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CHAPTER I

INTRODUCTION

Abiotic stresses are various environmental factors such as extreme temperatures,
light intensity, water excess and deficit, salinity, vanous air pollutants, photodynamic
herbicides and heavy metals. Exposure to abiotic stresses can have a profound effect on
physiological processes, growth and development, productivity and sustainability of
plants. Exposure to high temperature stress results in considerable pre-harvest and post-
harvest crop losses. Hence, understanding the biological processes associated with healt
stress 1s important. Comprehension of plant response to heat stress can aid in
development of cultivars genetically engineered to sustain the future global warming
(Paulsen, 1994). Although some aspects of heat stress, such as the heat shock response,
are well characterized, the overall response of plants to heat stress is not yet well
characterized in spite of its significance (Paulsen, 1994).

In order to comprehend the effect of heat stress, it is essential Lo understand injury
and acclimation. The magmtude of high temperature sensed by a plant determines 118
outcome in injury or acclimation. Exposure to extreme heat stress results in injury,
whereas exposure to moderate heat stress can result in acclimation, achieving

thermotolerance to previously lethal temperatures.

Temperature Sensing by Plants
Temperature sensing by plants 1s in part a function of membrane fluidity, a

physiological attribute vital for effective membrane functioning. At increasing



temperatures, the movement of lipids in the bilayer increases, whereas at decreasing
temperatures, the lipid movement declines (Monson, 2001), resulting in the primary
signal for temperature perception by plants. Membrane fluidity 1s influenced by several
direct, as well as indirect factors. Besides the exposure temperature, membrane fluidity 1s
directly affected by degree of unsaturation of fatiy acids, ratio of cis and trans double
bonds and presence of cholestero! (Leng, 2000). Membrane fluidity is indirectly affected
by the configuration of membrane-associated proteins, changes in phosphorylation state
of proteins, and influx of Ca®" ions within the cell, through a feedback loop (Murata et
al., 1997). The plant response to a given temperature depends not only on the exposure
temperature, but also on the duration of exposure, since longer exposure to moderately
high temperature can be as injurious as brief exposure to extremely high temperature

(Georgieva, 1999).

Heat Shock Response

During rapid exposure to high temperatures, plants produce stress-adaptation
proteins called heat shock proteins {HSPs) and this response 1s termed the heat shock
response (HSR). HSR is highly conserved among most organisms, particularly in
eukaryotes by similar gene-mduction processes and presence of homologous major HSPs
(Vieriing, 1991). Nagao et al. (1990) described the well characterized HSR as follows. At
higher temperatures, synthesis of normal proteins is temporarily decreased and heal shock
messenger RNAs (HS mRNAs) are synthesized. Synthesis of most pre-existing mRNAs
is temporartly terminated and mRNAs are preserved. Large amounts of HSPs are

produced and accumulated. Prolonged heat stress results in decreased HS mRNA



synthesis, followed by decline in HSPs. Normal protein synthesis is resumed. Heat shock
results 1n selective intracellular localization of HSPs in cytosol, chloroplast, ER and
mitochondna (Waters et al., 1996), followed by delocalization at the time of recovery.
HSR aids in acquiring tolerance to previously lethal high temperatures (Nagao ¢t al.,
1990). HSR protects plants from cellular injury due to heat shock and hence. 1s a cntical
protection mechanism.

Schoffl et al. (1998) explained the following model of heat shock factor (HSF)
regulation. HSFs are constitutively produced as inactive monomers in plants. Exposure to
heat shock results in oligomerization of HSFs and their activation to bind with heat shock
elements (HSE). This promotes the transcription of HS mRNAs and production of HSPs.

Several functions are performed by HSPs during HSR. The contribution of HSPs
as molecular chaperones is especially significant. HSPs act as armors to protect siructures
of other proteins during translocation. HSPs bind with proteins damaged due to heat
stress and aid in correct refolding, thus preserving the protein structures (Vierling, 1991).
Their contributions in repaining damaged proteins by annealing and removal of damaged
structures by proteolysis are extremely significant in prevention of ccllular damage and
increasing thermotolerance. Several HSPs have been identified and characterized in
different plant systems. However, specific functions of ali of them have not yet been
revealed. Also, the role of individual HSPs in attaining thermotolerance is not fully

elucidated (Nguyen, 1994).



Injury

Based upon their ability to withstand high temperatures, plants can be classified
as psychrophiles, mesophiles or thermophiles, stated in order from lowest 1o highest
thermotolerance (Levitt, 1980). When plants are exposed to temperatures above their
tolerance levels, injury occurs. Levitt (1980) classified heat-stress injury into primary and
secondary types depending on direct or indirect involvement of heat stress in the
mechanism of injury, respectively. Exposure to heat stress causes the transpiration rates
to increase, resulting in secondary walter stress, causing injury. Several mechanisms of
pnimary heat-stress injury have been proposed.

Levitt (1980} described the classic mechanism of primary direct heat-stress injury
as denaturation and aggregation of proteins. Exposure to higher temperatures for short
duration causes temporary loss of three-dimensional structure of proteins, affecting their
physical and chemical properties. This effect is denaturation of proteins and is usually
reversible. However, prolonged heat stress results in permanent unfolding of proteins,
called aggregation. Being irreversible, aggregation results in permanent loss of physical
and chemical properties of proteins.

Levitt (1980) also explained the mechanism of primary indirect injury associated
with longer-term exposure to moderately high temperatures. As temperatures incrcase,
reaction rates increase due to the elevated kinetic energy. Since the temperature
coefficients (QQ)s) of reactions vary, imbaiance can result when one reaction speeds up at
a greater rate than another, paired reaction, thereby affecting the ratc of production of

reaction end products. Indirect injury occurs duc to the imbalance resulting from



decreased production of essential metabolites and/or accumulation of metabolites to toxic
levels, initiating “metabolic lesions™ (Levitt, 1980).

In plants, photosynthesis is an energy-producing metabolism and respiration is an
energy-consuming metabolism. At increasing temperatures both photosynthesis and
respiration rates increase and exposure to higher temperature results in decline in the
rates of photosynthesis and respiration. The temperature at which photosynthesis and
respiration are at the same rates i1s termed the “temperature compensation point” (TCP).
At temperatures higher than TCP, the rate of respiration is higher than the rate of
photosynthesis and hence more energy 1s expended than being generated causing
“starvation” or growth inhibition of plants (Levitt, 1980). At higher temperatures C-3
plants photorespire and as a result undergo net loss of energy which can also result in
starvation or growth inhibition. Physiclogical aspects of photorespiration are covered
elsewhere n this chapter.

High temperature can damage the plasma membrane and induce loss of
membrane semi-permeability. This results in leakage of cellular electrolytes. The amount
of electrolyte leakage (EL) is not only affected by exposure temperature, but is also
affected by exposure duration (Ingram, 1985).

The high temperature-induced membrane injury is associated with peroxidation of
polyunsaturated fatty acids in the plasma membrane (Liu and Huang, 2000). Basaga
(1989) described the following mechanism of lipid peroxidation. Extraction of hydrogen
atom from polyunsaturated fatty acids in cellular membranes forms another free radical
which further reacts with O, and formis peroxy radicals. Peroxy radicals propagate the

reaction by reacting with polyunsaturated fatty acids forming lipid peroxides by



extracting another hydrogen atom. This senes of auto-oxidative reactions invelved in
lipid peroxidation has the potential to destroy the plasma membrane. Lipid peroxidation
reactions initiated by extraction of a hyvdrogen atom summarized by Basaga (1989) are
reviewed elsewhere in this chapter as autocatalytic reactions.

Enzymatic lipid peroxadation can be catalyzed by lipoxygenases (LLOX}
(Hildebrand, 1989; Siedow, 1991; Gardner, 1991). Although LOXs can utilize several
substrates, linoleic and linolenic acids are the primary substrates utilized in plants
(Hildebrand, 1989). Lipid peroxidation observed during exposure to biotic and abiotic
stresses 1s mainly associated with oxidative damage caused by activated oxygen species

(AOS) (Foyer et al., 1997).

Activated Oxygen Species

Exposure of plants to biotic and abiotic stresses can result in production of high
levels of AOS. This phenomenon is termed “oxidative stress”. AOS include singlet
oxygen ('O,), superoxide radical ( O;), hydrogen peroxide (H,0;) and hydroxyl radical
(‘OH). Being free radicals, ‘O, and "OH possess one or more unpaired clectrons in the last
atomic orbifal, making them extremely reactive (Halliwell and Gutteridge, 1984,
Mehlhorn and Wellbumn, 1994). AOS can initiate autocatalytic reactions. Basaga (1989)
and Mehlhormn and Wellburm (1994) summarized the autocatalytic reactions into
“Initiation”, “propagation” and “termination’ steps as described below. R 1s a membrane
associated fatty acid and X is a radical initiating the autocatalytic reactions.

“Imitration” step: RH+X -~ R+XH
“Propagation” step: R +0, — ~ ROO
ROO +RH ———> ROOH+R



2RO0H ____ 5 ROO +RO +HO
RO +ROOH ———> ROO +ROH
“Termination™ step: 2 RO ——> O, + stable products

2R —— >~ stable products
ROO+R - ROOR

'0, exists in Lg and Ag forms, which are radical and non-radical forms,
respectively. The radical form usually has two unpaired electrons and decays to the non-
radical form before it can react with any biomolecules (Halliwell and Gutteridge, 1984,
Asada and Takahashi, 1987; Cadenas, 1989; Foyer and Harbinson, 1994). Due to iis
ability to act as a nucleophile and extract electrons trom biomolecules, Ag form can be
deleterious (Cadenas, 1989).

O, is a radical with negative charge and acts as an oxidizing agent as well as
reducing agent. 'O, can be formed as a result of a single electron acceptance by O;.
Addition of one more electron to ‘O,  results in the formation of a peroxide 1on (022'),
which at physiological pH formis H,O; (Halliwell and Guiteridge, 1984). H>O; 1s formed
when Oz undergoes dismutation reaction. O; and H,O; together participate in Haber-
Weiss reaction or in the presence of metal 1ons, H;O; participates in Fenton-type
reactions, producing the most reactive AOS, OH. OH can react with any biomolecule
available in its vicinity at diffusion rates, producing seccondary radicals, thus, initiating
autocatalytic reactions causing random destruction. Due 1o its tremendous reactivity, OH
reacts with biomolecules available at its very site of production and this 1s the “sile-
specific effect” of OH (Asada and Takahashi, 1987). OH can initiate lipid pcroxidation
by extracting a hydrogen atom trom a free {atty acid (Elstner, 1982).

The primary function of O in plants is 10 act as an electron acceptor in respiratory

electron transport. However, there are many reactions in which O3 is converted into AOS



in order to protect the components of electron transport systems from over-excitation and
over-reduction. During exposure to stress, energy requirements of plants decrease, posing
danger to the components of photosynthetic electron transport system by the presence of
excess electrons in photosystem II (Somersalo and Krause, 1990). In order to protect the
components of photosynthetic electron transport system, excess electrons are transferred
to Os. As a consequence, AOS form and accumulate. Mehler reaction and
photorespiration are two reactions associated with photosynthesis, which incorporate O
in AOS. During photosynthesis, at a very high O, concentration or very low CO; fixation
rate, pseudocyclic electron flow occurs, during which electrons are transferred from H,O
to Oy, forming O, (Ntuli, 1995). ‘O, undergoes dismutation reaction and H,Q; is formed.
O; can also decompose into H,O; by reacting with cellular reductants such as ascorbate,
glutathione, Mn*" and reduced ferredoxin (Asada, 1994). As aresult, the Mehler reaction
generates a trans-thylakoid proton gradient. In photorespiration, the oxygenation reaction
of ribulose bisphosphate carboxylase/oxygenase results in formation of 3-
phosphoglyceric acid and glycolate. Glycolate enters peroxisomes where 1t 18 oxidized by
glycolate oxidase forming intermediates such as H,0, (Veljovic-Jovanovic, 1998),
Photorespiration is favored by high levels of Oz, low levels of CO5, mgh light intensities
and high temperatures (Kimball, 2000). Photorespiration protects C-3 plants from
photoinhibition by serving as an excess energy dissipation mechanism, thereby
preventing overreduction of the components of photosynthetic electron transport { Krause,
1994). 'O is formed by peroxisomal membrane polypeptides during normal conditions

{Del Rio et al., 1998) and '0, is also formed in chloropiasts as a result of reaction



between O; and triplet excited state chlorophyll (Asada and Takahashi, 1987; Bowler et
al., 1994; Foyer and Harbinson, 1994),

AQS perform beneficial as well as harmful roles in a cell. In the absence of biotic
or abiotic stress, H,O; polymenzes a lignin precursor in the cell wall lignification process
(Gross, 1980). In the event of exposure to biotic stress, AOS can perform several
beneficial roles such as cross linking of cell wall to prevent pathogen entry, direct
eradication of pathogens by acting as “antibiotics” and induction of hypersensitive
response and systemic acquired resistance (Mehdy et al., 1996). If exposcd to biotic or
abiotic stress, AOS can induce signal transduction pathways, resulting in tolerance to
previously lethal stress. Due to their extreme reactivity, AOS can react with several
biomolecules, including pigments, membranes, nucleic acids and enzymes (Elstner,
1982) and modify them. The modification of biomolecules caused by AOS can be
extremely harmful to the cell. AOS have been suggested to be onc of the factors
contributing to senescence (Dhindsa et al., 1981). Lipid peroxtdation caused by AOS can
lead to loss in membrane semi-permeability and 1s one of the primary mechanisms of
stress-injury (Foyer et al., 1997).

The concentration of AOS is one of the key factors determining the beneficial or
harmful roles to be performed by AOS, higher concentrations causing injury (Foyer et al.,
1994} and moderate concentrations leading to acclimation. Moderate levels of AOS are
believed to induce increased antioxidant activity. resulting in stress tolerance
(Kerdnaimongkol et al., 1997). Moderate levels of AOS are also considered Lo act as
secondary messengers to induce signal transduction pathways, leading to stress tolerance.

Prasad et al. (1994) illustrated that in maize scedlings exposed to chilling temperatures in



the dark, severe oxidative stress resulted in injury, whereas moderate oxidative stress
resulted in acclimation.
Antioxidant Defenses Against AOS

As descnibed earlier, AOS generale in plants at very high rates even under normal
environmental conditions. [n order to protect the cells from the deleterious eflects of
AQOS, 1t 1s vital to keep a tight contro] on AOS levels. This is achieved by a combination
of several defense strategies against AOS, such as pre-emptive scavengers,
compartmentalization of metal catalysts to stop formation of AOS (Asada and Takahashi,
1987; Basaga, 1990) and repairing the damage caused by AQS (Cadenas. 1989). Pre-
emptive scavengers intercept AOS before they can react and cause cellular damage. Pre-
emptive scavengers include several antioxidant defenses, which act in unison at both
genetic and protein levels (Alscher et al., 1997), detoxifying AOS from vanous cellular
locations, preventing cellular damage. “Any compound capable of detoxifving AOS
without undergoing formation into destructive radical itsclf is an antioxidant™ (Noctor
and Foycr, 1998). Antioxidants are enzymatic and non-enzymatic. Non-cnzymatic
mechanisms include compounds like glutathione, alpha tocopherol, ascorbatc, beta
carotene, hydroquinones, flavonoids, phenols and phenolic acids (Elstner, 1982; Larson,
1988). Enzymatic mechanisms, defined as “enzymes which directly catalyze reactions
intercepting AOS™" (Noctor and Foyer, 1998) include superoxide dismutases (SOD; EC:

1.15.1.1). catalases (CAT; EC: 1.11.1.6), and peroxidases (POX; EC: 1.11.1.7).



Enzymatic Defenses Against AOS
SOD is a class of metal-containing enzymes and is the principle antioxidant
defense against ‘O, breaking it down to H,O;, thus affecting the cellular concentrations
of both ‘0, and H.O; (Bowler et al., 1992).

SOD
20,+2H  ——> H.0,+0; (Bowler et al., 1992)

SOD can contain Cw/Zn, Fe or Mn as a metal cofactor (Bowler, 1994; Camp et al., 1994)
and is present in several cellular organelles. Cuw/Zn SOD is found in chloroplasts, cytosol
and mitochondria, Fe SOD is found in chloroplasts and Mn SOD is found in chloroplasts
and peroxisomes (Del Rio et al., 1992). SOD is a very efficient catalyst and can detoxify
O, at diffusion rates (Bowler et al., 1994).

CAT is an important enzymatic defense against H,O,. Scandalios (1994)
reviewed following properties of CAT. CAT is a class of teframeric enzymes existing in
multiple isoforms (CAT-1, CAT-2 and CAT-3, coded by genes car-1, cat-2 and car-3)
and 1s present in all aerobic orgamsms. CAT-1 and CAT-2 are associated with
peroxisomes and glyoxysomes and CAT-3 s associated with mitochondria. CAT
detoxifies photorespiratory H,0; in peroxisomes and in glyoxysomes it detoxifies H,O;
produced during B-oxidation of fatty acids. CAT contains heme group as a colactor. CAT
has an extremely high rate of H,O» detoxification. The efficiency of CAT in removal of
H,0; 1s limited due to the susceptibility of CAT to photoinactivation {Feicrabend et al.,
1992), its low specificity for H,O; because of the required access of two H,O» molecules
at the CAT active site, and its limited cellular localization (Foyer and Harbinson, 1994).
However, H-0; can diffuse 1o distant cellular locations from its site of production and

therefore, H;O, produced at one site can be detoxified at the other. Hence, although



cellular locations of CAT are limited, the overall contribution of CAT in H,0,
detoxification can be significant.
The mode of action of CAT depends upon H;0; concentration. Scandalios (1994)
described the following mechanism of CAT action at low or high H20; concentrations:
In the presence of low levels of H2Os, CAT catalyzes the “peroxidatic” reaction,
oxidizing available hydrogen donors.

CAT
RH» + H,0; ~ R+2H0

Whereas, in the presence of high levels of H,O., CAT catalyzes the “catalatic™ reaction,
with a very high rate of H,O,, detoxification.
CAT

2H,0p —= 2H,0+0,
Scandalios (1994) further summarized the two-step mechanism involved in peroxidatic
and catalatic reactions as:
“Step 17: CAT reacts with H;O; forming a CAT-Fe-peroxide complex referred by
Scandalios (1994) as “Compound-I".

CAT-Fe-OH +H;0;, — = CAT-Fe-O0OH + H,0
Step 2: Depending upon the concentration of H2O,, peroxidaltic or catalatic reactions
QCCUT.
“Peroxidatic reaction”: In the presence of lower levels of H.Os, hydrogen donors reduce
“Compound-1".

CAT-Fe-OOH +RH: —— = CAT-Fe-OH + H,O+ O;
“Catalatic reaction”: In the presence of higher levels of H,Q5, “Compound-1" reacts with

H,0- to form H;O and O,.



CAT-Fe-OOH + H:0, 5 CAT-Fe-OH +H,0+ O,

The co-operative effect of SOD and CAT ensures detoxification of O;" and H;0s.
This is & very importani defense strategy, vital to avoid build up of O;” and H,;O;, which
can take part in the Haber-Weiss reaction forming more deleterious AOS, OH (Basaga,
1989).

Oy +H, 0 —— = 0,+0OH + OH (Basaga, 1989)

Peroxidase (POX) is a class of non-specific enzymes that utilize diverse substrates
like ascorbate, guaracol, NADPH or cytochrome ¢ for functioning (Asada, 1992). POX is
a monomeric protein (Lagrimini et al., 1990). The H.O»-detoxifying POX can contain
several prosthetic groups such as heme, flavin or seleno proteins and can detoxify H,O,
or other hydroperoxides (Asada, 1992).

POX
AH, +H;O, (ROOH) —— — ~ A +2H;O(ROH+H,0) (Asada, 1992)

Asada (1992) explained the two-step mechanism employed by most POX containing the

heme group as a cofactor in detoxifying H,0, as follows:

2 AH; + H;O, —=> 2 AH +2 H,O
2AH +AH, ——> 2AH;+A

Ascorbate peroxidase (APOX; EC1.11.1.11) 1s the chief POX mvolved in H,0;
detoxification in plants and is substrate-specific for ascorbate { Asada and Takahashi,
1987). APOX contains the heme group as a cofactor (Creissen et al., 1994) and has
higher affinity for H.O» than CAT. APOX 1s present in chloroplast and cytosol. The
chloroplastic APOX can be further distinguished mto stroma form and thylakoid
membrane-bound form (Asada, 1994). APOX uses ascorbate as an electron donor for

detoxification of H,O,, forming monodehydroascorbate (MDHA).



APOX
H,0, + 2 Ascorbate > 2 Monodehydroascorbate + 2 H,0O

MDHA further gets converted into ascorbate and dehydroascorbate (DHA). DHA can be
regenerated into ascorbate by a reaction catalyzed by DHA reductase, using glutathione
{GSH) as a substrate. Product of this reaction, glutathione disulfide (GSSG) gets reduced
back into GSH by a reaction catalyzed by GSH reductase, using the reducing power of
NADPH. This cycle of reactions involved in elimination of H,;0; and regeneration of
substrates 1s the ascorbate-glutathione cycle (Noctor and Foyer, 1998). Due to the
diffustive nature of H,Os, both APOX and CAT can quench H;0; escaped from the

detoxifying action of the other (Foyer et al., 1994).

Hydrogen Peroxide

H,0,, being implicated in injury due to chilling stress, has been the focus of
several stress studies. Increased production of H20; was observed in several plant
systems, including transgenic tomato plants expressing an antiscnse catalase genc
(ASTOMACATI) exposed to chilling stress (Kerdnaimongkol and Woodson, 1999),
cold-treated winter wheat (Okuda et al., 1991) and cucumber leaves exposed to chilling
(Lee and Lee, 2000). In piants exposed to chilling stress, H2O; can either induce
oxidative damage, or can induce signal transduction, resulting in chilling tolerance
(Prasad et al., 1994, Kerdanaimongkol et al., 1997). Levine et al. {1994) suggested that
low levels of H,0; can induce plant defense genes such as glutathione S-transferase and
glutathione peroxidase and high levels of H,0O; can cause cell death in soybean cell

cultures. Studics imply that the role of H>O» in oxidative stress is concentration

i4



dependent, high concentrations causing injury and low concentrations inducing the events
leading to acclimation.

Under normal conditions plants produce H,0O» as a by-product of photorespiration
and [-oxidation of fatty acids. H,O- is formed in several cellular organelles, including
peroxisomes, chloroplasts and mitochondrna (Elstner, 1982). Dismutation reaction
catalyzed by superoxide dismutase (SOD) generates H,O7 in chloroplasts (Bowler, 1992).
Minor quantities of H;O» can also be generated by reaction of Oy with some cellular
reductants (Asada and Takahashi, 1987). In peroxisomes, action of oxidases such as
glycolate oxidase, urate oxidase and acyl CoA oxidase generate HoO, (Willekens et al.,
1995).

H,0; is not a radical and does not carry a charge. Due to the lack of charge, it can
diffuse across the membranes and hence, the site of oxidative damage due to H,O; can be
distant from its site of production. Due to its diffusive nature, H;O, can act as a
secondary messenger (Foyer et al., 1997). H>0O; can participate in redox reactions and
can react with thiol groups of proteins and enzymes, inactivating them. H>O; can have
deleterious effects at 10 mM (Bowler et al., 1992). However, it is a relatively stable
molecule by itself. The primary mechanism of injury resulting from H,O: is by
participating either in the Haber-Weiss reaction with O or in Fenton-lype reactions, in
the presence of metal ions to form OH (Larsen, 1988). Being the most reactive AOS with
a very high redox potential, OH can cause considerable damage. Hence intercepting

H,0, and O, the substrates for the formation of OH, ts vital to avoid injury.



Acclimation

Moderate heat stress results in acclimation, increasing the thermotolerance of
plants to previously lethal temperatures. Although the degree of acclimation depends
directly on the exposure temperature and duration, other factors like genotype {Ingram
and Buchanan, 1984), previous exposure temperature and tissue age (Anderson et al.,
1990) also have a significant effect on the acclimation potential of plants.

Exposure to abiotic stresses can induce increased levels of AOS. Moderate
mcrease in the levels of AOS induces an increase in the antioxidant activity of one or
several antioxidant enzymes (Prasad et al., 1994). Elevated antioxidant activity aids in
quenching additional load of AOS and thus stress tolerance is acquired (Allen, 1995).
However, tolerance thus provided is inadequate to quench very high loads of AOS.

lin several studies increased levels of H,O, have been observed (Okuda et al.,
1991; Prasad et al., 1994: Kerdnaimongkol and Woodson, 1999; Lee and Lec, 2000). As
previously stated, due to it diffusive nature, H»O, has a potential to act as a secondary
messenger to induce signal transduction pathways leading to acclimation (Levine et al.,
1994). Attempts have been made to unmask the role of H.0O5 in acclimation by inducing
increase 1n its levels through inhibition of antioxidants. Dat et al. (1998) reported that
salicylic acid, a CAT nhibitor induced heat acclimation in mustard seedlings. The
thermotolerance thus achieved involved an increase in H;0O; tevels. Similarly,
acetylsalicylic acid, an artificial analog of sahcylic acid induced thermotolerance in
potato microplants {Lopez-Delgado ct al., 1998). These findings suggest involvement of

H,O- 1n the induction of thermotolerance.



Signal Transduction

Signal transduction is a cascade of biochemical events, during which specific
extracellular stimuli are converted into chemical signals, which trigger specific responses
including changes in gene expression. Biotic and abiotic stresses act as extracellular
stimuli, which are perceived by vartous receptors and converted inio a chemical form.
This step usually involves a secondary messenger, such as AOS (Bowler et al., 1992; Wu
et al., 1995) to convey the chemical signal to a specific interceilular target molecule.
Signal transduction results in induction of a cellular response, frequently due to changes
in phosphorylation state of proteins leading to changes 1n gene expression (Seo et. al_,
1997).

Contrary to well characterized animal signal transduction pathways, those in plant
systems are not well understood. Although hyperscnsitive response and systemic
acquired resistance resulting in resistance to pathogen attack have been studied, no single
signaling pathway has yet been completely revealed. The available information about
roles of specific biomolecules and precise events during signal transduction pathways is
sketchy (Foyer ct al., 1997).

AOS can trigger induction of signal transduction pathways in planls exposed to
both biotic and abiotic stresses (Doke et al., 1994). Role of moderate increase in levels of
H;0; as a potential trigger to induce stress tolerance has been previously described. Price
et al. (1994) reported that H,O,; caused an increase in the levels of cytosolic calcium
([Ca’"].,4), indicating a possible role of Ca®” in signal transduction. Knight et al. (1996)
reported that both long-term as well as short-term treatments with H; O, altered [C‘azi]cyT

in Arahidopsis and the response curve obtained was similar to the cold acclimation



response curve, suggesting a possibility of involvement of a common signal fransduction

pathway.

Calcium and Signal Transduction

[Caz+] «yt Plays an important role in signal transduction. After the reception of
signal, rapid influx of Ca®" occurs into cytosol from both intra-cellular and extra-cellular
Ca®" stores. Knight et al. (1992) demonstrated that Ca”" is released from the apoplast in
cold shock, whereas it 1s released from intracellular stores such as vacuole 1n case of
touch and wind. Thus, the type of stimulus received governed the source of Ca™",
Intracellular Ca®" influx occurs through voltage gated and [P3 channels and extracellular
Ca® influx primarily occurs through the voltage gated channels (Bush, 1993). However,
influx may also occur through Icrac, channels involved in capacitative Ca® signaling or
even through non-selective channels (Bush, 1993). The increased [Ca2+] cyractivates Ca®
binding target proteins, including calmodulin and Ca’" dependant protein kinases
(CDPKs). The Ca®” signals are primarily deactivated by the action of ATPase pumps and
also by H'/Ca®" antiport (Buchanan, 2000). ATPases. located in several celiular
organelles, including plasma membrane, endoplasmic reticulum (ER) and tonoplast use
ATP to delocalize Ca*" into extracytosolic organelies (Buchanan, 2000). Thus, [Caz"] oyt
is restored and Ca’” signal is turned off. In order to achieve effective Ca®* signaling, the
difference maintained between [Ca2+] oy and extracylosolic Ca” concentration is
substantial. [Ca‘}’]clvl 1s maintained very low (100-200 nM) as opposed to the higher

extracytosolic Ca’” concentration (up to 1 mM) (Buchanan et al., 2000).
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Several studies have indicated a role of Ca’* in cold signaling (Monroy et al..
1993; Monroy and Dhindsa, 1995; Knight et al., 1996). Elevated levels t)‘["[Ca“]C}.l have
been reported in plants exposed to cold shock (Knight et al., 1996), chilling (Monroy and
Dhindsa, 1995}, touch {Braam. 1992), oxidative stress (Price et al., 1994), and heat shock
(Biyaseheva et al., 1993; Gong et al., 1998). Few studies have been conducted to
investigate the role of Ca®” in heat acclimation. In tobacco seedlings, heat-shock resulted
in increased [Ca”] oyt (Gong et al., 1998). The authors proposed that elevated [Ca“] evi
acted as a trigger to induce signal transduction pathways resulting in changes in the gene
expression acquiring thermotolerance. In another study, Gong et al. {(1997) examined the
role of exogenous Ca’" on thermotolerance in mustard seedlings and reporied elevated
Ca2+, increased antioxidant activities and induced thermotolerance. In the same study,
treatments with Ca®* chelators and Ca®” channel blockers lowered the antioxidant
activities and increased injury, substantiating the role of Ca™ in preventing injury duc to
heat stress. Exogenous Ca® decreased electrolyte leakage in heat-stressed roots of Beru
vulgaris (Toprover and Glinka, 1976; Cocke et al., 1986). Exogenous Ca’' treatments
also enhanced the heat tolerance of tall fescue and Kentucky bluegrass (Jiang and Huang,
2001). However, external Ca”* did not alleviate the high temperature induced growth
retardation of wheat coleoptiles (Onwueme and [.aude, 1972). The role of Ca’” signaling

in thermotolerance is not yet clear and awaits further investigation.
Summary

Heat stress has profound effects on growth and development of plants. To

optimize the productivily of plants, comprehending injury and acclimation resulting from
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high temperature is important. Exposure to biotic and abiotic stresses results in elevated
levels of AOS. Although beneficial at moderate concentrations, AOS can have
deleterious effects at higher concentrations due to their ability to react with biomolecules.
H>0; has been implicated in the mechanism of chilling injury when present at high
concentrations and when present at moderate concentrations, H,O; is believed to mediate
cold acclimation. Due to its permeability across membranes, H,O, may act as a
secondary messenger in the signal transduction pathways. Enzymatic antioxidant
defenses such as CAT and APOX play a significant role in keeping H,O» concentrations
under control. Modifications in the activities of antioxidant enzymes can alter cellular

concentration of H,0,. The role of H,0; in heat stress injury is not clear.

Objectives
1. To determine the relationship between the stability of hydrogen peroxide defense
mechanisms and thermotolerance of vinca (Catharanthus roseuns) and sweet pca
{Lathyrus odoratus) leaf tissues.
2. To determine the effect of heat stress on endogenous H,O; levels in vinca
{Catharanthus roseus) and sweet pea (Lathyrus odoratus) leaf tissues.
3. To determine the effect of elevated H;O» levels on thermotolerance of vinca

(Catharanthus roseus) and sweet pea (Lathyrus odoratus) leaf tissues.
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CHAPTER I
ANTIOXIDANT ACTIVITY AND HYDROGEN
PEROXIDE CONTENT IN HEAT
STRESSED VINCA AND

SWEET PEA

Introduction

Among the primary causes of reduction in crop yields are abiotic stresses,
including cxtreme temperatures, water excess and deficit, salts, heavy metals,
photodynamic herbicides and environmental pollutants. High temperaturc injury can
result in considerable pre-harvest and post-harvest crop losses. High temperature injury
may involve damage due to oxidative stress as speculated in heat-stressed creeping
bentgrass (Liu and Huang, 2000). Oxidativce stress 1s the overall impact of production of
high levels of activated oxygen spccies (AOS). Besides high temperature, oxidative
damage due to AQS was implicated in several other abiotic stresses such as chiiling and
freezing temperatures (Prasad et al., 1994; McKersie ct al, 1997), hcavy melal stress
(Tessseire et al., 2000; Prasad et al., 1999, Lidon ct al., 2000}, scvcre water siress (Iturbe-
Ormaetxe et al., 1998) and salinity stress { Dionisto-Sese and Tobita, 1998).

AQS include singlet oxygen ('O, superoxide radical { Oz'), hydrogen peroxide
(H20;) and hydroxyl radical ( OH). Production of AOS in plants 1s not restricted to
stressful conditions. Under normal conditions, AOS are produced as a result of several
mechanisms, imcluding Mehler reaction and photorespiration. During Mehler reaction,

transfer of electrons from H,O to O, forms O and a trans-thylakoid proton gradient
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(Ntuli, 1995). Duning photorespiration. the oxygenation reaction of ribulose bisphosphate
carboxylase/oxygenase (Rubisco) forms glycolate, which enters peroxisomes and
produces H,0; by the enzyme glycolate oxidase (Veljovic-Jovanovic, 1998; Wingsle,
1999). H,O7 can also be formed by dismutation reaction of ‘O, catalyzed by superoxide
dismutase (SOD; EC: 1.15.1.1) (Bowler et al., 1992). 'O; can be generated by a reaction
between O; and triplet excited state chlorophyll (Asada and Takahashi, 1987).

AOS can perform beneficial or deleterious functions in the cells under normal and
stressful conditions. H,O, polymenzes a lignin precursor in the cell wall lignification
process under normal conditions (Gross, 1980). When exposed to abiotic stresses, AOS
can perform beneficial functions such as induction of cell wall polymerization to prevent
pathogen entry, action as "antibiotics" to directly eradicate pathogens and induction of
hypersensitive response and systemic acquired resistance (Mehdy et al., 1996). When
exposed to biotic or abiotic stress, AOS can induce signal transduction pathways,
resulting in tolerance to previously lethal stress (Foyer et al., 1994). Harmful functions of
AOS mclude reacting with several biomolecules including pigments, membranes,
enzymes and nucleic acids (Elstner, 1982) and modifying their functions, AOS can
contribute to scnescence (Dhindsa et al., 1981). AOS can also cause autocatalylic
peroxidation of membrane lipids, resulting in loss of membrane semipermeability
(Basaga, 1989). Lipid peroxidation is one of the primary mechanisms of stress injury
(Foyer et al., 1997). The concentration of AOS is one of the key factors determining the
beneficial or harmful functions performed by AOS, higher concentrations causing injury
(Foyer et al., 1994) and moderate concentrations leading to acclimation. Moderate levels

of AOS are believed to induce increased antioxidant activity, resulting in stress tolerance
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(Kerdnaimongkol et al., 1997). Prasad et al. (1994) illustrated that the consequence of
severe oxidative stress was injury, whereas moderate oxidative stress led to acclimation
in maize seedlings exposed to chilling temperatures in the dark.

In order to protect cells from the potential damage from AOS, several enzymatic
and non-enzymatic antroxidant defense systems maintain AOS concentrations under tight
control (Noctor and Foyer, 1998). The primary enzymatic defenses include SOD, catalase
(CAT; EC: 1.11.1.6), and peroxidases (POX; EC:1.11.1.7). The non-enzymatic defenses
are compounds like glutathione, alpha tocopherol, ascorbate, beta carotene,
hydroquinones, flavonoids, phenols and phenolic acids, (Elstner, 1982; Larson, 1988).
Under normal environmental conditions the antioxidants provide adequate protection
against the deleterious effects of AOS (Alscher et al., 1997).

Changes in antioxidant activity have been the focus of several stress studies
{Noctor and Foyer, 1998). Findings of some studies have shown a decrease in antioxidant
activily as a result of stress (Fadzillah et al., 1996). In such instances il is postulated that
decreases in antioxidant activity resulting in higher levels of AOS may be a mechanism
of injury. However, in some studies antioxidant activity has been reported to increase as 4
result of stress (Prasad et al., 1999; Sala and Lafuente, 1999). In such instances, it i1s
postulated that the increase in antioxidant activity occurs in order to detoxify the heavy
loads of AOS and provide protection.

Among the AOS, H,O, has been a pnmary focus of study due to its involvement
in chilling-stress injury. Increased production of H»O; was secn in several stress
scenarios, including transgenic tomato plants expressing an antisense catalase gene

(ASTOMACAT!) exposed to chilling stress (Kerdnaimongkol and Woodson, 1999),



cold-treated winter wheat {Okuda et al., 1991) and cucumber leaves exposed to chilling
(Lee and Lee, 2000). H;0; plays a twofold role in plants exposed to chilling stress,
inducing not only oxidative damage, but also acting as a signal for induction of defenses,
resulting in chilling tolerance (Prasad et al. 1994; Kerdanaimongkol et al. 1997). Levine
et al. (1994) suggested that low levels of HO; could result in induction of plant defense
genes such as glutathione S-transferase and glutathione peroxidase and high levels of
H,0; could induce cell death in soybean cell cultures. These studies suggest that the role
of H,O; in oxidative stress 1s concentration dependent, high concentrations resulting in
injury and low concentrations mediating acclimation.

Plants produce H,0O; at optimal environmental conditions as a by-product of
metabolic reactions like photorespiration, Mehler reaction and B-oxidation of fatty acids.
H,0, is relatively stable due to lower reactivity compared to other AOS. The lack of
charge enables H,05 to diffuse across membranes and due to this property, H.0; has the
potential to act as a secondary messenger (Foyer ct al., 1997). H,O, can exhibit
deleterious effects such as enzyme activity inhibition at 10 mM (Bowler et al., 1992). The
primary mechanism of injury due to H,O; is acting as a substrate to form ‘OH by
participating either in the Haber-Weiss reaction with O, or in Fenton-type reactions,
accepting electrons from metals {Larson, 1988). OH is the most reactive AOS with a
very high redox potential and can cause considerable damage to the plant. Hence.
intercepting H;O, and O, the substrates for formation of ‘OH, 1s vital to avoid injury.

CAT and POX are the key enzyme classes responsible for H,O; detoxification.
Tetrameric, heme-containing CAT converts H,O-» to water and oxygen utilizing an energy

efficient mechanism (Scandalios, 1994). The mode of action of catalase depends upon the

33



concentration of H.O». At low concentrations of H,O;, catalase catalyzes the
“peroxidatic” reaction, in which it oxidizes variety of hydrogen donors; whereas, at high
concentrations of H,O; it catalyzes the ““catalatic’ reaction which has a very high rate of
detoxification (Scandalios, 1994). However, due to the required access of two H20s
molecules at CAT active site for CAT to be functional, CAT has a very low affinity for
H,0; (Noctor and Foyer, 1998). CAT is present in peroxisomes and mitochondra
(Scandalios et al., 1980). Plant POX are a class of monomeric glycoproteins containing
several prosthetic groups that oxidize biomolecules utilizing wide range of substrates
(Lagnmini, 1990). Ascorbate peroxidase (APOX; EC: 1.11.1.11) is a class of heme-
containing POX (Creissen et al., 1994) that utilizes ascorbate as an electron donor for
detoxification of H,0O; into water and monodehydroascorbate (Foyer et al., 1994). APOX
detoxifies H,O; in chloroplasts and cytosol {Creissen et al., 1994). Although APOX has a
higher affinity for H,O, than CAT, CAT activity in leaves 1s generally 100-1000 times
higher than that of POX (Volk and Feierabend, 1989), making CAT the key enzyme
responsible for detoxification of H,O;. On the other hand, chleroplasts generatc large
ammounts of H,O; and oblain protection against it from APOX. Thus, cellular activity of
CAT as well as APOX is of paramount importance and diminution in CAT or APOX
activity could result in increasing cellular H,O; levels, causing injury.

Correlation between modification of antioxidant enzyme activities, changes in
endogenous levels of H,O; and injury due to various stresses have been the focus of
several studies in order to determine the mechanism of injury. Increased levels of H>O;
and decreased antioxidant enzyme activities were correlated with injury due to chilling

stress (Prasad, 1996). Mizuno et al. (1998) also reported an increase in both CAT and
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APOX activities in potato tubers exposed to chilling stress. However, decreased CAT
activity was seen in rice shoot cultures (Fadzillah et al., 1996), cucumber seedlings
(Omran, 1980) and cucumber plants (Lee and Lee, 2000) exposed to chilling stress and
mustard seedlings exposed to heat shock (Dat et. al., 1998). At injunng temperatures
heat-stressed pepper leaves showed significant decrease in CAT activity (Andersou,
unpublished data).

The role of H>Os in injury due to heat stress is not clear. The objectives of this
study were to 1) determine the rclationship between the stability of hydrogen peroxide
defense mechanisms and thermotolerance, 2) determine the effect of heat stress on
endogenous H,O; levels in plant tissues, 3) determine the effect of elevated H,O: levels
on thermotolerance. A heat-tolerant bedding species, vinca (Catharanthus roseus) and a

heat-susceptible bedding species, sweet pea (Lathyrus odoratus), were used.

Materials and Methods

PLANT CULTURE AND AGE. Vinca (Catharunthus roseus) and sweel pea
(Lathvrus odoraius) seeds were sown in 1 5-cm diameter pots in a commercial potting
mix (Universal mix, Strong-lite, Pine Bluff, AR) enriched with micronutrients. Plants
were grown in growth chambers programmed at 24/20°C (day/night) cycles, with 45-65%
relative humidity. The chambers were programmed for 14 h photoperiod provided by
fluorescent and incandescent bulbs. The light intensity at canopy height was = 400
pmo]'m'2 s Plants were watered with soluble fertilizer (Peters, 20N-8.6P-16.6K) at

0.7g L as per requirement, judged by soil color and pot weight.
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Since tissue age can affect thermotolerance (Anderson et al., 1990), preliminary
experiments were conducted to determine suitable plant age for optimizing tissue
response to heat stress. A significant relationship between tissue age and electrolyte
leakage (data not presented) was not observed. Based on aptimum physiological
development stage, 8-week-old plants were selected for the experiments.

HIGH TEMPERATURE TREATMENTS. Seven-millimeter diameter leaf
disks were punched out and immersed in 2 mL distilled water in 25 x 150 mm test tubes.
High temperature treatments were given for 15 min by placing the test tubes into a
circulating water bath set at a desired temperature. The temperature range used was 24"
and 50-58°C for vinca and 24° and 44-52°C for sweet pea, at every 1°C interval. Three
sub-samples were assayed per temperature exposure. After high temperature treatments,
20 mL water was added to the test tubes and samples were incubated on an orbital shaker
for 22 h at 24°C. Initial conductivity was measured using a conductivity probe (Model 35,
Yellow Springs Instrument Company, Yellow Springs, OH) and samples were antoclaved
followed by another 22 h incubation. Final conductivity measurements were taken.
Electrolyte leakage (EL) was computed as the ratio of initial to final conductivity X 100.
EL was plotted against exposure temperatures and the temperature midpoint (Ty,g) was
computed as described by Ingram (19835).

THERMOSTABILITY OF CAT AND APOX. One gram leaf tissue, excluding
the midrib, was cut into = 1 cm* squares and immersed in 2 mL distilled water in a 25 x
150 mm test tube for high temperature treatments. The test tubes were placed into a
circulating water bath for 15 min for each high temperature exposure. The temperature

range used was 24°C and 48-064°C for vinca, and 24°C and 42-58°C for sweet pea, at




every 2°C interval. Heat-treated tissue was homogenized in a blender (Waring Products
Div. Dynamics Corp. of Amenca, New Hartford, CT) along with 0.075 g
polyvinylpolypyrrolidone (PVPP) and 25 mL potassium phosphate buffer (50 mM, pH
7.0), then filtered through Miracloth (Calbiochem-Novabiochem Corp., San Diego, CA)
pre-moistened with buffer. Filtrate was centrifuged at 16,000 g, for |5 min and the
supernatant was used as crude extract.

CAT activity was determined spectrophotometrically by the decrease in
absorbance at 240 nm for 10 s after a 10 s lag (modification of the procedure described
by Aebi, 1983). Three mL reaction mixture contained 1.5 mL 1:20 dilution of crude plant
extract in buffer and 1.5 mL 30 mM hydrogen peroxide prepared in buffer, which
initiated the reaction.

APOX activity was determined spectrophotometrically by the decrease in
absorbance at 290 nm for 50 s after a 10 s lag (modification of the procedure described
by Miyake et al., 1991). Three mL reaction mixture contained 1 mL 1:10 dilution of
crude plant extract using buffer, 0.8 mL 50 mM phosphate buffer (pH 7.0) and 0.6 mL
1.0 mM ascorbate. The reaction was 1nitiated by addition of 0.6 mL. 0.5 mM hydrogen
peroxide. All reagents were prepared in buffer.

During both the enzyme assays, crude plant extract prepared using 1 g Jeaf tissue
was analyzed spectrophotometrically in three sub-samples and the experiment was
replicated five times. The experiment was a split-plot arrangement in a randomized
complete block design. Expenimental dates constituted the blocks, plant species were
levels of the main unit factor. and EL, APOX and CAT were levels of the split unit

factor. T responses were calculated for APOX and CAT activity using PROC NLIN
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(SAS Institute) in both vinca and sweet pea. The analysis of vanance procedure was
performed using PROC MIXED (SAS Institute).

EXPOSING LEAF TISSUE EXTRACTS TO HIGH TEMPERATURE
TREATMENTS AND MEASUREMENT OF CATALASE ACTIVITY. Onec gram
leaf tissue was homogenized along with 0.075 g PVPP and 25 mL potassium phosphate
buffer (50 mM, pH 7.0) in a Waring blender. Leaf tissue extract was filtered through pre-
moistened Miracloth and centrifuged at 16,000 gy, for 15 min. The leaf tissue extract was
partially purified by sequentially passing it through G25, C2 and anion exchange columns
conditioned with 1 mL water and 2 mL buffer. Sixteen x 100 mm test tubes containing
0.5 mL purified extract were placed 1n a circulating water bath for 15 min for each high
lemperature exposure.

Preliminary experiments indicated that CAT activity in vinca extracts started
declining at lower temperatures compared to intact tissuc. Therefore, the CAT response
curve was optimized for vinca extracts by selecting a lower temperature range than for
intact tissue. Conversely, in sweet pea extract the CAT activity decreased in a similar
temperature range compared to mntact tissue and therefore, extract was exposed to the
same temperature range as intact tissue. The temperature range selected for both vinca
and sweet pea was 24" and 42-58"C, at every 2°C interval. Afier the heat treatments, 9.5
mL phosphate buffer was added to the extracts and CAT activity was assaycd as
previously described. T,,gs were computed as previously described.

Three sub-samples were assayed per high temperature treatment. The
experimental design was a completely randomized design and T4 were the responses.

The analysis of vanance procedure was performed using PROC MIXED (SAS Institute).
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MEASUREMENT OF H.0; IN CONTROL, INJURED AND KILLED
TISSUE. Seven-millimeter diameter leaf disks were punched for measurement of EL and
0.5 g leaf tissue was cut into strips excluding the midrib for measurement of H,0,. The
leat disks or strips were immersed in 2 mL distitled water in 25 x 150 mm test tubes and
exposed to 24°, 54° or 60°C for vinca and 24°, 48° or 54°C for sweetl pea in a circulating
water bath for 15 min and were either assayed for EL or HyO; content.

Hydrogen peroxide content of the tissue was determined spectrophotometrically
(modification of the procedure described by Ngo and Lenhoff, 1980). Afler the
temperature treatment, 0.5 g leaf tissue was frozen in liquid nitrogen. Five milliliter
chilled 5% trichloroacetic acid {TCA) was added and the tissue was homogenized using a
mortar and pestle. Homogenate was filtered through Miracloth pre-moistened with TCA.
Filtrate was vortexed with 0.1 g activated carbon and 0.04 g PVPP and filtered through
Miracloth again. The filtrate was centrifuged at 16,000 g, for 15 min and the supematant
was used as crude plant extract. Three mL reaction mixture contained 1.92 mL 0.375 M
sodium phosphate buffer (pH 6.5), 0.3 mL of 3.3 uM 3-dumethylaminobenzoic acid
(DMAB), 0.3 mL 0.07 uM 3-methyl-2-benzothiazolinonchydrazone (MBTH), and 10 ng
type 1 horseradish peroxidase (0.25 units). All reagents were prepared in buffer, except
MBTH, which was prepared in water. The reaction was initiated by adding 0.3 mL crude
plant extract. The reaction was carned oul at 24°C and samples were incubated for 24 h
in the dark before measurement. H,O; content was assayed by recording the absorbance
at 590 nm. During each experniment a standard absorbance curve was generated by
measuring a range of concentrations of H,Q,. The curve thus obtained was used to

calculate the H>(), concentration in the tissue.
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Three sub-samples were assayed from each crude plant extract. The experiment
was a split-plot arrangement in a randomized complete block design. Experimental dates
constituted the blocks. H,O, concentration and EL were the responses. The analysis of
variance procedure was performed using PROC MIXED (SAS Institute).

HEATING IN LIGHT AND DARK. Leaf disks were exposed to light and dark
treatments using a circulating water bath lighted with incandescent bulbs. Light intensity
was ~ 650 umolm™?sec”. Seven-millimeter leaf disks were cut using a borer for the
measurement of EL and 0.5 g leaf tissue was cut into = 1 cm” squares for assaying
endogenous H,O,. Erlenmeyer flasks containing 20 mL deionized distilled water and
either three disks or 0.5 g tissue were placed in the lighted water bath. For heating in the
dark, flasks were covered with aluminum foil. The water bath temperature was increased
stepwise from 25°C to 53°C for vinca and from 25°C to 46.5°C for sweet pea, with a 15
min soak time after every 5°C increase. Samples were taken out after 25°C and the final
temperature exposure. EL and H,0, levels were assayed as previously described.

The experiment was a split-plot arrangement in a randomized complete block
design. Experimental dates constituted the blocks. H,O, concentration and EL were the
responses. The analysis of variance procedure was performed using PROC MIXED (SAS

Institute).

Results and Discussion

THERMOSTABILITY OF H;0, DEFENSES. Antioxidant enzymes play a

vital role in protecting cells from deleterious effects of AOS. There is a plethora of
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literature available on modification of antioxidant enzyme activities during exposure to
abiotic stresses (Noctor and Foyer, 1998). It is postulated that decreased antioxidant
levels result in the production of excessive AQS, resulting in injury. The mechanism of
injury 1n heat-stressed tissue may involve an increase in the rate of production of AOS,
impairment of antioxidant defenses, or both (Bowler et al., 1992). In the event of direct
involvement of H,O, in the mechanism of injury due to heat stress, one would expect to
see impaired defenses and/or increased levels of endogenous H,0; in heat stressed plant
tissue. Also, if impairment of defenses results in injury, one would expect that as the
temperature increases, activities of antioxidant enzymes would decrease, resulting in
elevated AOS levels prior to, or coincident with, the occurrence of injury.

[t was observed that at increasing temperatures, CAT and APOX activities
decreased and then stabilized at a minimum, resulting in inverted sigmotdal curves (Fig.
1-4). The amount of electrolytes leaking from damaged membranes increased at
Increasing temperatures, then stabilized at a maximum, resulting in sigmoidal curves
(Fig. 5,6). In this study, temperature midpoints (TmieS) obtained by plotting EL against
temperature as an index of thermotolerance were used. Ingram (1985) utilized Tmiq
obtained from a similar sigmoidal response curve from EL 1n Pittosporum tobria root
cells to quantify the interaction between heat stress and membrane stability. Tpigs
obtained by plotting enzyme activities against temperature were used as indexes of
thermostability of enzyme activities. In vinca, T.,4s of sigmoidal curves for EL, APOX
and CAT were 53.9%, 52.9°, and 56.0°C, respectively, and in sweet pea they were 48.4",
50.5°, and 50.0°C, respectively. In vinca, Trgs for APOX and EL were not significantly

different, but they were significantly lower than the Tn,q for CAT at P < 0.05 (Table 1). In
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sweet pea, Trgs for APOX and CAT were not significantly different from each other, but
were significantly higher than the T for EL. Also, Tigs for EL, APOX and CAT in
vinca were significantly higher than the corresponding values in sweet pea. The T s
indicate that CAT activity decreased in vinca at a significantly (P < 0.05) higher
temperature than the temperature at which EL increased, and the temperature at which
APOX activity decreased was not significantly different than that at which EL increased.
[n sweet pea both CAT and APOX activities decreased at a significantly higher
temperature than that at which EL increased.

In this study, Tmigs have been used to quantify the injurious temperature. A Ty, q18
a mathematical midpoint of sigmoidal or inverted sigmoidal curve. Tp,g value does not
furnish information about another indicator of heat injury, the temperature at which EL
begins increasing and enzyme activities begin decreasing. Since 1t 1s not known how
rauch decline in the enzyme activity or increase in EL is physiologically significant, the
discussion 1s solely based upon the numernic decrease or increase. APOX activity in vinca
began decreasing between 48-50°C, and (Fig. 1) and CAT activity staricd decreasing
between 50-52°C (Fig. 3) and EL started increasing between 52-53°C (Fig. 5). APOX and
CAT activities in sweet pea began decreasing between 44-46°C (Fig. 2,4) and EL began
increasing between 47-48°C (Fig. 6). Thus, in vinca and sweet pea the decline in the
enzyme activities and increase in EL occurred in a similar temperature range.

Decline in the enzyme activities, followed by heat-stress injury would have made
the involvement of defense impediment in heat-stress injury apparent. However, looking
at both Trgs and temperature ranges in which enzyme activities declined, the results

indicate that impatrment of defenses occurred erther at a lower or similar temperature

42



than the increase in the EL in both vinca and sweet pea. Hence, the data did not present
conclusive evidence of the involvement of enzyme defense impairmment in the mechanism
of injury in heat-stressed vinca and sweet pea leaf tissue.

Several reasons can be stated to explain the loss of enzyme activities at higher
temperatures, including conformational change leading to decline in the activity,
production of inhibitors, diminished rates of enzyme synthesis and/or elevated enzyme
degradation. Also, the factors stated above may interact, finally determining the net
enzyme activity. MacRae and Ferguson (1985) suggested that a change 1in enzyme
configuration was a very strong possibility in CAT activity decline in chilling stress.
Lazarov (1983) established that in the rat hiver cells, for CAT to become active, the
precursor apomonomer must pass through the peroxisomal membrane, where it acquires
heme and aggregates to the active tetrameric form. Hence, damage to the peroxisomal
membrane might affect CAT assembly, in turn affecting its activity. However, in spite of
the destructive leaf extract preparation method used, measurable enzyme activity was
seen in the experiments. Also, considening the time course of the enzyme assays. the
primary focus was on the decrease in activity of existing enzyme. Therefore the factors
related to enzyme production or degradation were important, but not the most significant.
Exploring all the possibilities for the decrease in enzyme activities was beyond the scope
of this study and needs further investigation. In this study, an increase in EL afler heat
treatments was observed, implying heat-induced damage to membranes that had a
potential to influence the events associated with the modification in enzyme activities.

Hence, the possibility that Joss in enzyme activities might have been a consequence of the



events leading to loss of semipermeability of membranes of heat-stressed vinca and sweet
pea leaf tissue was considered.

Vinca, a heat tolerant species was compared with a heat susceptible species, sweet
pea. The higher Tp,q for EL confirmed that vinca is more thermotolerant than sweet pea.
CAT and APOX activities showed significantly higher thermostability in vinca than in
sweet pea. One reason for the differences in enzyme stability could be the presence of
more thermostable isozymes of CAT and APOX in vinca. High temperature could result
in reversible denaturation or irreversible aggregation of proteins, and due to small
differences in the amino acid sequences of 1sozymes, the effect of high temperature on
their structure and/or conformation could be variable. If loss in CAT and APOX enzyme
activity was a consequence of events related to loss of membrane semipermeability, it
may explain why these enzymes were more thermostable in vinca than sweet pea.
Protective mechanisms, such as molecular chaperones exist in plants to protect the
protein structures from thermal denaturation or aggregation (Nagao et al., 1990),
maintaining enzyme activities at higher temperatures. Depending upon the type and
amount, the protective machinery could have provided higher thermoprotection to the
enzymes in vinca than sweet pea.

In order to better understand the causes associated with decline in enzyme
activities due to heat stress and the difference in thermostability of enzymes in heat
tolerant and heat susceptible species, partially purified extracts of vinca and sweet pea
leaf tissue were exposed to high temperature treatments and CAT activity was assayed.

Although partial purification of tissue extract resulted in 48% decreased CAT activity in
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vinca and 30% decreased CAT activity in sweet pea compared to the intact tissue
controls. CAT activity was still measurable (data not presented).

Tmigs for CAT activity were 48.4° and 49.8°C in vinca and sweet pea extracts,
respectively. Thus, compared to Tyig for intact vinca tissue (56 °C), Tyiq for vinca extract
decreased about 8.6°C. However, in sweet pea, Tmigs for intact tissue and extracts were
similar. Due to procedural and time differences in conducting the two assays, the data
from heat treatments of intact tissue and purified extracts were not pooled for a combined
statistical analysis. Nonetheless, the decrease in Tpq in vinca purified extract as opposed
to lack of change in T4 in sweet pea purified extract was apparent. There was no
significant difference between Thigs for CAT activity in purified leaf tissue extracts of
vinca and sweet pea.

Earlier discussion indicates the possibility of the events responsible for loss of
membrane stability being a significant factor responsible for decrease in enzyme
activities after exposure to high temperature treatments. Considerably lower T,,4 for CAT
actlvity in vinca extract compared to intact tissue was observed. Therefore, it seemed
unlikely that loss in CAT activity was a secondary event resulting from heat-induced loss
of membrane semipermeability.

Tmigs for vinca and sweet pea purified leaf tissue extract were not significantly
different, questioning the likelihood of presence of more thermostable isozymes in vinca.
A viable explanation for the similar T,igs of vinca and sweet pea purified leaf tissue
extracts as opposed to higher T,,4 of intact vinca tissue than sweet pea was better
thermoprotection due to the type or amount of existing protective mechanisms, such as

molecular chaperones in intact vinca tissue. The observed loss in the former higher
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thermostability of CAT activity in vinca could have been due to the effect of extract
purification process on the existing protective mechanisms. As opposed to vinca, there
seemed to be no alteration in thermostability of partiaily purified tissue extract of sweet
pea, indicating probable differences in types of protective mechanisms.

The data were incapable of establishing the direct involvement of impairment of
H,0, defenses in heat stress injury. Hence, a more direct approach to determine the
involvement of H,O; in heat stress was taken by measuring the endogenous H,O; in
control, injured and killed tissue.

ENDOGENOUS H;O; LEVELS IN CONTROL, INJURED AND KILLED
TISSUE. In the event of direct involvement of H,0O; in heat stress injury, the endogenous
levels of H,0; would have been expected to increase with increasing temperatures.
Therefore, endogenous levels of H,O; 1n controls and tissue injured as well as killed by
elevated temperature were measured. Temperature selection for each species was based
upon EL, with the injurtous temperature being the T4 for EL and the killing temperature
corresponding to the EL maximum (Table 2). In vinca, EL was 22% at 24 °C and
increased to 64% at injurious temperature (54 “C) and further to 94% at killing
temperature (62 °C). Similarly in sweet pea, El was 23% at 24 "C and increased 1o 59%
at injurious temperature (48 “C) and further to 93% at killing temperature (54 "C}).

No significant differences in the levels of H,O; at the given thermal regimes in
vinca and sweet pea were observed (Table 2). Also, at the given thermal regimes there
was no significant difference in H,O; levels between the two species.

If H,O; was a key player in heat siress injury, an increase in the level of H,0; at

elevated temperatures would have been expected. The observed lack of significant
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difference in H,O; levels at injurious temperatures may have been due to lack of
production of additional H,O, at higher temperatures or due to a corresponding increased
degradation of H,O,, ultimately resulting in the same steady state H;O, concentration.
The lack of increase in observed H;O» levels. in spite of increased production, could have
been due to breakdown of H,O; to OH by Haber-Weiss or Fenton-type reactions.
However, in a similar study with rice (Orvza sativa) plants exposed to water stress, Boo
and Jung (1999) reported a rapid decrease in H>Q; levels and no significant change in the
concentration of catalytic iron, a recurrent substrate for the Haber-Weiss or Fenton-type
reactions. Another possibility for static H;O; level in spite of higher production could
have been detoxification of H;O; by antioxidants, which seems unlikely since in this
study it was found that antioxidant activities decreased at injuring temperatures. Hence, it
1s more hkely that the endogenous H,O» levels did not alter as a result of heat stress.
MacRae and Ferguson (1985) reported results similar to these findings in pea
(Pisum sativum), mung bean (Vigna radiata) and cucumber (Cucumis sativis) exposed (o
chilling stress. They observed a significant decrease in CAT activity, howcver, H20,
content in these species did not increase significantly. Also, Boo and Jung (1999)
reported that in rice plants exposed to water stress, APOX and CAT activities decreased
but levels of ‘05" showed no change and leveis of H,0; decrcased. The results from these
studies suggest that impairment of enzyme defenses resulting in high levels of H,O; may
not be the mechanism of injury due to chilling and water stress. However, Fadzillah et al.
(1996) reported that at 4°C, activity of CAT decreased and activity of APOX did not
change in rice shoot cultures exposed to chilling stress. They also reported an almost

fourfold increase in tissue levels of H,O;. They hypothesized that the loss in antioxidant
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activity might have contributed to the increase in H,O» levels and chilling injury. In
another study with chilled cucumber seedlings, Omran (1980) reported a decrease in
CAT activity with no change in POX activity and a subsequent increase in the levels of
H,0,. It was posiulated that the increase in levels of H,O, might have resulted from
reduced CAT activity. Similarly, Kuroda and Sagisaka (1998) studied changes in the
levels of H;O, in apple (Malus domestica) flower buds exposed to freezing injury and
reported that high levels of H>O, were produced following freezing. The authors
proposed that elevated H,O, impaired H,O,-scavenging mechanisms such as POX,
further resulting in accumulation of H,O,, which played a role in the mechantsm of injury
by acting as a substrate in the formation of ‘OH.

In a study with wheat (7riticum aestivum L.) genotypes with varying
susceptibility to high temperature stress, Sairam et al. (2000) found that tolerant
genotypes had the highest APOX and CAT activity and the lowest H,0; content at
elevated temperature. They proposed that heat tolerance in wheal was associated with
higher antioxidant levels responsible for detoxification of H;Os. Although 1n this study it
was observed that the baseline APOX and CAT activities in vinca were 2.6 and 1.7 times
higher than in sweet pea, respectively, no significant difference between the H,O, level of
a heat tolerant species, vinca, and a heat susceptible species, sweet pea was seen. Thus,
no conclusive evidence of the association of antioxidants and H;O; with the higher
thermotolerance of vinca than sweet pea was observed in this study.

INCREASING ENDOGENOUS H,0;. Several scientists have used elevated
endogenous H;(; as a tool to investigate the role of H,O» 1n abiotic stress acclimation

and njury. Treatments with salicylic acid and its artificial analog, acetylsalicylic acid,
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increased endogenous H>O; levels and increased thermotolerance (Dat et al., 1998;
Lopez-Delgado et al., 1998). Sairam and Srivastava (2000) incubated wheat leaf strips in
0.05-0.20 mM H;O; solutions and observed a concentration-dependent decrease in
membrane stability compared to controls, indicating elevated injury. In this study, no
change in the thermostability of vinca was observed after floating leaf disks in 10 or 100
mM H,O; solutions or after syringe-infiltrating vinca and sweet pea leaves with 10 or 100
mM H,O; solutions (data not presented). Using transgenic plants deficient in catalase,
Willekens et al. (1997) established that exposure to high light intensities could result in
production of high levels of photoresptiratory H;O;. The production of photorespiratory
H,0; in vinca and sweet pea and its effect on thenmotolerance, as indicated by EL was
examined by imposing heat treatments in light and dark. In the event of production of
high levels of photorespiratory H>0; in samples exposed to injurious temperatures in the
light, greater injury would have been expected to occur compared to samples heated in
the dark.

EL from vinca leaf disks held at 24"C was 13.8% and 15.4% in the presence and
absence of light, respectively (Table 3). EL at injurious temperature (53°C) was 46.4%
and 64.6% in the presence and absence of light, respectively. Similarly, EL from sweet
pea leaf disks held at 24°C was 14.0% and 17.0% in the presence and absence of light,
respectively (Table 3) and EL at injurious temperature (46.5°C) was 51.8% 1n the light
and 49.2% in the dark. Injurious temperature resulted in significantly higher EL than
control in both sweet pea and vinca (Table 3). In sweet pea, the presence or ahsence of
light did not have a significant effect on EL at both control and injurious temperatures. In

vinca, there was no significant difference in the EL due to the presence or absence of
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light at 24°C. However, at injurious temperature the absence of light resulted in
significantly higher EL than its presence. The mechanism of higher injury in dark is not
known.

The presence or absence of light did not make a significant difference in the H,O,
levels in vinca or sweet pea. In vinca, at 24°C, endogenous H,O, was 1.8 umolg”' FW in
the light and 1.9 pmol'g” FW in the dark (Table 3). At injurious temperature (53°C),
H,0, was 2.6 umol'g” FW in both the presence, as well as absence of light. In pea, at 24
°C, H,0, was 3.8 umo]‘g'l FW in the light and 3.9 umol'g"l FW in the dark. At injurious
temperature (46.5°C), H,O, was 3.8 umol'g'1 FW in both the presence, as well as absence
of light. In vinca, H,0; in the injured tissue was significantly higher than in controls
(Table 3). However, in sweet pea, there was no significant difference between H,0,
levels at the two thermal regimes. The findings suggest that the stepwise increase in
temperature significantly elevated H,O; levels in vinca, but not in sweet pea. Moreover,
in both the species at injurious temperature there was no significant differcnce in
endogenous H,0; in the presence or absence of light, indicating lack of accumulation of
photorespiratory H,O;. The lack of accumulation of photorespiratory H,O, may have
been due to a lack of production or rapid detoxification. However, it was previously seen
that at injurious temperatures, CAT and APOX activilies declincd. The exact cause ol
lack of accumulation of photorcspiratory H,0; is not known.

The observed H,O; levels in this experiment (Table 3), and the previous findings
(Table 2) are not identical due to the variations in experimental protocols. While
measuring the H,O» levels in injured leaf tissue, vinca was exposed to 53° and sweet pca

was exposed to 48"C for 15 min. The temperature selection was based upon EL as
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previously stated. While inducing the production of photorespiratory H,O,. the increase
in temperature was stepwise from 24° to 53°C in vinca and from 24° to 46.5°C in sweel
pea, with a 15 min soak after every 5°C interval. Tissues were in the water bath the entire
time during stepwise increase in temperature (vs. a single temperature exposure for 15
min). Preliminary experiments were conducted to select the temperature regimes where
EL was closest to the target range (~ 50%). Consequently, the tissue was exposed to
increasing temperatures for a much longer duration, which may explain higher H.O»
levels at injurious temperature (53°C in vinca and 46.5 °C in sweet pea) compared to
controls (24°C). Another procedural change included discarding the bathing solution alter
temperature treatments to induce photorespiration. Whereas, while measuring the
endogenous H,0, in tissue exposed to different thermal regimes, 2 mL bathing solution
was homogenized with the tissue during extraction. This could have resulted in different
H,04 levels in this experiment (Table 3) compared with the previous findings (Table 2).
Another inconsistency observed was, while measuring H,0; concentralion at different
thermal regimes, the data indicated that there was no significant difference between the
H,0; levels in the two species held at 24"C (Table 2). However, in the experiment where
tissues were heated in light and dark, at control (24°C’), sweet pea had significantly higher
H50; levels than vinca. The cause of lower H;O; in vinca and higher H>0O; in sweet pea

while heating in light and dark was not identified.

Summary
The data indicate that CAT and APOX activities did not decline prior to increase

in EL in vinca and sweet pea leafl tissue. Hence, there was no conclusive evidence that



impairment of enzymatic defenses, resulting in accumulation of injurious levels of H,0»
played a vital role in heat stress injury. In vinca both CAT and APOX were more
thermostable than in sweet pea. The differences in thermostability of CAT and APOX in
vinca and sweet pea could have been due to differences in type and amount of protein-
protection mechanisms, such as molecular chaperones in the two species.

Exposing vinca and sweet pea purified leaf tissue extracts to high temperature
treatments and measurement of CAT revealed that the thermostability of CAT in vinca
and sweet pea did not differ. Also, the thermostability of vinca after exposing the purified
extract to heat stress was lower than 1n intact tissue. The observed loss of CAT
thermostability in vinca could have been an effect of partial purification process.
Conversely, in sweet pea, although purifying the extracl lowered CAT activity compared
with intact tissue, it did not affect thermostability, suggesting probabie differences in the
types of protective mechamsms in the two species. The causes associated with decrease
in CAT activity after exposure to heat stress need further exploration.

Measurement of H,O; in control and tissue injured or killed due to heat stress
showed no alterations in the Ha.O, levels. Thus, the data did not corroborate the role of
H»0O; in heat stress injury. The study of effect of production of photorespiratory H,O; by
exposing vinca and sweet pea tissue to injurious temperatures in the light showed no
evidence of production of higher levels of H,03 in the hght than dark. Thus, the data
neither substantiated the impairment of enzymatic defenses prior to heat stress injury, nor
did 1t support the role of H,O; in heat stress injury. The mechanism of heat stress injury is
complex and may not be directly regulated by accumulation of higher levels of H,O; in

vinca and sweet pea.
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Table 1. Temperature midpoints (Tnigs) for ascorbate peroxidase (APOX) activity,
catalase (CAT) activity and electrolyte leakage (EL) response curves in 8-week-old vinca
and sweet pea leaf tissue exposed to a range of temperatures for 15 min. Means + SE of

five replications are reported.

Tmid (OC) -
Species APOX activity CAT activity EL
Vinca 529+0.4a° 56.0+05b 539+04a
Sweet pea 503 +£0.8 x 50.0+0.2x 484+ 0.1y
P value for 0.0007 <0.0001 <0.0001

Species

* Means within a row followed by the same letter are not significantly different at P <

0.05 using L.SD.
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Table 2. Electrolyte leakage (EL) and hydrogen peroxide (H,0O;) concentration in 8-

week-old vinca and sweet pea leaf tissue exposed to control, injurious and killing

temperature for 15 min. Means * SE of three replications are reported.

Temperature H,0,
Species °C) EL (%) (umol g™ FW)
Vinca Control 24 22.0+0.5a° 27+02a
Injured 54 64.1+1.3Db 3.1+ 0.4 a
Killed 62 943 +0.5¢ 33+04a
Sweet pea Control 24 23.0+0.06a 27+02a
Injured 48 58.7+24b 27+02a
Killed 54 933+006¢ 22+02a

*Means within a column followed by the same letter are not significantly different at P <

0.05 using LSD.
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Table 3. Electrolyte leakage (EL) and hydrogen peroxide (H,0;) concentration in 8-
week-old vinca and sweet pea leaf tissue exposed to control and injurious temperature in
light and dark. Temperature increased stepwise with a 15 min soak after every 5 °C.

Means * SE of five replications are reported.

Control o Injured B

Species Light Dark ~ Light Dark

EL (%) ) _

Vinca 13.8+1.82a" 154+28a 464+420 64.6+73¢

Sweet pea 140+13a 170+ 18a S18+5.1b 462+59b
P value for 0.97 (0.79 .38 0.02
Species
o HOaumolglFW)

Vinca 1.8+02a 1.9+03a 20+03b 26+03b
Sweet pea 38+£03Db 39+03b 38+£03b 38+03b
P value for 0.02 0.02 0.12 0.10

Specles

’Means within a row followed by the same letter are not significantly diffcrent at £ <

0.05 using LSD.
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Table 4. Temperature midpoints (Tmas) for catalase (CAT) activity response curves in 8-
week-old vinca and sweet pea partially purified leaf tissue extract exposed to a range of

temperatures for 15 min. Means + SE of three replications are reported.

Sp@C]ei B _Tnnd (OC_)
Vinca 48.4 a*
Sweet pea 49.8 a

a’ Means within a column followed by the same letter are not significantly different at

< 0.05 using LSD.
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Figure 1. Thermal stability of ascorbate peroxidase activity in vinca. Leaf tissues were

exposed to the indicated temperature for 15 min. Enzyme activity was calculated as

ascorbate consumed per gram fresh weight. Means * SE of five replications are

reported.
250
z
= 200
3
®
2 ~ 150
= o0
=
S 3 100
a £
Q N’
s 50
=
St
3
& 0

20

H®—

25 30 35 40 45 50 55 60 65

Temperature ( °C)

63



Figure 2. Thermal stability of ascorbate peroxidase activity in sweet pea. Leaf tissues

were exposed to the indicated temperature for 15 min. Enzyme activity was calculated as

ascorbate consumed per gram fresh weight. Means * SE of five replications are reported.
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Figure 3. Thermal stability of catalase activity in vinca. Leaf tissues were exposed to the
indicated temperature for 15 min. Enzyme activity was calculated as hydrogen peroxide

consumed per gram fresh weight. Means + SE of five replications are reported.
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Figure 4. Thermal stability of catalase activity in sweet pea. Leaf tissues were exposed to
the indicated temperature for 15 min. Enzyme activity was calculated as hydrogen

peroxide consumed per gram fresh weight. Means + SE of five replications are reported.
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Figure 5. Electrolyte leakage from vinca leaf tissue exposed to a range of temperatures

for 15 min each. Means + SE of five replications are reported.
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Figure 6. Electrolyte leakage from sweet pea leaf tissue exposed to a range of

temperatures for 15 min each. Means + SE of five replications are reported.
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Figure 7. Thermal stability of catalase activity 1n vinca and sweet pea partially purified
leaf tissue extracts exposed to the indicated temperature for 15 min. Enzyme activity was

calculated as hydrogen peroxide consumed per gram fresh weight. Means + SE of three

replications are reported.
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