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Abstract

Various abiotic stress factors affect plants negatively, affecting their growth and
development. These stress factors can be natural or anthropogenic and may have
short-term or long-term effects on vegetation. Due to stress, many changes occur
in plants, which may be reversible or irreversible and even cause acute damage.
The abiotic stress factors are considered as one of the major factors for crop loss
worldwide. Plants avoid such stress factors either by acclimatization or by
avoidance and have with various defence mechanisms. In this chapter, authors
have summarized the effects of temperature, drought, flood, light, and heavy
metals as abiotic stress factors on plants along with the molecular mechanisms
and signal transduction during such stresses.
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1.1 Introduction
Plants are generally exposed to extremes of biotic and abiotic environmental factors,

which have become the integral part of their life cycle too. For its optimum growth a
plant requires carbon, energy, light, mineral nutrients, and water. Whenever any of
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Table 1.1 Various stress factors encountered by plants

S.no. | Type of stress
I Natural Abiotic Light High irradiance—photoinhibition and
photooxidation
Low irradiance
Temperature | High/heat
Low (chilling/frost)

Drought
Flood
Mineral deficiency
Biotic Insects
Viruses
Fungi
Bacteria
11 Anthropogenic | Pollutants | Air SO,, CO,, NOx, O3
Water
Soil Heavy metals, chemicals
Herbicides
Pesticides
Fungicides

Climate change

these requirements are either in limited or in excessive amount, there is stress. The
stress can be defined as any change in environmental condition having undesirable
effects on normal growth and development of plants (Levitt 1980). Stress can also be
defined as a non-ideal condition for survival. The first publication on “General
Adaptation Syndrome” now known as “Biological Stress” was published in Nature
in 1936 by Hans Selye (Lichtenthaler 1998). The concept of stress was originally
developed by him and this term has also been used for unfavourable environmental
constraints in plants. Plants may experience Eu-stress, which is a positive and
growth promoting stress or they may experience De-stress which affects plants
negatively (Lichtenthaler 1998). The biological species flourish best in optimum
conditions and can tolerate the environmental factors as per Law of Limiting factors
(Shelford 1952). Once these factors are in extremes they become a condition which
promotes stress. The stress can be also categorized as natural or anthropogenic and
can also be distinguished into biotic stress and abiotic stress based on which factor is
causing stress (Table 1.1).

The biotic stress is caused by factors such as attacks by herbivores, predators,
parasites, pathogens, etc., on the other hand, light, temperature, wind, water
(flooding or drought), salinity, relative humidity, nutrition, etc., are responsible for
abiotic stress. The effect each factor will have on plant depends on its quality and
intensity. Although plants are adapted to changing environmental conditions, but as
they cannot move or hide being sessile, they are vulnerable to stress. This
co-occurrence of different stresses causes extensive loss to agricultural production;
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Fig. 1.1 Biotic and abiotic stresses affecting plant growth and development (Modified after
Hopkins and Huner 2009)

for example, if there is high temperature stress, then the probability of drought and
high salinity is high in that area, due to availability of water at low levels. When such
conditions prevail there is a cascade of effects at molecular, biochemical, and
physiological levels (Mittler 2006).

Once a plant is in stress condition, it responds in different ways as depicted in
Fig. 1.1, either it shows resistance and survives or it is susceptible to the stressful
environment and dies and the last is avoidance, i.e. ephemeral plants complete their
lifecycle before the inception of stress, thus avoids stress and survive (Hopkins and
Huner 2009). All these responses of plants are due to complex serial changes at
molecular, cellular, and physiological levels. Plants show such responses either to
acclimatize with certain adaptations or withstand it. There are changes at biochemi-
cal, molecular, physiological, anatomical, morphological levels to survive in a
stressful environment (Koyro et al. 2012). Plants have developed various perception
and signalling pathways to survive such harsh environmental conditions. Various
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Fig. 1.2 Different response phases shown by plants during stress conditions (Modified after
Lichtenthaler 1998)

studies are on-going on Arabidopsis thaliana and Oryza sativa (Rice) as model
organisms to understand the insights of plant stress biology.

Amongst various abiotic stresses, heat and drought affect the plant’s growth the
most. Various studies have been carried out on these two factors. Popova et al.
(2013) studied the RNA dependent DNA methylation pathway and concluded that
this pathway is involved in heat stress resistance in Arabidopsis. Lee et al. (2013)
studied the consequences of ABA production during drought conditions. The
responses shown by plants towards stress are dynamic, complex and can be plastic
(irreversible) or elastic (reversible) (Cramer 2010; Skirycz and Inze 2010; Cramer
et al. 2011). Inhibition of protein synthesis, protein folding, processing are one of the
first responses to abiotic stresses at molecular level. Plants also show some responses
due to abiotic stress at hormone level and produce ABA or ethylene (Cramer et al.
2011).

The stress responses in plants are differentiated into four stages (Lichtenthaler
1998) as mentioned below (Fig. 1.2):

1. Response—considered as commencement of stress and is also considered as
Alarm phase.

2. Restitution—stage of confrontation or resistance and in this stage stress
continues.

3. End—this is the stage of exhaustion, where stress intensity is too high and cell
death may occur.
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4. Regeneration—In this phase if stress has not been so prolonged and extensive,
regeneration may occur.

1.2  Types of Abiotic Stress

The abiotic stress includes inanimate environmental components as mentioned
above. These abiotic stress factors can occur naturally or may be caused by anthro-
pogenic activities. As plants are sessile and their surrounding environment is ever-
changing the occurrence of physiological plasticity is essential for their survival
(Gaspar et al. 2002). Plants respond to different types of stresses in different ways as
described in different sections:

1.2.1 Temperature as Stress Factor

Plants respond differently to changes in temperature as for every plant species there
is an optimum range in which it survives best. In a same temperature range one
species may survive and other species may be sensitive as their thermo-sensitive
metabolic processes may get hampered due to changes in temperature leading to
change in cell processes. Plant species which are growing in hot and dry deserts or
high altitudes experience very high temperature during day and low during night.
Plants growing in tropical forests or northern forests grow in altogether different
temperature ranges so when such plants grow in different climatic conditions they
get stressed and are prone to injuries.

1.2.1.1 Low Temperature Stress

Low temperature is considered as one of the major abiotic stress limiting the growth
and development. Plants growing in temperate regions are adapted for low tempera-
ture conditions, and based on temperature range plants can survive, i.e., cold tolerant
or get injury and are classified as chilling-sensitive (10-15 °C); freezing sensitive
(0 °C); and freezing resistant plants (able to survive sub-zero temperature) (Pollock
and Eagles 1988; Hughes and Dunn 1990). When exposed to low temperature,
plants exhibit three types of injuries: desiccation, chilling injury, and freezing injury.
Freezing in plants can be induced either from freeing in soil water or freezing of
water inside the cells or at intracellular level. Some plants develop freezing tolerance
due to formation of antifreeze proteins, which along with some sugars (sucrose)
inhibits crystallization at cellular level. Woody or hardy plants are reported to be
highly resistant to chilling injuries. The common symptoms of chilling injury are
changes in membrane structure, composition, protoplast streaming reduced,
increased/decreased respiration, reduced photosynthesis, production of abnormal
metabolites, reduced plants growth, curling of leaves, necrosis, die back of stems,
abnormal ripening of fruit, decreased N partitioning in young shoots, altered
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reproductive behaviour (Hashimoto and Komatsu 2007). Generally tropical plants
are more susceptible to chilling than the temperate plants; for example, Zea mays,
Lycopersicum esculentum, Glycine max show chilling injuries at 10—15 °C, there are
some temperate plants which experience chilling injury at 0 °C-5 °C; for example,
apple (Malus sp.) and Asparagus sp. (Hopkins and Huner 2009).

Plants also acclimatize themselves for chilling injuries. The acclimatization in
plants is associated with changes in several biochemical and physiological processes
such as altered gene expressions dehydrins (LEA, late embryogenesis abundant) are
induced in various plants, changes in hormone levels (increased ABA), increase in
soluble sugars, amino acids, organic acids, increased levels of osmoprotectants, etc.
(Palva et al. 2002).

1.2.1.2 High Temperature Stress

Change in global mean temperature and light conditions have significant impact on
distribution, abundance, phenology, and physiology of various crop species
(Djanaguiraman and Prasad 2014). It has been estimated that climate change
decreases the average suitable cultivable area for many plant species such as
Arachis, Solanum, and Vigna by 63-100%. It is also predicted that some species
might extinct in near future due to reduction in cultivable area (Jarvis et al. 2008).
Soil temperature ranges between 45 and 80 °C, where forest soil temperature
remains between 40 and 50 °C and in deserts it may reach up to 70-80 °C.
Depending on the temperature range, responses exhibited by plants can be
categorized as over temperature, intermediate and under temperature responses.
The high temperature or heat stress damages the plants and causes the altered
phenology, reduced growth and development, scorching of leaves and fruits, sun
scabs, abrasions, etc. (Nahar et al. 2015). At cellular and molecular level, high
temperature affects stability of various proteins, thus prohibiting or altering many
enzymatic activities leading to metabolic disorders, change in membrane and cyto-
skeleton structure, altered RNA species. Effect of high temperature has been
observed in many crop species such as Oryza sativa (rice), Capsicum annuum
(capsicum), Triticum aestivum (wheat), Hordeum vulgare (barley), Zea mays
(maize), Glycine max (soybean), Abelmoschus esculentus (okra), etc.
(Hasanuzzaman et al. 2013). Also, there is formation of Heat Shock Proteins
(HSPs), whenever temperature is elevated beyond the threshold limits, which varies
from species to species.

1.2.2 Light Stress

Light is an important environmental factor which is essential for CO, assimilation
through photosynthesis, but as it crosses a plants tolerance level it becomes a stress
factor and photo inhibition occurs in plants. Plants are exposed to two types of
radiations: UV-A (315400 nm) and UV-B (280-315 nm). UV-A is photo-oxidative
and UV-B is photo-oxidative as well as causes photo lesions in bio-membranes. UV
damages disulphide bridges in the proteins, dimerization of thymine groups in DNA,
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and disrupts xanthophyll cycle. When exposed to excessive light stress, plants may
sense high photon flux. Shade loving plants get damaged even by brief exposure of
strong light. In plants the excessive light damage photosystem II by destroying
photosensitive pigments and thylakoid structures, thus inhibiting photosynthesis.
There is disruption in electron transport chain and breaking of protein sub-units
(Hopkins and Huner 2009). To avoid damage by strong light, plants show some
adaptive features such as orienting leaves at an angle to receive less radiation, rolling
up of shoots, dense covering of trichomes on upper surface of leaves, thickened cell
walls, and production of anthocyanin pigment to shield mesophyll (Balfagén et al.
2019).

In tomato (Solanum lycopersicum) lipidomics analysis identified lipophilic anti-
oxidant molecules, which protects PS II from photodamage (Spicher et al. 2017).
The study conducted by Balfagén et al. (2019) showed that in Arabidopsis, in high
light intensity combined with heat stress, the stomata opens to increase transpiration
and cool the leaf instead of reducing stomatal aperture (Devireddy et al. 2018).

1.2.3 Water Stress

Water which is present in 80-90% in non-woody plants is key molecules for all
metabolic processes. It is essential and when it becomes limiting and is not available
to roots or when transpiration rate is very high it becomes a stress factor. Water stress
may arise when there is water deficit or excess of water (flooding). During flooding
oxygen becomes limiting and is not supplied to roots as per requirement. Due to
water deficit stress there is desiccation; protoplasm dries up, solute concentration
increases, leading to loss in integrity of membranes. Selectivity of membranes is lost.
Proteins get denatured and displaced, and finally leading to loss of cellular compart-
mentalization. Due to water deficit the water potential inside the cells decreases
leading to stomatal closure. It is also known that hydropassive stomatal closure
occurs in plants to avoid transpirational loss and is evident in all tropical, temperate,
or dessert plants (Hopkins and Huner 2009). Stomatal closure limits gaseous
exchange, reduced transpiration and photosynthesis, uptake of mineral nutrients
and disruption of homeostasis and ions. Drought stress also causes various other
adverse effects such as decreased water potential leading to hydro active closure of
stomata, lesser number of stomata, thickening of leaf cell wall, decreased cell
enlargement, slow or inhibited growth and reproduction, cutinization of leaf surface,
poorly developed conducting system, increase in root—shoot ratio, production of
osmolytes such as proline, formation of reactive oxygen species (ROS), ascorbate,
and glutathione accumulates in cell and further aggravates the condition (Lisar et al.
2012). Water deficits also alter the cell wall confirmations, non-enzymatically
through the interaction of pectate and calcium (Boyer 2009; Cramer et al. 2011).
Although photosynthesis gets disrupted in both C3 and C4 plants but studies show
that C4 plants are more sensitive to drought. Water stress also alters the mRNA
expression and thus new proteins are synthesized. Different proteins which are
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synthesized under stress are late embryogenesis abundant (LEA), dehydrins, desic-
cation stress proteins, protease, etc. (Lisar et al. 2012).

When there is flooding plants undergo hypoxia, a stage when oxygen concentra-
tion is less. During flooding or excessive irrigation water logging occurs in soil, thus
limiting the oxygen availability to roots. When water logging is for a prolonged
period damage occurs depending on the extent of adaptability and soil conditions.
The damage also depends on the type, developmental stage, genotype of plants,
extent of severity, and duration of water stress (Fukao and Bailey-Serres 2004;
Mariani and Ferrante 2017).

1.2.4 Salinity Stress

Salinity stress is another major problem of world, which decreases crop productivity.
High concentration of salt accumulates in the soil either due to improper irrigation or
poor drainage. Soil salinity is measured by accumulation of soluble salts such as C1™,
SO42*, Na*, Ca2+, etc., and it harms the plant growth and development through
water stress and cytotoxicity (Isayenkov and Maathuis 2019). Soil salinity may be
categorized into primary (natural salinity; for example, marshes, salt lake, tidal
swamps, etc.) or secondary (due to anthropogenic activities). High saline condition
decreases the water potential and causes osmotic stress. Osmotically active
compounds or osmolytes (Glycine-Betaine) also known as compatible metabolites
accumulate in cells to lower the osmotic potential (Rasool et al. 2013). Salinity is
also many times accompanied by the formation of ROS, polyamines (putrescene),
and proline. Saline soils also limit the uptake of nutrients by root from soil (Sharma
et al. 2016). During high salinity stress, the photosynthetic activities gets affected as
thylakoid membranes of chloroplast get damaged, reduction of photosynthetic
pigments takes place, further inactivation of electron transport chain, photophos-
phorylation occurs (Srivastava et al. 2019). Also, the turgor pressure of leaves
changes reducing the stomatal conductance and rate of transpiration (Srivastava
et al. 2019). ABA accumulates in guard cells, excessive production of hydrogen
peroxide occurs which leads to triggering of oxidative stress by influencing the
production of reactive oxygen species (Foyer and Noctor 2005). It has been reported
that legumes and cereal crops are very sensitive to salinity. Salinity affects nitrogen
fixation as it suppresses the formation of root nodules (Ramana et al. 2012).
Nutritional imbalance enhances vegetative growth over reproductive growth, thus
decreasing crop yield (Munns and Tester 2008). It also causes chlorosis and senes-
cence, DNA, RNA content decreases, mitotic and enzymatic activity slows down
(Ali et al. 2004).

The physiological drought condition in plants can be overcome by the application
of certain soil microorganisms such as arbuscular mycorrhizal fungi (AMF). Symbi-
otic association established between AMF and plant roots, mainly in saline
environments, could withstand plants under excessive saline conditions as the
AMF hyphae run several metres away from the stressed area or from the zone of
nutrient depletion, thereby increasing root surface area and facilitating nutrient
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uptake by the plant. Due to this, physiological processes and various metabolic
activities get improved and adverse effects of physiological drought could minimize
in plants (Saxena et al. 2017).

1.2.5 Heavy Metal Stress

Extensive activities related to agriculture, industrialization, and urbanization are
adding enormous amount of heavy metals; for example, Arsenic (As), Cadmium
(Cd), Chromium, Lead (Pb), Mercury (Hg) in environment. Addition of excessive
amount of heavy metals damage and alter the soil texture, pH, thus affecting plant
growth and development. These toxic elements promote morphological, metabolic
abnormalities and thus disrupt cell homeostasis (Amari et al. 2017; Tiwari and Lata
2018).

Some of these metals are vital micronutrients, and are accountable for numerous
metabolic processes in a plant, but, if they exceed the threshold limit, these metals
can have detrimental effects on metabolic pathways, physiological processes, plant
growth and development, and finally senescence (Ghori et al. 2019). As a first line of
resistance exhibited, plants reduce the heavy metal uptake, through cellular and root
exudates that restrict entry of metals inside the cells (Shahid et al. 2015; Ghori et al.
2019). The second line of resistance involves adopting other mechanisms for
detoxification by transports, sequestration of these heavy metal ions, and chelates
in the plant’s vacuoles (Ghori et al. 2019). One of the most destructive effects caused
by heavy metals in plants is disruption of bio-membranes by lipid per-oxidation
(Demiral and Tiirkan 2005; Yadav 2010). Some of the harmful effects induced by
heavy metals are described below:

High concentration of Zinc results in stunted growth, chlorosis, senescence, and
changed root and shoot ratio (Fontes and Cox 1998; Yadav 2010). Another heavy
metal chromium is released from tanning industry. The excess availability of
chromium can bring chlorosis in young leaves, inhibit plant growth, nutrient imbal-
ance, root injury, and wilting of tips (Scoccianti et al. 2006; Yadav 2010). Lead in
soil resulting from various sources like municipal sewage sludge, mining and
smelting activities, paints, gasoline and explosives, etc. It deteriorates plant growth,
morphology, and photosynthesis. Many enzymatic activities are inhibited when lead
concentration is very high, membrane permeability is lost, disturbs uptake of
mineral, and causes water imbalance (Sharma and Dubey 2005; Yadav 2010).
Recently, several studies revealed the physiological and molecular mechanisms of
arsenic toxicity, its accumulation, detoxification, and tolerance in various
concentrations in plants such as carrot, lettuce, rice, and spinach can cause several
physiological disorders (Kumar et al. 2015; Tiwari and Lata 2018).
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1.3  Molecular Mechanisms and Signal Transduction in Stress

The three systematic approaches or three “OMICS” (such as Metabolomics,
Transcriptomics, Proteomics) studies have enhanced the knowledge on how a
plant response at molecular level and what are the complex regulatory mechanisms.
The transcriptomics deals with the RNAs and their expressions. Proteomics studies
about how proteins modify and metabolomics is a tool to study about the
metabolites. The integration of all these three omics has shown various clear
pathways related to concepts of plant responses towards stress (Cramer et al.
2011). Signal perception, transduction, and finally expression of stress response
genes are the three steps at molecular level once the stress is present in environment
(Fig. 1.3). The cascades are associated with reactive oxygen species, Ca>*, Abscisic
acid (ABA), Jasmonates (JA), Salicylic acid (SA), Ethylene (ET) which coordinate
various signal pathways. Once the signal is perceived, transduction pathways such as
calcium dependent protein kinase (CDPK), mitogen activated protein kinase
(MAPK) get activated, further down regulating various transcription factors (Baillo
et al. 2019). One example of Ca** signal pathway can be understood in mechanism
of closing of guard cells in drought stress. During drought stress, changes occur in
cytosolic concentration of Ca** which initiates CPK activity resulting into the
release of ABA, which further activates the calcium chelator (BAPTA). When
guard cells receive BAPTA, signal comes to control the transpiration and guard
cell closes (Zou et al. 2015; Atif et al. 2019). Experimental studies on wheat have
shown that CPKs show functional diversity and complexity. The isoforms of closely
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Fig. 1.3 Signalling pathway in response to abiotic stress (Modified after Baillo et al. 2019)
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related CPK genes such as TaCPK 7 and TaCPK 12 in wheat show diversity
wherein, the former responds to various stresses such as temperature (low), salinity,
drought, H,O,, whereas the latter responds only through ABA signalling (Geng et al.
2011; Atif et al. 2019).

As transcription factors act as key stress tolerance mediators, they can be
modified to increase the stress tolerance in various crops. Many studies have been
conducted on five major cereal crops such as barley, maize, sorghum, rice, and
wheat. Gene modification through these transcription factors (TFs) can improve
stress tolerance in transgenic plants. Although boosting tolerance level through TFs
is not so easy and is a complicated procedure, as one TF gene during down-
regulation may promote or suppress other genes. Various TFs families may be
involved in one or multiple stress responses, thus making TF responses very
complex and complicated and might have cross-talk between different signal
pathways. There are millions of TF at molecular level, and identifying, modifying
each TF is a bit challenging task. Application of CRISPR/Cas 9, a gene editing tool
is being used to improve the stress tolerance in plants (Baillo et al. 2019).

Abiotic stress also enhances the production, synthesis, and transcription of heat
shock proteins (HSPs) in comparison to other normal proteins. Post transcriptional
modifications of proteins such as microRNA and alternating splicing also help to
cope with abiotic stress. The HSPs have been categorized based on molecular weight
into Large (68,000-104,000 Da), Intermediate (20,000-23,000 Da), and Small
(15,000-18,000 DA) (Hughes and Dunn 1990). It has now been established that
HSPs help newly synthesized protein’s folding and protect them during stress.
Therefore HSPs are also known as molecular chaperones (Ul Haq et al. 2019).
HSPs are also present in cell and cellular compartments during standard environ-
mental conditions and studies have confirmed their role in normal growth and
development apart from being stress responsive (Eck et al. 2007). HSPs not only
develop during heat stress but are also found to be present in other abiotic stresses.

HSPs express differentially in different species. Genes encoding HSPs, are
present in different cell compartments and thus they are expressed differently and
may also be specific depending on the stress intensity (Liu et al. 2006; Ul Haq et al.
2019). Under temperature stress high molecular weight HSPs (HSP 118, —114,
—110, —108, —104, —103, —101, —100, and —97) are formed. In Arabidopsis and
maize HSPs —100 and —101 are expressed and responsive against the high temper-
ature stress and thermo-tolerance (Queitsch et al. 2000; Nieto-Sotelo et al. 2002). In
Pea low molecular weight HSPs 18.1 and —17.9 accumulates after 4 h treatment
(Dupuis and Dumas 1990). Low temperature also induces the expression of HSPs in
rice, maize, and Arabidopsis to protect them against cold stress (Bae et al. 2003;
Kosova et al. 2011; Hlavackova et al. 2013). HSPs have also found to be present
during drought stress. Mostly HSPs 70 are upregulated as evident from studies on
rice, Arabidopsis, sugar cane, cotton, maize, Cicer sp. (Subba et al. 2013; Reddy
et al. 2014; Yer et al. 2018). In Chenopodium rubrum under high light stress HSP
23 gets upregulated (Korotaeva et al. 2001). In marine ecosystems low light stress
induced accumulation of HSP 70, ClpBi, and HSP 60 (Kumar et al. 2017). Similarly
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HSPs have also been found to be upregulated by various other abiotic stresses such
as heavy metals, flooding, oxidative stress, etc.

14 Conclusions

Various abiotic stresses affect plant’s phenology, disrupt metabolic activities at
physiological, cellular, and molecular levels. Such changes unfavourably affect the
growth and development of plants and in field crop species even significantly reduce
the crop yield. The various stress factors are transduced through signal transduction
pathways. The components involved in such pathways are calcium, ROS, protein
kinase, etc. The stress signals further regulate transcription factors and thereby
controlling gene regulation. Future studies are required focussing on different crop
plants, to explore regulatory mechanisms; for example, MiRNA, alternative splicing,
and cross-talk between different pathways. Such biotechnological studies using
molecular approach would help to develop stress resistant and tolerant crops.
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