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Definitions



Stress Terms

• (i) Physical terms 

• Stress is defined as the force per unit area acting upon a material, inducing 
strain and leading to dimensional change. More generally, it is used to 
describe the impact of adverse forces, and this is how it is usually applied to 
biological systems. 

• (ii) Biological terms 

• In the widest biological sense, stress can be any factor that may produce an 
adverse effect in individual organisms, populations or communities. 

• Stress is also defined as the overpowering pressure that affects the normal 
functions of individual life or the conditions in which plants are prevented 
from fully expressing their genetic potential for  growth, development and 
reproduction (Levitt, 1980; Ernst, 1993). 

• (iii) Agricultural terms 

• Stress is defined as a phenomenon that limits crop productivity or destroys 
biomass (Grime, 1979). 



What is Plant Stress?

• Under some optimal environmental condition, a plant is in homeostasis (any 

self-regulatory process by which a biological or mechanical system maintains stability while 

adjusting to chancing environment) as indicated by a constant rate of some 
important physiological process over time.

• Upon the imposition of an external stress, the rate of this physiological 
process decreases rapidly. It is fatal for some plants that are unable to adjust 
to an imposed stress and can not establish a new homeostatic state. Such
plants are classified as susceptible to the stress.

• Thus, plant stress is a relative term, since the experimental design to assess 
the impact of a stress always involves the measurement of a physiological
phenomenon in a plant species under a suboptimal stress condition 
compared to the measurement of the same physiological phenomenon in the 
same plant species under optimal conditions.



Difficulties in Quantifying of Stress Effect

• The external constraints or form of stress may be biotic (e.g. pests or
diseases) or they may be physical and related to shortages or excesses 
in the supply of solar energy, water or mineral nutrients or 
atmospheric pollutants (abiotic).

• For agricultural systems, this simple concept probably needs 
modifying to consider economic yield rather than dry-matter 
production, though these two quantities will often be closely related. 

• There are also difficulties in quantifying the genetic potential of 
plants and therefore measuring the impact of stress. However, we may 
be able to predict dry-matter production or yield in an optimal 
environment using a crop-growth model (Monteith, 1977) and then assess
the effect of a particular stress as the reduction below the optimum.



Stress for Agricultural/Horticultural Plants?

•Stress is considered to be a significant deviation from 
optimal life conditions or a factor that adversely affects 
growth, development, and/or productivity of 
horticultural plants.

•Stresses trigger a wide range of plant responses such as 
gene expression, cellular metabolism, growth rates and crop 

yields.



Classification of Stresses 

• It has become traditional for ecologists, physiologists, and agronomists to divide 
stresses experienced by plants into two major categories: Biotic and Abiotic. 

Biotic Stresses

• Originate through interactions between organisms, while abiotic stresses are those 
that depend on the interaction between organisms and the physical environment. 
Strictly speaking, biotic stresses result from competition between organisms for 
resources, from predation and parasitism, and from the actions of allelopathic
chemicals released by one organism and affecting another. 

Abiotic Stresses 

• Abiotic stress management is one of the most important challenges facing 
agriculture/horticulture. 

• Abiotic stress can persistently limit choice of crops and agricultural production 
over large areas and extreme events can lead to total crop failures. 

• Abiotic stresses adversely affect the livelihoods of individual farmers and their 
families as well as national economies and food security. 







Abiotic Stressors











How Do Abiotic Stresses Affect Plants?-1
• Plants need light, water, carbon and mineral nutrients for their optimal 

growth, development and reproduction. Extreme conditions (below or above 
the optimal levels) limit plant growth and development. An unfavorable 
environment comprising extreme high or low of temperature, salinity and 
drought pose a complex set of stress conditions.

• The most obvious effect of unfavorable conditions initially appear at the 
cellular levels after that, physiological symptoms are observable.

• Water stress adversely affects physiological status of plants including the 
photosynthetic capability (Xu and Zhou, 2006). Prolonged water stress decreases 
leaf water potential and stomatal opening, reduces leaf size, suppresses root 
growth, reduces seed number, size, and viability, delays flowering and 
fruiting and limits plant growth and productivity (Osakabe et al., 2014; Xu et al., 2016).

• Therefore, plants have smartly evolved different mechanisms to minimize 
consumption of optimal water resources and manage their growth till they 
face adverse conditions (Osakabe et al., 2013).



How Do Abiotic Stresses Affect Plants?-2
• Exposure to low or high light intensities diminishes physiological process and adversely 

influences growth and development of plants. Excess light induces photo-oxidation that 
increases the production of highly reactive oxygen intermediates to manipulate biomolecules 
and enzymes. Under severe conditions, loss in plant productivity is observed (Li et al., 2009).

• Both freezing (cold) injury and/or high temperature injury are major cause of crop loss (Koini et 
al., 2009; Pareek et al., 2010). Plants under extreme cold conditions survive either through avoiding 
super cooling of tissue water or through freezing tolerance. Certain species of plants have 
developed an ability to tolerate super-cooling (also known as undercooling, is the process of lowering the 
temperature of a liquid or a gas below its freezing point without it becoming a solid) or freezing temperatures by 
increasing their anti-freezing response within a short photoperiod, a process called cold 
acclimation (Thomashow, 2010).

• Different levels of acidic conditions badly influence soil nutrients and limit their ease of 
availability due to which plants become nutrient deficient and lose their normal physiological 
pattern of growth and development (Rorison, 1986).

• Early exposure to salinity leads to ion toxicity within the cell followed by disruption of osmotic 
balance when stress prolonged for longer duration. Combined effect of these ionic as well as 
osmotic shocks result into altered plant growth and development (Munns and Tester, 2008).

• Tolerance to salinity stress needs to maintain or quickly adjust both osmotic and ionic 
homeostasis within the cells. For combating salinity, plants usually try to avoid high saline 
environments by keeping sensitive plant tissues away from the zone of high salinity or by 
exuding ions from roots or compartmentalize ions away from the cytoplasm of physiologically 
active cells (Silva et al., 2010).



Physiological and Molecular Responses of Plants Against Stresses-1

• Plants smartly sense, manage, maintain or escape changing environmental conditions. Their 
perception to environmental stimuli and responses to abiotic stresses involve an interactive 
metabolic crosstalk within diverse biosynthetic networks and pathways. 

• Root architecture is thought to be more sensitive in sensing abiotic stimuli and reacting 
accordingly in the soils (Khan M.A. et al., 2016). It is a complex phenomenon that involves dynamic and 
real-time changes at genetic, transcriptomic (can be expressed as the total RNA molecules produced by the genome of a 

cell, a tissue or an organism), cellular, metabolic and physiological levels (Atkinson and Urwin, 2012). 

• The foremost and direct impact of drought stress, frost, salinity and heat is creation of water 
deficient conditions within cells followed by a parallel development of biochemical, molecular and 
phenotypic responses against stresses (Cushman et al., 1990; Almoguera et al., 1995; Xu and Zhou, 2006). 

• In the environment, the stresses experienced by the plants may be many, so as the complexity of 
their responses to multiple stresses in comparison to individual stress. 

• Tolerance, defense or susceptibility to stresses is a dynamic event involving multiple stages of plant’s 
development. Rather than imposing an additive effect on plants, abiotic stress responses may 
reduce or enhance susceptibility of plants toward biotic stresses caused due to pests or pathogens 
(Rizhsky et al., 2004).

• This becomes more important when we take into account agricultural crops because, in many 
agricultural systems, most crops grow in suboptimal environmental conditions that are limiting to 
the genetic potential of the plants for growth and development (Bray et al., 2000). 

• Defense, repair, acclimation and adaptation are the major components of resistance responses 
toward stresses.



Physiological and Molecular Responses of Plants Against Stresses-2

• Plants are vulnerable to water stress. Environmental changes like rewatering (a 

simple system to grow plants indoor. It is an artwork consisting of three ovules and a column made of ceramic as well as an 

ingenious system to continuously recycle water in order to irrigate a small vegetable garden) or cycled water 
conditions are created most frequently in the globally changing climatic conditions 
(Xu et al., 2010). 

• Under severe water deficit conditions, peroxidation may be induced leading to 
negative impact on antioxidant metabolism (Bian and Jiang, 2009; Xu et al., 2014). 

• Rewatering further decreases the level of peroxidation and restores growth and 
development of new plant parts and stomatal opening. 

• In roots, both drought and rewatering lead to high accumulation of H₂O₂ (Bian and 

Jiang, 2009). 

• Drought responses vary from plant to plant in terms of the activity of superoxide 
dismutase (SOD) enzyme that plays a central role in antioxidant metabolism (Xu Z. et 

al., 2015). 



Physiological and Molecular Responses of Plants Against Stresses-3

• An elevated level of salts present in the soil is detrimental to the plant cells, and different cells in a 
tissue respond differently to the stresses caused due to salinity (Voesenek and Pierik, 2008).

• Stressed cells irrespective (regardless) of their location, whether at the root surface or within internal 
tissues, influence their neighbors and cause a change in their gene expression pattern over the 
stress duration (Dinneny et al., 2008). 

• A drastic decrease in the osmotic potential of the soil occurs due to the elevated salt levels, the 
ultimate result of which is ion toxicity coupled with water stress in the plants. This situation can 
affect the vitality of the plants by suppressing seed germination and growth of the seedlings, 
hamper senescence of the plants and finally cause death (McCue and Hanson, 1990). 

• The role of Salt Overly Sensitive (SOS) stress signaling pathway consisting of three majorly 
involved proteins SOS1, SOS2, and SOS3 is well demonstrated (Hasegawa et al., 2000). 

• Salinity conditions cause decrease in the levels of aromatic amino acids like cysteine, arginine and
methionine. 

• Proline accumulation within the cells is a well-known alleviation strategy from salinity stress (Matysik

et al., 2002). Similarly, generation of nitric oxide (NO), activation of antioxidant enzymes and 
compounds, modulation of hormones, accumulation of glycine, betaine and polyols are some other 
changes within plants due to salinity stress (Gupta and Huang, 2014). 

• This principally happens due to unavailability of water and mutilation (destroy) in the nutrient 
availability caused due to high salt concentrations that create much damage to plant tissues and 
ultimately affect productivity.



Physiological and Molecular Responses of Plants Against Stresses-4

• Due to continued rise in global temperature, heat stress is becoming an important 
agricultural problem as it badly affects crop production. 

• Rising temperature has an adverse impact on morpho-anatomical, physiological, 
biochemical and genetic changes in plants. 

• A perfect understanding of physiological responses of plants to heat and mechanisms of 
tolerance could lead to strategic development of better approaches for crop production 
management (Wahid et al., 2007). 

• Heat affects plants at different developmental levels, and high temperature causes reduced 
seed germination, loss in photosynthesis and respiration and decrease in membrane 
permeability (Xu et al., 2014). 

• Alterations in the level of phytohormones, primary and secondary metabolites, 
enhancement in the expression of heat shock and related proteins and production of 
reactive oxygen species (ROS) are some prominent responses of plants against heat stress 
(Iba, 2002).

• Mitigation strategies in plants against heat stress involve activation of mechanisms that 
support maintenance of membrane stability and induction of mitogen-activated protein 
kinase (MAPK) and calcium-dependent protein kinase (CDPK) cascades (Wang and Li, 2006). 

• Besides, scavenging of ROS, accumulation of antioxidant metabolites and compatible 
solutes, protective signaling and transcriptional modulation are certain parallel activities 
that help cells to sustain heat stress (Wahid et al., 2007).



Physiological and Molecular Responses of Plants Against Stresses-5

• Multiple stress conditions impose more beneficial impacts on plants compared to that posed 
in presence of individual stress alone. Combination of stresses ultimately reduce the 
detrimental effect of each other thereby, increasing the probability of better survival of 
plants. Iyer et al. (2013) demonstrated that the cumulative impact of drought and 
accumulation of ozone (O3) in plants resulted in better tolerance. The combined affect was 
attributed to decreased values of stomatal conductance. Elevated concentration of reduced 
glutathione and ascorbic acid effectively scavenge ROS, thereby causing a considerable 
drop in the total ROS content. 

• However, it is a difficult task to infer response pattern of a plant against any single stress, 
particularly when it is growing in the field from the cumulative impact of environmental 
stresses. Multiple stresses occur simultaneously in field conditions and so, complicated 
mechanisms exist in the plants to cope-up with rapidly fluctuating adverse situations. 

• Although much efforts have been made to assess plant responses toward single stress 
conditions (Rizhsky et al., 2002, 2004; Mittler, 2006; Mittler and Blumwald, 2010; Alameda et al., 2012; Atkinson and 

Urwin, 2012; Kasurinen et al., 2012; Srivastava et al., 2012; Perez-Lopez et al., 2013; Rivero et al., 2013), attempts to 
assess the impact of combined stress conditions on crop plants under simulated laboratory 
trials are limited. 

• This particularly limits our knowledge and understanding of plant responses to combined 
stresses and prediction of cumulative stress tolerance mechanisms in laboratory or field 
conditions.



Physiological and Molecular Responses of Plants Against Stresses-6

• Phytohormones are crucial for the plant growth and development but they critically play role in 
the abiotic stress tolerance (Wani et al., 2016). 

• Gene expression profiling revealed that prioritization of signals done by protein switches (they are 
ever present in biological signal transduction systems, enabling cells to sense and respond to a variety of molecular queues
‘diziliş’ in a rapid, specific, and integrated fashion) like kinases (enzymes that catalyze the transfer of phosphate groups 
from high-energy, phosphate-donating molecules to specific substrates), TFs (stress-related transcription factors) and G-
proteins (also known as guanine nucleotide-binding proteins, are a family of proteins that act as molecular switches inside 
cells) are mostly regulated by hormones (Depuyd and Hardtke, 2011; Yao et al., 2011). 

• Plants typically channel their physiological resources toward adapting to abiotic stress which 
makes them more susceptible to biotic stresses like herbivory and disease attack (Zabala et al., 
2009; Hey et al., 2010). 

• ABA-dependent abiotic stress response pathways are predominant. Other defense pathways 
rooted through salicylic acid, jasmonic acid or ethylene also trigger plants for abiotic stress 
response. For example, triggering ROS production to minimize loss during abiotic stress may 
prevent plants from biotrophic pathogen (a-parasite that needs its-host to stay alive) attack, but it makes 
plants more prone (eğilimli) for necrotrophic (a parasite that kills its host, then feeds on the dead matter) 
pathogens. The other hormone, JA is effective for defense responses to necrotrophic pathogens 
and associated to ISR (Integrated Stress Response is a cellular stress response common to all eukaryotes) by 
beneficial microbes (Matilla et al., 2010). Study of omics (technologies that measure some characteristic of a large 
family of cellular molecules, such as genes, proteins, or small metabolites) may help in understanding these 
complex plant–microbe interactions and harvesting associated and linked understanding.





Reactive Oxygen Species



Forms of Oxygen-1
• Most of us think of oxygen as an essential component of respiration and 

wonderful product of photosynthesis. 

• Oxygen also has a dark side. In order to understand the dark aspect of 
oxygen, we need to understand its dangerous, mutant forms, Reactive Oxygen 
Species (ROS).

• Atmospheric oxygen (O₂), also called triplet oxygen, in general does not oxidize 
(remove electrons from) organic substances. It is the stable form of oxygen we 
are familiar with. It has two unpaired electrons with parallel spins, and this 
parallel spin prevents reactivity. 

• In general, in order to participate in chemical reactions with organic 
molecules, oxygen must be activated. Activation can occur through the 
reversal of the spin of one of the unpaired electrons by absorption of energy 
to form singlet oxygen (O₂¹).

• Singlet oxygen is very reactive with many organic molecules and can be 
involved in divalent reduction (transfer of two electrons at once). Activation 
can also occur by adding electrons to O₂.



Forms of Oxygen-2
• If an oxygen molecule (O₂) gains one electron, it becomes a superoxide radical (O₂¯). This 

process is endothermic, absorbing heat as it occurs. If (O₂) gains two electrons, it forms 
hydrogen peroxide (H₂O₂), and if it gains three electrons, it forms a hydroxyl radical (HO-). 
Both of these reactions are exothermic, releasing heat as they take place (Afanasev, 1985). 

• These altered forms of oxygen are capable of unrestricted oxidation (removal of electrons 
from) of cellular components which can ultimately result in cell death. 

• Cell death may occur due to peroxidation of membrane lipids, oxidation of proteins, enzyme 
inhibition, and nucleic acid damage. 

• ROS also act as signaling molecules in plants, leading to the activation of metabolic 
pathways for stress resistance.

• H₂O₂ is a particularly important ROS. It passes through membranes easily and is not 
compartmentalized within the cell. 

• H₂O₂ is also involved in the formation of many complex organic molecules. Even though 
H₂O₂ is known to be very reactive, it alone is not that impressive. 

• However, in the presence of a metal reductant (electron donor), it forms the highly reactive 
hydroxyl radical which is the strongest oxidizing agent known.



Reactive Oxygen Species





Cellular Activity of ROS

• The reactions of ROS with cellular components are complex. 
Consideration must be given to: 

• (i) the cellular component in question; 
• (ii) its location within the cell; 
• (iii) the ROS interacting with it;
• (iv) electrical charges; 
• (v) membranes; 
• (vi) macromolecular binding; and 
• (vii) compartmentalization (mild dissociation) of enzymes, substrates, and 

catalysts.
• While the effects of ROS at the cellular level are complex,

examining their general effects on lipids and proteins emphasizes 
their potential impact on plants.



Cellular Activity of ROS  (Lipid Peroxidation)

• Lipids are an integral part of cellular membranes and are particularly important for 
cellular compartmentalization and integrity (Frankel, 1985). 

• Oxidation of lipids has been extensively studied since they are extremely important in 
the development of rancid (bozulmuş) and undesirable flavors in food products. 

• The oxidation of lipids, more appropriately called lipid peroxidation, is the process in 
which free radicals ‘steal’ electrons from fatty acids within the lipid molecules causing 
damage. 

• Polyunsaturated fatty acids are most vulnerable because they have many double bonds 
with intervening methylene (-CH₂-) groups with especially reactive hydrogens.

• This process is a chain reaction event with an initiation, propagation, and termination. 

• The damage to the membrane is a reduction in integrity and function, with cell death 
often following. In addition, toxic end-products can be mutagenic and carcinogenic.



Cellular Activity of ROS (Protein oxidation)

• Oxidation of proteins results in changes in protein structure, which changes 
function. Fragmentation of the peptide chain, altered electrical properties,
and increased susceptibility to proteolysis (the hydrolysis of proteins into peptides and amino 

acids; especially as part of the digestion of food) may also occur (Davies, 1987). 

• Amino acids differ in their susceptibility to oxidation and the ROS differ in
their effects on specific amino acids. 

• Most changes in a protein due to oxidation are not reversible.

• DNA is particularly sensitive to oxidation since any change in the molecule 
can lead to enormous (huge) dysfunction. 

• Deletions, mutations and other lethal changes in the DNA molecule occur 
because of oxidation. 

• Both the sugar and the base portions of the molecule are also susceptible to 
oxidation (Imlay and Linn, 1986).



Sources of ROS

• Many ROS are byproducts of photosynthesis and respiration (Gill and Tuteja, 2010).

• In the light, most ROS come from chloroplasts and peroxisomes (Foyer and Noctor, 2003) 

while mitochondria produce most of the ROS formed in the dark (Moller, 2001). 

• They are also produced during abiotic stress, pathogen defense or normal 
senescence.

• A normal rate of ROS production in cells is 240 µM O2 -/s which includes around 0.5 
µM H2O2/s. Under stressful conditions production can increase to 700 µM O2 -/s with 
up to 5–15 µM H2O2. 

• Increased ROS production can be caused by drought, chilling, heat, high light, 
desiccation, heavy metals, salt, ultraviolet (UV) radiation, nutrient deficiencies, air 
pollution (ozone and sulfur dioxide, SO2), pathogen attack, and mechanical stress. 

• Since ROS can be both beneficial (in the case of signaling for pathogen defense) and 
harmful (as in protein or lipid oxidation), ROS levels must be precisely regulated at 
the cellular level.



ROS Production in Relation to Abiotic Stressors



Herbicides and ROS-1
• Several of the herbicides widely used in agriculture function 

via the production of ROS. Some plants have developed 
resistance to these herbicides by increasing their ability to 
scavenge for ROS.

• Paraquat and diquat, both bipyridylium (also called as 
viologen that are toxic bi pyridinium derivatives of 4,4'-
bipyridyl) herbicides, are non-selective herbicides applied to 
leaves inducing rapid wilting and leaf desiccation followed by 
necrosis within 24 h (Calderbank, 1968).

• Both herbicides require light and chlorophyll to induce 
injury. The first cellular signs of injury include chloroplast 
swelling, quickly followed by tonoplast and plasmalemma
breakdown.



Herbicides and ROS-2
• Paraquat’s toxicity relies on its ability to very effectively generate ROS. When 

an electron is donated to the paraquat⁺² molecule (the original bipyridylium
divalent cation), the free radical paraquat⁺¹ is formed. An electron is 
transferred from paraquat⁺¹ to oxygen, regenerating paraquat⁺² and a 
superoxide radical. 

• Further reactions convert the superoxide radical to a hydroxyl radical. The 
electron donated to the paraquat⁺² molecule comes from the primary electron 
acceptor in PSI, ferredoxin. Since other reducing agents are also effective 
electron contributors to paraquat⁺², all other living organisms subject to ROS 
damage are also injured by paraquat, and this includes humans. 

• Resistance to paraquat has been generated by a number of weed species 
including perennial ryegrass (Lolium perenne). 

• The resistance is the result of increased ROS-scavenging enzymes (Harper and 
Harvey, 1978; Fuerst and Vaughn, 1990).



Herbicides and ROS-3

• Some herbicides, the p-nitrodiphenyl ethers and
aminolevulinic acid-based modulators work by causing the 
accumulation of intermediates involved in chlorophyll 
production called tetrapyrroles.

• Light energy is absorbed by the tetrapyrroles which is then 
used to create toxic singlet oxygen. 

• Since chlorophyll production is inhibited, the leaves become 
bleached.

• Wilting, desiccation, and finally necrosis soon follow.





Eliminating ROS-1
• Excessive amounts of ROS must be eliminated from plant cells to avoid damage. 

• This is accomplished either through direct elimination via specific metabolic
pathways or by avoiding or preventing their production in the first place.

• The major ROS scavengers in plants are enzymes that include superoxide dismutase 
(SOD), ascorbate peroxidase (APX), and catalase (CAT) (Gill and Tuteja, 2010).

• Their balance and activity is important in regulating the levels of superoxide
radicals and H₂O₂. This balance coupled with heavy metal ion sequestration is 
important for avoiding the formation of the highly toxic hydroxyl radical. 

• The most effective enzymatic antioxidant is SOD, which is found in all cells (Beyer et al., 
1991).

• Its activity depends on metal cofactors including copper, zinc, manganese or iron. 

• As the name implies, SOD is responsible for the dismutation of the superoxide
molecule. 

• Dismutation is a simultaneous reduction and oxidation of a substance to produce
two different products. Superoxide molecules are dismuted into O₂ and H₂O₂.



Eliminating ROS-2
• APXs (Ascorbate Peroxidase (APX) enzymes play a key role catalyzing the conversion of H2O2 into H2O, using ascorbate 

as a specific electron donor) are a group of enzymes responsible for reducing H₂O₂ to 
H₂O by transferring an electron from H₂O₂ to ascorbate. 

• In the process dehydroascorbate is produced, which is reduced to ascorbate at 
the expense of creating oxidized glutathione. 

• The oxidized glutathione is reduced using an electron from nicotinamide 
adenine dinucleotide phosphate (NADPH). 

• The overall process is the transfer of an electron from NADPH to H₂O₂
through glutathione and ascorbate, reducing the H₂O₂ to H₂O and making it 
harmless. This is called the glutathione-ascorbate cycle and is important for 
removing H₂O₂ from plants. 

• CATs are a group of enzymes with the ability to dismutate H₂O₂ into H₂O and 
O₂. CAT (Catalase) is a very effective antioxidant enzyme: one molecule of CAT 
can dismutate millions of molecules of H₂O₂/min. 

• In addition to enzyme-mediated removal of ROS, antioxidants such as 
ascorbic acid and glutathione are important in a plant’s defense against
oxidative stress.



Eliminating ROS-3
• Rather than scavenging ROS during stress conditions, avoiding their production in the first place is an 

effective mechanism for avoiding damage. 

• Some mechanisms that help reduce ROS production during stress include anatomical, physiological and
metabolic adaptations. 

• Anatomically, leaf curling in corn (Zea mays) to reduce water loss during drought stress may also help 
reduce ROS production.

• Physiologically, C4 and CAM metabolism alter ‘normal’ photosynthesis by incorporating additional steps 
into carbon fixation. This helps prevent the transfer of electrons to O₂ instead of CO₂ that often occurs in C3 
metabolism. 

• The rearranging of the photosynthetic machinery in response to light quality and quantity represents a 
molecular mechanism to balance light absorption with CO₂ availability. 

• This prevents the production of excess electrons under high light levels thus reducing the transfer of 
electrons to O₂.

• The production of ROS in chloroplasts and mitochondria can be reduced by enzymes called Alternative 
Oxidases (AOX). These enzymes channel electrons flowing through electron transport chains of 
photosynthesis and respiration to O₂, producing water instead of O₂. 

• The levels of ROS are decreased in two ways: (i) by producing water instead of O₂¯; and (ii) by reducing the 
level of O₂ available for further ROS production.



ROS and Plant Defense

• ROS are a key cellular signal to the plant that it is under attack by a pathogen. As a pathogen 
attacks a plant, ROS are produced in plant cells through enhanced activity of plasma-membrane-
bound NADPH oxidases, amine oxidases located in the apoplast, and peroxidases bound to the cell 
wall.

• H₂O₂ is produced during this response and seems to diffuse into cells and along with the plant
hormone salicylic acid, activates many of the plant defenses against the pathogen.

• Salicylic acid at the same time suppresses the activity of ROS-scavenging enzymes, allowing ROS
levels to increase indicating the attack. Without this reduction in ROS-scavenging activity, ROS
levels could never reach a level needed to signal the need for defense. 

• The function of ROS is very different during a biotic attack compared with an abiotic attack.

• During the biotic attack, defenses are signaled via accumulated ROS while during an abiotic stress,
increased ROS levels summon (call) ROS scavengers to decrease high levels of ROS produced 
during the stress. 

• But what happens if a plant comes under a biotic attack while undergoing an abiotic stress such as 
drought? Plants that are under an abiotic stress before or during a biotic attack generally develop 
less resistance to the biotic attack than plants not under an abiotic stress before or during the 
attack.



Plant Antioxidants



Ascorbic Acid
• Vitamin C (L-ascorbic acid, ascorbate) is plentiful in plant tissues (Foyer, 1993). 

It has received much attention as an important human nutrient. 
However, little attention has been given to its importance in plant 
health.

• Ascorbate, which is directly produced through conversion of D-glucose, 
is an important plant antioxidant, found mostly in the chloroplast,
directly scavenging free radicals to minimize oxidative stress in plants 
(Smirnoff, 2005). 

• Ascorbate is also capable of indirect ROS scavenging by reducing
(adding an electron to) tocopherol, which in its reduced form is a ROS 
scavenger.

• Much of a plant’s ascorbate is localized within the chloroplast, where it 
scavenges H₂O₂. 

• In addition, ascorbate may also be important for cell wall biosynthesis.



Glutathione
• Glutathione, a tripeptide, has antioxidant function due to the sulfydryl group 

of cysteine, one of the three amino acids which form the molecule. Most
glutathione exists in the reduced form, in the chloroplast and cytosol, and its 
concentration declines with tissue age (Larson, 1988; Alscher, 1989).

• Glutathione can effectively react with singlet oxygen, superoxide and 
hydroxyl radicals, functioning directly as a ROS scavenger.

• Glutathione might also help protect membrane integrity by getting rid of 
products of lipid peroxidation. It is also the reducing agent during recycling 
of ascorbate from its oxidized to its reduced form.

• Glutathione also has other cellular functions besides acting as a ROS 
scavenger: (i) it appears to help in sulfur transfer from source to sink tissues;
(ii) it helps detoxify xenobiotics (substances not normally found in an organism, or found in much

higher than normal concentrations); (iii) it is a precursor to heavy metal binding chelates 
in plants; and (iv) it confers tolerance of corn (Z. mays) plants to the 
herbicide triazine.



α-Tocopherol
• Tocopherols, and particularly the most active α-tocopherol (vitamin 

E), are a well-known family of antioxidants located exclusively in 
cell membranes (Diplock et al., 1989; Fryer, 1992; Hess,1993). 

• They are particularly effective in quenching (put out) singlet 
oxygen and peroxides (Kamal-Eldin and Appelqvist, 1996).

• Tocopherols are found predominantly in plants in chloroplast 
thylakoid membranes, thus leaves are a particularly rich source. 

• α-Tocopherol also stabilizes membranes by sequestering free fatty 
acids which can act like detergents disrupting membrane integrity.



Carotenoids
• Carotenoids are 40-carbon isoprenoids and tetraterpenes located in plastids of all plant 

cells. They are accessory pigments in chloroplasts and also detoxify activated oxygen and 
triplet chlorophyll that are produced during light harvesting in photosynthesis (Peñuelas and 
Munné- Bosch, 2005). 

• The two classes of carotenoids include carotenes and xanthophylls. 

• Carotenes are hydrocarbon carotenoids and xanthophylls are derived from carotenes that 
contain one or more oxygen atoms.

• Carotenoids exist in the ground state (lowest energy state of an atom or other particle) or in one of two 
excited states (any state of a particle or system of particles that has a higher energy than that of its ground state)

during light harvesting.

• Carotenoids function as antioxidants in many ways (Young, 1991). They effectively terminate
lipid peroxidation chain reactions and thereby reduce damage to membranes by ROS. 
They scavenge singlet oxygen and dissipate the energy as heat. This is particularly 
important when light levels are above the saturation level and singlet oxygen is plentiful. 

• Carotenoids, especially beta-carotene, react with triplet or excited chlorophyll preventing 
the formation of singlet oxygen. 

• Finally, cycling of xanthophyll between two forms, violaxanthin and zeaxanthin, dissipates 
excess energy formed by both photosystems I and II (Demmig-Adams and Adams, 1993).



Proline
• Proline, an amino acid, plays a highly beneficial role in plants 

exposed to various stress conditions. 

• Proline is an effective antioxidant (Chen and Dickman, 2005) as well as an 
important osmolyte (osmotic regulator). Though proline is most often 
associated with osmotic adjustment occurring during drought
stress, it is also a potent ROS scavenger (Ashraf and Foolad, 2007; Trovato et al., 2008).

• Besides acting as an excellent osmolyte, proline plays three major 
roles during stress, i.e., (i)as a metal chelator, (ii) an anti-oxidative 
defense molecule and (iii) a signaling molecule.

• Proline is especially important in quenching ROS produced by 
drought, salt or heavy metal stress.



Flavonoids
• Flavonoids are a large family of over 5.000 

hydroxylated polyphenolic compounds found especially 
in leaves and flowers that carry out important functions 
in plants, including attracting pollinating insects; 
combating environmental stresses as powerful 
antioxidants, such as microbial infection; and regulating 
cell growth.

• Their ring structure makes them particularly effective in 
neutralizing ROS.

• Flavonoids are also important in signaling resistance to 
pathogens and may also act as feeding deterrents (Gould and

Lister, 2006).

https://lpi.oregonstate.edu/mic/glossary#polyphenolic-compound


Light Stress



Excess Light Inhibits Photosynthesis-1
• In all plants, the light response curve for photosynthesis exhibits saturation kinetics as 

illustrated in Figure 13.4. 

• At low irradiance, the rate of CO₂ assimilation increases linearly with an increase in 
irradiance.

• The maximum initial slope of the photosynthetic light response curve under low, light-
limiting conditions provides a measure of photosynthetic efficiency measured either as 
moles of CO₂ assimilated per photon absorbed, or alternatively, moles of O₂ evolved
per photon absorbed if photosynthesis is measured as the rate of O₂ evolution (Figure 

13.4).

• Upon further increases in irradiance, the rate of photosynthesis is no longer a linear 
function of irradiance but rather levels off. 

• At these higher light intensities, the rate of photosynthesis is said to be light saturated 
(Figure 13.4, red shaded area).

• The maximum light saturated rate is a measure of photosynthetic capacity and will 
have the units of either moles of CO₂ assimilated or moles of O₂ evolved per leaf area
per unit time.



Excess Light Inhibits Photosynthesis-2
• Consequently, under light-saturated conditions, the rate of photosynthesis becomes light-

independent, that is, the exposure of a plant to higher irradiance no longer changes the rate of
photosynthesis. 

• Under light-saturated conditions, plants become exposed to increasing levels of excess light
(Figure 13.4, yellow shaded area), that is, they become exposed to more light than the plant can 
use for photosynthesis.

• If the plant continues to be exposed to higher and higher levels of excess light, the rate of 
photosynthesis begins to decrease This is called photoinhibition of photosynthesis and is defined 
as the light-dependent decrease in photosynthetic rate that may occur whenever the irradiance is 
in excess of that required either for the photosynthetic evolution of O₂ or the photosynthetic 
assimilation of CO₂.

• There is a consensus in the literature that in most plants, PSII is more sensitive to 
photoinhibition than PSI.

• The decrease in PSII photochemical efficiency is usually paralleled by a decrease in 
photosynthetic efficiency of O₂ evolution.

• A characteristic of chronic photoinhibition is that it is only very slowly reversible after plants 
are shifted from excess light to low light.







Ultraviola Radiation and Damage
Types:

• There are two types of UV radiation as UV-A (315-400 nm) and UV-B (280-315 nm).

• UV-A is mainly photooxidative.

• UV-B is photooxidative and also causes photolesions in biomembranes.

Damage:

• Breaks down disulfide bridges ( formed between thiol groups in two cysteine residues are an 
important component of the secondary and tertiary structure of proteins) in protein molecules.

• Producing thymine (one of the pyrimidine nucleic acid bases)  groups of DNA-results in 
defective transcription.

• Xanthophyll cycle is disrupted by inhibiting the violaxanthine-deepoxidase.

UV damage can be identified by; 

1) Changes in enzyme activity (increased peroxidase activity, inhibition of cytochrome oxidase activity), 

2) Poor energy status of cells, 

3) Lower photosynthetic yield, 

4) Disturbed growth (reduced extension growth & pollen tube elongation).





Heat Stress and Heat Shock



Plant Survival at High Temperatures
• Most tissues of higher plants are unable to survive extended exposure to 

temperatures above 45°C. Non-growing cells or dehydrated tissues (e.g., seeds 
and pollen) can survive much higher temperatures than hydrated, vegetative,
growing cells (Table 25.3). 

• Actively growing tissues rarely survive temperatures above 45°C, but dry 
seeds can endure 120°C, and pollen grains of some species can endure 70°C. 
In general, only single-celled eukaryotes can complete their life cycle at 
temperatures above 50°C, and only prokaryotes can divide and grow above 
60°C.

• As mentioned earlier, water and temperature stress are interrelated; shoots of 
most C3 and C4 plants with access to abundant water supply are maintained 
below 45°C by evaporative cooling; if water becomes limiting, evaporative 
cooling decreases and tissue temperatures increase. Emerging seedlings in 
moist soil may constitute an exception to this general rule. These seedlings 
may be exposed to greater heat stress than those in drier soils because wet, 
bare soil is typically darker and absorbs more solar radiation than drier soil.





High Leaf Tempretaure and Water Deficit Lead to Heat Stress

• Many CAM (Crassulacean Acid Metabolism), succulent higher plants, such as 
Opuntia and Sempervivum, are adapted to high temperatures and can tolerate tissue 
temperatures of 60 to 65°C under conditions of intense solar radiation in summer 
(Table 25.3). Because CAM plants keep their stomata closed during the day, they
cannot cool by transpiration. Instead, they dissipate the heat from incident solar 
radiation by re-emission of longwave (infrared) radiation and loss of heat by 
conduction and convection. 

• On the other hand, typical, non-irrigated C3 and C4 plants rely on transpirational
cooling to lower leaf temperature. In these plants, leaf temperature can readily rise
4 to 5°C above ambient air temperature in bright sunlight near midday, when soil 
water deficit causes partial stomatal closure or when high relative humidity reduces 
the potential for evaporative cooling. The physiological consequences of these 
increases in tissue temperature are discussed in the next section. Increases in leaf 
temperature during the day can be pronounced in plants from arid and semiarid 
regions experiencing drought and high irradiance from sunshine. 

• Heat stress is also a potential danger in greenhouses, where low air speed and high 
humidity decrease the rate of leaf cooling. A moderate degree of heat stress slows 
growth of the whole plant. Some irrigated crops, such as cotton, use transpirational
cooling to dissipate heat. In irrigated cotton, enhanced transpirational cooling is 
associated with higher agronomic yields.



Photosynthesis is Inhibited at High Temperatures
• Both photosynthesis and respiration are inhibited at high temperatures, but 

as temperature increases, photosynthetic rates drop before respiratory rates. 
The temperature at which the amount of CO₂ fixed by photosynthesis, equals 
the amount of CO₂ released by respiration, in a given time interval is called 
the «Temperature Compensation Point (TCP)». 

• At temperatures above the TCP, photosynthesis cannot replace the carbon 
used as a substrate for respiration. As a result, carbohydrate reserves decline, 
and fruits and vegetables lose sweetness. This imbalance between 
photosynthesis and respiration is one of the main reasons for the deleterious 
effects of high temperatures.

• In the same plant, the TCP is usually lower for shade leaves than for sun 
leaves that are exposed to light (and heat). Enhanced respiration rates 
relative to photosynthesis at high temperatures are more detrimental in C₃
plants than in C₄ or CAM plants because the rates of both dark respiration 
and photorespiration are increased in C3 plants at higher temperatures.



Acclimatization of Plants are Poor at Diverse Temperatures
• The extent to which plants that are genetically adapted to a given 

temperature range can acclimate to a contrasting temperature range is 
illustrated by a comparison of the responses of two C4 species: Atriplex 
sabulosa (frosted orache, family Chenopodiaceae) and Tidestromia oblongifolia 
(Arizona honeysweet, family Amaranthaceae). 

• A. sabulosa is native to the cool climate of coastal northern California, and T. 
oblongifolia is native to the very hot climate of Death Valley, California, 
where it grows in a temperature regime that is lethal for most plant species. 

• When these species were grown in a controlled environment and their growth 
rates were recorded as a function of temperature, T. oblongifolia barely grew 
at 16°C, while A. sabulosa was at 75% of its maximum growth rate. 

• By contrast, the growth rate of A. sabulosa began to decline between 25° and
30°C, and growth ceased at 45°C, the temperature at which T. oblongifolia
growth showed a maximum (Björkman et al. 1980). Clearly, neither species could 
acclimate to the temperature range of the other.



High Temperature Reduces Membrane Stability
• The stability of various cellular membranes is important during high-temperature stress, just as it is during 

chilling and freezing. 

• Excessive fluidity of membrane lipids at high temperatures is correlated with loss of physiological function.
In oleander (Nerium oleander), acclimation to high temperatures is associated with a greater degree of 
saturation of fatty acids in membrane lipids, which makes the membranes less fluid (Raison et al. 1982). 

• At high temperatures there is a decrease in the strength of hydrogen bonds and electrostatic interactions 
between polar groups of proteins within the aqueous phase of the membrane. 

• High temperatures thus modify membrane composition and structure and can cause leakage of ions. 
Membrane disruption also causes the inhibition of processes such as photosynthesis and respiration that 
depend on the activity of membrane-associated electron carriers and enzymez. 

• Photosynthesis is especially sensitive to high temperature. Björkman et al.(1980) found that electron transport 
in photosystem II was more sensitive to high temperature in the cold-adapted A. sabulosa than in the heat-
adapted T. oblongifolia. 

• In these plants the related enzymes were less stable at high temperatures in A. sabulosa than in T. 
oblongifolia. However, the temperatures at which these enzymes began to denature and lose activity were 
distinctly higher than the temperatures at which photosynthesis began to decline. 

• These results suggest that early stages of heat injury to photosynthesis are more directly related to changes in 
membrane properties and to uncoupling of the energy transfer mechanisms in chloroplasts than to a general
denaturation of proteins.



Several Adaptations Against High Temperatures
• In environments with intense solar radiation and high 

temperatures, plants avoid excessive heating of their leaves by
decreasing their absorption of solar radiation. This adaptation is 
important in warm, sunny environments in which a transpiring leaf 
is near its upper limit of temperature tolerance. In these conditions, 
any further warming arising from decreased evaporation of water 
or increased energy absorption can damage the leaf.

• Both drought resistance and heat resistance depend on the same 
adaptations: reflective leaf hairs and leaf waxes; leaf rolling and 
vertical leaf orientation; and growth of small, highly dissected 
leaves to minimize the boundary layer thickness and thus maximize 
convective and conductive heat loss. Some desert shrubs-for 
example, white brittlebush (Encelia farinosa, family Compositae) have 
dimorphic leaves to avoid excessive heating: Green, nearly hairless 
leaves found in the winter are replaced by white, pubescent leaves 
in the summer..



Plants Produce Heat Shock Proteins at High Temperatures

• In response to sudden, 5 to 10°C rises in temperature, plants produce a unique set 
of proteins referred to as Heat Shock Proteins (HSPs). Most HSPs function to help 
cells withstand heat stress by acting as molecular chaperones. Heat stress causes 
many cell proteins that function as enzymes or structural components to become 
unfolded or misfolded, thereby leading to loss of proper enzyme structure and 
activity. 

• Such misfolded proteins (can cause such diseases as Alzheimer’s disease and Parkinson’s disease)
often aggregate and precipitate, creating serious problems within the cell. 

• HSPs act as molecular chaperones and serve to attain a proper folding of misfolded, 
aggregated proteins and to prevent misfolding of proteins. This facilitates proper 
cell functioning at elevated, stressful temperatures.

• Although plant HSPs were first identified in response to sudden changes in 
temperature (25 to 40°C) that rarely occur in nature, HSPs are also induced by 
more gradual rises in temperature that are representative of the natural
environment, and they occur in plants under field conditions.

• Some HSPs are found in normal, unstressed cells, and some essential cellular 
proteins are homologous to HSPs but do not increase in response to thermal stress
(Vierling 1991).



Continued-1
• Plants and most other organisms make HSPs of different sizes in response to 

temperature increases (Table 25.4). The molecular masses of the HSPs range from 15 
to 104 kDa (kilodaltons), and they can be grouped into five classes based on size. 

• Different HSPs are localized to the nucleus, mitochondria, chloroplasts, 
endoplasmic reticulum, and cytosol. Members of the HSP60, HSP70, HSP90, and
HSP100 groups act as molecular chaperones, involving ATP-dependent 
stabilization and folding of proteins, and the assembly of oligomeric proteins (a
protein composed of two or more polypeptide chains). 

• Some HSPs assist in polypeptide transport across membranes into cellular 
compartments. HSP90s are associated with hormone receptors in animal cells and 
may be required for their activation, but there is no comparable information for 
plants.

• Low-molecular-weight (15–30 kDa) HSPs are more abundant in higher plants than 
in other organisms. Whereas plants contain five to six classes of low-molecular-
weight HSPs, other eukaryotes show only one class (Buchanan et al. 2000).

• The different classes of 15–30 kDa molecular-weight HSPs (smHSPs) in plants are 
distributed in the cytosol, chloroplasts, ER and mitochondria. The function of these 
small HSPs is not understood.



Continued-2
• Cells that have been induced to synthesize HSPs show improved thermal tolerance and 

can tolerate exposure to temperatures that are otherwise lethal. Some of the HSPs are 
not unique to high-temperature stress. 

• They are also induced by widely different environmental stresses or conditions,
including water deficit, ABA treatment, wounding, low temperature, and salinity. 

• Thus, cells previously exposed to one stress may gain cross-protection against another 
stress. Such is the case with tomato fruits, in which heat shock (48 hours at 38°C) has 
been observed to promote HSP accumulation and to protect cells for 21 days from 
chilling at 2°C.



A TF Mediates HSP Accumulation in Response to Heat Shock
• All cells seem to contain molecular chaperones that are constitutively expressed and 

function like HSPs. These chaperones are called Heat Shock Cognate Proteins (HSP70 is a cell 

fusion-enhancing factor). 

• However, when cells are subjected to a stressful, but nonlethal heat episode, the synthesis 
of HSPs dramatically increases while the continuing translation of other proteins is 
dramatically lowered or ceases. This heat shock response appears to be mediated by a 
Heat Shock Factor (HSF) that acts on the transcription of HSP mRNAs. In the absence of 
heat stress, HSF exists as monomers that are incapable of binding to DNA and directing 
transcription (Figure 25.11). Stress causes HSF monomers to associate into trimers that 
are then able to bind to specific sequence elements in DNA referred to as Heat Shock 
Elements (HSEs). 

• Once bound to the HSE, the trimeric HSF is phosphorylated and promotes the 
transcription of HSP mRNAs. 

• HSP70 subsequently binds to HSF, leading to the dissociation of the HSF/HSE complex, 
and the HSF is subsequently recycled to the monomeric HSF form. 

• Thus, by the action of HSF, HSPs accumulate until they become abundant enough to bind 
to HSF, leading to the cessation of HSP mRNA production.





HSPs Mediate Thermotolerance
• Conditions that induce thermal tolerance in plants closely match those that induce 

the accumulation of HSPs, but that correlation alone does not prove that HSPs play 
an essential role in acclimation to heat stress.

• More conclusive experiments show that expression of an activated HSF induces
constitutive synthesis of HSPs and increases the thermotolerance of Arabidopsis. 
Studies with Arabidopsis plants containing an antisense DNA sequence that reduces 
HSP70 synthesis showed that the high-temperature extreme at which the plants 
could survive was reduced by 2°C compared with controls, although the mutant 
plants grew normally at optimum temperatures (Lee and Schoeffl 1996).

• Presumably failure to synthesize the entire range of HSPs that are usually induced 
in the plant would lead to a much more dramatic loss of thermotolerance. 

• Other studies with both Arabidopsis mutants (Hong and Vierling 2000) and transgenic 
plants (Queitsch et al. 2000) demonstrate that at least HSP101 is a critical component of 
both induced and constitutive thermotolerance in plants.



Role of Cytosolic Calcium in Heat Stress Adaptation
• Enzymes participating in metabolic pathways can have different temperature 

responses, and such differential thermostability may affect specific steps in 
metabolism before HSPs can restore activity by their molecular chaperone
capacity. 

• Heat stress can therefore cause changes in metabolism leading to the 
accumulation of some metabolites and the reduction of others. Such changes 
can dramatically alter the function of metabolic pathways and lead to 
imbalances that can be difficult to correct.

• In addition, heat stress can alter the rate of metabolic reactions that consume 
or produce protons, and it can affect the activity of proton-pumping ATPases
that pump protons from the cytosol into the apoplast or vacuoles.

• This might lead to an acidification of the cytosol, which could cause 
additional metabolic perturbations during stress. 

• Cells can have metabolic acclimation mechanisms that ameliorate these 
effects of heat stress on metabolism.



Continued...
• One of the metabolic acclimations to heat stress is the accumulation of the non-

protein amino acid -aminobutyric acid (GABA). During episodes of heat stress, 
GABA accumulates to levels six- to tenfold higher than in unstressed plants. 

• GABA is synthesized from the amino acid L-glutamate, in a single reaction 
catalyzed by the enzyme glutamate decarboxylase (GAD). 

• GAD is one of several enzymes whose activity is modulated by the calcium-
activated, regulatory protein calmodulin (a CALcium MODULated proteIN. It is abundant in the 

cytoplasm of all higher cells). Calcium-activated calmodulin activates GAD (Figure 25.12) 
and increases the biosynthesis rate of GABA (Snedden et al. 1995). 

• In transgenic plants, expressing the calcium- sensing protein aequorin, it has been 
shown that high-temperature stress increases cytosolic levels of calcium, and that 
these increases lead to the calmodulin-mediated activation of GAD and the high-
temperature induced accumulation of GABA. 

• Although GABA is an important signaling molecule in mammalian brain tissue, 
there is no evidence that it functions as a signaling molecule in plants. 

• Possible functions of GABA in heat stress resistance are under investigation.





Chilling and Freezing



Chilling & Freezing Terms
• Chilling temperatures are too low for normal growth but not low enough for ice to form. Typically, tropical 

and subtropical species are susceptible to chilling injury. 

• Among crops; maize, Phaseolus bean, rice, tomato, cucumber, sweet potato, and cotton are chilling sensitive. 
Passiflora, Coleus, and Gloxinia are examples of susceptible ornamentals.

• When plants growing at relatively warm temperatures (25° to 35°C) are cooled to 10° to 15°C, chilling injury 
occurs: Growth is slowed, discoloration or lesions appear on leaves, and the foliage looks soggy, as if soaked 
in water for a long time. If roots are chilled, the plants may wilt.

• Species that are generally sensitive to chilling can show appreciable variation in their response to chilling 
temperatures. Genetic adaptation to the colder temperatures associated with high altitude improves chilling 
resistance. In addition, resistance often increases if plants are first hardened (acclimated) by exposure to 
cool, but non-injurious temperatures. Chilling damage thus can be minimized if exposure is slow and 
gradual. Sudden exposure to temperatures near 0°C, called cold shock, greatly increases the chances of 
injury.

• Freezing injury, on the other hand, occurs at temperatures below the freezing point of water. Full induction 
of tolerance to freezing, as with chilling, requires a period of acclimation at cold temperatures. 

• In the discussion that follows we will examine how chilling injury alters membrane properties, how ice 
crystals damage cells and tissues, and how ABA, gene expression, and protein synthesis mediate acclimation 
to freezing.



Chilling Injury Alter Membrane Properties
• Leaves from plants injured by chilling show inhibition of photosynthesis, slower 

carbohydrate translocation, lower respiration rates, inhibition of protein synthesis, 
and increased degradation of existing proteins. All of these responses appear to 
depend on a common primary mechanism involving loss of membrane function 
during chilling.

• Why are membranes affected by chilling? Plant membranes consist of a lipid 
bilayer interspersed with proteins and sterols. The physical properties of the lipids 
greatly influence the activities of the integral membrane proteins, including H⁺-
ATPases, carriers, and channel-forming proteins that regulate the transport othe 
transport of ions and other solutes as well as the transport of enzymes on which 
metabolism depends.

• In chilling-sensitive plants, the lipids in the bilayer have a high percentage of 
saturated fatty acid chains, and membranes with this composition tend to solidify 
into a semi-crystalline state at a temperature well above 0°C. Keep in mind that 
saturated fatty acids that have no double bonds and lipids containing trans-
monounsaturated fatty acids solidify at higher temperatures than do membranes 
composed of lipids that contain unsaturated fatty acids.



Continued-1
• As the membranes become less fluid, their protein components can no longer 

function normally. The result is inhibition of H⁺-ATPase activity, of solute 
transport into and out of cells, of energy transduction, and of enzyme-
dependent metabolism. In addition, chilling- sensitive leaves exposed to high 
photon fluxes and chilling temperatures are photo-inhibited, causing acute 
damage to the photosynthetic machinery.

• Membrane lipids from chilling-resistant plants often have a greater 
proportion of unsaturated fatty acids than those from chilling-sensitive plants 
(Table 25.5), and during acclimation to cool temperatures the activity of 
desaturase enzymes increases and the proportion of unsaturated lipids rises 
(Williams et al. 1988; Palta et al. 1993). 

• This modification lowers the temperature at which the membrane lipids 
begin a gradual phase change from fluid to semi-crystalline and allows 
membranes to remain fluid at lower temperatures. Thus, desaturation of 
fatty acids provides some protection against damage from chilling.



Continued-2
• The importance of membrane lipids to tolerance of low temperatures has 

been demonstrated by work with mutant and transgenic plants in which the 
activity of particular enzymes led to a specific change in membrane lipid 
composition independent of acclimation to low temperature.

• For example, Arabidopsis was transformed with a gene from Escherichia coli 
that raised the proportion of high-melting point (saturated) membrane lipids. 
This gene greatly increased the chilling sensitivity of the transformed plants.

• Similarly, the fab1 mutants of Arabidopsis have increased levels of saturated 
fatty acids, particularly 16:0 (Table 25.5). During a period of 3 to 4 weeks at 
chilling temperatures, photosynthesis and growth were gradually inhibited, 
and exposure to chilling temperature eventually destroyed the chloroplasts of 
this mutant. At non-chilling temperatures, the mutant grew as well as wild-
type controls did (Wu et al. 1997).





Ice Cristal Formation and Protoplast Dehydration Kill Cells

• The ability to tolerate freezing temperatures under natural conditions varies greatly among 
tissues. Seeds, other partly dehydrated tissues, and fungal spores can be kept indefinitely at 
temperatures near absolute zero (0°K, or –273°C), indicating that these very low temperatures are 
not intrinsically harmful. 

• Fully hydrated, vegetative cells can also retain viability if they are cooled very quickly to avoid the 
formation of large, slow-growing ice crystals that would puncture and destroy subcellular 
structures. Ice crystals that form during very rapid freezing are too small to cause mechanical
damage. Conversely, rapid warming of frozen tissue is required to prevent the growth of small ice 
crystals into crystals of a damaging size, or to prevent loss of water vapor by sublimation, both of 
which take place at intermediate temperatures (–100°C to –10°C). 

• Under natural conditions, cooling of intact, multicellular plant organs is never fast enough to limit 
crystal formation in fully hydrated cells to only small, harmless ice crystals. 

• Ice usually forms first within the intercellular spaces, and in the xylem vessels, along which the ice 
can quickly propagate. This ice formation is not lethal to hardy plants, and the tissue recovers fully 
if warmed. 

• However, when plants are exposed to freezing temperatures for an extended period, the growth of 
extracellular ice crystals results in the movement of liquid water from the protoplast to the 
extracellular ice, causing excessive dehydration.



Supercooling & Ice Nucleation
• During rapid freezing, the protoplast, including the vacuole, supercools; that 

is, the cellular water remains liquid even at temperatures several degrees 
below its theoretical freezing point. Several hundred molecules are needed for
an ice crystal to begin forming. The process whereby these hundreds of water 
molecules start to form a stable ice crystal is called ice nucleation, and it 
strongly depends on the properties of the involved surfaces. Some large 
polysaccharides and proteins facilitate ice crystal formation and are called ice 
nucleators.

• Some ice nucleation proteins made by bacteria appear to facilitate ice 
nucleation by aligning water molecules along repeated amino acid domains 
within the protein. 

• In plant cells, ice crystals begin to grow from endogenous ice nucleators, and 
the resulting, relatively large intracellular ice crystals cause extensive damage 
to the cell and are usually lethal.



Limitation of Ice Formation Contributes to Freezing Tolerance
• Several specialized plant proteins may help limit the growth of ice crystals by a non-colligative mechanism—that

is, an effect that does not depend on the lowering of the freezing point of water by the presence of solutes. 

• These antifreeze proteins are induced by cold temperatures, and they bind to the surfaces of ice crystals to prevent 
or slow further crystal growth.

• In rye leaves, antifreeze proteins are localized in the epidermal cells and cells surrounding the intercellular spaces,
where they can inhibit the growth of extracellular ice.

• Plants and animals may use similar mechanisms to limit ice crystals: A cold-inducible gene identified in 
Arabidopsis has DNA homology to a gene that encodes the antifreeze protein in fishes such as winter flounder.

• Sugars and some of the cold-induced proteins are suspected to have cryo-protective (cryo- = “cold”) effects; they
stabilize proteins and membranes during dehydration induced by low temperature. 

• In winter wheat, the greater the sucrose concentration, the greater the freezing tolerance. Sucrose predominates 
among the soluble sugars associated with freezing tolerance that function in a colligative fashion, but in some 
species raffinose, fructans, sorbitol, or mannitol serves the same function.

• During cold acclimation of winter cereals, soluble sugars accumulate in the cell walls, where they may help restrict 
the growth of ice. A cryoprotective glycoprotein (CRP was a novel protein, as judged by the a different molecule mass 
from the already-known cryoprotectants, and has an extremely high cryoprotective activity) has been isolated from 
leaves of cold-acclimated cabbage (Brassica oleracea). 

• In vitro, the protein protects thylakoids isolated from non-acclimated spinach (Spinacia oleracea) against damage 
from freezing and thawing.



Some Woody Plants Can Acclimate to Very Low Temperatures

• When in a dormant state, some woody plants are extremely resistant to low temperatures. 
Resistance is determined in part by previous acclimation to cold, but genetics plays an important 
role in determining the degree of tolerance to low temperatures. Native species of Prunus (cherry, 
plum, and other stone fruits) from northern cooler climates in North America are hardier after 
acclimation than those from milder climates. When the species were tested together in the 
laboratory, those with a northern geographic distribution showed greater ability to avoid 
intracellular ice formation, underscoring distinct genetic differences (Burke and Stushnoff 1979). 

• Under natural conditions, woody species acclimate to cold in two distinct stages (Weiser 1970);

1. In the first stage, hardening is induced in the early autumn by exposure to short days and 
nonfreezing chilling temperatures, both of which combine to stop growth. A diffusible factor that 
promotes acclimation (probably ABA) moves in the phloem from leaves to overwintering stems and 
may be responsible for the changes. During this period, woody species also withdraw water from the 
xylem vessels, thereby preventing the stem from splitting in response to the expansion of water 
during later freezing. Cells in this first stage of acclimation can survive temperatures well below 0°C, 
but they are not fully hardened.

2. In the second stage, direct exposure to freezing is the stimulus; no known translocatable factor can 
confer the hardening resulting from exposure to freezing. When fully hardened, the cells can tolerate 
exposure to temperatures of –50 to –100°C.



Resistance to Freezing Temperature Involves 
Supercooling & Slow Dedydration

• Acclimation to freezing involves the suppression of ice crystal formation at temperatures
far below the theoretical freezing point. This deep supercooling is seen in species such as 
oak, elm, maple, beech, ash, walnut, hickory, rose, rhododendron, apple, pear, peach, and 
plum (Burke and Stushnoff 1979). 

• Deep supercooling also takes place in the stem and leaf tissue of tree species such as 
Engelmann spruce (Picea engelmannii) and subalpine fir (Abies lasiocarpa) growing in the 
Rocky Mountains of Colorado.

• Resistance to freezing is quickly weakened once growth has resumed in the spring (Becwar
et al. 1981). 

• Stem tissues of subalpine fir, which undergo deep supercooling and remain viable to below 
–35°C in May, lose their ability to suppress ice formation in June and can be killed at –
10°C.

• Cells can supercool only to about –40°C, at which temperature ice forms spontaneously. 
Spontaneous ice formation sets the low-temperature limit at which many alpine and
subarctic species that undergo deep supercooling can survive. It also explains why the 
altitude of the timberline in mountain ranges is at or near the –40°C minimum isotherm.



Continued-1
• The cell protoplast suppresses ice nucleation when undergoing deep supercooling. 

In addition, the cell wall acts as a barrier both to the growth of ice from the 
intercellular spaces into the wall, and to the loss of liquid water from the protoplast 
to the extracellular ice, which is driven by a steep vapor pressure gradient (Wisniewski 
and Arora 1993).

• Many flower buds (e.g., grape, blueberry, peach, azalea, and flowering dogwood) 
survive the winter by deep supercooling, and serious economic losses, particularly of
peach, can result from the decline in freezing tolerance of the flower buds in the 
spring. The cells then no longer supercool, and ice crystals that form extracellularly 
in the bud scales draw water from the apical meristem, killing the floral apex by 
dehydration. 

• The floral buds of apple and pear, the vegetative buds of all temperate fruit trees, 
and the living cells in their bark do not supercool, but they resist dehydration 
during extracellular ice formation. 

• Resistance to cellular dehydration is highly developed in woody species that are 
subject to average annual temperature minima below –40°C, particularly species 
found in northern Canada, Alaska, northern Europe, and Asia.



Continued-2
• Ice formation starts at –3 to –5°C in the intercellular spaces, where the crystals 

continue to grow, fed by the gradual withdrawal of water from the protoplast, 
which remains unfrozen. 

• Resistance to freezing temperatures depends on the capacity of the extracellular 
spaces to accommodate the volume of growing ice crystals and on the ability of the 
protoplast to withstand dehydration.

• This restriction of ice crystal formation to extracellular spaces, accompanied by 
gradual protoplast dehydration, may explain why some woody species that are 
resistant to freezing are also resistant to water deficit during the growing season. 

• For example, species of willow (Salix), white birch (Betula papyrifera), quaking 
aspen (Populus tremuloides), pin cherry (Prunus pensylvanica), chokecherry 
(Prunus virginiana), and lodgepole pine (Pinus contorta) tolerate very low 
temperatures by limiting the formation of ice crystals to the extracellular spaces.

• However, acquisition of resistance depends on slow cooling and gradual
extracellular ice formation and protoplast dehydration. 

• Sudden exposure to very cold temperatures before full acclimation causes 
intracellular freezing and cell death.



Some Bacteria Living on Leaf Surfaces Increased Frost Damage

• When leaves are cooled to temperatures in the –3 to –5°C range, the 
formation of ice crystals on the surface (frost) is accelerated by certain 
bacteria that naturally inhabit the leaf surface, such as Pseudomonas syringae 
and Erwinia herbicola, which act as ice nucleators. 

• When artificially inoculated with cultures of these bacteria, leaves of frost-
sensitive species freeze at warmer temperatures than leaves that are bacteria 
free (Lindow et al. 1982). The surface ice quickly spreads to the intercellular 
spaces within the leaf, leading to cellular dehydration.

• Bacterial strains can be genetically modified so that they lose their ice-
nucleating characteristics. Such strains have been used commercially in foliar 
sprays of valuable frost-sensitive crops like strawberry to compete with 
native bacterial strains and thus minimize the number of potential ice
nucleation points.



ABA and Protein Synthesis are involved in Acclimation to Freezing
• In seedlings of alfalfa (Medicago sativa L.), tolerance to freezing at –10°C is greatly improved by previous 

exposure to cold (4°C) or by treatment with exogenous ABA without exposure to cold. These treatments cause 
changes in the pattern of newly synthesized proteins that can be resolved on two-dimensional gels. Some of 
the changes are unique to the particular treatment (cold or ABA), but some of the newly synthesized proteins 
induced by cold appear to be the same as those induced by ABA or by mild water deficit. 

• Protein synthesis is necessary for the development of freezing tolerance, and several distinct proteins 
accumulate during acclimation to cold, as a result of changes in gene expression (Guy 1999). Isolation of the 
genes for these proteins reveals that several of the proteins that are induced by low temperature share 
homology with the RAB/LEA/DHN (responsive to ABA, late embryo abundant, and dehydrin, respectively) 
protein family. 

• As described earlier in the section on gene regulation by osmotic stress, these proteins accumulate in tissues 
exposed to different stresses, such as osmotic stress. Their functions are under investigation.

• ABA appears to have a role in inducing freezing tolerance. Winter wheat, rye, spinach, and Arabidopsis 
thaliana are all cold-tolerant species, and when they are hardened by water shortages, their freezing 
tolerance also increases. This tolerance to freezing is increased at non-acclimating temperatures by mild 
water deficit, or at low temperatures, either of which increases endogenous ABA concentrations in leaves.

• Plants develop freezing tolerance at non-acclimating temperatures when treated with exogenous ABA. Many 
of the genes or proteins expressed at low temperatures or under water deficit are also inducible by ABA
under non-acclimating conditions. 

• All these findings support a role of ABA in tolerance to freezing.



Continued...
• Mutants of Arabidopsis that are insensitive to ABA(abi1) or are ABA deficient (aba1) are unable to undergo 

low-temperature acclimation to freezing. Only in aba1, however, does exposure to ABA restore the ability to 
develop freezing tolerance (Mantyla et al. 1995). On the other hand, not all the genes induced by low 
temperature are ABA dependent, and it is not yet clear whether expression of ABA induced genes is critical 
for the full development of freezing tolerance. For instance, research on the tolerance of rye crowns to 
freezing has found that the lethal temperature for 50% of the crowns (LT₅₀) is –2 to –5°C for controls grown 
at 25°C, –8°C for ABA-treated crowns, and –28°C after acclimation at 2°C.

• Clearly exogenous ABA can not confer the same freezing acclimation that exposure to low temperatures 
does. Cell cultures of bromegrass (Bromus inermis) show a more dramatic induction of freezing tolerance 
when treated with ABA: Whereas controls grown at 25°C could survive to –9°C, 7 days of exposure to ABA
improved the freezing tolerance to –40°C (Gusta et al. 1996).

• Typically, a minimum of several days of exposure to cool temperatures is required for freezing resistance to 
be induced fully. Potato requires 15 days of exposure to cold. On the other hand, when rewarmed, plants lose 
their freezing tolerance rapidly, and they can become susceptible to freezing once again in 24 hours.

• The need for cool temperatures to induce acclimation to chilling or freezing, and the rapid loss of acclimation 
upon warming, explain the susceptibility of plants in the southern United States (and similar climatic zones 
with highly variable winters) to extremes of temperature in the winter months, when air temperature can 
drop from 20 to 25°C to below 0°C in a few hours.



Numerous Genes are Induced During Cold Acclimation
• Expression of certain genes and synthesis of specific proteins are common to both 

heat and cold stress, but some aspects of cold-inducible gene expression differ from 
that produced by heat stress (Thomashow 2001). Whereas during cold episodes the 
synthesis of “housekeeping” proteins (proteins made in the absence of stress) is not 
substantially down-regulated, during heat stress housekeeping-protein synthesis is 
essentially shut down.

• On the other hand, the synthesis of several heat shock proteins that can act as 
molecular chaperones is up-regulated under cold stress in the same way that it is 
during heat stress. This suggests that protein destabilization accompanies both heat 
and cold stress and that mechanisms for stabilizing protein structure during both 
heat and cold episodes are important for survival.

• Another important class of proteins whose expression is up-regulated by cold stress 
is the antifreeze proteins. Antifreeze proteins were first discovered in fishes that live
in water under the polar ice caps. As discussed earlier, these proteins have the 
ability to inhibit ice crystal growth in a non-colligative manner, thus preventing 
freeze damage at intermediate freezing temperatures.

• Antifreeze proteins confer to aqueous solutions the property of thermal hysteresis
(transition from liquid to solid is promoted at a lower temperature than is 
transition from solid to liquid), and thus they are sometimes referred to as thermal 
hysteresis proteins (THPs).



Continued...
• Several types of cold-induced, antifreeze proteins have been discovered in cold-acclimated 

winter-hardy monocots e.g. Grasses. When the specific genes coding for these proteins
were cloned and sequenced, it was found that all antifreeze proteins belong to a class of 
proteins such as endochitinases (Chitinases are enzymes that can degrade chitin into low molecular weight, 

soluble and insoluble oligosaccharides) and endoglucanases (Any glucanase/cellulase that is active within 

the organism that produced it), which are induced upon infection of different pathogens. 

• These proteins, called pathogenesis-related (PR) proteins are thought to protect plants 
against pathogens. It thus appears that at least in monocots, the dual role of these proteins 
as antifreeze and pathogenesis-related proteins might protect plant cells against both cold
stress and pathogen attack.

• Another group of proteins found to be associated with osmotic stress are also up-regulated 
during cold stress. This group includes proteins involved in the synthesis of osmolytes
(Organic osmolytes are small solutes used by cells of numerous water-stressed organisms and tissues to maintain cell 
volume. All known osmolytes are amino acids and derivatives, polyols and sugars, methylamines, and urea; unlike salt 

ions), proteins for membrane stabilization, and the LEA proteins ( Late embryogenesis abundant 

(LEA) proteins are large groups of hydrophilic proteins with major role in drought and other abiotic stresses). 

• Because the formation of extracellular ice crystals generates significant osmotic stresses 
inside cells, coping with freezing stress also requires the means to cope with osmotic stress.

https://en.wiktionary.org/wiki/glucanase
https://en.wiktionary.org/wiki/cellulase
https://en.wiktionary.org/wiki/organism


A Transcription Factor Regulates Cold-Induced Gene Expression

• More than 100 genes are up-regulated by cold stress. Because cold stress is clearly related to ABA responses 
and to osmotic stress, not all the genes up-regulated by cold stress necessarily need to be associated with cold 
tolerance, but most likely many of them are. Many cold stress–induced genes are activated by transcriptional 
activators called C-repeat binding factors (CBF1, CBF2, CBF3; also called DREB1b, DREB1c, and DREB1a, 
respectively) (Shinozaki and Yamaguchi- Shinozaki 2000). 

• CBF/DREB1-type transcription factors bind to CRT/DRE elements (C-repeat/dehydration-responsive, ABA-
independent sequence elements) in gene promoter sequences. CBF/DREB1 is involved in the coordinate 
transcriptional response of numerous cold and osmotic stress–regulated genes, all of which contain the 
CRT/DRE elements in their promoters. CBF1/DREB1b is unique in that it is specifically induced by cold 
stress and not by osmotic or salinity stress, whereas the DRE-binding elements of the DREB2 type are 
induced only by osmotic and salinity stresses and not by cold.

• The expression of CBF1/DREB1b is controlled by a separate transcription factor, called ICE (inducer of CBF
expression). ICE transcription factors do not appear to be induced by cold, and it is presumed that ICE or an 
associated protein is post-transcriptionally activated, permitting activation of CBF1/DRE1b, but the precise 
signaling pathway(s) of cold perception, calcium signaling, and the activation of ICE are presently under 
investigation.

• Transgenic plants constitutively expressing CBF1 have more cold–up-regulated gene transcripts than wild-
type plants have, suggesting that numerous cold–up-regulated proteins that may be involved in cold 
acclimation are being produced in the absence of cold in these CBF1 transgenic plants. In addition, CBF1
transgenic plants are more cold tolerant than control plants.



Water Stress
(Water Deficit & Drought Resistance)





Definitions
• Water stress may arise through either an excess of water or a water deficit. 

• An example of excess water is flooding which is most commonly an oxygen
stress, due primarily to reduced oxygen supply to the roots. Reduced 
oxygen in turn limits respiration, nutrient uptake, and other critical root 
functions. 

• Stress due to water deficit is far more common, so much so that the correct 
term water deficit stress is usually shortened to simply water stress. 

• We will focus on water deficit stress in this chapter. Because water stress in 
natural environments usually arises due to lack of rainfall, a condition 
known as drought, this stress is often referred to as drought stress. 

• In the laboratory, water stress can be simulated by allowing 
transpirational loss from leaves, a condition commonly referred to as 
desiccation stress.



Water Stress Leads to Membrane Damage
• Damage resulting from water stress is related to the detrimental effects of 

desiccation on protoplasm.

• Removal of water, for example, leads to an increase in solute concentration as the 
protoplast volume shrinks, which may itself have serious structural and metabolic 
consequences. 

• The integrity of membranes and proteins is also affected by desiccation, which in
turn leads to metabolic dysfunctions. Stresses may alter the lipid bilayer and cause 
the displacement of membrane proteins, which, together with solute leakage, 
contributes to a loss of membrane selectivity, a general disruption of cellular 
compartmentation, and a loss of activity of membrane-based enzymes.

• In addition to membrane damage, numerous studies have shown that cytosolic and 
organellar proteins may undergo substantial loss of activity or even complete
denaturation when dehydrated. 

• Loss of membrane integrity and protein stability may both be exacerbated by high 
concentrations of cellular electrolytes that accompany dehydration of protoplasm.

• The consequence of all these events is a general disruption of metabolism in the cell 
upon rehydration.



Photosynthesis is Particularly Sensitive to Water Stress
• Photosynthesis can be affected by water stress in two ways. First, closure of the stomata normally 

cuts off access of the chloroplasts to the atmospheric supply of carbon dioxide. Second, there are 
direct effects of low cellular water potential on the structural integrity of the photosynthetic 
machinery. 

• Direct effects of low water potential on photosynthesis have been studied extensively in 
chloroplasts isolated from sunflower (Helianthus annuus) leaves subjected to desiccation. Sunflower 
has proven useful for these studies because stomatal closure has only a minor effect on 
photosynthesis. This is because direct effects on the photosynthetic activity of chloroplasts decrease
the demand for CO₂ and the CO₂ level inside the leaf remains relatively high. Both electron 
transport activity and photophosphorylation are reduced in chloroplasts isolated from sunflower 
leaves with leaf water potentials below about -1.0 MPa. These effects reflect damage to the 
thylakoid membranes and ATP synthase protein (CF0-CF1) complex.

• The direct effects of water stress on photosynthesis are exacerbated by the additional effects of 
light. Since water stress inhibits CO₂ assimilation, this means that water stress will expose plants to 
excess light. The light absorbed by the photosynthetic pigments of the leaf continue to absorb light 
but this absorbed light energy can not be processed because photosynthetic electron transport is 
inhibited. Thus, a concomitant effect of exposure of plants to a water deficit is chronic
photoinhibition.



Stomata Respond to Water Deficit
• Plants are often subjected to acute water deficits due to a rapid drop in humidity or increase in temperature 

when a warm, dry air mass moves into their environment. The result can be a dramatic increase in the vapor
pressure gradient between the leaf and the surrounding air. Consequently, the rate of transpiration increases. 

• An increase in the vapor pressure gradient will also enhance drying of the soil. Because evaporation occurs at 
the soil surface, the arrival of a dry air mass has particular consequences for the uptake of water by shallow-
rooted plants. 

• Plants generally respond to water stress by closing their stomata in order to match transpirational water loss
through the leaf surfaces with the rate at which water can be re-supplied by the roots. It has been shown in 
virtually all plants studied thus far, including plants from desert, temperate, and tropical habitats, that 
stomatal opening and closure is responsive to ambient humidity.

• Unlike the surrounding epidermal cells, the surfaces of the guard cells are not protected with a heavy cuticle.
Consequently, guard cells lose water directly to the atmosphere. If the rate of evaporative water loss from the 
guard cells exceeds the rate of water regain from underlying mesophyll cells, the guard cells will become
flaccid (plazmoliz) and the stomatal aperture will close.

• The guard cells may thus respond directly to the vapor pressure gradient between the leaf and the atmosphere. 

• Closure of the stomata by direct evaporation of water from the guard cells is sometimes referred to as 
hydropassive closure which requires no metabolic involvement on the part of the guard cells; guard cells 
respond to loss of water as a simple osmometer.



Continued-1
• Stomatal closure is also regulated by hydroactive processes. 

• Hydroactive closure is metabolically dependent and involves essentially a reversal of 
the ion fluxes that cause opening.

• Hydroactive closure is triggered by decreasing water potential in the leaf mesophyll
cells and appears to involve abscisic acid (ABA) and other hormones.

• Since the discovery of ABA in the late 1960s, it has been known to have a prominent
role in stomatal closure due to water stress. ABA accumulates in water-stressed 
(that is, wilted) leaves and external application of ABA is a powerful inhibitor of 
stomatal opening. 

• The precise role of ABA in stomatal closure in water-stressed whole plants has, 
however, been difficult to decipher with certainty. This is because ABA is 
ubiquitous, often occurring in high concentrations in non-stressed tissue. 

• Also, some early studies indicate that stomata would begin to close before increases 
in ABA content could be detected.



Continued-2
• In most well-watered plants, ABA appears to be synthesized in the 

cytoplasm of leaf mesophyll cells but, because of intracellular pH 
gradients, ABA accumulates in the chloroplasts (Figure 13.9). 

• At low pH, ABA exists in the protonated form ABAH, which freely 
permeates most cell membranes. The dissociated form ABA− is
impermeant; because it is a charged molecule it does not readily cross 
membranes. 

• Thus, ABAH tends to diffuse from cellular compartments with a low pH 
into compartments with a higher pH. There, some of it dissociates to 
ABA− and becomes trapped. 

• It is well established that in actively photosynthesizing mesophyll cells 
the cytosol will be moderately acidic (pH 6.0 to 6.5) while the chloroplast 
stroma is alkaline (pH 7.5 to 8.0). 

• It has been calculated that if the stroma pH is 7.5 and cytosolic pH is 6.5, 
the concentration of ABA in the chloroplasts will be about tenfold higher 
than in the cytosol.





Continued-3
• According to the current model, the initial detection of water stress in leaves is related to 

its effects on photosynthesis. 

• Inhibition of electron transport and photophosphorylation in the chloroplasts would 
disrupt proton accumulation in the thylakoid lumen and lower the stroma pH.

• At the same time, there is an increase in the pH of the apoplast surrounding the mesophyll 
cells. 

• The resulting pH gradient stimulates a release of ABA from the mesophyll cells into the 
apoplast, where it can be carried in the transpiration stream to the guard cells (Figure 13.10).

• Just how ABA controls turgor in the guard cells remains to be determined.

• Evidence indicates that ABA does not need to enter the guard cell, but acts instead on the 
outer surface of the plasma membrane. 

• Presumably ABA interacts with the high-affinity binding sites on the plasma membrane 
although the existence of such sites has yet to be confirmed. 

• Nonetheless, there are strong indications that ABA interferes with plasma membrane 
proton pumps and, consequently, the uptake of K⁺, or that it stimulates K⁺ efflux from the
guard cells. Either way, the guard cells will lose turgor, leading to closure of the stomata.





Continued-4
• As noted above, wilted leaves accumulate large quantities of ABA. 

• In most cases, however, stomatal closure begins before there is any significant increase in the ABA concentration. 

• This can be explained by the release of stored ABA into the apoplast, which occurs early enough and in sufficient 
quantity-the apoplast concentration will at least double-to account for initial closure.

• Increased ABA synthesis follows and serves to prolong the closing effect. 

• In some cases it appears that the stomata close in response to soil desiccation before there is any measurable
reduction of turgor in the leaf mesophyll cells. Several studies have indicated a feed-forward control system that 
originates in the roots and transmits information to the stomata. 

• In these experiments, plants are grown such that the roots are equally divided between two containers of soil 
(Figure 13.11). Water deficits can then be introduced by withholding water from one container while the other is 
watered regularly. Control plants receive regular watering of both containers. Stomatal opening along with factors 
such as ABA levels, water potential, and turgor are compared between half-watered plants and fully watered 
controls. Typically, stomatal conductance, a measure of stomatal opening, declines within a few days of 
withholding water from the roots, yet there is no measurable change in water potential or loss of turgor in the 
leaves.

• Furthermore, ABA is readily translocated from roots to the leaves in the transpiration stream, even when roots are 
exposed to dry air. 

• These results provide reasonably good evidence that ABA is involved in a kind of early warning system that 
communicates information about soil water potential to the leaves.





Dought Resistance Strategies Vary with Climatic and Soil Conditions
• Water deficit can be defined as any water content of a tissue or cell that is below the 

highest water content exhibited at the most hydrated state. When water deficit develops
slowly enough to allow changes in developmental processes, water stress has several effects 
on growth, one of which is a limitation in leaf expansion. Leaf area is important because 
photosynthesis is usually proportional to it. However, rapid leaf expansion can adversely 
affect water availability. 

• If precipitation occurs only during winter and spring, and summers are dry, accelerated 
early growth can lead to large leaf areas, rapid water depletion, and too little residual soil 
moisture for the plant to complete its life cycle. In this situation, only plants that have 
some water available for reproduction late in the season or that complete the life cycle 
quickly, before the onset of drought (exhibiting drought escape), will produce seeds for the 
next generation. Either strategy will allow some reproductive success.

• The situation is different if summer rainfall is significant but erratic. In this case, a plant 
with large leaf area, or one capable of developing large leaf area very quickly, is better
suited to take advantage of occasional wet summers. One acclimation strategy in these 
conditions is a capacity for both vegetative growth and flowering over an extended period. 
Such plants are said to be indeterminate in their growth habit, in contrast to determinate
plants, which develop preset numbers of leaves and flowers over only very short periods.



Decreased Leaf Area is an Early Adaptive Response to Water Deficit
• Typically, as the water content of the plant decreases, its cells shrink and the cell walls relax. This decrease in 

cell volume results in lower turgor pressure and the subsequent concentration of solutes in the cells. The 
plasma membrane becomes thicker and more compressed because it covers a smaller area than before.

• Because turgor reduction is the earliest significant biophysical effect of water stress, turgor-dependent 
activities such as leaf expansion and root elongation are the most sensitive to water deficits (Figure 25.1).

• Cell expansion is a turgor-driven process and is extremely sensitive to water deficit. Cell expansion is
described by the relationship GR = m(Yp – Y where GR is growth rate, Yp is turgor, Y is the yield threshold
(the pressure below which the cell wall resists plastic, or nonreversible, deformation), and m is the wall 
extensibility (the responsiveness of the wall to pressure).

• This equation shows that a decrease in turgor causes a decrease in growth rate. Note also that besides 
showing that growth slows down when stress reduces Yp, Equation 25.1 shows that Yp need decrease only to 
the value of Y, not to zero, to eliminate expansion. In normal conditions, Y is usually only 0.1 to 0.2 MPa less 
than Yp, so small decreases in water content and turgor can slow down or fully stop growth. 

• Water stress not only decreases turgor, but also decreases m and increases Y. Wall extensibility (m) is 
normally greatest when the cell wall solution is slightly acidic. In part, stress decreases m because cell wall 
pH typically rises during stress. The effects of stress on Y are not well understood, but presumably they 
involve complex structural changes of the cell wall that may not be readily reversed after relief of stress.

• Water-deficient plants tend to become rehydrated at night, and as a result substantial leaf growth occurs at 
that time. Nonetheless, because of changes in m and Y, the growth rate is still lower than that of unstressed 
plants having the same turgor (Figure 25.1).



Continued...
• Because leaf expansion depends mostly on cell expansion, the principles that 

underlie the two processes are similar. Inhibition of cell expansion results in a 
slowing of leaf expansion early in the development of water deficits. The smaller 
leaf area transpires less water, effectively conserving a limited water supply in the 
soil over a longer period. Reduction in leaf area can thus be considered a first line 
of defense against drought.

• In indeterminate plants, water stress limits not only leaf size, but also leaf number, 
because it decreases both the number and the growth rate of branches. Stem 
growth has been studied less than leaf expansion, but stem growth is probably 
affected by the same forces that limit leaf growth during stress.

• Keep in mind, too, that cell and leaf expansion also depend on biochemical and 
molecular factors beyond those that control water flux. Much evidence supports the
view that plants change their growth rates in response to stress by coordinately 
controlling many other important processes such as cell wall and membrane 
biosynthesis, cell division, and protein synthesis (Burssens et al. 2000).





Water Deficit Stimulates Leaf Abscission

• The total leaf area of a plant (number of leaves
surface area of each leaf) does not remain 
constant after all the leaves have matured. 

• If plants become water stressed after a 
substantial leaf area has developed, leaves 
will senesce and eventually fall off.

• Such a leaf area adjustment is an important 
long-term change that improves the plant’s 
fitness in a water-limited environment.

• Indeed, many drought-deciduous, desert 
plants drop all their leaves during a drought 
and sprout new ones after a rain. This cycle 
can occur two or more times in a single 
season.

• Abscission during water stress results largely 
from enhanced synthesis of and 
responsiveness to the endogenous plant 
hormone ethylene.



Water Deficit Enhances Root Extansion into Deeper & Moist Soil

• Mild water deficits also affect the development of the root system. Root-to-
shoot biomass ratio appears to be governed by a functional balance between 
water uptake by the root and photosynthesis by the shoot.

• Simply stated, a shoot will grow until it is so large that water uptake by the 
roots becomes limiting to further growth; conversely, roots will grow until their 
demand for photosynthate from the shoot equals the supply. 

• This functional balance is shifted if the water supply decreases.

• As discussed already, leaf expansion is affected very early when water uptake 
is restrited, but photosynthetic activity is much less affected.

• Inhibition of leaf expansion reduces the consumption of carbon and energy, 
and a greater proportion of the plant’s assimilates can be distributed to the 
root system, where they can support further root growth. At the same time, 
the root apices in dry soil lose turgor.



Continued...
• All these factors lead to a preferential root growth into the soil zones that 

remain moist. As water deficits progress, the upper layers of the soil usually 
dry first. Thus, plants commonly show a mainly shallow root system when all
soil layers are wetted, and a loss of shallow roots and proliferation of deep 
roots as water in top layers of the soil is depleted. Deeper root growth into wet 
soil can be considered a second line of defense against drought.

• Enhanced root growth into moist soil zones during stress requires allocation 
of assimilates to the growing root tips. During water deficit, assimilates are 
directed to the fruits and away from the roots. For this reason, the enhanced 
water uptake resulting from root growth is less pronounced in reproductive 
plants than in vegetative plants. 

• Competition for assimilates between roots and fruits is one explanation for 
the fact that plants are generally more sensitive to water stress during 
reproduction.



Mechanisms of Drought

Resistance and Selected 

Examples of Tree Root

Traits that Respond to 

Drought with Avoidance 

or Tolerance.



Water Deficit Increases Resistance to Liquid-Phase Water Flow

• When a soil dries, its resistance to the flow of water increases very sharply, 
particularly near the permanent wilting point. At the permanent wilting point 
(usually about –1.5 MPa), plants cannot regain turgor pressure even if all 
transpiration stops. Because of the very large soil resistance to water flow, 
water delivery to the roots at the permanent wilting point is too slow to allow 
the overnight rehydration of plants that have wilted during the day.

• Rehydration is further hindered by the resistance within the plant, which has 
been found to be larger than the resistance within the soil over a wide range 
of water deficits (Blizzard and Boyer 1980). 

• Several factors may contribute to the increased plant resistance to water flow 
during drying. As plant cells lose water, they shrink. When roots shrink, the 
root surface can move away from the soil particles that hold the water, and 
the delicate root hairs may be damaged. 

• In addition, as root extension slows during soil drying, the outer layer of the 
root cortex (the hypodermis) often becomes more extensively covered with suberin,
a water-impermeable lipid, increasing the resistance to water flow.



Continued...

• Another important factor that increases resistance to water flow is cavitation, or 
the breakage of water columns under tension within the xylem. 

• Transpiration from leaves “pulls” water through the plant by creating a tension 
on the water column. The cohesive forces that are required to support large 
tensions are present only in very narrow columns in which the water adheres to 
the walls.

• Cavitation begins in most plants at moderate water potentials (–1 to –2 MPa), and 
the largest vessels cavitate first. For example, in trees such as oak (Quercus), the 
large diameter vessels that are laid down in the spring function as a low-
resistance pathway early in the growing season, when ample water is available. 

• As the soil dries out during the summer, these large vessels cease functioning, 
leaving the small-diameter vessels produced during the stress period to carry the 
transpiration stream. 

• This shift has longlasting consequences: Even if water becomes available, the
original low-resistance pathway remains.



Water Deficit Increases Wax Deposition on the Leaf Surface

• A common developmental response to water stress is the production of a 
thicker cuticle that reduces water loss from the epidermis (cuticular 
transpiration). 

• Although waxes are deposited in response to water deficit both on the 
surface and within the cuticle inner layer, the inner layer may be more 
important in controlling the rate of water loss in ways that are more 
complex than by just increasing the amount of wax present. 

• A thicker cuticle also decreases CO₂ permeability, but leaf 
photosynthesis remains unaffected because the epidermal cells 
underneath the cuticle are non-photosynthetic.

• Cuticular transpiration, however, accounts for only 5 to 10% of the total 
leaf transpiration, so it becomes significant only if stress is extremely 
severe or if the cuticle has been damaged (e.g., by wind-driven sand).



Osmotic Stress Induces CAM in Some Plants

• Crassulacean Acid Metabolism (CAM) is a plant adaptation in which 
stomata open at night and close during the day. The leaf-to-air vapor 
pressure difference that drives transpiration is much reduced at night,
when both leaf and air are cool. 

• As a result, the water-use efficiencies of CAM plants are among the 
highest measured. A CAM plant may gain 1 g of dry matter for only 125 
g of water used—a ratio that is three to five times greater than the ratio 
for a typical C3 plant. 

• CAM is very prevalent in succulent plants such as cacti. Some succulent 
species display facultative CAM, switching to CAM when subjected to 
water deficits or saline conditions. This switch in metabolism is a
remarkable adaptation to stress, involving accumulation of the enzymes 
phosphoenolpyruvate (PEP) carboxylase pyruvate–orthophosphate 
dikinase, and NADP malic enzyme, among others.





Soil Related Stressors







Air Pollution





Improve Stress Tolerance



Types of Stress Resistance
• Adaptation: Permanent resistance against stressor(s) under long-term exposure to 

stress pressure e.g. A well-developed aerenchyma (a spongy tissue that forms spaces 
and air channels in the leaves, stems and roots which allows exchance of gases between the 

shoot and root especially in aquatic plants) formation in hydrophytes, and stomatal 
movement patterns "opening their stomatas during night to reduce evapotranspiration and to 
collect CO₂) in CAM plants (succulents)".

• Avoidance: A manner to avoid facing with stressor without metabolic energy e.g. 
"short lifecycle of desert plants, and dormancy during unfavorable environmental conditions 
(cold, hot and drought)".

• Tolerance: A type of resistance reaction in reducing or repairing the harmful 
effect of stress by use of morphological, anatomical and physiological adaptive 
properties.

• Hardening: A gradual adaptation when the plants face to any type of stressor.





Genetic Engineering & Transgenic Plants
• Plant response to different environmental stresses is a crucial to their productivity.

• Both biotic and abiotic components affect plant growth significantly but abiotic 
stress play major role. 

• Plants having a set of genes that can be divided in to two major classes, (1) gene 
encoding functional proteins, and (2) genes encoding regulatory proteins. 

• Due to practical limitations scientist are choosing functionally related genes for 
genetic manipulation. However, thousands of genes related to stress tolerance were 
identified and few of them are found suitable to impart gene for stress tolerance in 
plants.

• Therefore, transcription factor operating in early stage of stress is a potential tool 
for genetic engineering. Among the various transcription factors, homeobox genes 
were well expressed phenotypically and identified as most appropriate gene for 
abiotic stress response. 

• Another example is APETALA2/ethylene response element-binding protein 
(AP2/EREBP) transcription factor family. 

• It’s reported from Arabidopsis plant. AP2 family genes not only enhance stress 
tolerance in Arabidopsis plant but, also in crop plants. Therefore transgenic plants 
with AP2 family genes can easily survive in harsh environmental menaces. 



Epigenetic Modifications in Plants 
• Crop breeders are now applying non-genetic or epi-genetic determinants 

that could modify gene expression heritably and reversibly (without changing 

the gene sequence). These include histone modifications, DNA methylation, 
nucleosome positioning, and small (sm) RNAs. They modify the properties 
of chromatin and change gene transcriptional states. 

• Nitric Oxide emerges as a tool to resolve stress related physiological 
disorders in plants. Nitric Oxide works as signalling agent and involve in 
detoxification of reactive oxygen. We required more interrogation on 
various pathways where Nitric Oxide plays a crucial role. 

• Competitiveness, coexistence and stress tolerance are few characters which 
can be observed among various weed species. Availability of the 
sophisticated molecular tools provides us an opportunity to transfer genetic 
material from weeds to crop plant for stress resistance. 



Microbe-Mediated Mitigation of Abiotic Stresses-1
• Microbial interactions with crop plants are key to the adaptation and survival of both 

the partners in any abiotic environment. 

• Induced Systemic Tolerance (IST) is the term being used for microbe-mediated 
induction of abiotic stress responses. The role of microorganisms to alleviate abiotic 
stresses in plants has been the area of great concern in past few decades (de Zelicourt et al., 
2013; Nadeem et al., 2014; Souza et al., 2015). Microbes with their potential intrinsic metabolic 
and genetic capabilities, contribute to alleviate abiotic stresses in the plants 
(Gopalakrishnan et al., 2015).

• The role of several rhizospheric occupants belonging to the 
genera Pseudomonas (Grichko and Glick, 2001; Ali et al., 2009; Sorty et al., 
2016), Azotobacter (Sahoo et al., 2014 a,b), Azospirillum (Creus et al., 2004; Omar et al., 
2009), Rhizobium (Alami et al., 2000; Remans et al., 2008; Sorty et al., 2016), Pantoea (Amellal et al., 
1998; Egamberdiyeva and Höflich, 2003; Sorty et al., 2016), Bacillus (Ashraf et al., 2004; Marulanda et 
al., 2007; Tiwari et al., 2011; Vardharajula et al., 2011; Sorty et al., 2016), Enterobacter (Grichko and 
Glick, 2001; Nadeem et al., 2007; Sorty et al., 2016), Bradyrhizobium (Fugyeuredi et al., 1999; Swaine et 
al., 2007; Panlada et al., 2013), Methylobacterium (Madhaiyan et al., 2007; Meena et al., 
2012), Burkholderia (Barka et al., 2006; Oliveira et al., 2009), Trichoderma (Ahmad et al., 2015) and 
cyanobacteria (Singh et al., 2011) in plant growth promotion and mitigation of multiple 
kinds of abiotic stresses has been documented. Recently, Pandey et al. (2016) have 
demonstrated the role of Trichoderma harzianum on stress mitigation in rice genotypes 
due to upregulation of aquaporin, dehydrin and malonialdehyde genes along with 
various other physiological parameters.



Microbe-Mediated Mitigation of Abiotic Stresses-2
• Rhizobacteria-induced drought endurance and resilience (RIDER) that includes changes 

in the levels of phytohormones, defense-related proteins and enzymes, antioxidants and 
epoxypolysaccharide have been observed for microbe-mediated plant responses. 

• Such strategies make plants tougher toward abiotic stresses (Kaushal and Wani, 2016). The 
selection, screening and application of stress-tolerant microorganisms, therefore, could be 
viable options to help overcome productivity limitations of crop plants in stress-prone 
areas. 

• Enhanced oil content in NaCl affected Indian mustard (Brassica juncea) was reported 
by Trichoderma harzianum application which improved the uptake of essential nutrients, 
enhanced accumulation of antioxidants and osmolytes and decreased Na+uptake (Ahmad et 
al., 2015). 

• Parallel to such reports, up-regulation of monodehydroascorbate reductase 
in Trichoderma treated plants was demonstrated. It was also confirmed by mutant studies 
that Trichoderma ameliorates salinity stress by producing ACC-deaminase (Brotman et al., 
2013). 

• In barley and oats, Pseudomonas sp. and Acinetobacter sp. were reported to enhance 
production of IAA and ACC-deaminase in salt affected soil (Chang et al., 2014). Palaniyandi et al. 
(2014) reported alleviation of salt stress and growth promotion by Streptomyces sp. strain 
PGPA39 in ‘Micro-Tom’ tomato plants. Burkholderia phytofirmans strain PsJN mitigates 
drought stress in maize (Naveed et al., 2014b), wheat (Naveed et al., 2014a) and salt stress 
in Arabidopsis (Pinedo et al., 2015).



Microbe-Mediated Mitigation of Abiotic Stresses-3
• The rhizosphere comprises the fraction of soil in vicinity of the plant roots. It constitutes a soil 

microenvironment in the proximity of root region where the average count of microorganisms is 
very high than rest of the bulk soil. It is, therefore, obvious that plant roots with a diversity of 
their nutrient, mineral and metabolite composition, could be a major factor responsible for 
attracting microorganisms to accumulate and associate alongside. The secretion of root exudates 
by plants is a vital factor for microbial colonization within the rhizosphere. Chemotactic 
movement of microorganisms toward the root exudates plays the role of dragging force for the 
microbial communities to colonize on the roots. 

• While utilizing the rhizosphere-microenvironment around plant roots, the PGPRs (Plant Growth 
Promoting Rhizobacteria) may act as biofertilizers, phyto-stimulators or biocontrol agents 
depending upon their inherent capabilities, mode of interaction and competitive survival 
conditions. 

• Growth promoting bacteria stimulate plant growth by employing several broadly categorized 
direct and indirect mechanisms (Braud et al., 2009; Hayat et al., 2010). Direct mechanisms include 
synthesis of bacterial compounds which facilitate uptake of essential nutrients and 
micronutrients from the soil along with the production of plant growth regulators, e.g., iron and 
zinc sequestration, siderophore production, phosphorus and potassium solubilisation, plant 
hormone production, and atmospheric nitrogen fixation. On the other hand, indirect 
mechanisms involve antagonistic activity toward plant pathogenic organisms, production of 
HCN and antifungal compounds and tolerance against abiotic stresses. Besides this, the bacteria 
can induce systemic resistance in plants by their metabolites acting as extracellular signals, which 
subsequently trigger a series of internal processes.



Microbe-Mediated Mitigation of Abiotic Stresses-4
• Eventually, the translocated signal is perceived by the distant plant cells triggering 

the activation of the defense mechanism. Besides bacteria, fungi particularly the 
mycorrhiza are also important plant growth promoters. These are principally 
divided into mycorrhizal fungi and vesicular-arbuscular mycorrhizal (VAM) fungi. 
These fungi remain associated with the host plant externally (ectomycorrhizae) or they 
may form endosymbiotic associations (VAM). These fungi form extensive 
networking of very fine hyphae, thus increasing overall nutrient uptake by the 
roots. The root fungal endophyte Piriformospora indica induces salt tolerance in 
barley (Baltruschat et al., 2008) and drought tolerance in Chinese cabbage (Sun et al., 2010) 
by increasing the levels of antioxidants and improving many other aspects (Franken, 
2012). 

• The potential of microbial interactions with the plants have, therefore, 
multipronged role. At one end, microbes induce local or systemic stress alleviation 
response mechanisms in plants to sustain under abiotic stress conditions while at 
the other end, they help plants to maintain their growth and development through 
fixation, mobilization and/or production of nutrients, hormones and organic phyto-
stimulant compounds. Such multifaceted action of microorganisms or their 
communities makes them strong, viable and vital options for abiotic stress 
mitigation strategies in crop plants



Microbe-Mediated Mitigation of Abiotic Stresses-5
• Several mechanisms highlighting the role of microbes in abiotic stress alleviation 

have been proposed. Soil-inhabiting microbes belonging to genera Achromobacter, 
Azospirillum, Variovorax, Bacillus, Enterobacter, Azotobacter, Aeromonas, 
Klebsiella and Pseudomonas have been shown to enhance plant growth even under 
unfavorable environmental conditions (Pishchik et al., 2002; Hamdia et al., 2004; Mayak et al., 
2004; Arkhipova et al., 2007; Barriuso et al., 2008a,b; Dardanelli et al., 2008; Belimov et al., 2009; Ortiz et al., 
2015; Kaushal and Wani, 2016; Sorty et al., 2016). 

• Literature relating to the involvement of microbes for the alleviation of abiotic 
stressors signifies the importance of microbes in this area (Table 1). All such soil 
bacteria that are capable of inducing plant growth under variety of 
physicochemical and environmental conditions are classified cumulatively as plant 
growth promoters (PGP). 

• There exists different mechanisms by which microbes induce plant growth. The 
plant-growth regulating molecules predominantly, indole acetic acid (IAA) are 
synthesized in shoot and accumulated in the actively growing regions of roots. 

• The IAA and other auxins have growth-stimulating effect in terms of cell elongation 
resulting in root growth initiation. Moreover, these molecules also promote the 
development of lateral roots. Higher concentrations of auxins, on the other hand, 
are known to have a negative impact on root growth (Jackson, 1991; Sorty et al., 2016).



Microbe-Mediated Mitigation of Abiotic Stresses-6
• A similar situation can also happen due to increased synthesis of ethylene (Jackson, 

1991). The rhizosphere colonizing bacteria were reported to perform in a similar 
manner, and produce phytohormones to enhance plant growth (Bowen and Rovira, 
1991; Timmusk and Wagner, 1999; German et al., 2000; Belimov et al., 2007).

• Evidences from recent agricultural practices witness that the PGPRs not just help 
in mitigation of environmental stresses, but also improve yield of diverse crop 
plants including rice, maize, barley and soybean (Tapias et al., 2012; Sharma et al., 2013; Sen 
and Chandrasekhar, 2014; Suarez et al., 2015). 

• A mechanism of salt tolerance imposed by Pseudomonas sp. PMDzncd2003 on rice 
germination under salinity stress is demonstrated. Better root colonizing capability 
of Pseudomonas sp. along with its ability to produce exopolysaccharides (EPS) leads 
to enhanced tolerance toward salinity (Sen and Chandrasekhar, 2014). Similarly, Khan A. et al. 

(2016) have shown that inoculation of Bacillus pumilus improved rice growth in 
response to salinity and high boron stresses. 

• A possible mechanism was suggested, that higher expression of antioxidant enzyme 
machinery in the presence of bacterial inoculant may lead to cell protection in 
stress conditions. More efforts are now needed to dissect molecular mechanisms 
involved in the communication between plant and bacterial colonizers.



Arbuscular Mycorrhiza 
(A Warrior Against Abiotic Stress)

• A group of fungi colonizes in plant roots known as mycorrhiza
is emerges as new tools in stress tolerance. 

• These mycorrhiza form extensive network of hyphae and 
secretes some biochemical like glomalin. 

• These mechanisms include enhanced growth by prevention of 
nutrient deficiency and ion toxicity, osmotic adjustment in 
water stress condition, enhancing the activities of antioxidants 
and prevention of oxidative damage, restriction of entry of 
toxic ions and immobilization of heavy metals in soil or plant 
roots.



Multi-Omics Approaches to Address Alleviation of Abiotic Stress

• The ecology of plant–microbe interaction is very complicated and interwoven system. It is 
important to understand the fine-tuning and integration of diverse signals generated by 
microbial interactions in the plants for advantage in crop improvement. 

• A plant has to combat multiple biotic and abiotic stresses in the environment. Multiple 
stress factors produce complex defense signals in plants and therefore, the result of plant–
microbe interaction can be decided by prioritization of physiological pathways in plants 
(Schenk et al., 2012). 

• Interaction of microbes with plant roots evoke multipronged responses in local and/or in 
distal plant parts at physiological, biochemical and molecular level. Such responses at all 
levels have their interconnections with the stress; many are parallel to stress responses 
while others are adverse. For dissecting the mechanisms, multi-omics approaches can be 
applied to address the challenging task of deciphering changes in plants at genetic, 
proteomic or metabolomic level.

• Entwined with the advances in bioinformatics, the data-driven science of multi-omics has 
improved our knowledge in understanding the microbial community composition and 
their functional behavior in complex environments like rhizosphere, where inter-
connections among microbial communities direct plant responses toward stresses.

• Recently, meta-omics approaches including metagenomics, metatranscriptomics and 
metaproteomics have emerged as promising tools to address microbial communities and 
functions within a given environment at a deeper level (de Castro et al., 2013).



Multi-Omics Approaches 
to Address Alleviation of 
Abiotic Stress

Cellular level components, 
multi-omics approaches to 
address different levels and 
the strategies that help 
identify the outcome of the 
impact of abiotic stresses or 
impact of microbial-
interactions.



Bio-Fertilizers
(An Eco-Friendly Approach Towards Abiotic Stress)

• Generally, chemical fertilizers are expensive and cause 
eutrophication, ion toxicity, reduce organic matter and soil 
borne microorganism. In compare to fertilizers, biofertilizer are 
inexpensive and enhance soil fertility without harming natural 
soil ecosystem. 

• Biofertilizers are rich source of organic nutrient and provide 
natural environment to beneficial microorganism. These 
microorganisms secrete antibiotics which are effective against 
plant pathogen. 



Osmotic Potential Regulator 
(Osmoprotectants) 

• It was noticed that few plants under adverse 
environmental condition adopted new pathway i.e. 
osmoprotectant pathway.

• These maintain osmotic potential of cell through 
stabilizing membranes and proteins during stress 
condition.

• Osmoprotectants /compatible solutes primarily include 
glycine, proline, ectoine, betaines, trehalose, and 
polyols. 

• Thus, we required a more elaborate approach to look 
past the current scenario. 



Plant Steroids and Stress Tolerance

• Remarkably, sterols and BRs are also capable of 
increasing plant tolerance/resistance to a wide range of 
biotic and abiotic stresses, such as drought, salinity, 
heat, cold, hypoxia, heavy metals, virus infection, and 
pathogen attack (Divi and Krishna, 2009, Gomez, 2011). 

• Furthermore, altering the endogenous levels of sterols 
can have a beneficial impact on the nutritional quality 
of crops (Schaller, 2004).



The Role of Lignin for Plant Protection

• One of the mechanisms of induced crop resistance to biotic 
and abiotic stress factors is lignification, i.e. lignin 
biosynthesis and cell wall strengthening due to deposition 
of lignin as well as phenolic components. 

• Natural lignins are complex three-dimensional phenolic 
polymers. In plant cell walls they serve as physical and/or 
chemical barriers against the penetration of pathogens 
and abiotic stress impact. 

• Materials for crop protection synthetically derived from 
natural lignins are of high biological activity; they enhance 
defense reactions.













Abiotic Stress Tolerant Rootstocks 
For 

Tropical and Subtropical Fruits



Mango

▪ Mango (Mangifera indica L.) is one of the most important fruit crops all 
over the world, especially in tropical and subtropical regions. 

▪ One of the major limitations for extensive cultivation of mango is abiotic 
stresses particularly soil salinity.

▪ The focus of rootstock in mango includes development of genotypes that 
could confer resistant to adverse soil conditions and affect vigour of the 
scion. 

▪ Screening of mango rootstocks to salinity has shown that the 
polyembryonic cultivars ‘Olour’ and ‘Bappakkai’ could withstand higher 
level of salinity (Palaniappan, 2001). 

▪ Mango cultivar ‘13-1’ was selected as a polyembryonic (3-6 embryos) 
rootstock for calcareous soils and/or for irrigation with saline water in 
India. 



Citrus Fruits
▪ A rootstock for citrus must be adapted to alkalinity, salinity, and calcareous 

soils, should be resistant to phytophthora, provides some measure of cold 
tolerance and produce good yields of high quality fruit. 

▪ Rootstocks like Rough lemon and Rangapur lime are confer high drought 
resistance due to their spread, well-distributed, and deep root systems that 
occupy large soil volume and access more efficiently the soil nutrients and 
water (Syvertsen, 1981). 

▪ For sweet orange cultivars like Mosambi and Sathgudi with regards to yield 
and tolerance to disease and salinity in Maharashtra and Andhra Pradesh in 
India, a rootstock Rangapur lime has been identified as a promising 
rootstock. 



Grape

• Rootstocks play a vital role for sustainable grape production in 
various parts of the world. 

• Grapevine rootstocks that increased the efficiency of stomatal 
closure by chemical (ABA) and hydraulic (aquaporins) signalling
that act as a major tolerance to water stress. 

• Rootstocks ‘110R’, ‘1103P’ and ‘99R’ were found to enhance 
water-use efficiency during critical growth stages of fruit bud 
differentiation and full bloom. 



Abiotic Stress Tolerant Rootstocks 
For

Temperate Fruits





Role of Plant Steroids 
on 

Stress Tolerance



Salt and Drought Stress Tolerance
• Whereas many studies demonstrate a positive effect of BR application on 

plant tolerance to salt and drought stresses (Krishna, 2003; Bajguz and Hayat, 

2009; Gomes, 2011), only a few studies have been performed to evaluate the effects 
of altered endogenous BR content on these traits.

• Although the results described above point toward a clear effect of BRs on 
the plant salt and drought stress tolerance, the molecular mechanisms 
involved in these processes remain largely unknown.

• Recently, RNA interference–mediated disruption of the rice SQUALENE 
SYNTHASE (SQS) gene has been reported to reduce the stomatal 
conductance and to improve drought tolerance at both the vegetative and 
reproductive stages (Manavalan et al., 2012). 

• Given that SQS catalyzes the first reaction of the isoprenoid metabolic 
pathway committed to sterol synthesis, these results suggest that decreased 
sterol and BR content might enhance stress tolerance and confirm the 
potential of manipulating plant steroid content to increase crop yield under 
stress conditions.



Oxidative Stress Tolerance
• Results of BR treatments and studies of the Arabidopsis det2 mutant reveal a 

BR function in the plant responses to oxidative stresses (Bajguz and Hayat, 

2009; Xia et al., 2009b, 2011). The det2 mutant is insensitive to the negative growth 
effect of very low O2. 

• This enhanced oxidative stress resistance has been associated with a 
constitutive increase in superoxide dismutase activity and in catalase 
transcript levels.

• Most likely, exogenous BRs contribute to stress tolerance via the production 
of antioxidants that protect cells from damage.

• Phytosterols also seem to be involved in the plant responses to oxidative 
stresses. Transgenic Brassica juncea plants overexpressing the positive 
regulator of the sterol synthesis, the enzyme 3-hydroxy-3-methylglutaryl-CoA 
synthase, displayed reduced hydrogen peroxide–induced cell death (Wang et al., 

2012).



Pathogen Resistance
• The hormones salicylic acid, jasmonate, and ethylene are well known regulatory 

signals of the plant’s immune response, and pathogens can antagonize it by 
affecting its hormone homeostasis. More recently, other plant hormones, including 
BRs, have been implicated in plant defense mechanisms (Bari and Jones, 2009; Pieterse
et al., 2009).

• When applied exogenously, BRs induce resistance against a broad range of diseases, 
notably against fungal and bacterial pathogens in tobacco and in rice.

• In rice, treatment with BL protected the plant against rice blast and bacterial rice 
blight diseases, whereas in tobacco, it enhanced resistance against the bacterial 
pathogen Pseudomonas syringae and the fungal pathogen Odium species (Nakashita et 
al., 2003).

• BR analogs also possess biological effects on insects. More particularly, BRs can 
influence ecdysteroid-dependent steps of insect development (Zullo and Adam, 2002). 

• It is also interesting to note that treatment with exogenous ergosterol, the main 
sterol of most fungi, promoted the expression of a number of defense genes in 
tobacco and grape and enhanced the production of resveratrol and the tolerance 
against the fungal pathogen B. cinerea in grape (Laquitaine et al., 2006; Lochman and 
Mikes, 2006).



Heavy Metal Stress and Herbicide & Pesticide Tolerance

• High concentrations of metals, including those essential for growth, have a 
toxic effect on plant metabolism. Numerous lines of evidence in different 
crops show that BRs interfere with the uptake of heavy metals and promote 
their detoxification, notably by enhancing the production of antioxidant 
enzymes and the accumulation of Pro (Bajguz and Hayat, 2009; Hasan et al., 2011).

• Pesticides that include herbicides, fungicides, and insecticides play a major 
role in agriculture by reducing crop yield losses, but these molecules can also 
have a negative effect on the crop and can be detrimental to human health 
and the environment. 

• BRs have been shown to reduce the damages caused by pesticides by 
accelerating their catabolism, consequently reducing their residual levels in 
the plants. 

• Hence, BRs may be promising molecules suitable for application on crops to 
diminish the risks and deleterious effects associated with the exposure of 
humans, crops, and the environment to agrochemical substances (Bajguz and 
Hayat, 2009; Xia et al., 2009c).



Thermotolerance to Heat & Cold Stresses

• Thermal (heat and cold) stresses have a high impact on seed 
yield.

• Crops are particularly sensitive to thermal stresses during 
their reproductive stages (Zinn et al., 2010).

• Exogenous BR treatment has been shown to significantly 
enhance plant tolerance to both heat and cold stresses 
(Dhaubhadel et al., 1999, 2002; Kagale et al., 2007; Xia et al., 2009b).






