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Preface

Plants are sessile organisms that have adapted continuously their physiology to a
changing environment to ensure their survivor. It implicates a versatile metabolism
which allow plants to face-threatening situations such as salinity, drought, flooding,
high and low temperatures, radiation, contamination by heavy metals and metal-
loids (Cd, Hg, Pg, As, and others) and xenobiotics from diverse nature, pests and
other pathogens.

All these perspectives make necessary a good knowledge of how plants function
under normal conditions and which mechanisms and strategies are used by them to
cope with the above unfavorable conditions. Of course, this implies a global view of
each species in its surrounding medium where climatologic conditions may drive
the final response of the plant. This gains relevance in a scenario of climate change
already installed on our planet.

Such knowledge will be decisive to improve our crops and to face the dramatic
situations of millions of people who still suffer hunger. More and better Agriculture
is indispensable to provide the necessary amount and quality of food for those peo-
ple who find in the scientific community an ally to solve their nutritional needs.
Especially, when contamination, increasing temperatures of the planet, and elevated
costs of design agriculture may impose some asymmetric distribution of wealth.

This book compiles much science on “Plant Growth and Stress Physiology”, and
provides substantial knowledge on how plants reorganize their metabolism to adapt
to unwanted conditions. It means acclimation, but the term resilience is used increas-
ingly to describe how plants not only adapt but also finally get benefit from hostile
conditions. A team of good experts from all over the world have contributed to
update many issues regarding plant growth and stress physiology in this volume.

Thus, general aspects of the growth and development of plants and their adapta-
tion to unfavorable conditions will be addressed. Several situations which impose to
plants stressful situations such as water deficit and contamination by heavy metals,
and how plants deal with them (accumulation and phytoremediation strategies), will
be also depicted in this book. The molecular sensing mechanisms and those which
involve cross-talk and signaling events (nitric oxide and hydrogen peroxide) within
the plant tissues and with their surroundings, especially with the bacterial
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community in the rhizosphere are also subject of the present work. Finally, practices
to improve yield and quality of plant products through either management of plant-
associated microorganisms, organic fertilization or revegetation will be visited
as well.

The target of this book is not only experts in plant biology and the overall scien-
tific community but also teachers and students from any discipline since it has been
written by authors with expertise in their scientific field and in disseminating sci-
ence. The editors are deeply acknowledged to all of them and want to also highlight
their enthusiasm and disinterested availability with this work at any time.

New Delhi, India Dharmendra K. Gupta

Granada, Spain José M. Palma



Contents

1 Plant Stress, Acclimation, and Adaptation: A Review. ............ 1
Anindita Mitra, Sampriti Kataki, Aditya N. Singh,
Apoorva Gaur, B. H. N. Razafindrabe, Piyush Kumar,
Soumya Chatterjee, and Dharmendra K. Gupta

2 Insights into Role of Invisible Partners in Plant Growth
and Development. . .. ......... .. ... .. . ... 23
Revuru Bharadwaj, Sarma Rajeev Kumar,
and Ramalingam Sathishkumar

3  High Temperature Sensing Mechanisms
and Their Downstream PathwaysinPlants . . ................... 49
Nobuhiro Suzuki

4  From Beneficial Bacteria to Microbial Derived Elicitors:
Biotecnological Applications to Improve Fruit Quality............ 73
Beatriz Ramos-Solano, Ana Garcia-Villaraco Velasco,
Enrique Gutiérrez-Albanchez, Jose Antonio Lucas,
and Javier Gutierrez-Mafiero

5  Come Hell or High Water: Breeding the Profile
of Eucalyptus Tolerance to Abiotic Stress
Focusing Water Deficit . . .. ......... ... ... ... .. ... ......... 91
Edgard Augusto de Toledo Picoli, Marcos Deon Vilela de Resende,
and Shinitiro Oda

6  Organic Fertilization of Fruit Trees as an Alternative
to Mineral Fertilizers: Effect on Plant Growth, Yield
and Fruit Quality ............. .. .. .. .. ... ... .. ... .. ... .... 129
Elena Baldi and Moreno Toselli

vii



viii

10

11

12

Evaluation of Turbulence Stress on Submerged
Macrophytes Growing in Lowland Streams

Using H,0, as an Indicator .............................

Takashi Asaeda, M. Harun Rashid, L. Vamisi Krishna,
and M. Rahman

Opportunities of Revegetation and Bioenergy Production

inMarginal Areas . . ......... ... .. .. . . .

Agustina Branzini and Marta S. Zubillaga

Biochar Behaviour and the Influence

of Soil Microbial Community. . ..........................

Thuoma N. Anyanwu, Chinedum U. Nwajiuba,
Emmanuel B. Chamba, Victor Omoni, and Kirk T. Semple

New Insights into the Functional Role of Nitric Oxide
and Reactive Oxygen Species in Plant Response to Biotic

and Abiotic Stress Conditions . ..........................

Mounira Chaki, Juan C. Begara-Morales, Raquel Valderrama,
Lorena Aranda-Cano, and Juan B. Barroso

Selenium Transport, Accumulation and Toxicity in Plants. . . .

Ryoung Shin and Ju Yeon Moon

Selenium in Algae: Bioaccumulation and Toxicity. . .........

Dubravka Spoljari¢ Maroni¢, Tanja Zuna Pfeiffer, Filip Stevi¢,
and Nikolina Bek

Contents



Chapter 1 )
Plant Stress, Acclimation, and Adaptation: e
A Review

Anindita Mitra, Sampriti Kataki, Aditya N. Singh, Apoorva Gaur,
B. H. N. Razafindrabe, Piyush Kumar, Soumya Chatterjee,
and Dharmendra K. Gupta

Abstract Plant stress impacts a detrimental effect on growth. Stress component
may be promoted by either abiotic (physical, chemical or environmental) or biotic
(biological agents or pathogen) factors. Stresses are the important reason for persis-
tent losses in the agrarian produces which badly affects the biomass production and
survivability in most crops. Heavy metals activate a wide range of physiological and
metabolic variations affecting the enzymatic processes. To counteract the stress,
plants develop strategies like accumulating organic compounds, solutes, osmolytes,
stress proteins and detoxifying enzymes. Diverse signalling pathways/genes regu-
lating the response of plants against abiotic and biotic stress are contributing to
stress responses. This review represents plant stress tolerance in general based on
the up-to-date research data.
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1.1 Introduction

Plant stresses may be defined as any detrimental impact on plant growth and devel-
opment, triggered by either an environmental or biological factor, or by both. Plants
undergo a range of biotic and abiotic stresses due to ever-changing climatic condi-
tions such as global warming, sporadic but heavy rainfall and exhaustion of produc-
tive land and water resources (Ahmad et al. 2019). Abiotic stresses enforced upon
plants may be sourced either from physical or chemical environmental factors and
biotic stresses are imposed by any biological agents and pathogen (Verma et al.
2013). Injuries caused by mild stress for a short duration can be overcome by plants
while severe stresses for a longer duration lead to several hazardous effects such as
delayed or hindered flowering and fruit setting, seed formation and enhanced senes-
cence (Verma et al. 2013). Abiotic stresses are also reported to promote outbreaks
of pests, pathogens, insects and weeds (Ziska et al. 2010; Peters et al. 2014; Ahmad
et al. 2019). However, in natural field condition, plants generally confront collateral
abiotic stresses such as drought and salinity or drought and heat that are more perni-
cious to global crop production. Ample evidences are available on the cross-
tolerance of plants to a diversity of abiotic stresses (Hossain et al. 2018;
Harshavardhan et al. 2018; Shiri et al. 2015). Plant responses to different abiotic
stresses follow common signalling pathways and hence plants tolerant to one type
of abiotic stress become acclimatized to other different types of abiotic stresses,
known as cross-tolerance (Zhu 2016). Apart from encountering a range of abiotic
stresses, plants also experience several biotic stresses, commonly through patho-
gens (fungi, virus, bacteria, nematodes), pest (insects, mites) or herbivore attack
concomitantly or consecutively (Ahmad et al. 2019). The causative agents for biotic
stresses endorse various types of diseases, infections and damage to plants and thus
impose a great pressure on plant productivity (Gull et al. 2019).

Plants may encounter a single (only one stress), multiple individuals (two or
more stresses occurring without any overlap), concurrent (two or more stresses
occurring simultaneously with a little overlap), and repetitive stresses (single stress
or multiple stresses followed by recovery periods, last for shorter or longer dura-
tion) depending on the number of interacting factors (Ahmad et al. 2019). However,
the tolerance capacity of the plants towards multiple stress factors may either
improve or predispose the plant toward a wide range of stresses (Ahmad et al. 2019).
For example, concurrent drought and cold stress in North China results in a severe
reduction in the productivity of Vitis vinifera (Su et al. 2015). Similarly, plants con-
fronted with concurrent biotic stresses (such as combinations of fungal and bacterial
attack) are more acutely mutilated than by individual pathogen infection
(Lamichhane and Venturi 2015). The effects of abiotic stresses in plants may impart
positive or negative impacts in developing susceptibility or resistance to biotic
stresses such as powdery mildew, rust, and wilt depending on the timing and sever-
ity of drought and/or salinity stress. Niakoo et al. (2019) reported that a diverse set
of gene expression is upregulated in response to concurrent stresses to produce sec-
ondary metabolites (e.g. phenolics) to mitigate the effects of a broad range of
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stresses. Plants also express distinctive responses in addition to general responses
and also can modify their responses to concurrent stress factors. This chapter aims
to summarize the different stresses in plants and the general response of plants to
these stresses to cope up.

1.2 Stresses in Plants

Different types of environmental factors like drought, salinity, high concentration of
heavy metals in soil, and extreme heat are the major abiotic stresses that prevail in
modern agriculture. Reduction in crop yield of about 50-70% has been attributed to
abiotic stresses depending upon the intensity and duration of stresses, type of plant
and the phase of growth (Jaleel et al. 2008). Abiotic stresses are the leading cause
for persistent losses in the agricultural production throughout the world as it
adversely affects the survivability, biomass production, and grain yield in the major-
ity of crops (Athar and Ashraf 2009). Plant responses to different abiotic stresses
include altered gene expression, anatomical and morphological changes, attenuated
photosynthetic efficiency, reduced nitrogen-fixing capability and modulation in the
enzymatic activities related to a metabolic reaction.

Drought or water stress is one of the acute abiotic stresses and is responsible for
declined agricultural production worldwide. Drought has a negative impact on plant
growth and development and induces loss of membrane integrity, stomatal closure,
altered pigment content, osmotic alterations and reduced water retention capacity. It
adversely affects photosynthetic activity by limiting CO, influx, reduces the accu-
mulation of abscisic acid (ABA), osmolytes proline, mannitol, sorbitol and thus
hindering the formation of free radical scavenging compounds (ascorbate, glutathi-
one, a-tocopherol, etc.), suppressing the synthesis of new proteins and mRNAs
(Osakabe et al. 2014), reducing carboxylation and efficiency of electron transport
chain of the chloroplasts inside the mesophyll cells (Feller and Vaseva 2014).

Salinity is another destructive stress following drought which reduces crop pro-
ductivity. Soil salinity may be increased due to anthropogenic activities sourced
from deforestation, over grassing, water-borne and air-borne salts deposition in
soils and chemical contamination. Due to increased salinity, the basic structure of
the soil is disrupted with higher sodium content as well as other salts that ensues
reduced soil porosity and soil aeration and poor water conductance. Plants exposed
to high salt concentration in soil face interference in the process of seed germina-
tion, seedling growth and vitality, vegetative growth, flowering and fruit set, leading
to lower yield and quality production (Pandey et al. 2020). Salinity induces osmotic
stress and ionic toxicity (Munns and Tester 2008; Porcel et al. 2012) as elevated salt
in the soil promotes higher osmotic pressure in soil solution than the plant cells,
thus, restraining the plant uptake of water and essential minerals (like K, Ca, and
Mn) due to creation of water potential deficit zone in the soil (Pandey et al. 2020).
Persistent accumulation of salts leads to a further adverse situation called ‘physio-
logical drought” when plants are unable to uptake water present in the soil (Porcel
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et al. 2016). Depending on the genotype, adaptability and other physiological fea-
tures, plants respond differently to the salinity that may be reflected in the plant
growth and development. For example, Salt sensitive plants such as Zea mays,
Oryza sativa, Phaseolus vulgaris, and Glycine max (glycophytes) cannot endure the
higher levels of salt concentration, while halophytes, for instance, Medicago sativa,
Atriplex amnicola, and Lepidium species can well-flourish in high salinity levels.
Osmotically stressed plants express some secondary effects at the physiological,
biochemical, and molecular level such as reduced cell expansion, receded mem-
brane function, impaired cytosolic metabolism and increased reactive oxygen spe-
cies (ROS) production (Mushtaq et al. 2020). Like other stress responses, modulation
of enzymatic activities is found under salt stress conditions as proved by the
enhanced activities of the antioxidative enzymes like superoxide dismutase, peroxi-
dase, and catalase, as well as of phenylalanine ammonia-lyase and tryptophan
decarboxylase (Gao et al. 2008; Mishra et al. 2013). It is assumed that global warm-
ing due to anthropogenic emission of CO, would worsen the problem of salt stress
and desertification (Lavania et al. 2015). In the presence of excess CO,, the inflated
electrons generated can react with O,, resulting in the formation of detrimental
ROS, that causes photoinhibition. The overproduction of ROS ultimately promotes
the loss of cellular integrity by imposing pernicious effects on cell membranes and
other cell organelles (mitochondria, chloroplasts, and peroxisomes) and major bio-
molecules like proteins and lipids (Mittler 2002; Ahmad et al. 2008).

Over the last few decades excessive increase of atmospheric CO, and CH,, chlo-
rofluorocarbons and nitrous oxides concentration has triggered negative conse-
quences to global warming. As a result, heat stress has become the primary limiting
factor) for crop production and food security worldwide (Friedlingstein et al. 2010;
Lobell et al. 2011; Abdelrahman et al. 2017; Hassan et al. 2020). It has been pre-
sumed that heat stress has reduced wheat (Triticum aestivum L.) global productivity
by more than 6% per degree Celsius rise in temperature (Asseng et al. 2015).
Although heat stress has some positive impacts on productivity in colder climatic
regions (Challinor et al. 2014), it can severely affect different aspects of plant physi-
ology including seed germination, growth, development, photosynthesis and repro-
duction which ultimately affect total productivity (Hasanuzzaman et al. 2012). Heat
stress induces poor seed germination by perturbing the activity of starch digesting
enzymes and abscisic acid (ABA) synthesizing enzymes (Essamine et al. 2010) as
well as by impairing protein synthesis in seed embryo (Riley 1981). As reported by
Akman (2009), the growth of coleoptile was found to stop completely at tempera-
tures above 37 °C. Stunted growth, reduced tiller and dry biomass production were
observed in wheat and sugarcane due to heat stress (Mitra and Bhatia 2008;
Srivastava et al. 2012). Additionally, heat stress results in various morphological
abnormalities such as leaf scorching, sun burning of stems, branches, leaves and
twigs, leaf rolling, damage of leaf tips, discoloration of fruits, leaf senescence and
abscission (Rodriguez et al. 2005; Omae et al. 2012). Plant growth is hindered due
to a reduction in nutrient and water uptake at high temperature (Huang et al. 2012)
and restriction of nutrient transport from root to shoot (Huang et al. 2008). The most
eminent process in plant physiology, the photosynthesis, is greatly impeded by high
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temperature. Heat stress promotes abated water content in leaf, compromised sto-
matal conductance as well as inter-cellular CO, concentration (Greer and Weedon
2012). Crucial enzymatic activities related to the photosynthetic process (such as
phosphate synthase, ADP-glucose pyrophosphorylase, and invertase) are also cur-
tailed by high temperature leading to reduction of starch production (Djanaguiraman
et al. 2009).

Heavy metal (HM) stress is another important abiotic stress in plants that mostly
stemmed from anthropogenic processes due to immoderate use of fertilizers, pesti-
cides combined with sewage irrigation, and solid waste from mines, industries,
urban activities and agricultural practices (Sharma et al. 2014). Some HMs such as
cadmium, lead, chromium, arsenic, mercury, etc. are non-essential elements and do
not have any biological role (Chetia et al. 2011). Coupled with essential materials
(water, nutrients, minerals) needed for their growth, plants take up non-essential
HMs from soil and groundwater through their roots and survive by mitigating the
toxic effects through diverse detoxification mechanisms within their system (Singer
2006; Chatterjee et al. 2013). Metal toxicity in organisms is imparted through oxi-
dative stress by the production of excessive free radicals or ROS and intruding the
function of essential cellular enzymes (especially in the case of metalloenzymes)
(Prasad and Freitas 2003). Plant root rhizosphere plays a significant role in develop-
ing metal tolerance, where, soil microflora in the rhizospheric region have the abil-
ity to get rid of several contaminants along with HMs from the surroundings by a
range of enzymatic processes (Mitra et al. 2017b). Phytotoxicity elicited by differ-
ent metals triggers a wide range of physiological and metabolic modulations
(Villiers et al. 2011). The visible toxic responses of plants induced by different HMs
include reduced plant growth, leaf chlorosis, necrosis, turgor loss, poor rate of seed
germination, and deformed photosynthetic apparatus, often correlated with pro-
gressing senescence processes or with the plant death (Dalcorso et al. 2010).

Combined biotic stresses are very common in plants. For example, brown apical
necrosis of Juglans regia caused by combined biotic stress from simultaneous
attacks by bacterial (Xanthomonas arboricola) and fungal (Fusarium spp.,
Alternaria spp., Cladosporium spp., Colletotrichum spp., or Phomopsis spp.) patho-
gens (Belisario et al. 2002). Primarily fungi, bacteria, nematodes and viruses are
disease-causing pathogens. Two types of fungal parasites are known viz. nectro-
trophs that kill host cells by releasing toxins, and biotrophs that along with bacteria
cause vascular wilts, leaf spots and cankers among other symptoms, and can spread
the infection to different parts of the plant body (Gimenez et al. 2018). Nematodes
consume the plant cells content and plant-parasitic nematodes are responsible for
soil-borne diseases and attack plants’ root system. Nematode infection results in
nutrient deficiency, wilting or stunting in plants. Viruses cause local lesions and
systemic damage that ultimately lead to stunting, chlorosis and malformations
affecting different parts of the plant. On the other hand, insects and mites damage
plants through feeding or egg-laying or as vectors for transmitting pathogens
(Schumann and D’ Arcy 2006). Plants exposed to different abiotic and biotic stresses
are schematically represented in Fig. 1.1.
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Fig. 1.1 Impact of different abiotic (drought, salinity, heat, cold, heavy metals) and biotic (patho-
gen, insect pest, herbivores) stresses in plant physiology

1.3 Plant Responses Against Multiple Stressors
to Develop Tolerance

The intricate interplay between abiotic and biotic stresses induces complex counter-
responses to different stressors in plants for protecting them from multiple aggres-
sors (Pastori and Foyer 2002; Rasmussen et al. 2013). These responses may be
through synthesizing secondary metabolites (e.g., alkaloids, terpenoids etc), phyto-
hormones, changes in ion influx, inducing an antioxidative system for combating
the stresses by triggering metabolic reprogramming towards defense (Yasuda et al.
2008; Bartoli et al. 2013). The common regulatory pathway under biotic stress and
abiotic stress responses of plants are represented in Fig. 1.2.

1.4 Acclimation and Adaptation Against Multiple Stressors
Through Different Signalling Pathways

1.4.1 Redox Signalling

A rapid outburst of reactive oxygen species is generally found following different
stress exposure in plants triggering oxidative stress (Wojtaszek 1997; Foyer and
Noctor 2013). Although ROS are fatal for organisms, the ROS generation is deli-
cately balanced in plants to escape tissue damage for regulating the plant’s stress
responses (Mori and Schroeder 2004; Choudhury et al. 2013). In plants, low levels
of ROS have an important role in cell signalling (acting as second messengers)
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Fig. 1.2 The common signalling pathway under biotic stress and abiotic stress in plants to develop
tolerance. Stress-induced ROS generation triggers the activation of the MAPK signalling pathway,
phytohormone release and activation of the antioxidant system which in turn alters the gene
expression and physiological responses for developing tolerance in plants. (Modified from Wang
et al. 2016)

regulating plant stress responses, while high levels are deleterious to the plants
(Garg and Manchanda 2009). Abiotic stresses promote ROS production through
disbalancing the electron transfer reactions in plants (Gill and Tuteja 2010; Mitra
et al. 2017a) while under biotic stress, membrane-bound NADPH oxidases (and
NADPH oxidase-like also called respiratory burst oxidase homologs, RBOHs) or
peroxidases intentionally induce ROS generation to kill or restrict the pathogen
propagation through hypersensitive response (HR) (Zurbriggen et al. 2010). ROS
play a significant role in cell signalling under biotic stress. For example, ROS help
to increase the drought tolerance in Arabidopsis thaliana by inducing de novo
xylem formation to enhance water flow when infected with the vascular pathogen
Verticillium spp. (Xia et al. 2009). A crucial role is played by ROS to develop cross-
tolerance in plants to combat abiotic and biotic stresses, especially through ABA
signalling pathway. In Arabidopsis, NADPH oxidase in guard cell, induces AtrbohD
and AtrbohF genes mediating ROS generation leading to ABA-mediated stomatal
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closure, cytosolic upsurge of Ca’* ion, and HR to pathogen attack (Ichimura et al.
2000; Chinchilla et al. 2007). Another redox signalling mechanism embraces oxida-
tion of glutathione (GSH) pool in association with the rise in total GSH under abi-
otic stresses, which is considered as one of the key players in H,O,-induced heavy
metal tolerance (Chandrakar et al. 2016b). In plants, an upsurge of GSH following
heavy metal exposure thereby reduces the negative impacts of oxidative damage.

1.4.2 MAP Kinase Pathway

Mitogen-activated protein kinases (MAPKs), which is highly conserved in the
eukaryotic system and mediate signal transduction in several cellular processes, are
known to be involved in different biotic/abiotic or combined stress responses
(Samajova et al. 2013; Rejeb et al. 2014; Ramegowda et al. 2020). In response to
heavy metal stress, released ROS play a vital role in activating the MAPK signalling
pathway (Chandrakar et al. 2020). Two leading MAPK cascades (MEKKI-
MKK4/5-MPK3/6 and MEKK1-MKK2-MPK4/6) involved in both abiotic and
biotic stress signaling have been noticed to control the levels of ROS in A. thaliana
(Pitzschke et al. 2009; Jalmi and Sinha 2015). In Arabidopsis, GbRLK gene
(receptor-like kinase from Gossypium barbadense) was shown to downregulate the
stress-responsive genes to combat against salinity and drought by reducing water
loss and thus enhancing tolerance (Zhao et al. 2013). Salicylic acid (SA) mediated
activation of MAPK pathways following pathogen attack in plants and consequent
expression of PR genes for defense reactions has been reported (Xiong et al. 2003).
Likewise, protein kinases activated by salicylic acid during salt stress confers
osmotic tolerance in Arabidopsis (Feng et al. 2015). Studies by Chinchilla et al.
(2007) reported that pathogen-associated molecular patterns (PAMPs) like flagellin
stir up MAPK cascades to initiate pathogen response signalling. MAPK signalling
synergistically interacts with ROS mediated and ABA signalling pathways to boost
up plant defense and to produce cross-acclimation to both abiotic and biotic stress
(Lu et al. 2002; Miura and Tada 2014; Zhou et al. 2014). In rice, MAPKs (known as
OsMPKYS) are overexpressed to develop the ABA-mediated resistance against the
necrotrophic brown spot pathogen Cochliobolus miyabeanus and abiotic stress tol-
erance (De Vleesschauwer et al. 2010). In plants, heavy metal (Cd, Cu, and As)
induced activation of MAPKSs has been reported by several scientists (Jaspers and
Kangasjarvi 2010; Karuppanapandian et al. 2011; Kreslavski et al. 2012; Baxter
et al. 2014). In O. sativa an increased number of transcripts of OsMSRMK?2
(OsMPK3 homolog), OsMSRMK3 (OsMPK7 homolog), and OsWJUMKI
(OsMPK20—4 homolog) under Cu and Cd exposures has been observed (Yeh et al.
2007; Rao et al. 2011).
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1.4.3 Role of Phytohormones and Growth Regulators in Stress
Signalling Pathway

Plant hormones are known to play important roles in developing tolerance to a range
of biotic and abiotic stress in addition to regulating all phases of plant growth and
development (Davies 2010; Ramegowda et al. 2020). The specific phytohormones
such as (ABA, SA, jasmonic acid (JA), and ethylene (ET) form the baseline path-
way that triggers signalling cascade after perceiving the abiotic and biotic stresses
(Verma et al. 2016).

ABA is the multifunctional phytohormone involved in different stages of the life
cycle in plants and also in the perception of abiotic stress and adverse environmental
situation (Biicker-Neto et al. 2017; Sytar et al. 2018). ABA interacts synergistically
and antagonistically at different levels regulating both biotic and abiotic stress
responses (Fujita et al. 2006). ABA signalling pathway is mediated by ABA recep-
tors namely PYR/PYL/RCAR (pyrabactin resistance 1/PYR1-like regulatory com-
ponent), phosphatase 2Cs (PP2Cs), and Snfl-related kinases 2 (Klingler et al.
2010). Under Cu and Zn stress, three genes namely PYL, PP2C, and SnRK?2 are
responsible for ABA signal transduction during seed germination in C. sativus
(Wang et al. 2014). In O. sativa Cd and Cu exposure boosted MAPK signalling and
ABA level providing increased Cd and Cu tolerance (Yeh et al. 2003, 2004).
Similarly, an increased amount of ABA was detected in Empetrum nigrum and
Cicer arietinum, following exposure to Cu and Pb (Monni et al. 2001; Atici et al.
2005). As a secondary effect, increased synthesis of ABA under abiotic stresses trig-
gers the stomatal closure, that prevents the invasion of pathogens through these
passive ports (Melotto et al. 2006). Hence, in such circumstances plant develops
cross-tolerance against both biotic and abiotic stresses (Lim et al. 2015; Berens
et al. 2017). Some plants can regulate the pathogen entry by stomatal movement
after detecting microbe-associated molecular patterns (MAMPs) such as flagellin
and chitin (Zeng and Hey 2010). For example, In Arabidopsis, tomato and moss
(Physcomitrella patens), MAMP-triggered stomatal closure was found to be regu-
lated by ABA (Melotto et al. 2017).

SA promotes the development of the systemic acquired resistance (SAR) and
regulation of plant defense responses against biotrophic and hemibiotrophic patho-
gens, while JA and ET mainly control the defense responses against necrotrophic
pathogens and insect pest and herbivores attack (Dong 1998). In plants, synthesis of
SA is induced in response to pathogen attack and SA signalling is initiated involv-
ing its receptors and regulators NPR1 (non-expressor of PR-genes 1), and NPR3
and NPR4 to protect the undamaged part of the plants distant from the site of patho-
gen attack (broad-spectrum plant defense called SAR) (Dong 1998). Additionally,
SA is known to protect the plants against a variety of abiotic stresses like heavy
metals, extreme temperature, salinity, osmotic stress, drought, ozone, and
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UV-irradiation (Zhang et al. 2015; Nazar et al. 2015; Naser et al. 2014; Khan et al.
2013). For example, in O. sativa and G. max, following exposure to arsenic (As),
the metalloid-exerted oxidative injury is effectively reduced via strengthening the
antioxidant defense mechanism (Singh et al. 2015; Chandrakar et al. 2016a). During
heavy metal stress, SA reduces the contents of ROS, osmolytes/ionsleakage, and
lipid peroxidation reaction, while it augments the total chlorophyll content, total
lipids, and linolenic acid (Chandrakar et al. 2020).

The JA signalling is mediated by its receptor (COIl, a F-box protein) and co-
ordination of a number of transcription factors [such as Jasmonate Insensitive 1
(JIN1)/MYC2] and ethylene response factor ERF1, ERF2, ERF5, and ERF6 (mem-
bers of AP2/ERF family)] regulating the JA responsive marker gene plant defensin
1.2 (Deshaies 1999; Moffat et al. 2012). Like other phytohormones, JA is also
responsible for plant defense against abiotic stress such as salinity, drought, high or
low temperature, heavy metals, ozone, and UV-irradiation (Yan et al. 2015; Hu et al.
2017; Per et al. 2018).

Ethylene, a gaseous hormone that plays vital role in fruit ripening and senes-
cence, is also involved in biotic stress response against necrotrophic, biotrophic, and
hemibiotrophic pathogens (Ramegowda et al. 2020). The role of ET in developing
resistance in plants against abiotic stress such as cold and freezing, salinity, drought,
heavy metal exposure, heat, and flooding has been studied in detail (Kazan 2015).
ET signalling is mediated through different ethylene receptors such as ETR1, ETR2,
Ethylene Response Sensor 1 (ERS1) and ERS2. These receptors activate a mem-
brane protein Ethylene Insensitive 2 (EIN2). Downstream to the EIN2 are transcrip-
tion factor EIN3 and Ethylene Insensitive 3-Like 1 (EIL1) in the nucleus triggering
the activation of ET responsive genes (Yang et al. 2015). ET acts synergistically
with SA, JA, and ABA in the plant’s defense against pathogens (Ramegowda et al.
2020). Several authors reported the upsurge in the number of transcripts of ethylene
biosynthesis-related genes (ACS1, ACS2, ACO4, and ACO5) in the roots of O. sativa
exposed to Cr, suggesting their involvement in developing Cr resistance (Steffens
2014; Trinh et al. 2014). Likewise, Cd stress in A. thaliana was found to induce the
ethylene biosynthesis through upregulation of ACS2 and ACS6 genes (Schellingen
et al. 2014).

Auxin (indole-3-acetic acid, IAA) is an essential phytohormone having manifold
activities in regulating the growth and development of plants exposed to various
abiotic stresses (Sytar et al. 2018). Srivastava et al. (2013) observed the unaffected
growth of B. juncea under As stress if IAA applied exogenously. A similar report of
the exogenous application of an IAA precursor, L-tryptophan in the O. sativa radi-
cles shows improved growth and yield under Cd stress in comparison to seedlings
raised without IAA precursor in Cd-contaminated soil (Farooq et al. 2015a, b).
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1.5 Tolerance to Heavy Metals

1.5.1 Synthesis of Metal Chelators

One of the sophisticated strategies against metal stress employed by plants is
through chelation and sequestration of metals by high-affinity metal binding ligands
such as phytochelatins (PCs) and metallothioneins (MTs). PC synthesis is stimu-
lated by a wide range of metal cations (such as Cd, Cu, Zn, Ag, Au, Pb, Hg) and
anions (As) due to transpeptidation of (y-glutamyl-cysteinyl)-glycine from GSH by
the action of PC synthase (PCS) (Gasic and Korban 2007). A number of studies
have suggested that PC—metal complexes are sequestered into vacuoles (Shukla
et al. 2016).

Metallothioneins are low molecular weight Cys-rich peptides present in both
animals and plants. They are capable of high-affinity binding with heavy metal ions
via Cys residues and play a significant role in essential heavy-metal homeostasis in
plants (Sharma et al. 2014). MTs play a vital role in carrying out a series of activi-
ties such as sequestration of toxic metals, transportation of Zn and Cu, precluding
interaction of toxic metals with other biomolecules, thereby reducing phytotoxicity
(Shukla et al. 2016).

1.5.2 Secretion of Organic Acids in Root Exudates

Plants grown in heavy metal contaminated soil secrete organic acids (such as oxalic
acid, citric acid, malic acid, tartaric acid and succinic acid) in root exudates for
chelating metals to reduce the bioavailability of such toxic metals (Yu et al. 2019).
Carboxyl groups present in the organic acids chelate with heavy metals to convert
them into non-toxic immobilized form. For example, organic acids in the root exu-
dates of Phyllostachys pubescenswas was found to precipitate lead and reduce Pb
availability to plant (Chen et al. 2016). A significant increase in the secretion of
organic acids (about 1.76-2.43 times) in the roots of cadmium-accumulator rice was
observed in comparison to Cd-sensitive varieties (Fu et al. 2017).

1.6 Tolerance to Heat Stress

Heat tolerance in plants varies among species and different short term and long-
term strategies are adopted by plants to survive under heat stress. The major path-
ways include ion transport, abundance of late embryogenesis proteins, presence of
osmo-protectants, and antioxidant defense system (Rodriguez et al. 2005). Short
term mechanisms of heat tolerance in plants are avoidance and acclimation as well
as some morphological adaptation such as leaf rolling, small size leaves or
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alteration in leaf position and lipid composition in the membrane, and cooling
through transpiration (Fitter and Hay 2002; Sarieva et al. 2010). Long term morpho-
logical changes in response to heat stress include increased density of leaf stomata
and hair, and larger vessels (Srivastava et al. 2012). Plants are highly susceptible to
a higher temperature during the active growth stages. When exposed to high tem-
perature, plants are capable of reducing the rate of light absorption through small
hairs on the leaf blade that act as protective surface cover. Some types of low molec-
ular weight compounds called osmolytes are found to accumulate in plant tissue to
develop heat tolerance and increase survival by conserving the cell structure (Hare
et al. 1998; Sakamoto and Murata 2002). Different osmolytes such as sugars, pro-
line, ammonium, sulphonium and glycine-betaine compounds are synthesized
under heat stress (Sairam and Tyagi 2004). However, osmolyte concentration varies
among species and genotypes (Ashraf and Foolad 2007). Similarly, plants also
accumulate several secondary metabolites to combat heat stress (different phenolic
compounds, such as flavonoids and phenylpropanoids).

1.7 Tolerance to Salt Stress

Regulation of ion homeostasis within the cell is important for the maintenance of
membrane potential and proper functioning of the enzymes involved in the meta-
bolic reaction under abiotic stresses (Hasegawa 2013). Plants can efflux the redun-
dant salt ions from cytosol through transporters (H*-ATPase, vacuolar H*-ATPase,
H*-Pyrophosphate, and Ca**-ATPase) to retain low concentration of Na* ions within
cytosol as high concentrations are deleterious for cell (Farooq et al. 2015a, b). The
signalling pathway coordinating the activities of several transporters under salt
stress is the ‘salt overly sensitive’ (SOS) stress signalling pathway that involves
three proteins, SOS1, SOS2, and SOS3 (a Ca’* ion binding protein and sensor for
calcium signal) (Zhu 2003).

1.8 Plant Immune Response Against Biotic Stress

To deal with biotic stresses plants have evolved a well responsive immune system
(Gimenez et al. 2018). Passive immunity is the first line of defense in plants which
is endorsed by waxy leaf or stem surface, thick cuticles and specialized trichomes
to prevent insects or pathogens. Plants also release chemical compounds (secondary
metabolites such as phenolics, alkaloids, flavonoids, terpenoids) to safeguard them-
selves against herbivory and pathogen infection (Taiz and Zeiger 2006). Further,
plants possess two levels of pathogen recognition system to trigger immune
responses: the first level of recognition involves Pattern Recognition Receptors
(PRRs) that recognize pathogen-associated molecular patterns (PAMPs) as
described in the previous section, activating PAMP-triggered immunity (PTI)
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(Monaghan and Zipfel 2012). In the second level of plant immune response known
as effector-triggered immunity (ETI), the key player is a plant resistance protein
(PRP), that recognizes specific effectors from pathogens or pests (Avr proteins) and
invigorates plant defense mechanisms in a much more specific way (Kaloshian
2004; Spoel and Dong 2012). ETI actually triggers the hypersensitive responses
(HR) that consequences to programmed cell death of the infected cells and the sur-
rounding areas (Mur et al. 2007).

1.9 Antioxidant Defense System

Under different abiotic stresses, excess ROS are produced in plants causing oxida-
tive stress. Plants recruit antioxidant system to protect cellular and subcellular com-
partments from this fatal impact using antioxidant enzymes as well as non-enzymatic
compounds.

1.9.1 Enzymatic Antioxidative System

The role of different enzymes acting as ROS scavengers such as superoxide dis-
mutase (SOD), glutathione peroxidase (GPX), glutathione reductase (GR), ascor-
bate peroxidase (APX), and catalase (CAT) to protect cells from the toxic effects of
ROS under both abiotic and biotic stresses have been well studied (Samajova
et al. 2013).

SODs are members of the metalloenzyme family that safeguards the cells from
oxidative stress by catalyzing the dismutation of superoxide radicals (O,™") to H,O,
with the aid of diverse metals as cofactors (Li et al. 2017). Hydrogen peroxide is
another highly reactive oxidizing agent later detoxified by CAT and the ascorbate—
glutathione cycle, both of which regulate H,O, level (Shigeoka et al. 2002). The
tetrameric, heme-containing enzyme CAT is a H,O, scavenger, located exclusively
in peroxisomes (Mitra et al. 2018), which rapidly degrades H,O, into water and
molecular oxygen without consuming cellular reducing equivalents (Sharma 2012).
The presence of a heme prosthetic group has been reported with CAT. APX, an
active scavenger of the H,0O,, are members of class I heme-peroxidases found as
different subcellular isoforms catalysing the reduction of H,O, into water and two
molecules of monodehydroascorbate (Anjum et al. 2016). GR, which functions in
coordination with APX and is broadly located in diverse cell organelles, mediates
the reduction of glutathione disulphide (GSSG) to glutathione (GSH) (using
NADPH as an electron donor) and sustains a highly reduced state of GSH/GSSG
and ascorbate/monodehydroascorbate and thus preserves the redox intracellular
level as well during oxidative stress (Anjum et al. 2012). GPX, another member of
a large peroxidase family having a broad substrate spectrum, catalyses the reduction
of H,0,, organic and lipid hydroperoxides using the GSH pool directly as a
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reducing agent, thereby protecting the cells against oxidative damage (Anjum
et al. 2010).

1.9.2 Non-enzymatic Antioxidative System

Plants have a well-developed antioxidative system for combating the adverse envi-
ronmental stresses by producing low molecular weight thiols, such as GSH, that
plays a role in biosynthetic pathways, ROS detoxification of xenobiotics and anti-
oxidant chemistry (Mitra et al. 2018). GSH is a nonprotein thiol synthesized from
glutamate (Glu), cysteine (Cys) and glycine (Gly) by two adenosine triphosphate
(ATP)-dependent reactions catalysed by gamma-glutamylcysteine synthetase (y—
ECS) and glutathione synthetase (GS). The accumulation of glutathione was
observed in different plants exposed to various stresses such as salinity, drought,
extreme temperatures (cold and heat), heavy metal toxicity, herbicides and air pol-
lutants (Waskiewicz et al. 2014).

Ascorbate (AsA), synthesized in mitochondria but commonly found in the
stroma of chloroplast, apoplast, cytosol, mitochondria and peroxisomes of the plant
cell, is the most copious antioxidant in plants, which reacts with a range of ROS
such as H,0,, O, and singlet oxygen ('0,). Ascorbate is the most substantial reduc-
ing substrate for the discharge of H,0O, via the ascorbate-glutathione cycle (Singh
et al. 2006) and restoration of membrane-bound carotenoids and a-tocopherol in
plant cells (Sharma 2012). Exogenous application of AsA was found to be effective
in alleviating the adverse effects of different abiotic stresses such as salinity, drought
by enhancing chlorophyll, carotenoids, proline accumulation, and leaf area, improv-
ing water status and soluble protein while decreasing H,O, levels in plant tissue
(Akram et al. 2017).

1.10 Conclusion and Future Prospects

Plants are exposed to a variety of stresses including abiotic and biotic stresses
throughout their lifetime and accumulate low-molecular-weight organic com-
pounds, compatible solutes or osmolytes, stress-specific proteins, heat-shock pro-
teins, phytochelatins, metallothioneins, and activate many detoxification enzymes
to acclimatize under a stressful situation. The thresholds of stress tolerance vary
from species to species, and a few of them can successfully thrive under severe
stresses completing their life cycles. However, most of the cultivated crop species
are highly vulnerable and either dies or becomes less productive after being exposed
to long periods of stress. Thus, knowledge about the enhancement of stress toler-
ance in plants not only presents a challenging basic research problem but could also
have a significant impact on the benefit of agricultural productivity. Recent
researches are gaining insight into the different signalling pathways/genes that
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regulate the plants response to abiotic and biotic stress and are directly or indirectly
associated with multiple stress responses. These association may be synergistic or
antagonistic in action leading to developing cross-tolerance. Furthermore, the inte-
gration of multiple omics (such as transcriptomics, proteomics or metabolomics)
technologies will be very helpful to find a broad and precise view about the regula-
tory hubs in developing stress tolerance in plants in the near future.
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