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Summary

Salinity stress is one of the major environmental factors that lead to poor crop Vield is

due to overproduction of reactive oxygen speci¢ROS) which consequently le&ml
oxidative stress. Although these ROS may be required for normal physiological functions,
their accumulation acts as a double edge sword, as they also caus&tiexidamageto
nucleic acids, lipids and proteins of plant cell membranes. Plants have evolved with an
efficient antioxidant defensive system in order to protect and detoxify harmful effects of
ROS. Ascorbate peroxidase (APX) is regarded as one of the mayengers of hD..
Although some studies have described the role of nitric oxide (NO) in diverse physiological
processes in plants, there is still much to know as regards to modulation of APX activity by
nitric oxide in salinitynduced stressed plants. Fthe purposes of this study, the effect of

salt and exogenously applied NO on AP>ehgdroascorbate reductasand antioxidant
metabolite content vas determined. This study investigated the use of NO donor-2,2'
(hydroxynitrosohydrazono) bisthanimine (DEA/NO) and diethylenetriamine (DETA) on
soybean.

The data obtained from this study shows thaipéipation of DETA/N@esulted inan increase

of NO nodular content analso regulated APX activity. The N@uced changes in APX
enzymatic activity were coupletb altered nodule KO, content. Further analysis of APX

enzymatic activity identified three APX isoforms for which augmented enzymatic activity

XiX



occurred in response to NO. By supplemensagnityinduced stress soybeamgth NO, this
study shows thatolerance to salt stress is improved. The underlying mechanism of the NO
mediated tolerance to salt is shown to be its role in modulating the plant antioxidant
defense systenthus maintainingredox statusunder salinityinduced stressHere, dhough
there was increased APX activity in salt stressed plaofpplementingthe salinityinduce
stressed plantsvith NO resulted teevenhigher APX activity which was sufficient to detoxify
ROS. Furthermorehis study shows thathe NOmediated effectis not Imited in antioxidant
enzymes but alsanvolves regulatingantioxidant metabolite atio through modulating the

antioxidant enzymethat areinvolved in the ascorbateaglutathione cycle
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Chapter One

Introduction

Plants are constantly exposed to environmergiesses which eventually lead to changes in
their physiology, morphology and development. Increasing evidence based on experiments
in plants has shown atai role of Nitric oxide (NO) in protecting agairsitess conditiongl).

NOis a majorsignalingmolecule and acts in several tissues to regulate a diverse range of
physiological processes. This free reactive radical gas was initially considered just as a toxic
gas. However this idea changed after the discovery ofsigaalingrole of NO in regulatig

the cardiovascular ystem (2). In plants, the importance ah-depth studies on NO was
prompted after the identification of the role of gaseous nitric oxide in senescence and plant
defense against pathogens (3, ¥ A vast range of processes related toowth and
development which NO regulates in plants include induction of seed germination and
reduction of seed dormanc{b,6), reductionof internodeslengthin stems(7,8), elongation

of roots (7) and delay of senescencpromotion of stomata closure stimulation of leaf
expansion and inhibition of cell death in plant lea{®s

Another major area directed on the study of NO is towards its involvement in coordinating
several defense responses during both biotic and abiotic stress camlitio plants The
imposed level of stressn the plant can lead to the disruption of cellular redox homeostasis
thus leading to conditions such asidative/nitrosative stress as a result thfe generation of
reactive oxygen species (ROS) e ROS are {pyoductsof electron transport reactions
which are continuously produced during normal metabolic processes. Their role in plants can
be complex. They are regarded signalingmolecules during cellular growt control of

stomata closing (10 stress responsg11, 12) ad programmed cell death (}3However at



elevated levels ROS are lethal to the cell and this is usaatlympanied by poor growtand
low yield of cultivated crops.

Studies on adaptive mechanismof plants have shown an inaeed basal level of NO in
water and heat stressed plagt suggesting itsmportance in abating stress (14, )15The
protective mechanism of N iplants during stress linked to its ability to function as an
antioxidant by directly scavenging the R@fis reducing cellalr damage 16) and acting as
asignalingmolecule which eventually resslinchange ingene expression (37

Plants can also prevent or reduce the effect calbg the ROS by organizing aoatinated
defense mechanism. This includes the scavenging of the RO&sthehsuperoxide radical
and hydrogen peroxie by the use of antioxidantsuch as ascorbat@AsA) carotenoids and
h-tocopherol, and by the use @fn enzymatic antioxidant system. A list of these enzymes
involved in the enzymatic antioxidant defense includaperoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), monodehydroascorba@uctase (MDHAR),
dehydroascorbate reductase (DHAR), guaiacol peroxida®@©X) ad glutathione reductase
(GR) (18,19,20

Diverse evidence suppothe involvement of NO in regulating plant respoas® several
environmental factors such as heavy mataticity, drought, extreme temperatur€ slinity
and oxidative stress (225). The dita obtained from these studieésvolved the application
of NO using a nitric oxide donor and usually wah NO scavenger. In this study, the
modulation of the enzymatic aiwity of APXoy NO in soybearoot nodulesis investigated.
APXis regarded as the most important amongst the peroxidases,@ Hetoxification and

catalyzs the reductiorof H,O, to water by utilizing ascorbiacid as its electron donor (26,

27).



Nitric oxide

Since the last decade, NO has beetognizedas a novel biological messenger in both plants
and animals. Initially, plant researchers considered this readily diffusible gas as a toxic
compound from industrial waste and exhaust gas. However cthigept changed lateon in

GKS 1348 wmdy n Sgnaling mla $1Nkegulaiing catuibvascular system was
discoverel. Further discoveries on NO wemmn its involvement in signal transduction
pathways controlling neurotransmission, cell proliferatigmogrammed cell death (PCD) and
host reponse responses to infection (R8n plant biology, advancement towards further

studies on NO increased after the discovery of its role of in senescentelant defense

againstpathogens (3, %

Nitric oxide clemistry

NO is acolorlessgaseows free radical molecule and has gosdlubility in water 29). The

diffusion coefficient of NO in solutions closely resembles those of oxy@sn and

superoxide (O,), nevertheless due to its small stroke radius and neuttharge, this

molecule can afford an easy intraembraneand transmembrane diffusion (30 NO does

not undergo dmerism and this property contributes tds ability to possess a longer

biological haHife, as compeed with other free radicals (38 NO mssesss an electron

structure which allows it to exish three redoxrelated forms.This includes the uncharged

FTNES NIRAOIET obhc0o gAGK |y dzy L)ardmiBdxyl &iorS OG N2 y

(NO).
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N.O;, and NO,. These compounds serve as an intermediate, by either reacting with cellular
amines and thiols or undergoing hydroxylation to form nitrite gNl@nd nitrate (N@) (8
30 ® bhae I f agZandB tOfordn perdxynitite LONOY, a highly reactive and
destructiveanA 2 Yy dreabtdivath iron found irheme oriron cluster containing proteins to
form iron nitrosyl comfexes. This causes ichange inthe structure and functiomg of
target praeins such as seen by the activat of soluble guanylate cyclag&C) and he
inhibition of aconitases. Some toxétfects of NO areattributed partly to its reaction with
transition metalcontainingproteins, oxygen and its ability to form adducts witmanes and
thiols of different stability (3). NO" is involved in nitrosation, an electrophilic attack on
reactive sulfur, oxygen, nitrogen, and aromatic carbon cenierzroteing with thiols being
the most reactive groups. Whereas not much has been dearied on the physiological
importance ofNO , some studies suggest that this molecule could act as thigilsted form

of NO (3, 34).

Nitric oxide generation in plants

One major important function of NO is to activate variaignalingpathways. Henceit is
crucial that during this process, the effect exerted by this molecule at the specific site would
be both rapid and efficient. #much as the production of NO could be dwechemical
synthesis(35), there is evidence that N@roduction is also as asult of enzymatiactivity.

In animal systems, N@ predominantly generated by nitric oxidg/nthases (NOS; EC
1.14.13.39).There are three isoforms which have different localizasicand functioning
The® include endothelial NO$NOS)and neuronal NOS(nNOS)which are present
constitutively. They function in vasodilation and cell communication respectively, whereas

the inducible isoform (INO3)nctions in immune defense against pathog€B6).



In plantsthere are two major proposed sours®f NO namely NO produced from the
utilization of arginine in a reactiocatalyzedoy NOS, using£@nd NADPH and NO produced

from nitrite either nonenzynatically or by a reaction talyzed by nitrite reductase (3.7

The Larginine-dependent nitric oxide productiorsystem

In analogy to animajsplants seem to have NOS enzymatic actiwtyich catalyses the
conversion of {arginine into Lcitrulline with a simultaneous release of NO, through an
intermediate, hydroxyhrginine (§. This is an NADRi¢pendent reactiorand also requires

other cofactors such as &sand calmodium (8).

NADPH NADP~ 12 NADPH 12 NADP~
argune %-4 N-hydroxy-L-argnine >—<. L-citraline + NO
s ™
02 H20 02 0O

Figure 11. Reaction catalyzed by NOS : formation of citime and NO from targinine (3).

The schematicapresentation of the {argininedeperdent NO production as shown imgkre

1-1, providesa convenient tool to investigate a possible similar NO production pathway
plants. The approach involvéise use of compounds such a$-hitro-l-arginine methyl ester
(NAME) and RkmonomethytL-arginine acetate (LNMMA), analogues edirjinine which
function as competitive inhibitors of animal N@f&diated NO synthesis and thus treatment

of plantswith these inhibitors would implyhe presence of NOS if it resultis inhibition of

NO synthesisThe presence of a gene encoding NOS in pldrdgs been demonstrated
previously but this gene was later shown not to be a NOS even though it influences NO
production in plants(39, 40). Imnmune-gold labelinghas been usedo show that NO$ike

enzymes were present in pea peroxisonfé$), however thecloning of a pea homogue of
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NOS was not reportedAnother immunological study4@) performed in maize roots and
leaves using antibodies to mouse iINOS and rabbit nN@iGated the presence of immune
reactive bands. A similar obsernatiwas recorded froma study (8) in pea leaves, wheran
antibody was raised against a synthetic peptide of tHer@inus of murine INOS. There are
other documented sidies which haveletected the NOdike activity inroots and nodules of
soybean (3 lupines albus(44) and in several ther species such as tobaccd).(
Nevertheless, efforts made to identify the genes encoding NOS proteihsgher pants
have remained unsuccessful

Two genes have been identife (2 KI @S b lin{pharitsA Thé& firsk edzymedvikas &
identified in tobacco a a virus infectioinduced variant of the P protein of the
mitochondrial glycinedecarboxylase complex (GD&)d g & RS&aA3IyF iSR Fa Wy
The specific activity obtained from th&udy was however 3@mes lowerthan obtainablen

animals (%).

A seemingly breakthrough in plant NO research was the identificationgefna thought,
albeit wrongly, to encode aitric oxide synthase known asabidopsis thalian&itric Oxide
Synthase 1(AtNOS1) in Arabidopsis plartsrough sequerte homology to NOS from the
snail Helix pomata(46 , 47). Thisgeneregulates growth and hormonaignalingand was
thought to be the firstbona fideNOS in plantsThis gene encodes a 60 kDa protein and
when expressed i&. colicaused an increase MOsynthesis in theE.colicell extractsWhen
the correspondingAtNOS1was knocked out irabidopsisthe resulting mutant showed a
low level of NO production in roots. Contrary to animal NOS (aboutkD&), the much
smaller AtNOSL1 requiredo flavin or teérahydrobiopterin, but only C&, CaM and NADPH.
AtNOS1 seems constitutively expressed. Similarlyhe variant of the P protein of the

mitochondrial glycine decarboxylase complex, AINOS1 doédhave sequence simailities
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to any mammalian NOS{% Progess towards identification of plant NOS hadb#rer set
back after studies @ 49) showed that AINOS1 was @TPase and nat NOS as initially
suggested. This conclusion was drawn from the fact thatptfeéein contains a GFBinding
domain and subsequelyta GTPase activityithout any NOS activityThere are suggestions
that AtNOSL1 interacts with other proteins to form a coleypwhich can synthesia¢O £0).
Hence the protein was renamefirabidopsis thaliandNitric Oxide Associated 1 (AtNOAL).
Irrespectve of the intricate nature underlying the identification of the plant NOS, several
studies are still ongoing in search ofrae NOS in plantsOne such study {§ characterized

the sequence, protein structure, phylogeny, biochemistry, and expression & fx@n
Osterococcus taurid. tauri). This is a unicellular species of green algéhe amineacid
sequence o. tauriNOS identified from this study was shown to be comparatively similar

to that of human NOS.

NOSlike activity localization in plants

Sudies (52) using antibodigsised against animal NG8&owed thata NOSlike protein was
located in the cytoplasm gflant cells and subsequently translocated to the nucleus. These
were the first documented occurrence of NOI& immunoreactivityin plant cells. Plant
NOSlike enzymaticactivity was further investigated (53) and detected in the matrix of
peroxisomes and in chloroplasbut not in the mitochondrieof pea leaves. A more recent
study also detected NO&ke enzymatic activityn peroxisomes sim leaves andhypocotyls

of sunflower (54). However, the findings obtained from these studies are in contrast with

thoseof animals, where NOS activity had earlier been identified in the mitochondria (85, 56)



The nitrate/nitrite -dependent nitric oxide poduction

This is another enzymatic pathway for the generation of NO in plants by the use of nitrite as

substrate.

NO, +e+2HM b h,0b |

The reaction shown above isatalyzed by nitrite reductase (NR) localized in various
compartmens of the cellsuch as thecytoslic nitrate reductase (CNR) (banda plasma
membranebound NR (PMNR) associated with a PMtrite: NO redictase that is root
specific (58. In the reaction, nitrate is reduced to nitrite at the expense of NAD(P)H, and NR
subsequentlycatalyzes a -Electron transfer from NAD(P)H to nitriteesulting in NO
formation at an optimum pH6.75 (59. Peroxynitrite is also producesdimultaneously with
NO by NR (57

Evidencdor NO production as a result of NR activitysafast described in atudy (6Q which
treated soybeans with herbicides. Tleesire several recent studies (65) which confirm the
involvement of NR in NO productioWork done on spinach and maize shows that- NR
mediated NO production can be regulated by the phosplaiion gatus of the enzyme (66).
A more recent study (67 described a dirnally opposite pattern to the wild type (low in day
and high in night) of NO emission from plants constitutively expressingitiiRa mutation
where serineis replacedwith aspartate (Asp)There is evidence on the involvementtbke
Ser residue in NR inactivation by phosphorylation. Replacement of Ser witividish does
not mimic phosphorylated Ser at the regulatory site in NR, wsed in monitoring the

regulation of NRoy phosphorylatn. Data obtained from this study indicate that the NR



activity in the mutant did not respond to changes light/darknessthat is otherwise
observed in wildype plants
The NRdependent NO gemnation, which occurs in the darkis nitrite concentration

dependent and is possible only if the nitrite leval® higher tharthose ofnitrates (69.

NO2-
Plasma membrane Nitrite NO reductase (Ni-NOR)
(root)
Crytoplasm
NOa2- :E:} Nitric oxide production {:::| NQOz2-
Nitrate reductase Mitochondria, chloroplast
Peroxisomes,
mitochondria Cvtoplasm , chloroplast
L-Arginine

Figurel- 2. Schematic representation of the various routes of N&@duction in plants cells (69

Apart from enzymecatalyzed NO pmuction in plants, as showim Hgure 1-2, several non
enzymatic NO generatiopathways havealso been reported by several research groups.
Tobacco mitochondria have been st to reduce nitrite to NO (61while ascorbic acid has
been shown to reducenitrite to NO and dehydroascorbiacid (DHAsSA)(28). Soyean
chloroplasts have also been shown to use either angiror nitrite to produce NO (),
whereascarotenoids and light were reported to catalyze theguaction of NO from nitrites
(71, 72). Furthermorea reduction of nitrite toNO has also been shown to occur at low pH in

the apophst of barley aleurone cellg3).



Nitric oxidesignalingin plants

In plants, NO is involved in several functions such as acting signaling molecule,
mobilizing responseagainst stress anth defence against pathogendJnderstanding the
mechanism of action of NO has been a major interest of several researchers. The effect of
NO is made possible through its direct and indirect interaction with several secondary

messengers.

Direct effects ofitric oxide

NO can be directly involved in intracellular signaling, which eventually leads to some
physiological changes that are mediated by events such as covalentraoskational
protein modifications. Some of these modifications could also be aswaltref a complex
formed between NO and other reactive forms of nitrogen and oxygen. An example includes
the reaction of NO with superoxide which leads to the formation of peroxynitrite (GNOO
This is a compound which can oxidize proteins at cysteinghioréne, or tryptophan
residues or nitrate tyrosine residues to form nitrosyl tyrosine. The nitrosylation process is
reversible mechanism of direct NO effects on the cell (74, 75). Nitrosylation at cysteine
residues is referred to as-rtrosylation andthat on glutathione is referred to as-S

glutathionylation.

Indirect effects of nitric oxide

NO signaling in plant cells can be modulated indirectly when the effect is facilitated by its
influenceon other secondary messengers. The most commonly destpla¢ghwaysinclude
the role in regulating the level®f guanosine 3, &yclic monophosphate (cGMP), calcium

ions levels, cADP ribose and MAPK kir{@6€8).
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The presence of cGMP in plants has been validated by sewass spectrometry techniques
(79, 80). In view of this, some studies have shown that cGMdn islOsignalingntermediate
(81, 82). Further studiesusing exogenous application of NO, haghown an increase of
cGMP levels both in tolzgo and Arabidopsis thaliana @3). The mechanism involveabe
activation ofthe sGQeither by binding to the heme iron or byrfdrosylating critical cysteine
residueg84) which subsequently lead to the regulation of sealecellular funabns (61.
Another means of cGMBignalingis by binding andctivating nolecular targetsAlthough
these targets have not been fully characterized, they are suggested to include-cGMP
dependent protein kinases and cyclic nucleotghted ion channels(85). Some of the
processes facilitated by cGMP include the induction of geame®ding chalcone synthase
and ferredoxin NADPoxidoreductase and initiating anthoagin biosynthesis in soybean
(86).

NO also regulatesignalingcascads by the mobilization of calcium ion€&"). C&* is an
establishedand important intracellular seandary mesenger irsignalingcascades (87

There are several documented studies on the iftry between NO and €aNO ha been
shown to increase the level of free Tauring osnotic stressin tobacco cells (88, 89). In a
related study (90, 9lwhere NO donos were administered, an increase of intracellular’Ca
was observed ivicia fabaand tobacco cellsA further study intobaccoindicates that the
activation of defense enes by NO in tobacco is triggereg cGMP, and these genes are
suggested taact through the action of CADPR which also regulatédl@aek (92). Various
data obtained from thesstudies (892) suggest that some effects of Nd@nalingare made
possible vieC&*-mediated pathwaysn plants.

NO canalso act through cGMRBctivated phosphates and protein kinases which include
mitogentactivated protein kinase(MAPKR). Application ofan NO donor has been shown to

stimulate MAPK in both tobaccand A. thalianaleaves (9385). Another study highlighting

11



MAPK as a target of Naction was demonstrated in cucumber. Here, th&O-dependent
MAPKsignalingcascade was shown to be activated itigr adventitious rootingnduced by
indole acetic acid (d7However, the mechanism underlying the activation of MAPKNBy
has not been fully characteed MAPKQ have been shown to be involved in response to
environmental and pathogens stress which resultssignalingpathway leading to nuclear

gene expressiof06,97).

Physiological functions of nitric oxide in plants

The versatility oNO as aignding molecule has prompted several investigations confirming
its involvement in plant growth and development. There are several available commercial
NO donos and they differ in their chemical structure, stabiliand factors promoting the
release of NO such as temperature and pH level. This variation can lead to different
biological effects and as sucbuld beresponsible for the variations obtained riasults from
studies usingheseNO donors Another major point of consideration is tliencentration of

NO used in the various studies as the effect of NO on plant growth has been shown to be
concentrationdependent (98). For instance whereas exogenous application of high
concentrations of NO donor inhibited growth in tomato, lettuce, and pea plants, Ggijn

of low concentrations of NO stimulated growth (14).

Involvement of nitric oxide in plant growth and development

Studies utilizing treatment of either wholdants (99 or selected plantissuessuch as roots
(100) leaves (1Qlor shoot with NO dons have been used to demonstrate the role of NO in
plant growth development. A low concentration of NO was able to increase the rate of leaf

expansion in pea seedlings and similarly NO could extbancethe growth of tomato and

12



lettuce (102,103). Furthestudies (104 have also shown that R possesesthe ability to
prolong the shelf life of some leaf fruits, vegetables and flowers. The underlying principle is
thought to be the N@lependent inhibition of ethyleneaccumulation NO has also been
shown to beinvolved inroot development.This follows after studies (77,p#volving the

use of NO donors such as sodiaitroprussiate (SNP) and Sadetyl penicillamine (SNAP)
which induced theformation of adventitious and laterakoots in cucumber.This study
further shows an increased endogenous NO level in plants after iratmé&c acid (I1AA)

treatment (103.

Effect of nitric oxide on stomatkclosure

The involvement of NO, apart from absisic acid (ABA), as a regulator of stomatal closure has
been documentd (106. This role of NO is however linked with the presence s),Ha
major component of ABAnduced stomatal closure (24,1D6In another study (34 an
increased endogenous level of NO was observed in pead/amal fabaplants treated with
abscisic ad. This increased level of NO is seen as atre$yroduction from the NO8ke
activity (48) that signals througtprotein Snitrosylation (10§, NR and (4 sensitive ion

channels (10Band is thought to influence the ABAduced stomatal closure.

Effect of nitric oxide on chlorophyll content and photosynthesis

Chlorophyll is a porphyrin that constitutes the primary photoreceptor pigment for the
processof photosynthesis in plants (®). It is produced in the chloroplast and is responsible
for the green appearance of leaves, stems and grdernts before they ripenNO donors

such as SNP have been shown to increase the level of chlorophyll ito,pletiuce and
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Arabidopsis (110 NO has also been shown to preserveootphyll in peas and potato (1)1
As such, the presence of NO ensures that the chlorophyll absorbs photons of light energy
from a light source. However, the effect of NO directly on photosynthesis has not been fully
elucidated, but several NO donors have been shown to differentially regal the

photosynthetic rate (11

Effect of nitric oxide on seed dormancy

Under certain conditions, sown seeds are unable to germinate. This condgfenred to as
dormancy, is as a result of a complex combinationfaxdtors includingwater, light
temperature, gas concentration mechanical restriction, seed coat and hormone
interactions With the aid of nitrogercontaining compounds such as nitrate, nitrite,
hydroxytamine and azide, the effect of dormancy can be reduced. The NO donor SNP has
been $iown to reduce seed dormancy in lettuce (4), Arabidogkl®2-114), and barley (130

These studies provide evidence that M@volved inthe regulation ofseed germination.

Effect of nitric oxide @ senescence

Plant senescence refers to a series ofelepmentaleventswhich are highly controlled and

are characterized by several phenotypical changes such as loss of water, changé in lea
colour, inhibition of flower formation and defoliatiolsenescencé usuallyassociatedwith
ethyleneproduction (15). Sveral studies havbeencarried out in order to investigate the
anti-senescence property of NO. The results obtained from these studies shows that

exogenous application of NO donor in pea leaves under senescence promoting conditions
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decreased ethylem levet. A possible inference of this result is the inhibition of ethylene
biosynthesis (14). A simple illustration suggesting the importance of NO in maintaining the
post-harvest life of plant products relies on the observation that most unripe fruitdain

high NO and low ethylene concentrations and the reverse is the caseryéhing fruits

(14).

Factors leading to stress in plants

Plant survival can be threatened and diminished as they are always bound to encounter
stress conditions. Environmentatress could arise due to either biotic or abiotic factors.
Biotic stress in plants includes stress conditions that arise due to infection, mechanical
damage by herbivores or parasitism. On the other hand, abiotic stress results from negative
impact exered on the plantby a wide range of notliving factors such as water, radiation

temperature,and chemical stress

Role of ROS and NO during abiotic stress in plants

The resulting effect exerted by the various abiotic stesss molecular damagto plant
macromolecules, ultimately perturbing metabolism and physiological functioniisis
often a result of the excesse production of ROSsuch as superoxideOf), hydrogen
peroxide (HO.;) and the hydroxyl (OH) radica(116). The production of ROS is most
commonly at the mitochondriaperoxisomes and chloroplast (117There are several
reactionsproposed toaccount forthe mechanism by which ROS levebuld lead to the
damage of essential plant biomolecaldROS react with disulphid®mnds in proteins. Dring

this reaction, more radical moieties are generatachich leads to autexidation of the
protein. The oxygen radicals can also attack the deoxyribose moiety of DNA and
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subsequently, the sugar backbone of the DNA molecule is left with &¢odimg g@ and this
leads to a strand break. RO8soreact with polyunsaturated fatty acids (PUFAnd form a
carbonyl radical which initiates a chain reaction of lipid peroxidation. The resulting effect is
membrane leakage, disintegrated membrane and eventosd of membrane integrity (118
The formation of ROS is initiated when molecular oxygen asceingle electron after
which further reduction of the molecule to water occurs through a subsequent series of
univalent electron transfes: The oxygen intermeadtes produced are the majocause of
hazard to the cell (1)9The first electron reduction reaction forms thé @olecule which
interferes with metabolic processes due to its ability to reduce oxidized transition fiogtsl
present in protein. Apart frm reducing transition metals, “©Ocan also reduce unchelated
bivalent cations. This leads to the formation af and can also be reduced by @ the

biologicaly dangerous hydroxyl radical (HO

Although ROS cause oxidative damagmme studies (12,121 have shown that &sal level
of ROSs required fomormal plant physiological processes. Hence it is necessary thatgplant

tightly control the concentration of ROS (122

Several studies have shown that NO is induced by several abiotic factorscandtes plant
responseto abiotic stress (123 A few studies suggest N@s a stress inducing agent (324
this could however bes a result of the type or concentration of the NO donor used in the

study, given that other studiediave validated the protetive role of NO against oxidative

stress. The ability of NO to exist as a reactive free gaseous molecule enables it to scavenge

other reactive intermediate The protective property of NO against oxidative stress is
thought to be based on its ability toiréctly or indirectlyscavenge ROS. NO can react with

lipid radicals and stop the ppagation of lipid oxidation (13%and can also scavengé @
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form ONOO. ONOQOis a strong oxidant and is one of the major toxic reactive nitrogen
species (32). It is extremely toxic to animal cells but not toxic in plant cells as its effect can be
neutralized by aswrbate and glutathione (126, 127 Another mechanism by which NO
protects the plant from oxidative stresstlsroughits ability to act as aignalingmolecue in

a series of events which subsequently leads to chamgegene expression (128 Studies
investigating the role and mechanism of NO in plant abiotic stress response using exogenous
NO donor reported its ability to either neutralize the toxic effedt ROS generated by
chemical gressors in potato and rice (129,186r block ROS productionwheat seed131).

Further studies show that NO does not only reduce the oxidative stress by reacting directly
and reducinghe levelsof ROS but can also chandw tactivities of ROScavengig enzymes

(132,133.

Effect of salinity on plants

Salinity is regarded as one of the major factors that affects worldwide agricultural yield. High
saline soil could arise naturally as a result of poor irrigatt@magement Generally, plants
could either be salt toleran(halophytes) or sensitiveglycophytes)however the halophytes

are relatively rare whereas most crops fall under glycophyfedt stress leads to the
lowering of water potential, ion imbalance such as tbeitity of either Naor Cl absorbed

and interference with the ugake of essential nutrients (134,1850ther events such as
membrane disintegration, cellular accumulation of R@3najor cause of injury at cellular
level during salinity stre¥snd inhibtion of photosynthesis subsequently leta plant death

(136:139).

17



Legumes areonsideredsensitiveor moderately sensitivéo salt stress and asrasult, there
iIs adecline in legumeyield under conditions of salinitySeveral studiebave shownthe
effect ofsalinity on legumes (140Thesestudies show that salinity redus@itrogen fixation
in legumes(141) High salt leved causeinhibition of root hair growth and decreasin the
number of nodules per plantVarious studies have shown that &linity also reduces
symbiosis which results to low planyield (142). Furthermore,both nitrogen fixation and
nodule respirationare greatly reducedwhen legume plantsare grown under saline
conditions (143.

The morphologic effect exerted on plants arising frealinity is retarded growth due to

inhibition of cell elongation (144nd a generaleduction in growth parameters (145,146

Influence of NQon salt stress

Several studies using the application of NO deraither on whole plants or cell cultures
havedemonstrated the involvement of NO in inducing tolerance against salinity. Application
of SNP resulted in adecrease in the effect of salt stress in seedliing rice, lupin and
cucumber (14-149). In other similar studies, SNP under salinity stress Wwhsta enhance
seedlinggrowth and increase the dry weight of maize afkdsteletzkya virginicaeedlings
(150,151,22). Although there is little known on the mechanism behind NO signaling network
to induce tolerance against salinity, there is evidence fr@mous studies that NO exerts its
function by increasing the N& ratio. This ratio is however dependent on the increased
plasma membrane (PM)'HATPase as well as vacuoldrATPase and ‘Hpyrophosphatase
activities (22, B0, 152). This postulationis supported by studies which reported the
indudion of the expression of PM HATPase in plants and to enhance salt tolerance of

calluses under salinity in the presence of NBG3). The induction of salinityolerance was
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achieved through an increase in tkENa' ratio—a process mediated by H,O, and dependent
on the increased plasma membrané-ATPase ctivity (154). Thus, it can be suggested that
the NOmediated regulation of Nahomeostasis and Kacquisition through increased
expression of plasma membrane 4" antiporter and H-ATPaseelated genes plays a vital

role in the salt tolerance mecham in plants (85).

Plant protective response to abiotic stress

It is evident that plants are continuously exposed to environmental stress and thus are
bound to face ROS. Apart from the NO mediating effect during abiotic stress, plant cells and
organelles can also employ an antioxidant system. This ingladeast range of enzymatic
and norr enzymatic antioxidants that futions in scavenging the reactive oxygspecies

(156-158) as shown in igure 1-3.

Cu*?/Fe*?
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Figure 3. ROS and various antioxidant defensechanisns (156).

19



Non-enzymatic antioxidants

The most abundanmhon-enzymatic antioxidant is ascorbic acid (AA), which has the ability to
donate electrons to enzyntiez and nomenzymatic reactions, making it one of the most
powerful antioxidants(159,160). It can be found in all plant tissues but much higher in
photosynthetic cells and meristen{49). Aoart from its influence in protecting membranes
by directly scavengg the Q and OH AA is also imgtant for the operation of the
ascorbateglutathione ASAGSH LI G Kg | @ T NB I-®gohetdl and Zeaxarzhin b
and the pHmediated modulation of PS Il activitio(l).

Another important metabolite found in plants thatan directly detoxify ROS tke tri-
peptide GSHGSH mostly occsirin the reduced form in plant tissues and several cell
compartments (62,163). It is also suggested to playital role in the detxification of heavy
metals (B4). A study performed on &es and chloroplast dthragmitesaustralis reported

a high antioxidant activity due to aaccumulation of GSH which helped to protect
photosynthetic enzymes against the thiophilic burstiogused bycadmium {65). Other
reported functions of GSH includés role in growth and development, cell death and

senescenceagesponse tgathogersand enymatic regulation in plants @b).

Plants also possether compounds with antioxidant properties aridese are involved in
protecting membranes from oxidative damge caused by ROS. Tocopherols which are
localized in the thylakoid membrane of chloroplasts are also regarded as anticsali@oht
they function in maintaining membrane stability and scavenging of gimgggen and lipid
radicals(167). Flavonoids whichra categorized into flavonols, flavones, isoflavones, and
anthocyanins orthe basis otheir structure, are regarded as potent ROS scavengers. Under
environmental stressful conditions flavanoids neutralize ROS before theye aaudative
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damage to cells @). Certain pigments found in planssich as carotenoids also seras

antioxidans and helps ¢ detoxify ROS in the plant Q6

Enzymatic antioxidants

In an effort to abate the damaging effect resulting from the accumulation of ROS during
abiotic stress, pants mobilize a cardinated activity of several antioxidant enzymes. This
antioxidant enzymesystem includes superoxide dismutase (SOD), catalase (CAT), the

components of theAsAGSHycle and glutathione peroxidases (GPX).

Superoxide dismutase (SQD

SODforms the first line of defense against ROS. This enzyme plays a pivotal role within the
antioxidant network as it is solely responsible for the removal HftBe first ROS formed. It
catalyzes the dismutation of Qnto HO, and O, (170). Basedn the metal cefactor used

by the enzyme, plant SODs are classified and identified into three classes which include Mn
SOD, R&SOD, and Cu/Z80Ds (11). These enzymes are localized in different cellular
compartmentssuch as mitochondria, chloroplastsygkysomes, peroxisomes, apoplast and
the cytosol(172,173). Several studies have shown an increased SOD activity under salt stress
in various plants such as mulberry7@) CicerArietinun(175) andLycopersicon esculentum
(176). Further studies on the effeof salinity and drought olycyrrhiza uralensigported

an increased SOD activity (37
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Catalase (CAT)

H.O, formed from SOD activity, can be directly converted int®@Hnd Q by the enzyme
catalase. The activity of this tetrameric heroentainingantioxidant enzyme is crucial for
ROS detoxification during stressed conditions8j1This enzyme is also able to react with
and detoxify other hydroperoxides such as methyl hydroperoxid8)(I7atalase$CAT¥are
mostly found in peroxisomes and glyoapses, although a specific isozyme, Cat3, is present

in maize mitochondria @0).

The ascorbateglutathione cycke

The enzymes in the ascorbafgutathione cycle(181) include ascorbate peroxide (APX),
monodehydroascorbate reductase (MDHAR), dehydroasterlraductase (DHAR) and
glutathione reductase (GR). This system forms an efficient enzymatic defense system for the
detoxification of ROS. Amongst the enzymes involved in this cycle, APX is thought to play a
vital role as it scavenges® by utilizingAsAas its electron donor, thus protecting the cells
from oxidative damage @R). In this cycle, #Ais converted to monodehydroascorbate
(MDHA), which is spontaneoustpnverted to dehydroascorbateDHAA), the final AsA
oxidation product. MDHA can be redutéack to AA by an NADHlependent MDHA
reductase (MDHAR). AgAn also be regenerated through a coupled reaction which involves
dehydroascorbate reductase (DHAR) and an NA@d#pdndent glutathione reductase. The

last step of the cycle is when the oxidizghiitathione (GSSG) is converted to its reduced
form by NADPHiependent glutathione reductase (GR). This step is essential in protection
against oxidative stress, as it provides the reducing power into the antioxidant network
(183). In this cycle, the aliy of APX to remove 4@, and the continuous maintenance of
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cellular redox balance througlegulation of the AsAand GSH pool is a major contributing
factor to efficiert ROS detoxification in plantSome studie have reported a complete AsA

GSH cycle ichloroplast (B4), peroxisomes, mitochondai (185) and cytosb(186-188).

Glutathione peroxidase

Theglutathione peroxidase@GPXsare large families of isozymes that also help prevent the
damaging effect of excessive ROS during abiotic stress. Thegenemn use GSH as a
reductant to detoxify hydrogen peroxide, lipid hydroperoxides and alkyl hydroxyls and
therefore protect plant cells against oxidative stress9Q)18A study (20) reported that

salinity stress significantly increases GPX activity @sulentuma A f f ® O@ WYWt SNJ 21

Importance of nodule redox balance in soybean physiology and growth

Leguminous plants such as soybeans are cultivated mostly for their seeds and as dairy
substitute. Compatible rhizobia infect the root of this plant dedd to the development and
formation of specialized root structures known as noduleS1j1 Nitrogen fixation in
soybeandike other legumesccurs in these structures. Various processes that lead to ROS
generation in nodules include oxidation of enzynmssch as ferrodoxin, autoxidation of
leghemoglobin and electron carriers in mitochondri®Z)L The antioxidant enzymes and
metabolites play a crucial role in the removal of ROS, symbiosis efficiency and promote

nodule formation (93,194).
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Structure and @zymatic properties of ascorbate peroxidase enzyme in soybeans nodules

Apart from higher plants, APX also occurs in alga®)(18&me cyanobacteria 9D) and
insects (95). Plant APXs are intracellular enzymes encoded in the nucleus and are abundant
in root nodules of legumes, making up to 1% of the total protein content in the nodules
(196). Soybean nodule APX has been the major subject of numerous biochemical studies
(194). Its physiological role in scavenging ROS, with more affinity 05 tHan catalae

(197), makes it an important enzyme in plardaring abiotic stress in consideration of the
fact that abiotic stress causes elevategbllevels in plant cellsThe catalytic activity of this
enzyme is as a result of the presence of two histidine fidsilues (18), namely Higl2 and
His163 (Figure 4). His42 is located on the distal side of the heme cavity whereasl 63s

lies on the proximal end and forms the axial heme ligand connected to the heme iron.

ARG

_ALA40~ TRP
- _LEU 39 y

Sy

ARG 172 HIS 42

Figure 1-4. Structure of the active s& of APX withits substrate ascorbate. Amino acid residues forming
hydrogen bonds with the substrate green; residues responsible for binding of Kblue; proximal ard distal
histidine ¢ violet; residues near the distal histidine orange; hemeg yellow; ascobate ¢ light green (128).
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Other residues around the distal histidine are A&y Leu39, Ala40 and Trp4l (19). One

of the major distinguishing structural feature between APX and other plant peroxidases
belonging to class Il is the presence ofrgptophan residue at position 41 instead of
phenylalanine (18,199). APX binds a singlé€ 6n to the proximal domain and this ion is
essential for its activity. APX activity can be lost in the absence of its electron donor.
However it can be protected byther electron donors although their oxidation rates by the
enzyme reaction are low200). APXactivity is inhibited by thiols and this inhibition is

dependent on the presence o8&, (201).

Summary

During abiotic stress generated by various environmkfaetors, there is overproduction of

ROS which consequently leads to oxidative stress. Although these ROS may be required for
normal physiological functions, they acts as a double edge sword as their excessive level also
causes oxidative damage to nucleicids, lipids and proteins in plantPlants have evolved

an efficient antioxidant defensive system in order to protect and detoxify ROS. The
antioxidant defense system includesseries of non enzymatic metabolites and several
antioxidant enzymes. Asdmaite peroxidase is regarded as one of the major scavengers of
H.O.. Its unique molecular properties and higher affinity faOrmakes it efficient and vital

in the removal of this RO$y utilizing ascorbate as its electron donor. Several studies have
descibed the role of Nitric oxide in diverse physiological processes in plants. However there
is stillscope for investigatinghe relationship between nitric oxide and ARBX only limited

data exists on this relationship
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Aims and objectives

Nitric oxide(NO) is awvell-known signalling molecule that functions in several growth and
physiological processes in plants. Although there are reports on the role of NO in enhancing
antioxidant enzymatic activities, studies on its effectegulating the activity bthe various
ascorbate peroxidase isoforms have not been reported. In view of the fact that there are
vast areas of saline soil in South Afrazad globallyand there are a few studies describing

the role of exogenous application of NO in ameliorating angroving tolerance to salt
stress in soybean, this study aims at:

1. Determining the effect of exogenous application af nitric oxide donor (2,2'
(hydroxynitrosohydrazono) bisthanimine ) on

a. Nodule NO content

b. Ascorbate peroxidase activity

c. Naule HO, content

2. Evaluating the effect of sherérm salinity stress on soybean aifdexogenous supply of

NO could ameliorate the toxic effects of shagtm salinity exposurebyanalyzingts effect

on inducing antioxidant enzyme activity and maiiming antioxidant metabolite ratios

3. Determining the effect of exogenous supply of NO in improving tolerance tetdomg
salinity induced stress by evaluating its effect on ascorbate peroxidase activity and growth

parameters.
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Chapter Two

Investigation of the effect of itric oxide on the enzymatic activity of ascorbate peroxidase

in soybean root nodules

Summary

Ascorbate peroxidase (APX) is one of the major enzymes that regulate the leve(3, af H
plants and plays a crucial role in maintaining root nodule redox status.aim othis study

was to usemature and norsenescent nitrogen fixing root nodules from soybean plants to
analyze the effect of exogenously applied nitric oxide (NO), generabea the NO donor
DETA/NO, on the&otal enzymatic activity of soybean root nodule ascorbate peroxidase®

the examine the effect of the exogenously applied NO on the enzymatic activity of distinct
ascorbate peroxidase isoformExogenously applied NO cadsan increasdn ascorbate
peroxidase enzymatic activity. Further analysis of ascorbate peroxidase enzymatic activity
identified three ascorbate peroxidase isoforms for which augmented enzymatic activity

occurred in response to NO.

Proviso/Acknowledgement

The growth of plants, treatment of plants with DETA/Ni@tric oxide donor)or DETA
(control for DETA/NOQO), protein extraction from root nodules, measurement of total
ascorbate peroxidase enzymatic activity by spectrophotometry and the determination of
effect of the various treatments (DETA/NO and the corresponding controls) on the
enzymatic activity of ascorbate peroxidase isoforms by natixgelrelectrophoresis/activity

stainingassayavere done by me (Ifeanyi Moses Egbichi). HoweMarAlex Jacobs aissed
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me in the feeding of the plants with nutrient solution and the application of DETA/NO to the
plants. he measurement of nitric oxide conteand the analysis of the pixel intensities on
the native ingel activity staining assays were done by Dr MalistKeyster. The
measurement of kD, content was done by Mr Ashwil Klein and all statistical analyses were
done by both Dr Marshall Keyster and Mr Ashwil Klein. The work on NO cont€nit, H
content and pixel intensity analysis of the nativegiel assay raultsis included in this thesis
only because it is linked to the rest of the work that | did and is essential for sensible
interpretation of the data from my work and brings appropriate perspective to the work

done by me in this chapter.

Introduction

Nitric oxide (NO) was previously considered to be just a toxic gas but this concept has
changed after several studies demonstrated the influence of NO in normal physiological
processes in animals (1, 2). In plants, thexeevidencevalidating the involvemenof this
gaseoussignalingmolecule in planggrowth and development (3, 4jlefensesignal against
pathogen infection (5, 6) and induction pfogrammedcell death (7,8). Unlike other free
radicals, NO has a longer biological Hiédf. It has been suggestl that the bioactivity of NO

is concentratioadependent (9). FurthermoreNO can either be protective or toxien
different cell types, depending on its concentrati(®).

The generation of NO in plants can be through enzymatic andenagmatic processe(1t

14). The enzymes involved includéric oxide synthase (NOS, EC 1.14.23.39) ratrdte
reductase (NR, EC 1.6.6.1). The NOS enzyme is involved in the exggenNADPH
dependent catalytic oxidation ofArginine to form kcitrulline and NO (15). Thienzymatic

reaction has been reported in extracts from peas (16), soybean and several other plants (17
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19). Genes previously thought teencode NO$ plants turned out not to béona fideNOS
(20-23). NR is another enzyme involved in the production ofiN@lants (24)and depends

on NAD(R) for its electron source for the conversion of nitrite to NO (25). Studies utilizing
different experimental conditions have validated involvement of NR in NO generation in
plants (24, 2&8). The role of NO assggnaing molecule during abiotic stress conditions has
been a subject to several studies. An increase in NOdewalusedby different stress
conditions suggests its role in maintaining plant redox homeostasis and alleviating oxidative
stress (16, 23, 29, 30)

Accumulation of ROS such #w superoxide radical (9, hydroxyl radical (OH ) and
hydrogen peroxide (}0,) to levels in excess of the content that is required for protective
cellular signaling can lead to cell death via a necrotic or programmed eath PCD)
pathway in plant tissue (335). However, a role for ROS in nodule development and
functioning has been suggested because basal level of ROS appear to be essential for
initiating nodule developmental processes and maintaining nodule functiof@g37). It is

thus reasonable to expect that a steadtate level of ROS would be crucial for the
development of functional nodules and the maintenance of such functioning. However, any
significant excess to this critical level could trigger oxidativesstand result in poor nodule
functioning.

Plants are equipped with several enzymatic and -eamymatic systems that help to
neutralize and detoxify oxygen radicals and their intermediates in the cells. Ascorbate
peroxidase (APX, EC 1.11.1.11) is a keyrea regulating the level of,B; in plants through
oxidation of ascorbatéAsA to reduce HO, into HO (3841). This activity of APX also leads
to the formation of monodehydroascorbate (MDHA) whislspontaneously converted to
ascorbateand dehydroascdrate (DHAA). One of the characteristics that distinguish APX

from other antioxidant enzymes is its high affinity fogQd - a factor which indicates its
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crucial role in modulating the levels 0f®} in cells (42). Various studies have shown that NO
influences plant APX activity. However the result presented in these studies are
contradictory in that when one of the studies shows inhibitory activity against APX in
response to NO, exogenously applied in the form of various NO donors (43), the other shows

that NO (accumulated in response to elevategDF) induces APX activity (44).

Although there are contradicting reports on the effect of NO on APX activity, studies on the
effect of NO on various isoforms of APX have not been reported. This chapter aims at
investigating the effect of exogenously applied NO on soyb&dyctine max.. merr. cv. PAN
626) root nodule NO content, APX total enzymatic activity astd eontent. Other aspect of
interest examined includes the effect of exogenously applied NO on theneattic activity of

APX isoforms in soybean root nodules usingehassays.

Materials and Methods

Materials

Glycine maxt. merr. cv. PAN 626 seeds usedtfos work were kindly donated by Pannar
(Greytown South Africa) and all thehemicalswere purchased from SigmaAldrich, unless
otherwise stated.The Rhizobiuminoculum Bradyrhizobium japonicumas the commercial
LIS G ol & 2FSoyhedn{ ltodut@rit was donatdry Becker Underwood Ltd., West
Sussex, United Kingdom. The filtered silica sand (989p\&s purchased from RolféSilica

(Pty) Ltd, Brits, North West, South Africa.
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Methods

Plant Growth

{280SlIy cHc aSSRa ¢S NS/ sodinmhypdrBart foiSINibutes, SR Ay
followed by five washes with sterile distilled water. Theeds were imbibed in sterile

distilled water for 1 hour and inoculated witBradyrhizobium japdoum (commercial peat

based HiStick 2 Soybean inoculaft)S SRa ¢gSNB az2gy Ay alyR (KL
distilled water, in 15 cm diameter plastic potsng plant per pot). The sand was kept moist

by watering only with distilled water during germination.

The germinated seedlings were grown on a 25/C9day/night temperature cycle under a

16/8 hours light/dark cycle, at a photosynthetic photon flux densiy+ onn >Y2f§
photons.nf' 5" Huring the day phase, in a randomized design. Once the plants reached the

VC stagewhen unifoliolate leaves are fully expandgdhey were supplied with nitrogen

free nutrient solution containing 1 mM,RQ, 2 mM MgSQ 3 mM @C}, 1 mM KHPQ
0dzFFSNI I LUBQT dw > adpanwsfah & Wy {>ha> /Hdz{ 3Vo0O,,b |

0l1>a /Z{lpn >a CSmbl95¢! YR Mn Ya nmoéHmK&RNZ
acid (HEPES) at pH 7.3 at a three day intervals until they reache¥3h&tage (third

trifoliolate).

Treatment of Plants

Plants of the same phenological stage and similar height were selected for all experiments.
The treatment was performed once the plants were at the V3 stage. The plants were chosen
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randomly and dividednio four groups. The first group, treated with nitrogen free nutrient
solution only, served as the untreated. The second and third groups were treated with
nitrogen free nutrient solution containing 0BV and 10uM 2,2"-(hydroxynitrosohydraano)
bis-ethanmine (DETA/NOJNO donor) respectively. The fourth group was treated with
nitrogen free nutrient solution containing 3@M diethylenetriamine (DETA)which is
chemically similar to DETA/NO but lack the NO moiety thus sas/asnegative controllhe
treatment was performed for a time period of 24 hours and the root nodules were

harvestedmmediately at the end of the treatment period

Protein extraction from nodule tissue

Extracts were obtained from soybean root nodules by grinding the nodule tissua ifine
powder in liquid nitrogen and homogenizing 500 mg of the tissue with either 1 ml of
homogenizing buffer [40 mM KPQ, pH 7.4, 1 mM ethylene @imine tetraacetic acid
(EDTA), 5% (w/v) poly vinyl pyrrolidone (PVP) molecular weight = 40,00@téomdhation

of NO content and APX enzymatic activities or 10% trichlacetic acid (TCA) for
measurement oH,O, content. The resulting homogened were centrifuged at 12,00@xfor

20 minutes and the supernatants were used for biochemical assays.

Measuement of NO content

The NO content was measured by using a haemoglbased assay as previously described
by Murphyet.al. (45). Plants extracts were incubated with 1Qfitslof catalase and 100 U of

superoxide dismutase for 10 minutes, followed by #&odi of oxyhaemoglobin to a final
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spectrophotometric measurement of NO content by following the conversion of

oxyhaemoglobin to methemoglobimased on absorbance values read al 4hd 421 nm

Determination of APX enzymatic activity

Plant APX activities were measured in nodul&aets by modifying a method previously
describedby Asada (46). The nodule extracts which were supplemented with ascorbate to a
final concentration of 2nM, were added to the assay buffer containing 50 mMRQ, pH

7.0, 0.1 mM EDTA and"®M ascorbate. The reaction was initiated by adding 1.2 mfhlh

™

a

I FAYLE NBIOGA2Y @2tdzYS 2F wnn >t FyR !t-

absorbance at 290 nm using the extinction-afticient of 2.8 mM cm®. For the
determination of theresponse ofGlycine maxAPX isoforms to exogenously applie®,N
electrophoretic APX separation was carried out as previously described by Mitder(47)
and nondenaturing plyacrylamide gel electrophoregIBAGE) was performed atClin 7.5%
polyacrylamide mingels Prior to loadingextracts containing 56 ®f protein into the wells
gels were equilibrated with running buffer containingrn® ascorbate for 30 minutes at@.
After the electrophoresis, gels were incubated in d® potassium phosphate buffer (pH
7.0) containing 2nM ascorbate for 20 minutes arttlen transferred toa solutioncontaining
50 mM potassium phosphate buffer (pH 7.8),™M ascorbate and 2nM HO, for 20
minutes. The gelsrere washed in the buffer for minute and submerged in a solution of
50mM potassium phosphate buffer (pH8) cortaining 28mM

b ~ b X tetralndthylethylenediamine (TEMED) and 2.5 mM nitroblue tetrazolium (NBT) for

10-20 minutes with gentle agitation in the presence of lighhe gel images were captured
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and analyzed by densitometry using AlphaEase FC imaging software (Atptackn

Corporation).

Measurement of HO, content

H.O, content was determined in th@odule extracts by modifying previously described
method by Velikovaet al., (48). Glycine maxnodule tissue (100 mg) was ground to fine
powder in liquid nitrogen and hmogenized in 400> f ic&cbld 6% (w/v)trichloroacetic

acid TCA. The extracts were centrifuged at 12,009for 30 minutesat4 +Fy R pn > f

adzLISNYF Gl yd 6SNBE dzaSR G2 AyAGAFGS GKS NBI

containing 5 mM BHPQ, pH 5.0 and BM KI. The reaction was incubated at @5or 20
minutes and absorbance readings were recorded at 390 ny@, Ebntent was calculated

using a standard curve based on the absorbanegg (A of HO, standards.

Determination of protein concentration

Protein concentrations for all assays were measured in the extracts as instructed for the RC

DC Protein Assay Kit 11 (Btad Laboratories).

Statistical analysis

Oneway analysis of variance (ANOVA) test was used for all data to evaluate statistical
validity of the results and means were compared according to the TH#lkayner test at 5%

level of significance, using Graphad Prism 5.03 software.
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Results

Soybean root nodules were treated with varying concentrationub and 10 uM) of NO
donor DETA/NQ@or 24 hours at the V3 stage to assess the effect of the NO donor on the NO
level in theroot nodulesand on APX catalytic activitfhe effect of the exogenously supplied
DETA/NO was comparedagainstuntreated samples as well as which were supplemdnte
with DETA an appropriate control for DETA/NO that is chemically and structurally similar to

DETA/NO but lacks the NO moiety.

Effect of DETA/NO on NO content in soybean nodules

Apart from the outined pathways of NO biosynthesis plants, an elevation of NO cédoe
achieved by pharmaceutical approasthrough application ofan NO donor. Exogenously
applied NO donor would release NO whican diffuse readily througlplant tissue This
study investigated if application of DETA/NO altered the level of nitric orideyibean root

nodule tissue upon application of the donor to nodulated soybean.
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As shownin Hgure 2-1, application of DETA/NO caused an increase of N@ewgbin
soybean root nodules in a concentratioiependent manner. The DETA (1®1) treatment

did not alter the nitric oxide content in the soybean root nodule and this is evident as there
was no significant difference between the DETA treated plant nodak the untreated
plants. Thisndicates that tle increase in NO level is asesult of the NO released by the NO

donor DETA/NO.

Effect of DETA/NO on total APX enzymatic activity in soybean root nodules

Based on the observation that exogenous applarattf DETA/NO could increase NO content
in soybean root nodules, it waBypothesizedthat this NO accumulation may lead to
increased antioxidant reymeactivity. Therefore the effect of NO, which is released from
the exogenous application of DETA/NO, onXA#&ttivity in soybean root nodules was
determined although conflicting evidence show both inhibitory and stimulatory effects of

nitric oxide donors on APX enzymatic activity (43, 44).
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DETA/NO was able to upgulate total APXnzymatic activity in sdean root nodules as

shown in kgure 2-2. However, no significant differences in APX activity were observed in
NBalLlyasS (2 GNBIFHGYSyld 6A0GK mn >a 59¢! O2YLJ} N
Furthermore, the N@nduced increase in APX activity wasm™>s KA IKSNJ Ay NBaLR
DETA/NO than the controls, whereas it vegproximatelyr p:'> KA IKSNJ Ay NB & LRy

DETA/NO when compared to the controls.

Estimation of HO, content in soybean root nodules

It is has been d¢ablished that accumulation of &, in plant cells leads to the occurrence of
oxidative stress. Since eyenous application of NO (BETA/NQinduced an increase in APX
enzymatic activity, the relevance of this increased enzymatic activity in view cérggag
H.O, was evaluatedHence, the effet of application of DETA/NO @oybean root nodule

H.O, contentafter 24hourswas investigated.
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nodule HO, content. Error bars represent the mean (£SE; n= 3) from data that are representativbree
independent experiments
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Application of DETA/NO causedreduction in HO, content of soybean root nodules as
shown inFgure 2-3. HO, content was reducedy approximately25: Ay NBalLl2yasS G
DETA/NO when compared to controls and was reduceddy Ay NBaLR2yasS 2
DETA/NO when compared to untreated éoNB f a ® | LIIX AOlF GA2Y 2F wmrs
significant effect on the level of soybean root nodulgOkcontent when compared with

untreated controls.

Determination of the effect ofexogenously applied NO oAPX isoforns

In the presence of #D,, APX preverst the formation of formazan resulting from,®b-
dependent oxidation of ascorbate and then formiag achromatic band on &lue-purple
background indicative oAPX activity. In order to investigate the effect of NO on individual

APX isoforms, native gel eteophoresis was carried out.
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As shown inigure2-4A, NO ugregulatedthe enzymatic activities of three APXfisions and

this was observed on the basistbkir different bands intensities. However the APX activity
bands from samples treated with DETA appeared to have similar intensity as those from
untreatedsamples (Figer2-4B). The three APX isoforms were namad GmAPX, GmAPX

and GmAP8 based on their migratingistance. This resuithows that application of NO as

DETA/NO increases the activity of individual soybean APX isoforms.

Densitometric analyses ddctivity gelsshowed that the enzymatic activity of GmAPX 1 is
upregulated byapproximatelym M2 Ay NBaL2y aS {agproximatelg@l%i® ¢! kK b h
rSall2yasS (2 wmn  >25A)5vBeh tompared to GMARXIZANSBzymatic activity of

untreated root nodule tisse.
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Figure 25. Effect of various concentrations of DETA/NO or DETA on the enzymatic activity of ndaiumePX

1 isoform. Pixel intensities signifying the level of enzymatic activity of nodule GmAPXoform, derived

from analysis of the intensity of thebands. (A) Response of GmARX (12 GNBFiYSyd 6AGK p
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Treatment withmn >a 59¢! RAR y20 aA3ayAFAOolydate €4
isoform, as revealed by analysis of the pixel intensities of the correspondigpg ectivity

bands when compaskto the untreated sample (Fige 2-5B).

The intensities of GmMARX g KSy GNBFGSR ¢gAGK p >a 5@et! Kk bh
2-6A) increasedy approximately55% and 10% respectively when compared to GmAPX

enzymatic activity itthe untreated control.
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Figure 26. Effect of various concentrations of DETA/NO or DETA onetheymatic activity of nodule GPX

2 isoform. Pixel intensities ghifying the level of enzymatic activity of nodule GmARXisoform, derived

from analysis of the intensity of the bands. (A) Response of GmAPX (12 GNBFGYSyid 6AGK p
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However, the pixel intensity for GmARX 2y G NBIF GYSy&d 6AGK wmn >a 5

untreated sample (Fige 2-6B).

CdZNI KSNXY2NB> GNBIFGYSyld 2F &ada2eo0Sly NeR2G y2Rd
GmAPX 3 enzymatic activity approximately228% compagd to untreated controls (Figure
2-7A) while treatment withmn  >a 59 ¢! k b h APX\3@hdntatic Sa&ivityDby

approximately320% compared to untreatecbntrols.
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Figure2-7. Effect of various concentrations of DETA/NO or DETA ondgheymatic activity of nodule GlPX

3 isoform. Pixel intensities signifying ta level of enzymatic actity of nodule GmAPX3 isoform, derived from

analysis of the intensity of the bands. (A) Response of GmAPX (i 2 G NBI GYSyd 6AGK p YR
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independent experiments.

Similarly as observed with GmAPRXnd GmAPZX, treatment of soybean root nodules with
In >a 59¢! RAR y20 air3ayAFAOrydate ft4G4SNI GKS S

that of untreated sample (Figuiz7B).
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Discussion

In order to confirm that DETA/NO could release NO under the experimental condition in this
study, it was necessatp measure the NO level in the treated soybean nodule samgubels
compare it toNO levels irthe untreated and control samples. The result obtained from this
study shows that application of the NO donor DETA/NO to mature soybean nodules
increases the niic oxide content in root nodule tissue in a concentratagpendent

manner. The data from this study is in suppofta study 49) which shows thenifluence of
DETA/NO in reversing the effects of the NOS inhibiter-mtro-L-arginine (L NNA) on
soybean nodule development and some nodule molecular/cellular activities.

It is evident that the NO pool in plants includes enzymatic sources such as nédatetase

and NOSike enzymes, andon-enzymatic sources (. However, this study used the
pharmacological application of N@a its donor DETA/NO to emulate NO production in
soybean. DETA/NO was chosen in this study as an appropriate NO donor. Antengst t
mechanism and kinetics of N@néssion of this donor, the halife of 56 hours of DEA/NO in
az2fdziaAzys GKA&a bh R2Yy2NJ NBftSIFasSa bh Ay (KS
directbona fideLINR RdzOlG 2F bh{ Syl evYFLiAO FOGAGAGE | YR
to be the redox form of NO that stimulates guanylate cyclase BE&C}.6.1.2) activity 1552)

to enhance the enzymatic rate of catalysis of the conversion of guanosine triphosphate
(GTP) to cyclic guanosine monophosphate (cGMP) by soluble GC.

Furthermore, there is no toxic side effect recorded during the release dirétd® DETA/NO.

This is however not the case with some other NO donor such as sodium nitroprusside (SNP).

Apart from NO, SNP also releases other several other products such as NaCN, NaNO

NaNQ, ferrocyanide and ferricyanide b In fact, although additio of exogenous NO with
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SNP can enhance antioxidant enzymes activift®3, there are also reports stating some

negative effects of SNP on plant molecular and physiological procegsé&s)5

The fact that there was accumulation of NO in the DETAfd@ed plants prompted
further investigation on the kD, level in the soybeamodules HO, acts in two different
ways in plants based ats concentration. At a low concentration, it functions asignaling
molecule involved insignalingtolerance to biotic and abiotic stresses. However at high
concentrations it leads to programmed cell death (PCD).likal/ that the concentration of
H,O, present in plants is dependent on theate and extentof its production and on
processes of its removal§58). Theresult presented in this study showed that the increase
in NO content through application of DETA/NO has an influence in reducing the na@ule H
content. This result is in support of other studies which show the protective role of NO
againstH,O, under waer stress §9), heavy metal stress @% and abscisic acid (ABikfuced

stress ().

The investigation on the 4@, level in mature soybean nodules shethat the presence of

NO released from the NO donor DETA/NO leads to an effective reductionOgf Hiis
suggests that in an event of extreme environmental condition, application of NO through
DETA/NQmight function in protecting the plant against oxidative damage. This is possible
since NO can act as signalingmolecule which will activate, amongst thentioxidant
enzymes, ascorbate peroxidase which plays an essential role in the detoxification dhROS.
order to confirm that NO has an effect on APX activity, total APX activitynageel activity
were studied.

The result obtained from the spectrophateetric assayfor total APX activityand in-gel

analysis shows that application of NO, through DETA/NO, increased the APX enzymatic
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activity in a doselependent manner. It is well established that the role of APX is to scavenge
excess bD, formed in plant ells under normal and stress condition. There are suggestions
that high dose of NO can be toxic to plantsqf and others have shown thaigh leves of

NO can injure membranes, proteins, and nucleic acids in plant c8lB4)J6As such, this
study usel low concentratiors of (5 uM and 10 puM) DETA/NO whicld e reduced nodule

H,O, content.

It is possible that APX can exist in more than one isoform depending on plant species.
Therefore it was necessary to employ thegel studies since the spectroptushetric assay

is unable to distinguish the different APX isoforms. In this study, we observed three isoforms
in the untreated, DETA/NO treated and control soybean root nodules. However analysis of
the in-gel enzymatic activities with regards to the respesiof these isoforms to various
concentrations of NO shows that they respond differently to varying concentrations of NO.
Furthermore, the fact that GmAPX 1 does not respond to exogenouasN@arkedly as
GmAPX 2 and GmAPX 3 enzymatic actiyitidsich were both upregulated by 5uM
DETA/NO and 10 uM DETA/NGite substantiallysuggests that thesevo (GmAPX 2 and
GmAPX 3)soforms could be more important and could be suitable targets for genetic
engineering for N@nediated abiotic stress tolerance in ptan

In conclusion, this study suggests that the three APX isafadentified from soybean root
nodules may differ from each other in molecular and catalytic properties and belong to the

ascorbatespecific class of plant peroxidases
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Chapter Three

The effect of exogenous application of nitric oxide os@rbate peroxidase in safitressed

soybean root nodules

Summary

There are several abiotic factors which can cause molecular damage to plants either directly
or through the accumulation of reactive oxygen species such@s Whereas there are few
publications suggesting NOs aa stress inducing agent, this study supports literature
suggesting a protective role of NO against abiotic stress. This is due to the fact that the NO
donor 10puM DETA/NO used in this study was able to release NO which maintained the
cellular redox homestasis, regulated the level of,& and prevented lipid peroxidation
induced by short term NaCl stress. The ability of NO to show a protective function against
NaCl induced oxidative stress was evident as it could increase the enzymatic activities of APX
and DHAR and maintained the GSH/GSSG and ASC/ DHASA ratio under salt stress conditions.
Hence it functioned in ensuring a coordinated antioxidant defense system which is required
for an effective scavenging ot®; from the cell. Furthermore the various @imgs obtained
throughout this study showing the role of NO as a signaling molecule is evident given that no

similar effect was obtained when DETA was applied to the plants.
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Introduction

Abiotic stresses such as extreme temperatures, drought, salamty chemical toxicity have
been associated witlpronounceddecline in cropyield worldwide (1, 2). Amongst these
stress factors, salinity is considered as one ofrttegor factors that hinder plant growth and
productivity (3, 4). Salinity impos&ariouseffects on plants as a result dfoth ionic toxicity
due to high ion concentration (Nand C) and osmotic stress which consequently leads to

the disruption of homeostasis, iatistribution andpoor nutrient uptake

One of the effects ofsalinity is oidative damage at the cellular level due to increased
production of reactive oxygen species (ROS) sudheasuperoxide radical (£, hydrogen
peroxide (HO,) andthe hydroxyl radical (HQin plant cells (5). Accumulation of ROS causes
cellular damage Hrough oxidation of lipids, proteins and nucleic acids (6). Furthermore,
there are several linesf evidenceassociating high salinity with changes in lipid metabolism.
Amongst the various biomolecules, polyunsaturated fatty acids (PUFA) are the most
suscetible targets to oxidative attacks mediated by ROS Raction of ROS with the PUFA
leads to peroxidation which subsequently leamdsdegradation of biological membranes,
rapid desiccation and cell death (30S are produced by plants during normalcesses
such as photosynthesis, photorespiration and respiratibtowever high levels of ROS
produced during salt stress are suggestedtrigger stomatal closure whichs associated
with reduction of the CQ/O, ratio in leaves (9)leading to a decrease iINADP
concentration and subsequent formation wfore ROS (10). Amongst the different RO&),H

is regarded as the most stable and at low concentration it functions as a signaling molecule
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(11). But at high concentration, it becomes toxaading to progammed cell death (PCD),

hence it is crucial for plants to regulate®] intracellular concentration§l?2).

Nitric oxide (NO) imow well recognized as an important signaling molecule in plantsin
involved in several physiological processes such asngiion of seed germination or
reduction of seed dormancy (1B5), regulation of plantievelopmentand senescence (17
19) and suppression of floral transition (20here are other reports suggesting the role of
NO in regulating the expression of genesoiwed in nodule development and nodule
functioning inM. trancatula (21). More importantly, there are several studies showing an
increase of NO production under unfavorable environmental conditions, hence suggesting
the role of NO in mediating resporséo abiotic stresses such as heat (22), drought,
ultraviolet radiation (23), extreme temperature (24, 25) and heavy rs¢ffl). Furthermore
several studies using pharmacological appresdy the use of NO donerto treat plant
under salinity stress h& showvn that NOplays a major role in the signaling network to

enhance tolerance against salinity stress-89j.

Plants are fully equipped with an array of antioxidant defensiened at protecting them

from the oxidative effects exertethy ROS. The antioxida enzymes include superoxide
dismutase (SOD), catalase (CAT), peroxidase (POX), ascorbate peroxidase (APX) and
glutathione reductase (GR) (31, 32), while the +emzymatic antioxidants includes
tocopherols, ascorbic acid f) and glutathione (GSH) (35). Amongst the antoxidant
enzymes, APX is most crucial in regulating the levebOf iH plants and utilizes ascorbate
(AsA)as its specific electron donor to reduce@into H,O with the concomitant generation

of monodehydroascorbate (MDHA) (38) and oxidized form of AsAdehydroascorbate

(DHAsA) (39). Amongst the antioxidant metabolites AsA, plays an essential role in the
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removal of HO, by either reacting directlyith H,;O, or via a reactiorcatalysed by APX. It is
regenerated from MDHA and DHA in a reaction catalyzed byNADP)H-dependent
monodehydroascorbate reductase (MDHAR, E.C. 1.6.5.4) and dehydroascorbate reductase
(DHAR, E.C. 1.8.5.1). GSH is crucial in the regeneration of AsA and as such also functions in

the regulation of HO, concentration and control of redox state in plants (40, 41).

There are numerous studies (42, 43) correlating, amongst other antioxidant enzymes, the
rate and extenf increase of APX enzymatic activity under salt stress with plant tolerance to
salinity. Furthermore,in view of the fact that increasing the level bfO by exogenous
application of the NO donoe, 2-(hydroxynitrosohydrazono) bisthanimine (DETA/NO)
resultedin an increase in maize biomass, scavenging of ROS and reduced extent of lipid
peroxidation unde salt stress (44), it is possible that application of DETA/NO could change
the activity of APX in soybeafslf/cine max.. merr. cv. PAN 626) root nodules under salt
stress. In fact, in a recent related study (45), application of DETA/NO to nodulatecheoybe
after 24 hours resultedn an increase in NO content and also increased the enzymatic

activity of three soybean APX isoforms in a ddependent manner.

This chapter aimed to assess the degree of oxidative stress on nodulated soybean plants
exposed tohigh NaClconcentrationsfor a period of 24 hours and whether an additional
supply ofNO (aDETA/NQcould alleviate the toxic effects of NaCl stress. Also, this chapter
intends to elucidate and correlate the effect of NO on the APX enzymatic activigrdew

improving tolerance to salinity stress.
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Materials and Method

Materials

Glycine max. merr. cv. PAN 626 seeds used for this waeeke kindly provided by Pannar
(Greytown South Africa) and alhe chemicalswere purchased from Sigraaldrich, unles
otherwise stated.The Rhizobiuminoculum Bradyrhizobium japonicuras the commercia
LISFGdmol AaSR | A paculadrdwasHsuppliedeby Bdcker Underwood Ltd., West
Sussex, United Kingdom. The filtered silica sand (989%&® purchased from RolféSilica

(Pty) Ltd, Brits, North West, South Africa.

Methods

Plant Growth

Soybear Hc aSSR& 6 SNB & dzNIvkodiGmhypp®ibkietfok 10 3nRutes,y’ n o
followed by five washes with sterile distilled water. The seeds were imbibed in sterile
distilled water for 1 hour and inoculated witBradyrhizobium japonicuneeds weresown

Ay alyR GKFG KFER 0SSy LINBnaz2zl 1SR Ay RAAGATTES
per pot). The sand was kept moist by watering only with distilled water during germination.

The germinated seedlings were grown on a 25C1@ay/night tempeature cycle under a

McCKy K2dz2NBE fAIKIkRIN] O0e&odoftsSxz Fia | LIK2G2ae

photons.nf'§" Huring the day phase, in a randomized design. Once the plants reached the
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VC stage (whemnnifoliolate leaves are fully expandgdhey wee supplied with nitrogen

free nutrient solution containing 1 mM,BQ, 2 mM MgS@ 3 mM CaG] 1 mM KHPQ

0dzZF FSNJ I i LIBQIT o > af pawy>anal Wy {>h> /ndz{z{®0, 0N

>a [/ Z{hpn >a CSnbl95¢! yR wmn Meethanesuffamict K @ R NB
acid (HEPES) at pH 7.3 at a three day intervals until they reached the V3 stage (third

trifoliolate).

Treatment of Plants

Plants of the same phenological stage and similar height were selected for all experiments.
The treatment was pedrmed once the plants were at the V3 stage. The plants were chosen
randomly and divided into six groups. Thestfigroup, treated with nitrogetiree nutrient
solution only, served as the untreated. The secagndup was treated with nitrogefree
nutrient solution containing 1QuM DETA/NO (NO donor). The thgtbup was treated with
nitrogenfree nutrient solution containing 1M DETAcontrol). The fourth, fifth and sixth
groups were treated with nitrogen free nutrient solution containing 150 mM NaCl,ni80

NaCl plus 1M DETA and 150 mM NaCl plus i DETA/NO respectivelyPlants were
treated for a period of 24 hours and after which the soybean root nodules were harvested

and placed on ice.

Protein extraction from nodule tissue

Extracts were obtaineétfom soybean root nodules by grinding the nodule tissue into a fine

powder in liquid nitrogen and homogenizing 500 mg of the tissue with either 1 ml of
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homogenizing buffer [40 mMKPQ, pH 7.4, 1 mM ethylene @imine tetraacetic acid
(EDTA), 5% (w/v) bovinyl pyrrolidone (PVP) molecular weight = 40,000] for determination
of APX enzymatic activity, antioxidant rabblites and estimation of DHA&tivity or 10%
trichloroacetic acid (TCA) for ;& content and lipid peroxidation. The resulting
homogenateswere centrifuged at 12,000 g for 20 minutes at 4 and the supernatants

were used for biochemical assays.

Measurement of HO, content

H.O, content was determined in the nodule extracts byodifying amethod previously
describedby Velikovaet al, (46) Glycine maxodule tissue (100 mg) was ground to fine
L26RSNJ Ay fAljdzZAR yAGNR3ISY FyR K2Y23SyAl SR A
were centrifuged at 12,000 for 30 minutesat4 'y R pn >f 2F GKS &dziS
to initiate the reactioninamixzNBE 6 020G+t @2t dzvYS 2 BHP@,pH5.0>f 0 02
and 0.5 M KI. The reaction was incubated ai2for 20 minutes and absorbance readings

were recorded at 390 nm. &, content was calculated using a standard curve based on the

absorbance (&0 nm of HO, standards.

Lipid peroxidation

Lipid peroxidation was determined in soybean root nodules by measuring malondialdehyde
(MDA) formation, using the thiobarbituric acid meth@d@BA)as previously described by
Buegeet al,, (47). Plant tissue (100gh was ground into a fine powder in liquid nitrogen. The

tissue was homogenized in 400 pl of cold 5% (w/v) trichaoetic acid (TCA). The
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homogenate was centrifuged at 12,000gor 30 minutes at 4C. Aliquots (100 pl) of the
supernatant were mixed witd00 pl of 0.5%aBA(prepared in 20% TCA). The mixture was
incubated at 95C for 30 minutes and the reaction was stopped by placing the mixture on ice
for 5 minutes. The mixture was further centrifuged at 12,000 fer 5 minutes at 4C. The
absorbance oftte supernatantwas measured at 532 nm and 600 nm. After subtrartime
non-specific absorbanc€fsoo nm, the MDA concentration was determined by its extinction

coefficient of 155 mNt cm*and expressed as nmof @f fresh weight.

Determination of APXenzymatic activity

Plant APX activities were measured in nodule extractsnbgifying amethod previously
describedby Asada (48). The nodule extracts which were supplemented with ascorbate to a
final concentration of 2 mM, were added to the assay buffentaining 50 mM ¥PQ, pH

7.0, 0.1 mM EDTA and 50 mM ascorbate. The reaction was initiated by adding 1.20pM H

AY I FAYLE NBFOGA2Y @2fdzvYS 2F wnn >t |yR !t
absorbance at 290 nm using the extinction-afticient of 2.8 mM cm. For the
determination of theresponse ofGlycine maxAPX isoforms to exogenously applie® N

under salinity stresselectrophoretic APX separation was carried out as previously described

by Mittler et al, (49)and nordenaturing wlyacrylamide gel electrophores{®AGE) was
performed at 4C in 7.5% polyacrylamide migels Prior to loadingextNJ O a O2y il Ay Ay
of protein into the wells gels were equilibrated with running buffer containing 2 mM
ascorbate for 30 minutes at @. After the electrophoresis, gels were incubated in 50 mM
potassium phosphate buffer (pH 7.0) containing 2 mM asatlfor 20 minutes and then

transferred to solutions containing 50 mM potassium phosphate buffer (pH 7.8), 4 mM
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ascorbate and 2 mM J@, for 20 minutes. The gels were washed in the buffer for a minute
and submerged in a solution of 50 mM potassium phosplaiter (pH 7.8) containing 28
Ya b Z b-Ietra naethyl ethylenedi-amine (TEMED) and 2.5 mM nitroblue tetrazolium
(NBT) for 120 minutes with gentle agitation in the presence of lighhe gel images were
captured and analyzed by densitometry using hallgase FC imaging software (Alpha

Innotech Corporation).

AsA and DHASA assay

AsA and DHAsAwere determined in soybean root nodules by modifying a methogliously
describedby Lawet al., (50). The following solutions were freshly prepared accordir@ly:

M standard solutions of AsA and DHASA dissolved in 6% (w/v) TCA, Xithmdthretiol
(DTT)Yissolved in 0.2M potassiumphosphate buffer (pH 7.4), 0.5% (wMethylmaleimide
(NEM and 3% (w/v) Fe€lThe reaction was carried out in a 96 walte ard to measure
the total ascorbatethe reaction mixture consistedf 10 pl of plant extract, 10 pl of 10 mM
DTT, 10 ul of 0.5% NEM and 20 pl of 0.2 M phosphate bia¥f¢i7.4). For AsA content, the
reaction mixture contained 10 pl of plant extract, 30 ploo2 M phosphate buffe(pH 7.4)
and 10 pMdistilledH,O. The rest of the steps were similar for both estimations. The following
were added accordingly to each well of the platespbof 10% TCA, 40 pl of 42%Pk, and
40xf 27F m> Hammade in ROV @V EtHaBoE The total reaction mixture was
made up to 200 ul by the addition of 20 ul of 8%n (1) @loride Fed). The solution was
mixed and theplate was incubatedat 4ZC for 15 minutes. The absorbanceswacorded at

525nm andDHASA was calculated the difference between total ascorbate and AsA.
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GSH and>SSG assay

Total (GSH+GSS@)d GSSGvere determined in soybean root nodule by modifying a
previously describé@ method by Griffith (51). Nodule exta (1 ml) wereneutralized with

ocn >t 2F wma GNXSI{ Khy@ridiheYWas/alded fgr e measurerhent2 ¥ H
of GSSG to obtain GSH. The mixture was allowed to stand at room temp for Theuest

of the steps were similar for both estimations of total awodidized glutathione. The
following were added accordingly to each well of the plat&80 ul of reaction mixture
consisting of 125 mM phosphate buffer (pF5) cotaining 6.3 mM EDTA, 0.5nits of
glutathione reductase 0.3 mM NADPH, 6 mMNb-(3-Carboxy4-nitrophenyl)disulfany-
nitrobenzoic acidDTNBF yR wmn >t 2F SIFOK 2F GKS 0298
extracts. Change in absorbance at 412 nm was recorded for dtesinA referencecurve

was prepared witltGSSG.

Determination of DHAR enzymatic activity

DHAR activity was measured in soybeantraodule extracts by modifying anethod
previously describedy De Tullicet al, (52). 10 ul of the plant extracts (50 pg of protein)

was diluted in 4Qul distilled HO and added into each well of a 96 well plate containing80
solution containing 2 mMM5SH and 40 ul 500 mM phosphate buffer(pH 7.0). For the blank,

80 ul of distilled KO was added in place of GSH. The reaction was initiated by the addition of

30 pl of 6.6 MM DHAsAhe assay measured the formation of AsAat® yY 61 T wmn

cm?). Changes in absorbea at 265 nm were followed for minute. The rate of enzymatic
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DHASA reduction was corrected by subtracting the values obtained in the absence of

substrate GSH.

Determination of protein concentration

Protein ®ncentrations for all assays were measured in the extracts as instructed for the RC

DC Protein Assay Kit 11 (Btad Laboratories).

Statistical analysis

Oneway analysis of variance (ANOVA) test was used for all data to evaluate statistical
validity ofthe results and means were compared according to the Td@yner test at 5%

level of significance, using Graph Pad Prism 5.03 software.
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Results

Exogenously applied N@nd 150 mM NaCinduced changes in APX activity and the redox

state of soybeamodules

H,O, content in soybean root nodules

The level of HO, did not show any significant difference in the DETA (control) treated plants

when compared with untreated contro(§igure 31).
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Figure3-1. Effect of exogenously applielO n > a NOYahd salt stress (150 mM NgGbn soybean
root nodule HO, content. Error bars represent the mean (+SE; n= 3) from data that are representative of
three independent experiments.

Application of DETA/NO resultesh approximately 25% decreasan H,O, levels when
comparedto the untreated control. HO, content was increased bgpproximately15% in

response to 150 mM NaCl when compareduntreated controls. However there was no
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significant differece in the level of HO,content between 150nM NaCl andl.50 mM NacCl
combined with DETA. Application of i DETA/NO in combination wittb0 mM NaCl in

soybean root nodule resulteh approximatelyl2% reduction of kD, content.

Changes irtipid peroxidation

Salt stressnduced oxidative damage® membrane lipid, as revealedoy the amount of

malondialdehyde produced isalt-treated nodules
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Figure3-2 9 F¥SOG 2F wmpn Ya bl/f FyR SE23Syz2dzatacl Ryt £ 3 RIA R
peroxidation in soybean root nodule. Error bars represent the mean (xSE; n= 3) from data that are
representative of three independent experiments.

Based on igure 3-2, there was no marked difference in the lipid peroxidation level between
the untreated control and DETReated soybean root nodules. Soybean root nodules
treated with 10 pM DETA/N@xhibited low levels of lipid peroxidation. Lipid peroxidation

was redwed approximatelyby 24% in response to 186 a 59¢! kbh 6KSy O02YL
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untreated controls. The injury caused by salt to cellular membranes due to lipid peroxidation
as reflected by the accumulation of the MDA levels was significantly increased by the
addition of 150 mM NaCNodules treated witil50 mM NaCl showed 20% increasen lipid
peroxidation when comparetb the untreated control. A similar trend was also observed in
soybean root nodule treated with 10 pM DETA in combination with 1M NaCl.
Interestingly, exogenous application of 10 PMETA/NO combined with 150 mM NacCl
resulted in almost complete amelioration of the toxic effect oftssiress onlipid
peroxidation As shown ifHgure 3-2, there was no marked significant difference on the level
of lipid peroxidation in the 10 uM DETA/N®®Ombined with 150 mM NacCl treated soybean

root nodules when comparetb the untreated control.

Effect of exogenous application of DETA/NO on total APX enzigractivity in salttreated

soybean root nodules

Based on observation that there was a markeecrase in the level of &, and lipid
peroxidation in 10 uM DETA/NO treated plants as well@gM DETA/NCcombined with

150 mM Na Gl further investigation was carried to determine the effect of exogenous
application of DETA/NO on totAPX enzymatic aeity in salttreated soybean root nodules.

In a previous study (45), application of varying concentrations of DETA/NO resulted to
accumulation of NO and moreover enhanced APX enzymatic activity in unstressed soybean

root nodules.

85



1.4 - d
1.2 - b T

0.8 o
0.6 o
0.4 -

APX activity
(umol. mint. mg? protein)

o
N
']
[ ]

Figure 33. Effect of exogenously applied NOoMn >a 59¢! kbh 2NJ mn >a 59¢! 0 | yR
DETA +150 mM NacCl) on APX activity in soybean root nodule. Error bars represent the mean (xSE; n= 3) from
data that are representative of three independent experiments.

There was no marked differenca the total APX enzyme activity between the untreated
control and DETAwhich lacks the NO moiety) treated soybean root nodifleigure 33).
However APX activities showeah increase in responge both salinity stress and the NO
donor. The N@nduced ncrease in APX activity wa@s8-fold higher in responséi 2 Mn > a
DETA/NO than the controls, whereas the APX activity ayasoximately65% higher in
response to 150 mM NaCl when compared to the untreated controls. There was also no
significant differencein the level of APX activity in response to 150 mM Na@Gén
compared to 1Qu M DETA + 150 mM NaCl. Interestingly, treatment of soybean root nodules
with 10 uM DETA/NO + 1508M NaCl resultedn the highest upregulation of total APX
enzymatic activity in root nodules. The increase in APX activity observedwimdhigher

in response to 1(iM DETA/NO + 150 mM NacCl than the untreated control.
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Effect of exogenously applied NO on three APX isoferim NaCl treated soybean root

nodules

Since the total APX activity was differentiallynggulated in response toavious treatnents
as observed in the spectrophotometrgssay, further investigation was carried out to
determine the response of indoual APX isoforms to NO in Naftessed soybean root

nodulesusing ingel APX enzymatic assays coupled with pixel iitieasalyses.
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Figure3-4. Effect of NO and NaCl on APX activity@liycine maxoot. Lanes 16: Untreated, 10 uM DETA, 10
UM DETA/NO, 150 mM NacCl, 10 uM DETA + 150 mM NaCl and 10 uM DETA/NO +150 mM NacCl respectively.

The three isoforms are referred tas GmAPX1, GmAPX2 and GmAPX3 on the basis of their migration on the
native PAGE gel.
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