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Definitions



Stress Terms

A (i) Physical terms

AStress 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 tc
biological systems.

A(ii) Biological terms

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

AStress 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).

A(iii) Agricultural terms

AStress is defined as a phenomenon that limits crop productivity or destroys
blomass(Grime, 1979)



What Is Plant Stress?

AUnder some optimal environmental conditiarplant is irhomeostasigany
seltregulatory process by which a biological or mechanical system maintains stability wh

adjusting to chancing environme@$ Indicated by a constamatte of some
Important physiological process over time.

AUpon the imposition of an external stress, the rathisfphysiological
process decreases rapidly. It is fadtalsome plants that are unable to adjt
to an imposedtress and can not establish a m@wneostatic stateSuch
plants are classified asisceptibldo the stress.

AThus, plant stress is a relative tegimcethe experimental design to asses
the impact of a stresdways involves the measurement of a physiologic:
phenomenon in a plant species under a subops$treds condition
compared to the measurement ofsaene physiological phenomenon in t
same planspecies under optimal conditions.



Difficulties in Quantifying of Stress Effect

AThe external constraints or form of stress mapibéc (e.g. pests or
diseases) or they may béaysicaland related to shortages or exces:
In thesupply of solar energy, water or mineral nutrients or
atmospheric pollutantsbiotic).

AFor agricultural systemshis simple concept probably needs
modifyingto consider economic yield rather than-dnatter
production, thouglthese two quantities will often be closely relatec

AThere are also difficultiei® quantifying thegenetic potentiabf
plants and therefore measuring thgpact of stress. However, we mz
be able to predict drynatter productiomr yield in an optimal
environment using a cregrowth modelwvonteith, 1977@and then assess
the effect of a particular stress as te@auction below the optimum.



Stress for Agricultural/Horticultural Plants?

AStresds considered to be aignificant deviationfrom
optimal life conditions or a factor that adversely affects
growth, development, and/or productivity of
horticultural plants.

AStresses trigger a wide range of plant responses such as



Classification of Stresses

Alt has become traditional for ecologists, physiologists, and agronomists to divide
stresses experienced by plants into two major categoriesiotic and Abiotic.

Biotic Stresses

A Originate through interactions between organisms, while abiotic stresses are thos
that depend on the interaction between organisms and the physical environment.
Strictly speaking, biotic stresses result from competition between organisms for
resources, frompredationand parasitisimy and from the actions ofallelopathic
chemicalsreleased by one organism and affecting another.

Abiotic Stresses
AAbiotic stress management is one of the most important challenges facing

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

AAbiotic stresses adversely affect the livelihoodsf individual farmers and their
families as well as national economies and food security.
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Drought stress

EXCESS MOISTURE 10%

FROST/FREEZE 8%

FLOOD 3%
WIND 2%

OTHER 1%
DISEASE 1%

INSECTS 1%

Source: Australian Centre for International Agricultural Research



Ablotic Stressors



What is abiotic stress?

* An non-living external force
that negatively affects the
growth, productivity and
health of a plant (light,
heat, water, nutrient, cold,
etc.)

Air Pollution

Mechanical
Injury




Environmental conditions that
can cause sfress

High/low
temperatu
res

Too much
or too
little light




Plant Responses to Abiotic Stress
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FRACTION OF WORLD’S ARABLE LAND
AFFECTED WITH ABIOTIC STRESSES

TR

Drought accounts alone for 50 % of %
losses caused by biotic and abiotic )"
stresses




How Do Abiotic Stresses Affect Plants4

APlants 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 posea complex set of stress conditions.

A The most obvious effect of unfavorable conditions initially appear at the

cellular levels after that, physiological symptoms are observable.

AWater stresadversely affects physiological status of plants incluc
photosynthetic capability (xu and zhou. 2005 Prolonged water stress ¢

Ing the
ecreases

leaf water potential and stomatal opening, reduces leaf size, sup

DIresSses roc

growth, reduces seed number, size, and viability, delays flowerlng and
fruiting and limits plant growth and product|V|ty (Osakabeet al., 2014 Xu et al., 2016

ATherefore, plants have smartly evolved different mechanisms to minimize
consumption of optimal water resources and manage their growth till they

face adverse conditiongsakabest al., 2013.




How Do Abiotic Stresses Affect Plants2

A Exposure tolow or high light intensities diminishes physiological process and adversely
Influences ﬂrowth and development of plants. Excess light iInduces pheazidation that
Increases the production of highly reactive oxygen intermediates to manipulate biomolecules
and enzymesUnder severeconditions, loss in plant productivity is observedLi et al., 2009.

A Both freezing (cold)injury and/or high temperatureinjury are major cause of crop lossKoini et
al., 2009 Pareeket 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 supeicooling (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 @idfreezing temperatures by
Increasing their anti-freezing response within a short photoperiod, a process calledld
acclimation (Thomashow2019.

A Different levels ofacic badly influence solil nutrients and limit their ease of
availability due to which plants becomé nutrient deficient and lose their normal physiological
pattern of growth and development(Rorison 1986.

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

A Tolerance to salinitystress 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 physSiologically
active cells(Silva et al., 201D




Physiological and Molecular Responses of Plants Against Stresses

A Plants smartly sense, manage, maintain or escape changing environmental conditioRseir
perception to environmental stimuli and responses to abiotic stresses involve an interactive
metabolic crosstalkwithin diverse biosynthetic networks and pathways.

A Root architecture is thought to be more sensitive in sensing abiotic stimuli and reacting _
accordingly in the soils(khan M.A. et al., 201% It iIs @ complex phenomenon that involves dynamic ant
real-time changes at genetic, transcriptomigcan be expressed as the total RNA molecules produced by the genome «
cell, a tissue or an organisjp Cellular, metabolic and phySIOIOOQICBJ levelgAtkinson andUrwin, 2019).

A The foremostand 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 anc
phenotypic responses against stress@sishman et al., 1990AImogueraet al., 1995 Xu and Zhou, 2005

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

A Tolerance, defenser susceptibilityt o stresses is a dynamic eve
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 pathoge
(Rizhskyet al., 2004.

A 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 developmenBray et al., 2000

A Defense, repair, acclimatioand adaptationare the major components of resistance responses
toward stresses




Physiological and Molecular Responses of Plants Against Stresses

APlants are vulnerabte water stressEnvironmental changes likewatering(a

simple system to grow plants indoor. It is an artwork consisting of three ovules and a column made of ceramic as well
ingenious system to continuously recycle water in order to irrigate a small vegetable)@rd@]yCled water

conditions are created most frequently in the globally changing climatic conc
(Xu et al., 2011

AUnder severe water deficit conditions, peroxidation may be induced leading
negative impact on antioxidant metabolignm and Jiang, 2009xu et al., 201%

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

Aln roots, both drought and rewatering lead to high accumulation®fedn and

Jiang, 2009.
ADroughtresponses vary from plant to plant in terms of the activity of superox
dismutase enzyme that plays a central role in antioxidant metabaolisme:

al., 2015.




Physiological and Molecular Responses of Plants Against Stresses

A An elevated level of saligresent in the soil is detrimental to the plant cells, and different cells in a
tissue respond differently to the stresses caused due to salinityeseneland Pierik, 2008.

A Stressed cells irrespectiveegardiess)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 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 ?Iants by suppressing seed 8erm|nat|on and growth of the seedlings,
hamper senescence of the plants and finally cause deathicue and Hanson, 1990

A The role of Salt Overlé Sensitive (SOSJress signaling pathway consisting of three majorly
Involved proteins SOS1, SOS2, and SOS3 is well demonstraieésegawa et al.. 2000

ASaliRity conditions cause decrease Iin the levels of aromatic amino acids likesteine, arginineand
methionine

A Proline accumulation within the cells is a wellknown alleviation str_ate%y from salinity stresqmatysik
et al., 2003. Similarly, generation of nitric oxide (NO), activation of antioxidant enzymes and
compounds, modulation of hormones, accumulation aflycine betaineand polyolsare some other
changes within plants due to salinity stresgsupta and Huang, 201%

A This principally happens due to unavailability of water and mut”atiOncjdestroy)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

ADue to continued rise in giljobal temperatureheat stresss becoming an important
agricultural problem as it badly affects crop production.

ARising temperature has an adverse impact on morphanatomical, physiological,
biochemical and genetic changes in plants.

AA Iperfect 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., 200y.

AHeat affects plants at different developmental levels, and high temperature causes reduc
seed germination, loss in photosynthesis and respiration and decrease in membrane
permeabllity (xu et al., 201%.

AAlterations 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 (ROae some prominentresponses of plants against heat stress
Iba

AMitigation strategies in plants against heat stress involve activation of mechanisms that
support maintenance of membrane stability and induction of mitogetactivated protein
kinase (MAPK) and calcium-dependent protein kinase (CDPK) cascad&/ang and Li, 2005

ABesides, 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 stressvahid et al., 200y.




Physiological and Molecular Responses of Plants Against Stresges

AMultiple stress conditiongmpose more beneficial impacts on plants compared to that pos:
In |{)r_esence of individual stress alone. Combination of stresses ultimately reduce the
detrimental effect of each other thereby mcreasm(% the probability of better survival of
plants. Iver et al. (2013demonstrated that the cumulative impact ofifought and
accumulation of ozone (9 in plants resulted in better tolerance. The combined affect was
attributed to decreased values of stomatal conductance. Elevated concentrationefiuced
8Iutat_h|oneand ascorbic aciceffectively scaveng&OS thereby causing a considerable

rop in the total ROS content

AHowever, it is a difficult task to infer re_slponse pattern of a plant against any single stress
partlcularlk//lwh_en it is growing in the field from the cumulative impact of environmental
stresses. Multiple stresses occur simultaneously in field conditions and somplicated
mechanisms exist in the plants to copaep with rapidly fluctuating adverse situations.

A Although much efforts have been made to assegknt responses toward single stress
conditions (Rizhskyet al., 20022004 Mittler, 2006 Mittler and Blumwald, 20109 Alameda et al., 201:2Atkinson and
Urwin, 2012 Kasurinenet al., 2012 Srivastava et al., 203 PerezLopez et al., 203, 3Rivero et al., 2015 attempts to
assess the impact of combined stress conditions on crop plants under simulated laboratc
trials are limited.

AThis particularly limits our knowledge and understanding of plant responses to combined
streg_s{es and predictiorof cumulative stress tolerance mechanisms in laboratory or field
conditions.




Physiological and Molecular Responses of Plants Against Stresses

APhytohormonesre crucial for the plant growth and development but they critically play rc
the abiotic stresslerance (vaniet al., 2019.

AGene expression profiling revealed that prioritization of signals done by protein switghes
ever presenin biological signal transduction systems, enabling cells to sense and respond to a variety of molecular que

6 d i aniakapidk €pecific, and integrated fashjdike KinaseSenzymethat catalyze the transfer of phosphate groups
from highenergy, phosphatdonating molecule® specific substratées)ll_FS(stressreIated transcription factobsand G
proteins(also known as guanine nucleotilinding proteins, are a family of proteins that act as molecular switches insi
cells are mostly regulated by hormonespuydandHardtke 201% Yao et al., 2011

APlants typically channel their physiological resources toward adapting to abiotic stress w
%IO y

makes them more susceptible to biotic stresses like herbivory and diseasgatiaekal.,
2009 Hey et al., 201

AABA-dependent abiotic stress response pathways are predom®idierr defense pathways
rooted through salicylic acigasmonicacid or ethylene also trigger plants for abiotic stress
response. For example, triggeriR@ Sproduction to minimize loss during abiotic stress may
prevent plants fromiotrophicpathogeria-parasite that needs itsost to stay alive@ttack, but it makes
plants more pronge j i) far Mecrotrophic(a parasite that kills its host, then feeds on the dead natter
pathogens. The other hormone, JA is effective for defense responsasco
and a_ss_oua_ted to |SRtegratedStress Responsea cellularstress responseommon to all eukaryot)eby
beneficial microbesguvatila et al., 2019. Study of omicStechnologieshat measure some characteristic of a lar
family of cellular molecules, such as genes, proteins, or small metapbii@y help in understanding these
complex plaritmicrobe interactions and harvesting associated and linked understanding.




Increased reactive oxygen species production,
inactivation of photosynthesis, oxidation of proteins,
lipids, etc.

Increased synthesis and accumulation of
osmolytes, hydrophilic proteins
termination of growth

Stomatal closure, rolling of leaves, stress-responsive
enzymes, induction of osmolytes synthesis, responsible
for lowering water potential

Induction of acclimation, synthesis of
heat-shock proteins, induction of
protein repair mechanisms

Osmolytes synthesis, stress-
responsive enzymes-
detoxification, ion transporters Drought

Salinity \

| S e
Disturbed osmotic and ion Decreased photosynthesis, water
homeostasis, membrane damage, transport inhibition
nutrient imbalance

Higher transpiration, water deficiency,
elevated evaporation

Chilling &

cold

Generation of reactive oxygen radicals,
deposition of excess metal in vacuoles

Aerenchyma development |

Anaerobiosis, respiration in
mitochondria inhibited

Bioaccumulation, protein
damage

Inhibited photosynthesis, increased photo-
oxidation, elevated species generation

Decreased rate of biochemical reactions,
decreased CO, fixation, ice-crystal mediated
damage, free radical formation




Reactive Oxygen Species



Forms of Oxygenl

AMost of us think of oxygen as an essential componeot respiration and
wonderful product of photosynthesis.

AOxygen also has a dark siddn order to understand the dark aspect of
oxygen, weneed to understand its dangerous, mutant formdkeactive Oxyger
Species (ROS).

AAt mos pher i calsogalledtiplet oXydenin general does not oxidize
(remove electrongrom) organic substances. It is the stable form abxygen we
are familiar with. It has two unpaired electrons with parallel spins, and this
parallel spin prevents reactivity.

Aln general, in order to participate in chemical reactions with organic
molecules oxygen must be activated. Activation can occuhrough the
reversal of the spin of one of theinpaired electrons by absorption of energy
to form singlet oxyger{ O 1T ) .

ASinglet oxygeris very reactivewith many organic molecules and can be
Involved in divalent reduction (transfer of two electrons atonce). Activation
can also occur by adding electrons o O




Forms of Oxygen2

Al f an oxygen mo | dectwon, iebedo@es g ug @ ir W | o @ e This d

process issndothermic absorbing heatasio c c ur s . AL OO AT e S e
nydrogenperoxide (H®9, and if it gains three electronsjt forms a hydroxyl radical (HO).
Both of thesereactions are , releasing heat as theyake place

AThese altered forms of oxygen are capable ahrestricted oxidation (removal of electrons
from) of cellular components which can ultimately resultn cell death.

ACell death may occur due tgperoxidationof membrane lipids, oxidation of proteingnzyme
iInhibition, and nucleic acid damage

AROSalso act as signaling molecules in plants, leading tioe activation of metabolic
pathways for stressresistance.

AH®3s a particularly important ROSIt passeshrough membranes easily and is not
compartmentalizedwithin the cell.

AH®3Js also involved in theformation of many complex organic moleculesEven though
H®3s known to be very reactive, ialone is not that impressive.

AHowever, in the presencef a metal reductant (electron donor), itforms the highly reactive
hydroxyl radical which is the strongest oxidizing agent known.



Reactive Oxygen Species

Toxic Forms of Oxxgen

Singlet oxygen: 0,
Oxygen boosted to a higher-energy state; extremely reactive

Superoxide free radicals: O,

0, + 2H* Superoxide Dismutase H,0, +0,

-
L

Peroxide anion: 0,>
2H,0, Catalase ., 2H,0+0,
H,0, +NADH+H+_"eroxidase ., o

Hydroxyl radical (OH»)
« Result of ionizing radiation & incomplete reduction of hydrogen
peroxide;
« extremely reactive but danger averted in aerobes because of
catalase & peroxidase

Copyright © 2011 Pearson Education Inc.

Table 1 Examples of free radicals and reactive oxygen species

in plant cells

Name Formula
Diatomic oxygen 0,
Singlet oxygen '0;
Superoxide 0y
Hydroxyl OH"
Hydrogen peroxide H,0,
Transition metal atoms/ions Fe, Cu
Thiyl RS’
Peroxyl, alkoxyl RO;, RO*
Nitric oxide NO*
Peroxynitrite ONOO




v" Consequences of drought stress is the ROS production in the different
cellular compartments, in the chloroplasts, the peroxisomes and the
mitochondria.

There are basically four forms of cellular ROS-
singlet oxygen (102), superoxide radical (O2) hydrogen peroxide (H,0O.,)

and the hydroxyl radical (HO-), each with a characteristic half-life and an

oxidizing potential.

v" ROS can be extremely reactive,
especially singlet oxygen and the hydroxyl
radical, can oxidize multiple cellular
components like proteins, lipids, DNA, RNA

v Photorespiration generate H,O,
(in peroxisome). MITOCHONDRION




Cellular Activity of ROS

AThe reactions of ROS with cellular components@rlex.
Consideration must be given to:

the cellular component in question;
its locationwithin the cell;
the ROS interacting with it;
electrical charges;
membranes;
macromolecular binding; and

compartmentalizatioimild dissociatiorf @nZymes, substrates, and
catalysts.

AWhile theeffects of ROS at the cellular level are complex,
examining their general effects on lipids and protemphasizes
their potential impact on plants.



Cellular Activity of ROS (Lipid Peroxidation)

ALipids are an integral part of cellular membranesand are particularly important for
cellular compartmentalization and integrity

A Oxidation of lipids has been extensively studiesince they are extremely important in
the developmentof rancid ( b o z u andhundeyirable flavors in foodproducts.

AThe oxidation of lipids, more appropriately called lipid peroxidation, is the process in
whichf ree radicals O0steal 06 ethedpodimolecules catising m
damage.

APolyunsaturatedatty acidsare most vulnerablebecause they havenany double bonds
with intervening methylene(-C H-) groups with especially reactive hydrogens.

AThis process is a chain reaction event with an initiatiorpropagation, and termination.

AThe damage to the membrane is a reduction imtegrity and function, with cell death
often following. In addition, toxic end-products can bemutagenicand carcinogenic



Cellular Activity of ROS (Protein oxidation)

AOxidation of proteins results in changes in protein structure, which changes
function. Fragmentation of the peptide chain, altered electrical properties,
and increased susceptibility to proteolysi$the hydrolysis of proteins into peptides and amir
acids; especially as part of the digestion of fgodtiay alsooccur

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

AMost changesn a protein due to oxidation are not reversible.

ADNA is particularly sensitive to oxidation sinceany change in the molecule
can lead to enormoushuge)dysfunction.

ADeletions, mutations and other lethathanges in the DNA molecule occur
because obxidation.

ABoth the sugar and the base portions ahe molecule arealsosusceptible to
oxidation



Sources of ROS

AMany ROS are byproducts of photosynthesis ancespiration

Aln the light, most ROS come from chloroplasts and peroxisomes
while mitochondria produce most of the ROS formed in the dark

AThey are also produced duringabiotic stress, pathogen defense or normal
senescence.

AA normal rate of ROS production in cellsis2 4 0 Q'dAwhich includes around 0.5
O MH.O/s. Under stressful conditions productioncam ncr eas e t/sowith/ |
uptosrl 5 8.0

Alncreased ROS production can be caused rought, chilling, heat, high light,
desiccation,heavy metals, salt, ultraviolet (UV) radiation, nutrientdeficiencies, air
pollution (ozone and sulfurdioxide, SQ), pathogen attack, and mechanicadtress.

ASince ROS can be both beneficial (in the casé signaling for pathogen defense) an
harmful (as in protein or lipid oxidation), ROS levels must beprecisely regulated at
the cellular level.




ROS Production In Relation to Abiotic Stressors

Alr
Pollutants
Gases like O,
SO,, CO, NO,

Soil Salinity
Excess of Na*, K*
and CI ions

Drought 4 * Heavy Metals
Water deficit Al, Cd, Pb, Cu,
conditions ] Hg, As

High light intensity Biotic St
& Pests and Disease

High temperature



Herbicides and ROS

ASeveral of the herbicides widely used in agriculturéunction

viat

he production of ROS. Some planthave developed

resistance to these herbicides bwycreasing their ability to
scavenge for ROS.

AParaquatand diguat, both bipyridylium (also called as
viologen thatare toxic bi pyridinium derivatives of 4,4-

bipy

ridyl ) herbicides, are nonselective herbmdesapplled to

leaves inducing rapid wilting and leafdesiccation followed by
necrosis within 24 h(CaIderbank 1968).

A Bot

Injury.

N herbicides require lightand chlorophyll to induce
The first cellular signs of injury include chloroplast

Swe

ling, quickly followed by tonoplast andplasmalemma

breakdown.



Herbicides and ROS?2

AP a r a qtoxaity felies on its ability to very effectively generate ROS. When
anelectonisdonated to t he par aqg ul@Epyridgiummo
divalent cation), the free radicalp a r a g ia fartmediAn electron is
transferredf r om pata@aquowaxtygi n, regeamnat | |
superoxide radical.

AFurther reactions convertthe superoxide radicato a hydroxyl radical. The
el ectron donat ed t ocoindgsé&omahe prangryeetctron
acceptor InPSlI, ferredoxin. Since other reducing agents aralso effective
el ectron cont r 1 balidtherdivang arganisma sulgegtiodROS
damageare also injured by paraquat, and this includeshumans.

AResistance to paraqudias been generatetty a number of weed species
Including perennial ryegrass [Lolium perenng.

AThe resistancds the result of increasedROS scavengingenzymes




Herbicides and ROS

ASome herbicides, the and
work by causing the
accumulation of intermediates involvedn chlorophyll
production called

ALight energy is absorbed by thetetrapyrroles which Is then
used to creatdoxic singlet oxygen

ASincechlorophyll production is inhibited, the leavesbecome
bleached.

AWilting, desiccationand finally necrosissoon follow.
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Fig. 1: Increases in global surface O; concentration from 2000 to 2100.
Adapted from Prather et al. (2003)



Eliminating ROS-
AExcessive amounts of ROS must be eliminated froplant cells to avoid damage.

AThis is accomplisheckither through direct elimination via specific metabolic
pathways or by avoiding or preventing theirproduction in the first place.

AThe major ROS scavengers in plants are enzymésat include superoxide dismutas
(SOD), ascorbate peroxidase (AP>and catalase (CAT)

ATheir balance and activity isimportant in regulating the levels of superoxide
radicals and H O . Theavysmetalaoh sequestatian u p
Important for avoiding the formation of the highly toxic hydroxyl radical.

AThe most effective enzymatic antioxidant iSOD, which is found in all cells

Alts activity depends on metal cofactors includingopper, zinc, manganese or iron

AAs the name impliesSODis responsible for thedismutation of the superoxide
molecule

ADismutation is a simultaneouseduction and oxidation of a substance to produce
two different products. Superoxide molecules ardismutedi nt o O and



Eliminating ROS-

(Ascorbate Peroxidase (APX) enzymes play a key role catalyzing the conversiofOgfrtio H,O, using ascorbate
as a specific electron dono8\l'e agroufp of enzymes responsiblefare duci ng
H O by transfetrromgHaO et ecasoonr ba

Aln the processdehydroascorbatis produced, which is reduced tascorbateat
the expense of creatingxidizedglutathione.

AThe oxidized glutathionds reduc:edusingI an electron fromnicotinamide
adenine dinucleotidgghosphate (NADPH).

AThe overallprocess s t he transfer of an el e
throuPh glutathione and ascorbate, reducingthed O t o H O a
harmless. This is calledhe glutathione-ascorbate cycland is important for
removing H O from plants.

ACATsare a%roup of enzymes withthe abilitgy o di smut at e H
O . (Cahade)s avery effective antioxidant enzyme: one moleculef CAT
can dismutate millions of moleculesofH O [/ mi n .

Aln addition to enzyme-mediated removal ofROS, antioxidants such as
ascorbic acid and glutathioneare important 1 n a pl ant 0s d e
oxidative stress.



Eliminating ROS-3
A Rather than scavenging ROS during stress conditionayvoiding their production in the first place isan

effective mechanism for avoiding damage.

A Somemechanisms that help reduce ROS production duringtress include anatomical, physiological and
metabolic adaptations.

A Anatomically, leaf curling in corn (Zeamays to reduce water loss duringdrought stress may also help
reduce ROS production.

A Physiologically C4 and CAM metabolisma |l t er 6énor mal 6 phot o sdditiondl seps s
Into carbon fixation. Thishelpspr event the transfer ©O® etlleaxtt raofntse
metabolism.

A The rearranging of the photosynthetic machinery in respons#o light quality and quantity represents a
molecularme chani sm t o bal ance éavailgbiity absorption with

A This prevents the production of excesslectrons under high light levels thus reducing théransfer of
el ectrons to O

A The production of ROS in chloroplasts andmitochondria can be reduced by enzymes calletliternative
Oxidases (AOX)These enzymeshannel electrons flowing through electrortransport chains of
photosynthesis and respiratiot o O producing water instead of

A The levels of ROS are decreased in two ways)pyp r o d u ¢
f u

ng watler amdat (elaidiheo
| ev el of O a v O prazlirctioe. f or t

i
rt her R



ROS and Plant Defense

AROS are a key cellular signal to the plant that it isinder attack by a pathogen. As a pathogen
attacks a plant, ROS are produced in plant cells througlenhanced activity of plasmamembrane
bound NADPH oxidases, amine oxidases located in tla@oplast, and peroxidases bound to the cel
wall.

AH s produced during this response and seents diffuse into cells and along with the plant
hormone salicylic acid, activates many of the plandefenses against the pathogen.

A Salicylic acid at the same time suppresséise activity of ROS-scavenging enzymes, allowing ROS
levels to increase indicating the attack. Withouthis reduction in ROS-scavenging activity, ROS
levels could never reach a level needed to signal theed for defense.

A The function of ROS is very different during abiotic attack compared with an abiotic attack.

A During the biotic attack, defenses are signaled viaccumulated ROS while during an abiotic stress
Increased ROS levels summorfcall) ROS scavengers talecrease high levels of ROS produced
during the stress.

A But what happens if a plant comes under &iotic attack while undergoing an abiotic stressuch as
drought? Plants that are under an abioticstress before or during a biotic attack generallydevelop
less resistance to the biotic attack thaplants not under an abiotic stress before or duringhe
attack.



Plant Antioxidants



Ascorbic Acid

AVitamin C (L-ascorbic acid, ascorbaté$ plentiful in plant tissues
t has received muchattention as an important human nutrient.

However, little attention has been given to its importance implant
nealth.

AAscorbate which is directly producedthrough conversion of D.glucose,
IS an important plant antioxidant, found mostly in the chloroplast,
directly scavenging free radicals to minimize oxidativestress in plants

AAscorbateis also capable of indirect ROS scavenging by reducing
(adding an electron to)tocophero) which in its reduced form is a ROS
scavenger.

AMuch of ascoqdtas lodalized within the chloroplast, wheret
scavenges H O

Aln addition, ascorbatemay alsobe important for cell wall biosynthesis



Glutathione

AGlutathione a tripeptide, has antioxidant functiondue to thesulfydryl group
of cysteine, one of théhree amino acids which form the molecule. Most
glutathione exists in the reduced form, in the chloroplasand cytosol, and its
concentration declines withtissue age

AGlutathione can effectively react with singletoxygen, superoxide and
hydroxyl radicals, functioning directly as a ROS scavenger.

AGlutathionemight also help protect membrane integrity by gettingid of
products of lipid peroxidation. It is alsothe reducing agent during recycling
of ascorbatefrom its oxidized to its reduced form.

AGlutathionealso has other cellular functionsesides acting as a ROS
scavenger: () it appears tohelp in sulfur transfer from source to sink tissues;
(1) it helps detoxify xenobloticS(substances natormally found in an organism, or found in muck
higher than normal concentrations)(lll) It IS @ precursor to heavy metal binding chelate:
In plants; and (iv) it confers tolerance of corn Z. may3 plants to the
herbicide triazine.




U-Tocopherol

ATocopherols and particularly the most active U-tocopherol (vitamin
E), are a welkknown family of antioxidants located exclusively In
cell membraneS(Diplock et al., 1989; Fryer, 1992; Hesk993).

AThey are particularly effective in quenching(put out) singlet
oxygen and perOXide$<amal-EIdin and Appelqvist 1996).

ATocopherolsare found predominantly in plants in chloroplast
thylakoild membranes, thus leaves are a particularly riclsource.

AU-Tocopherolalso stabilizes membranes bgequesteringree fatty
acids which can act likedetergents disrupting membrane integrity.



Carotenoids

A Carotenoidsare 40-carbon isoprenoids anctetraterpeneslocated in plastids of all plant
cells.They are accessory pigments in chloroplasend also detoxify activated oxygen and
triplet chlorophyll that are produced during light harvesting in photosynthesis

AThe two classes of carotenoids includearotenesand xanthophylls

ACarot_enesare hydrocarbon carotenoidsand xanthophylisare derived from caroteneghat
contain one or more oxygen atoms.

ACarotenoids exist in the ground state or in one oftwo
excited states _
during light harvesting.

A Carotenoidsfunction as antioxidants in manyways They effectively terminate
lipid peroxidation chain reactions and therebyreduce damage to membranes by ROS.
They scavengesinglet oxygen and dissipatéhe energy as heatThis is particularly
Important when light levels areabove the saturation level and singlet oxygen @entiful.

ACarotenoi(_JIs,espe_ciaIIy [®ta-carotene, reactwith triplet or excited chlorophyll preventing
the formation of singlet oxygen.

AFinally, cycling of xanthophyll between two forms,violaxanthin and zeaxanthin,dissipates
excess energy formed bipoth photosystems | and |l



Proline

AProline, an amino acid, plays a highly beneficial role in plants
exposed to various stress conditions.

AProline is an effective antioxidant as well as an
Important (osmotic regulator) Though proline Is most often
associated withosmotic adjustment occurring during drought
stress, It Is also a potent ROS scavengey

ABesides acting as an excellent > proline plays three major
roles during stress, I.e.(l)as a metal chelator(ii) an anti-oxidative
defense molecule andii) a signaling molecule.

AProline is especially important in quenchingROS producedby
drought, salt or heavy metal stress.




Flavonoids

AFlavonoidsare a large family of over 5000
hydroxylated polyphenoliccompoundsfound especially
In leaves and flowerdhat carry out important functions
In plants, including attracting pollinating insects;
combating environmental stresseas powerful
antioxidants, such as microbial infection; and regulating

cell growth.

ATheir ring structure makes them particularly effective in
neutralizing ROS.

AFlavonoidsare alsoimportant in signaling resistance to
pathogensand may also act as feeding deterrents



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

Light Stress



Excess Light Inhibits Photosynthesis

Aln all plants, the light response curve for photosynthesiexhibits saturation kinetics as
llustrated In

AAt | ow i rr adi anas@milationhnereasesa linearlyavith aiCirease in
Irradiance.

AThe maximum initial slope of the photosynthetidight response curve under low, light
limiting conditions provides a measure of photosynthetic efficienaypeasured either as
mo l2es— o -CO pahsosti omi | aabt seodr bpeedr, or al t er
per photon absorbed if photosynthesis is measured ash e r at e 0 frigu®

AUpon further increases in irradiance, the rate ofphotosynthesis is no longer a linear
function of irradiance but rather levels off.

AAt these higher lightintensities, the rate of photosynthesis is said to bight saturated
( red shaded area.

AThe maximum light saturated rate is a measure of photosyntheticapacity and will
have the units of either moles o€ O assi mil| at esdolven per lead drea s
per unit time.



Excess Light Inhibits Photosynthesi<?

AConsequently, unddight-saturated conditions, the rate of photosynthesi®mes light
iIndependent, that is, the exposure pfant to higher irradiance no longer changes the rate
photosynthesis.

AUnder lightsaturated conditions, plartecome exposed to increasing levelsxfess light
(Figure 13.4, ), that is, they beconmexposed to more light than the plant c
use for photosynthesis.

Alf the plant continues to be exposed to higirat higher levels of excess light, the rate of
photosynthesibegins to decrease This is calf@mbtoinhibitionof photosynthesis and is defin
as thdight-dependent decrease in photosynthetic ratemiagtoccur whenever the irradiance
Inexcessofthatequi red ei t her f or t hathepnhaosyatseticn t
a=s Syimi ol ariaRon HoHE &0

AThere is a consensus in the literature thanast plants, PSIl is more sensitive to
photoinhibitionthan PSI.

AThe decrease in PSIl photochemical efficieiscysually paralleled by a decrease in
photosynthetie f f i ci ency of O B V-0 k= Ui 00 R=.

AA characteristic o€hronicphotoinhibitionis that it is only very slowlyeversible after plants
are shifted fromexcess light téow light.
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Frcure 134 A schemadc illustration of the response of photosynthesis to increasing
irradiance. (4) A model illustrating the interaction between photosynthetic linear
electron transport and the Calvin Cycle. (B) A schematic light response curve for
photosynthesis measured as either the rate of CO; assimilation or the rate of O;
evoludon. The area above the light response curve represents excess irradiance that
is not used in photosynthesis.
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Available light (umol photons m~s7")

Figure 1 Schematic representation of the utilization and dissipation of available light energy by photochemical or photoprotective mechanisms in sun-
and shade-plants exposed to various conditions. Photodamage occurs only when these photochemical and dissipative processes are exhausted. The
relative magnitude of each process s illustrated for a sun-plant growing in full sun, the same plant exposed to drought stress, a shade-plantgrowing in low
light in the understorey of a rainforest, a shade-plant exposed to a transient sunfleck and a shade-plant exposed to full sun as a result of a tree-fall gap.




Ultraviola Radiation and Damage

Types:
AThere are two types of UV radiation asJV-A (315400 nm) andUV-B (280-315 nm).
AUV-A is mainly photooxidative.

AUV-B is photooxidative and also causes photolesions in biomembranes.
Damage:

ABreaks down disulfide bridges

In:protein molecules.

AProducing thymine | groups of DNA-results In
defective transcription.

AXanthophyll cycle is disrupted by inhibiting the violaxanthine-deepoxidase.
UV damage can be identified by;

1) Changes in enzyme activity

2) Poor energy status of cells,

3) Lower photosynthetic yield,

4) Disturbed growth
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Heat Stress and Heat Shock



Plant Survival at High Temperatures

AMost tissues of higher plants are unable to survivextended exposure to
temperatures above 4BC. Non-growing cells or dehydrated tissues (e.g., see
and pollen) can survive much higher temperatures than hydrated, vegetative
growing cells

AActively growing tissuesrarely survive temperatures above ABC, but dry
seeds carendure 120°C, and pollen grains of some species camdure 70:C.
In general, only smglegelled eukaryotes carcomplete their life cycle at
temperatures above 58C, and only prokaryotes can divide and grow above
60AC.

AAs mentioned earlier, waterand temperature stress are interrelated; shoots c
most C3and C4 plants with access to abundant water supply amaintained
below 45C by evaporative cooling; if waterbecomes limiting, evaporative
cooling decreases and tissuemperatures increase. Emerging seedlings in
moist soilmay constitute an exception to this general rule. Theseedlings
may be exposed to greater heat stress than thasedrier soils because wet,
bare soll is typically darker and absorbs more solar radiation than drier soll.



TABLE 25.3
Heat-killing temperatures for plants

Heat-killing
temperature Time of

Plant (C") exposure
Nicotiana rustica (wild tobacco) 49-51 10 min
Cucurbita pepo (squash) 49-51 10 min
Zea mays (corn) 49-51 10 min
Brassica napus (rape) 49-51 10 min
Citrus aurantium (sour orange) 50.5 15—30 min
Opuntia (cactus) >65 —
Sempervivum arachnoideum 57-61 —
(succulent)
Potato leaves 425 1 hour
Pine and spruce seedlings 5455 5 min
Medicago seeds (alfalfa) 120 30 min
Grape (ripe fruit) 63 —
Tomato fruit 45 —
Red pine pollen 70 1 hour
Various mosses
Hydrated 42-51 —
Dehydrated 85-110 —

Source: After Table 11.2 in Levitt 1980.



High Leaf Tempretaure and Water Deficit Lead to Heat Stress

AMany CAM (Crassulacean Acid Metabolism¥ucculent higher plants, such as
Opuntiaand Sempervivumare adapted to high temperatures and can toleratessue
temperatures of 60 to 63C under conditions ofintense solar radiation in summer

BecauseCAM plants keep their stomata closed during the day, the?/
cannot cool by transpiration. Instead, they dissipate th@eat from incident solar
radiation by ré-emission of longwaveinfrared) radiation and loss of heat by
conductionand convection

AOn the other hand, typical, nonirrigated C3 and C4 plants rely ontranspirational
coollgg:to lower leaf temperatureln these plants, leaf temperature can readily rise
4 to above ambient air temperature in bright sunlightnear midday, when soll

water deficit causes partial stomatatlosure or when high relative humidity reduces

the potential for evaporative cooling. The physiological consequencebthese

Increases in tissue temperature are discussatthe next section.lncreases in leaf

temperature during the day can be pronouncean ]plants from arid and semiarid

regionsexperiencing drought and high irradiance from sunshine.

AHeat stress is also a potential danger in greenhouses, where laiwspeed and high
humidity decrease the rate of leaf c_oolmg% moderate degree of heat stress slows
growth of the whole ﬁlant. Some irrigated crops, such as cotton, usenspirational
cooling to dissipate heat. In irrigated cottongnhancedtranspirational cooling is
assoclated with higheragronomic yields.



Photosynthesis Is Inhibited at High Temperatures

ABoth photosynthesis and respiration are inhibited at hightemperatures, but
as temperature Increases, photosynthetiates drop before respiratory rates
The temperature at which the amount of CO¥ixed by photosynthesisgquals
the amount of CO2released by respiration,n a given time interval is called

the ¢cTemperatureCompensationPoint (TCPE.

AAt temperatures above theT CP, photosynthesis cannot replace the carbon
used as asubstrate for respiration. As a result, carbohydrate reservedecline,
and fruits and vegetables lose sweetness. This imbalarmgween
photosynthesis and respiration is one of theain reasons for thedeleterious
effects of high temperatures.

Aln the same plant the TCPis usually lower for shade leaves than for sun
leaves that areexposed to light (and heat). Enhanced respiration rates
relative to photosynthesis at high temperatures are more detrimentah C?3
prulzaind Siatiaht asmtiients G 0 rrate€ & hbth pldrkarasgirationb €
and photorespiration areincreased in G plants at higher temperatures




Acclimatization of Plants are Poor at Diverse Temperatures

AThe extent to which plants that are genetically adapted ta given
temperature range can acclimate to a contrastingemperature range Is
illustrated by a comparison of theresponses of two @ speciesAtriplex

sabulosafrostedorache, family Chenopodiacea@nd Tidestromia oblongifolia
(Arizona honeysweet, family Amaranthaceae).

AA. sabulosais native to the cool climate of coastal northeriCalifornia, and T.
oblongifolia is native to the very hotclimate of Death Valley, California,
where it grows in a temperatureregime that is lethal for most plant species.

AWhen these species were grown in a controlled environment artldeir growth
rates were recorded as a function of temperaturel. oblongifolia barely grew
at 16AC, while A. sabulosawas at 75% of its maximum growth rate.

ABy contrast, thegrowth rate of A. sabulosabegan to decline between Z&and
304C, and growth ceased at 4&C, the temperature at whichT. oblongifolia
growth showed a maximum Clearly, neither speciesould
acclimate to the temperature range of the other.



High Temperature Reduces Membrane Stability

A The stability of various cellular membranes is importantduring high-temperature stress, just as it is during
chilling and freezing.

A Excessive fluidity of membrane lipids at higitemperatures is correlated with loss of physiological function.
In oleander acclimation to high temperaturesis associated with a greater degree of
saturation of fatty acids in membrane lipids, which makes the membrandsss fluid

A At high temperatures there is a decrease in the strengtf hydrogen bonds and electrostatic interactions
betweenpolar groups of proteins within the agueous phase of themembrane.

A High temperatures thus modify membranecomposition and structure and can cause leakage of ians
Membrane disruption also causes thenhibition of processes such as photosynthesis and respiratitmat
depend on the activity of membraneassociatecelectron carriers and enzymez.

A Photosynthesis is especially sensitive to high temperature found that electrontransport
In photosystem Il was more sensitive to higtemperature in the coldadaptedA. sabulosahan in the heat
adaptedT. oblongifolia.

A In these plants therelated enzymeswere less stable at high temperatures iA. sabulosathan in T.
oblongifolia. However, the temperatures at which these enzyméggan to denature and lose activity were
distinctly higher than the temperatures at which photosynthesis began tiecline.

A These results suggest that early stages of haajury to photosynthesis are more directly related tochanges in
membrane properties and to uncoupling of theenergy transfer mechanisms in chloroplasts than to a genere
denaturation of proteins.



Several Adaptations Against High Temperatures

Aln 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 iIncreased energyabsorption can damage the leatf.

ABoth drought resistance and heat resistance depend time same
adaptations: reflective leaf hairs and leaf waxedeaf rolling and

vertical leaf orientation; and growth of small, highly ©
leaves to minimize the boun

ISsected

anjayer thickness and thus maximize

convective and conductivaneat loss Some desershru

ns-for

example, white brittlebush Enceliafarinosa, family Compositae) have
dimorphic leaves to avoidexcessive heating; Green, nearly hairless
leaves found inthe winter are replaced by white, pubescent leaves

INn the summer.



Plants Produce Heat Shock Proteins at High Temperatures

Aln respaonse to sudden, 5 to JAT rises in te_mperature,ﬁ/lants roduce a unique set
of ,oro eins referred to asHeatShock Protems(HSPs?}. ost HSPs function to help
cellswithstand heat stress by acting as molecular chaperonddeat stress causes
man?/ cell proteins that function asenzymes or structural components to become
un{_o _%Ied or misfolded, thereby leading to loss of proper enzyme structurand
activity.

ASuch misfolded proteing can cause such diseases as_ Al zhe
often aggregate and precipitatecreating serious problems within the cell.

AHSPs act as moleculachaperones and serve to attain a proper folding ahisfolded,
aggregated proteins and to prevenmisfolding of proteins. This facilitates proper
cell functioning at elevatedstressful temperatures.

AAlthough plant HSPs were first identified in response tsudden changes in
temperature f2_5 to 4C) that rarely occur in nature, HSPs are also induced by
more gradualrises in temperature that are representative of the natural
environment, and they occur in plants under field conditions.

ASome HSPs are found in normal, unstressed celd some essential cellular
proteins are homologous tdHSPs but do not increase In response to thermal stres:




Continued-

APlants and most other organisms make HSPs of differesizes in response to
tem8erature Increases The molecular masses of the HSPs range from 15
to 104kDa (kilodaltons), and they can be grouped into five classé&ssed on size.

ADifferent HSPs are localized to the nucleusnitochondria, chloroplasts,
endoplasmic reticulum, andcytosol. Members of the HSP60, HSP /70, HSP90, and
HSP100 groups act as molecular chaperones, mvolvm\gf'P-_dependent :
stabilization and folding of proteins, andthe assembly of oligomeric proteinga
orotein composed of two or more polypeptide chains

ASome HSPs assist igolypeptide transport across membranes into cellular
compartments.HSP90s are associated with hormone receptons animal cells and
n?aytbe required for their activation, but there is no comparable information for
plants.

ALow-molecular-weight (15 30 kDat) HSPs are moreabundant in higher plants than
In other organisms.Whereas plants contain five to six classes of lemolecular-
weight HSPs, other eukaryotes show only one class

AThe different classes of 1630 kDa molecular-weight HSPs §mHSPS in plants are
distributed In the cytosol, chloroplasts, ER and mitochondria. Théunction of these
small HSPs Is not understood.




Continued-

A Cells that have been induced to synthesizéSPsshowimproved thermal tolerance and
can tolerate exposure taemperatures that are otherwise lethal. Some of the are

not unique to high-temperature stress.

A They are alsoinduced by widely different environmental stresses or conditions,
Including water deficit, ABA treatment, wounding, low temperature, and salinity.

A Thus, cells previouslyexposed to one stress may gain cropsotection againstanother
stress. Such is the case with tomato fruits, in whicheat shock (48 hours at 3&) has
been observed to promote accumulation and to protect cells for 21 dayfrom

chilling at 2AC.

TABLE 25.4
The five classes of heat shock proteins found in plants

HSP class Size (kDa) Examples (Arabidopsis / prokaryotic) Cellular location

HSP100 100-114 AtHSP101 / ClpB, ClpA/C Cytosol, mitochondria, chloroplasts

HSP90 80-94 AtHSP90 / HtpG Cytosol, endoplasmic reticulum

HSP70 69-71 AtHSP70 / DnaK Cytosol/nucleus, mitochondria, chloroplasts
HSP60 57-60 AtTCP-1 / GroEL, GroES Mitochondria, chloroplasts

smHSP 15-30 Various AtHSP22, AtHSP20, AtHSP18.2, Cytosol, mitochondria, chloroplasts,

AtHSP17.6 / IBPA/B

endoplasmic reticulum

Source: After Boston et al. 1996.



A TF Mediates HSP Accumulation in Response to Heat Sho

AAll cells seem to contain molecular chaperones that amnstitutively expressed and

function like HSPs Thesechaperones are calleddeatShock CognateProteins (HSP70is a cell
fusion-enhancing factoy.

AHowever,when cells are subjected to a stressful, but nonlethhkat episode, the synthesis
of HSPsdramatically increaseswhile the continuing translation of other proteins is
dramatically lowered or ceases. This heat shock resporeepears to be mediated by a
Heat Shock Factor (HSF) that acts on the transcription ofHSP mRNAs In the absence of
heat stressHSF exists as monomersghat are incapable of binding to DNA and directing
transcription Stress causesISF monomers toassociate into trimers that
are then able to bind to specificequence elements in DNA referred to dseatShock
Elements(HSES).

AOnce bound to theHSE, the trimeric HSF is phosphorylated and promotes the
transcription of HSP mRNAs

AHSP70 subsequently binds t6é{SF, leading to thedissociation of theHSF/HSE complex,
and the HSF Is subsequentlyrecycled to the monomericHiSF form.

AThus, bythe action of HSF, HSPsaccumulate until they becomebundant enough to bind
to HSF, leading to the cessationf HSP mRNAproduction.



Heat stress
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FIGURE 25.11 The heat shock factor (HSF) cycle activates
the synthesis of heat shock protein mRNAs. In nonstressed
cells, HSF normally exists in a monomeric state (1) associ-

ated with HSP70 proteins. Upon the onset of an episode of
heat stress, HS dissociates from HSF which sugse-
uently trimerizes (2). Active trimers bind to heat shock
elements (HSE) in the promoter of heat shock protein (HSFP)
genes (3), and activate the transcription of HSP mRNAs

Heat shock element

Heat shock protein
mRNA

Heat shock
proteins
(HSP)

leading to the translation of HSPs among which are HSP70
(4). The HSF trimers associated with the HSE are phospho-
rylated (5) fadilitating the binding of HSP70 to the phos-
phorylated trimers (6). The HSP70 trimer complex (7) disso-
ciates from the HSE and disassembles and dephosphory-
lates into HSF monomers (8), which subsequently bind HSP
reforming the resting HSP70/HSF complex. (After Bray et
al. 2000.)



HSPs Mediate Thermotolerance

AConditions that induce thermal tolerance in plants closelynatch those that induce
the accumulation ofHSPS but that correlation alone does not prove thatiSPsplay
an essentiakole in acclimation to heat stress.

AMore conclusive experimentshow that expression of an activate#SF induces
constitutive synthesis oHSPsand increases theéhermotoleranceof Arabidopsis
Studies with Arabidopsisplants containingan antisense DNA sequence that reduce
HSP70synthesisshowed that the hightemperature extreme at whichthe plants
could survive was reduced by &2 compared with controls, although the mutant
plants grew normally at optimum temperatures(Lee andSchoeffl1996).

APresumablyfailure to synthesize the entire range oHSPs that are usually induced
In the plant would lead to amuch more dramaticloss of thermotolerance

AOther studieswith both Arabidopsismutants (Hong andVierling 2000)and transgenic
plants (Queitsch et al. 2000glemonstratethat at leastHSP101is a critical component of
both induced and constitutive thermotolerancan plants.



Role of Cytosolic Calcium in Heat Stress Adaptation

AEnzymes participating in metabolic pathways can have differentemperature
responses, and such differentiahermostability may affect specific steps In
metabolism beforeHSPscan restore activity by their molecular chaperone
capacity.

AHeat stress can therefore cause changes in metabolitgading to the
accumulation of some metabolites anthe reduction of others. Such changes
can dramatically alter the function of metabolic pathways and lead to
iImbalancesthat can be difficult to correct.

Aln addition, heat stress can alter the rate of metaboliceactions that consume
or produce protons, and it canaffect the activity of proton-pumping
that pump protons from the cytosol into theapoplastor vacuoles

AThis might lead to an acidification of thecytosol, which could cause
additional metabolic perturbations during stress.

ACells can have metabolic acclimatiomechanisms that ameliorate these
effects of heat stress ometabolism.



Continued...

AOne of the metabolic acclimations to heat stress is tlaecumulation of the
_ A).During episodes of heat stress,
accumulatesto levels six to tenfold higher than in unstressedolants.

IS synthesized from the amino acid tglutamate, in a single reaction
catalyzed by the enzyme

IS one of several enzymashose activity is modulated by the calcium
activated, regulatory protein (a CALcium MODULatedprotelN. It is abundant in the
cytoplasm of all higher cells Calcium-activated calmodulin activates GAD (Figure25.12)
and increases the biosynthesis rate of GAB&neddenet al. 1995).

Aln transgenic plants expressing the calciumsensing protein , It has been
shown thathigh-temperature stress increases cytosolic levels of calciuemd that
these increases lead to the calmodulmediatedactivation of and the high

temperature inducedaccumulation of GABA.

AAlthough GABA is an important signaling molecule inmammalian brain tissue,
there is no evidence that it function®s a signaling molecule in plants.

APossible functionsof GABA in heat stress resistance are under investigation.



Apoplast
pH -5.5

Cytosol
acidification

FIGURE 25.12 Heat stress causes a reduction in cytosolic
pH from the normal slightly alkaline value, probably by
inhibiting proton-pumping ATPases and pyrophosphatases
that pump protons across the plasma membrane or into the
vacuole. Additionally, heat stress effects a change in cal-
dum homeostasis inside the cell by affecting the influx of
calcium into the cytosol through either plasma membrane
or vacuolar calcium channels, or by action on efflux

ATFPases or proton cotransporters. This increase in cytosolic
calcium le to the activation of calmodulin (CaM), which
binds to glutamate decarboxylase (GADY) converting it from
the inactive to the active form. Glutamate conversion to v—
aminobutyric acid (GABA) is then accomplished consum-
ing protons in the process and mediating an increase in
E,"tu::ﬁn::-]ii: pH. CAX] and CAXZ are transport proteins, ACA:
aZ* ATlase.



Chilling and Freezing



Chilling & Freezing Terms

A 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.

A Among crops; maize,Phaseolusean, rice, tomato, cucumber, swegiotato, and cotton are chilling sensitive.
Passiflorg Coleus and Gloxinia are examples of susceptible ornamentals.

A When plants growing at relatively warm temperatures(25Ato 352C) are cooled to 1Ato 154C, chilling injury
occurs: Growth is slowed, discoloration or lesions appear oleaves, and the foliage looks soggy, as if soake:
In water for a long time. If roots are chilled, the plants may wilt.

A Species that are generally sensitive to chilling can shappreciable variation in their response to chilling
temperatures.Genetic adaptation to the colder temperatures associatedth high altitude improves chilling
resistance In addition, resistance often increases if plantare first hardened (acclimated) by exposure to
cool, butnon-injurious temperatures. Chilling damagethus can beminimized if exposure is slow and
gradual. Sudden exposureo temperatures near @C, calledcold shock greatly increases the chances of
Injury.

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

A In the discussion that follows we will examine howhilling injury alters membrane properties, how ice
crystalsdamage cells and tissues, and how ABA, gene expressiamg protein synthesis mediate acclimation
to freezing.



Chilling Injury Alter Membrane Properties

ALeaves from plants injured by chilling show inhibition of photosynthesis, slower
carbohydrate translocation, lowerrespiration rates, inhibition of protein synthesis,
and increased degradation of existing proteins. All of thesesponses appear to

depend on a common primary mechanisnmvolving loss of membrane function
during chilling.

AWhy are membranes affected by chilling? Plant membranesonsist of a lipid
bilayer interspersed with proteinsand sterols. The physical propertiesof the lipids
greatly influence the activities of the integramembrane proteins, includingH -
ATPasescarriers, and channelforming proteins that regulate the transport ahe

transport of ions and other solutes as well athe transport of enzymes on which
metabolism depends.

Aln chilling -sensitive plants, the lipids in the bilayer hava high percentage of
saturated fatty acid chains, and membranewith this composition tend to solidify
Into a semtcrystalline state at a temperature well above &. Keep inmind that
saturated fatty acids that have no double bondand lipids containing trans-
monounsaturated fatty acidssolidify at higher temperatures than do membranes
composedof lipids that contain unsaturated fatty acids.



Continued-

AAs the membranes become less fluid, their protein componertan no longer
function normally. The result is inhibition of H -ATPaseactivity, of solute
transport into and out of cells, of energy transductionand of enzyme
dependent metabolism. In addition, chilling sensitive leaves exposed to higr
photon fluxes andchilling temperatures are photainhibited, causing acute
damage to the photosynthetic machinery.

AMembrane lipids from chilling -resistant plants oftenhave a greater
proportion of unsaturated fatty acids thanthose from chilling-sensitive plants
and during acclimation to cool temperatures the activity of
desaturaseenzymes increases and the proportion of unsaturatdgids rises

AThis modification lowers the temperature at which the membrane lipids
begin a gradual phase change from fluid teemtcrystalline and allows
membranes to remain fluid atlower temperatures. Thus, desaturation of
fatty acids providessome protection against damage from chilling.



Continued-

AThe importance of membrane lipids to tolerance of loviemperatures has
been demonstrated by work with mutantand transgenic plants in which the

activity of particular enzymes led to a specific change in membrane lipid
compositionindependent of acclimation to low temperature.

AFor example, was transformed with a gene fromEscherichia coll
that raised the proportion of high-melting point (saturatedynembrane lipids.
This gene greatlyincreased the chilling sensitivity of the transformed plants.

ASimilarly, the fab1 mutants of have increasedevels of saturated
fatty acids, particularly 16:0 During a period of 3 to 4weeks at
chilling temperatures, photosynthesis and growtlwere gradually inhibited,
and exposure to chilling temperatureeventually destroyed the chloroplasts o

this mutant. At non-chilling temperatures, the mutant grew aswell as wild-
type controls did




TABLE 25.5
Fatty acid composition of mitochondria isolated from chilling-resistant and chilling-sensitive species

Percent weight of total fatty acid content

Chilling-resistant species Chilling-sensitive species
Major fatty acids? Cauliflowerbud  Turniproot  Peashoot  Beanshoot  Sweetpotato  Maize shoot
Palmitic (16:0) 213 19.0 128 240 249 283
Stearic (18:0) 1.9 1.1 29 2.2 2.6 1.6
Oleic (18:0) 7.0 12.2 3.1 38 0.6 46
Linoleic (18:2) 16.4 20.6 61.9 436 50.8 546
Linolenic (18:3) 494 449 13.2 243 10.6 6.8

Ratio of unsaturated to saturated
fatty acids 3.2 39 38 28 1.7 2.1

Shown in parentheses are the number of carbon atoms in the fatty acid chain and the number of double bonds.
Source: After Lyons et al. 1964.



Ice Cristal Formation and Protoplast Dehydration Kill Cells

A The ability to tolerate freezing temperatures under naturalconditions varies greatly among
tissues. Seeds, other partlgehydrated tissues, and fungal spores can be kept indefinitedy
temperatures near absolute zero (&, or 1 273AC), indicating that these very low temperatures are
not intrinsically harmful.

A Fully hydrated, vegetative cells can also retain viabilityf they are cooled very quickly to avoid the
formation of large, slowgrowing ice crystals that would puncture anddestroy subcellular
structures. Ice crystals that form during very rapid freezing are too small to cause mechanical
damage. Conversely, rapid warming of frozen tissue i®quired to prevent the growth of small ice
crystals into crystals of a damaging size, or to prevent loss of wateapor by sublimation, both of
which take place at intermediatetemperatures §{ 100/C to i 10AC).

A 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 icerystals.

A lce usually forms first within the intercellular spaces, and in the xylem vessels, along which the it
can quickly propagate. This ice formation is not lethal to hardyplants, and the tissue recovers fully
If warmed.

A However,when plants are exposed to freezing temperatures for aaxtended period, the growth of
extracellular ice crystalsresults in the movement of liquid water from the protoplastto the
extracellular ice, causing excessive dehydration



Supercooling & Ice Nucleation

ADuring rapid freezing, the protoplast, including the vacuole; >that
IS, the cellular water remains liguideven at temperatures several degrees
below its theoreticalfreezing point. Several hundred molecules are needed f
an ice crystal to begin forming. The process whereby thebseindreds of water
molecules start to form a stable ice crystak called yand it
strongly depends on theproperties of the involved surfaces. Some large
polysaccharidesand proteins facilitate ice crystal formation andare called

ASome ice nucleation proteins made by bacteria appeso facilitate ice
nucleation by aligning water moleculeslong repeated amino acid domains
within the protein.

Aln plant cells, ice crystals begin to grow from . and
the resulting, relatively large intracellular ice crystals cause extensive damas
to the cell and are usuallylethal.



Limitation of Ice Formation Contributes to Freezing Tolerance

A Several specialized plant proteins may help limit thgrowth of ice crystals by a norcolligative mechanisn® that
IS, an effect that does not depend on the lowering of tifieeezing point of water by the presence of solutes.

A Theseantifreeze proteinsre induced by cold temperatures, andhey bind to the surfaces of ice crystals to prevent
or slow further crystal growth.

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

A Plants and animals may use similar mechanisms to limite crystals: Acold-inducible gene identified in
Arabidopsishas DNA homology to a gene that encodes the antifrega®tein in fishes such as winter flounder.

A Sugars and some of the colihduced proteins are suspectetb havecryo-protective (cryo-= @A col do) e
stabilize proteins and membranes during dehydrationnduced by low temperature.

A In winter wheat, the greaterthe sucrose concentration, the greater the freezing tolerancBucrose predominates
among the soluble sugars associate@dth freezing tolerance that function in a colligativefashion, but in some
speciegaffinose, fructans, sorbitol, or mannitol serves the same function.

A During cold acclimation of winter cereals, soluble sugaraccumulate in the cell walls, where they may helgestrict
the growth of ice. Acryoprotective glycoprotein (CRP was a novel protein, as judged by the a different molecule r
from the alreadyknown cryoprotectantsand has an extremely higbryoprotectiveactivity) hasbeen isolated from
leaves of coldacclimated cabbageBrassicaoleraceq.

A In vitro, the protein protects thylakoids isolatedrom non-acclimated spinach Spinacia oleracepagainstdamage
from freezing and thawing.



Some Woody Plants Can Acclimate to Very Low Temperatures

AWhen in a dormant state, some woody plants arextremely resistant to low temperatures.
Resistance igletermined in part by previous acclimation to cold, butgenetics plays an important
role in determining the degreeof tolerance to low temperatures. Native species &frunus (cherry,
plum, and other stonefruits) from northern cooler climates in North America are hardier after
acclimation than those from milder climates. When the species were testembether in the
laboratory, those with a northern geographicdistribution showed greater ability to avoid
Intracellular ice formation, underscoring distinct genetic differencessurke and Stushnoff 1979).

A Under natural conditions, woody species acclimate toold in two distinct stagesWeiser 1970)

1. In the first stage, hardening is induced in the earlyautumn by exposure to short days and
nonfreezing chilling temperatures, both of which combine to stoggrowth. A diffusible factor that
promotes acclimation(probably ABA)moves in the phloem from leaves toverwintering stems and
may be responsible for thechanges. During this period, woody species also withdrawater from the
xylem vessels, thereby preventinthe stem from splitting in response to the expansioof water
during later freezing. Cells In this first stage of acclimation can survive temperatures wellelow 0C,
but they are not fully hardened.

2. In the second stage, direct exposure to freezing is teemulus; no known translocatablefactor can
conferthe hardening resulting from exposure to freezingWhen fully hardened, the cells can tolerate
exposureto temperatures ofi 50 toT 100AC.



Resistance to Freezing Temperature Involves
Supercooling & Slow Dedydration

A Acclimation to freezinginvolves the suppression of ice crystal formation at temperatures
far below the theoretical freezing point. Thisdeepsupercoolingis seen in speciesuch as
oak, elm, maple, beech, ash, walnut, hickory, rosehododendron, apple, pear, peach, and
plum (Burke andStushnoff1979).

ADeep supercoolinglso takes place in thestem and leaf tissue of tree species such as
Engelmannspruce Picea engelmann)iand subalpine fir (Abies lasiocarpagrowing in the
Rocky Mountains of Colorado.

AResistance to freezing is quickly weakened once growttas resumed in the springBecwar
et al. 1981).

AStem tissueof subalpine fir, which undergodeepsupercoolingand remain viable to below
1 352C in May, lose their ability to suppress ice formation in June and can be killed at
10AC.

ACells can supercool only to abouit40AC, at which temperatureice forms spontaneously.
Spontaneous ice formatiorsets the at which many alpine and

subarctic species that undergo deegpupercoolingcan survive.lIt also explains why the
altitude of the timberline in mountain ranges is at or near tha 40AC minimum isotherm.



Continued-1

AThe cell protoplast suppresses ice nucleation whemdergoing deepsupercooling
In addition, the cell wall actsas a barrier both to the growth of ice from the
Intercellular spaces into the wall, and to the loss of liquid water from thprotoplast

to the extracellular ice, which is driven by a steepapor pressure gradient(wisniewski
and Arora 1993).

A Many flower buds (e.g., grape, blueberry, peach, azaleand flowering dogwood)
survive the winter by deepsupercoollng and serious economic losses, particularly
peach, can result from the decline in freezing tolerance dhe flower buds in the
spring. The cells then no longesupercool, and ice crystals that form extracellularly
In the bud scales draw water from the apical meristem, killing thdloral apex by

dehydration.

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

AResistance tacellular dehydrationis highly developed in woody species that are
subject to averageannual temperature minima belowi 40AC, particularly species
found in northern Canada, Alaska, northern Europe, and Asia.




Continued-2

Alce formation starts ati 3 to 1 5AC in the intercellular spaces, where the crystals
continue to grow, fed by thegradual withdrawal of water from the protoplast,
which remains unfrozen.

AResistance to freezing temperaturedepends on the capacity of the extracellular
spaces taccommodate the volume of growing ice crystals and dhe ability of the
protoplast to withstand dehydration.

AThis restriction of ice crystal formation to extracellular spaces, accompanied by
gradual protoplast dehydration, may explain why some woody species that are
resistant tofreezing are also resistant to water deficit during the growingeason.

AFor example, species of willow§alix), white birch (Betula papyriferg, quaking
aspen Populus tremuloidek pin cherry (Prunus pensylvanicg chokecherry
(Prunus virginiana), and lodgepole pineRinus contortg tolerate very low
temperatures by limiting the formation of ice crystals to the extracellular spaces.

AHowever, acquisitionof resistance depends on slow cooling and gradual
extracellular ice formation and protoplast dehydration.

ASudden exposure to very cold temperatures before fudicclimation causes
Intracellular freezing and cell death.



Some Bacteria Living on Leaf Surfaces Increased Frost Damage

AWhen leaves are cooled to temperatures in the3 to 1 5AC range, the
formation of ice crystals on the surface (frost) imccelerated by certain
bacteria that naturally inhabit the leaf surface, such a®seudomonas syringa
and Erwinia herbicola, which act asice nucleators

AWhen artificially inoculated with cultures of these bacteria, leaves of frost
sensitivespecies freeze at warmer temperatures than leaves thate bacteria
free (Lindow et al. 1982).The surface icequickly spreads to the intercellular
spaces within the leafleading to cellular dehydration.

ABacterial strains can be genetically modified so that thelpse their ice
nucleating characteristics. Such strains havbeen used commercially in foliar
sprays of valuable frostsensitivecrops 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

A In seedlings of alfalfa Medicagosatival..), tolerance to freezingat i 10AC is greatly improved by previous
exposure tacold (4°C) or by treatment with exogenous ABMithout exposure to cold. These treatments cause
changes in thepattern of newly synthesized proteins that can be resolvaah two-dimensional gels. Some of
the changes are uniquéo the particular treatment (cold or ABA), but some of thenewly synthesized proteins
iInduced by cold appear to béhe same as those induced by ABA or byild water deficit.

A Protein synthesiss necessary for the development dfeezing tolerance, and several distinct proteins
accumulateduring acclimation to cold, as a result of changes in gemxpression (Guy 1999). Isolation of the
genes for these proteinseveals that several of the proteins that are induced bipw temperature share
homology with the RAB/LEA/DHN )
protein family.

A As described earlier in the sectioron gene regulation by osmotic stress, these proteiascumulate in tissues
exposed to different stresses, such asmaotic stress. Their functions are under investigation.

A ABA appears to have a role in inducing freezing toleranWéinter wheat, rye, spinach, andArabidopsis
thaliana are all cold-tolerant species, and when they are hardened by watshortages, their freezing
tolerance also increases. This tolerande freezing is increased at noracclimating temperaturesby mild
water deficit, or at low temperatures, either of whichincreases endogenous ABA concentrations in leaves.

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

A All these findings support a role gikBA in tolerance to freezing



Continued...

A Mutants of Arabidopsisthat are insensitive to ABA@bil) or are ABA deficient (abal) are unable to undergo
low-temperature acclimation to freezing. Only inabal, however,does exposure to ABA restore the abllity to
develop freezingtolerance (Mantyla et al. 1995)On the other hand, notall the genes induced by low
temperature are ABAdependent,and it is not yet clear whether expression of ABAnduced genes is critical
for the full development of freezingtolerance. For instance, research on the tolerance of rggowns to
freezing has found that the lethal temperaturd or 50 % of t h &2 tolSAL voncentrdlslgwn
at 25/C, 1 8AC for ABA -treated crowns, andi 28AC after acclimation at 2°C.

A Clearly exogenous ABAcan not confer the same freezingcclimation that exposure to low temperatures
does. Cellcultures of bromegrass(Bromusinermis) show a more dramaticnduction of freezing tolerance
when treated withABA: Whereas controls grown at 22C could survive toT 9AC, 7 days of exposure to ABA

improved the freezing toleranceo i 40AC (Gusta et al. 1996).

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

A The need for cool temperatures to induce acclimation tohilling or freezing, and the rapid loss of acclimatior
upon warming, explain the susceptibility of plants in the southerrUnited States (and similar climatic zones
with highly variable winters) to extremes of temperature in the wintemonths, when air temperature can

drop from 20 to 254C to below QXC in a few hours.



Numerous Genes are Induced During Cold Acclimation

AExpression of certain genes and synthesis of specific protei® common to both
heat and cold stress, but somaspects of colenducible gene expression differ from
that produced by heat stresgThomashow2001).Whereas during cold episodes the
S % Nt hest s of A ho(pmters emadp in thagabsence ab Str&ss) i AC
substantially down-regulated, during heat stress housekeepingrotein synthesis is
essentially shut down.

AOn the other hand, the synthesis of severakat shockoroteinsthat can act as
molecular chaperones is upregulated under cold stress in the same way that it Is
during heat stress. This suggests that protein destabilizatiaccompaniés both hea
and cold stress and that mechanism®r stablll_zm? protein structure during both
heat andcold episodes are important for survival.

A Another important class of proteins whose expressiois up-regulated by cold stress
IS the antifreeze proteinsAntifreeze proteins were first discovered in fishes that live
In water under the polar ice caps. As discussed earlighese proteins have the
ability to inhibit ice crystal growth in a non-colligative manner, thus preventing
freeze damagat intermediate freezing temperatures.

AAntifreeze ]protel_ns conferto agueous solutions the property ofhermal hysteresis
(transition from liquid to solid is promoted at a lowertemperature than is
transition from solid to liquid), and thus they are sometimes referred to asermal
hysteresigroteins (TH Pg)




Continued...

ASeveral types of coldnduced, antifreeze proteins havéeen discovered in coleéacclimated
winter-hardy monocotse.g Grasses\When the specific genes coding for these proteins
were cloned and sequenced, it was found that all antifreepeoteins belong to a class of
proteins such as=ndochitinases

and endoglucanases
,which are induced upon infection ofdifferent pathogens.

AThese proteins, callegpathogenesigelated(PR) proteinsare thought to protect plants
againstpathogens. It thus appears that at least in monocots, tltkial role of these proteins
as antifreeze and pathogenesi®lated proteins might protect plant cells against both cold
stress and pathogen attack.

AAnother group of proteins found to be associated witlosmotic stress arelso upregulated
during cold stress. This group includegroteins involved in the synthesis of

, proteins for membrane stabilization, and theLEA proteins

ABecause thdormation of extracellular ice crystals generates significanbsmotic stresses
Inside cells, coping with freezing stresalso requires the means to cope with osmotic stres


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

A Transcription Factor Regulates ColdInduced Gene Expression

A More than 100 genes are uegulated by cold stresBecausecold stress is clearly related to ABAesponses
and to osmoticstress, not all the genes upegulated by cold stress necessarilyeed to be associated with colc
tolerance, but mostlikely many of them are. Many cold stressinduced genes arectivated by transcriptional
activators calledC-repeat bindingfactors (CBF1, CBF2, CBF3; also called DREB1BDREB1c, and DREB1a,
respectivelyjShinozaki and YamaguchiShinozaki 2000).

A CBF/DREB1-typetranscription factors bind to CRT/DRE elements
It gene promotersequencesCBF/DREB1is involved in the coordinate
transcriptional response of numerous cold and osmotic stréssgulated genes, all of which contain the
CRT/DREelements in theirpromoters. CBF1/DREB1bis unique in that it is specificallyinduced by cold
stress and not by osmotic or salinity stressyhereas the DREbinding elements of theDREBZ2 type are
induced only by osmotic and salinity stresses and not by cold.

A The expression ofCBF1/DREB1bis controlled by a separatdranscription factor, called ICE (inducer of CBF
expression).ICE transcription factors do not appear to beinduced by cold, and it is presumed that ICE or ar
associatedprotein is posttranscriptionally activated, permitting activation of CBF1/DREL1RQL but the precise
signaling pathway(s) of cold perception, calcium signaling, and the activatiasf ICE are presently under
investigation.

A Transgenic plants constitutively expressin@BF1 havemore cold up-regulated gene transcripts than wild
type plants have, suggesting that numerous caldp-regulated proteins that may be involved in cold
acclimation are beingproduced in the absence of cold in thegseBF1 transgenicplants. In addition, CBF1
transgenicplants are more coldtolerant than control plants.



Water Stress
(Water Deficit & Drought Resistance)



Water availability in different
continents Vs population

Available water Population

Continents

(%) (%)
North America 15 8
South America 26 6
Islands 5 1
Europe 8 13
Africa 11 13
Asia 36 60

Source: Kannada Prabha daily news paper



Definitions

AWater stressnay arise through either anexcess ofvateror a

AAn example of excess watds flooding which is most commonly amxygen
stress due primarily to reduced oxygen supply tahe roots. Reduced
oxygen in turn limits respiration, nutrient uptake, and other critical root
functions.

AStressdue to IS far more common, so much sthat the correct
term is usually shortened to simply

AWe will focus onwater deficit stress in this chapter. Because water stress
natural environments usually arises due to lack ofainfall, a condition
known asdrought, this stress isoften referred to asdrought stress

Aln the laboratory, water stress can be simulated by allowing
transpirational loss from leavesa condition commonlyreferred to as
desiccation stress



Water Stress Leads to Membrane Damage

ADamage resulting from water stress is related to thdetrimental effects of
desiccation on protoplasm

ARemoval of water, for example, leads to an increase solute concentration as the
orotoplast volume shrinks, which may itself have serious structural andnetabolic
conseguences.

AThe mtedgrlty of membranesand proteins is also affected by desiccation, which In
turn leads to metabolic dysfunctions, Stresses mater the lipid bilayer and cause
the displacementof membrane proteins, which, together with solut aka?e,
contributes to a loss of membrane selectivity, general disruption of cellular
compartmentation, and aloss of activity of membranebased enzymes.

Aln addition to membrane damage, numerous studielsave shown that cytosolic and
organellar proteins may underé:;o substantial loss of activity or even complete
denaturation when dehydrated.

ALoss of membranentegrity and protein stability may both be exacerbatedy high
concentrations of cellular electrolytegshat accompany dehydration of protoplasm.

AThe consequencef all these events is general disruption ofmetabolism in the cell
upon rehydration.




Photosynthesis Is Particularly Sensitive to Water Stres

A Photosynthesis can be affected by water stress in tways. First, closure of the stomata normally
cuts off access of the chloroplasts to the atmospheric supply cdrbon dioxide. Second, there are
direct effects of lowcellular water potential on the structural integrity of the photosynthetic

machinery.

A Direct effects of low water potential on photosynthesisave been studied extensively in
chloroplastsisolated from sunflower leaves subjectedo desiccation. Sunflower
has proven useful forthese studies because stomatal closure has only a miedfiect on
photosynthesis. This is because direct effeatsm the photosynthetic activity of chloroplasts decreas
the demand for CO and renmams rélabvely high.\BatH electrans | d e
transport activity and photophosphorylation are reduced in chloroplastssolated from sunflower
leaves with leaf water potential®elow about-1.0 MPa. These effects reflect damage the
thylakoid membranes and ATP synthase proteifCFO0-CF1) complex.

A The direct effects of water stress on photosynthesise exacerbatedoy the additional effects of
light. Sincewat er stress 1 nhibits CQaterstress wilhexgose plants tt
excess light. Thdight absorbed by the photosynthetic pigments of théeaf continue to absorb light
but this absorbed lightenergy can not be processed because photosynthetiectron transport is
Inhibited. Thus, a concomitanteffect of exposure of plants to a water deficit is chronic

photoinhibition.



Stomata Respond to Water Deficit

A Plants are often subjected to acute water deficits due torapid drop in humidity or increase in temperature
whena warm, dry air mass moves into their environmentThe result can be a dramatic increase in the vapor
pressure gradient between the leaf and the surroundingir. Consequently, the rate of transpiration increases

A An increase in the vapor pressure gradientill also enhance drying of the soil. Because evaporati@tcurs at
the soil surface, the arrival of a dry air massas particular consequences for the uptake of water bghallow-
rooted plants.

A Plants generally respond to water stress by closirtgeir stomata in order to match transpirational water loss
through the leaf surfaces with the rate at which watecan be resupplied by the roots. It has been shown in
virtually all plants studied thus far, including plants fromdesert, temperate, and tropical habitats, that
stomatal opening and closure is responsive to ambient humidity.

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

A The guard cells may thus respond directly to the vapor pressurgradient between the leaf and the atmosphere.

A Closure of the stomata by direct evaporation of water from theguard cells is sometimes referred to as
hydropassivelosurewhich requires no metabolicinvolvement on the part of the guard cells; guarctells
respond to loss of water as a simplesmometer



Continued-1

AStomatal closure is also regulated bijydroactiveprocesses.

AHydroactiveclosureis metabolically dependentand involves essentially a reversal c
the ion fluxesthat cause opening

AHydroactiveclosureis triggered by decreasing water potential in the leaf mesophyll
cells and appears to involve abscisic acid (ABA) anather hormones.

ASince the discovery of ABA in the latd960s, it has been known to have a promine
role in stomatal closure due to water stress. ABA accumulat@s water-stressed
(that Is, wilted) leaves and externaapplication of ABA is a powerful inhibitor of

stomatal opening.
AThe precise role ofABA in stomatal closure in waterstressed whole plant$as,

however, been difficult to deciphemwith certainty. This is because ABA Is
ubiquitous, often occurring in high concentrations in nonrstressed tissue.

AAlso, someearly studies indicatethat stomata would begin to closéefore increases
iIn ABA content could be detected.



Continued-2

Aln most well-watered plants, ABA appears to besynthesized in the
cytoplasm of leaf mesophyll cells buthecause of intracellular pH

gradients, ABA accumulatedan the chloroplasts(rigure 13.9).

AAt low pH, ABA existsin the protonated form ABAH, which freely
permeatesmost cell membranes. The dissociated forrA B A s
Impermeant; because it is a charged molecule it doe®t readily cross

membranes.

AThus, ABAH tends todiffuse from cellular compartments with a low pH
Into compartments with a hldqherpH. There, some of itdissociates to
A B A and becomes trapped.

Alt is well established that in active(ljy hotosynthesizing mesophyklls
the cytosol will be moderately aci |c§)H 6.0 to 6.5while the chloroplast
stroma iIs alkaline (pH 7.5 to 8.0)

Alt has been calculated that if thestroma pHis 7.5and cytosolic pH is 6.5
the concentration of ABA in the chloroplasts will be about tenfold highet

than in the cytosol.




Ficune 13.9 ABA storage in chloroplasts.
In the light, photosynthesis drives protons
into the interior of the thylakoid, creating
a pH gradient between the stroma and the
cytosol. The pH gradient favors movement
of ABAH into the chloroplast, where it dis-
sociates to ABA~. The membrane is less
permeable to ABA™. In the dark, protons
leak back into the stroma, the pH gradient
collapses, and ABAH moves back into the

cytosol.




Continued-3

AAccording to the current model, the initial detectionof water stress in leaves is related to
its effects onphotosynthesis.

Alr]hibition of electron transport and photophosphorylation inthe chloroplasts would
disrupt proton accumulation in the thylakoid lumen and lower the stromapH.

A At the same time, there is an increase in the pH of trepoplastsurrounding the mesophyll
cells.

AThe resulting pH gradient stimulates a release of ABA from the mesophytells into the
apoplast where it can be carried in thetranspiration stream to the guard cells(Figure 13.10).

AJust how ABA controls turgor in the guard cellsremains to be determined.

AEvidence indicates that ABAdoes not need to enter the guard cell, but acts instead tre
outer surface of the plasma membrane.

APresumablyABA interacts with the high-affinity binding sites on the plasma membrane
although the existencef such sites has yet to be confirmed.

ANonethelessthere are strong indications that ABA interferes withplasma membrane
proton pumps and, consequently, thet pt ake of K , o reffluxifran thei
guard cells. Either way, the guard cells will lose turgoneading to closure of the stomata.
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Frcune 1310 ABA movement in the apoplast. ABA syn-

thesized in the roots is carried to the leaf mesophyll cells
(heavy arrows) in the transpiration stream (light arrows).
ABA equilibrates with the chloroplasts of the photosyn-

thetic mesophyll cells or is carried to the stomatal guard
cells in the apoplast.

Ficure 13,11 An experimental setup for testing the
effects of desiccated roots on ABA synthesis and stom-
atal closure. Roots of a single plant are divided equally
between two containers. Water supplied to one container
maintains the leaves in a fully turgid state while water is
withheld from the second container. Withholding water
from the roots leads to stomatal closure, even though the
leaves are not stressed.



Continued-4

A As noted above, wilted leaves accumulate largpiantities of ABA.
A In most cases, however, stomatalosure begins before there is any significant increase the ABA concentration.

A This can be explained by theelease of storedABA into the apoplast, which occursearly enough and in sufficient
guantity -the apoplastconcentration will at least doubleto account for initial closure.

A Increased ABA synthesis follows and serves tprolong the closing effect.

A In some cases it appears that the stomata closeresponse to soil desiccation before there is any measurable
reduction of turgor in the leaf mesophyll cellsSeveral studies have indicated a feefdrward control system that
originates in the roots and transmits informationto the stomata.

A In these experiments, plants argrown such that the roots are equally divided betweetwo containers of soil
(Figure 13.11).Water deficits can then be introduced by withholding water fromone container while the other is
watered regularly. Control plants receive regular watering of both containersStomatal opening along with factors
such asABA levels, water potential, and turgor are comparedetween haltwatered plants and fully watered
controls. Typically, stomatal conductance, a measure of stomatapening, declines within a few days of
withholding water from the roots, yet there is nomeasurable change in water potential or loss of turgan the
leaves.

A Furthermore, ABA is readily translocated from roots to the leaves in the transpiratiorstream, even when roots are
exposed to dry air.

A Theseresults provide reasonably good evidence th#BA is involved in a kind of early warning system that
communicatesinformation about soil water potential to theleaves.
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Dought Resistance Strategies Vary with Climatic and Soil Conditions

AWater deficit can be defined as any water content oftissue or cell that is below the
highest water content exhibitecat the most hydrated state. When water deficit develops
slowly enough to allow changes in developmentpfocesses, water stress has several effe
on growth, oneof which is a limitation in leaf expansion. Leaf area ismportant because

photosynthesis is usually proportionalo it. However, rapid leaf expansion can adversely
affect water availability.

Alf precipitation occurs only during winter and spring, and summers are dry, accelerated
early growth can lead tolarge leaf areas, rapid water depletion, and too little residuaoll
moisture for the plant to complete its life cycle. Irthis situation, only plants that have
some water availablefor reproduction late in the season or that complete the lifeycle
qguickly, before the onset of drought (exhibitingdrought escapk will produce seeds for the
next generation.Either strategy will allow some reproductive success.

AThe situation is different if summer rainfall is significant but erratic. In this case, a plant
with large leaf area, or onecapable of developing large leaf area very quickly, is better
suited to take advantage of occasional wet summers. Oaeclimation strategy in these
conditions is a capacity forboth vegetative growth and flowering over an extendegderiod.
Such plants are said to bendeterminatein their growth habit, in contrast to determinate
plants, which develop preset numbers of leaves and flowgover only very short periods.



Decreased Leaf Area Is an Early Adaptive Response to Water Defici

A Typically, as the water content of the plant decreases, itells shrink and the cell walls relaxThis decrease in
cell volume results in lower turgor pressureand the subsequent concentration of solutes in the cellkhe
plasma membrane becomes thicker and more compressbédcause it covers a smaller area than before.

A Because turgor reduction is the earliest significant biophysicaffect of water stress, turgordependent
activities such as leaf expansion and root elongation are the mastnsitive to water deficits (Figure 25.1).

A Cell expansion is a turgordriven process and isextremely sensitive to water deficit. Cell expansion is
described by the relationshipGR=m(Yp 1 Y where GRis growth rate, Yp is turgor, Y is the yield threshold
(the pressure below which the cell wall resists plastioy nonreversible, deformation), andm is the wall
extensibility (the responsiveness of the wall to pressure).

A This equation shows that a decrease in turgor causesiacrease in growth rate. Note also that besides
showingthat growth slows down when stress reduceép, Equation 25.1shows thatYp need decrease only to
the value ofY, not to zero, to eliminate expansion. In normal conditionsy is usually only 0.1 to 0.2 MPa less
than Yp, so smalldecreases in water content and turgor can slow down dully stop growth.

A Water stress not only decreases turgor, but alstecreasesn and increasesy. Wall extensibility (m) is
normally greatest when the cell wall solution is slightly acididn part, stress decreasesi because cell wall
pH typically rises during stress. The effects of stress ofhare not wellunderstood, but presumably they
iInvolve complex structuralchanges of the cell wall that may nabe readily reversed after relief of stress.

A Water-deficient plants tend to become rehydrated at night, and as a reswustubstantial leaf growth occurs at
that time. Nonethelessbecause of changes im and Y, the growth rate is still lowerthan that of unstressed
plants having the same turgor(Figure 25.1).



Continued...

ABecause leaf expansion depends mostly on cell expansibie, principles that
underlie the two processes are similainhibition of cell expansion results in a
slowing of leafexpansion early in the development of water deficits. Themaller
leaf area transpires less water, effectively conservirgylimited water supply in the
soll over a longer period.Reduction in leaf area can thus be considered a first line
of defense against drought.

Aln indeterminate plantswater stress limits not only leagize, but also leaf number,
because It decreases both thmumber and the growth rate of branches. Stem
growth hasbeen studied less than leaf expansion, but stem growthpsobably
affected by the same forces that limit leaf growtlduring stress.

AKeep in mind, too, that cell and leaf expansion alstepend on biochemical and
molecular factors beyondthose that control water flux. Much evidence supports the
view that plants change their growth rates in response tstress by coordinately
controlling many other important processes such as cell wall and membrane
biosynthesis, celldivision, and protein synthesisBurssens et al. 2000).
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FIGURE 25.1 Dependence of leaf expansion on leaf turgor.
Sunflower (Helianthus annuus) plants were grown either
with ample water or with limited soil water to produce
mild water stress. After rewatering, plants of both treat-
ment groups were stressed by the withholding of water,
and leaf growth rates (GR) and turgor (W) were periodi-
cally measured. Both decreased extensibiﬁty (m) and
increased threshold turgor for growth (Y) limit the leaf’s
capacity to grow after exposure to stress. (After Matthews
et al. 1984.)



Water Deficit Stimulates Leaf Abscission

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

Alf plants become water stressed aftera
substantial leaf area has developed, leaves
will senesce and eventually fall off .

ASuch a leaf area adjustmentis an important . . |«%
long-term change that improves the x OE O U :|&%
fitness Iin a water-limited environment .

Alndeed, many drought -deciduous, desert
plants dro? 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.

AAbscission during water stress results largely
from enhanced synthesis of and
responsiveness to the endogenousplant
hormone ethylene.




Water Deficit Enhances Root Extansion into Deeper & Moist Soll

AMild water deficits also affect the development of the roasystem. Rootto-
shoot biomass ratio appears to be governday a functional balance between
water uptake by theroot and photosynthesis by the shoot

ASimply stated,

AThis functional balance is shifted ifthe water supply decreases.

AAs discussed already, leaf expansion is affected vesirly when water uptake
IS restrited, but photosyntheticactivity is much less affected.

Alnhibition of leaf expansionreduces the consumption of carbon and energy;,
andagreater proportion of the ptothat
root system, where they can support furtheroot growth. At the same time,
the root apices in dry soillose turgor.




Continued...

AAIl these factors lead to a preferential root growth intathe soil zones that
remain moist. As water deficits progressthe upper layers of the soil usually

dry first.

Thus, plants commonly show a mainly shallow root system when al

soll layers are wetted, and a loss of shallow roots and proliferatiaof deep

roots as
soll can

water in top layers of the soil islepleted. Deeper root growth into we
be considerec second line of defense against drought.

AEnhanced root growth into moist soil zones during stresequires allocation
of assimilates to the growing root tipsDuring water deficit, assimilates are

directec

to the fruits and away from the roots For this reason the enhanced

water uptake resulting from root growth is less pronounced Iin reproductive

plants than in vegetativeplants.
ACompetition for assimilates between roots and fruitss one explanation for

the fact
reprodu

that plants are generally moresensitive to water stress during
ction.
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Water Deficit Increases Resistance to LiquidPhase Water Flow

AWhen a soil dries, its resistance to the flow of watencreases very sharply,
particularly near the permanent wiltingpoint. At the permanent wilting point
plants cannot regainturgor pressure even Iif all
transpiration stops. Because of the very large soll resistance to watBow,
water delivery to the roots at the permanent wiltingpoint is too slow to allow
the overnight rehydration of plants that have wilted during the day.

ARehydrationis further hindered by the resistance withinthe plant, which has
been found to be larger than the resistanceithin the soil over a wide range
of water defiCits (Blizzard and Boyer 1980).

ASeveral factors may contributeto the increased plant resistance to water flow
during drying. As plant cells lose water, they shrink. When rootshrink, the
root surface can move away from the soil particlethat hold the water, and
the delicate root hairs maybe damaged.

Aln addition, as root extension slows duringoil drying, the outer layer of the
root cortex (ihe hypodermispften becomes more extensively covered withiberin,
a water-impermeable lipid, increasing theresistance to water flow.




Continued...

AAnother important factor that increases resistance tavater flow is cavitation, or
the breakage of water columnsinder tension within the xylem.

ATranspirationf r om | eaves fApul | s 0bywreating g tertsibnr o
on the water column. The cohesivéorces that are required to support large
tensions are presenonly in very narrow columns in which the wateradheres to
the walls.

ACavitationbegins in most plants at moderate watepotentials (i 1 toi 2 MPa),and
the largest vesselsavitatefirst. For example, in trees such as oak the
large diameter vessels that are laid down in the spring functiomas a low
resistance pathway early in the growing seasomhen ample water is available.

AAs the soil dries out duringthe summer, these large vessels cease functioning,
leaving the smalldiameter vessels produced during the stregzeriod to carry the
transpiration stream.

AThis shift haslonglasting consequences: Even if water becomes available, the
original low-resistance pathway remains.



Water Deficit Increases Wax Deposition on the Leaf Surface

AA common developmental response to water stress is theduction of a
thicker cuticle that reduces water loss fronthe epidermis (cuticular
transpiration).

AAlthough waxes aredeposited in response to water deficit both on the
surfaceand within the cuticle inner layer, the inner layer may bemore
Important in controlling the rate of water loss Iin waysthat are more
complex than by just increasing the amounbf wax present.

AA t hicker cut i clpermeabilgyobutdeafcr eas e
photosynthesis remains unaffected because the epiderntallls
underneath the cuticle are norphotosynthetic.

ACuticular transpiration, however, accounts for only 5 t010% of the total
leaf transpiration, so it becomes significanonly if stress Is extremely
severe or If the cuticle has beedamaged (e.g., by winelriven sand).




Osmotic Stress Induces CAM Iin Some Plants

ACrassulacearicid Metabolism(CAM) is a plant adaptationin which
stomata open at night and close during the day he leafto-air vapor
pressure differencethat drives transpiration is much reduced at night,
when both leaf and air are cool.

AAs a result, the wateruseefficiencies of CAM plants are among the
highest measuredA CAM plant may gain 1 g of dry matter for only 125
g of water used a ratio that is three to five timesgreater than the ratio
for a typical plant.

ACAM is very prevalent in succulent plants such as cackome succulent
species display facultative_AM, switchingto CAM when subjected to
water deficits or saline conditions This switch in metabolism is a
remarkable adaptation to stress, involving accumulation ofhe enzymes
phosphoenolpyruvate (PEP) carboxylase pyruvaierthophosphate
dikinase, and NADP malic enzyme, among others.



Physiological Responses

DROUGHT STRESS
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Recognition of root
signals
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Reduced leaf water
potential (y)

Decrease in stomatal
conductance o CO,

Reduced internal
CO5 concentration

Decline in net
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Biochemical Responses

Transient decrease in
photochemical efficiency

Decreased efficiency of
Rubisco
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stress matabolites hike
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Pro, Glyber, Polyamines,

and e=tocopherol

Increase in antioxidative
enzymes like, SOD, CAT,
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Reduced ROS accumulation

Molecular Responses

Stress responsive gene
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Increased expression in
ABA hiosynthetic genes

Expression of ABA
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Synthesis of specific
proteins like LEA, DSP,
RAB, dehydrins

Drought stress tolerance

Physiological, biochemical and molecular basis of drought stress tolerance in plants, Shao et al.
(2008). Comptes Rendus Biologiles, 331:215-225 ©2008, Elsevier Limited, UK




Soll Related Stressors



Tl

| Receptt;;sISensors |

-

[ Ca’*j[ pH ] [ROS/RES] {Phospholipid% [Osmoﬁc potential]

Transcription Factors ] Kinases-Phosphatases J
WRKY,NAC,ERF,.MYS MAPKs, CIPKs, RLKs, PP2Cs

-

Chromatin modifications ]
O-I_MCS, HATs, HMTs

f'_"‘\

Antioxidant Hormone lon Apoplastic/cytosolic Autophagy
enzymes receptors Transporters invertases components
3 Hormones . fon Energy Vesicle trafficking
Antioxidants Mmtumnmml Homeostasis status Autophagy
Stress
acclimatization

Figure 1. Signal rd ay of ssinny strems activating stress acchimatzation msponses.

Salinaty stress 3 sonsod ether directly via yot elusive recegtors or ssnsom and/or an conjunction 1o changes in asmate patental, Ca”" waves, Redox changes
and phaspholiped producson. This aters the acwatson status of downstream reguistory slanentss, such as phosphorylaton pathways ramnsapSon facors and
elements of epigenetc regulason {with examples of com ranscapSon factors and enzymes of each mgulatory pathway), which leads 0 the stress acchmatza

San ind ucton through difforemt pathways contraling growth and son and acd ative stress haomeoaostasss (RES: reactfve slecrophile species: A0S mactve oxygen
sooesl



Abnormal
Stomata
functions

Pathogen
attack

Na*

accumulation Y/ Senescence

SARisignalling
intérference

A‘; Systemic

&\ Signals

/
¢ \I,
H:0 \
Na* e
HO N\ 2
/\\ .H'\
Na*
Na*
H-0

Uptake/homeostasis



Alr Pollution



Table 1: Examples of atmospheric compounds involved in element flux between vegetation
and atmosphere (after Didmmgen & Weigel 1998).

Species Potential effects

e H,O-vapor, CO:, CHy, N2O,NO,, O3 =2 trapping of infrared radiation,
contribution to the greenhouse effect

e NH;, CO,HC > effects on reactivity of the atmosphere

e CHy CO3 SO: H:S.NO2,NO.NH3, =2 involved in nutrient cycling.

NH;4-/NO3-N, SO4-S. P, Ca, K, act as macro- and micronutrients
Fe, Mg (particles)

e 0O; SO, NO,, HF, H,O,, PAN, 2> potentially toxic. affecting “normal™
NMHC/VOC (gases), heavy metals growth and performance of organisms.
(e.g. Pb,Cd, Hg), surplus nutrients populations and ecosystems

(bioavailable forms of N, S, Zn, Al)

Abbreviations: Al: aluminum; Ca: calcium; Cd: cadmium; CH,: methane; CO: carbon monoxide; CO,: carbon
dioxide; Fe: 1ron; HC: hydrocarbons; HF: fluonide; Hg: mercury: H,O: water vapor; H>O;: hydrogen peroxide:
H,S: hydrogen sulfide; K: potassium; Mg: magnesium: N: nitrogen; N,O: nitrous oxide; NH;: ammonia; NH, ™
ammonium; NHyNO;: ammoniumnitrate; NO: nitrogen monoxide; NO,: nitrogen dioxide; NO;: nitrate; NOy:
NO + NO,: NMHC: non-methane hydrocarbons: O;: ozone: P: phosphorus: PAN: peroxyacetylnitrate; Pb: lead:
S: sulfur: SO,: sulfur dioxide: SO, sulfate; VOC: volatile organic compounds: Zn: zinc.




Improve Stress Tolerance



Types of Stress Resistance

AAdaptation: Permanent resistance against stressor(s) undetdomgexposure t

stress pressure e.g. A wdkkveloped aerenchymaspongy tissue that forms spaces
and air channels in the leaves, stems and roots which allows exchance of gases betwee

shoot and root especially in aquatic plarfermation in hydrophytes, and stomatal

movement patternspening their stomatas during night to reduce evapotranspiration a
e o T e R G B T R Rl TR W G R B e L R et S DT Bl R L T e

AAvoidance:A manner to avoid facing with stressor without metabolic energy

"short lifecycle of desert plants, and dormancy during unfavorable environmental conditic
(cold, hot and drought)".

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

AHardening: A gradual adaptation when the plants face to any type of stress:




Aerenchyma

This is a tissue having cells with large intercellular air spaces
involved in the exchange of gases in plants.

CAM PLANTS

CAM plants keep stomataclosed during the
day to minimize water loss; they only open
at night

This means no CO, can enter during the
day!

CAM plants take in CO, at night and fix it

into organic molecules = thisis referredto ¢
as Crassulacean Acid Metabolism -

CAM plant examples: pineapple, agave,




Genetic Engineering & Transgenic Plants

APlant response to different environmental stresses is a crucial to their productivity.

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

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

ADue to practical limitations scientist are choosing functionally related genes for

genetic manipulation. However, thousands of genes related to stress tolerance we
To en%lfled and few of them are found suitable to impart gene for stress tolerance in
ants.

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

AAnother exam{)le ISAPETALAZ/ethylene response elemestiinding protein
(AP2/EREBP)transcription factor family.

Alt 6s reported fr oam famﬂya]]etndam)tmmi nhancepstresan t
tolerance in Arabidopsis plant but, also in crop plants. Therefore transgenic plants
with AP2 family gene€an easily survive in harsh environmental menaces.




Epigenetic Modifications in Plants

ACrop breeders are now applying norgenetic or epigenetic determinants
that could modify gene expression heritably and reversiblywithout changing
the gene sequence] hese include histone modifications, DNA methylation,
nucleosome positioning, and smalisfm) RNAs They modify the properties
of chromatin and change gene transcriptional states.

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

ACompetitiveness coexistenceand 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 Stressesl

AMicrobial interactions with crop plants are key to the adaptation and survival of both
the partners in any abiotic environment.

Alnduced Systemic Tolerance (IS8 the term being used for microbemediated B
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 decadeSelicourt et al.,
2013 Nadeem et al., 201450uza et al., 2005Microbes with their potential intrinsic metabolic

and qen_etlc capabillities, contribute to alleviate abiotic stresses in the plants
(Gopalakrishnan et al., 2015

AThe role of several rhizospheric occupants belonging to the
generaPseudomonagGrichko and Glick, 2001 Ali et al., 2009 Sorty et al.,
2016, AzotobacterSahoo et al.2014 gb), Azospirillum (Creus et al., 20040mar et al.,
2009, Rhizobium(Alami et al., 2000 Remans et al., 200&orty et al., 2015 Pantoea(Amellal et al.,
1998 Egamber di veva aSodyetaP, PO1F Badillus Ah@ixt al., 2004Marulanda et
al.. 2007 Tiwari et al., 2011 Vardharajula et al., 2011 Sorty et al., 2015 Enterobacter(Grichko and
Glick, 2001 Nadeem et al., 200Borty et al., 2015 Bradyrhizobium(Eugyeuredi et al., 1999Swaine et
al., 2007 Panlada et al., 2013 Methylobacterium(Madhaiyan et al., 2007Meena et al.,
2012, Burkholderia (Barka et al., 20060liveira et al., 2009 Trichoderma(Ahmad et al., 2015and
cyanobacteria(Singh et al., 2011in plant growth promotion and mitigation of multiple
Kinds of abiotic stresses has been documented. Recentlyndey et al. (201dhave
demonstrated the role offrichoderma harzianunmon stress mltlgatlon 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

ARnhizobacteria-induced drought endurance and resilience (RIDER) that includes chan%es
In the levels of phytohormones, defenselated proteins and enzymes, antioxidants an
epoxypolysaccharide have been observed for microlmeediated plant responses.

ASuch strategies make plants tougher toward abiotic stressesiushal and Wani, 20156 The
selection, screening and application of stregslerant microorganisms, therefore, could be
viable options to help overcome productivity limitations of crop plants in stresgrone
areas.

AEnhanced oil content in NaCl affected Indian mustard Brassica junce@was reported
by Trichoderma harzianumapplication which improved the uptake of essential nutrients,

elng%rfged accumulation of antioxidants and osmolytes and decreased atake (Ahmad et
al., :

AParallel to such reports, upregulation of monodehydroascorbate reductase _
In Trichodermatreated plants was demonstrated. It was also confirmed by mutant studie:

tzr(l)% Trichodermaameliorates salinity stress by producing AC&eaminaseBrotman et al.,

AlIn barley and oats,Pseudomonasp. andAcinetobactersp. were reported to enhance
production of IAA and ACC -deaminase In salt affected so{Chang et al., 201% Palaniyandi et al.
;2014Ereported alleviation of salt stress and %rowth_ promotion bystreptomycesp. strain

A39 | AToaMdi ¢ o ona Bunkhopdéria phytafirmansstrain PsJN mitigates
drought stress in maizeNaveed et al., 2014pwheat (Naveed et al., 2014@nd salt stress
In Arabidopsis(Pinedo et al., 2016




Microbe-Mediated Mitigation of Abiotic Stresses3

A 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 exudate
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.

A While utilizing the rhizosphere-microenvironment around plant roots, the PGPRs(Plant Growth
Promoting Rhizobacterialnay act as biofertilizers,phyto-stimulators or biocontrol agents

depg_rl)_ding upon their inherent capabilities, mode of interaction and competitive survival
conditions.

A Growth promoting bacteria stimulate plant growth by employing several broadly categorized
direct and indirect mechanisms(Braud et al., 2009 Hayat et al., 201D 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 potassiunsolubilisation, 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 bacter
can induce systemic resistance in plants by their metabolites acting as extracellular signals, whi
subsequently trigger a series of internal processes.




Microbe-Mediated Mitigation of Abiotic Stresses4

AEventually, the translocated signal is perceived by the distant plant cells triggering
the activation of the defense mechanism. Besides bacteria, fungi particularly the
mycorrhizaare also important plant growth promoters. These are prmmRﬂaII%/ :
divided into mycorrhizal fungi and vesicular-arbuscular mycorrhizal (VAM) fungi.
These fungi remain associated with the host plant externally _ or they
may form endosymbiotic associations (VAMIhese fungi form extensive
networking of very fine hyphae, thus increasing overall nutrient uptake by the
roots. The root fungal endophyte dica induces salt tolerance In
barley (Baltruschatet al., 2004 and drought tolerance in Chinese cabbaggun et al., 201p
lzaa/lgncreasmg the levels of antioxidants and improving many other aspeatSanken,

AThe potential of microbial interactions with the plants have, therefore, i
multipronged role. At one end, microbes induce local or systemic stress alleviatior
response mechanisms in Iolants 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 organicphyto-
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 Stresses5

ASeveral mechanisms highlighting the role of microbes in abiotic stress alleviation
have been pr{)/po_sed. Solhha_bltngmlcrobes belongln%to generaAchromobactey

Azospirillum, Variovorax, Bacillus, Enterobacter, Azotobacter, Aeromonas,

Klebsiellaand Pseudomonakave been shown to enhance plant growth even unde

unfavorable environmental conditions(Pishchiket al., 2002 Hamdiaet al., 2004 Mayaket al.,

2004 Arkhipovaet al., 2007 Barriuso et al., 2008a; Dardanelliet al., 2008 Belimovet al., 2009 Ortiz et al.,
2015 Kaushal andWani, 2018 Sortyet al., Z016.

ALiterature relating to the involvement of microbes for the alleviation of abiotic
stressors signifies the importance of microbes in this arédaable 1). All such soll
pacteria that are capable of inducing plant growth under variety of

ohysicochemical and environmental conditions are classified cumulatively asnt
growth promoters (PGP).

AThere exists different mechanisms by which microbes induce plant growth. The
plant-growth regulating molecules predominantly,ndole acetic acid (IAAjare
synthesized in shoot and accumulated in the actively growing regions of roots.

AThe |AA and other auxinshave growth-stimulating effect in terms of cell elongation

resulting in root ?rowth 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 growtlvackson, 1991 Sortyet al., 2016




Microbe-Mediated Mitigation of Abiotic Stresses6t

AA similar situation can also happen due to increased synthesis of ethylenekson,
1991). The rhizosphere colonizing bacteria were reported to perform in a similar

manner, and produce phytohormones to enhance plant growti®owen andRovira,
1991 Timmuskand Wagner, 1999German et al., 2000Belimovet al., 2007.

AEvidences from recent agricultural practices witness that th€ GPRsnot just help
In mitigation of environmental stresses, but also improve yield of diverse crop

plants including rice, maize, barley and soybearmapias et al., 2012Sharma et al., 2013Sen
and Chandrasekhar, 2014Suarez et al., 2005

AA mechanism of salt tolerance imposed bpseudomonasp. PMDzncd2003 on rice
germination under salinity stress is demonstrated. Better root colonizing capabillity
of Pseudomonasp. along with its ability to produce leads
to enhanced tolerance toward salinitySen and Chandrasekhar, 2014Similarly, Khan A. et al.
(2016)have shown that inoculation oBacillus pumilus improved rice growth in
response to salinity and high boron stresses.

AA possible mechanism was suggested, that higher expression of antioxidant enzy
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

AA group of fungi colonizes in plant roots known as
IS emerges as new tools in stress tolerance.

AThese form extensive network of hyphae and
secretes some biochemical like

AThese 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.



Multl -Omics Approaches to Address Alleviation of Abiotic Stress

AThe 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.

AA 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 ?iar

microbe interaction can be decided by prioritization of physiological pathways in plants
(Schenk et al., 2012

Alnteraction 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 al
levels have their interconnections with the stress; many are parallel to stress responses
while others are adverse. For dissecting the mechanisms, muttmics approaches can be
applied to address the challengilng task of deciphering changes in plants at genetic,
proteomic or metabolomic leve

AEntwined with the advances in bioinformatics, the datadriven science of multiomics has
Improved our knowledge in understanding the microbial community compaosition and
their functional behavior in complex environments like rhizosphere, where inter
connections among microbial communities direct plant responses toward stresses.

ARecently, metaomics approaches including metagenomicsetatranscriptomics and
metaproteomicshave emerged as promising tools to address microbial communities and
functions within a given environment at a deeper levealie Castro et al., 20)3




Multi-omics

MU|t| -Om|CS ApproacheSCellularlevels
to Address Alleviation of jJessra

Genomics

Abiotic Stress

- Transcriptomics
Cellular level components, [BE@me™ ooicomics
multi -omics approaches to
address different levels and Glycome Glycomics
the strategies that help
!dentify the outcome of the [nieractome | Interactomics
Impact of abiotic stresses or
impact of microbial- Vietabolome | Metabolomics
Interactions.

_ Phenomics

Purpose/Strategies

Sequencing of genes and whole genomes
Next-generation sequencing, Microarray genotyping, H
genotyping, Metagenome sequencing , transcription factor

Gene expression profiling/transcript abundance
RNA Sequencing, RT-PCR, Northern Blot, Small-R1
Sequencing

Protein identification and functional characterization
Subcellular fractionation, affinity purification, fractionat
of proteins /peptides, 2-D gel electrophoresis, Targe
protein identification, ESI-MS, MS/MS, MALDI-TOF

Understanding protein glycosylation

Capillary electrophoresis, LC-MS, Lectin microarray, gly«
microarray, MS spectrometry, Imaging cell ,

surface glycans analysis, Chromatography

Understanding protein-protein interactions

Tango, fluorescence/bioluminescence resonance enel
transfer (F/BRET), luminescence-based interacto
mapping (LUIER), protein complementation assay (PC.
MYTH

Unbiased or targeted analysis of cellular metabolites
HPLC, GC, Mass spectrometry, LC-MS/MS, GC-MS/M
NMR, IR, X-ray crystallography

Addressing phenotypic changes under stress
High resolution genome mapping and genome w
association studies, Imaging, Ultrastructural analysis

ienes, proteins & metabolites in response to stress/ microbial interactions

lew functions to genes, proteins & metabolites

‘emporal & spatial monitoring of cell physiology, deposits and ultrastructural changes

lew metabolic pathways
.everse genetics (from metabolites to proteins to genes)

iene network mapping/ interconnections, signature/signal molecules, phenotype

Outcome
Identification
Characterization «
Detection



Bio-Fertilizers

AGenerally, chemical fertilizers are expensive and cause
eutrophication, ion toxicity, reduce organic matter and soill
borne microorganism. In compare to fertilizers, biofertilizer are
iInexpensive and enhance soll fertility without harming natural
soll ecosystem.

ABiofertilizers 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)

Alt was noticed that few plants under adverse
environmental condition adopted new pathway I.e.
osmoprotectanpathway

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

AOsmoprotectantécompatible solutegrimarily include
glycine, proline, ectoine betaines, trehalose, and
polyols.

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



Plant Steroids and Stress Tolerance

A Remarkably, sterols and BRs are also capable of

Increasing plant tolerance/resistance to a wide range of
piotic and abiotic stresses, such as drought, salinity,
neat, cold,hypoxia, heavy metalsyirus infection, and
pathogen attack(Divi and Krishna, 2009 Gomez, 2011

AFurthermore, 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

AOne of the mechanisms of induced crop resistance to biotic
and abiotic stressfactors is lignification, I.e. lignin
biosynthesis and cell wall strengthening due tdeposition
of lignin as well as phenolic components.

ANatural lignins are complexthree-dimensional phenolic
polymers. In plant cell walls they serve as physicand/or
chemical barriers against the penetration of pathogens
and abiotic stressmpact.

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



Hormonal Responses
» Absiscic Acid — ABA

* ABA-mediated signaling also plays an important part in plant responses to
environmental stress

* ABA concentration increases under stress that affects molecular, metabolic
and developmental processes.

 Jasmonic Acid — JA

* The major function of JA and its various metabolites is regulating plant

responses to abiotic and biotic stresses as well as plant growth and
development.

* Changes in plant development with JA include growth
inhibition, senescence, flower development and leaf abscission.

* Ethylene

* Increased levels of ethylene under environmental stresses

» Often unable to grow and proliferate to any great extent, at least until the
stress is removed and the ethylene level is lowered.



Peak expression of genes down-regulated by cold,
upregulated by heat,
downregulated by osmotic stress,
up or down-regulated by drought
Maximum A
cold stress

&3

L L — Peak ABA levels
Maximum induction
Z13 .
v of cold-responsive genes
ZT4

Peak in SA <]

Peak JA and ET levels
levels

o =
o -4 Maximum drought stress
Oy v

Maximum heat

il stress

ZT19

7T11 ZT10

Peak expression of genes
upregulated by cold, heat and
osmotic stress



Abiotic Stress Tolerant Breeding Sites

Kiboko (Kenya) CRIDA, Hyderabad (India)

Drought Drought; Waterlogging;
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Tlaltizapan

(Mexico)
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Drought

Nanga (Zambia)
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Ablotic Stress Tolerant Rootstocks
For
Tropical and Subtropical Fruits



Mango

AMango (MangiferaindicaL.) is one of the most important fruit crops all
over the world, especially in tropical and subtropical regions.

AOne of the major limitations for extensive cultivation of mango is abiotic
stresses particularly solil salinity

A The focus of rootstock in mango includes development of genotypes that
could confer resistant to adverse soll conditions and affegtgour of the
scion.

AScreening of mango rootstocks to salinity has shown that the
polyembryonicc ul t 1Oloawd s aRBadpakkaido coul d wi t h
level of salinity

AMango culltéi wears 6slegbhembryenit (386 smbayos)
rootstock for calcareous soils and/or for irrigation with saline watenn
India.




Citrus Fruits

AA rootstock for citrus must be adapted to alkalinity, salinity, and calcareous
solls, should be resistant tphytophthora, provides some measure of cold
tolerance and produce good yields of high quality fruit.

ARootstocks like Rough lemon andRangapur lime are confer high drought
resistance due to their spread, welllistributed, and deep root systems that
occupy large soil volume and access more efficiently the soll nutrients and
water

AFor sweet orange cultivars likeMosambi and Sathgudiwith regards to yield
and tolerance to disease and salinity in Maharashtra and Andhra Pradesh
India, a rootstockRangapur lime has been identified as a promising
rootstock.



Grape

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

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

ARoot stocks O06110R6, 61103P6 and ¢
water-use efficiency during critical growth stages of fruit bud
differentiation and full bloom.



Abiotic Stress Tolerant Rootstocks
For
Temperate Fruits



Traits Crop Rootstocks References
Tolerance to calcareous soil Peach Peach x Almond ( GF 677) Beckman and Lang, 2003
Almond Peach and Plum Reeves et al., 1985; Crossa-
germplasms Raynaud and Audergon,
1987; Bvrne et al., 1989; Shi
and Byrne, 1995
Plum Marianna GF 8-1 Wolfe et. al., 2011
Drought tolerance Peach Almond, Peach x Wang, 1985; Jimeénez et al.,
Almond and Peach x 2013
P.davidianahybrids, GF 677
Cherrv Mazzard, Mahaleb and Beckman and Lang, 2003;
MxM series Longstroth and Perry,
1996; Wertheim, 1998
Cold hardiness Apple G935, G11,G30,G41,B Chadha, 2016
9, P2, M26,B9 M26, MM
106, MM 111 and M 7
Pear Pyrusbetulaefolia seedling Roper, 2001
Cherry Mahaleb seedling Roper, 2001
Plum Myrobalan seedling Roper, 2001
Root asphyxia Plum Myrobalan Amador ef al., 2012
Iron chlorosis Peach Adesoto’ (P. insititia L.), Jiménez et al. (2008)

‘Felinem’ (P. dulcis x P.
persica)or ‘GF 677’ (P. dulcis
x P. persica),




Role of Plant Steroids
on
Stress Tolerance



Salt and Drought Stress Tolerance

AWhereas many studies demonstrate a positive effect of BR application on

plant tol

erance to salt and drought stresse&rishna, 2003 Bajguzand Hayat,

2009 Gomes, 201 only a few studies have been performed to evaluate the effe

of altered endogenous BR content on these traits.

AAlthoug
the plan

N the results described above point toward a clear effect of BRs on
t salt and drought stress tolerance, the molecular mechanisms

Involveo
ARecentl

In these processes remain largely unknown.

y, RNA interferencé mediated disruption of the riceSQUALENE

SYNTHASE(SQS gene has been reported to reduce the stomatal

conduct

ance and to improve drought tolerance at both the vegetative and

reproductive stagesManavalanet al., 2012.
AGiven that SQS catalyzes the first reaction of the isoprenoid metabolic

pathway committed to sterol synthesis, these results suggest that decrease
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

AResults of BR treatments and studies of thArabidopsis detZnutant reveal a
BR function in the plant responses to oxidative stress@$ajguzand Hayat,
2009 Xia et al., 2009p2011). The det2mutant Is insensitive to the negative growth
effect of very low O..

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

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

APhytosterols also seem to be involved in the plant responses to oxidative
stresses. TransgeniBrassica junceglants overexpressing the positive
regulator of the sterol synthesis, the enzyme-Bydroxy-3-methylglutaryl -CoA

synthase, displayed reduced hydrogen peroxitdenduced cell death(wang et al.,
2012).




Pathogen Resistance

AThe hormones salicylic acidjasmonate and ethylene are well known regulatory
signals of the plantodos | mmune respon
affecting its hormone homeostasis. More recently, other plant hormones, including
BRs, have been implicated in plant defense mechanisssiri and Jones, 2009Pieterse
et al., 2009.

AWhen applied exogenouséy BRs induce resistance against a broad range of dises
notably against fungal and bacterial pathogens in tobacco and in rice.

Aln rice, treatment with BL protected the plant against rice blast and bacterial rice
blight diseases, whereas In tobacco, it enhanced resistance against the bacterial

pla Zgo%en Pseudomonas syringaand the fungal pathogenOdium speciesNakashita et
al., .

ABR analogs also possess biological effects on insects. More particularly, BRs can
Influence ecdysteroiddependent steps of insect developmegitullo and Adam, 200y,

Alt is also interesting to note that treatment with exogenousrgosterol the main
sterol of most fungl, promoted the expression of a number of defense genes In
tobacco and grape and enhanced the production of resveratrol and the tolerance

aq(ainst the fungal pathogerB. cinereain grape (Laquitaine et al., 2006 Lochmanand
Mikes, 2000.




Heavy Metal Stress and Herbicide & Pesticide Tolerance

AHigh
toxic

concentrations of metals, including those essential for growth, have a
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 Pr@ajguzand Hayat, 2009Hasan et al., 2011

APesticides that include herbicides, fungicides, and insecticides play a major
role in agriculture by reducing crop yield losses, but these molecules can als

have
and t

ABRs

a negative effect on the crop and can be detrimental to human health
ne environment.

acce

nave been shown to reduce the damages caused by pesticides by
erating their catabolism, consequently reducing their residual levels in

the plants.

AHence, BRs may be promising molecules suitable for application on crops t
diminish the risks and deleterious effects associated with the exposure of
humans, crops, and the environment to agrochemical substanc@siguzand

Hayat,

2009 Xia et al., 2009




Thermotolerance to Heat & Cold Stresses

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

ACrops are particularly sensitive to thermal stresses during
their reproductive stages(zinn et al., 2010.

AExogenous BR treatment has been shown to significantly

enhance plant tolerance to both heat and cold stresses
(Dhaubhadelet al., 19992002 Kagaleet al., 2007 Xia et al., 2009h
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Stress Perception
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Figure 3. Sensing external environmental changes in plants



