flavonoids also mimic QS mol-
ecules of bacteria, to influence bacterial metabolism (Hassan and Mathesius 2012). 
QS considerably functions in regulating bacterial genotype and phenotype for victori-
ous root colonizations (Rosier et al. 2016). Numerous low-carbon molecules are also 
present in the root exudates; and these molecules behave as precursors in hormonal 
profiles of PGPR. Tryptophan, for example, is a precursor for indole-3-acetic acid and 
is aggregated at root tips (Haichar et al. 2014). Additionally, aminocyclopropane- 1- 
carboxylic acid (ACC), the precursor of ethylene, is exudated from plants as a source 
of nitrogen and carbon for PGPR (Haichar et al. 2014).

26.2.2  Plant-Rhizobiome Communication

The plant-microbe interactions involve a complex study to be comprehended. There 
is a multilevel connection among organisms, gene regulation, induction and repres-
sion of signals in different pathways along with their response elicitation. PGPB are 
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tremendously imperative for maintaining plant health. Apart from this, for enrich-
ment of nutrient availability, PGPB and AMF functionally persuade plant’s defence 
to pathogens (Di Benedetto et al. 2017; Olanrewaju et al. 2017). Few basic mecha-
nisms comprise of biofertilization, biostimulation, bioremediation and biocontrol 
(Babalola 2010; Olanrewaju et al. 2017). Biofertilization involves the use of PGPR 
for maintaining nutrient cycle of plants, thereby improving seed germination rate 
and seedling emergence. This further improves crop yield by microbes through pro-
cesses such as N2 fixation, phosphate uptake and release of plant hormones, while 
biocontrol means suppression of pathogens and controlling diseases via synthesis of 
siderophores, ACC deaminase, induced systemic resistance and acquired systemic 
resistance, respectively (Gupta et al. 2015a, b; Glick 2015).

26.2.2.1  Plant Growth-Promoting Microorganisms (PGPM)

PGPM was named by Joe Kloepper in the late 1970s that defined ‘the soil bacteria  
communities’ colonization in roots of various plants by inoculating them for stimu-
lating plant growth’. Santoyoa et al. (2016) reviewed the capacity of assorted bacte-
rial endophytes for plant growth stimulation occurs as an outcome of many 
mechanisms. Firstly, direct plant growth promotion takes place when a bacterium 
facilitates acquisition of minerals or triggers hormonal profiles of a plant. The min-
eral acquisition facilitated by PGPB comprises of nitrogen, phosphorus and iron. 
Further, the intonation of hormone levels may entail PGPB (plant growth-promot-
ing bacteria) synthesizing one or more of the phytohormones, namely, auxins, cyto-
kinins and gibberellins. Also, some PGPB reduce ethylene through enhanced 
production of 1-aminocyclopropane-1-carboxylate (ACC deaminase that cleaves 
the compound ACC). Secondly, the indirect growth promotion of plant occurs when 
a PGPB reduces plant damage from phytopathogen (fungi and bacteria). This is 
attributed to inhibition of the pathogen through PGPB.

The benefits of PGPM for plants in terms of growth and immunity are well 
reported for bacteria belonging to Azospirillum, Bacillus, Burkholderia, 
Pseudomonas, Rhizobium, Serratia, Stenotrophomonas and Streptomyces and fun-
gal genera like Ampelomyces, Coniothyrium, Glomus and Trichoderma. Multiple 
strains of fluorescent Pseudomonads are well reported for improving plant growth 
from pathogens by P solubilization and regulation of plant growth stimulators (Ho 
et al. 2017; Wille et al. 2019). There is mounting record of reports depicting rhizo-
sphere community and B. cereus UW85, B. megaterium B153–2-2 and B. subtilis 
GB03 exploitation in controlling damping-off disease in alfalfa and cotton and 
Rhizoctonia root rot disease in soybean (Gupta et al. 2015a, b). The count of bacte-
rial species (PGPR) has augmented considerably from past decades owing to the 
plentiful studies conducted on plants in hunt of sustainability tools and advance-
ments in molecular genetics progressing towards upgradation of bacterial taxonomy.

The studies on spectacular interactions among plants, rhizosphere and microbes 
in view of future agricultural aspect and plant breeding will ultimately give sustain-
able remedies for reduction of threat caused by pathogens.
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26.3  Challenges of Different Stresses Faced by Plants

There are a wide number of stresses in the environment that act as global threats for 
future agricultural productivity. The different stresses are chief constraints for ham-
pering crop yield, food quality and global food security. Stresses could be naturally 
caused or through human interference. A number of plant attributes are negatively 
affected; for instance, physiology, biochemical aspects and molecular nature of 
plants are hindered under stress conditions. The effects of various stresses upshot 
loss of soil microbiota, soil fertility and struggle for nutrient resources. The major 
abiotic stresses are freezing, flooding, temperature, drought, salinity and heavy 
metal stress that have been known to undergo a wide range of alterations in the 
normal functioning of the plants (Kumar and Verma 2018). On the other hand, 
pathogenic attack to different plants also disturbs various biochemical processes 
within them. Plants have adopted many resistance mechanisms against different 
environmental stresses (Fig. 26.2).

The different abiotic stresses have been known to cause huge impact on different 
mechanisms of plants. Effects of different abiotic stresses on morphological, bio-
chemical and physiological attributes of different plants are given in tabulated form 
(Table 26.1).

Fig. 26.2 Schematic representation of toxic effects and resistance mechanisms adopted by plants 
during stress conditions
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26.4  Microbial Remediation to Environmental Adversities

Due to negative impact of toxic pollutants on human population (Raghunandan 
et al. 2014, 2018), contaminants degrade the human health along with the natural 
ecosystem. The studies are focusing to explore and modulate the natural capacity of 
PGPM to neutralize harmful compounds (Raghunandan et  al. 2014, 2018). 

Table 26.1 Effect of different abiotic stresses on plants

Abiotic stress Plant species Effect on plants Reference

Drought Glycine max Retarded plant growth Kang et al. 
(2014)

Cicer arietinum Reduced seed germination and membrane 
integrity and growth parameters along with 
enhanced osmolyte accumulation

Tiwari et al. 
(2016)

Helianthus 
annuus

Declined chlorophyll a, chlorophyll b and total 
chlorophyll content

Kaur and 
Asthir (2017)

Abelmoschus 
esculentus L.

Enhanced membrane damage and protein 
denaturation

Pravisya 
et al. (2019)

Salinity Vaccinium 
corymbosum

Lowered leaf growth and increased leaf 
senescence, with reduced leaf/stem ratio

Machado 
et al. (2014)

Brassica 
oleracea

Reduction in overall growth and yield Giuffrida 
et al. (2016)

Spinacia 
oleracea L.

Inhibition of photosynthesis, stomatal and 
mesophyll conductance, CO2 diffusion rate 
and ribulose-1,5-bisphosphate carboxylase/
oxygenase enzyme activity

Machado 
et al. (2017)

Raphanus 
sativus

Reduction of leaf area expansion that limits 
light interception and growth reduction

Machado 
et al. (2017)

Temperature Vitis vinifera Reduced concentration of phenolic acids and 
decreased scavenging capacity in the leaves

Krol et al. 
(2015)

Brassica 
oleracea

Decreased stomatal conductance and leaf 
water content as a result plant produces 
smaller and thicker leaves

Rodríguez 
et al. (2015)

Saccharum 
officinarum

Distorted chloroplast structure and 
microtubules reorganization

Li et al. 
(2018)

Vicia faba (L.) Damaged reproductive organs and 
photosystem II

Zhou et al. 
(2018)

Heavy metal 
stress

Brassica juncea Limited leaf, shoot and root growth Goswami and 
Das (2015)

Triticum 
aestivum

Impairment in ATPase activity of plasma 
membrane and enhanced lipid peroxidation in 
cell membrane

Verma et al. 
(2017)

Brassica species Oxidative stress generation by overproduction 
of reactive oxygen species and lipid 
peroxidation

Rizwan et al. 
(2018)

Alternanthera 
bettzickiana

Decreased plant growth, biomass, 
photosynthetic pigments along with altered 
SOD, POD and CAT activities

Tauqeer et al. 
(2016)
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Bioremediation is defined as application of microorganisms to degrade harmful 
environmental pollutants. In addition to regulate biogeochemical cycles (Griggs 
et al. 2013; Kumar et al. 2016), maintaining the balance between the ecosystem and 
environment, they also play a central role for cleaning environmental contaminants 
(Morris et al. 2011). The microbe-mediated remediation is of immense connotation 
because they are economical and environmentally friendly methods relative to many 
frequently employed non-biological remedial methods.

26.4.1  Potential Approaches for Bioremediation

Microbes are the most effective approach for the elimination of heavy metals 
from polluted environments due to their varied ability of interacting with heavy 
metals (Mosa et al. 2016). Microorganisms adopt different mechanisms to inter-
act and survive in the presence of various pollutants (Fig.26.3). Several mecha-
nisms of bioremediation used by microbes are biotransformation, biosorption, 
bioaccumulation, use of enzymes and metal-microbe interactions (Fig.  26.3). 
Bioremediation processes attempt to explore the naturally existing microbe cata-
bolic diversity for transformation, accumulation and detoxification of hazardous 
compounds like hydrocarbons (e.g. oil), polychlorinated biphenyls (PCBs), 
polyaromatic hydrocarbons (PAHs), radionuclides and metals (Ojuederie and 
Babalola 2017). Several microorganisms, including bacteria, fungi, yeasts and 
other beneficial organisms, are involved in bioremediation process under environ-
mental adverse conditions.

Unlike other organic pollutants, the heavy metals are difficult to detoxify, but are 
primarily necessary to be converted into stable form or completely removed. The 
bioremediation of metals is mediated through mechanisms, viz. biotransformation, 
enzyme-catalysed transformation (redox reactions), biosorption (metal ion sorption 
over cell surface by various physicochemical reactions), bioleaching (mobilization 
of ions via excretion of organic acids) or methylation reactions, intracellular accu-
mulation, etc. The key microbial processes influencing bioremediation potential of 
metals are summarized in Fig. 26.1.

26.4.2  Significance of Systems Biology Approach Towards 
Bioremediation

Plant metagenomic is emerging field of science owing to the vital need to environ-
mental remediation and ecological sustainable development (Gemperline et  al. 
2016). Plant-associated microbes can have various interactions (rhizospheric and 
endophytic). The interaction between these plants and microbes enhanced the 
growth traits by tolerance and survival techniques in polluted environments. Plants 
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and microbes can appreciably develop bioremediation potential in synchronic way, 
through the provision of habitat and nutrition along with the microbial counterparts, 
whereas the microbes induce plant efficiency by lowering the toxicity levels of con-
taminants in soil. Genome-enabled investigations unravel a pathway associated to 
plant microbial diversity of the polluted environments. This understanding lays a 
foundation to comprehend microbial communities that devise tools for the efficient 
remediation of toxic environments. Recently, an approach related to systems biol-
ogy has been accepted to spot viable plant species, microbes and explicit genes 
encoding bioremediation and mechanisms behind these processes, namely, resis-
tance, immobilization, tolerance, enzymatic transformation, accumulation, filtra-
tion, precipitation and metabolism of toxic metals in ecosystem for remediating or 
mitigating toxic products (Mani and Kumar 2014; Malla et al. 2018).

Bioremediation may be in situ or ex situ type. Many other distinguished methods 
have been employed for the confiscation of organic (e.g. explosives, pesticides, 
TCE, solvents, dyes, etc.) and inorganic (e.g. nitrates, chlorides, sulphides, ura-
nium) pollutants (Nizzetto 2010; Ramos et al. 2018). But recent reports indicated 
that employment of biology alone will not entirely eradicate the pollution. Therefore, 
for the successful bioremediation application, an interdisciplinary approach is req-
uisite (van der Meer and Belkin 2010; He and McMahon 2011). It has been visual-
ized from past centuries that advancement in bioremediation potential has 
extensively achieved as of culturable microbes to well-defined catalytic activities. 
Currently, ‘omics’ technologies have been considered to discover the hidden micro-
bial potential to explore the enzymatic activities associated with the degradation of 
environmental contaminants.

26.5  Plant-Microbe Interactions under Abiotic Stresses

The association of microorganisms with plants has been proved to be effective for 
both plants and microbes during any kind of stressed conditions (Souza et al. 2015; 
de Zelicourt et  al. 2013). The microbes have been observed to trigger resistance 
mechanisms in plants through induced systemic tolerance (IST) (Nadeem et  al. 
2014). In addition, they possess inner potential to alter intrinsic metabolic and 
genetic processes in order to cope up against different adversities (Gopalakrishnan 
et al. 2016). Several microbial genera aid plant growth and mitigate different stresses 
by modulating different genes associated with aquaporins, dehydrins and malondi-
aldehyde (Pandey et  al. 2016). Other microbe-mediated responses observed in 
plants include alterations in the levels of plant hormones, defensive proteins, 
enzymes, antioxidant levels and exopolysaccharides (Kaushal and Wani 2016). 
Furthermore, the systemic resistance induced in the plants via extracellular signals 
produced in the form of secondary metabolites activates the internal signalling pro-
cesses. These signals are perceived by plant cells that in turn initiate or activate 
series of defence pathways (Macho and Zipfel 2014; Franken 2012). The prospec-
tive of microbial interactions with different plants, therefore, has a multifaceted role 
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in alleviation of stresses along with maintaining their growth and development. 
These aspects make them strong and viable alternatives in stress amelioration dur-
ing sustainable agriculture. Figure 26.4 shows the diagrammatic representation of 
microbe-mediated stress responses in plants.

26.5.1  Drought Stress

Rainfall is the main source of water for irrigation in most of the agricultural lands 
of the earth. The gradual delay or imbalanced precipitation as a result of climatic 
changes are affecting the ecosystem. Drought is considered as most harmful abiotic 
stress factor and major agriculture problem worldwide, which restricts plant growth 
and development. Water deficit conditions affect cell size, membrane integrity, pho-
tosynthetic machinery and generation of ROS (Tiwari et al. 2016; Lata and Prasad 
2011) ultimately resulting in drop off in quality as well as productivity of a crop 
(Zandalinas et al. 2018). Various morphological, physio-biochemical and molecular 
strategies have been adopted by plants to thrive in drought conditions. Plant root 
system is inhabited by diverse array of microbial community (including bacteria 
and fungi) that can have positive, negative or neutral association with plants (Mendes 
et al. 2013). These microbial communities, known as plant growth-promoting rhizo-
bacteria, interact with plants and influence plant growth and biomass (Schmidt et al. 
2014). It was reported by Barnard et al. (2013) that period of drought changes the 
soil microbial flora which directly or indirectly influences nutrient cycle and pro-
duction. However, changes in structure of microbial communities that are resistant 
to abiotic stress increase plant potential to tolerance and quick adaptation to with-
stand drought stress (Table 26.2, Mendes et al. 2013; Schmidt et al. 2014; Barnard 
et al. 2013; Cherif et al. 2015). These plant-associated microbes colonize around 
rhizosphere and improve morphological and developmental traits by producing 
plant hormones like IAA, CK, ABA, ACC deaminase and microbial exopolysac-
charides and induced systemic tolerance. Microbes also enhance the osmoprotec-
tant accumulation and maintain the membrane permeability in plants (Kumar and 
Verma 2018). Various reports of microbe-inoculated plants during stressed condi-
tions have been summarized in Table 26.2.

26.5.2  Salinity Stress

Salinity is the main abiotic stresses that affects the crop productivities worldwide. It 
has been estimated that more than 6% of total land area which is used for agriculture 
purpose is severely affected by salt stress (Munns and Tester 2008). Salt stress reduces 
soil water potential and therefore limits plant water uptake and nutrient potential 
resulting in osmosis stress. A plethora of cations (Na+, Ca2+, K+, etc.) and anions  
(Cl−) existing in soil as electrically charged species (Shrivastava and Kumar 2015) 
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Table 26.2 A list of plant and microbe interaction to withstand drought stress

S. No Plants Microbes
Effect of microbes on plants 
under drought conditions References

1. Pisum 
sativum

Pseudomonas fluorescens 
G

Increased water uptake and 
water potential

Zahir et al. 
(2008)

2. Arabidopsis 
thaliana

Bacillus subtilis(GB03) Elevated metabolic profile of 
choline along with glycine 
betaine in osmotically stressed 
plants and improved leaf RWC 
and dry DMW

Zhang et al. 
(2010)

3. Ocimum 
basilicum L.

Pseudomonades sp., 
Bacillus lentus and 
A. brasilense

Peak activity of antioxidative 
defence enzymes (GPX and 
APX) was observed

Heidari and 
Golpayegani 
(2012)

4. Zea mays Bacillus sp. Increased seed germination 
and accumulation of 
metabolites like proline, 
osmolytes, sugars, free amino 
acids and decrease electrolyte 
leakage

Vardharajula 
et al. (2011)

5. Oryza sativa 
L.

Trichoderma harzianum Promoted root growth and 
delayed drought response

Shukla et al. 
(2012)

6. Triticum 
aestivum L.

Azotobacter chrocoocum 
(E1) and Pseudomonas 
sp. (E2)

Enhanced anatomical 
characters such as thickness of 
epidermis, ground tissue, 
mesophyll, cortex and phloem 
tissues, diameter of xylem 
vessels and dimensions of 
vascular bundles of the root 
system

El-Afry 
(2012)

7. Piper 
nigrum

Bacillus licheniformis 
K11

Higher expression levels of 
stress proteins like Cadhn, VA, 
sHSP and CaPR-10

Lim and Kim 
(2013)

8. Triticum 
aestivum

Bacillus 
amyloliquefaciens 5113 
and A. brasilense NO40

Enhanced expression of 
stress-related genes APX1, 
SAMS1 and HSP17.8 as well 
as activity of enzymes 
involved in the plant 
ascorbate-glutathione redox 
cycle

Kasim et al. 
(2013)

9. Zea mays Proteus penneri (Pp1), 
Pseudomonas aeruginosa 
(Pa2), and Alcaligenes 
faecalis (AF3)

Increased relative water 
content, protein, and sugars

Naseem and 
Bano (2014)

10. Lavandula 
dentata

Bacillus thuringiensis Increased IAA-induced proline 
and K content along with 
physiological and metabolic 
activities

Armada et al. 
(2014)

11. Trifolium 
repens

Pseudomonas putida and 
Bacillus thuringiensis

Decreased stomatal 
conductivity, electrolyte 
leakage and proline content

Ortiz et al. 
(2015)

(continued)
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affects seed germination, water and nutrient uptake, reduction in nitrogen fixation, 
decrease in K+ and Ca2+ uptake, enzyme inactivation, early senescence in leaves, 
burn-like lesions and crop productivity (Munns 2002). Increased amount of salt 
within plant cell hampers the plant growth and microbial activities (Kumar and 
Verma 2018). Plant itself responds to salinity stress by activating signalling path-
ways which help plants as defence regime (Khan et al. 2015; Kumar and Verma 
2018). Many studies discovered that inoculation of PGPM assuages the harmful 
effect of salt stress (Table 26.3). Plant growth-promoting endophytic bacteria colo-
nizes in the healthy host plant tissues and help the plants to mitigate abiotic and 
biotic stresses (Mandyam and Jumpponen 2014). PGPM also regulate the metabolic 
processes and strengthen the plant defence system during salt stress conditions 
(Nadeem et  al. 2016). ACC deaminase decreases the stress-induced ethylene in 
plants by degrading ACC into α-ketobutyrate and ammonia (Glick 2014). 
Exopolysaccharides secreted by microbes help in binding to cations making it 
unavailable for plant uptake and thus reduce the salinity stress (Upadhyay 
et al. 2011).

Table 26.2 (continued)

S. No Plants Microbes
Effect of microbes on plants 
under drought conditions References

12. Oryza. 
sativa L.

P. jessenii R62, 
P. synxantha R81 and 
A. nitroguajacolicus 
strainYB3 and strain YB5

Enhanced plant growth and 
induction of stress-related 
enzymes (SOD, CAT, POD 
and APX)

Gusain et al. 
(2015)

13. Triticum 
aestivum L.

Rhizobium Accumulation of 
osmoprotectant compounds 
like trehalose and glycine 
betaine

O’Callaghan 
(2016)

14. Triticum 
aestivum L.

Piriformospora indica Increased water absorption, 
root growth, biomass, 
chlorophyll and modulated 
activities of different 
antioxidants

Hosseini et al. 
(2017)

15. Bouteloua 
gracilis

Microbial consortia Inoculated plants exhibited 
enhanced growth and 
photosynthesis and dampened 
drought stress over short 
timescales, but also increased 
susceptibility to drought over 
long time scales

Ulrich et al. 
(2019)
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Table 26.3 A list of plant and microbe interaction to withstand salinity stress

S. No. Plants Microbes
Effect of microbes on plants 
during salinity stress References

1. Glycine max 
L

Arthrobacter, Bacillus, 
Azospirillum and 
Pseudomonas

Increased shoot and root 
biomass as well as proline 
content in plant tissues

Naz et al. 
(2009)

2. Triticum 
aestivum

Bacillus subtilis and 
Arthrobacter sp.

Increased biomass and total 
soluble sugars and reduced 
sodium concentration in plant 
tissues

Upadhyay 
et al. (2012)

3. Hordeum 
vulgare L.

Curtobacterium 
flaccumfaciens

Increased barley growth up to 
300%

Cardinale et al. 
(2015)

4. Triticum 
aestivum

Bacillus licheniformis 
HSW-16

Stimulated plant growth 
through production of IAA 
and mitigate stress-induced 
damage

Singh and Jha 
(2016)

5. Triticum 
aestivum

Enterobacter sp. 
NIASMVII

Synthesis of IAA and 
enhanced seed germination 
rate

Sorty et al. 
(2016)

6. Zea mays Pseudomonas sp. Enhanced biosynthesis of 
IAA and stimulated root and 
shoot biomass

Mishra et al. 
(2017a, b)

7. Cicer 
arietinum L.

B. subtilis NUU4 and 
Mesorhizobium ciceri 
IC53

Increased root and shoot 
biomass and improved nodule 
formation

Egamberdieva 
et al. (2017)

8. Brassica 
napus L.

Enterobacter cloacae 
HSNJ4

Enhanced plant hormone 
content and reduced ethylene 
and malondialdehyde content. 
Improved root, shoot and 
chlorophyll content

Li et al. (2017)

9. Rice Enterobacter sp. Improved growth and reduced 
ethylene levels and 
antioxidant enzyme activities

Sarkar et al. 
(2018a)

10. Avena sativa Klebsiella sp. Enhanced plant growth, water 
content, dry shoot and root 
weight

Sapre et al. 
(2018)

11. Citrus 
macrophylla

Pseudomonas putida 
KT2440 or 
Novosphingobium sp. 
HR1

Accumulation of leaf by 
indole-3-acetic acid (IAA) 
and a delayed in the decrease 
of quantum yield (ΦPSII). 
Inhibited root chloride and 
proline accumulation

Vives-Peris 
et al. (2018)

12. Oryza sativa Burkholderia sp. Improvement in various 
morphological and 
biochemical characteristics, 
ROS scavenging antioxidant 
enzymatic activities and 
reduced amounts of ethylene

Sarkar et al. 
(2018b)

(continued)
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26.5.3  Heavy Metal Stress

Accumulation of heavy metals in soil due to numerous anthropogenic activities 
together with mining, industrial practices and modern agricultural practices and 
extensive industrialization is adversely affecting soil health and crop productivity 
(Tiwari and Lata 2018). Heavy metals also have detrimental effects on growth and 
developmental processes of plants (Panuccio et  al. 2009; Tiwari and Lata 2018; 
Hassan et  al. 2017). Plants have different resistance strategies to avoid or resist 
heavy metal toxicity but beyond certain limits these mechanisms fail and survival of 
plant becomes tough (Clemens and Ma 2016). Use of rhizospheric microbes for 
removal of heavy metals is an emerging technology to reduce heavy metal stress in 
plants. Rhizospheric microbes protect the plant from heavy metal stress and have 
the ability to prevent the accumulation of heavy metals in soil (Mishra et al. 2017a, 
b). Microbes acquire countless resistance methods for their survival in the incidence 
of toxic heavy metals which include metal sorption, immobilization, transforma-
tion, bioaccumulation, precipitation and enzymatic oxidation or reduction to a non- 
toxic form and efflux of heavy metals from the cell (Hassan et al. 2017). They have 
the tendency to perk up plant growth and crop production by converting the com-
plex waste into simple non-toxic compounds and can lower the detrimental effects 
of heavy metals (Mustapha and Halimoon 2015). Plant-associated microbes protect 
the plants from diseases and promote plant growth and development by fabrication 
of growth regulator such as IAA and ACC deaminase and reducing ethylene con-
centration (Glick 2010).

Numerous bacteria belonging to genera Bacillus, Pseudomonas and Arthrobacter 
are commonly present in heavy metal-contaminated sites predominantly composed 
of Firmicutes, Proteobacteria and Actinobacteria (Pires et al. 2017). Fungal cell 
walls have negative charge due to the presence of special functional groups, e.g. 
carboxylic, hydroxyl, amine or sulfhydryl, amide and phosphate, in different wall 
components which helps in binding of the metal to the cell (Tobin 2001; Ong et al. 
2017). It is reported that filamentous AM fungi of genera Trichoderma, Glomus, 
Penicillium, Aspergillus and Mucor have the potential to alleviate heavy metal tox-
icity (Ezzouhri et  al. 2009; Pires et  al. 2017; Oladipo et  al. 2018). According to 
Narendrula-Kotha and Nkongolo (2017) Ascomycota and Basidiomycota are the 
most common fungi present in heavy metal-contaminated soils. Khan (2005) 
reported that arbuscular mycorrhizal (AM) fungi are most outstanding soil 

Table 26.3 (continued)

S. No. Plants Microbes
Effect of microbes on plants 
during salinity stress References

13. Sulla 
carnosa

Acinetobacter sp. (Br3), 
Pseudomonas putida 
(Br18) and 
Curtobacterium sp. 
(Br20)

Increased dry biomass, 
photosynthetic efficiency, 
chlorophyll leaf content, total 
soluble sugar content and 
antioxidant enzyme activities

Hmaeid et al. 
(2019)
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 microorganisms in heavy metal-contaminated soils. They act symbiotically with 
many plant roots and trigger nutrient absorption in plants (Saxena et  al. 2017). 
Various reports of responses of plants inoculated with microbes during heavy metal 
tolerance are provided in the following table (Table 26.4).

26.5.4  Temperature Stress

Environmental and climatic variations adversely affect crop productivity and food 
security worldwide. Heat stress and cold conditions adversely impact functional, 
structural, biochemical and genetic modifications in plants that affect crop produc-
tion. Heat stress may disrupt the cell membrane, membrane permeability, water 
content (transpiration), cell differentiation, membrane integrity, cell elongation, cell 
expansion and microtubular organization in plants (Kumar and Verma 2018). 
Moreover, heat stress also alters the carbon flux of the chloroplast stroma and thy-
lakoid membrane and disturbs photosynthetic activities which results in declined 
crop yield (Bita and Gerats 2013). In addition, exposure to low temperature and 
high temperature leads to inactivation of various enzymatic functions, proteins, 
reactive oxygen species accumulation in wheat crop plants, ultimately leading to 
oxidative stress. Bacillus spp. produce heat-resistant endospores which makes them 
suitable candidates in terms of stability and efficient biological products (Yánez-
Mendizábal et  al. 2012). Meena et  al. (2015) studied the effect of Pseudomonas 
aeruginosa on wheat under high-temperature condition. It was suggested that wheat 
seed treatment with Pseudomonas aeruginosa resulted in decline in the cell mem-
brane injury and enhancement in plant height, root length, leaf area, total dry matter, 
total chlorophyll content and relative water content. It was further reported that 
Pseudomonas putida strain AKMP7 improved survival and growth of wheat plants 
under heat stress. It was found that inoculation reduced membrane injury and the 
activity of several antioxidant enzymes such as SOD, APX and CAT. The levels of 
cellular metabolites were also improved. A stimulation in the root and shoot length, 
dry biomass and grain formation of wheat was also reported during temperature 
stress conditions (Ali et al. 2010). Kang et al. (2015) studied the effect of Serratia 
nematodiphila on the biochemical and physio-hormonal attributes of pepper 
(Capsicum annuum L.) plants grown under low-temperature stress. Inoculation of 
Serratia nematodiphila alleviated the injurious effects of low temperature on pepper 
of 5 °C. It was revealed that ABA was enhanced endogenously in pepper plants, 
followed by stimulation of endogenous jasmonic acid and reduction in salicylic acid 
(Kang et al. 2015).
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Table 26.4 Utilization of rhizospheric microbes in heavy metal stress tolerance in plants

Sl. 
No. Plant Microbe inoculated

Heavy 
metals

Effect of microbes on 
plants during heavy metal 
stress References

1. Alnus firma Bacillus thuringiensis As, 
Pb, 
Ni, 
Zn, cu

Enhanced plant biomass, 
chlorophyll content, nodule 
number and heavy metal 
accumulation

Babu et al. 
(2013)

2. Sedum 
plumbizincicola

Phyllobacterium 
myrsinacearum RC6b

Cd, 
Zn, cu

Production of 
1-aminocyclopropane-1- 
carboxylic acid deaminase, 
indole-3-acetic acid, 
siderophore and phosphate 
solubilization. Increased 
growth and accumulation 
of metals in plant organs

Ma et al. 
(2013)

3. Oryza sativa Bacillus 
Licheniformis 
NCCP-59

Ni Improved seed germination 
rate and biochemical 
attributes of the plant

Jamil et al. 
(2014)

4. Miscanthus 
sinensis

Pseudomonas 
koreensis

As, 
cd, cu, 
Pb and 
Zn

Increased biomass, 
chlorophyll and protein 
content. Higher SOD and 
CAT while lowered 
malondialdehyde content

Babu et al. 
(2015)

5. Vicia faba Rhizobium sp. 
CCNWSX0481, 
Rhizobium 
leguminosarum bv. 
viciae, Enterobacter 
cloacae and 
Pseudomonas sp.

Cu Increased dry weight and 
decreased metal 
accumulation in plant 
organs. Altered activities of 
antioxidant enzymes

Fatnassi 
et al. 
(2015)

6. Eruca sativa Pseudomonas putida Ni Increased root and shoot 
length, fresh and dry 
weight along with Ni 
uptake

Kamran 
et al. 
(2016)

7. Solanum 
lycopersicum

Funneliformis 
mosseae (syn. 
Glomus mosseae), 
Rhizophagus 
intraradices (syn. 
Glomus intraradices) 
and Claroideoglomus 
etunicatum (syn. 
Glomus etunicatum)

Cd Enhanced activity of 
antioxidant enzymes and 
reduction in the MDA 
content

Hashem 
et al. 
(2016)

8. Spartina 
densiflora

P. agglomerans RSO6 
and RSO7 and 
B. aryabhattai RSO25

As, 
cu, Pb 
and 
Zn

Enhanced germination rate Paredes- 
Páliz et al. 
(2016)

(continued)
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Table 26.4 (continued)

Sl. 
No. Plant Microbe inoculated

Heavy 
metals

Effect of microbes on 
plants during heavy metal 
stress References

9. Eruca sativa Pseudomonas putida Ni Increased root, shoot length 
fresh and dry weight and 
Ni uptake

Kamran 
et al. 
(2016)

10. Althea rosea Bacillus thuringiensis 
002, Bacillus fortis 
162, Bacillus subtilis 
174

Ni Improved root and shoot 
biomass of treated plants

Khan et al. 
(2017a)

11. Catharanthus 
roseus

Pseudomonas 
fluorescens RB4 and 
Bacillus subtilis 189

Cu, Pb Improved translocation and 
metal bioconcentration 
factors and increased fresh 
weight (FW)

Khan et al. 
(2017b)

12. Hibiscus 
cannabinus

Enterobacter sp. 
strain EG16

Cd Improved plant growth, 
probably as a result of 
increased plant uptake of 
Fe and immobilization of 
cd2+ that decreased 
accumulation of Cd in 
different plant tissues

Chen et al. 
(2017)

13. Cicer arietinum Bacillus subtilis, 
Bacillus thuringiensis 
and Bacillus 
megaterium

Ni, Pb Enhanced accumulation of 
heavy metals in plant 
shoots

Khan et al. 
(2017a, b)

14. Capsicum 
annuum

Funneliformis 
mosseae or 
Rhizophagus 
intraradices

Cu Inoculation with 
mycorrhizal fungi 
increased metal tolerance 
and improved plant growth 
and stability of membranes 
along with photosynthetic 
activities

Ruscitti 
et al. 
(2017)

15. Cicer arietinum Trichoderma As Increased GPX, SOD and 
GR activities, chlorophyll 
pigments with higher 
accumulation of stress- 
responsive amino acids 
(proline, cysteine, glycine 
and methionine), enhanced 
seed germination, plant 
height, dry weight and 
pods

Tripathi 
et al. 
(2017)

16. Cicer arietinum Bacillus subtilis, 
Bacillus thuringiensis 
and Bacillus 
megaterium

Ni, cd, 
Pb

Increased accumulation of 
heavy metals in plant 
shoots

Khan et al. 
(2018)

(continued)
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26.6  Plants under Biotic Stresses

Living organisms, particularly fungi, nematodes, insects, arachnids, viruses, bacte-
ria and weeds cause biotic stress in plants. In agricultural practices, biotic stress is a 
foremost reason of pre- and postharvest losses (Singla and Krattinger 2016). 
Exposure to such stressful conditions by their surroundings adversely affects their 
growth, development and their metabolic processes throughout their life cycle 
(Jeandroz and Lamotte 2017). Infection caused by virus, fungi, bacteria, etc., leads 
to induce the defensive mechanism inside the plant cells to resist the further attack 
of microbes, the phenomenon called as induced systemic resistance (ISR). Synthesis 
of allopathic compounds like antibiotics, siderophores, etc., by plant growth- 
promoting mycorrhiza competes for nutrition and ecotype, which further declines 
the growth of pathogens (Jain et al. 2013). In Panax ginseng, systemic resistance 
was observed against Phytophthora where B. amyloliquefaciens strain HK34 has 
promoted the resistance against pathogen P. cactorum (Lee et al. 2015). Reports 
were also found with Bacillus and Pseudomonas strains, which provide resistance 
in many crops like Oryza sativus (Chithrashree et  al. 2011) against 
Xanthomonas oryzae.

Table 26.4 (continued)

Sl. 
No. Plant Microbe inoculated

Heavy 
metals

Effect of microbes on 
plants during heavy metal 
stress References

17. Lathyrus 
sativus

R. leguminosarum, 
B. simplex, 
Variovorax sp., 
Luteibacter sp., 
P. fluorescens

Pb Increased proline 
biosynthesis, carotenoid 
and chlorophyll pigments 
as well as total soluble 
sugar concentration, altered 
activities of SOD, GPOX, 
CAT and APX enzymes in 
leaves and roots

Abdelkrim 
et al. 
(2018)

18. Lens culinaris Bacillus anthracis, 
Bacillus cereus

Cr Increased shoot and root 
length, fresh and dry 
weight, number of leaves, 
chlorophyll and carotenoid 
content

Hadia-e- 
Fatima 
(2018)

19. Lycopersicon 
esculentum

Pseudomonas 
aeruginosa and 
Burkholderia gladioli

Cd PGPRs induced cd 
tolerance through enhanced 
expression of the SOD, 
POD and PPO genes, 
reduced expression of CAT, 
GR, GST, GPOX and 
APOX genes

Khanna 
et al. 
(2019)

20. Medicago 
sativa

Paenibacillus 
mucilaginosus and 
Sinorhizobium 
meliloti

Cu Enhanced activities of 
antioxidant enzymes and 
improved cu uptake in 
plant tissues

Ju et al. 
(2019)
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Against the primary infection, systemic acquired resistance (SAR) provides 
complete defensive strategy. In this phenomenon, a plant is able to identify the 
pathogen molecular pattern and contributes in the synthesis of metabolites and plant 
growth regulators by altering the gene expression, hence detoxifying the pathogens 
(Sunkar et al. 2012). In tomato plants, synthesis of indole acetic acid, biocontrol 
features and phosphate solubilization process, etc., growth-stimulating efficiency is 
activated due to the isolation of Bacillus and Arthrobacter species from the rhizo-
sphere (Banerjee et al. 2010). Thus microbes play a pivotal role in promoting the 
microbial diversity and maintaining the functional equilibrium in the degraded land.

26.7  Commercial Application of Microbes for Stress 
Management during Sustainable Agriculture

Under different stress conditions, plant growth-promoting bacteria (PGPB) and 
mycorrhizal fungi help in regulating the plant growth and development. Even the 
application of proficient plant growth-promoting mycorrhizal fungi leads to the 
improved sustainable agriculture (Kumar and Verma 2018). Conversely some more 
novel strategies are also required to consider the interaction of plants and microbes 
for the control of growth and spreading of diseases under sustainable agriculture 
system (Finkel et al. 2017). Application of PGPM stimulates the synthesis of plant 
growth regulators, hence managing the nutritional and hormonal balance by induc-
ing the resistance against plant pathogens (Spence and Bais 2015). They also syn-
thesize the plant metabolites, which cause increase in the mortality rate of pathogens, 
as siderophore production in rhizosphere by the microbes leads to less availability 
of iron to them (Shahid et al. 2017). Under adverse conditions, some microbes com-
bat the harmful effects by alteration in the gene expressions via sigma factor and 
also help in altering the activities of certain significant enzymes such as chitinase, 
glucanase, etc., thus regulating plant growth and development (Gupta et al. 2015a, b).

Arbuscular mycorrhiza (AM) most commonly exists in soil and plays a key role 
in uptake, transport and translocation of minerals and nutrients in plants, hence 
regulating the nutrient cycle. They can also act as an impending alternative for pes-
ticides and inorganic fertilizers (Kumar and Verma 2018). Microbial applications 
can be used as biofertilizers or biopesticides for the improvements of various growth 
traits of plants. They are also helpful in the suppression of certain plant disease and 
degradation of fungal cell wall by changing the activities of crucial enzymes due to 
synthesis of antibodies and, hence, ameliorate the adverse effects of biotic stress 
(Ahmad et al. 2018). These strategies in agricultural practices can improve the pro-
duction of organic food, vegetables and also financial income of the farmers.
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26.8  Conclusions and Future Prospects

The present scenario depicts that different types of environmental stresses hinder 
plant growth and metabolism which ultimately affects the survival of the plant. 
They are known to be the major constraints for productivity, quality, security and 
yield of the crops. The most promising approach nowadays, is the utilization of 
beneficial microorganisms as a stress removal tools and exploration of plant-micro-
bial and soil associations. The growth of plants and their yield is dependent upon 
nutrient availability at soil-root surface interface that is under the influence of bio-
logical factors such as roots and microbes of rhizospheric origin. The microbes 
enhance growth of plants by regulating hormonal balance, nutrition, siderophore 
production and modulation of antioxidative defence system of the plants. The use of 
microbes therefore solves the problems associated with sustainable agriculture 
including food safety, quality and productivity. On the basis of the favourable 
aspects of microorganisms, they can be recommended to be used as formulations in 
the commercial market after testing. Thus, the development of stable formulations 
is established as the other most effective approach towards sustainable agriculture 
through replacement in the use of chemical pesticides and fertilizers. Although, 
precautionary field trials with different rhizobacterial strains should be encouraged 
before the commercial exploitation of plant growth-promoting microorganisms.
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Abstract At present, the erratic environmental conditions along with ever- 
increasing human population have created a problem for the agricultural researchers 
to fulfill the world food demand, with present rate of increase in crop production. 
Increase in world mean temperature along with shortage of freshwater has further 
worsened this situation. Due to increasing greenhouse effect in last few decades, it 
has increased the average world temperature more than 1.5  oC that increased the 
evapotranspiration and created a problem of aridity in some areas of the world. It is 
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estimated that till 2050, there is a need to double the world food production with a 
rate of 2–5% per year but present rate of only 0.9%. It is only possible by increasing 
the crop production area or by crop production per capita. The former one is not 
possible in present environmental conditions due to limited sources of freshwater. 
However, it is possible to achieve the latter one through different ways, when there 
is a limited supply of water. It is possible through the selection from the available 
germplasm that can perform better with better production under the changing envi-
ronmental conditions, and it seems the important and foremost way to deal with the 
problems of world food demand. Crop breeding for the selection of varieties with 
better production under changing and stressful environmental conditions is gaining 
interest. In this regard, the selection of crop varieties against different abiotic 
stresses for better production seems to be the most important one. Normally, the 
breeding for the selection of stress-tolerant crop varieties is based on different agro-
nomic traits (traits of interest) such as plant biomass production, yield attributes, 
and different stress tolerance indices that are considered necessary ones. The stress 
tolerance mechanism in plants is a phenomenon of different cellular physio- 
biochemical attributes. However, it is a complex mechanism because the stress tol-
erance in crops is multigenic and complex mechanism and is purely under the 
control of genetics. In this regard, present interest and focus of researchers in the 
study of quantitative trait loci (QTLs) has played an important role for the selection 
and development of stress-tolerant crop varieties in a short time. Though the fruitful 
success regarding the QTL-based selection has been achieved, but due to the com-
plexity in multigenic nature of stress tolerance, the behavior of the crop varieties 
changes under the changing environmental conditions. The present chapter is a 
comprehensive update regarding selection of stress-tolerant crop varieties for better 
production under the changing environmental conditions. So, in the future in view 
of changing environmental scenario, it is necessary to find out or develop the crop 
varieties that can perform better with better production under such conditions that 
will be fruitful to fulfill the world food demand for ever-increasing world population 
at present and in the near future.

Keywords Environmental stresses · Crop plants · Breeding · Physiological traits · 
Agronomic traits · QTLs

27.1  Introduction

Climate can be defined as the change in weather conditions in a given region for a 
long period of time that range from decades to millions of years. The climate change 
may be concise to a specific region or across the entire earth (Sahney et al. 2010). 
Farmers have developed ways to the changing climatic conditions but the changing 
weather conditions in a way are major problems for the proper crop growth and 
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production (Adger et al. 2007). Changing environmental conditions are major threat 
to annual food production that causes the problem of malnutrition and food security. 
Furthermore, these changing environmental conditions could lead to different abi-
otic stresses like drought (Hendrix and Glaser 2007; Lobell et al. 2008). Among 
environmental issues the changes in rainfall patterns is major one, which could 
cause drought in one area and flooding in others with a significant decline in crop 
production and final yield (Hendrix and Glaser 2007) that causes the problem of 
food security for ever-increasing world population (Brown and Funk 2008).

Due to increased urbanization a huge amount of greenhouse gasses have been 
added in environments that have resulted in annual increase in temperature. It is 
estimated that the average increase in temperature is about 0.8 °C globally, while in 
Pakistan the average temperature increase is 0.5 °C that results in an increase in 
number of heat shocks per year (El-Sharkawy 2014). This increase in temperature 
has been resulted in decreased plant growth due to increased transpiration rate and 
low availability of irrigation water (El-Sharkawy 2014).

The gradual increase in earth’s temperature can cause the melting of the ice caps, 
rise on the sea level, and many other environmental challenges. The main reason 
behind this is the accumulation of the greenhouse gases and in the future it could be 
more dangerous for the health, safety, and welfare of the ecosystem (Mahmood 
et al. 2010). High temperature can result in increased growth for the crops growing 
in cooler but in most of cases the negative results in crop yield are expected under 
high temperature. High temperature results in water shortage in crops growing in 
the areas with low rainfall. High temperature directly affects the different physio-
logical and biochemical processes in the plants (Karl et al. 2009). There are four 
major compounds that are responsible for the greenhouse effect. These compounds 
include CO2 that took play their 50–55% role in greenhouse effect. The other com-
pounds include chlorofluorocarbons (CFCs), methane, and nitric oxide (NO2) 
(Nepstad et al. 2009; Smith and Gregory 2013). Furthermore, increased deforesta-
tion along with high atmospheric CO2 in the environment may result in more 
increase in mean atmospheric temperature and problems could be more severe. 
High temperature significantly affects the plant growth especially at early growth 
stages. Normally, the temperature ranging from 35 to 45 °C results in heat stress 
(Mahmood et al. 2010; Ulukan 2011). Heat stress directly affects the plant metabo-
lism that leads to the damage to the cellular membranes due to overproduction of 
reactive oxygen species (Yousfi et al. 2010).

Human activities are affecting earth’s natural environment since after the indus-
trial revolution around 1750. This significantly affected the ratio between incoming 
solar radiations and outgoing infrared radiations that are the major part of earth 
energy balance. The increased concentration of all greenhouse gases in the atmo-
sphere has further increased the atmospheric temperature. CO2 is increased due to 
industrialization, urbanization, and increased consumption and burning of fossil 
fuels. Agriculture, landfills, and natural gas distributions have increased the concen-
tration of methane in the environment. NO2 have been increased due to increased 
use of fertilizers and fossil fuels. All these factors collectively increased the effect 
of global warming that result in annual increase in temperature of the atmosphere 
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(IPCC 2007). Global temperature has been significantly increased during the twen-
tieth century (Alexander et al. 2006). Average global temperature has been risen 
1.1°F just in past thirty years (Hansen et  al. 2006). There is a direct correlation 
between annual increase in temperature and increased concentration of greenhouse 
gasses. It has been estimated by the IPCC that the human activities have increased 
the concentration of greenhouse gasses up to 70% from 1970 to 2004. The IPCC 
states that the rise of global temperatures is due to human activity and predicts the 
average global temperature can rise 2 to 11.5°F by 2100 (IPCC 2013).

At present due to rapid increase in population, it increased the demand for food 
with better nutritional quality. Along with the world population increase, the chang-
ing environmental condition has further created a problem to fulfill this demand. 
There is a need of 2.9% in crop production till 2050 to fulfill the food demand of 
ever-increasing population. Further food production, storage, and marketing are 
also directly linked to weather extremes and climatic changing conditions. Global 
food security can be defined as when all the people have access to safe and nutri-
tious food to meet their dietary needs (FAO 1996). World food supply is dependent 
on few crops especially cereals, oil seeds, sugars, and soybeans. The demand for 
these crops is increasing with increasing population, but due to change in environ-
mental condition and adverse effects of abiotic stress, the growth and production of 
these crops is affected adversely (Curtis and Halford 2014). Yields of these crops are 
directly depending on environmental conditions. Sudden change in the environment 
and harsh climatic conditions reduce the crop production.

Climatic changes have significant effects on water resources, human health, and 
food security especially in developing countries (Magadza 2006). Huge literature 
has been cited to study the effect of the environment on crop yield especially in 
cereals like wheat, maize, and rice. Environmental changes are one of the most sig-
nificant factors that directly affect the crop growth and production (Magadza 2006). 
During past few decades climatic conditions have changed so rapidly that signifi-
cantly affected the annual food production. Changes in rainfall patterns and annual 
increase in atmospheric temperature due to global warming have significantly 
decreased the crop production and the problem is getting more severe in the coming 
future (Reddy and Pachepsky 2000). Climatic changes are a global phenomenon but 
developing countries are affected more due to its dependence on agriculture. Food 
security and availability of water are highly susceptible to changing environmental 
conditions. Due to these changing environmental conditions and annual increase in 
temperature, it is estimated that the Himalayan glaciers will disappear by 2035. This 
rapid melting of glacier will result in floods in some areas and water shortage in 
others (Misra 2014). Many studies have revealed that the climatic change has direct 
effect on food production (Janjua et al. 2010; Kirby et al. 2016). It is estimated that 
the wheat production of South Asian countries will decrease up to 50% by 2050 
(Mahmood et al. 2010). It is stated by Peterson Institute that global warming will 
decrease the agricultural productivity by 10–25 % in almost all developing coun-
tries and if it remains unchanged it will also reduce the agricultural capacity. 
Therefore climate changes have serious threat to food production if the problem is 
not resolved (Cline 2007). Due to global warming, the areas suitable for crop growth 
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are becoming too hot and too dry and the problem is becoming more severe in the 
coming future (Hatfield et al. 2008; Karl et al. 2009; Gornall et al. 2010; Muller 
et al. 2011).

Any external factor that negatively or positively affects the plant growth, metab-
olism, reproductive mechanism, as well as yield and productivity is termed as 
“stress.” Stresses can be categorized into two main classes such as abiotic (environ-
mental) and biotic (biological) stresses. Abiotic stresses include nonliving factors 
such as water, temperature, salinity, light, and heavy metal stress that may be 
imposed by the environment on plants while biotic stresses are caused by living 
organisms such as insect, diseases, or any other plants that may be exposed to the 
plant during its lifetime (Rhodes and Nadolska-Orczyk 2001; Kranner et al. 2010) 
(Tables 27.1 and 27.2).

Abiotic stresses are result of nonbiological factors that alter the growth, repro-
duction, and life cycle of plants. Some sources of abiotic stresses are changes in 
water status, temperature, salinity, soil nutrient levels, etc. These stresses are classi-
fied into external environmental or nutritional stresses that can either positively 
(eustress) or negatively (distress) affect plant growth and metabolism. These stresses 
can affect the plants through disturbance in its life cycle by disturbing its cellular 
mechanism at physiological and molecular levels (Shao et  al. 2009; Kranner 
et al. 2010).

Among different abiotic stresses, drought or water deficiency is one of the major 
hindering factors affecting all the growth and metabolic processes by dehydration 
that ultimately reduced the crop productivity (Zhu 2001; Sazzad 2007). The fore-
most effect of water stress is an imbalance in osmotic and metabolic activities 
resulting in closure of stomata and losses of turgidity. So, water stress restricts the 
uptake of CO2 that represses the cell growth and, therefore, reduces the process of 
photosynthesis (Shinozaki and Yamaguchi-Shinozaki 2000). The prolonged expo-
sure of plants to these water deficit conditions results in permanent wilting and 
ultimately the death of plants.

All plant species require optimal temperature for their normal growth and metab-
olism. Therefore, this optimal temperature is an important factor for distribution of 
plant species on the planet. The optimal of daytime temperature for plants ranges 
between −70 and 60  °C that is significantly affected by local topology (Sazzad 
2007; Kranner et al. 2010). Another major factor that disturbs the life cycle of plants 
from germination (beginning) to reproduction is temperature stress. The changes in 
temperature can cause uncontrollable damages or even plant death. Temperature 
stress also causes the initiation of other stresses such as drought and salinity. 
Temperature stress is divided into two types, i.e., cold (low temperature) and heat 
(high temperature) stress. The former can cause unmanageable physical and 
mechanical damages to plants that result in severe cell disruption, while latter one 
reduces the growth and nutrient uptake. Freezing stress also results in freezing inju-
ries. It is the result of cell desiccation that occurs when water moves from cells to 
intercellular spaces due to high water potential outside the cell. Cold stress leads to 
molecular precipitation, membrane damage, cell lysis, and production of reactive 
oxygen species, especially at molecular level. Another most important temperature 

27 Breeding Plants for Future Climates



758

Ta
bl

e 
27

.1
 

St
ud

ie
s 

sh
ow

in
g 

th
e 

se
le

ct
io

n 
of

 d
ro

ug
ht

-t
ol

er
an

t c
ro

p 
ge

no
ty

pe
s 

w
he

n 
gr

ow
n 

un
de

r 
di

ff
er

en
t a

gr
oc

lim
at

ic
 c

on
di

tio
ns

C
ro

p 
ty

pe
E

xp
er

im
en

ta
l 

co
nd

iti
on

s
St

ud
ie

d 
ch

ar
ac

te
ri

st
ic

s
N

o.
 o

f 
lin

es
/

ge
no

ty
pe

s 
us

ed
Se

le
ct

ed
 to

le
ra

nt
 li

ne
s

St
ud

ie
d 

ar
ea

R
ef

er
en

ce
s

B
et

a 
vu

lg
ar

is
G

re
en

ho
us

e 
ex

pe
ri

m
en

t
G

ro
w

th
 a

nd
 y

ie
ld

 p
ar

am
et

er
s,

 s
ug

ar
, p

ro
lin

e,
 

an
d 

L
R

W
C

Te
n 

po
pu

la
tio

ns
 

an
d 

tw
o 

co
nt

ro
l 

va
ri

et
ie

s

SC
 C

2×
S7

, S
C

 C
2×

S1
0,

 
an

d 
SC

 C
2×

S1
1

Ir
an

Ta
gh

iz
ad

eg
an

 
et

 a
l. 

(2
01

9)

O
ry

za
 s

at
iv

a 
L

.
G

la
ss

 h
ou

se
R

el
at

iv
e 

w
at

er
 c

on
te

nt
, o

sm
ot

ic
 p

ot
en

tia
l, 

m
em

br
an

e 
da

m
ag

e,
 c

hl
or

op
hy

ll 
co

nt
en

t, 
ph

en
ol

ic
 a

ci
ds

, M
D

A
, a

nd
 to

ta
l p

he
no

lic
 

co
nt

en
t

Tw
o 

va
ri

et
ie

s
PR

-1
15

In
di

a
K

ha
n 

et
 a

l. 
(2

01
7)

Z
ea

 m
ay

s 
L

.
Po

t 
ex

pe
ri

m
en

t
G

ro
w

th
 a

nd
 y

ie
ld

, l
ip

id
 p

er
ox

id
at

io
n 

ra
te

 a
nd

 
lip

ox
yg

en
as

e 
ac

tiv
ity

, a
nt

io
xi

da
nt

 a
ct

iv
ity

, 
os

m
ol

yt
e 

ac
cu

m
ul

at
io

n 
pr

ofi
le

T
hr

ee
 h

yb
ri

ds
D

on
g-

D
an

 8
0

C
hi

na
A

nj
um

 e
t a

l. 
(2

01
7a

, b
)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
G

re
en

ho
us

e 
ex

pe
ri

m
en

t
N

um
be

r 
of

 d
ay

s 
to

 h
ea

di
ng

 (
D

T
H

),
 d

ay
s 

to
 

m
at

ur
ity

 (
D

T
M

),
 p

ro
du

ct
iv

e 
til

le
r 

nu
m

be
r 

(T
N

),
 

pl
an

t h
ei

gh
t (

PH
),

 s
pi

ke
 le

ng
th

 (
SL

),
 s

pi
ke

le
t 

pe
r 

sp
ik

e 
(S

PS
),

 k
er

ne
ls

 p
er

 s
pi

ke
 (

K
PS

),
 

th
ou

sa
nd

 k
er

ne
l w

ei
gh

t (
T

K
W

),
 a

nd
 g

ra
in

 y
ie

ld
 

(G
Y

) 
an

d 
pr

ol
in

e 
co

nt
en

t (
PC

)

96
 g

en
ot

yp
es

L
M

29
, L

M
22

, L
M

04
, 

L
M

77
, L

M
71

, L
M

23
, 

L
M

10
0,

 L
M

27
, L

M
85

, 
L

M
96

, L
M

03
, L

M
31

, 
L

M
35

, L
M

44

So
ut

h 
A

fr
ic

a
M

w
ad

zi
ng

en
i 

et
 a

l. 
(2

01
6)

B
et

a 
vu

lg
ar

is
Fi

el
d 

ex
pe

ri
m

en
t

R
oo

t y
ie

ld
, b

ri
x 

%
 a

ge
, b

ro
w

n 
su

ga
r 

yi
el

d,
 

ch
lo

ro
ph

yl
l c

on
te

nt
, a

nd
 r

oo
t y

ie
ld

17
 g

en
ot

yp
es

C
au

ve
ry

 a
nd

 S
re

na
da

B
an

gl
ad

es
h

G
an

ap
at

i e
t a

l. 
(2

01
6)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
T

O
L

, S
T

I,
 S

SI
, H

M
, G

M
P,

 M
P,

 m
od

ifi
ed

 S
T

I 
un

de
r 

op
tim

um
 c

on
di

tio
ns

 (
K

1S
T

I)
, a

nd
 S

T
I 

un
de

r 
st

re
ss

 c
on

di
tio

n 
(K

2S
T

I)

13
 h

yb
ri

ds
B

io
-9

68
1 

an
d 

H
Q

PM
-7

R
aj

as
th

an
K

um
ar

 e
t a

l. 
(2

01
5)

B
ra

ss
ic

a 
na

pu
s 

L
.

Fi
el

d 
ex

pe
ri

m
en

t
St

re
ss

 s
en

si
tiv

ity
 in

de
x 

(S
SI

),
 to

le
ra

nc
e 

in
de

x 
(T

O
L

),
 M

P,
 G

M
P,

 a
nd

 S
T

I
28

 c
ul

tiv
ar

s
N

k 
fa

ir
 a

nd
 O

as
e

Ir
an

M
aj

id
i e

t a
l. 

(2
01

5)
So

la
nu

m
 

ly
co

pe
rs

ic
um

L
ab

 
ex

pe
ri

m
en

t
SS

I,
 S

T
I,

 T
O

L
, G

M
P,

 M
P,

 Y
I,

 a
nd

 Y
SI

15
 c

ul
tiv

ar
s

C
11

, C
15

, a
nd

 C
10

Je
dd

ah
M

et
w

al
i e

t a
l. 

(2
01

5)

Q. Ali et al.



759

C
ro

p 
ty

pe
E

xp
er

im
en

ta
l 

co
nd

iti
on

s
St

ud
ie

d 
ch

ar
ac

te
ri

st
ic

s
N

o.
 o

f 
lin

es
/

ge
no

ty
pe

s 
us

ed
Se

le
ct

ed
 to

le
ra

nt
 li

ne
s

St
ud

ie
d 

ar
ea

R
ef

er
en

ce
s

B
et

a 
vu

lg
ar

is
G

re
en

ho
us

e 
ex

pe
ri

m
en

t
Se

ve
n 

dr
ou

gh
t i

nd
ic

es
 in

cl
ud

in
g 

SS
I,

 S
T

I,
 T

O
L

, 
M

P,
 H

A
R

M
, G

M
P,

 a
nd

 y
ie

ld
 lo

ss
 r

at
io

 (
S)

Fo
ur

 c
ul

tiv
ar

s
H

ay
ol

a 
40

8 
an

d 
H

ay
ol

a 
30

8
Ir

an
N

ad
er

i a
nd

 
E

m
am

 (
20

14
)

So
la

nu
m

 
ly

co
pe

rs
ic

um
Po

t 
ex

pe
ri

m
en

t
SS

I,
 r

el
at

iv
e 

dr
ou

gh
t i

nd
ex

 (
R

D
I)

, M
P,

 S
T

I,
 S

I,
 

dr
y 

w
ei

gh
t y

ie
ld

 in
de

x,
 s

up
er

io
ri

ty
 in

de
x,

 G
M

P,
 

ha
rm

on
ic

 m
ea

n 
(H

M
),

 d
ro

ug
ht

 r
es

is
ta

nc
e 

in
de

x 
(D

I)
, m

od
ifi

ed
 s

tr
es

s 
to

le
ra

nc
e 

in
de

x 
(M

ST
I)

, 
ab

io
tic

 to
le

ra
nc

e 
in

de
x 

(A
T

I)
, s

tr
es

s 
su

sc
ep

tib
ili

ty
 p

er
ce

nt
ag

e 
in

de
x 

(S
SP

I)
, 

se
ns

iti
vi

ty
 d

ro
ug

ht
 in

de
x 

(S
D

I)
, r

el
at

iv
e 

de
cr

ea
se

 (
R

D
)

41
 to

m
at

o 
po

pu
la

tio
n

G
12

5,
 G

10
5,

 a
nd

 G
10

4
Se

rb
ia

B
rd

ar
-J

ok
an

ov
ić

 
et

 a
l. 

(2
01

4)

B
ra

ss
ic

a 
na

pu
s 

L
.

Po
t 

ex
pe

ri
m

en
t

Pl
an

t h
ei

gh
t, 

SF
W

, S
D

W
, R

L
, R

FW
, R

D
W

, L
A

, 
le

af
 N

a+
, l

ea
f 

K
+
, K

+
/N

a+

11
 c

an
ol

a 
cu

lti
va

rs
K

S-
75

 a
nd

 R
ai

nb
ow

 
hi

gh
ly

 to
le

ra
nt

, S
hi

ra
le

e,
 

D
G

L
, W

es
ta

r, 
K

H
-6

5,
 

an
d 

L
eg

en
d 

as
 

m
od

er
at

el
y 

to
le

ra
nt

Pa
ki

st
an

H
aq

 e
t a

l. 
(2

01
4a

, b
)

H
el

ia
nt

hu
s 

an
nu

us
Fi

el
d 

ex
pe

ri
m

en
t

M
ea

n 
pr

od
uc

tiv
ity

 (
M

P)
, S

T
I,

 G
M

P,
 H

A
R

M
, 

SN
PI

, Y
I,

 D
I,

 m
od

ifi
ed

 s
tr

es
s 

to
le

ra
nc

e 
in

de
x 

in
 

op
tim

um
 ir

ri
ga

tio
n 

(M
PS

T
I)

, a
nd

 m
od

ifi
ed

 
st

re
ss

 to
le

ra
nc

e 
in

de
x 

in
 m

od
er

at
e 

an
d 

se
ve

re
 

st
re

ss
 (

M
sS

T
I)

56
 la

nd
ra

ce
s

A
ng

ha
ne

 4
, M

ar
an

d-
 

D
iz

aj
- G

ha
la

m
i, 

Sa
lm

as
-S

ad
ag

hi
an

, 
G

ha
ra

go
z1

, S
ar

ib
ag

lo
u 

5

Ir
an

G
ho

lin
ez

ha
d 

et
 a

l. 
(2

01
4)

Z
ea

 m
ay

s 
L

.
Pr

ot
ei

n 
N

IR
, s

ta
rc

h,
 o

il,
 p

ro
te

in
 K

je
ld

ah
l, 

tr
yp

to
ph

an
, Q

I,
 a

nd
 k

er
ne

l t
yp

e
13

 la
nd

ra
ce

s
L

3,
 I

P2
, a

nd
 I

P8
Se

rb
ia

Ig
nj

at
ov

ic
-M

ic
ic

 
et

 a
l. 

(2
01

4)
So

la
nu

m
 

ly
co

pe
rs

ic
um

L
ab

or
at

or
y 

ex
pe

ri
m

en
t

G
er

m
in

at
io

n 
ra

te
 a

nd
 p

er
ce

nt
ag

e,
 s

ho
ot

 a
nd

 
ro

ot
 le

ng
th

 a
nd

 th
ei

r 
ra

tio
, s

ho
ot

 a
nd

 r
oo

t f
re

sh
 

an
d 

dr
y 

w
ei

gh
t, 

sh
oo

t a
nd

 r
oo

t m
oi

st
ur

e 
co

nt
en

t, 
sh

oo
t t

o 
ro

ot
 r

at
io

, a
nd

 r
el

at
iv

e 
w

at
er

 
co

nt
en

t

12
0 

lin
es

19
90

5,
 1

99
06

, L
A

07
16

, 
an

d 
L

A
07

22
Pa

ki
st

an
Sh

am
im

 e
t a

l. 
(2

01
4) (c

on
tin

ue
d)

27 Breeding Plants for Future Climates



760

Ta
bl

e 
27

.1
 

(c
on

tin
ue

d)

C
ro

p 
ty

pe
E

xp
er

im
en

ta
l 

co
nd

iti
on

s
St

ud
ie

d 
ch

ar
ac

te
ri

st
ic

s
N

o.
 o

f 
lin

es
/

ge
no

ty
pe

s 
us

ed
Se

le
ct

ed
 to

le
ra

nt
 li

ne
s

St
ud

ie
d 

ar
ea

R
ef

er
en

ce
s

B
et

a 
vu

lg
ar

is
Fi

el
d 

ex
pe

ri
m

en
t

M
ea

n 
pr

od
uc

tiv
ity

, S
T

I,
 G

M
P,

 S
T

I,
 y

ie
ld

 
st

ab
ili

ty
 in

de
x,

 a
nd

 m
od

ifi
ed

 s
tr

es
s 

to
le

ra
nc

e 
in

de
x

15
 c

ul
tiv

ar
s

K
ar

un
, N

K
 A

vi
at

or
, a

nd
 

N
K

 O
ct

an
s

Ir
an

A
lia

kb
ar

i e
t a

l. 
(2

01
4)

Z
ea

 m
ay

s 
L

.
Fi

el
d 

ex
pe

ri
m

en
t

G
er

m
in

at
io

n 
%

, o
ve

ra
ll 

su
rv

iv
al

 %
62

 m
ai

ze
 

in
br

ed
 li

ne
s 

an
d 

th
ei

r 
hy

br
id

 te
st

 
cr

os
s

2,
 1

3,
 1

8,
 2

8,
 3

1,
 3

8,
 3

9,
 

42
, 4

7,
 5

0,
 5

4,
 5

7,
 5

8,
 6

1
U

SA
M

ee
ks

 e
t a

l. 
(2

01
3)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
Fi

el
d 

ex
pe

ri
m

en
t

ST
I,

 S
SI

, T
O

L
, H

A
M

, G
M

P,
 M

P,
 Y

I,
 Y

SI
, x

 D
I,

 
A

T
I,

 s
tr

es
s 

no
n-

st
re

ss
 p

ro
du

ct
 in

de
x 

(S
N

PI
),

 
M

ST
I,

 a
nd

 S
SP

I 
w

er
e 

ca
lc

ul
at

ed
 b

as
ed

 o
n 

gr
ai

n 
yi

el
d 

un
de

r 
dr

ou
gh

t (
Y

s)
 a

nd
 ir

ri
ga

te
d 

co
nd

iti
on

s 
(Y

p)

15
 g

en
ot

yp
es

Sa
ji 

an
d 

R
iz

ha
v

Ir
an

D
eh

ba
la

ei
 e

t a
l. 

(2
01

3)

Z
ea

 m
ay

s 
L

.
Fi

el
d 

ex
pe

ri
m

en
t

W
U

E
, G

M
P,

 S
SI

, Y
SI

, Y
pi

, L
R

, a
nd

 S
E

N
13

5 
F 2

 a
nd

 F
3 

pr
og

en
ie

s
K

D
V

2/
C

M
L

44
4-

14
 a

nd
 

K
D

V
2/

C
M

L
44

0-
22

4
K

en
ya

N
gu

gi
 e

t a
l. 

(2
01

3)
H

el
ia

nt
hu

s 
an

nu
us

 L
.

Fi
el

d 
ex

pe
ri

m
en

t
10

00
-k

er
ne

l w
ei

gh
t, 

bi
ol

og
ic

al
 w

ei
gh

t, 
gr

ai
n 

yi
el

d,
 h

ar
ve

st
 in

de
x 

(H
I)

, a
nd

 o
il 

pe
rc

en
ta

ge
Fi

ve
 c

ul
tiv

ar
s

Fa
vo

ri
t

Ir
an

R
afi

ei
 e

t a
l. 

(2
01

3)
B

et
a 

vu
lg

ar
is

Fi
el

d 
ex

pe
ri

m
en

t
M

P,
 G

M
P,

 a
nd

 S
T

I
Tw

o 
po

pu
la

tio
ns

11
1-

H
SF

.4
2

Ir
an

R
aj

ab
i e

t a
l. 

(2
01

3)
Tr

it
ic

um
 

ae
st

iv
um

 L
.

Fi
el

d 
ex

pe
ri

m
en

t
Y

ie
ld

, b
io

m
as

s 
an

d 
H

I
50

 li
ne

s
hs

65
In

di
a

R
am

ya
 e

t a
l. 

(2
01

6)
H

el
ia

nt
hu

s 
an

nu
us

 L
.

Fi
el

d 
ex

pe
ri

m
en

t
Y

ie
ld

 s
ta

bi
lit

y 
in

de
x 

(Y
SI

),
 s

tr
es

s 
su

sc
ep

tib
ili

ty
 

in
de

x 
(S

SI
),

 to
le

ra
nc

e 
(T

O
L

),
 m

ea
n 

pr
od

uc
tiv

ity
 (

M
P)

, g
eo

m
et

ri
c 

m
ea

n 
pr

od
uc

tiv
ity

 
(G

M
P)

, s
tr

es
s 

to
le

ra
nc

e 
in

de
x 

(S
T

I)
, a

nd
 

ha
rm

on
ic

 m
ea

n 
(H

A
M

)

8 
cu

lti
va

rs
A

za
rg

ol
Ir

an
Ta

he
ra

ba
di

 e
t a

l. 
(2

01
3)

Q. Ali et al.



761

C
ro

p 
ty

pe
E

xp
er

im
en

ta
l 

co
nd

iti
on

s
St

ud
ie

d 
ch

ar
ac

te
ri

st
ic

s
N

o.
 o

f 
lin

es
/

ge
no

ty
pe

s 
us

ed
Se

le
ct

ed
 to

le
ra

nt
 li

ne
s

St
ud

ie
d 

ar
ea

R
ef

er
en

ce
s

Z
ea

 m
ay

s 
L

.
Fi

el
d 

ex
pe

ri
m

en
t

A
ve

ra
ge

 d
ai

ly
 p

re
ci

pi
ta

tio
n,

 d
ai

ly
 h

ig
h 

te
m

pe
ra

tu
re

, r
el

at
iv

e 
w

at
er

 c
on

te
nt

, p
la

nt
 

he
ig

ht
, p

la
nt

 g
ro

w
th

Fi
ve

 in
br

ed
 

lin
es

T
x2

05
, C

2A
55

4-
4,

 a
nd

 
B

76
U

SA
C

he
n 

et
 a

l. 
(2

01
2)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
Fi

el
d 

ex
pe

ri
m

en
t

ST
I,

 G
M

P,
 M

P,
 S

SI
, T

O
L

, Y
I,

 Y
SI

, d
ro

ug
ht

 
re

sp
on

se
 in

de
x 

(D
R

I)
, D

I,
 M

ST
I,

 r
el

at
iv

e 
dr

ou
gh

t i
nd

ex
 (

R
D

I)
, A

T
I,

 a
nd

 S
SP

I

13
 la

nd
ra

ce
s

W
C

- 
49

53
S 

(2
0)

, 
W

C
-4

75
72

 (
19

),
 a

nd
 

W
C

-4
75

74
 (

4)

Ir
an

Fa
rs

ha
df

ar
 e

t a
l. 

(2
01

2)

Z
ea

 m
ay

s 
L

.
Fi

el
d 

ex
pe

ri
m

en
t

ST
I,

 S
SI

, T
O

I,
 M

P,
 G

M
P,

 H
M

, a
nd

 g
ol

de
n 

m
ea

n 
(G

M
)

8 
hy

br
id

s
K

SC
70

4 
hy

br
id

 a
nd

 H
4

Ir
an

M
or

ad
i e

t a
l. 

(2
01

2)
Tr

it
ic

um
 

ae
st

iv
um

 L
.

Fi
el

d 
ex

pe
ri

m
en

t
M

P,
 G

M
P,

 to
le

ra
nc

e,
 S

SI
, a

nd
 S

T
I

18
 g

en
ot

yp
es

G
18

, G
14

, G
11

, a
nd

 G
4

Ir
an

M
oh

am
m

ad
i 

et
 a

l. 
(2

01
2)

H
el

ia
nt

hu
s 

an
nu

us
 L

.
L

ab
or

at
or

y 
ex

pe
ri

m
en

t
G

SI
 (

ge
rm

in
at

io
n 

st
re

ss
 in

de
x)

, P
H

SI
 (

pl
an

t 
he

ig
ht

 s
tr

es
s 

in
de

x)
, R

L
SI

 (
ro

ot
 le

ng
th

 s
tr

es
s 

in
de

x)
, D

M
SI

 (
dr

y 
m

at
te

r 
st

re
ss

 in
de

x)
, R

W
C

SI
 

(r
el

at
iv

e 
w

at
er

 c
on

te
nt

 s
tr

es
s 

in
de

x)

7 
ge

no
ty

pe
s

S4
73

, S
47

1,
 a

nd
 S

47
5 

an
d 

hy
br

id
 P

ac
ifi

c 
77

T
ha

ila
nd

Sa
en

se
e 

et
 a

l. 
(2

01
2)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
Fi

el
d 

ex
pe

ri
m

en
t

Ph
ot

os
yn

th
et

ic
 p

ig
m

en
ts

 (
ch

l. 
a,

 b
, 

ca
ro

te
no

id
s)

, a
nt

io
xi

da
tiv

e 
de

fe
ns

e 
m

ec
ha

ni
sm

 
(e

nz
ym

at
ic

 a
nd

 n
on

en
zy

m
at

ic
),

 m
em

br
an

e 
st

ab
ili

ty
, l

ip
id

 p
er

 o
xi

da
tio

n

5 
va

ri
et

ie
s

K
W

, U
P 

27
52

, a
nd

 P
B

W
 

34
3

In
di

a
C

ha
kr

ab
or

ty
 a

nd
 

Pr
ad

ha
n 

(2
01

2)

H
el

ia
nt

hu
s 

an
nu

us
 L

.
Po

t 
ex

pe
ri

m
en

t
G

ro
w

th
 p

ar
am

et
er

s,
 M

D
A

, H
2O

2, 
an

d 
pr

ol
in

e 
co

nt
en

ts
, a

nt
io

xi
da

nt
 a

ct
iv

ity
Tw

o 
cu

lti
va

rs
A

yd
ın

T
ur

ke
y

B
al

oğ
lu

 e
t a

l. 
(2

01
2)

So
la

nu
m

 
ly

co
pe

rs
ic

um
G

re
en

ho
us

e 
ex

pe
ri

m
en

t
G

ro
w

th
 a

nd
 y

ie
ld

 p
ar

am
et

er
s 

as
 w

el
l a

s 
w

at
er

 
us

e 
ef

fic
ie

nc
y

Fo
ur

 g
en

ot
yp

es
Pa

km
or

e,
 V

F,
 a

nd
 

dr
ou

gh
t-

to
le

ra
nt

 
br

ee
di

ng
 li

ne
 (

L
 0

33
06

)

Sa
ud

i 
A

ra
bi

a
W

ah
b-

A
lla

h 
et

 a
l. 

(2
01

1)

F
ra

ga
ri

a 
×

 
an

an
as

sa
Po

t 
ex

pe
ri

m
en

t
C

hl
or

op
hy

ll,
 c

ar
bo

hy
dr

at
es

, p
ro

lin
e 

co
nt

en
t, 

re
la

tiv
e 

w
at

er
 c

on
te

nt
, m

em
br

an
e 

st
ab

ili
ty

Tw
o 

cu
lti

va
rs

K
ur

di
st

an
Ir

an
G

ha
de

ri
 a

nd
 

Si
os

em
ar

de
h 

(2
01

1) (c
on

tin
ue

d)

27 Breeding Plants for Future Climates



762

Ta
bl

e 
27

.1
 

(c
on

tin
ue

d)

C
ro

p 
ty

pe
E

xp
er

im
en

ta
l 

co
nd

iti
on

s
St

ud
ie

d 
ch

ar
ac

te
ri

st
ic

s
N

o.
 o

f 
lin

es
/

ge
no

ty
pe

s 
us

ed
Se

le
ct

ed
 to

le
ra

nt
 li

ne
s

St
ud

ie
d 

ar
ea

R
ef

er
en

ce
s

B
ra

ss
ic

a 
na

pu
s 

L
.

Fi
el

d 
ex

pe
ri

m
en

t
C

hl
or

op
hy

ll 
co

nt
en

t, 
le

af
 r

el
at

iv
e 

w
at

er
 c

on
te

nt
, 

le
af

 a
re

a
Fo

ur
 c

ul
tiv

ar
s

E
lit

e
Is

fa
ha

n
Se

pe
hr

i a
nd

 
G

ol
pa

rv
ar

 
(2

01
1)

B
et

a 
vu

lg
ar

is
Fi

el
d 

ex
pe

ri
m

en
t

St
re

ss
 s

us
ce

pt
ib

ili
ty

 in
de

x 
(S

SI
),

 to
le

ra
nc

e 
in

de
x 

(T
O

L
),

 s
tr

es
s 

m
ea

n 
pr

od
uc

tiv
ity

 (
M

P)
, 

ge
om

et
ri

c 
m

ea
n 

pr
od

uc
tiv

ity
 (

G
M

P)
, s

tr
es

s 
to

le
ra

nc
e 

in
de

x 
(S

T
I)

, y
ie

ld
 in

de
x 

(Y
I)

, a
nd

 
yi

el
d 

st
ab

ili
ty

 in
de

x 
(Y

SI
)

23
 g

en
ot

yp
es

M
od

en
a,

 G
er

on
im

o,
 

E
lit

e,
 S

yn
-4

, a
nd

 
SL

M
04

6

Ir
an

R
ad

 a
nd

 
A

bb
as

ia
n 

(2
01

1a
, b

)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
Fi

el
d 

ex
pe

ri
m

en
t

R
el

at
iv

e 
w

at
er

 c
on

te
nt

, g
ro

w
th

, a
nd

 y
ie

ld
 

co
m

po
ne

nt
s

Tw
o 

cu
lti

va
rs

In
ql

ab
-9

l
Fa

is
al

ab
ad

A
kr

am
 (

20
11

)

Tr
it

ic
um

 
dr

um
 L

.
Fi

el
d 

ex
pe

ri
m

en
t

Y
ie

ld
 p

ot
en

tia
l a

nd
 s

ta
bi

lit
y 

un
de

r 
st

re
ss

fu
l 

co
nd

iti
on

s
14

 w
he

at
 

cu
lti

va
rs

G
id

ar
a-

II
, S

ar
ıç

an
ak

-9
8,

 
B

al
ca

lı-
20

00
, 

A
ltı

nt
op

ra
k-

98
, 

A
yd
ın

-9
3,

 a
nd

 H
ar

ra
n-

95

T
ur

ke
y

K
ili

c 
an

d 
Y

ag
ba

sa
nl

ar
 

(2
01

0)

Tr
it

ic
um

 
dr

um
 L

.
Fi

el
d 

ex
pe

ri
m

en
t

SS
I,

 S
T

I,
 Y

C
, Y

SI
, M

P,
 a

nd
 G

M
P

24
 c

ul
tiv

ar
s

1,
 6

, 7
, 1

9,
 2

0,
 a

nd
 2

1
Ir

an
Ta

le
bi

 e
t a

l. 
(2

00
9)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
Fi

el
d 

ex
pe

ri
m

en
t

Y
ie

ld
 a

nd
 y

ie
ld

 c
om

po
ne

nt
s

25
 v

ar
ie

tie
s

Sa
rs

ab
z 

an
d 

K
ir

an
-9

5
Pa

ki
st

an
M

ir
ba

ha
r 

et
 a

l. 
(2

00
9)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
L

ab
or

at
or

y 
ex

pe
ri

m
en

t
Y

s,
 Y

p,
 S

SI
, S

T
I,

 T
O

L
, G

M
P,

 M
P,

 a
nd

 M
ST

I
42

 g
en

ot
yp

es
Sa

rd
ar

, S
ab

al
an

, a
nd

 
40

57
Ir

an
Sh

ah
ry

ar
i e

t a
l. 

(2
00

8)
B

et
a 

vu
lg

ar
is

G
la

ss
ho

us
e

G
ro

w
th

 a
nd

 y
ie

ld
 c

om
po

ne
nt

s 
as

 w
el

l a
s 

ph
ot

os
yn

th
et

ic
 a

ttr
ib

ut
es

Fo
ur

 c
ul

tiv
ar

s
H

ay
ol

a 
40

1,
 H

ay
ol

a 
30

8
Ir

an
N

ad
er

ik
ha

ra
ji 

et
 a

l. 
(2

00
8)

B
et

a 
vu

lg
ar

is
Fi

el
d 

ex
pe

ri
m

en
t

G
ro

w
th

 a
ttr

ib
ut

es
N

in
e 

ge
no

ty
pe

s
M

ST
C

2 
an

d 
72

33
.P

3
Ir

an
M

oh
am

m
ad

ia
n 

et
 a

l. 
(2

00
5)

Q. Ali et al.



763

Ta
bl

e 
27

.2
 

St
ud

ie
s 

sh
ow

in
g 

th
e 

se
le

ct
io

n 
of

 s
al

t-
to

le
ra

nt
 c

ro
p 

ge
no

ty
pe

s 
w

he
n 

gr
ow

n 
un

de
r 

di
ff

er
en

t a
gr

oc
lim

at
ic

 c
on

di
tio

ns

C
ro

p 
ty

pe
E

xp
er

im
en

ta
l 

co
nd

iti
on

s
St

ud
ie

d 
ch

ar
ac

te
ri

st
ic

s

N
o.

 o
f 

lin
es

/
ge

no
ty

pe
s 

us
ed

Se
le

ct
ed

 to
le

ra
nt

 li
ne

s
St

ud
ie

d 
ar

ea
R

ef
er

en
ce

s

A
ve

na
 s

at
iv

a
L

ab
or

at
or

y 
ex

pe
ri

m
en

t
Se

ed
 g

er
m

in
at

io
n,

 s
ho

ot
 a

nd
 r

oo
t 

le
ng

th
, d

ry
 w

ei
gh

t o
f 

sh
oo

t a
nd

 
ro

ot
, t

ot
al

 d
ry

 w
ei

gh
t o

f 
se

ed
lin

g

Se
ve

n 
cu

lti
va

rs
N

D
O

-2
 a

nd
 U

PO
-2

12
, s

al
t t

ol
er

an
t 

an
d 

m
od

er
at

el
y 

sa
lt 

to
le

ra
nt

, 
re

sp
ec

tiv
el

y

In
di

a
C

ha
uh

an
 e

t a
l. 

(2
01

6)

Z
ea

 m
ay

s 
L

.
G

re
en

ho
us

e 
ex

pe
ri

m
en

t
G

ro
w

th
 p

ar
am

et
er

s,
 

ph
ot

os
yn

th
et

ic
 p

ig
m

en
ts

, r
el

at
iv

e 
w

at
er

 c
on

te
nt

s,
 a

nd
 N

a+
 a

nd
 K

+
 

co
nc

en
tr

at
io

ns

Tw
o 

cu
lti

va
rs

S2
00

0
Pa

ki
st

an
G

ul
 e

t a
l. 

(2
01

6)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
H

yd
ro

po
ni

c 
ex

pe
ri

m
en

t
M

em
br

an
e 

st
ab

ili
ty

 (
M

S)
 a

nd
 it

s 
in

ju
ry

 (
M

1)
20

 c
ul

tiv
ar

s
M

od
er

at
el

y 
to

le
ra

nt
 c

ul
tiv

ar
s 

(D
ag

da
s-

94
, E

ra
yb

ey
, A

lta
y-

20
00

, 
M

es
ut

, S
om

ez
-0

1,
 B

ay
ra

kt
ar

 2
00

0,
 

G
un

-9
1,

 a
nd

 E
ki

z)
, h

ig
hl

y 
to

le
ra

nt
 

cu
lti

va
rs

 (
K

ar
ah

an
-9

9,
 G

er
ek

-7
9,

 
K

on
ya

-2
00

2,
 a

nd
 K

in
ac

i-
97

)

T
ur

ke
y

K
ay

a 
an

d 
A

rıs
oy

 (
20

16
)

O
ry

za
 s

at
iv

a 
L

.
Po

t 
ex

pe
ri

m
en

t
Ph

ys
io

lo
gi

ca
l, 

pa
ra

m
et

er
s,

 a
nd

 
an

tio
xi

da
nt

 e
nz

ym
e

12
 c

ul
tiv

ar
s

N
ie

w
da

m
 G

s.
no

.0
06

21
T

ha
ila

nd
C

hu
nt

ha
bu

re
e 

et
 a

l. 
(2

01
6)

Z
ea

 m
ay

s 
L

.
H

yd
ro

po
ni

c
R

oo
t l

en
gt

h,
 s

ho
ot

 a
nd

 r
oo

t d
ry

 
m

as
s,

 r
el

at
iv

e 
w

at
er

 c
on

te
nt

, l
ea

f 
w

at
er

 lo
ss

, s
ta

bi
lit

y 
of

 m
em

br
an

e,
 

to
le

ra
nc

e 
in

de
x 

(T
O

L
)

13
 m

ai
ze

 
in

br
ed

 li
ne

s
SC

2 
an

dA
D

3 
lin

es
A

rg
en

tin
a

C
ol

la
do

 e
t a

l. 
(2

01
6)

B
ra

ss
ic

a 
na

pu
s

Fi
el

d 
ex

pe
ri

m
en

t
N

um
be

r 
of

 p
od

s 
pe

r 
pl

an
t, 

po
d 

le
ng

th
, p

od
 w

ei
gh

t, 
ke

rn
el

 
nu

m
be

r 
pe

r 
po

d,
 1

00
 k

er
ne

l 
w

ei
gh

t, 
an

d 
ke

rn
el

 y
ie

ld

14
 c

ul
tiv

ar
s

M
od

en
a 

an
d 

O
pe

ra
Ir

an
A

hm
ad

za
de

h 
et

 a
l. 

(2
01

5)

L
ac

tu
ca

 s
at

iv
a

H
yd

ro
po

ni
c

G
ro

w
th

; s
to

m
at

al
 c

on
du

ct
an

ce
; 

N
a+

, C
a2+

, a
nd

 K
+
 c

on
te

nt
 in

 
sh

oo
t; 

pr
ol

in
e

Fi
ve

 
cu

lti
va

rs
Pa

rr
is

 I
sl

an
d 

le
ttu

ce
 c

ul
tiv

ar
R

om
an

ia
B

ar
th

a 
et

 a
l. 

(2
01

5) (c
on

tin
ue

d)

27 Breeding Plants for Future Climates



764

Ta
bl

e 
27

.2
 

(c
on

tin
ue

d)

C
ro

p 
ty

pe
E

xp
er

im
en

ta
l 

co
nd

iti
on

s
St

ud
ie

d 
ch

ar
ac

te
ri

st
ic

s

N
o.

 o
f 

lin
es

/
ge

no
ty

pe
s 

us
ed

Se
le

ct
ed

 to
le

ra
nt

 li
ne

s
St

ud
ie

d 
ar

ea
R

ef
er

en
ce

s

P
ip

er
 n

ig
ru

m
G

re
en

ho
us

e 
ex

pe
ri

m
en

t
G

ro
w

th
 p

ar
am

et
er

s,
 c

hl
or

op
hy

ll 
co

nt
en

t, 
le

af
 g

as
 e

xc
ha

ng
e,

 
R

LW
C

, a
nd

 S
T

I

26
 c

ul
tiv

ar
s

C
V

. p
ar

am
o

Ir
an

B
av

an
i e

t a
l. 

(2
01

5)

O
ry

za
 s

at
iv

a 
L

.
Po

t 
ex

pe
ri

m
en

t
Sh

oo
t, 

ro
ot

 p
ar

am
et

er
s,

 N
a+

 /K
+

22
 c

ul
tiv

ar
s

Pa
ch

ap
er

um
al

, P
er

ia
ve

lla
i, 

A
t 3

03
, 

A
da

ka
ri

, B
g 

40
6,

 a
nd

 C
O

 1
0

Sr
i L

an
ka

Pr
ad

he
eb

an
 

et
 a

l. 
(2

01
5)

B
ra

ss
ic

a 
na

pu
s

H
yd

ro
po

ni
c 

sy
st

em
G

ro
w

th
 , 

N
a+

, K
+
, a

nd
 th

ei
r 

ra
tio

11
 c

ul
tiv

ar
s

C
on

-I
I,

 C
on

-I
II

, D
un

ke
ld

, a
nd

 O
sc

ar
Pa

ki
st

an
H

aq
 e

t a
l. 

(2
01

4a
, b

)
Tr

it
ic

um
 

ae
st

iv
um

 L
. a

nd
 

H
or

de
um

 
vu

lg
ar

e

G
re

en
ho

us
e 

ex
pe

ri
m

en
t

Pr
ot

ei
n 

as
sa

y,
 p

er
ox

id
as

e,
 N

a+
, 

K
+
, a

nd
 th

e 
K

+
/N

a+
 r

at
io

, p
ro

lin
e

Fo
ur

 
cu

lti
va

rs
 

ea
ch

B
ar

le
y 

cu
lti

va
r 

“K
av

ir
” 

an
d 

w
he

at
 

cu
lti

va
r 

“B
am

”
Ir

an
Iz

ad
i e

t a
l. 

(2
01

4)

O
ry

za
 s

at
iv

a 
L

.
Po

t 
ex

pe
ri

m
en

t
T

O
L

, S
SI

, M
P,

 G
M

P,
 S

T
I,

 H
M

, 
Y

I,
 Y

SI
E

ig
ht

 
cu

lti
va

rs
D

as
ht

N
or

th
er

n 
Ir

an
K

am
ya

b-
Ta

le
sh

 
et

 a
l. 

(2
01

4)
H

el
ia

nt
hu

s 
an

nu
us

Po
t 

ex
pe

ri
m

en
t

G
er

m
in

at
io

n
T

hr
ee

 
cu

lti
va

rs
Sa

nd
ao

m
ei

C
hi

na
L

ua
n 

et
 a

l. 
(2

01
4)

P
ip

er
 n

ig
ru

m
L

ab
 

ex
pe

ri
m

en
t

G
er

m
in

at
io

n 
an

d 
gr

ow
th

 
pa

ra
m

et
er

s
T

hr
ee

 
cu

lti
va

rs
A

na
he

im
 C

hi
li

T
un

is
ia

H
as

se
n 

et
 a

l. 
(2

01
4)

Tr
it

ic
um

 d
ru

m
Fi

el
d 

an
d 

po
t 

ex
pe

ri
m

en
t

G
er

m
in

at
io

n 
an

d 
gr

ow
th

 a
ttr

ib
ut

es
11

9 
la

nd
ra

ce
s

M
al

ta
2

Ja
pa

n
T

ur
ki

 e
t a

l. 
(2

01
4)

So
la

nu
m

 
tu

be
ro

su
m

H
yd

ro
po

ni
c

G
ro

w
th

, p
ro

lin
e 

co
nt

en
t, 

K
+
/N

a+
 

ac
cu

m
ul

at
io

n,
 H

2O
2, 

an
d 

re
la

tiv
e 

w
at

er
 c

on
te

nt

Si
x 

cu
lti

va
rs

M
oz

ar
t a

nd
 D

es
ir

ee
N

et
he

rl
an

ds
Ja

ar
sm

a 
et

 a
l. 

(2
01

3)

Q. Ali et al.



765

C
ro

p 
ty

pe
E

xp
er

im
en

ta
l 

co
nd

iti
on

s
St

ud
ie

d 
ch

ar
ac

te
ri

st
ic

s

N
o.

 o
f 

lin
es

/
ge

no
ty

pe
s 

us
ed

Se
le

ct
ed

 to
le

ra
nt

 li
ne

s
St

ud
ie

d 
ar

ea
R

ef
er

en
ce

s

Tr
it

ic
um

 d
ru

m
G

re
en

ho
us

e 
ex

pe
ri

m
en

t
H

ei
gh

t o
f 

pl
an

t, 
le

ng
th

 o
f 

pe
du

nc
le

, a
re

a 
of

 fl
ag

 le
af

, a
re

a 
of

 
pe

na
lty

 le
af

, n
um

be
r 

of
 le

af
, 

le
ng

th
 o

f 
sp

ik
e,

 n
o.

 o
f 

gr
ai

ns
, a

nd
 

w
ei

gh
t o

f 
gr

ai
ns

Te
n 

cu
lti

va
rs

B
oo

m
er

 a
nd

 P
G

S
Ir

an
K

ah
ri

zi
 e

t a
l. 

(2
01

3)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
Po

t 
ex

pe
ri

m
en

t
C

hl
or

op
hy

ll 
co

nt
en

t (
C

hl
.)

, l
ea

f 
re

la
tiv

e 
w

at
er

 c
on

te
nt

 (
L

R
W

C
),

 
N

a+
/K

+
, a

ct
iv

iti
es

 o
f A

PX
, G

PX
, 

SO
D

, C
A

T,
 G

PX
, H

2O
2, 

an
d 

m
em

br
an

e 
st

ab
ili

ty
 in

de
x

Te
n 

cu
lti

va
rs

Se
ha

r-
06

, L
u-

26
, N

A
R

C
-0

9,
 B

A
R

C
- 

09
, a

nd
 P

ir
sb

ak
-0

9
Pa

ki
st

an
.

R
ao

 e
t a

l. 
(2

01
3)

So
la

nu
m

 
tu

be
ro

su
m

H
yd

ro
po

ni
c

N
a+

 a
cc

um
ul

at
io

n
Si

x 
cu

lti
va

rs
D

es
ir

ee
 a

nd
 R

us
se

tt 
B

ur
ba

nk
N

et
he

rl
an

ds
Ja

ar
sm

a 
et

 a
l. 

(2
01

3)
B

ra
ss

ic
a 

na
pu

s
Fi

el
d 

ex
pe

ri
m

en
t

Y
ie

ld
, c

om
po

ne
nt

 c
ha

ra
ct

er
s,

 a
nd

 
nu

tr
ie

nt
 c

om
po

si
tio

ns
E

ig
ht

 
ge

no
ty

pe
s

D
SM

12
 a

nd
 H

yo
la

40
1

Ir
an

V
al

io
lla

h 
(2

01
3)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
L

ab
 

ex
pe

ri
m

en
t

G
er

m
in

at
io

n,
 s

ee
dl

in
gs

 
es

ta
bl

is
hm

en
t, 

an
d 

re
sp

ir
at

io
n

20
 li

ne
s/

cu
lti

va
rs

“C
ha

m
ra

n,
” 

“Y
av

ar
ou

s,
” 

“8
3-

3,
” 

“T
ar

o3
,”

 “
C

ro
ss

 B
ou

lla
ni

,”
 “

C
ro

ss
 

A
ad

l,”
 a

nd
 “

D
ab

ir
a”

Ir
an

Sh
ek

oo
fa

 e
t a

l. 
(2

01
3)

H
or

de
um

 
vu

lg
ar

e
L

ab
 

ex
pe

ri
m

en
t

G
er

m
in

at
io

n,
 g

ro
w

th
, l

ea
f 

ch
lo

ro
ph

yl
l, 

pr
ol

in
e 

ra
te

T
hr

ee
 

cu
lti

va
rs

N
os

ra
t

Ir
an

So
m

ay
eh

 e
t a

l. 
(2

01
2)

A
be

lm
os

ch
us

 
es

cu
le

nt
us

Po
t 

ex
pe

ri
m

en
t

10
00

-g
ra

in
 w

ei
gh

t, 
gr

ai
n 

yi
el

d,
 

bi
ol

og
ic

al
 y

ie
ld

, n
um

be
r 

of
 ti

lle
rs

, 
nu

m
be

r 
of

 f
er

til
e 

til
le

rs
, s

pi
ke

 
le

ng
th

, s
al

in
ity

 s
us

ce
pt

ib
ili

ty
 

in
de

x 
(S

SI
),

 a
nd

 s
al

t t
ol

er
an

ce
 

in
de

x 
(S

T
I)

39
 

ge
no

ty
pe

s
A

cc
. N

o.
 0

19
23

2,
 A

cc
. N

o.
 0

00
01

0-
 

10
23

7,
 C

hi
ne

se
 R

ed
, I

kr
a 

II
I,

 a
nd

 A
cc

. 
N

o.
 0

15
37

1

Pa
ki

st
an

H
aq

 e
t a

l. 
(2

01
2) (c

on
tin

ue
d)

27 Breeding Plants for Future Climates



766

Ta
bl

e 
27

.2
 

(c
on

tin
ue

d)

C
ro

p 
ty

pe
E

xp
er

im
en

ta
l 

co
nd

iti
on

s
St

ud
ie

d 
ch

ar
ac

te
ri

st
ic

s

N
o.

 o
f 

lin
es

/
ge

no
ty

pe
s 

us
ed

Se
le

ct
ed

 to
le

ra
nt

 li
ne

s
St

ud
ie

d 
ar

ea
R

ef
er

en
ce

s

C
ap

si
cu

m
 

an
nu

um
G

re
en

ho
us

e 
ex

pe
ri

m
en

t
G

ro
w

th
 p

ar
am

et
er

s,
 c

hl
or

op
hy

ll,
 

pr
ol

in
e

Fi
ve

 
cu

lti
va

rs
A

w
la

d 
H

af
fo

uz
z 

an
d 

K
or

ba
T

un
is

ia
K

ao
ut

he
r 

et
 a

l. 
(2

01
2)

B
ra

ss
ic

a 
na

pu
s

Po
t 

ex
pe

ri
m

en
t

Pr
ol

in
e 

m
et

ab
ol

is
m

Tw
o 

cu
lti

va
rs

D
un

kl
ed

Pa
ki

st
an

Sa
ad

ia
 e

t a
l. 

(2
01

2)
B

ra
ss

ic
a 

na
pu

s
H

yd
ro

po
ni

c 
cu

ltu
re

To
le

ra
nc

e,
 m

ea
n 

pr
od

uc
tiv

ity
 

st
re

ss
, s

us
ce

pt
ib

ili
ty

 in
de

x,
 

ge
om

et
ri

c 
m

ea
n,

 p
ro

du
ct

iv
ity

 
st

re
ss

, t
ol

er
an

ce
 in

de
x

12
 c

ul
tiv

ar
s

C
ra

ke
r 

an
d 

A
m

ic
a

Ir
an

To
or

ch
i e

t a
l. 

(2
01

2)

B
ra

ss
ic

a 
na

pu
s

G
re

en
ho

us
e 

ex
pe

ri
m

en
t

R
oo

t a
nd

 s
ho

ot
 f

re
sh

 a
nd

 d
ry

 
w

ei
gh

t, 
re

la
tiv

e 
w

at
er

 c
on

te
nt

, 
N

a+
/K

+
, l

ip
id

 p
er

 o
xi

da
tio

n,
 C

A
T,

 
SO

D
, P

O
D

, A
PX

, G
SG

, G
SS

G

Fi
ve

 
cu

lti
va

rs
SL

M
04

6
Ir

an
B

yb
or

di
 a

nd
 

Ta
ba

ta
ba

ei
 

(2
01

0)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
L

ab
 

ex
pe

ri
m

en
t

G
er

m
in

at
io

n,
 g

ro
w

th
, s

ug
ar

, 
pr

ot
ei

n,
 c

hl
or

op
hy

ll,
 p

ro
lin

e
Fi

ve
 

va
ri

et
ie

s
H

D
26

89
In

di
a

D
at

ta
 e

t a
l. 

(2
00

9)
O

ry
za

 s
at

iv
a 

L
.

G
re

en
ho

us
e 

ex
pe

ri
m

en
t

G
ro

w
th

 a
nd

 p
hy

si
ol

og
ic

al
 

pa
ra

m
et

er
s

Se
ve

n 
va

ri
et

ie
s

C
o3

9 
an

d 
M

or
ob

er
ek

an
Pa

ki
st

an
H

aq
 e

t a
l. 

(2
00

9)
B

ra
ss

ic
a 

na
pu

s
G

re
en

ho
us

e 
ex

pe
ri

m
en

t
C

hl
or

op
hy

ll 
flu

or
es

ce
nc

e,
 

ph
ot

os
yn

th
et

ic
 p

ar
am

et
er

s
Te

n 
cu

lti
va

rs
/

ac
ce

ss
io

ns

D
un

ke
ld

 a
nd

 H
ay

ol
a 

40
1

Ir
an

Sa
ee

di
po

ur
 

(2
00

9)

Q. Ali et al.



767

C
ro

p 
ty

pe
E

xp
er

im
en

ta
l 

co
nd

iti
on

s
St

ud
ie

d 
ch

ar
ac

te
ri

st
ic

s

N
o.

 o
f 

lin
es

/
ge

no
ty

pe
s 

us
ed

Se
le

ct
ed

 to
le

ra
nt

 li
ne

s
St

ud
ie

d 
ar

ea
R

ef
er

en
ce

s

Tr
it

ic
um

 
ae

st
iv

um
 L

.
G

re
en

ho
us

e
Sh

oo
t N

a+
, K

+
, K

+
/N

a+
 r

at
io

, 
10

00
-g

ra
in

 w
ei

gh
t, 

gr
ai

n 
yi

el
d,

 
bi

ol
og

ic
al

 y
ie

ld
, n

um
be

r 
of

 ti
lle

rs
, 

nu
m

be
r 

of
 f

er
til

e 
til

le
rs

, s
pi

ke
 

le
ng

th
, S

SI
, S

T
I

15
 c

ul
tiv

ar
s

K
av

ir
,N

ik
ne

ja
d,

 C
ha

m
ra

n,
 a

nd
 F

al
at

Ir
an

G
ou

da
rz

i a
nd

 
Pa

kn
iy

at
 (

20
08

)

Tr
it

ic
um

 
ae

st
iv

um
 L

.
L

ab
or

at
or

y 
ex

pe
ri

m
en

t
N

o.
 o

f 
se

ed
s,

 p
er

ce
nt

 o
f 

ca
llu

s 
fo

rm
at

io
n,

 a
nd

 r
eg

en
er

at
io

n
Fo

ur
 

cu
lti

va
rs

L
U

-2
6

Is
la

m
ab

ad
A

kh
ta

r 
(2

00
6)

H
el

ia
nt

hu
s 

an
nu

us
Fi

el
d 

ex
pe

ri
m

en
t

G
ro

w
th

 a
nd

 y
ie

ld
, K

+
, N

a+
, C

a+
, 

an
d 

M
g+

 c
on

ce
nt

ra
tio

n
Te

n 
ge

no
ty

pe
s

C
R

N
-1

43
5,

 H
U

-7
77

, S
up

er
-2

5,
 a

nd
 

cu
lti

va
r 

64
51

Pa
ki

st
an

A
hm

ed
 e

t a
l. 

(2
00

5)

27 Breeding Plants for Future Climates



768

stressor is extremely high temperature that can cause heat shocks. It can cause wilt-
ing by increasing the evaporation rate from leaves, and its prolonged exposure leads 
to permanent wilting or even death of plants (Thomashow 1998, 1999; Pearce 1999; 
Sazzad 2007) (Tables 27.3 and 27.4).

Like other abiotic stresses, salt stress also substantially decreases the growth as 
well as yield of crop plants and in many cases by 50% or more reduction all around 
the world. The foremost effect of salinity is that it disturbs the seed germination and 
viability. The presence of excess salt or ions around the roots decreases the water 
uptake potential of plants that ultimately reduces the growth through disturbed 
metabolism (Sazzad 2007; Kranner et  al. 2010; Machado and Serralheiro 2017). 
Salinity is the cause of excessive quantity of water-soluble salts such as sodium 
carbonates, sodium sulfate, potassium sulfate, sodium nitrate, calcium sulfate, mag-
nesium sulfate, sodium chloride, and magnesium chloride that not only negatively 
alters the different processes of plant metabolism and as a result both positively and 
negatively triggers its growth and metabolism (Sazzad 2007; Machado and 
Serralheiro 2017). Plants need all these salts in an optimal amount for regulating 
their normal metabolic activities. The presence of these salts above and below their 
optimal level may cause cell disruption. A number of these salts can help the plants 
in regulation of growth and metabolic activities while their excess amount may be 
toxic for plants (Sazzad 2007). For example, if sodium chloride is present in an 
optimal amount in the soil, it will improve the plant growth and metabolism up to 
some extent while at higher concentration it may inhibit the seed germination and 
seedling establishment as well as plant growth and development (Tester and 
Davenport 2003; Shabala et al. 2015). Plants can be divided into two classes on the 
basis of their salt tolerance mechanism, i.e., halophytes (salt tolerant) or glyco-
phytes (salt sensitive). Halophytes can tolerate the negative effects of salinity by 
decreasing the uptake of salt from soil and by reducing the concentration of salt in 
cytoplasm as well as in cell wall through exclusion or vacuole storage. Glycophytes 
(salt sensitive) are less able to tolerate high salt level and can accumulate high salt 
concentration in cytosol that is toxic for plant metabolism (Munns et  al. 2006; 
Sazzad 2007).

The elements with density greater than 5 g cm−3 are categorized as heavy metals. 
These mainly include Co, Cu, Cd, Pb, Fe, Ni, Mn, Zn, and Mo. These elements in 
some cases are essential for plants as they directly or indirectly affect the growth, 
metabolism, senescence, as well as many energy-generating processes in studied 
plant species. Many of these elements can stimulate various growth and metabolic 
activities in plants if they are present in low concentration in soil (Emamverdian 
et al. 2015). On the other hand, their concentration above threshold level in the soil 
is toxic to plants either causing the stress that is known as heavy metal stress. Heavy 
metal stress disturbs the plant growth by disturbing the activities of various enzymes 
through higher levels of free radicals or by replacing the uptake and mobility of 
many nutrients and essential elements. The toxic effects of these metals are directly 
depending on the nature of these metals and type of plant species as well (Jozefczak 
et al. 2012; Emamverdian et al. 2015).
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Plants have the ability to survive in the stressful environmental conditions that is 
plant species and growth stage specific. It also depends on the type and the duration 
of the stress. To cope with these adverse environmental conditions, plants have the 
ability to develop specific mechanisms that ultimately help the plants to complete 
their life cycles. These include some structural changes that lead from morphologi-
cal to physiological adaptations (Jaleel et al. 2008; Hund et al. 2009; Gupta and 
Huang 2014). Morphological adaptations include the reduced leaf area, leaf rolling, 
early life cycle completion (escape), as well as the reduction in growth rate. 
Anatomical adaptations include the cuticle formation and pubescence that also play 
a significant role in plant stress tolerance by reducing the transpiration and evapora-
tion rate. Similarly, plants also have developed some physiological mechanisms that 
help plants in ameliorating the adverse effects of different abiotic stresses by con-
trolling the metabolic activities. These include the stomatal regulation, osmotic 
adjustment, oxidative defense mechanism (activity of enzymatic and nonenzymatic 
antioxidants), accumulation of various osmolytes (carbohydrates, betaines, proline, 
and other amino acids), as well as osmoprotectors through the production of chemi-
cal messengers in response to environmental stimuli that help in scavenging the 
ROS and regulate the osmotic potential of cell under stressful environmental condi-
tions (Apel and Hirt 2004; Krishnan et al. 2008). Knowledge about responses of 
plants to these abiotic stresses and their stress tolerance mechanisms could be help-
ful in understanding the different adaptations of plants to extreme environmental 
conditions that are also relevant to the management and breeding programs 
(Mohammadi 2018).

Different strategies are being used to counteract these problems that include the 
manipulation of important agronomic characteristics, better use of irrigation water 
through different ways, use of chemicals/biochemical through different modes 
(such as amino acids, plant-based extract, plant growth regulators, biostimulants), 
fertilizers, pesticides, as well as the use of biophysical methods. Among these, the 
breeding for selection of stress-tolerant genotypes with better production under dif-
ferent environmental stresses is an important one and gaining interest. To fulfill the 
future world food demand for ever-increasing world population, the agriculturalists 
are mainly relying on crop breeding.

Breeding for stress tolerance and better crop production is in practice from 
ancient times that is based on different agronomic traits and yield attributes. In old 
times the breeding was mainly to obtain the better production and to develop high- 
yielding crop cultivars. At present due to environmental changes, and the lesser 
availability of freshwater for irrigation, there is a dire need to develop stress toler-
ance crop cultivars with better production under stressful environmental conditions 
to fulfill the demand of ever-increasing world population. Primarily for the develop-
ment of higher yielding crop varieties, the major focus was on the agronomic traits, 
but with the development of modern tools and invents of molecular biology tech-
niques, the breeding has become a multidisciplinary subject. Agronomic traits are 
the basic parameters for the selection of stress-tolerant crop cultivars. The parame-
ters are also being employed for horticulture crops as well. The major focus for the 
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selection of stress-tolerant genotypes from available germplasm through breeding is 
the selection against water stress tolerance (Mohammadi 2018).

27.2  Breeding Against Water Stress

The selection of crop genotypes for water stress tolerance is mainly based on stress 
susceptibility index (SSI), stress tolerance index (STI), relative drought index 
(RDI), stability index (SI), drought resistance index (DI), modified stress tolerance 
index (MDTI), stress susceptibility percentage index (SSPI), sensitivity drought 
index (SDI), abiotic tolerance index (ATI), drought response index (DRI), relative 
drought index (RDI), modified stress tolerance index in optimum irrigation 
(MPSTI), modified stress tolerance index in moderate and severe stress (MsSTI), 
modified STI under optimum conditions (K1STI) and STI under stress conditions 
(K2STI), and stress sensitivity index (SSI) which is based on plant growth and bio-
mass production. Along with these indices, the mean productivity (MP), geometric 
mean productivity (GMP), yield index (YI), yield stability index (YSI), dry weight 
yield index (DWYI), harvest index (HI), superiority index, grain yield under 
drought (Ys), and irrigated conditions (Yp) are also necessary traits. For example, 
in wheat various drought- tolerant cultivars have been selected on the basis of differ-
ent agronomic traits such as STI, SSI, TOL, DRI, DI MSTI, ATI, and SSPI that are 
further used for breeding (Shahryari et  al. 2008; Talebi et  al. 2009; Rad and 
Abbasian 2011a, b; Farshadfar et al. 2012; Mohammadi et al. 2012; Dehbalaei et al. 
2013). In tomato selection, the agronomic traits that have been focused are SST, 
RDI, STI, SI, DWYI, STI, ATI, SSPI, SSI, and TOL, and different drought-tolerant 
cultivars were selected on the basis of these indices (Brdar-Jokanović et al. 2014; 
Metwali et al. 2015). In another experiment on corn that was performed under field 
conditions, the two corn hybrids such as KSC704 and H4 were selected out of eight 
hybrids as drought tolerant on the basis of various agronomic attributes such as STI, 
SSI, and ROL (Moradi et  al. 2012). Majidi et  al. (2015) reported that out of 28 
canola cultivars that were grown under field water deficit conditions, only two cul-
tivars were selected as drought- tolerant ones, cultivars that were based on different 
stress tolerance indices such as SSI, TOL, and STI. Furthermore, it was reported 
that out of eight sunflower cultivars, grown under field conditions for the selection 
of tolerant ones the genotype Azargol, selected on the basis of various stress toler-
ance indices such as TOL, SSI, and STI (Taherabadi et al. 2013). In a laboratory 
experiment, seven sunflower genotypes were grown in Petri dishes to find drought-
tolerant potential of these genotypes on the basis of germination stress index (GSI), 
plant height stress index (PHSI), root length stress index (RLSI), dry matter stress 
index (DRSI), as well as relative water content stress index (RWCSI) as reported by 
Saensee et al. (2012). Four genotypes (S473, S471, and S475 and a hybrid Pacific 
77) were reported as drought tolerant. In parallel with agronomic characteristics, 
yield attributes were also considered as important to select drought-tolerant variet-
ies/genotypes such as MP, GMP, YI, YSI, DWY, superiority index, Ys, and Yp. For 
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example, in wheat many drought-tolerant cultivars/varieties have been identified on 
the basis of different yield indices such as YI, YSI, GMP, MP, and HI (Talebi et al. 
2009; Dehbalaei et al. 2013; Ramya et al. 2016; Aliakbari et al. 2014). Mirbahar 
et al. (2009) selected two wheat varieties (Sarsabz and kiran-95) out of the 25 geno-
types that were grown under field water deficit conditions. These varieties were 
selected based on plant yield and yield components that showed more tolerance 
against water stress. The agronomic and yield attributes are the basis of different 
physiological alteration mechanisms. So, the selection based on the agronomic and 
physiological attributes, taken together, is found better than that of only considering 
the agronomic traits. Many studies have been reported about the selection of 
drought-tolerant varieties/genotypes on the basis of some physiological parameters 
such as germination attributes, biomass production, and plant photosynthetic activ-
ity, amino acid profile, and enzymatic and nonenzymatic antioxidative activities 
(Meena et al. 2016). For example, three maize hybrids were grown in pots to find 
out the drought tolerance potential of three maize hybrids on the basis of extent of 
reduction in growth, yield, extent of lipid peroxidation, and osmolyte accumulation 
(Anjum et al. 2017a, b). They reported that these biochemical and physiological 
attributes helped them to develop drought-tolerant hybrid Dong-Dan 80 that can 
survive in water deficiency with minimum yield reduction. In another study, con-
ducted by Khan et al. (2017), they reported that out of two rice varieties one variety 
(PR-115) was selected as drought tolerant when grown in pots under water stress. 
The selection of drought-tolerant variety was also based on the different physiolog-
ical parameters such as relative water content, osmotic potential, membrane dam-
age, chlorophyll content, phenolic acids, MDA, and total phenolic content. For 
example, two cultivars were selected as tolerant ones out of the four cultivars when 
grown in glass house water deficit conditions (Naderikharaji et  al. 2008). They 
made the selection based on growth and yield components as well as photosynthetic 
activities of these varieties. Chakraborty and Pradhan (2012) considered antioxida-
tive defense mechanism, membrane stability, lipid peroxidation, as well as photo-
synthetic activities for the selection of stress-tolerant genotypes out of five wheat 
varieties that were grown in field under water deficiency. They selected three variet-
ies (KW, UP 2752, and PBW 343) as tolerant ones depending on abovementioned 
physiological attributes. A greenhouse experiment was conducted to find out the 
drought tolerance potential of four tomato genotypes based on growth and seed 
yield as well as water use efficiency when grown under water shortage. Pakmore 
VF and the breeding line L 03306 showed good growth and yield performance and 
are selected to use for breeding programs as drought-tolerant genotypes (Wahb-
Allah et al. 2011). Two strawberry cultivars (cv. Kurdistan and Selva) were grown 
in pots to find out their drought tolerance potential based on the various physiologi-
cal attributes including chlorophyll, proline, and carbohydrate content, membrane 
stability index, as well as leaf relative water content. The cultivar Kurdistan was 
selected as tolerant one to use in breeding programs (Ghaderi and Siosemardeh 
2011). Antioxidative and physiological responses of two sunflower cultivars 
(Musala and Aydın) were studied based on their efficiency to grow under PEG-
induced water stress as reported by Baloğlu et al. (2012). The cultivar Aydin was 
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nominated as drought-tolerant cultivar in terms of growth, MDA, H2O2, and proline 
contents as well as antioxidant activity.

27.3  Breeding Against Salt Stress

Salinity stress is a type of osmotic stress that includes the specific ion toxicity, espe-
cially of Na+ in sodicity that not only disturbs the membrane potential but also cel-
lular ion homeostasis. Along with ion toxicity, it also disturbs plant water relations 
especially the cause of physiological drought. Plants have developed specific mech-
anisms to avoid the toxicity of these toxic ions but this mechanism is species and 
cultivar specific (Munns 2005). This mechanism includes the ion exclusion at dif-
ferent organization levels (Munns 2005), accumulation in vacuole, and discrimina-
tion in the uptake of these toxic ions. The excessive toxic levels of these salts in the 
rooting medium compete with essential macro- and micronutrients such as Na+ that 
competes with K+, Ca2+, Mg2+, etc. So, breeding for toxic ion discrimination is an 
effective one to develop the salt-tolerant crop genotypes. Others include the exces-
sive accumulation of osmotica  to water relations through osmotic adjustment, bet-
ter antioxidative defense mechanism, and better performance in different 
physio- biochemical attributes. Presence of one of the above mechanisms results in 
better crop production. Haq et al. (2012) reported that in okra the salt-tolerant geno-
types were selected based on different yield attributes along with SSI and STI. They 
reported that among 39 genotypes, seven were selected as tolerant ones. A hydro-
ponic experiment was conducted by Jaarsma et al. (2013) to identify the salt- tolerant 
genotypes in potatoes. They found that among seven different genotypes grown 
under salt stress cultivars “Mozart and Desiree” were selected as tolerant ones and 
the selection was based on different growth attributes, K+/Na+ ratio, proline content, 
H2O2, as well as relative water content. In durum wheat, different salt-tolerant culti-
vars were selected on the basis of different growth and yield attributes. Two salt- 
tolerant cultivars (Boomer and PGS) were selected, out of ten cultivars (Kahrizi 
et al. 2013). A hydroponic experiment was conducted by Kaya and Arısoy (2016) 
who reported that 20 wheat cultivars were grown under salt stress to select the salt- 
tolerant genotypes. They reported that eight genotypes were moderately tolerant 
and four were highly salt tolerant, selected against salt stress based on membrane 
stability (MS) and membrane injury (MI) indices. Antioxidant activity, photosyn-
thetic attributes, and lipid peroxidation were recommended. Similarly, based on 
abovementioned attributes, among ten wheat genotypes, five were identified as tol-
erant ones that further for breeding program (Rao et al. 2013). A field study was 
conducted by Ahmadzadeh et al. (2015) to evaluate the effect of salinity stress on 
yield and yield components of fourteen rapeseed cultivars. Among all studied culti-
vars, they reported two high-yielding cultivars as tolerant ones on the basis of dif-
ferent growth, yield, and membrane stability indices. Growth and ionic relations 
(K+, Na+, Ca+, and Mg2+) of ten sunflower genotypes grown in field under saline 
environment were studied to select the salt-tolerant genotypes. Four genotypes were 
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selected as tolerant ones based on abovementioned attributes (Ahmed et al. 2005). 
A laboratory experiment was conducted under saline conditions using various oat 
cultivars to find out the changes in germination and growth parameters. They found 
that among seven cultivars, NDO-2 and UPO-212 were selected as highly salt toler-
ant and moderately tolerant, respectively, based on their germination and growth 
behavior (Chauhan et al. 2016). Various physio-biochemical attributes were studied 
to evaluate salt-tolerant cultivars of rice grown in pots under saline conditions. 
Based on studied attributes cultivar Niewdam Gs.no.00621 was nominated as toler-
ant one as reported by Chunthaburee et al. (2016)). Various salt-tolerant wheat cul-
tivars were also selected based on germination attributes, growth, and chlorophyll 
and proline contents in wheat (Datta et al. 2009), barely (Somayeh et al. 2012), and 
pepper (Hassen et al. 2014). Based on Na+ accumulation various salt-tolerant potato 
cultivars were selected when grown in a hydroponic experiment as depicted by 
Jaarsma et al. (2013). Similarly, a pot study was conducted on rice to evaluate the 
salt-tolerant genotypes based on various stress tolerance and yield indices such as 
TOL, SSI, MP, GMO, STI, HM, YI, and YSI (Kamyab-Talesh et  al. 2014). In 
another study, Toorchi et al. (2012) reported that various canola cultivars were iden-
tified as salt-tolerant ones based on TOL, MP and SI, GM through the agronomic 
and physiological mechanisms are considered important ones but these are purely 
controlled by genetics. In this regard selection based on QTLs is considered short 
term and easy way from the available germplasm (Table 27.5).

27.4  Breeding Against Temperature Stress

In present era due to erratic environmental conditions, especially the atmospheric 
temperature, it is necessary to develop crop genotypes that can better perform under 
such conditions. The main focus of breeders is on the development of genotypes 
that can perform under increasing temperature because the global temperature is 
rising rapidly every year. Along with the high temperature, the chilling stress is also 
disturbing the crop production in specific areas. In case of temperature stress, heat 
shock proteins (HSPs)/chilling stress protein is considered important one. In rice 
various stress-tolerant genotypes were selected against high temperature stress 
when grown under field conditions and these genotypes were selected on the basis 
of different growth and yield attributes such as days to 50% flowering, days to matu-
rity, plant height, no. of spikelets/spikes, fertility, as well as plant yield 
(Masuduzzaman et al. 2016). In a pot experiment conducted by Matsui and Omasa 
(2002), it was reported that various rice cultivars were selected as tolerant ones 
under high temperature stress, based on percentage fertility, anther dehiscence, and 
size. Changes in gas exchange attributes, leaf chlorophyll florescence, relative 
growth rate (RGR), and total dry weight (TDW) of various tomato clones grown in 
a greenhouse under high temperature stress were reported by Midmore and Prange 
(1991). Based on these attributes, they selected three clones and reported that they 
were tolerant to high temperature stress. Alsajri et al. (2019) reported that different 
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Table 27.5 Studies showing the QTL-based selection of stress-tolerant crop genotypes when 
grown under different agroclimatic conditions

Crop type
Stress 
type Studied QTLs Studied attributes References

Zea mays L. Drought 
stress

69 studied; 21 were 
stable

Agronomic traits Zhao et al. (2018)

Oryza sativa 
L.

Cold 
stress

35 QTLs were 
identified; two were 
stable

Spikelet fertility, 
panicle length, spikelet 
number per panicle, 
panicle number, panicle 
weight, culm length, 
heading date

Wainaina et al. 
(2018)

Triticum 
aestivum L.

Heat 
stress

Two marker-trait 
associations were 
detected on chromosome 
no 4A and 5A

Grain yield and its 
components

Tadesse et al. 
(2018)

Triticum 
aestivum L.

Salt 
stress

19 QTLs were detected; 
11 were detected under 
normal condition and six 
under salt stress 
condition. The other two 
QTLs for ratio of TDW 
of wheat plants between 
salt stress and control 
(TDWR)

Maximum root length 
(MRL), root dry weight 
(RDW), shoot dry 
weight (SDW), total dry 
weight (TDW), and the 
ratio of TDW of wheat 
plants between salt 
stress and control 
(TDWR)

Ren et al. (2018)

Oryza sativa 
L.

Cold 
stress

17 QTLs were 
identified; three were 
tolerant (qCT3.12, 
qCT6.7, and qCT9.6)

Spikelet fertility Liang et al. 
(2018)

Hordeum 
vulgare L.

Salinity 
stress

CM72 QTL on 
chromosome 3H

Germination, seedling 
emergence, and first leaf 
full expansion growth 
stages

Angessa et al. 
(2017)

Solanum 
lycopersicum 
L.

Heat 
stress

13 QTLs were identified Pollen viability, pollen 
number, style length, 
anther length, style 
protrusion, female 
fertility, and flowering 
characteristics, i.e., 
inflorescence number 
and flowers per 
inflorescence

Xu et al. (2017)

Triticum 
aestivum L.

Heat 
stress

24 QTLs were identified Grain yield (GY) and its 
components, 
physiological 
parameters

Bhusal et al. 
(2017)

Triticum 
aestivum L.

Salt 
stress

49 QTLs were identified 
and 2 were salt tolerant

Salt tolerance and 
micronutrient 
concentrations at 
seedling stage

Hussain et al. 
(2017)

(continued)
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Table 27.5 (continued)

Crop type
Stress 
type Studied QTLs Studied attributes References

Hordeum 
vulgare L.

Salt 
stress

11 tentative and 11 
significant QTLs were 
identified and 1 for 
salinity tolerant

Gas exchange and 
stomatal regulation 
traits

Liu et al. (2017)

Oryza sativa 
L.

Salt 
stress

34 QTLs were identified 
and eight were stable 
under salt stress

Shoot length, root 
length, shoot fresh and 
root dry and fresh 
biomasses

Rahman et al. 
(2017)

Brassica 
napus L.

Salt 
stress

45 QTLs were 
identified, seven for 
aSTR, seven for SPAD, 
nine for EC, six for 
RDW, two for SOD, 
three for SP, three for 
SH, two for RL, three 
for LFW, and three for 
LDW

aSTR, salt tolerance 
rank; SPAD, 
chlorophyll; EC, 
electric conductivity; 
RL, root length; SH, 
seed height; SP, solution 
protein; SOD, 
superoxide dismutase; 
LDW, leaf dry weight; 
RDW, root dry weight; 
LFW, leaf fresh weight

Lang et al. (2017)

Triticum 
aestivum L.

Drought 
stress

98 QTLs were identified 
that were distributed on 
20 different 
chromosomes, 66 QTL 
agronomic traits, and 32 
QTLs, which affected 
drought sensitivity index

Different agronomic 
traits along with 
drought sensitivity 
index (DSI)

Gahlaut et al. 
(2017)

Indica rice Fe, Zn, 
and Al

21, 30, and 21 QTLs 
were identified for Fe, 
Zn, and Al toxicity 
tolerance, respectively

Growth parameters, 
biomass production, and 
metal tolerance score 
(MTS)

Meng et al. 
(2017)

Triticum 
aestivum L.

Heat 
stress

Three stable QTLs were 
identified

Fv/Fm (maximum 
quantum efficiency of 
photosystem II)

Sharma et al. 
(2017)

Oryza sativa 
L.

Heat 
stress

Five QTLs were 
identified; two were 
stable

STI and SSI for % 
spikelet sterility, STI 
and SSI for yield per 
plant

Shanmugavadivel 
et al. (2017)

Oryza sativa 
L.

Salt 
stress

20 QTLs were detected, 
two (qSESI12.1 and 
qSESF12.1) on 
chromosome; 12 were 
salt tolerant

Growth and biomass 
production

Bizimana et al. 
(2017)

Lens 
culinaris 
Medik.

Drought 
stress

QTL(QSRLIV-61.63), 
QTL(QLRNIII-98.64)

Different root and shoot 
traits

Idrissi et al. 
(2016)

(continued)
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Table 27.5 (continued)

Crop type
Stress 
type Studied QTLs Studied attributes References

Solanum 
lycopersicum 
L.

Drought 
stress

19 QTLs were identified 
on chromosome no. 9

specific leaf area (SLA), 
SDW, yield, and 
maturity traits

Lounsbery et al. 
(2016)

Zea mays L. As stress 14 QTLs were identified Yield, production, and 
phytoremediation

Fu et al. (2016)

Zea mays L. Salt 
stress

Eight QTLs were 
detected. Five were 
associated with salt 
tolerance

Shoot fresh weight, 
shoot dry weight, tissue 
water content, 
concentration of Na+ 
and K+, and their ratio 
in shoot

Cui et al. (2015)

Triticum 
durum

Salt 
stress

12 QTLs were identified Growth attributes and 
biomass production and 
salt tolerance indices

Turki et al. 
(2015)

Pisum 
sativum L.

Drought 
stress

Ten QTLs were detected Relative water content 
in soil (RWCS) and 
relative water content in 
leaves (LWCL)

Iglesias-García 
et al. (2015)

Oryza sativa 
L.

Drought 
stress

qDTY1.1, qDTY2.2, 
qDTY3.1, qDTY3.2, 
qDTY6.1, and 
qDTY12.1

Yield and yield 
components

Kumar et al. 
(2014)

Oryza sativa 
L.

Cold 
stress

Five QTLs were 
detected

Cold tolerance at 
germination (CTG) and 
early seedling (CTS) 
stages

Ranawake et al. 
(2014)

Solanum 
lycopersicum 
L.

Drought 
stress

18 QTLs were detected Promptness index, 
radical root length, 
coleoptile length, and 
lateral root number at 
germinating stage and 
seedling survival rate

Qie et al. (2014)

Zea mays L. Drought 
stress

45 QTLs were identified 
on all chromosomes 
except chromosome 9, 
five for grain yield per 
plant and 40 for eight 
yield components

Yield and yield 
components

Nikolic et al. 
(2013)

Oryza sativa 
L.

Heat 
tolerance

Two QTLs were 
identified on 
chromosome 1 and 
chromosome 4; 1 QTL 
was found tolerant one

Ye et al. (2012)

(continued)
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soybean cultivars were selected as high temperature tolerant on the basis of various 
growth and physiological parameters. Three cultivars of canola were grown in lab 
under heat stress to find out their tolerance. The cultivar “Oscar” was selected as 
tolerant one that was based on oil quality and different yield attributes (Aksouh 

Table 27.5 (continued)

Crop type
Stress 
type Studied QTLs Studied attributes References

Oryza sativa 
L.

Salt 
stress

17 QTLs were 
identified, five QTLs 
might represent novel 
salt tolerance loci, and a 
major salt-tolerant QTL 
was also detected

RNC, root Na+ 
concentration; RKC, 
root K+ concentration; 
SNC, shoot Na+ 
concentration; SKC, 
shoot K+ concentration; 
STR, salt tolerance 
rating

Wang et al. 
(2012)

Triticum 
aestivum L.

Heat 
stress

Three QTLs were 
identified that were 
associated with heat 
tolerance

Heat susceptibility 
index (HSI) of thousand 
grain weight 
(HSITGW), (2) HSI of 
grain fill duration 
(HSIGFD), (3) HSI of 
grain yield (HSIYLD), 
and (4) canopy 
temperature depression 
(CTD)

Paliwal et al. 
(2012)

Hordeum 
vulgare L.

Salt 
stress

Five significant QTLs 
were identified for 
salinity tolerance

Concentration of Na+ 
and K+ in root and shoot

Zhou et al. 
(2012)

Oryza sativa 
L.

Salt 
stress

Three salt-tolerant QTLs 
were identified

Salt tolerance 
parameters

Islam et al. 
(2011)

Zea mays L. As stress Three QTLs were 
detected

As concentration in the 
four tissues

Ding et al. (2011)

Glycine soja 
Sieb. & 
Zucc.

Salt 
stress

A significant QTL was 
identified

Salt tolerance rating 
(STR) and leaf 
chlorophyll content 
(SPAD)

Tuyen et al. 
(2010)

Oryza sativa 
L.

Cd stress Only a single QTL was 
detected

Grain Cd concentrations Ishikawa et al. 
(2009)

Helianthus 
annuus L.

Water 
stress

Several QTLs were 
identified

Yield-related traits Kiani et al. 
(2009)

Zea mays L. Drought 
stress

Umc 11 on chromosome 
1 and csu133 on 
chromosome 2

Morphophysiological 
traits and yield

Tuberosa et al. 
(2004)

Solanum 
lycopersicum 
L.

Salt 
stress

Five QTLs were 
identified

Salt tolerance 
parameters

Foolad et al. 
(2001)

Helianthus 
annuus L.

Water 
stress

19 QTLs were detected Photosynthesis and 
water status traits

Hervé et al. 
(2001)
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et al. 2001). Changes in growth, morphology, and yield traits in different tempera-
ture stressed mung bean cultivars were observed to select the different tolerant cul-
tivars and five cultivars were selected as the tolerant ones based on these changes 
(Sharma et al. 2016). In a greenhouse experiment conducted by Kesici et al. (2013), 
it was found that out of 15 cultivars that were subjected to heat stress to sort out vari-
ous tolerant cultivars, two cultivars were selected as tolerant ones against heat stress. 
In another study conducted by Wijewardana et al. (2015), it was reported that vari-
ous rice hybrids were subjected to cold stress to find out their chilling tolerance 
potential. Among 33 hybrids, three were selected as stress tolerant depending on 
different growth parameters and nutrient uptake. Cruz and Milach (2004) reported 
that out of 24 rice genotypes grown in field under cold stress, three hybrids were 
selected as stress-tolerant hybrids to check their stress tolerance potential based on 
different germination parameters.

27.5  Breeding Against Heavy Metal Stress

Due to industrialization, the agricultural lands are being contaminated with toxic 
effluents, a rich source of heavy metals, acids, and dyes that are severely affecting 
the crop production as well as health risk for the consumers depending on their soil 
concentration. High concentration of heavy metals in soil disturbs the nutrient 
uptake especially the essential ones. At cellular level after the uptake of heavy met-
als the disturbance in ion homeostasis takes place. So, in future due to rapid increase 
in heavy metal contaminated areas, it is necessary to select the genotypes that have 
heavy metal stress tolerance mechanism with the ability to reduce heavy metal 
stress including losses in production. Gul et  al. (2016) conducted a greenhouse 
experiment to assess the interactive effects of heavy metal stress (Cd and Cu) on 
ecophysiological responses of two maize cultivars. They reported that cultivar 
S2000 was nominated as tolerant one while the cultivar Okmass was identified as 
sensitive one. In another study conducted on two maize cultivars grown in pots 
under Cd and As stress to develop tolerant cultivars, they found that the cultivar 
Dong Dan and Run Nong 35 were identified as tolerant and sensitive cultivars, 
respectively, and the selection was based on alteration in different growth, gas 
exchange, as well as photosynthetic attributes (Anjum et al. 2017a, b). Changes in 
growth and photosynthetic responses of different maize hybrids were observed to 
evaluate tolerant hybrids when grown in hydroponic culture under Cd stress. They 
reported that among seven hybrids, two were selected as tolerant ones. The differ-
ential responses of maize hybrids due to Cd stress will be useful in selection and 
breeding for Cd-tolerant genotypes (Akhtar et  al. 2017). A field experiment was 
conducted on various wheat genotypes grown under Zn and Cd stress to find out the 
stress-tolerant genotypes based on different growth and physiological attributes as 
reported by Alybayeva et  al. (2016). In a glass house experiment conducted by 
Hussain et al. (2015), it was found that out of 100 tomato genotypes, eight were 
selected as tolerant ones, when grown under Cd stress, and selection of these stress- 
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tolerant genotypes was made on the basis of different yield parameters as well as 
accumulation of Cd in root, shoot, as well as leaf. In mung bean different stress- 
tolerant genotypes were selected to use in breeding program when grown under Ni 
stress, and these tolerant genotypes were selected on the basis of various growth 
parameters and different stress tolerance indices (Samantaray et al. 1998). Hussain 
et  al. (2015) reported that three mung bean cultivars were grown in greenhouse 
under boron stress to find out their tolerance against stress based on germination, 
growth, and photosynthetic responses against boron stress. Based on the results, two 
cultivars, i.e., M-6 and M-8, were selected as tolerant ones.

27.6  Quantitative Trait Locus (QTL)-Based Selection 
of Crop Genotypes Under Different Environmental 
Stresses

In genetics, quantitative trait loci (QTLs) have gained great interest by the breeders 
for over a century as they play the most important role in natural variation in design-
ing the phenotype in almost all eukaryotes, including crop plants. Number of traits 
that are important agriculturally, i.e., growth, stress tolerance, as well as plant yield, 
are controlled by a variety of genes in a given population and these genes are segre-
gated according to Mendelian fashion. Mathar in 1949 defined these traits as “poly-
genes.” Afterward in 1975, Gelderman called these polygenes as QTLs. It can be 
defined as a specific region of DNA that is responsible for phenotypic expression of 
organisms and also associated with quantitative trait (Dhingani et al. 2015). Several 
techniques/methods have been employed for the detection of these genomic regions 
that are responsible for the phenotypes in quantitative term. These methods vary 
from a simple statistical test or models that include interaction between multiple 
markers (Martínez et al. 2016). A QTL may be single that shows major effect or 
present in the form of clusters of genes on genome that have significant minor 
effects on a specific trait. The number of QTLs present on a particular chromosome 
affects the changes in the phenotypic trait that explain the genetic makeup of that 
trait. For example, it explains how plant height can be controlled by a small number 
of genes having large effect or by a large group of genes having small effect col-
lectively in a total expression. A variety of QTLs have been found involved with 
abiotic stress tolerance in crop plants that are associated with complex stress-related 
traits, such as growth, yield, and biomass production under drought, salinity, and 
heat stress. So, there is a need of developing QTLs that are responsible for improve-
ment of agronomic as well as physiological traits in a number of crop plants such as 
maize, wheat, and rice subjected to different abiotic stresses (Yao et  al. 2016; 
Gahlaut et al. 2017). As it is well known that developing stress-tolerant crop culti-
vars is the main focus of breeders especially for better production under changing 
environmental conditions that cause the large economic losses almost 70% of over 
the world. Abiotic stresses at any stage of plant growth disturbs the cellular bio-
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chemical reactions that as a result alter the morphology and physiology of plants 
(Sahoo et al. 2014) and this mechanism is purely genetically controlled that regulate 
up and down regulations and under adverse environmental conditions (Mizoi and 
Yamaguchi-Shinozaki 2013). However, the mechanism is stress type, plant species, 
and growth stage specific (Gall et al. 2015). In this regard, study of QTLs play sig-
nificant role in learning plant genetic behavior and tells how to improve them under 
stressful conditions (Bo et al. 2015) and to understand the physiological and the 
genetic elements play significant role in source sink relationship when grown under 
stressful environment (Welcker et  al. 2007). In evolutionary biology, QTL study 
plays a significant role in finding the location of genes of interest on a specific chro-
mosome. Study of QTLs is an important tool for understanding the phenotypic and 
genotypic behavior of plants under stressful environment (Soda et al. 2015).

27.7  Development of Tolerant Crop Genotypes by 
Manipulating QTLs

Quantitative trait locus (QTL)-based selection for stress tolerance is gaining interest 
due to its role in solving the complex genetic mechanism controlling the stress- 
tolerant crop plants. QTL-based selection in crop plants is focusing especially on all 
of the morphological, physiological, and yield potential taken together. These 
mechanisms are considered important ones but these are purely genetically con-
trolled. In this regard, QTL-based selection is considered a short term and easy way, 
from the available germplasm. For example, in rice 69 QTLs were identified for 
some agronomic traits such as plant height, for the induction of drought tolerance, 
ear weight, cob weight, 100-kernel weight, and ear length in two F2:3 populations 
both under stressed and non-stressed conditions. Out of these 69 QTLs, 52 were 
identified under water deficit conditions, while 21 were found stable and showed 
tolerance against water stress (Zhao et al. 2018). In a study conducted by Gahlaut 
et al. (2017) it was reported that in wheat 98 QTLs were identified on chromosome 
no. 20 and 66 QTLs for agronomic traits were selected and out of them 32 QTLs 
affected the drought sensitivity index. Lounsbery et  al. (2016) reported that in 
Solanum lycopersicum L. plants 19 QTLs were identified on chromosome no. 9 that 
were associated with drought tolerance potential and the identification of tolerant 
QTLs was based on few traits such as SDW, yield, and maturity traits. Ten different 
QTLs were identified using composite interval mapping (CIM) and multiple inter-
val mapping (MIP) to check the drought tolerance potential of pea plants focusing 
based on relative water content in soil (RWCS) and leaves (LWCL) as reported by 
Iglesias-García et  al. (2015). Kumar et  al. (2014) developed some high-yielding 
drought-tolerant rice varieties based on QTL analysis. Fourteen QTLs were detected 
using grain yield as selection criteria. Out of these fourteen QTLs, six were  identified 
as high-yielding ones. In maize, 45 drought-tolerant QTLs (five for grain yield per 
plant and 40 for eight other yield components) were detected associated with yield 
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and different yield components (Nikolic et al. 2013). A hydroponic experiment was 
conducted to identify some QTLs associated with salt-tolerant potential of some 
inbred wheat lines. A total of 19 QTLs were detected, 11 under normal condition 
and six under salt stress condition, and other two QTLs were identified for 
TDWR. The selection was based on MRL, RDW, SDW, TDW, and TDWR (Ren 
et al. 2018). In another study conducted by Angessa et al. (2017), they reported that 
two barely varieties were grown under salt stress to check their salt tolerance poten-
tial based on QTL analysis. Of all studied QTLs, 12 were detected on chromosomes 
2H–6H based on seed germination, seedling emergence, and first leaf full expansion 
growth stages, but only one QTL showed stability both under controlled and stress-
ful conditions, i.e., CM72 QTL, on chromosome 3H. Different recombinant inbred 
rice lines were genotyped using QTL analysis to check their stability when grown 
under salt stress. A total of 39 QTLs were detected, and eight were stable QTLs 
based on some growth parameters such as shoot length, root length, shoot fresh, and 
root dry and fresh biomasses (Rahman et al. 2017). Salt-tolerant potential of two 
rice varieties was checked based on QTL analysis. Five QTLs represented novel salt 
tolerance loci and a major salt-tolerant QTL was also detected based on RNC, RKC, 
SNC, SKC, and STR (Wang et al. 2012). Zhou et al. (2012) reported that five sig-
nificant QTLs were identified for salinity tolerance in two rice varieties based on 
concentration of Na+ and K+ in root and shoot. Furthermore, Bizimana et al. (2017) 
identified 20 QTLs for salinity tolerance in two rice varieties. Among 20 QTLs, two 
were associated with salt tolerance based on growth and biomass production. In 
parallel with drought and salinity, QTL-based selection was also found helpful in 
developing new crop genotypes tolerant to other stresses such as temperature (heat 
and cold) and heavy metal stresses. For example, in wheat 24 QTLs were identified 
associated with heat tolerance based on grain yield (GY) and yield components and 
also on some physiological parameters as well (Bhusal et al. 2017). In another study 
conducted by Shanmugavadivel et al. (2017), they reported that two rice varieties 
(Aus cultivar and IR64) were crossed to check their heat tolerance potential based 
on QTL analysis. Five QTLs were identified associated with STI and SSI for % 
spikelet sterility, such as STI and SSI for yield per plant. Among these QTLs, two 
were tolerant ones. Liang et al. (2018) identified different QTLs in rice grown under 
cold stress. They reported that out of 17 QTLs, three were stable based on spikelet 
fertility. Wainaina et al. (2018) crossed two rice varieties for the identification and 
validation of QTLs for cold tolerance at the booting stage and other agronomic 
traits. They identified 35 QTLs for abovementioned traits. Among these, two were 
associated with cold tolerance potential. QTL analysis of rice was done to check 
their heavy metal tolerance potential at the seedling stage. A total of 21, 30, and 21 
QTLs were identified for Fe, Zn, and Al toxicity tolerance, respectively (Meng et al. 
2017). Ishikawa et al. (2009) reported that in rice only a single QTL was identified 
associated with Cd stress toxicity. In maize, 14 QTLs were identified that were 
found helpful in phytoremediation of As-contaminated soil and are also associated 
with yield and production of rice as reported by Fu et al. (2016).
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Abstract Abiotic stress factors such as drought, flooding, cold, heat waves, ultra 
violet radiations, oxidizing agents and salinity in the current era of climate change 
is jeopardizing the plant growth and development leading to crop failure worldwide. 
Engineered plants with improved tolerance to abiotic stresses would provide oppor-
tunities to adapt crops to future climates coupled with enhanced food productivity 
and sustainable agricultural development. Growth and development of plants 
involve a wide range of sophisticated genetic, hormonal, metabolic and  environmental 
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events which are tightly regulated by internal and external cues, such as phytohor-
mones (including various biostimulants and different organic and inorganic elici-
tors), temperature, light irradiation, etc. Out of these, phytohormones such as 
jasmonates, gibberellins, abscisic acid, brassinosteroids, nitric oxide, salicylic acid, 
etc. have evolved to control vital functions in regulating various plant physiological 
and developmental processes, ranging from seed germination, photosynthesis, leaf 
senescence, pollen growth, to plant defense responses, and ameliorating various 
abiotic stresses. The role of such phytohormones in conferring plant adaptation 
under dynamic climate changes is still in infancy stage. Few reports are available on 
the current topic. In this chapter, we attempt to summarize recent studies that have 
provided insights of the plant environmental adaptability and the multidimensional 
role of different phytohormones viz. salicylic acid (SA), nitric oxide (NO) and 
hydrogen sulphite (H2S) in regulating various developmental processes and stress 
tolerance, taken together with the molecular mechanisms of phytohormone 
signalling.

Keywords Abiotic stress · Climate change · Metabolic engineering · 
Phytohormones · Abiotic stress tolerance

28.1  Introduction

According to an estimate of Food and Agricultural Organization [FAO] (2009), the 
aim of world agriculture for increasing the 70% food production by the year 2050 
for approximately 2.3 billion newborn populations is facing a great hurdle in the 
light of hunger, poverty coupled with the dynamic environmental factors and over- 
exploitation of natural endowments. A global emerging problem in current times is 
climate change and global warming which can be considered as ‘global warning’ to 
plant stress physiologists as well. A variation in global climate is further supposed 
to accelerate as global climatic projections indicate a significant increase of 2–4 °C 
in mean temperature over the next half of the present century (IPCC Intergovernmental 
Panel on Climate Change 2007). A global level, agriculture is widely considered as 
one of the prime prone sectors affected by a change in climatic conditions (Abbas 
2013). Climate change and agriculture are correlated, as a change in climate of a 
particular region is the main reason of biotic and abiotic stresses, which pose severe 
impact on the agriculture. Changing environmental pattern and variability in cli-
mate accelerate the impacts of abiotic stresses in crop plants (Thornton et al. 2014; 
Raza et al. 2019). The crop productivity improvement under abiotic stress is one of 
the biggest and prime challenges faced by the agricultural scientific community 
worldwide. Despite extensive research being done in the field, the research for 
yielding abiotic stress-resistant crops remains very scanty. This can be attributed to 
the complex nature of environment × genotype interactions and particularly, the 
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capacity to quantify the dynamic physiological response profile of crop plants to a 
dynamic environment (Moshelion and Altman 2015; Dalal et al. 2019).

Abiotic stress factors such as salinity, drought, heavy metals, UV-B radiation, air 
pollution and heat stress will further intensity these effects (Khan et al. 2015; Pereira 
2016; Wani et al. 2018; Ali et al. 2019) and may strongly impact yield of crop plants 
and quality of agricultural products (Knutti et al. 2016; Pereira 2016; Feller et al. 
2017). Efforts have been made to know potential tolerance mechanisms and plant 
response under such stressed conditions. As plants are sessile organisms, they con-
tinuously encounter different environmental pressures at morphological, physiolog-
ical, biochemical and molecular levels. Plants have to adapt to these abiotic stresses 
induced adverse impacts at cellular and subcellular levels to optimally perform the 
growth and development. Under the danger of climate change, the adaptive underly-
ing mechanisms of plants should perform optimally to counter these challenges. 
Nevertheless, these adaptive mechanisms can be engineered by exogenous applica-
tion of phytohormones. In the present chapter, an attempt is made to exploit the 
tendency of external application of some phytohormones in different crop plants to 
boost their tolerance against environmental pressures. In the following section, we 
are discussing the potentiality of hydrogen sulphide, nitric oxide, and salicylic acid 
mediated mechanisms in countering salinity, drought, heat and metal stress in dif-
ferent species of plants.

28.2  Hydrogen Sulphide (H2S)

Hydrogen sulphide (also known as dihydrogen sulphide or sulfane), is a chemical 
compound with the chemical formula H2S. It is a colourless gas, with a characteris-
tic foul odour of rotten eggs. Production of H2S involves microbial (usually by sul-
phate reducing microorganisms) breakdown of organic matter in an anaerobic 
condition, such as sewers and sewages. H2S is a new gaseous signalling molecule 
that have different sources and subcellular compartments generally associated with 
cysteine metabolism in a plant body (Gotor et al. 2013; Scuffi et al. 2014; Birke 
et  al. 2015; Corpas et  al. 2019a) that tends to regulate physiological process in 
plants (Li et  al. 2016a; Mostofa et  al. 2015; Banerjee et  al. 2018; Corpas et  al. 
2019b) and have tendency to show adaptation to various environmental stresses 
which includes heavy metal exposure, temperature, drought and salt stresses (Lisjak 
et al. 2013; Li et al. 2016b; He et al. 2018). H2S can likely exert anti-inflammatory, 
antioxidant, cyto-protective, antiapoptotic and organ protective effects, further 
improving environmental stress tolerance of cells (Yuan et al. 2017). It was believed 
to be a toxic gas and tend to have hazardous effects on environment but by recent 
several researches it has emerged as an important molecule that helps in signalling 
with numerous effects on various physiological processes both related to plants as 
well as animal systems. After nitric oxide (NO) and carbon monoxide (CO), H2S 
has been recognized as the third endogenous gaso-transmitter in plants. Hydrogen 
sulphide plays a vital role in cell signalling pathways by being an important 
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 component. In plants, H2S generation can be related to cysteine (cys) metabolism 
(Papenbrock et al. 2007). D-Cys desulfhydrase (D-CDES) and L-Cys desulfhydrase 
(LSD) derogate cysteine to hydrogen sulphide, ammonia and pyruvate and hence 
are responsible for the release of H2S into cell (Kopriva 2006). Moreover, participa-
tion of H2S in ethylene-induced stomatal closure has also been proven. Increase in 
glutathione level, alterations of enzyme activities and influences on both NO and 
H2O2 metabolisms are some of the intracellular effects of H2S. Recent studies have 
also showed that in regulation of proharvest senescence of horticulture H2S plays an 
important role. In the accompanying section, the role of H2S under various abiotic 
stresses is discussed briefly.

28.2.1  Role of H2S in Salt Stress

Salt stress is included in abiotic kind of stress that usually limits the agricultural 
productivity mostly seen in arid and semiarid regions of the world. It tends to be one 
of the major environmental stresses which results in ionic toxicity and induces an 
osmotic stress in plants to a major extent that leads to different nutritional disorders. 
H2S is known to enhance the salt tolerance, as is seen in barley seedling roots where 
it acts as a messenger molecule resulting in the modulation of different physiologi-
cal processes in plant by decreasing the net K+ efflux (Chen et al. 2015). Moreover, 
the effect of H2S was seen in poplar species as well. When poplar was subjected to 
salt stress, both long term as well as short term, it results in increased Na+ efflux as 
well as an increased H+ influx for its roots caused by NaHS.  Depolarization- 
activated K+ channels resulted in K+ loss induced by NaCl. Other researches revealed 
about the role of H2S in salt stress in rice plants. Results have shown a decreased 
growth with NaHS. Salt stressed rice plants have a decreased content of chlorophyll, 
carotenoid and soluble proteins. Under salt stress, a vital role of H2S was witnessed 
in ion homeostasis, where the ability to decrease the uptake of Na+ and Na+/K+ ratio 
and to balance mineral contents. Furthermore, it was revealed how implication of 
this gaso-transmitter, H2S, can manage the salt stress that makes the rice plants to 
adapt the adversities of environment (Mostofa et al. 2015). In a study performed on 
the roots of Arabidopsis thaliana, Li et al. (2014) exposed the plants to 100 mM 
NaCl stress which caused electrolyte leakage and disturbed the Na+/K+ ratio. 
However, the follow-up treatment with NaHS enhanced the salt tolerance by main-
taining the homeostasis of ions via regulating the plasma membrane Na+/H+ anti-
porter system. It has also been documented that salt stress also initiate biosynthesis 
of endogenous H2S. In a study carried out in seedlings of Medicago sativa, Lai et al. 
(2014) found that there was subsequent increase in the biosynthesis of H2S from 30 
to 70  nmol  g−1 FW when the concentration of NaCl increased from 50 to 
300 mM.  Integrity of photosynthetic apparatus can be deteriorated by salt stress 
which eventually has an immense effect on photosynthetic efficiency of plant. In 
Nicotiana tabacum, Da Silva et al. (2017b) observed that salinity stress induced the 
accumulation of endogenous H2S was responsible for redox defense systems to 

Y. Sadiq et al.



801

 prevent the inhibitory effects of salinity stress. Thus, it is clear that H2S is an impor-
tant molecule in plants implicated to confer salt stress tolerance.

28.2.2  Role of H2S in Heat Stress

Heat stress can be defined as excessive increase in soil and air temperatures above a 
threshold level for ample time that cause usually an irreversible damage to plant 
physiological functions as well as its development which includes the rate of repro-
ductive development or the photosynthetic rate which can be seen in decreased seed 
or fruit production. As the plants are sessile, they have to tolerate the temperatures 
provided by their environment which can never be always optimal (Bita and Gerats 
2013). Heat stress can affect the plant in different manners either by high day or 
high night temperatures or by either high air or high soil temperatures. Several 
research groups have suggested the implication of H2S to tolerate both high and low 
temperatures. Heat stress can be attributed as a direct effect of global warming 
(Banerjee and Roychoudhury 2018). A synchronized antioxidant network is acti-
vated by H2S to achieve heat shock protection. It was seen that electrolyte leakage 
and the production of MDA due to membrane lipid peroxidation was significantly 
reduced by H2S released from NaHS (Li et al. 2012). H2S interacts with various 
physiological regulators like Ca2+ and proline. It has been seen that maize seedling 
when treated with NaHS have elevated the activity of pro-biosynthetic enzyme that 
facilitated viability of seedling under heat stress due to high endogenous accumula-
tion of proline (Li et al. 2013). Under the heat stress the rate of germination of maize 
seeds can be increased by NaHS, a derivative of H2S and also enhance the tissue 
viability and the accumulation of malondialdehyde (MDA) caused by heat treat-
ment has also been lowered (Li et al. 2013). In maize the heat tolerance induced by 
salicylic acid (SA) is enhanced by NaHS that acts as H2S donor (Li et al. 2015b). 
Recently, an increase in heat tolerance was achieved by the application of NaHS on 
wheat seedling through foliage. High temperature in plants also triggers the biosyn-
thesis of the H2S (Fu et al. 2013). In Nicotiana tabacum, when seedlings are under 
35 °C, it was found that the expression of LCD was increased which was responsi-
ble for the biosynthesis of H2S (Chen et al. 2016). H2S donor also induces the ther-
motolerance in strawberry plants which were exposed to 42  °C (Christou et  al. 
2014). They observed that H2S root pretreatment activates systemic thermotoler-
ance via the coordinated network of transcriptional regulation of heat shock pro-
teins and aquaporin.
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28.2.3  Role of H2S in Drought Stress

The availability of water content in soil is reduced and various environmental fac-
tors that cause a continuous loss of water either by transpiration (loss of water from 
aerial parts of plant in the form of moisture or water vapour) or by evaporation 
(process of vaporization) lead to a condition known as drought stress (also known 
as water stress). It is one of the most important abiotic environmental stresses and 
can be regarded as a multidimensional stress because it can cause alteration in vari-
ous physiological as well as morphological functions of a plant. Drought stress 
connects plant development and yield. Primarily it can affect the crop productivity 
and hence can weaken the global food security and can increase other related 
adverse consequences like desiccation, osmotic imbalance, drooping and much 
more. Different plant species have different tolerance to drought stress. Drought 
stress tolerance and protection can be regulated by H2S (Jin et al. 2011, 2013, 2017). 
Mitigation of drought susceptibility can be achieved by H2S (Zhang et al. 2010b). 
Reduced activity of lipoxygenase (LOX) and malondialdehyde (MDA) content 
along with increased activities of ascorbate peroxidase (APX) and catalase (CAT) 
was reported when wheat seedlings were treated with NaHS, a derivative of H2S 
(Zhang et al. 2010a). In seedlings of Arabidopsis thaliana, Shen et al. (2013) con-
ducted an experiment and found that wild type seeds treated with polyethylene gly-
col (PEG-8000) mimicked drought stress, which trigger the biosynthesis of 
H2S. They concluded their study by observing that H2S improved drought resistance 
through regulating the expression of drought associated miRNAs in Arabidopsis. 
When wheat seeds were exposed to PEG 6000 induced drought stress for 2 days, a 
rapid increase from 1.5 to 3.5 mmol g−1 dry weight of H2S production was measured 
(Zhang et al. 2010a). They further observed that H2S treatment slowed down the 
activity of lipogenase. Some researchers showed that prolonged exposure to H2S 
results in increased stomatal aperture whereas short-term exposure to H2S can result 
in closure of stomata (García-Mata and Lamattina 2010; Lisjak et al. 2010, 2011). 
In case of wheat (Triticum aestivum L.), drought responsive genes regulated by H2S 
were also studied.

28.2.4  Role of H2S in Metal Stress

Increased anthropogenic and industrial activities lead to the contamination of water 
and soil by heavy metals growing as one of the most concerned global environmen-
tal problems (Fang et al. 2016; Ye et al. 2017; Wani et al. 2018). Metal stress is 
responsible for the retarded plant growth as well as development. Moreover, they 
have a deleterious effect on plant’s physiological processes. The major heavy metal 
toxicants may include lead (Pb), cadmium (Cd), chromium (Cr), copper (Cu), nickel 
(Ni) and zinc (Zn) (Macomber and Hausinger 2011; Wang et  al. 2013; Ye et  al. 
2017; Qin et  al. 2018; Zhou et  al. 2018; Wani et  al. 2018). Various effects like 
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 chromosomal aberration, membrane damage, colonization inhibition, oxidative 
stress, antioxidant enzyme upregulation and even cell death can be caused by the 
presence of the heavy metals even if these are present in trace amounts (Gong et al. 
2009; Ali et al. 2014, 2018; Huang et al. 2015). Blockage of the casparian strips or 
due to tapering by cell wall of roots can result in accumulation of heavy metals in 
root cells. The efficiency of toxicants removal and alleviation of heavy metals can 
be done by the application of H2S. Lead, a heavy metal effects the germination, 
growth (root elongation and cell division) and various biochemical and physiologi-
cal attributes (photosynthesis, nutrients uptake, respiration and hormonal equilib-
rium) in cauliflower, which are however mitigated by the application of NaHS, a 
donor of H2S. Accumulation of higher amounts of zinc in soil can result from exces-
sive use of zinc enriched fertilizers and the industrial activities. This accumulation 
can affect the quality of both vegetables and fruit crop. Both the shoot as well as 
root dry weight of pepper (Capsicum annuum L.) plant was reduced due to zinc 
stress, whereas, proline content and leaf electrolyte leakage (EL) were enhanced. 
Pertinence of NaHS increased both the shoot and root growth in zinc stressed plant, 
but also reduced the leaf EL and proline content in pepper plant. NaHS promoted 
the plant growth and photosynthesis in chromium stressed plant (Ali et al. 2013). 
While in wheat plants NaHS can help in relieving the reduction in germination of 
seeds caused by copper stress (Zhang et al. 2008). Moreover, oilseed rape (Brassica 
napus L.) stressed by heavy metal lead, alleviated by NaHS, results in growth, pho-
tosynthesis and cell structure improvement (Ali et al. 2014). Chen et al. (2018) stud-
ied the effect of exogenous H2S on Brassica oleracea L. seed germination and 
seedling growth under Pb (0.25 and 0.5 mM) stress. They found that Pb markedly 
inhibited seed germination and seedling growth, root length, shoot length and fresh 
weight. In addition, they observed that NaHS elevated endogenous contents and 
reduced the Pb induced malonyldialdehyde, superoxide anion and hydrogen perox-
ide production. Zanganeh et al. (2018) studied the impacts of seed priming with H2S 
along with salicylic acid on possible metabolic pathway of amino acids in maize 
plant under Pb stress. They observed that H2S along with salicylic acid play a sig-
nificant role in regulating the metabolism of methionine and arginine in maize under 
Pb stress condition. Mostofa et al. (2015) studied the alleviative role of H2S in rice 
plants under Cd stress. Their results revealed Cd-induced growth inhibition and 
biomass reduction. Cd-mediated oxidative stress in rice plants was evidenced by 
observing increased levels of superoxide, hydrogen peroxide, methylglyoxal and 
malondialdehyde. H2S reduced the extent of Cd-induced oxidative stress via enhanc-
ing redox status and the activities of enzymes related to reactive oxygen species 
metabolism and methylglyoxal detoxification system. They confirmed the benefi-
cial effect of H2S under Cd stress by using H2S-scavenger hypotaurine that abol-
ished the beneficial effect of H2S in rice plants.
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28.3  Nitric Oxide (NO)

Nitric oxide with the formula NO is a colourless gas and is considered as one of the 
principal oxides of nitrogen. Nitric oxide is a free radical, i.e. it is having an unpaired 
electron. It is a highly diffusible gas having the ability to diffuse through biological 
membranes readily. NO has an immense role in various physiological and biochem-
ical (hence is a bioactive molecule) processes of plants. It shows dual character at 
different concentrations. At low concentrations, it acts as a signalling molecule 
whereas at higher concentrations, it can damage the cell resulting in nitro-oxidative 
stress. Hence it has been proven to be useful as well as harmful for plant. Beside 
this, NO is associated with signal transduction. NO, like H2O2 is considered as an 
important signalling molecule which makes plants to have adaptive responses to 
various biotic as well as abiotic environmental stresses (Qiao et al. 2014; Hossain 
et al. 2015; Santisree et al. 2015; Simontacchi et al. 2015; Sahay and Gupta 2017; 
Asgher et al. 2017; Sami et al. 2018; Nabi et al. 2019; Sharma et al. 2019). It has 
been seen that application of NO to seeds or seedlings of different plants resulted in 
making the plants tolerant to various stresses which includes heat, drought, and salt 
stresses mainly through two different ways; either by decreasing oxidative toxicity 
or by increasing antioxidative potential in numerous plants like citrus plants (Tanou 
et  al. 2009), wheat (Wahid et  al. 2007), Capsicum annuum (Kaya et  al. 2019b), 
soybean (Ishibashi et al. 2011), maize (De Azevedo Neto et al. 2005), rice (Uchida 
et al. 2002; Yang et al. 2016), orange seedlings (Fan and Liu 2012), tomato (Siddiqui 
et al. 2017), strawberry (Kaya et al. 2019a) and other crop species (Hossain et al. 
2015; Santisree et al. 2015; Simontacchi et al. 2015). During plant pathogen interac-
tions, NO has an important additional defensive role to play (Durner et al. 1998; 
Gaupels et al. 2011; Mur et al. 2013). Various researches have revealed the associa-
tion of NO with plant growth, seed germination, photosynthesis, leaf senescence, 
pollen growth, and orientation and it is rightly given a name of “plant growth regula-
tor” (Beligni and Lamattina 2001). Moreover, NO has a significant interaction with 
other plant hormones such as auxins, gibberellins, abscisic acid, cytokinins, ethyl-
ene, salicylic acid, jasmonic acid, etc. under diverse stresses. The production of NO 
is suggested to take place through different pathways which are classified as oxida-
tive or reductive steps.

28.3.1  Role of NO in Drought Stress

In drought stress, i.e. unavailability of water, there is an interaction between NO and 
abscisic acid (ABA) (Hancock et al. 2012; Sahay et al. 2019). An exogenous appli-
cation of NO increased the drought tolerance in cut leaves and seedlings of Triticum 
aestivum by enhancing ABA synthesis with the help of a NO donor (Zhao et al. 
2001). Many researchers through their researches in diverse crop plants have exper-
imentally shown that there is an enhancement of plant tolerance to drought stress 
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with the external application of NO (Lei et al. 2007, Hao et al. 2008, Shao et al. 
2010, Tian and Lei 2006, Xing et al. 2004; Cechin et al. 2015; reviewed by Santisree 
et al. 2015; Montilla-Bascón et al. 2017). Moreover, researches have showed that 
NO is produced as a signal molecule in response to abscisic acid (Mioto and Mercier 
2013). In case of Zea mays, it was seen that by the application of NO, it interact with 
CK’s and results in regulation of photosynthesis and also an increase in adaptation 
towards drought stress (Shao et al. 2010). Similar results were also reported in case 
of Arabidopsis thaliana for the induction of senescence by interaction between 
CK’s and NO (Mishina et al. 2007). Nevertheless, in Arabidopsis thaliana, it was 
found that over-expression of two ABA receptors (AtPYL4 and AtPYL5) enhanced 
drought resistance, antioxidant enzyme activity and osmolyte levels. These observa-
tions also bring out the role of NO in drought stress response in Arabidopsis (Shi 
et al. 2014).

28.3.2  Role of NO in Salt Stress

A worldwide increase in salinity threatens the plant growth, development and pro-
duction of agriculture (Zhu 2003; Ahmad et al. 2018a; Romero-Munar et al. 2019). 
According to an estimate there is more than 20% (~45 million ha) of arable land 
worldwide and approximately 50% of irrigated land is occupied by high salt con-
centration (Ahmad et al. 2015; Fatma et al. 2016). The high salt conditions are 
injurious to plant health, as it causes ionic, osmotic and oxidative stress, thereby 
inhibiting various biochemical and physiological processes responsible for opti-
mal growth and development (Munns and Tester 2008; Khan et al. 2010; Ahanger 
et al. 2018; Khanam and Mohammad 2018; Jorge et al. 2019). Due to salinity-
induced intracellular ion imbalance, the soil nutrient uptake is altered which leads 
to nutrition deficiencies in plants. While, salinity provokes disintegration of mem-
branes, loss of metabolic functions, leakage of ions, DNA defragmentation, and 
consequently programmed cell death (Hasegawa et al. 2000; Ahanger and Agarwal 
2017; Tang et al. 2019). Salt stress has a relevant effect on a plant as that of the 
drought stress do. Many experiments have shown the increase in resistance to salt 
stress (also known as salinity) on the application of NO to the affected plants 
(Khan et al. 2003; Fatma et al. 2016; Sehar et al. 2019). There are ample evidences 
suggesting the involvement of NO in alleviation of ill effects of salt stress on vari-
ous plants. Under salt stress, DELLA proteins play an important role where it 
restrict the growth and regulate development. Root meristems inhibition under salt 
stress was achieved by NO generation by auxin concentration reduction (Liu et al. 
2015). Furthermore, experiments showed a synergetic interaction between NO 
and SA resulting in the alleviation of salt stress (Liu et al. 2014). By the applica-
tion of NO, there was an increase in antioxidant enzyme activity, witnessed in 
mitochondria of wheat seeds under salt stress, enhancing the germination rate and 
weight of radicals and coleoptiles. Further experiments were done with wheat 
plant in which it was seen that the starch content can be reduced and soluble sugar 
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content can be increased on the pretreatment of wheat seeds with NO for 3 days 
(Almansouri et al. 2001). Association of NO with increased ATP content in wheat 
seeds was also observed. Enhancement of Na+/K+ ratio was provided by NO appli-
cation in the callus of Phragmites communis (reed) and Populus euphratica (popu-
lus) providing tolerance to salt stress (Zhao et al. 2004). In a recent study, Sehar 
et al. (2019) studied the involvement of nitric oxide donor (sodium nitroprusside) in 
the reversal of glucose-inhibited photosynthetic responses in the presence or absence 
of salt stress (100 mM NaCl) in wheat plants. They found that NO improves photo-
synthesis of wheat plants in the absence of salt stress, and also reduces glucose- 
mediated repression of photosynthesis under salt stress. NO accomplished this 
effect through increase in antioxidant system and concomitant decrease in glucose 
and ethylene sensitivity under salt stress. In yet another recent experiment, Campos 
et al. (2019) studied the potential of NO and phytohormone crosstalk in Lactuca 
sativa plants to salinity stress conditions. Plant exposure to salt stress triggered 
ionic, osmotic and oxidative stress, which causes imbalance in hormone content, 
cell death and consequently decreased growth of plants. These changes were cor-
related with salt ions in tissues. However, NO caused a decrease in Na+ accumula-
tion and stabilized the mineral nutrient status. This resulted in maintenance of 
photosynthesis rate and growth re-establishment. The NO-signalling also balances 
the phytohormones content and caused an increase in antioxidant potential and 
osmotic regulation, with culminates tolerance to the salt stress. Hence it was proved 
that NO has an immense importance in physiological response alteration which 
enhances the growth of plant (Liu et al. 2007).

28.3.3  Role of NO in Heavy Metal Stress

There are alterations in root structures due to change in hormonal imbalance under 
heavy metal stress. One of the common aspects of stress caused by various heavy 
metals is ROS production (He et al. 2012; Wani et al. 2018). Various researches have 
showed that NO tends to have an important role in the protection against heavy 
metal stress like the toxic effects exerted by As (Singh et al. 2009), Cd (Hsu and Kao 
2004), Al (Wang and Yang 2005), Cu (Yu et al. 2005) and B (Farag et al. 2017). 
Application of NO to the plants having toxicities of such heavy metals alleviates the 
effects under different conditions. NO content sometimes increases and sometimes 
decreases in response to heavy metal stress making a controversy. Researchers have 
shown that in case of few plants like pea (Pisum sativum) and Arabidopsis thaliana, 
Cd tend to reduce the NO production hence resulting in stress (Barroso et al. 2006; 
Rodríguez-Serrano et al. 2009; Zhu et al. 2012a, b; Xu et al. 2011). In Arabidopsis 
thaliana, NO accumulation induced by auxin increased the cadmium tolerance (Xu 
et al. 2011). Application of NO successfully shows an improvement in the antioxi-
dative capacity of Medicago truncatula and reduction of auxin degradation in roots 
were also seen in the plant under Cd stress (Xu et al. 2010).
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28.3.4  Role of NO in Temperature Stress

The adverse effects that results from heat stress can be enlisted as membrane dam-
age, lipid peroxidation, enzyme inactivation, oxidative stress and ultimately disrup-
tion of DNA strands (Suzuki and Mittler 2006; Ali et al. 2019). Protein denaturation, 
oxidative and osmotic stresses and membrane rigidity that can cause ion leakage are 
some other effects of low temperature (Ruelland et al. 2009; Khan et al. 2017). To 
deal with such adversities, application of NO turned to be useful to the plants. It was 
seen that NO also helps in inducing various activities in cold stress like nitric oxide 
synthase (NOS) and S-nitrosoglutathione reductase (GSNOR) activities. Some resi-
dues of other compounds like S-nitrosothiols and nitrates were also observed in case 
of pea plant (Corpas et al. 2008). Nitrate reductase dependent-NO generation was 
detected in Arabidopsis thaliana plant when the plant was subjected to 4 °C (Zhao 
et al. 2009). At low temperatures, there is the production of ABA which leads to the 
closure of stomata or osmolyte production having deleterious effects on the physiol-
ogy of plants (Ruelland et al. 2009; Kosová et al. 2012).

28.4  Salicylic Acid (SA)

Salicylic acid (ortho-hydroxy benzoic acid; SA), a ubiquitously distributed signal-
ling molecule, phenolic in nature, plays a pivotal role in tolerance of various kinds 
of stresses in diverse crop plants; both biotic and abiotic. Additionally, it plays a role 
in plants growth and development along with defense responses. Furthermore, vari-
ous physiological as well as molecular processes like uptake of nutrients, fruit rip-
ening, stomatal movements, photosynthesis, biosynthesis of chlorophyll, 
pathogenesis-associated protein expression, etc. are regulated by the SA mainly in 
concentration dependent manner (Khan et al. 2015; Nazar et al. 2017; Zaid et al. 
2019). Also, biosynthesis of various secondary metabolites like sinapyl alcohol 
dehydrogenase, cinnamyl alcohol dehydrogenase and cytochrome P450 are encoded 
by the SA genes along with the production of different chaperones, heat shock pro-
teins and antioxidants (Jumali et al. 2011). SA is synthesized mainly via two differ-
ent pathways: isochorismate synthase (ICS) and the phenylalanine ammonia lyase 
(PAL) in plastids. However, ICS pathway is the major route of biosynthesis of SA 
in most of the plants where, ICS is biosynthesized from chorismic acid, an end 
product of shikimic acid pathway (Uppalapati et  al. 2007; Catinot et  al. 2008; 
Jayakannan et al. 2015). Various researchers have reported a potential role of SA in 
amelioration of different abiotic stresses like drought (Miura et al. 2013; Nazar et al. 
2015; Lee et al. 2019), salinity (Fahad and Bano 2012; Khodary 2004; Amirinejad 
et al. 2017; Tahjib-ul-Arif et al. 2018; Alsahli et al. 2019), chilling (Yang et al. 2012; 
Chen et al. 2016; Wang et al. 2018), metal (Zhao et al. 1995; Zaid et al. 2019) and 
heat (Fayez and Bazaid 2014; Munir and Shabbir 2018). Other effects of SA 
includes: ethylene biosynthesis is retarded by the exogenous supplementation of 

28 Adaptive Physiological Responses of Plants under Abiotic Stresses: Role…



808

SA, enhancement in the production of photosynthetic pigments and photosynthetic 
machinery and alleviation of deleterious effects in plants, resulting from exposure 
to heavy metal (Zhao et al. 1995; Zhang and Chen 2011). PR1 and PR2 (pathogenesis- 
related genes) are reported to be the SA-inducible genes mainly involved in the 
modulation of some abiotic stresses in plants (Miura et al. 2013). Also, there are 
reports suggesting the SA receptors to belong to the family of receptor-like protein 
kinases (RLKs) as SA is capable of modulating the expression of various RLKs in 
plants (Ohtake et al. 2000). Despite considerable investigations, the role of SA in 
stress tolerance at molecular level remains largely unknown.

28.4.1  Role of SA in Heat Stress

Over the past years, different researchers have identified a putative role of SA in 
regulation of heat stress in plants through the modulation of various physiological 
and metabolic processes. Heat stress tolerance in different plants under the influ-
ence of SA is mainly explained by the amendment of the antioxidant defence mech-
anism in plants. Activity of various antioxidant enzymes is modulated mainly 
through the endogenous H2O2 levels under the influence of SA in plants resulting in 
improvement of plant growth and development. Various researchers have reported 
the amelioration in growth, biochemical and physiological attributes of different 
plants viz. corn and soybean (Khan et al. 2003), wheat (Shakirova 2007), Brassica 
juncea (Fariduddin et al. 2003), wheat seedlings (Hayat et al. 2005), barley seed-
lings (Pancheva et  al. 1996), maize (Khodary 2004), cucumber, grape and many 
other important plants (Shi et al. 2006; Wang et al. 2010) under heat stress, by the 
exogenous application of SA to the plant. Furthermore, survival percentage of 
maize seedlings has been reported to increase by the pretreatment of seeds under 
heat stress with SA. Also, an enhanced accumulation of osmolytes leading to an 
improvement of antioxidant system of the plants under heat stress has been reported 
(Li et  al. 2015a, 2015b; Li 2015). After a pretreatment with SA and heat stress, 
Agrostis stolonifera showed an improvement in growth (increase in green leaf 
index), membrane stability, lipid peroxidation and photosynthesis. Similarly, the 
activities of different antioxidant enzymes like superoxide dismutase (SOD) and 
catalase (CAT) and contents of proline, phenolics and flavonoids in Digitalis tro-
jana were enhanced by the pretreatment of SA in callus cultures under heat stress 
(Cingoz and Gurel 2016). A reduction in the oxidative damage by heat stress was 
recorded in Arabidopsis plants after the foliar-application of SA treatment 
(Larkindale and Knight 2002). Moreover, the leaf-applied SA induced long-term 
heat tolerance in the grape plant, which might be due to the Ca2+ homeostasis and 
antioxidant systems (Wang and Li 2006). Many other derivatives of SA (sulphosali-
cylic acid, methyl salicylate) have been reported to influence the heat tolerance in 
plants like cucumber and holm oak, respectively (Shi et al. 2006; Llusia et al. 2005). 
An increase in the contents of protein as well as proline was observed by both SA 
treatment and heat acclimation leading to the induction of POD and APX activities 
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and a reduction in CAT activity (Chakraborty and Tongden 2005). Kaur et al. (2009) 
have observed that SA pretreatment leads to heat tolerance at seedling stage in 
Brassica species by increasing total soluble sugar and growth of plants as well as by 
enhancing the activities of some enzymes (invertase, CAT and POD). Moreover, the 
expression of some noteworthy proteins (heat shock proteins; HSPs) along with 
some new proteins was stimulated after pretreatment with SA. In yet another study, 
it has been reported that the expression of HSP21 was modulated by the application 
of SA to the leaves of the plant (grapevine) under study. The levels of HSP21 
remained high throughout the experiment in the SA-treated plants as compared to 
the control, helping the plant to recover thus conferring heat tolerance to the plant 
(Wang et al. 2011). There are other reports related to heat tolerance by foliar appli-
cation of SA, involving HSPs in tomato, mung bean and hyacinth bean. The genes 
involved in the ascorbate-glutathione cycle and activities of several reactive oxygen 
species (ROS) scavenging antioxidant enzymes are regulated by the SA treatment in 
these plants (Rai et al. 2018a, 2018b). In a study carried out by Liu et al. (2006), an 
interrelationship has been reported between SA and ABA. It was observed that the 
levels of SA and ABA was modulated during heat stress and the presence of SA 
(conjugated as well as free form) is much imported to the plant as compared to ABA 
in conferring heat tolerance to the plants. Clarke et al. (2004) correlated the level of 
SA and basal heat tolerance in Arabidopsis genotypes with modified SA signalling. 
Thus, from the above discussion, it is clear that SA modulated different mechanisms 
to confer heat stress tolerance in various crop plants.

28.4.2  Role of SA in Metal Stress

Heavy metals present in the agricultural lands due to various anthropogenic activi-
ties lead to perturbation of various physiological, biochemical and metabolic pro-
cesses in different plants leading to a disturbed growth and reduced productivity 
(Weast 1984; Boussama et al. 1999; Aftab et al. 2011; Ahmad et al. 2018b; Wani 
et al. 2018). Various researchers have reported an important role of SA in alleviating 
the stress caused by the heavy metals present in the environment. Lead- and 
mercury- induced stress in rice has been studied by Mishra and Choudhuri (1999) 
where pretreatment with SA protected rice from the heavy metals induced mem-
brane disruption. Also, Cd-induced toxicity in barley (Metwally et al. 2003), maize 
(Pál et al. 2002; Krantev et al. 2008), mustard (Zaid et al. 2019), peppermint (Ahmad 
et al. 2018b), soybean (Drazic and Mihailovi 2005), alfalfa (Drazic et al. 2006) and 
rice (Panda and Patra 2007; Chao et al. 2010) was positively alleviated by SA appli-
cation (foliar applied or pretreatment) to these plants. Yang et al. (2003) studied the 
effect of Al on Cassia tora where it was found that SA application conferred toler-
ance to the plant to withstand the deleterious effects of the heavy metal stress. It was 
reported that the Cassia tora under Al stress accumulated citrate in their roots as 
result of SA application. Ill effects caused by lead and mercury in rice were also 
mitigated by the exogenous application of salicylic acid. It was reported that the 
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enhancement in the activity of lipoxygenase was regulated by the application of SA 
(exogenous) (Mishra and Choudhuri 1999). Gill et al. (2016) studied the protective 
effects of exogenously applied SA on Cr toxicity in the black and yellow-seeded 
Brassica napus L. The findings of these authors demonstrated the enhanced activity 
of enzymatic antioxidants and gene expression, secondary metabolism and the tran-
script level of specific stress associated proteins in root and leaf of these plants 
under Cr toxicity. Cd tolerance due to the application of SA in different plants is 
attributed to the improvement of antioxidant system of the plant as SA enhances the 
activity of SOD, peroxidase, dehydroascorbate reductase, GR which help in scav-
enging the ROS produced in these plants (Ahmad et  al. 2018b; Khanam and 
Mohammad 2016; Kazemi et  al. 2011; Zhang et  al. 2011; Bai et  al. 2014). 
Furthermore, in a report by Krantev et  al. (2008) similar results were recorded 
where the growth of the plant, activities of RUBP carboxylase and PEP, carboxylase 
and antioxidant enzymes (APX, SOD) were improved whereas, activity of CAT, 
rate of lipid peroxidation and leakage of electrolytes was reduced in maize leaves, 
thus conferring Cd tolerance to the plant. Along with the above mentioned physio-
logical and biochemical processes, SA also modulates the expression of certain 
genes and proteins that lead to lower H2O2 content in the plants resulting in mem-
brane stability under heavy metal stress (Chao et al. 2010). Kumari and Pandey-Rai 
(2018) studied the effect of SA on Artemisia annua under arsenic (As) stress. It was 
reported that SA helps in sequestration of As into the vacuoles and the regulation of 
artemisinin biosynthesis by the synthesis of oxylipins, which modulate the expres-
sion of MAPKs. Moreover, different transcription factors (MYC, WRKY) are 
upregulated by these MAPKs resulting into a positive effect on the biosynthesis of 
secondary metabolites (artemisinin) along with the mitigation of heavy metal stress.

28.4.3  Role of SA in Drought Stress

Drought stress (water deficit) that affects plants, is a multidimensional stress which 
leads to various dysfunctions (physiological and biochemical) at different organiza-
tional levels of the plant like turgor reduction, growth, photosynthetic rate, stomatal 
conductance and damages of cellular components, decrease in water potential, pro-
duction of radical scavenging compounds, regulation and alteration of gene expres-
sion, etc. (Janda et al. 2007; Yordanov et al. 2000; Farooq et al. 2009; Aimar et al. 
2011; Kunert et al. 2016; Joshi et al. 2016). In a study by Da Silva et al. (2017a), SA 
application enhanced the growth of sesame plant under drought stress resulting in 
mitigating the ill effects of the stress. Also, there are reports where SA application 
delimits the synthesis of ROS in plants under water stress. Furthermore, application 
of SA increases the expression of mitochondrial alternative oxidase (AOX; an 
important enzyme for stress tolerance) in stressed plants (Tang et al. 2017; Zhang 
and Chen 2011). Responses of tomato plant under drought stress showing negative 
growth, reduction in photosynthetic and biochemical parameters (membrane stabil-
ity index, leaf water potential, NR and CA activity, contents of chlorophyll and 
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 relative water) and an upregulation of proline content and antioxidant enzymes 
(CAT, POX and SOD) were enhanced by the application of exogenous SA at lower 
concentration (Hayat et al. 2008). From the survey of scientific literature, various 
reports indicate a stress-tolerance role of SA in different plants like tomato and bean 
(Senaratna et al. 2000), Salvia officinalis (Abreu and Munné-Bosch 2008), wheat 
(Hamada 1998; Hamada and Al-Hakimi 2001; Singh and Usha 2003), barley 
(Bandurska and Stroinski 2005), sunflower (Hussain et al. 2008), etc. Soaking of 
seeds (wheat) in SA (an aqueous degraded product of acetyl SA), confer drought 
resistance to the seedlings, improving the shoot and root dry weights, transpiration 
rate by protecting the photosynthetic apparatus of the plant from oxidation (Hamada 
1998; Hamada and Al-Hakimi 2001). Singh and Usha (2003) also confirmed these 
results, where the plants showed a marked enrichment in growth (moisture content, 
dry mass), physiology (activity of Rubisco and superoxide dismutase (SOD) and 
content of total chlorophyll) and yield of the plants irrespective of the concentration 
of SA or levels of drought stress applied when compared to the control plants. 
Similar reports where seeds of tomato and bean have been soaked in SA/acetyl SA 
to study the response of the plants to drought stress. It was recorded that the seed-
ling survival rate increased by the applied concentration (0.1 Mm and 0.5 mM) of 
SA/acetyl SA (Senaratna et al. 2003). Bandurska and Stroinski (2005) interestingly 
reported that the application of SA to the barley plants improved ABA content, sug-
gesting a concomitant role of ABA for the development of drought tolerance by the 
application of SA. However, some of the reports suggest that by the application of 
SA (to maize) did not improve drought tolerance, however rendering plants more 
susceptible to drought (Németh et  al. 2002). Horváth et  al. (2007) also reported 
negative results for the application of SA to Chinese spring wheat however, applica-
tion of SA to winter wheat Cheyenne gave no effect to the plant. Contrary to the 
previous two plants application of an SA analogue (4-hydroxybenzoic acid) 
increased the drought tolerance in Cheyenne plants. Thus, suggesting the role of SA 
in imparting drought tolerance depends upon the type and concentration of SA 
applied and the genotype of the plant and severity of the stress (Yuan and Lin 2008).

28.4.4  Role of SA in Salinity Stress

Salinity is one of the important abiotic stresses, affecting the growth and physiology 
of plants. Salt stress may result into responses like, osmotic conductance, toxicity 
and imbalance of specific ion, and oxidative stress, leading to the production of 
reactive oxygen species (Tester and Davenport 2003) and inversely resulting in a 
decrease of plant weight and thus reduction in plant productivity (Ashraf and Harris 
2004). SA is a phytohormone that modulates plant physiological responses confer-
ring stress tolerance to the plant (Ahmad et al. 2011; Janda et al. 2012; Khan et al. 
2014). In a report by Azooz et al. (2011), treatment with SA to Vicia faba under salt 
stress (sea water treatment) ameliorated the ill effects of salinity leading to an 
increase of osmolyte and free amino acids (proline) accumulation. Also an increase 
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in biomass accumulation, growth and antioxidant system has been registered in the 
plant under study. Khan et al. (2014) have also confirmed the beneficial effects of 
SA application to salt-stressed Vigna radiata L. leading to a decrease in the levels 
of ethylene and better partitioning of salt ions. Also, some reports confirm an 
increase in the levels of endogenous ABA and proline along with an improvement 
of growth and yield of wheat plant under salt stress in response to SA application 
(Shakirova et al. 2003). Improvement of growth, accumulation of biomass, cell divi-
sion, and activity improvement of photosynthetic apparatus as well as different anti-
oxidant enzymes have been reported after the application of SA (Da Silva et  al. 
2017a). Janda et al. (2012) reported that salt stress have deleterious effects on the 
photosynthesis and membrane stability of barley plant; which were improved by the 
exogenous application of SA.  Similar results were reported in maize, where the 
application of SA to salt-stressed plant leads to reduction in accumulation of Na and 
improvement of growth and development of the plant under salt stress (Gunes et al. 
2007). Furthermore, various researchers have reported the amelioration of salt stress 
induced changes in different plants viz. barley (El-Tayeb 2005), wheat (Hamada 
and Al-Hakimi 2001; Sakhabutdinova et al. 2004), tomato (Tari 2002; Tari et al. 
2004, 2010; Szepesi 2005; Szepesi et al. 2008a, b; Gémes et al. 2008), Salvia offici-
nalis L. (Sahar et al. 2011), Arabidopsis (Poór et al. 2012) Iris hexagona (Wang 
et al. 2001). Moreover, application of SA to salt-stressed barley plants by improving 
the contents of photosynthetic pigment and maintenance of membrane integrity 
resulted in salt tolerance (El-Tayeb 2005). Application of SA to salt-stressed plants 
also result in a decrease in lipid peroxidation due to a decrease in Na content and a 
significant increase in the contents of K and Mg. The activities of various antioxi-
dant enzymes (SOD, CAT, GPX) was also increased by the application of SA with 
a decrease in contents of dehydroascorbate reductase and in the ascorbate and glu-
tathione contents (He and Zhu 2009). The activity of these antioxidant enzymes was 
also modulated by the application of SA in tomato plants along with an increase in 
the accumulation of various osmolytes (sugars, sugar alcohol, proline) in the plant 
(Tari 2002; Tari et al. 2004, 2010; Szepesi 2005; Szepesi et al. 2008a, b; Gémes 
et  al. 2008). Sahar et  al. (2011) also reported similar results in Salvia officinalis 
L. plant. In contrast to the earlier reports, Hao et al. (2012) studied a line of mutant 
Arabidopsis (snc1, NahG, npr1–1, snc1/NahG and wild type plant) where high SA 
accumulation lead to an increase in salt-induced damage and reduced SA proved to 
be favourable for the plant. Similarly, reports for soybean under salt stress show a 
decrease in the levels of endogenous free SA content (Hamayun et al. 2010). Thus, 
from the above literature it is clear that SA is a potent phytohormone which confers 
salt stress resistance in different crop plants.
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Abstract Plants need to acclimatize with sudden changing environment for their 
adaptation. Plant community, as a whole, is the primary producer in our ecosystem, 
therefore versatile in nature. In its differential habitats, plants need to cope up with 
environmental (abiotic) stresses like heavy metals, heat, cold, drought, acidic soil, 
and various nutrient deficiencies. Plants have their genetic ability to overcome the 
challenges of different environmental stresses through complex metabolic pro-
cesses. There are numerous reports in connection with biochemical and molecular 
mechanisms in response to abiotic stresses. However, it is difficult to correlate the 
different molecular mechanisms involved pertaining to abiotic stresses in plants. 
Therefore, in this article, an attempt has been made to draw a systematic relation-
ships of different biochemical and molecular processes involved in plant system 
during environmental stresses.

A. K. Pradhan · M. Rehman · D. Saikia · S. Y. Jyoti · J. Poudel · B. Tanti (*) 
Plant Molecular Biology Laboratory, Department of Botany, Gauhati University,  
Guwahati, Assam, India
e-mail: btanti@gauhati.ac.in

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-2156-0_29&domain=pdf
mailto:btanti@gauhati.ac.in


826

Keywords Abiotic stresses · Acclimatization · Biochemical processes · 
Molecular mechanisms · Metabolite

29.1  Introduction

Abiotic stress includes different nonliving factors such as metals/metalloid toxicity, 
drought, submergence, salinity, chilling/extreme temperature, acidic soil, oxidative 
stress, etc., that are sometimes termed as environmental insults and always has the 
negative impact upon flora and fauna, as a whole the biodiversity of the globe 
(Tuteja and Gill 2016). These are serious threat to the agriculture and deteriorate the 
environment. The exposure of plants to different abiotic factors induces disturbance 
in the plant metabolism, thereby disrupting physiological mechanism as well as its 
growth, ultimately leading to decrease in productivity (Rejeb et al. 2014). Plants to 
cope with the complex abiotic stress factors develop various mechanisms of toler-
ance that include both the physical adaption and integrated cellular or molecular 
responses (Bray et al. 2000). The mechanism of tolerance in plants is measured in 
relation to its survival against stress factors, which is the plant fitness to cope with 
an unfavorable environment (Gupta and Huang 2014). The crucial step in the mech-
anism of plant tolerance is the timely perception of the effect of abiotic factors in a 
rapid efficient manner. The initial step toward tolerance is the innate basal defense 
system which leads to further activation of different signaling cascades and expres-
sion of different genes responsible for induction of tolerance against the various 
stress factors (Rejeb et al. 2014).

In the recent years, researchers have undertaken different steps to understand the 
plant defense system from the perception of the stress stimulus to the phenotypic 
output and also the genetic reprogramming plants undergo to ameliorate the nega-
tive effect of stress. Different plants develop different defense systems in specific, 
varying from the biochemical factors released or secreted to the different genes or 
the molecular remodeling involved against the abiotic factors (Meena et al. 2017).

Plants to cope with the different abiotic environmental concern develop various 
mechanisms of tolerance which mainly include the biochemical and molecular 
mechanism of tolerance (Onaga and Wydra 2016). Biochemical mechanism of tol-
erance includes the cellular approaches that plants adapt to minimize the effect of 
abiotic stress. It comprises the adaptive approach of physical barrier or insulating 
layer formation, secretion of secondary metabolites or organic compounds, remod-
eling of the membrane constituents, and also some internal mechanisms of the 
increase in antioxidant capacity or internalization of the toxic compounds such as 
sequestration of Al3+ into the vacuoles (Wani 2018). Molecular mechanism of toler-
ance is based on the genetic approaches plants develop against abiotic stress. 
Genetic approaches include the expression of different tolerant genes that encodes 
the transcriptional regulation and development of proteins which helps in the main-
tenance and alleviation of stress effect. Various transcription factors incorporate or 
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upregulate different genes, which initiate different signaling cascades and develop-
ment of various stress alleviating factors which control or minimize the effect of 
abiotic stresses (Bechtold and Field 2018).

Based on the abiotic stress factors, plants develop different mechanisms of toler-
ance to cope with the effects of the stress, i.e., both biochemical and molecular 
mechanisms, and thus undergo the process of development and growth. In this arti-
cle, few major and common abiotic stress factors have been targeted to analyze and 
correlate pertaining to different biochemical and molecular mechanisms of toler-
ance involved in plant under abiotic stresses.

29.2  Toxic Metal/Metalloid Stress

Different metals/metalloids such as aluminum (Al), arsenic (As), chromium (Cr), 
cadmium (Cd), and iron (Fe) are highly toxic and reactive in nature to living cells 
though some serve as an essential micronutrient in different physiological processes 
(Pradhan et al. 2019). But with the increase in concentration above the threshold 
level, they all become highly toxic, hampering the growth and development of 
plants or other living beings (Kalita et al. 2018). The toxicity of metal/metalloid to 
the plants includes the change or dysfunctioning of the different essential biomole-
cules by causing hindrance to its functional groups or by displacement of the essen-
tial cofactors like that of the metal ions (Kochian et  al. 2015). In response to 
threshold levels of toxic metals, plants develop various mechanisms of tolerance 
like the development of different polypeptides with specific active metal binding 
site such as cysteine-rich peptides (e.g., C2H2 zinc finger protein), metallothioneins, 
phytochelatins, and various functional membrane transport systems that play impor-
tant roles in maintaining the metal ion homeostasis and inactivation of the toxic 
metalloids like sequestration of metal ions into the vacuoles and thereby develop the 
phenomenon of tolerance (Hall and Williams 2003). In addition plants also release 
various secondary metabolites and other compounds such as organic acids. The 
primary mechanism mainly involves the different molecular genetic approaches, 
i.e., the activation of different tolerance genes against metal toxicity. Some of the 
major toxic metals and the various biochemical molecular mechanisms plants 
develop are discussed below.

29.2.1  Aluminum (Al) Toxicity

Al, the third most abundant element in the earth’s crust, occurs in a nontoxic oxide 
form at the normal pH level, i.e., > 7.0, but due to the increase in acidic condition 
with the decrease in pH (< 5.0) mainly in the tropical areas due to heavy rainfall or 
leaching, Al gets oxidized to its most toxic form, i.e., Al3+, causing severe toxicity 
to the growth and development of crops as well as other plants except to that of acid 
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loving plants (Awasthi et al. 2017). The effect of the Al3+ is based on its interaction 
with plants with root inhibition being the initial symptom of Al toxicity.

The major factor for Al toxicity is the wide distribution of acid soils worldwide. 
Acid soils cover almost 50% of the total potential arable land, thereby leading to a 
severe threat of abiotic stress mainly Al toxicity to the crop plants and as a whole to 
agriculture (Von Uexkull and Mutert 1995). Under acidic condition, Al in its soluble 
form shows phytotoxicity, which rapidly inhibits the root elongation, subsequently 
leading to inhibition of water and nutrient uptake (Jayasundara et  al. 1998) 
(Fig. 29.1).

Plants in response to Al toxicity show variable forms of tolerance mechanism 
with different plants showing different mechanisms of tolerance. As reported by 
Bona et al. (1993), the level of Al tolerance in cereal crops varied accordingly as 
follows: Oryza sativa > Secale cereale > Avena sativa > Triticum aestivum > Hordeum 
vulgare. But the different plants in majority share a common mechanism of toler-
ance varying on the type of compounds released or the genes responsible. Mainly, 
biochemical and molecular mechanism serve as the immediate form of tolerance.

The biochemical mechanism comprises of two different processes; the external 
mechanism, i.e., the exclusion of Al from entering the apex of root may be through 
symplasm or apoplasm, as well as the internal mechanism, i.e., detoxification and 
sequestration into the plant tissues, mostly vacuoles, through chelation or  integration 
with various compounds released in response to Al toxicity in acidic condition 
(Kochian et al. 2015).

Fig. 29.1 Mechanism of aluminum tolerance in plants

A. K. Pradhan et al.



829

External mechanism mainly includes the exclusion or restriction of Al uptake 
from entering into the plant through various processes. This mechanism reduces or 
protects the plants, mainly its sensitive sites such as the plasma membrane and cell 
wall, from the harmful interactions with the toxic forms of Al and, thereby, decreases 
the quantity of Al reaching the sensitive sites of nutrient uptake in the symplasm 
(Carver and Ownby 1995).

Al exclusion mechanism is mainly characterized based on the discharge of root 
exudates, mainly the organic acid (OA) anions into the rhizosphere, which form a 
strong complex with Al3+ ions, i.e., Al3+-organic acid complex, which then serves to 
be a nontoxic compound that does not enter or remain attached to the sites of nutri-
ent uptake or division in the root (Dong et al. 2004). Organic acids are potent chela-
tors of Al with hydroxyl and carboxyl groups that form a stable ring structure with 
Al3+ consisting of five or six bonds, thereby conferring protection from Al toxicity. 
Plants have a selective approach toward the exclusion of Al mainly based on the 
choice of organic acids (such as malate, citrate, etc.), magnitude of organic acid 
secretion, and the time course of exudation after exposure to Al toxicity (Ma et al. 
2002; Famoso et al. 2010; Tovkach et al. 2013). In addition to organic acids, some 
phenolic compounds though less potent chelators to Al3+ but its electrophilic nature 
provides a reasonable capacity of chelation (Ofei-Manu et al. 2001; Ma et al. 2014).

Besides the mechanism of organic acid secretion, other exclusion mechanisms 
include the maintenance of the rhizosphere pH change, thereby preventing from the 
acidic nature which aggravates the Al toxicity; the apices of the root being the pri-
mary target of Al toxicity, plants in response to Al3+ regulate a physiological mecha-
nism of release of root cap mucilage, i.e., gelatinous polysaccharide with high 
affinity for Al, thereby forming a barrier (Puthota et al. 1991; Archambault et al. 
1996; Miyasaka and Hawes 2001). In addition, plants to limit the entry of Al release 
various other compounds such as phosphates and polypeptides from the roots which 
altogether act as an insulator leading to exclusion of Al entry into the plant (Tang 
et al. 2002; Ryan et al. 2009).

The cell wall and plasma membrane of the plant root surface also serves as the 
immediate plant organ to cope with the Al toxicity, with its negative charge due to 
the phosphate group of phospholipid bilayer in plasma membrane and carboxyl 
group of pectin in the cell wall usually maintained or neutralized by calcium (Ca) 
ions. Al3+ binds to this negative charge in replacement of Ca causing the major toxic 
effect of root inhibition (Maejima and Watanabe 2014). The percentage of phospho-
lipid bilayer serving to be an important constituent of the plasma membrane serves 
also to be an important factor toward Al tolerance. Thus to tolerate the effect of Al 
toxicity, plants undergo the mechanism of membrane remodeling decreasing the 
negative charge by replacement with glycolipid or decrease in carboxyl content.

The molecular mechanism of Al tolerance includes the transcriptional regulation 
of Al tolerance genes and its upregulation by the transcription factors (Delhaize 
et al. 2004). Plants to cope with the Al toxicity induce expression of different genes 
responsible for various mechanisms of Al exclusion or detoxification  (Shandilya 
and Tanti 2019; Yokosho and Ma 2015).

The molecular tolerance mechanism of plants is based mainly on the genes 
responsible for exclusion of Al3+, i.e., through organic acid secretion or other 
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 secondary metabolites, and also its detoxification by sequestration or transport into 
vacuoles or other plant parts. Based on the genes responsible plants vary from spe-
cies to species with some specific genes responsible in only some plant species. 
Genes responsible for Al tolerance belong mainly to two major families, i.e., the 
ALMT (aluminum-activated malate transporters) and MATE (multidrug and toxic 
compound extrusion) families. The genes belonging to the ALMT family mainly 
encode the transport of malate organic acids related to detoxification and sequestra-
tion, with ALMT1 as the first Al tolerance gene to be identified in Triticum aestivum 
responsible for secretion of malate under Al toxicity (Sasaki et al. 2004). Similarly 
homologs of ALMT1 have also been identified in other plant species such as 
Arabidopsis, rye, soybean, oilseed rape, and barley (Hoekenga et al. 2006; Collins 
et al. 2008; Gruber et al. 2010). In addition to malate secretion for Al detoxification, 
some plants regulate different genes responsible for other organic acid secretions 
such as for citrate, AACT1 (aluminum-activated citrate transporter 1), and FRDL 
(ferric reductase defective 3). For example, in rice OsFRDL4 and in barley HvAACT1 
are activated under Al toxicity. MATE genes such as SbMATE in sorghum encode 
secretion of a broad range of metabolites (e.g., citrate) responsible for mechanism 
of Al tolerance (Magalhaes et al. 2004).

Besides the genes responsible for organic acid or secondary metabolite secretion, 
several genes have also been identified for both external and internal detoxification 
of Al especially in rice and Arabidopsis, which are considered to be the model 
plants in modern research. Rice considered as the most tolerant cereal crop upregu-
lates different genes responsible for Al tolerance; some of the genes identified are 
STAR1 and STAR2 (sensitive to Al rhizotoxicity 1, 2) that transport UDP-glucose 
that helps in the modification of the cell wall, resulting in the fixation of Al with the 
root cell wall (Yamaji et al. 2009). Nrat1 (Nramp aluminum transporter 1) is respon-
sible for transport of Al3+ inside the cell for sequestration into vacuoles, with the 
help of OsAlS1gene (aluminum sensitive 1) (Xia et al. 2010). OsMGT1 (magnesium 
transporter 1) induces Al tolerance by increasing the uptake of Mg. Similarly in 
Arabidopsis, AtALMT1, AtMATE, AtSTAR1, ALS3, and ALS1 are involved in Al 
tolerance (Larsen et al. 2005; Shandilya and Tanti 2020; Tokizawa et al. 2015).

Transcription factors include the factors which regulate expression level of the 
different tolerance genes, thereby inducing the mechanism of plant tolerance against 
Al toxicity under acidic conditions. Different transcription factors have been identi-
fied in different species which are homolog to each other and regulate different 
genes related to Al tolerance. STOP1 (sensitive to proton rhizotoxicity 1), C2H2 zinc 
finger protein transcription factor was first identified in Arabidopsis mutant, sensi-
tive to Al3+ under low pH, which specifically up-regulates the Al tolerance genes in 
Arabidopsis such as AtALMT1, AtMATE, ALS3 (aluminum sensitive 3) along with 
different other 40 genes. The expression of STOP1 is based on its posttranslational 
activation when exposed to Al3+ and low pH; ART1 (Al resistance transcription 
 factor 1), another transcription factor for Al tolerance in rice with exception to 
STOP1, is activated based on its insensitivity to low pH (Huang et al. 2009). ART1 
upregulates the expression level of about 31 genes of which STAR1, STAR2, Nrat1, 
OsALS1, OsFRDL4, OsMGT1, and OsCDT3 have functionally characterized. ASR5 
(abscisic acid, stress, and ripening 5) is also a transcription factor for Al tolerance in 
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rice. ASR5 is the Al-activated factor that binds to the STAR1 promoter to enhance its 
expression. ASR5 and ART1 may cooperatively interact in the upregulation of Al 
tolerance genes in rice. WRKY46 belonging to the WRKY domain containing fam-
ily is a transcription factor identified in Arabidopsis that serves as the negative regu-
lator of AtALMT1 gene in Arabidopsis. It regulates the expression level of the 
AtALMT1 gene by binding to its promoter regions as a repressor.

Al transporters mainly serve in the mechanism of internal detoxification of Al 
based on the genes responsible for Al uptake. In rice, plasma membrane-localized 
OsNrat1 (Nramp Al3+ uptake transporter) gene which serves in the uptake and 
detoxification of Al3+, along with the interaction of vacuolar ABC transporter gene, 
i.e., OsAlS1, induces the mechanism of vacuolar sequestration of Al, thereby lead-
ing to internal detoxification. Therefore, Nrat1 serves an important Al resistance 
function by lowering the levels of Al in the root cell wall via transport into and 
sequestration within the root cell. ABC transporters which include the ATP-driven 
pump also help in the transport of different metabolites or others such as surface 
lipid deposition or hormone transport against the toxic conditions. ABC transporters 
serve in detoxification based on the genes encoding it. In rice, OsSTAR1 and 
OsSTAR2 encode the ABC transporter domain that functions in the transport of 
UDP-glucose into the cell wall causing modification of cell wall and thereby limit-
ing the accumulation of Al. In Arabidopsis, AtALS3 encodes the transporter domain 
which induces the redistribution and hindrance to Al3+ uptake from the sensitive root 
apex (Larsen et al. 2007).

Aquaporins also serve as an important transporter in the mechanism of Al toler-
ance mainly in the Al accumulators such as buckwheat, hydrangea, and tea. In 
hydrangea, two aquaporin genes, HmPALT1 and HmVALT, belonging to aquaporin 
family of NIP (nodulin 26-like intrinsic protein) and tonoplast intrinsic protein 
(TIP) encode special membrane and vacuolar Al uptake transporters for 
detoxification.

The development of transgenic plants with the incorporation of genes responsi-
ble for Al tolerance also helps against the extreme toxic Al under acidic conditions. 
In 2004, Delhaize et al. reported a significantly improved Al tolerance in transgenic 
barley with the incorporation of wheat malate transporter gene, i.e., ALMT1. 
Similarly the overexpression of gene responsible for tolerance based on the efflux or 
secretion of metabolites showed an increase in secretion of metabolites, thereby 
leading to Al tolerance. De La Fuente et al. (1997) also reported enhanced citrate 
efflux in transgenic tobacco with the overexpression of citrate synthase gene leading 
to improved root Al tolerance.

29.2.2  Arsenic (As) Toxicity

Arsenic is a ubiquitous toxic metalloid (Sharma 2012; Barringer and Reilly 2013) 
with its natural sources varying from soil, air, water to living organisms including 
human beings. Insecticides, food additives, etc., are also considered as  anthropogenic 
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sources of arsenic (Mandal and Suzuki 2002; Barringer et al. 2013). The recom-
mended value of arsenic in drinking water provided by WHO (1993) is 
10 μg/L. Arsenite (As III), arsenate (As V), monomethyl arsenic acid (MMAA), 
dimethyl arsenic acid (DMAA), arsenobetaine, and arsenocholine are the major 
species of arsenic found in the environment (Sharma 2012). Arsenate is the pre-
dominant species under aerobic environment, whereas arsenite predominates under 
anaerobic condition (Huang et al. 2010). The organic (methylated) forms of arsenic 
can be the consequences of different microbial activities (Mandal and Suzuki 2002; 
Kalita et  al. 2018). On entering the food chain through drinking water or crops, 
arsenic can cause cancer of the skin, lungs, or kidneys and affects circulatory as well 
as nervous system of human beings (Sharma 2012).

Arsenic toxicity causes several morphological and anatomical changes in plants 
like wilting of leaves, reduced root and shoot length, decrease of root hairs, lack of 
pith differentiation, damage to epidermal and cortical cells, or damage to thylakoid 
membrane leading to cell death.

29.2.2.1  Arsenic Tolerance Mechanism in Plants

Plants to withstand the arsenic toxicity acquire various biochemical as well as sig-
naling processes which help in the detoxification and aggravation of arsenic content 
and its toxicity.

Hyperaccumulation, phytochelatin complexation, and production of antioxidants 
are some mechanisms which have a very important role in detoxification of arsenic 
in plants. Some plants accumulate high level of arsenic in their bodies to reduce the 
arsenic-induced toxicity. The first reported arsenic hyperaccumulator is Pteris vit-
tata containing high amount of arsenic in their fronds (Ma et al. 2001).

One mode of detoxification of arsenic, adopted by plants, is the binding of the 
thiol (-SH) group of glutathione (GSH) with the arsenite ions (Chen et al. 2017). 
Phytochelatins (PC) are some peptides derived from GSH which have a tendency to 
bind with the heavy metals (Sharma 2012). Arsenic exposure induces the synthesis 
of these PCs in plants. Toxicity of arsenic is reduced in the cytoplasm by chelating 
with PC which are then sequestered in the plant vacuoles at an acidic pH (5.5) 
(Sharma 2012; Chen et  al. 2017). Some enzymatic antioxidants like glutathione 
reductase (GR), superoxide dismutase (SOD), ascorbic acid peroxidase (APX), and 
catalase (CAT) are produced in ferns and in higher plants for diminishing the dam-
ages of arsenic-induced oxidative stress. Some antioxidants which are nonenzy-
matic in nature, as, for example, ascorbic acid (AsA), carotenoids (car), and 
glutathione (GSH), are also stimulated in plants to combat the toxicity caused by 
arsenic (Sharma 2012).

Reduction of As(V) into As(III) in plant roots and the removal of these ions in the 
outer medium is another way of arsenic detoxification found in plants. For exam-
ple,  in  rice, As(III) is effluxed by the aquaporins Lsi1 (OsNIP2;1).  PvTIP4;1 of 
Pteris vittata, LjNIP5;1 of Lotus japonicas, and AtNIP3;1 and AtNIP5;1 of 
Arabidopsis are some other examples of bidirectional aquaporins which facilitate 
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the transportation of AsIII. This kind of movement of arsenic serves as a passive 
process as the flux direction of the arsenite ions is dependent upon the concentration 
gradient (Chen et al. 2017).

In rice root formation of iron plaque is found which can adsorb or coprecipitate 
arsenic that facilitates its sequestration. Iron plaques are the result of the oxidation 
of Fe2+ to Fe3+ by the oxygen molecules entered radially into the roots from the soil 
via aerenchyma or due to the various microbial activities (Chen et al. 2017).

The gene PvACR3 responsible for arsenite efflux into vacuole was isolated from 
P. vittata which has been found to provide arsenic tolerability to the plants (Indriolo 
et al. 2010). Dasgupta et al. (2004) mapped a major gene, AsTol, in the chromosome 
6 and revealed their involvement in the arsenic tolerance. Mosa et al. (2012) dem-
onstrated the presence of three plasma membrane intrinsic proteins, namely, 
OsPIP2;4, OsPIP2;6, and OsPIP2;7, in rice and their relation to the effects of arse-
nic. These transporters when overexpressed in transgenic Arabidopsis resulted in an 
increased As(III) tolerance.

On exposure with heavy metals like arsenic in plants, some signaling molecules 
are stimulated that perceive the stress-induced stimulus and thereafter transduce and 
expand it to the whole plant (Islam et al. 2015). Signaling through protein, calcium 
ion, and plant growth factors are some of the important mechanisms related to arse-
nic detoxification which are induced in plants during arsenic stress (Fig. 29.2).

In protein signaling, mitogen-activated protein kinases (MAPK) are reported to 
be activated on arsenic exposure. These kinases involve in a signaling cascade that 
transduce the signals through reversible phosphorylation. MAPKKK, MAPKK, and 
MAPK are the three kinds of protein kinases to be activated during signal transduc-
tion in a sequential manner (Islam et  al. 2015). In Arabidopsis thaliana H2O2- 
mediated activation of MAP kinase enzymes has been reported by Hancock et al. 
(2001). A direct relationship between arsenic stress and MAPK protein regulation 
has been found by Rao et al. (2011) and Huang et al. (2012). Upregulation of one 

Fig. 29.2 Schematic representation of arsenic tolerance mechanism in plants
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MAPK, eleven MAPKKKs, and ten PP2C after the application of arsenic was 
reported from rice (Huang et al. 2012).

Ca2+ ions play a role as secondary messengers in calcium signaling pathways in 
plant cells. As a response to the abiotic stresses, Ca2+ ion concentration varies which 
initiates a signaling pathway. In this pathway, the genes meant for the transportation 
of heavy metals and their tolerance are expressed after the interaction of Ca2+ ions 
and the calmodulin proteins (Islam et al. 2015). As reported by Das and Pandey 
(2010), on exposure with As(V), rice roots exhibited an increase in the Ca2+ ion 
concentration that can be a consequence of the regulation of proteins and kinases to 
detoxify arsenic. Similar kind of results also has been obtained in case of Pteris vit-
tata (Li et al. 2006) and Nicotiana plumbaginifolia (Price et al. 1995).

Plant growth factors also participate in the signaling pathways as a response to 
the stress induced by arsenic. Synthesis of jasmonic acid is increased in plants dur-
ing arsenic exposure which in turn induces the expression of genes responsive to 
stress like CDC25 or MAPK or some other genes important in GSH metabolism 
(Xiang and Oliver 1998; Agrawal et  al. 2003). In microarray studies of arsenic- 
stressed plants, upregulation of six JA, four ABA, and three ET signaling genes was 
reported (Huang et al. 2012).

29.3  Temperature Stress

Temperature stress is a major environmental stress that has devastating effect on 
various crop plants, thereby affecting the socioeconomic background and limiting 
the geographical distribution to a great extent. Based on the temperature condition 
it may be a cold/chilling or heat stress.

29.3.1  Effect of Cold/Chilling Stress on Plant

Cold stress may be of two different types, namely, chilling (0–15 °C) and freezing 
(<0 °C) (Sanghera et al. 2011). Plants growing in the subtropical regions are more 
sensitive to such stress than those grown in the temperate regions. Cold stress affects 
the photosynthetic ability of plants by interfering the fluorescence and chlorophyll 
content limiting crop yield and productivity. Moreover, there is an increased 
 accumulation of reactive oxygen species (ROS) that weakens metabolism through 
oxidative damage. To establish and maintain a cell’s overall integrity and 
 functionality, enzymatic and nonenzymatic antioxidant defense system tends to 
increase to fight against such reactive oxygen species. ROS needs to be controlled 
by the cell as it can cause oxidative damage resulting into untimely death of the cell. 
Moreover, various transcriptional factors, proteins, and genes are responsible to 
induce tolerability during such stress conditions (Gill and Tuteja 2010) (Figs. 29.3 
and 29.4).
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Fig. 29.3 Schematic diagram showing different biochemical changes that are induced as a result 
of plant acclimation during cold stress conditions

Fig. 29.4 Schematic diagram showing changes in plant body during cold stress acclimation at 
molecular level
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The role of reactive oxygen species (ROS) is very crucial in cold stress acclimation 
of plants. ROS being chemically reactive molecules can readily react with various 
DNA, proteins, and lipids in the cell. ROS are produced through the activity of 
NADPH oxidases that trigger various downstream stress pathways and defense mech-
anisms (You and Chan 2015).  They allow the signaling of various by-products includ-
ing hydrogen peroxide production, lipid peroxidation and proline accumulation, and 
antioxidant enzymes such as catalase, superoxide dismutase, AsA peroxidase, GSH 
reductase, guaiacol peroxidase, etc. (Suzuki and Mittler 2006). Further, reports 
revealed that there was significant increase in the contents of soluble nonenzymatic 
antioxidants such as GSH and AsA. These by-products thus in return scavenge the 
activity of ROS in the cell. However, the exact mechanism of ROS, along with the 
enzymatic and nonenzymatic antioxidant defense machinery, is still not known. Yet 
according to some reports, proline acts as reservoirs of nitrogen and carbon and it 
prevents important enzymes of cells from degradation. It also removes the extra H+ 
ions produced as a consequence of abiotic stress and maintains the overall optimum 
pH and oxidative respiration inside the cytosol (Zhang et al. 2014) (Fig. 29.5).

Apart from the reactive oxygen species, various enzymatic and nonenzymatic 
antioxidant mechanisms including different secondary metabolites also play a vital 
role during stress acclimation in plants. Secondary metabolites such as flavonoids 
have been reported to accumulate in the leaves and stems of plants during cold 
stress conditions. Chalcone synthase and phenylalanine ammonia-lyase are the pre-
cursors of flavonoid synthesis that are by-products of phenylpropanoid pathway, 

Fig. 29.5 Schematic diagram showing the mechanism of heat stress tolerance in plants
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which gets triggered during such stress conditions. During cold stress conditions in 
plants, various soluble sugars such as raffinose, trehalose, hexose, sucrose, fructose, 
etc., get accumulated, thereby serving as osmoprotectants to maintain the osmotic 
potential in the plant (Theocharis et al. 2012).

Besides this, Ca2+ ions are one of those primary mechanisms that are associated 
with cold stress acclimation in plants. Calcium plays a very vital part as the media-
tor of plant growth regulation and their responses to various stimuli developed. 
They are in some way or the other known to be involved in the production of 
ROS. However, the exact mechanism is still unknown. Plasma membrane stiffening 
is induced by cold stress resulting in rearrangement of actin cytoskeleton. This leads 
to the influx of Ca2+ ions through the Ca2+ channels resulting in an increase in cyto-
solic Ca2+ ions which is a mechanism involving cold acclimation in plants. These 
may further activate a downstream cascade of cold sensing and response genes 
(Theocharis et al. 2012).

In addition to biochemical processes, various molecular mechanisms, such as 
change in gene expression patterns, role of various transcription factors, activation 
of various regulatory pathways, activity of RNA-binding proteins and cold shock 
proteins, and various posttranscriptional and posttranslational regulations, are prev-
alently occurred under cold stress. Some of the important molecular mechanisms of 
cold stress tolerance are discussed below.

During cold stress conditions, gene expression alteration occurs leading to the 
formation of proteins which confers cold tolerance to plants. This occurs through 
change in existing protein that will transduce signals of cold stress responses. One 
such example that can be cited is of HOS15 protein of Arabidopsis, which alters 
chromatin modification; thus controlling gene expression patterns is associated with 
cold stress tolerance (Shinozaki and Shinozaki 2006; Zhu et al. 2015).

According to reports, cold responsive genes (COR) are known to be expressed in 
plants during their acclimation process under cold stress (Yadav 2010). These genes 
have been cloned variously and can be categorized as cell protective proteins during 
environmental stress conditions, gene expression regulatory proteins during adap-
tive responses to environmental stimuli, and genes that mediate physiological and 
biochemical changes during cold stress condition. The products of such COR genes 
are known to have crucial roles in plant tolerance to cold stress conditions. However, 
these COR genes are activated as a result of overexpression of two CBF (C-repeat 
binding factor) genes, namely, CBF1 and CBF2 genes. This CBF gene gets accumu-
lated in plants within just 15 min of exposure to cold stress. The CBFs bind to the 
cis-elements of COR genes at its promoter region and activate those (Chinnusamy 
et  al. 2007). However, the activation is also associated with DREs (drought- 
responsive elements). Therefore, this mechanism or pathway of cold tolerability can 
also be termed as the CBF/DRE regulatory pathway (Suzuki and Mittler 2006). As 
discussed earlier, the accumulation of flavonoids during cold stress condition is also 
due to the result of molecular mechanism of stress tolerance. It is regulated through 
transcription factor PAP2 of MYB family. Under stress conditions in plants, tran-
scription factors of MYB family are also known to regulate the ABA-dependent 
gene expression. Abscisic acid (ABA) offers its role as secondary signal in signal 
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transduction process during cold stress. It has a vital role in ROS scavenging by 
enhancing the activity of antioxidant defense system. It also enhances the activity of 
the CBF genes. Some cold-induced genes such as pathogenesis-related (PR) genes 
and synthesis of antifreeze proteins (AFPs) are known to play vital roles as cryopro-
tectants in plants during cold stress conditions. However, the exact mechanism and 
the synthesis process is not known. Dehydrin is one of the well-known AFPs or 
cryoprotectant. Besides, certain cold shock proteins, such as Arabidopsis Cold 
Shock Domain Protein 3 (AtCSP3), are reported to involve during cold acclimation 
in plants under cold stress conditions (Theocharis et al. 2012).

29.3.2  Effect of Heat Stress on Plant

Heat stress like most other abiotic stresses is one of the most devastating stresses 
that alter plant’s physiological and biochemical metabolism, germination, growth 
and development, reproduction, and ultimately yield loss (Setiyono et  al. 2018). 
Usually temperatures exceeding above 35–40 °C are considered as heat stress for 
plants. During such stress conditions plants tend to show various changes such as 
impaired photosynthesis, generation of a large amount of reactive oxygen species 
(ROS), enzymatic and nonenzymatic antioxidants, and alterations of gene expres-
sions. To overcome such stress conditions, plants undergo a cascade of mechanisms 
at their physiological, biochemical, and molecular levels (Hasanuzzaman et  al. 
2013). However, in the present day, application of protective such as proline, as 
osmoprotectants; plant hormones such as gibberellic acid, abscisic acid, brassino-
steroids, jasmonic acids, etc.; signaling molecules such as nitric acid, polyamines, 
and trace elements; and various nutrients such as nitrogen, potassium, calcium, 
phosphorus, etc., has been found to be effective to the underlying damage caused to 
plants under heat stress.

High temperature responses vary with different plants, degree of temperature, 
and duration. Heat stress may be the reason of alteration of the structure and func-
tion of certain underlying proteins, RNA, enzymatic reactions, and also cytoskele-
ton structures (Upadhyaya et al. 2017). In this article, various phenomena that take 
place inside a plant body during stress conditions as a part of plant’s defense system 
have been discussed at their biochemical and molecular levels.

29.3.2.1  Biochemical Mechanism of Heat Stress Tolerance in Plants

Heat stress might uncouple certain metabolic pathways and enzymes that lead to the 
accumulation of ROS such as singlet oxygen (1O2), superoxide radical (O2

•−), 
hydroxyl radical (OH•), and hydrogen peroxide (H2O2) which are harmful for the 
basic metabolism in a plant body. Generations of ROS occur in reaction centers, 
photosystem I (PSI), and photosystem II (PSII) and are considered as the primary 
sites of ROS activities. Besides, ROS generation also occurs in cell organelles such 
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as mitochondria, chloroplast, or peroxisomes. To overcome the high rate of accumu-
lation of these ROS, various antioxidant defense mechanisms are known to play a 
crucial role on this regard such as hydrogen peroxide production, lipid peroxidation, 
and proline accumulation. The antioxidant defense mechanisms include both enzy-
matic (catalase (CAT), AsA peroxidase (APX), superoxide dismutase (SOD), per-
oxidase (POX), and GSH reductase (GR) and nonenzymatic (synthesis of AsA and 
GSH) defense systems. However, according to reports, enzyme activity in plants 
was highest at temperatures ranging from 35 to 40  °C (tolerant varieties) and at 
30 °C (susceptible varieties). Moreover, nitric oxide (NO) is known to activate the 
underlying ROS scavenging enzymes that induce thermo-tolerance.

During heat stress conditions, apart from ROS accumulation and scavenging 
activity, certain well-known secondary metabolites also get accumulated such as 
flavonoids, anthocyanins, lignins, and phenylpropanoids which are by-products of 
the phenylpropanoid pathway produced as a result of the enzymatic activity of phe-
nylalanine ammonia-lyase. This is one of the major steps occurring in plant cells 
during acclimation process under heat stress.

Under heat stress, certain photoprotectants play vital roles in plants during its 
acclimation process. They may include carotene belonging to the xanthophylls 
group, tocopherols belonging to terpenoid group that helps in stabilizing the lipid 
phase of thylakoid membranes. Various hormones have vital roles to play in plant’s 
growth and development under high temperature stress, some of which may include 
salicylic acid and ethylene.

29.3.2.2  Molecular Mechanism of Heat Tolerance in Plants

Heat shock proteins (HSPs) and heat-induced proteins are induced as a result of heat 
stress in a plant body. There are three different classes of proteins induced under 
such unfavorable conditions. Of which two of them belong to HSPs, namely, HSP70 
and HSP90, and proteins of lower molecular weight of about 15–30 kDa. Some of 
the HSPs are accumulated in the cytosol at low temperatures (27 °C) and some at 
high temperatures (43 °C). However accumulation of such proteins occurs in the 
chloroplast at moderate temperatures (~37 °C). These are nuclear-encoded HSPs 
and the gene for such HSPs is Hsa32, 32 kDa protein, which is cloned in tomatoes. 
Because of their thermo-tolerability, HSP expression is mediated by the action of 
heat treatment in association with the conserved HSEs (heat shock proteins), pres-
ent in the promoter region of HSGs (heat stress granules), resulting in transcription 
in accordance to heat stress. They are cis-acting elements (HSE) which comprise of 
the nucleotide sequence (5’-AGAANNTTCT-3′), which is palindromic in nature 
that serves as binding site and recognition of transcription factors associated with 
heat shock or can be simply termed as heat shock factors (HSFs). HsfA1a and 
HsfA2 have been reported to be the major regulator heat stress factor respectively in 
plants induced during heat stress. HSPs are the most important factor associated 
with thermo-tolerance and reports suggest that nearly 19 and 14 heat shock factors 
have been identified in Arabidopsis and Oryza sativa, respectively. Apart from 
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HSPs, various other proteins such as cytosolic Cu/Zn-SOD, Mn-POD, and ubiquitin 
are activated under heat stress conditions in plants (Wahid et al. 2007).

Sometimes heat induces the influx of Ca2+ ions, which is regulated through the 
activity of CDPKs (calcium-dependent protein kinases) and MAPKs (mitogen- 
activated protein kinases), which in turn activates antioxidants and osmolytes that 
scavenge stress-induced accumulation of ROS species (Wahid et al. 2007). Some 
DREB proteins (dehydration-responsive element binding protein), such as DREB2A 
and DREB2B belonging to AP2/ERF family, are induced as a result of such stresses 
(Licausi et al. 2013). However, in some plants proteins such as glucose-1-phosphate 
adenylyltransferase that are associated with starch synthesis were downregulated 
under high temperature stress (Koussevitzky et al. 2008). Besides, some of the regu-
latory proteins, such as small cold shock proteins, are regulated in some under heat 
stress conditions which would function as RNA chaperons and Rho termination 
factor (Jagadish et al. 2010).

29.4  Submergence Stress

With the changing global climate its effect on crop production and yield has been 
considered as an important issue which increases the threat of water stress (Tuba 
and Lichtenthaler 2007). Whenever the ratio of soil water surface layer exceeds 
more than 20% than the field’s carrying capacity, it leads to the waterlogging condi-
tion (Agrawal et al. 2003; Nilsen and Orcutt 1996). Submergence stress may develop 
due to several direct and indirect factors like improper irrigation practices, global 
warming and anthropogenic activities, and sometimes meteorological component 
which contribute to alteration of plant metabolism and ecogeographical distribu-
tions (Voesenek et al. 2006). Floods are the major constraints to crop production, 
affecting the availability of oxygen, i.e., increase in BOD, which leads to serious 
physiological damages within the cell as oxygen is the vital element for carrying out 
all the important physiological phenomena. A prolong or transient flash floods can 
also lead to partial or complete submergence that directly can inhibit crop normal 
growth and yield (Kato et al. 2014). In recent years, many reports have indicated 
that complete submergence reduces the fundamental component of a plant that 
plays a significant role in plant growth, viz., internal oxygen availability, sugar sta-
tus, carbon dioxide, and light for photosynthesis that ultimately influences its sur-
vival (Bailey-Serres and Voesenek 2010; Winkel et al. 2013; Sakagami et al. 2013a, 
b). The major morphophysiological modifications shown under submergence stress 
are leaf elongation, reduction in chlorophyll content, low-carbohydrate reserve stor-
age, alteration in relative water content, and a huge change in its biochemical profile 
(Ito et al. 1999; Ram 2002; Jackson and Ram 2003) (Fig. 29.6).

Quiescence and elongation were the two major strategies adapted by rice plants 
by which plants control their integrity depending upon the nature of flooding (Luo 
et al. 2011). Low-carbohydrate metabolism under submergence stress is an impor-
tant trait in flash flood tolerance crops, and the “quiescence strategy” is  characterized 
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by slow growth that is supposed to conserve energy and carbohydrates (Singh et al. 
2001). Some crops like rice cultivars show elevated shoot elongation in response to 
submergence which is termed as “escape strategy”; this enables rice plants to per-
form aerobic metabolism and photosynthetic fixation of CO2 under long-term sub-
mergence in deep-water condition (Ram 2002; Jackson and Ram 2003). However, 
flash floods that cause short-term submergence rapid leaf elongation adversely 
affect submergence tolerance (Jackson 2008; Chaturvedi 1995; Setter and Laureles 
1996, 1996; Kawano et al. 2009). Yamada (1959) reported that plants debilitated 
total carbohydrate in the leaves and roots during submergence and the carbohydrate 
metabolism during submergence correlates with flash flood tolerance (Palada 1972; 
Chaturvedi 1995).

Under submerged condition with low oxygen availability, photosynthesis and res-
piration are restricted, leading to an energy crisis, production of toxic products and 
the accumulation of reactive oxygen species (ROS) and peroxides singlet oxygen 
molecules in cells (Licausi and Perata 2009; Pucciariello et al. 2012; Yang and Hong 
2015, b). Several studies have focused on the important role of ROS during hypoxia 
signaling under full submergence conditions (Baxter et al. 2014; Fukao et al. 2011; 
Liu et al. 2015; Yang and Hong 2015). Out of all the ROS, H2O2 is one of the fore-
most stable non-radical reactive oxidative species, produced in the compartment of 
chloroplast. Although peroxisomes were reported as the main site of intracellular 
H2O2 production, production of hydrogen peroxide in less amount is reported during 
photorespiration and in mitochondria by the process of electron transport (ETC) 
(Bhattacharjee and Saha 2014; Del Río et al. 2006). It was reported that there was an 
increase in hydrogen peroxide level in both biotic and abiotic stresses like pathogen 
attack, UV radiation, drought, submergence, chilling, and wounding (Sharma et al. 
2012; Ślesak et al. 2007). Hydrogen peroxide along with the other ROS is a good 
indicator of oxidative stress. For the suppression of dangerous H2O2 level in cell 
H2O2 scavenging mechanism is vital through the balancing of GSH peroxidase 
(GPX), AsA peroxidase (APX), and catalase (CAT) activities (Apel and Hirt 2004). 

Fig. 29.6 Schematic diagram representing two major strategies adapted by rice plants under 
submergence
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The antioxidant protection mechanism system can be divided into two branches, 
enzymatic and nonenzymatic components. The enzymatic antioxidants include cat-
alase (CAT), superoxide dismutase (SOD), guaiacol peroxidase (GPX), and 
enzymes of AsA-glutathione (AsA-GSH) cycle such as ascorbate peroxidase 
(APX), dehydro-AsA reductase (DHAR), mono-dehydro-AsA reductase (MDHAR) 
and GSH reductase (GR), etc. (Roy et al. 2009; Gill and Tuteja 2010). The nonen-
zymatic antioxidants are membrane-bound lipid or water-soluble molecules that 
include glutathione, proline, ascorbate, carotenoids, flavonoids, and tocopherols.

Genetic studies reported the major QTL (quantitative trait loci) submergence 1 
(sub1) located on rice chromosome 9 is the key contributor for 70% of phenotypic 
variation that results in submergence tolerance of the rice genotypes. Sub1 is an 
ethylene responsive factor (ERF) like transcriptional regulator that induces inter-
nodal elongation of shoot; controls carbohydrate metabolism and degradation of 
chlorophyll, etc. (Fukao et al. 2006; Xu et al. 2006); and, thus, controls survival and 
recovery of the tolerant plants after the submergence (Pucciariello and Perata 2013; 
Perata and Voesenek 2007). In rice it has been reported that the Sub1 QTL consist 
of a group of three genes, Sub1A, Sub1B, and Sub1C (Xu et al. 2006). SUB1A, 
responsive transcription factor (AP2/ERF), plays a key role in “quiescent strategy” 
by decreasing the cellular gibberellin levels. On the other hand, another gene 
SNORKEL 1 and SNORKE 2, encoding ethylene responsive transcription factors, 
plays a significant role in “elongation strategy” in deep-water or floating rice by 
enhancing gibberellin responses which induce rapid internode elongation (Xu et al. 
2006; Hattori et al. 2009).

29.5  Drought Stress

With increased change in world global climatic condition drought stress pronounced 
as the most prevalent environmental factor limiting crop productivity. Water deficit 
condition affects the seed survivor rate and increases the post-pollination embryo 
abortion rate and as a whole decreases the yield. Morphological modification as a 
result of a prolonged water deficit condition that leads to its yield potential includes 
smaller leaves, premature flowering, and a long anthesis-silking interval (Bruce 
et al. 2002; Nahar et al. 2016, 2018a, b) and physiological modification like nutrient 
absorption capacity, crop growth and development, molecular alteration,  distribution, 
etc. (Zhao et  al. 2009). Plants growing under water stress environment also go 
through some important physiological responses, including decreased cell turgidity, 
leaf rolling, and decrease in CO2 level which leads to a decrease in photosynthetic 
efficiency and lowering of chlorophyll contents. Photosynthetic and gas exchange 
responses are the most sensitive to water deficits (Chutia et  al. 2012;  Qin et  al. 
2007). The plant response against the stress can be varying depending on the speed 
and magnitude of stress. The level of adaptation and injuries during the stress condi-
tion and after the distress condition gives a good reference of the stress severity 
(Fig. 29.7).
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To combat against the drought stress, plants adapt different mechanisms such as 
accumulation of high concentrations of osmoregulators in the cytoplasm against 
drought stress (Dennison et al. 2001; Egilla et al. 2001; Chemikosova et al. 2006), 
altered metabolic pathways of photosynthesis, respiration, sugar metabolism, hor-
mone synthesis, and other necessary physiological processes as well as increased 
induction of metabolomic solutes, such as proline, betaine, sucrose, and fructose to 
fight against the drought stress (Wang et al. 2012; Yasar et al. 2006).

Under stress condition reactive oxygen species (ROS), also called active oxygen 
species (AOS) or reactive oxygen intermediates (ROI), are produced that are the 
result of the partial reduction of atmospheric O2. Cellular ROS can be divided into 
different groups, singlet oxygen (1O2), hydrogen peroxide (H2O2), superoxide radi-
cal (O2

•−), and the hydroxyl radical (HO•), each with a distinct half-life. ROS are 
extremely reactive, especially singlet oxygen and the hydroxyl radical; they oxidize 
multiple cellular biocomponents that lead to cellular death (Mittler 2002; Nahar 
et al. 2018a, b). Although ROS also plays an important role in signaling pathway of 
different process, increase in the level of ROS than normal is injurious for the plant. 
Both abiotic and biotic stresses trigger oxidative stress in plants and their capacity 
to manage the level of oxidants is directly correlated with plant tolerability. Like 
other abiotic stresses drought also imposes the induction of reactive oxygen species 
which immediately changes plant redox potential (Noctor et al. 2002). It has been 
reported that chloroplast is the major site for ROS generation. Under stress  condition 

Fig. 29.7 Biochemical adaptation in response to drought stress in plants
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the photosynthetic electron transport system becomes overactive that alters the 
reduction of oxygen to different ROS (Foyer et al. 1994; Foyer and Noctor 2003).

Adaptation of plants under water deficit condition is maintained under both the 
cellular and molecular level. Drought stress imposes release of a major phytohor-
mone, i.e., abscisic acid (ABA), which is responsible for closing of stomata and 
expression of drought stress genes. It has been reported that the presence of two 
important transcriptional activator factors is abscisic acid (ABA)-dependent signal-
ing pathway and ABA-independent regulatory pathway. ABA-dependent regulatory 
network consists of ABA-responsible cis-element binding factor (AREB/ABI). The 
AREB/ABF transcriptional factor has four conserved domains and a bZIP domain 
having snRK2 phosphorylation sites. AREB/ABF phosphorylation which is a mas-
ter transcriptional activator triggers the binding of AREB/ABF to ABA-responsive 
cis-elements. A study conducted on maize reveals the genome-wide expression gen-
erated by drought stress includes various transcriptional factors, viz., NAC, WRKY 
and VQ, bZIP, and CCH-type zinc finger families (Ying et al. 2012; Bogamuwa and 
Jang 2014; Mao et al. 2015; Song et al. 2016).

29.6  Nutrient Deficiency

Plants require essential mineral nutrients in a definite amount for their proper growth 
and function. Elevation or depletion in the content of the essential nutrients may 
cause some abnormalities in plants. Nutrient deficiency occurs when the essential 
nutrient requirement is present in a lesser amount than the amount required 
(McCauley et al. 2009). The essential nutrients may be of two kinds: macronutrients 
and micronutrients. The concentration of macronutrients in plants is found to be 
more than 0.1% of the dry tissue weight. These nutrients include nitrogen (N), 
potassium (K), sulfur (S), phosphorus (P), calcium (Ca), and magnesium (Mg). On 
the other hand, micronutrients are present at a concentration less than 0.01% of the 
dry tissue weight. The micronutrients include boron (B), copper (Cu), iron (Fe), 
manganese (Mn), zinc (Zn), chlorine (Cl), molybdenum (Mo), and nickel (Ni). 
Plant growth and crop yields are affected by deficiency of these mineral elements, 
which include both the macro- and microelements (White and Brown 2010).

29.6.1  Phosphorus Deficiency

Phosphorus (P) is available to plants as orthophosphate ions (HPO4
2 –, H2PO4−). 

Phosphorus constitutes an important component of nucleic acids that plays a very 
important role in maintaining different developmental and metabolic processes of 
the plants. It helps to store energy in the form of ATP (adenosine triphosphate) in 
photosynthesis and respiration. Metabolically active sites of plants like young 
shoots and root tips contain highest concentration of phosphorus. The initial 
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 symptom of phosphorus deficiency is stunted growth. The first symptom of phos-
phorus deficiency is the dark to blue-green coloration of older leaves which may 
become purplish in severe cases. Low availability of phosphorus may result into 
poor seed production and affect fruit development (Uchida 2000; Hinsinger 2001).

Phosphorus utilization efficiency (PUE) is the capability of crops to survive in 
phosphorus-deficient condition (Aziz et al. 2014). Plants adopt several morphologi-
cal, biochemical, and physiological modifications to overcome the challenge of 
phosphorus inefficiency. As an adaptation to the phosphorus deficiency, plants may 
develop various morphological changes in the root architecture (Trachsel and 
Kaeppler 2011; Aziz et al. 2014). Under P-deficient condition for the better absorp-
tion of limited available P, plants increase their root surface area (Gahoonia and 
Nielsen 1998; Aziz et  al. 2014). Accumulation of more assimilate in the region 
which is involved in the phosphorus absorption is another important adaptation 
adopted by plants. Mollier and Pellerin (1999) demonstrated an increase in root/
shoot ratio of maize under P-deficient condition which results in more translocation 
of carbohydrates in roots.

Plants may excrete various organic compounds like acetic acid, lactic acid, 
fumaric acid, succinic acids, and oxalic acid to acquire soluble phosphorus during 
the challenge of phosphorus deficiency (Wissuwa 2003; Grierson 1992). Organic 
anions compete with Pi and form complexes with elements like Fe, Al, Ca, etc., 
which help to increase the amount of free inorganic phosphorus in soil (Aziz et al. 
2014). Increased exudation of citric acid in rice and Brassica napus was reported by 
different workers (Kihara et al. 2003; Aziz et al. 2014). In the root zone of B. napus 
increased malic acid secretions were also reported (Hoffland et al. 1989, Aziz et al. 
2014). Mycorrhiza can enhance the soil volume which in turn enhances the uptake 
of phosphorus (P) acquisition of plant roots (Gerke et  al. 2000; Richardson and 
Simpson 2011; Lambers et al. 2015).

Along with the various physiological and biochemical mechanisms associated 
with the process of P deficiency, several transcription factors and genes are also 
associated in the mitigation of the problem of phosphorus starvation. Phosphorus 
starvation responsive (PSR) micro-RNAs are involved in the signaling mechanism 
and regulation of homeostasis of inorganic phosphate under deficient condition 
(Kuo and Chiou 2011). Ribonuclease (RNS) enzymes are responsible for the release 
of phosphorus from organic sources and make them available for the plants for 
absorption. During phosphorus starvation upregulation of the genes encoding RNS1 
is upregulated (Bariola et  al. 1994). Phosphorus uptake 1 (Pup1), an important 
quantitative trait loci associated with the stimulation of root growth, increasing 
P-uptake and grain yield is located on the chromosome 12 of rice. This helps in 
improving the tolerability of plants to soil phosphorus insufficiency and increasing 
the PUE (Wissuwa and Ae 2001; Shane et al. 2006; Li et al. 2008; Ramaekers et al. 
2010; Chin et al. 2010; Gamuyao et al. 2012; Aziz et al. 2014).
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29.7  Conclusion

Plants being the terrestrial living organisms undergo a series of environmental 
changes due to various abiotic factors. Therefore, plants to confront or cope with the 
various stress factors develop various mechanisms of tolerance including both the 
biochemical and molecular strategies. As discussed above, various genes undergo 
expression in different levels and various biochemical compounds get released to 
confront the changes. The natural metabolic pathways occurring in plant undergo 
changes producing different low molecular weight metabolites which serve as an 
important factor for plants to escape stress. Understanding the level of gene expres-
sion and localization of genes expressing under a particular environmental stress 
factor may serve a significant role to cope stress. In the present days, metabolomics 
has served to be an important subject of study for the plant tolerance as the metabo-
lites released and the pathways it undergo may provide a detailed information on the 
plant ability to tolerate sudden environmental changes that are increasing at an 
alarming rate. As such compounds may be introduced to plants externally for future 
ability of tolerance. In addition to study of various biochemical and molecular 
mechanisms in a particular plant species, understanding the landrace diversity and 
its tolerance capability, it would change the scenario of plants against environmental 
factors for tolerance.
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