The characterisation of Late Embryogenesis Abundanb and Ethylene

ResponsiveFactor 109functions in plants growth and stress tolerance

Daniel StevenShaw

Submitted in accordance with the requirements for the degree of Do&bi@$ophy

The University of Leeds

September 2016



The candidate confirms that the work submitted is their own, except where work which has
formed part of jointly authoregbublications has been included. The contribution of the
candidate and the other authors to this work has been explicitly indicated below. The candidate
confirms that appropriate credit has been given within the thesis where reference has been made

to the work of others.

Shaw, D.S., Meitha, K., Considine, M.J. and Foyer, C.H. Mitochondrial respiration and oxygen
tension.in press 2016.

This copy has been supplied on the understanding that it is copyright material and that no
quotation from tk thesis may be published without proper acknowledgement.

© 2016The University of Leedand Daniel Steven Shaw



Acknowledgements

Firstly, | give thanks to my supervisqrChristineH. Foyer, for her guidance throughout my
studentship. alsogive thanks tall members of the research gretipat| had the privilege to
spend time with while working in Leedsparticularlythank group membersithes Cooper and

Ambra de Simone whprovided interesting discussi@and joyous times filled witkaughter

| extend my gratitude to the BBSRC and to Bayer CropScience for fundingsegrctand for
their support; | especially thankorneel Vandenbroucke who was a great supervisor and

colleague at Bayer CropScience in Ghent, Belgium.

Many thanks go to th&eert De Jaegdab group at VIB for their guidance, and support in
performing the tandem affinity purifications and analysithefpurified protein complexes.

Above all, | would like to thank my family, my friends, and Victoria Bueno Gonzalealfor

the love and support they have provided me with.



AScience, my |l ad, is made up of mistakes, bu

because they lead Ilittle by Ilittle to the tr

-Jules Verne



Abstract

Understanding plant resposge environmental stresses is a key strategy to imeehgllenges

of food security, adequate nutrition and sustainable agriculture. Environmental stresses limit
plant growth and crop yieldsn this thesisthe rolesof Late Embryogenesis Abundant 5
(LEAS) and Ethylene Responsive Factor 1BRF109 in plant growth and stress tolerance
were investigatedThese two genes arsvolved in the regulation of plant redox processes
LEAS was previously showto provide tolerance to oxidative stregsirthermore, evious
studies using transgendc thalianafound that the oveexpression ot EA5resulted in plants

with a greater biomass. Howeydhe precisefunctions of LEAS in these processes are
unknown.In this thesis, genetic and protein interactapproaches we used to investigate the

role of LEAS. Protein interaction studies, which useshdem affinity prification (TAP) of

protein complexescombined with masspectrometry revealed severBEAS interacting
partners, including genes associatgith stress toleranc@ransgenic crops provide a promising
avenue to reduce yield losses, improve growth. Homozygous transgenic barley plants

expressing. EA5were found to have an altered shoot phenotype compared to WT barley plants.

ERF109is part of aregulatory network that has a major role in the adjustmeAt dialiana
leaves to reach homeostasis after Hight stress. Understanding the roles of transcriptional
regulatory networks and their effects on downstream target genes will aid in thepteset

of stress tolerant crop®henotype analysis arf109 mutantspresented here suggest that
ERF109has a role in the control of shoot growth in the absence of stress. Moreover, protein
interactionsof ERF109were elucidated using TAP, a number of whimight explain the
phenotypic characteristics of tef109mutantsTaken togetherhis information could be used

in breeding programmes to improve the predictability and sustainability of crop yields by

enhancing stress tolerance.
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Chapter 1. Introduction

1.1. The challenge

The challenges of food security, adequate nutrition and sustainable agriculture require
innovative approaches to crop improvement. Enviranalestresses limit plant growth and

crop yields. Next generation cropre needed to mitigate future food shortages and to make
agricultural industries more competitive. This requires a greater understanding of the processes
that control growth and prodtinaty, particularly under stress conditions. Research of this kind

is of great interest for biotechnology comparjigs Organelles that drive cellular metabolism,

such as chloroplasts and mitochondria, play important roles in bottihgaod stressesponses.

This project focuses on gaining an improved understanding of how plants cope with stress.
1.2. Stress tolerance of plants

Plants are sessile organisms ttet beregularly exposed to varying environmental conditions.
Environmental fators deviating from the optimal intensity or quantity for the plant are called
stress factors. Environmental stress can be categorised as biotic and abiotic stresses. Biotic
stress results from interactions with other organjssugh as herbivorypathoges, and
parasitism. Abiotic stresses are defined as the negative impacts-lfingrfactors on living
organismsThese camclude factors such as extremes of temperature, drought or excess water,
high-light intensity and mineral deficiencies. It is noehusual for an organism to be subject to
several stresses at onéer examplehigh temperaturesould cause a drought and therefore
there is both heattress as well as a lack of water. It is also possible for a secondaryasttess f

to follow theprimary onefor example, glantmight close its stomata in response to a lack of
waterwhich can result in amternal CQ deficiencydue tophotosynthesis, and as a further
consequence this could cause oxidative sfigssHowever, plants are extremely flexible and
their metabolic processes continuously acclimate to accommodate changeswirthreament

The perception of environmental change and associated signalling pathways arktorucia
orchestration of an appropriate response. Late embryogenesis ab(lielaptproteins are

frequently associated with cellular dehydratasnwell as other stresgés 4].



1.3. LEA proteins

LEA proteins were first identified in the seeds of cott@ogsypium hirsutujnand wheat
(Triticum aestivurh [5, 6]. Proteins homologous to prototypical LEAs hasace been
identified in the sess of other plantsas well as irotherplant tissues. LEA proteins are not

plant specific and have been detected in other organisms, including archaea, protozoa, yeast
and nematodels/-11]. It has been proposed that many LEA proteins have functional roles in
stress tolerance as their genes aterofnduced by stresses such as temperature, salt and
osmotic stress. LEA proteins are frequently associated with cellular dehydration tolerance due
to the accumulation of LEA proteins when presented with dehydration, salinity, or chilling
stresse$12, 13]. The exprasion of LEA proteins in transgenic plants has been shown to be
able to confer stress tolerance to drought, cold and freezing. There are many examples of this:
in rice and wheat, the expression of a barley LEA protein, improved drought tolgtdnt¥;

the expression of a citrus LEA in tobacco bestowed cold tolerg@e and the freezing
tolerance of strawberigaves was increased by the expression of a wheaf LBAHowever,

the expressionf LEA proteins does not alwaymve these effects, for exampteld tolerance

did not improve in tobacco with the expression of daltliced spinach LEA proteirj48§].

In Arabidopsisthaliana, LEA proteins consist of a family of 51 members that can be subdivided
into nine group$19]. Typically, LEA proteins are small artdghly hydrophilic[20, 21]. Most

LEA proteins contain highmounts of amino acieésidues lycine, danine, and tamic acid

and are poor igysteineandtryptophan There is a substantial overlap in pioteclassified as
hydrophilins withLEA proteins due to their tendency to be hydrophilic. However, not all LEA
proteins are highlyamposed of glycine and not all LEA proteins are hydrophilins. Many non
hydrophilin LEAs are essential for desiccation tolerance in y2€élstThe mechanism by which

LEA proteins protect organisms in response to environmental stieg&t be defined.
1.3.1. LEA protein structures

Many members of the major LEA protein groups lack conventional secondary structures and

are included ina class of proteins called intrinsically disordegateins (IDP) [22-24].

However, somé&EA proteins exhibit the notable ability to become more ordered and to develop
secondary structure as dehydration proceeds, which may have significance to their proposed
functions during dehydratiop, 25-33]. For example, a plant grot®oLEA protein from the

pollen of Typha latifoliabecame more ordered and developed a secondary structure in response

to dehydratiorj25. Dr yi ng t he pr oithdicallandsnieronolécylar éxterdledt o b C
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B-sheet structures, which suggested that the final protein conformation was not predetermined
[25]. Similar results havalsobeen found for animal LEA proteini29, 32|, wherethe LEA

proteirs wereunstructured in the fulipydrated state but upon dehydration the protein became

f ol ded 4halidd @onfarmation LEA protein folding during dehydration could be
functionally important in dry viable seeds but it should be noted that LEA proteins accumulate
in the vegetative organs of plants under mild stress conditions and so the functional relevance

of protein folding under partially dehydrated conditions is uncertain.
1.3.2. LEA proteins can protect enzymes in noroptimal metabolic conditions

After desiccationproteins may form aggregates and enzymes can lose their catalytic agtivities
however it has been shown that LEA proteins can protect against both aggregation and
inactivation[27, 34-36]. Many LEA proteins do not aggregate upon dehydration, freezing or
boiling due to their hydrophilicand unstructured naturé&roup3 LEA proteins from
A.thaliana [37, 39|, pea[39], and Aphelenchusvenae[30] were shown to be effective in
protecting enzymes such as lactate dehydrogenase, malate dehydrogenase, citrate synthase,
fumarase, and rhodanese against partialdigltipn.FurthermorelLEA proteins from the green
algaChlorella vulgaris[40] and from the anhydrobiotic nematode avenad27] prevented
enzyme inactiationin freezethaw assaysLEA proteinscanhave a wide range of functional
propertiesbut the structural features of LEA proteins in relation to their function or their
interaction with target peptides have not been elucid&etll]. To date there are few studies
indicating the induction of LEA proteins in response to oxidative stress but many highlighting
their involvement in other environmental stres¢&swever, a novel LEA protein, LEA5, was

induced in response to oxidative stress.
1.4. LEA5

LEAS (At4g02380; also known aseeB8escencéAssociatedsene21 [42, 43], and LEA38[41,
44]) is a member of the LEA protein family and belongs ® tiEA-3 group[41]. LEASis
uniquein its responses to oxidatiomhe YAP1 transcription factor controls the expression of
an array of antoxidative defensive components in yedadte expression of LEASn ayapl
mutantstrainof Saccharomyceserevisiaeincreased tolerance tixidative stres$43]. These
mutants have previously been used to identify novel genes associated wiétive)sttess
tolerance[45-48]. Furthermore, expression &fEAS in A.thaliana was shown to be up
regulated with the addition of28> to wild-type (WT) A.thalianacells in culturg49] and in
mutants defective in antioxidar{s0].



LEASMRNA is expressd in leaves with transcripts having a diurnal pattern of regulation, being
abundant in the dark but suppressed in the [i48it However, in the presence of biotic and
abiotic stresselsEA5is expressed in leavesan in the light. Unlike canonical LEAEEASis
constitutively expressed in roots and reproductive organs but not in seeds. Although first
identified as a senescenassociated gend,EAS is expressed only briefly, early in leaf
senescencgeas the leaves begin to yelloj#2]. The abundance ofEA5 transcripts was
significantly increased i\. thalianatissues exposed to a range of biotic and abiotic stresses

thatcauseenhanced cellular oxidation and alter stress hormone signgdigngl].

Arabidopsisthaliana plants with constitutiveoverexpression(OEX) of LEA5 accumulated
more biomass than WT plantshile conversely, plants that expresddeA5in the antisense
orientation (AS) had a dwarfed phenotype with restricted shoot and root gedvthheLEAS
AS plantsnotablyhad significantly fewer lateral roots and poorly formed root il These
studies demonstrate that LEA5 has a role in the control of plant grédtitionally, the
growth of a fungal Botrytis cinerey and a bacterial pathogeRgeudomonas syringasy.

Tomato) was alted inLEA5overexpression linefs1].

Database evidence (from publicly available microarrfy8) showsthatLEASis upregulated

in response to exposure to many stresses incluhoge[53], cold[54], low nitrate[55] and
infection by Colletotrichum higginsianunj56]. It is also expressed in response to sugar
signalling[57] and to hormones such as ethylg¢dg2 58], jasmonatd59] and abscisic acid
(ABA) [43]. ABA is a hormone thabasfunctions h many plant developmental processes.
Moreover, ABA-mediated signalling plays an important part in plant responses to
environmental stress and plant pathog¢4s, 60, 61]. ABA induces the expression of over
half of theA. thalianaLEA geneq41]. However LEA5induction was found to be independent

of ABI1 (ABA INSENSITIVE 1; a protein phosphatase that participates in ABA signalling)
[43], suggesting that the signalling pathway converging on LEAS is not exclusively via ABA
dependenteactive oxygen species (RO@pduction. Analogous to other LEA proteibh&AS

is induced in leaves by dehydratipt8], suggesng thatit has a role in theesponse tastress.

In support of this viewagenome wide association study to map local adaptation in Arabidopsis
identified LEAS as beindikely to be a key component underpinning platress tolerance in
field conditiong62]. A single nucleotide polymorphism at position 1046738 (A/Ricw s in

the first exon olLEA5 was associated with local adaption to temperature §68ssThe T
allele, which is the less frequent allele across Arabidopsis ecotypes, was associated with poor
survival in Finland, due to losiemperature stre$62].
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LEAS was found to béocalised to mitochondriaf A. thalianacellsusing ayellow fluorescent
protein (YFP)fusion[51], and separately to tmeitochondrial matrixusing agreenfluorescent
protein(GFP fusion[44]. As LEA proteins appear to have a role in protecting plants against
stresses [1:38], it is possible that LEA5 has a role in the protection of mitochondrial functions
in plants exposed to stregsxpression oL EAS is stragly regulated by oxidants [43gading

to the hypothesishat LEAS fulfils functions related to rpsation and associated oxidative

stress tolerarecor signalling in mitochondria
1.5. Mitochondria

Mitochondria are organelles, each of which is about 0.5t i n di ameter,
eukaryoticcell§63]. Mi t ochondri al respiration generate
triphosphate (ATP) which is used as a source of chemical energy to drive metabolism, growth

and biomass production. Mitochondria also participate in multiple cellular signadithgays,

and are involved in processes as diverse as cell cycle regulation, cellular differentiation and
apoptosig64]. The number of mitochondria in a cell can vary depending upon the tissue type

[65]. Mitochondria hae an outer and inner membrane, whach composed of phospholipid

bilayers andembeddedproteins. This double membrane organisation provides four distinct

areas to a mitochondrion; these are the outer mitochondriabraes the intemembrane

space the inner mitochondrial membrane, and the mdfigurel-1).

The assembly of a mitochondriorecessitates the @peration of several processes which
includethe transcription of mitochondriassociated genes, the translocation and targeting of
newly syrthesigd proteins and the assembly of those proteins into a functiondb6n@7].
Mitochondria have their own DNA but require the input & tiuclear genome to encode most
of the protein complemetiat constitute anitochondrion[68, 69]. Mitochondrial biogenesis
therefore requires coordination the expression of the two genomes which is achieved by
signalling between the nucleus and mitochondrias coordination is also essential to ensure
thatmitochondriacan respond to the changes in the physiological milieu of th¢6&lIThe
synthesis osomeproteins destined to reside in mitochondria can occur on polysomes bound to
mitochondrig[70-74]. The localied synthesis amhitochondrialproteins igshoughtto promote
their efficient import and assemb]@7]. The trafficking of nucleatranscribed and cytosol
synthesied proteins into the mitochondria is carried out by mitochondrial protein import
machinery[75]. Mitochondrial protein import machinery is a collective term for several

translocation processes, each consisting of a distinconet multisubunit proteins.
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Figurel-1: A diagram of mitochondria and the subompartments contained within.

(http://en.wikipedia.org/wiki/File:Anim&_mitochondrion_diagram_en.svQ)



1.5.1. Mitochondrial targeting signals

Precursors of mitochondrial proteins that are gmés the cytosol contain information to direct
them to the mitochondria. This information is often available as a cleavable sequence at the N
terminus. The Nerminal targeting sequences, in the absence of further sorting information,
direct proteins ird the matrix and are cleaved from the precursors by mitaclaprocessing
peptidasen most caseslhese targeting sequences, which in some cases-targebproteins

to both chloroplasts and mitochondria, allow the passage of proteins into thellesgyaize
highly conserved import and incorporation machin&§, 76]. Most mitochondrial proteins
reside in the ntaix of the mitochondria. Cytosolic precursors of mitochondrial proteins are
imported into this innermostulbcompartment of mitochondria via the Transporter Outer
Membrane (TOM) complex in the outer membrd7@, 78] and the Transporter hner
Membrane (TIM) 23 complex in the inner membr@fg. This is not always the case as many
precursors lack such a sequence and instead contaimairteegeting signals. There are internal

signals that direct the precursors to all mitochondrial subcompartments.
1.5.2. Protein insertion into the inner mitochondrial membrane

The inner mitochondrial membrane has a variety of prstembedded within iMost of these
proteins are imported from the cytosol, although some are synthesised by mitochondrial
ribosomes in the matrix. For proteins of a cytosolic origin, there are three import routes
identified. One mechanismses the TIM22 complexX-{gure 1-2 a), in which proteins with
internal signalsare insertednto the innemitochondrialmembraneThe TIM 22 pathway uses
three mitochondal protein complex®to facilitate the import and membrane insertion of
proteins These complexes are the TOM complex in the outer mempran@g], complexes

of small Tim proteins in thenter membrane spacand the TIM22 translocase in the inner
membrand68]. Another nethod of insertion involves the arrest of preproteins at the level of
the TIM23 complex where they are laterally integrated into the inner membrane. This route is
often referred to as the stoqansfer pathwaf80] (Figurel-2 b). The third method is called the
conservative sorting pathway as it reflects that of the prokaryotic ancestors of mitocfghdria

82 (Figure 1-2 c¢). In this method,inner membrane proteins are initially translocated into the
matrix and from there they are inserteth to the inner membrana an exporlike step[69].

During translocation to the matrigpme protais using this pathway are boundhsp70[68];

which is thought t@reventdegradation andggregationandremodel foldingoathwayq83].

The Oxal complethenfacilitates the ins&ion of theseproteinsin to themembrang84, 85].
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Figurel-2: Sorting pathways of inner membrane proteins

a: Solute carriers and hydrophobic TIM subunits are inserted into the inner membrane by a dedicated inner
membrane complex, the TIM22 translocase. Small Tim proteins in the intermembrane space (IMS) are assumed
to function as chaperones, which guide the hyplnobic precursors across the IMSInner membrane proteins
containing only one transmembrane span are arrested at the level of the TIM23 complex and are integrated into
the inner membrane by lateral exit: A class of inner membrane proteins are sortaéd soluble translocation
intermediates in the matrix. Membrane insertion occurs here from the matrix side and, at least in certain cases,

is facilitated by the Oxal (oxidase assembly) complex of the inner memlFanee taken fromNeupert and

Herrmann,2007[68].



1.6. Respiration

Respiration can be divided into three main pathways: glycd$sistionl.6.1), the Krebs cycle
(Section1.6.2 and the mitochondrial electron transport chi@ection1.6.3. Cells use these
pathways to hanst chemical energy by degrading complex organic compounds containing
potential energy into products that have less energy. Through oxidation, of glucose for example,
respiration makes energy available for ATP synthl@8E The energy stored in ATP can then

be used to drive processes requiring enesiggh adiosynthesisor transportation of molecules
across cell membranes. Plangspiratory metabolism has unique featunesluding multiple

entry points from sucrose and staf@®, 87], complementation between the cytosol, pthsti

and mitochondri§86, 87], and the presence of nphosphorylating transport systei8%).
1.6.1. Respiration: Step 1- Glycolysis

The glycolytic pathway oxidises hexose sugars (e.g. glucose) to generate ATP, reductant, and
pyruvate. Glycolysis does not occur in a singlepstather is the linear sequence of 10
enzymatic reactions occurring in the cyto§8¥]. In glycolysis, glucose is converted into
fructose 1, ébiphosphate (F1, 6BFFigurel-3), consuming 2 ATP in three separate enzymatic
reactions[87]. Fructose 1, ‘iphosphate is split into two molecules of glyceraldehyde
3-phosphate (GADPFigure 1-3). These thregarbon sugars are then oxidised and their
remaining atoms rearranged to form two molecules of pyruvatgire 1-3), a process that
yields 2 ATP per sugar (net yield 4 ATR7]. However, plants can use sucrose and starch as
substrate$or glycolysis; the products of sucrose and starch breakdown are metabolised via the
classic intermediates of glycolysl§.Oz is present, the pyruvate is transported to mitochondria
where it is converted to acetgpenzyme A(CoA), an enzyme used to pide acetate to the

Krebs cycle for further oxidation, through a process called pyruvate decarboxylation.

Glycolysis is an anaerobic reaction. In conditions of oxygen deprivation, such as when
excessive rainfall has caused soil waterlogging or even theletexsubmergence of plants,
plants rely on the ATP produced through glycolysis. This is because in anaerobic conditions,
ATP production by the mitochondrial electron transport chain is compromised due to oxygen
being the final acceptor of electrons. Howevthe absence of NADH oxidation by the
mitochondrial electron transport chain puts glycolysis at risk of stopping as oxidised
nicotinamide adenine dinucleotid¢AD™) are used in glycolysis to oxidise GAOB7].
However, plants can respond to low oxygen by shifting from aerobic mitochondrial respiration
to fermentation in which NADH is oxidised by pyruvate which then forms la[38{&9].
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Figurel-3: Glycolysis

The metabolic pathway of glycolysis converts glucose to pyruvate via intermediate metabolites. Each chemical
modification is performed by a different enzyme. The steps performed by hexokinagghasghofructokinase
consume ATP. The steps performed by phosphoglycerate kinase and pyruvate kinase produce ATP. Since the
steps performed by phosphoglycerate kinase and pyruvate kinase occurs twice per glucose molecule there is a

net production of ATP.
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1.6.2. Respiration: Step 2- The Krebs cycle

The respiratory process continues with the mitochondrial reactions of the Kreb@6j¢dso

known as the citric acid cycle, and the tricarboxylic acid cycle). Pyruvate, either entering the
mitochondria from the cytosol or generated within the matrix via the malic enzyme, is first
oxidized by pyruvate dehydrogenase compleform acetyiCoA [86]. The acetate entering

the cycle s oxidized in a series of reactions carried out by 8 enzymes. The first reaction is the
enzymatic addition of the twoarbon acetyl group from acet§loA to the fourcarbon acceptor
oxaloacetate, forming citrate, a <tarbon compound, and coenzym¢]. The coenzyne A
component of acetyl coenzyme A can be reused in acetyl coenzyme A forrSatiisequent
steps revert the citrate back into oxaloacetate, producingfe®@each acetate that enters the
cycle, three molecules of NATare reduced to NADH. In the sixtkep of the cyclecatalysed

by succinate dehydrogenaselectrons are transferred to flavin adenine dinucleofAD)
producing the reduced form of FARIP2]. Both FADH and NADH donate their electrons to

the electon transport chain (ETCPne molecule of ATP ialsoformedin the Krebs cyclegbut

most of the ATP output of respiration occtnam oxidaive phosphorylation which utilises the
electrochemical proton gradient produced byBR€ for ATP synthsis.

1.6.3. Respiration: Step 3- The electron transport chain

The ETC is an enzymatic series of electron donors and acceptors comprised of four large protein
complexes (I, II, 111, 1V), thecoenzymeubiquinone and the protein cytochronee residing in

the innemitochondrial membrane and inter membrane sfieiceire1-4). The electrons used

in the ETC come from the NADH and FADRIgenerated in the first two stages of respiration
(glycolysis and the Krebs cycldgach electron donor passes electrons to a more electronegative
acceptor, which in turn donates these electrons to another acceptor, a process that continues
until electronsare passed to oxygen, the most electronegative and terminal electron acceptor in
the chain.The transfeof electrons between dorsmind acceptarduring passage through the

ETC releases energyhich is used to generate a&lectrochemicgbroton gradienacross the
mitochondrialinnermembrane by activeljnovingprotons into the intermembrane sp&oen

the mitochondrial matrixThis electrochemical proton gradient allows ATP synthase to use the
flow of H* through the enzyme back into the matrix to gemer®@TP from adenosine

diphosphate (ADP) and inorganic phosphate.

Complex | (NADH dehydrogenase) is an initial electron acceptor. It transfers twoortect
from NADH to ubiquinone, via an F8 cluster[93], in an exergonic process that is tightly
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coupled to the endergonic translocation of four protons across the inner mitochondrial
membrane into the inter membrane spg@2@. In addition to the Complex | found in many
organisms, plants have alternative NADH and NADPH dehydrogenggss These
dehydrogenases do not contribute to the electrochemical potential difference of pootsss

the inner mitochondrial membrane but still reduce ubiquinone. This provides a mechanism for
plants toremove excess reducing power and balanceetiectionoxidation(redox)poise of

the cell. Another initial electron acceptor is Complex Il (suaten dehydrogenase),
participating in both the Krebs cycle and the E[B8]. Complex Il reduces ubiquinone to
ubiquinol by transferring electrons from FARIderived from the oxidation of succinate to
fumarate in the Krebs cyc[83, 96]. However, unlike complex |, complex Il #®es nopump

protons in to the intermembrane sp§eg.

Ubiquinone is a electron carriethatis reduced to form ubiquinol upon accepting electrons
from complexes | and Il. Ubiquinol freely diffuses within the inner mitochondrial membrane
to deliver electrons to complex Il (cytochrorber). Ubiquinol is oxidised by complex IlI
which sequentiallyransfers electrons to cytochromp7, 98], a watersoluble electron carrier
located within the intermembrane spd®8]. The electrons are utilised by complex Il for
proton motive force generation through the Qcycle mechanism in a bifurcated fg&Hion

Four H+ ions are pumped across the mitochondria inner membrane during this [@8cess

Complex IV (cytochromec oxidase; COX)is a terminal oxidase of the ETComplex IV
accepts electrons fronytochromec and reducemolecular oxygen to wat¢®9]. The residual
energy from this reduction is used to pump 2ibhs across the inner membraiméo the
intermembrane spa¢#&00, 101]. Therefore, ér every two NAIH molecules, one £s rediced

to two molecules of water. Thadectrochemical gradient produced by this process is utilised in
oxidative phosphorylation to produce ATEO]]. As oxygen is the terminalectron acceptor

in thechain,each acceptor molecule in the chain retains its electfdnis not presentATP
synthesis will stogf the H gradient equilibrates as oxidative phosphorylation requires an
electrochemicalproton gradient. Inhibitors of the ETC components alsmnstrain ATP

synthesis

The plant ETC is highly branched and contains a second terminal oxidase in addition to
Complex IV, known as alternative oxidase (AOX). The quixitlizing AOX directly couples
the oxidation of ubiquinol with the reduction of © produce HO and heaf102). The presence

of AOX in the mitochondrial ETC allows electron flow from ubiquinol to be diverted from the
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cytochromec pathway (complex lll, cytochromg complex V) to AOXto prevent the over
reduction of tle ubiquinone poolThe regulation of the redox state of the ubiquinone pool is
particularly important because the ubisemiquinone intermediate formed at complexes | and IlI
can act as an electron donor to oxygen forming superpk@f The major sites of supaxide
production are complexe$104 and I11[105107]. By removing electrons from the ubiquinone
pool thatwould redice components of complex IAOX minimises the likelihood of univalent

oxygen reduction by complex Ill.
1.6.4. Respiration: Step 4- ATP synthesis

Embedded in the inner membrane of the mitochondria are many copies of a protein complex
called ATP syntlase(Complex V;FoF:-ATP synthase ATP synthasés the site of oxidative
phosphorylationwhich accounts for almost 90% of the ATP generated by respiration. The
FoF1-ATP synthase consists of 2 domains: thepBrtion (its name derives from the fact that
this fraction binds to oligomycifl108 109) which resides within thenitochondrial inner
membraneandthe R portion of the ATP synthase, which projects out of the inner membrane
into the matrix of the mitochondrfd1(. ATP synthesis by thedF-ATP synthase isqwered

by a protoAmotive force, which iggenerated by the electrocheadipotential difference of
protons across the inner mitochondrial membidrid] formed by the kectron flow through

the ETC[10]]. The flow of protons through the innefitochondrialmembranedrives the
rotationof ATP synthase componertausingconformaional changes in the catalysites of

theF1 domainresultingin the synthesis and release of A[IRZ.

The simplest know ATP synthase consists of 8 subunitee o domain consists adubunits

abpcnwh i | e sy womptise theoFdomain[109. Subunitsa andb form theproton

conducting half channels that end on either side of the inner mitochondrial membrane. Driven

by the protormotive force, proton$low through the B portion of the enzym§l13. This

transfer drives the rotation of a ring ofsubunits ¢-ring) in the kv domain elative to the
subunitsaandb[113 114. Thec-ring is also attached to an asymmetric central stalk consisting
primarily of they subunit[115 with subunite attached116]. The rotation of the aing is

passed tdo h ecenyral stallof theFiregion T h e r o t exduses aonfooniatiogal changes

i n the catal ytic si t emotogmsultingiethd sgntheses and release u n i -
of ATP[117. Anarrow (45A) peri pheral stator stalk, comp:«
most bacterial enzymes fixes the majosFu b u nfls, to she static portions of theyldomain
preventsggngnghtobl owi ng t hdll#1dd.ati on of the vy
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Figurel-4: The mitochondrial electron transport chain.

The electron transport chaicouples electron transfer between an electron donor (such as NADH) and an

electron acceptor (such agwith the transfer of Hions across the inner membrane and into the

intermembrane space. The passage of protons through #domain of ATP synthase is coupled with a

conformational change in the ATP synthase which is used to generate chemical energy imtb&Ad P.
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1.7. Reactive Oxygen Species

ROS are chemically reactive molecules containing oxygen. Molecular oxygen has two unpaired
electrons in its outer electron shell which makes oxygen reactive. More reactive species such
as superoxidé¢'O) and hydrogen proxide (H202) can be derived from molecular oxygen
during metabolismPlants produce ROS in chloroplasts, mitochondira] peroxisomesas

well asother sites of the cell because of their metabolic processes such as photosynthesis and
respiration121]. ROS formation in mitochondria occurs under optimal conditions bubean
increased with exposute stres$122. Mostof the oxygen used in the ETC is reduced to water

by canplex IV but about 42% of the oxygen molecules are converted to the superoxide anion
radical (Q) [123, mostly via complex [104], and complex [l[105107]. The primary
determinant of mitochondrial ROS production is the ubiquinone pool as the ubisemiquinone

intermediate formed at complexes | and Il is the principal electron donor to o)y@@n

ROS fulfil multiple functions in celldut excessive amounts can be detrimental to cells. ROS
generated in the pathogérduced oxidative burst play a key role in the elicitation of defence
responseg124. They are nvolved in multiple signalling pathway425 126 leading to
alterations in gene expression and at high levels they can trigger programmed cellluzath.
lifetime of ROS is determined by the antioxidant netwarkich prevents uncontrolled
oxidation. Moreover, pathways such as the alternative oxidase pathway are considered to
attenuate ROS formation by the mitochondrial electron transport chain (mtROS) by diverting
electron flow from complex Ill, a major site of ROSrwation[104, 106, 107], to AOX.

1.8. Mitochondria-to-nucleus communication

Plant cell function is dependent upon the regulated and reciprocal interaction between its
different compartments[127]. This requires communicatiorbetween the nucleus,
mitochondria, and chloroplas®lant hormones are the major signalling components regulating
cellular functionsand are used fooecnmunication between the nucleus and mitochordé3.

These mgnals candirectly regulate nuclear gene expression (anterograde signalliotpus
to-organelle) to adjust the protein composition of the mitodhario the needs of the cgll27].

The mitochondriacan alsocommunicate their functional status to the nucleus (retrograde
signalling; organellg¢o-nucleus)}o prompt adjustment afene expression in the nucldd7,

128. Intricate signalling pathways are needed astgdear genomencodes thenajority of
mitochondrialproteinswhich thenhave to be imported into timeitochondrig 68, 69]. This co

ordinated regulation is essential for appropriate responses to changes in the environment e.g.
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temperaturd129. This mechanism may be used in response to the loss of mitochondrial
function caused by a deficit in the electrochemical potential (uncoupling) of oxidative
phosphorylation subunifd 3Q, or by the accumulation of unfolded proteins in the organelle
[131]. As well as direct mitochondrgp-nucleus signalling, it is plausible that mtROS proek
secondary signals from local ROS detection mechanisms which then alter nuclear gene
expression132-135. These responses enable mitochondria to recover from gl&%s

1.9. Chloroplast to nucleus communication

The photosynthetic apparatus is composed of proteins encoded by genes frdre hatidus

and chloroplagtl 36, 137], similar to mitochondrig68, 69]. For example, in the photosynthetic

ETC of the thylakoid membrane, the cetdunits are encoded by the chloroplast genome, and
the peripheral subunits are encoded by the nuclear genome. In the stroma, the large subunit of
ribulosel,5-bis-phosphate carboxylase/oxygenase (Rubisco) is encoded by the chloroplast
[138, whereas the small subunit is encodgdhenucleug139. To ensure the complexes are
assembled stoichiometrically and to enable responses to changes in the environment, the
plastids emit sigals that are able to regulate nuclear gene expreldiorid4]. Several plastid
processes produce signals that influenaelear photosynthetic gene expresdib#4, 145.
Moreover, different signals are produced at different developmental $iatfsin this way,
retrograde signalling is able to coordindéihe expression of nuclear genes encoding plastid

proteins with the metabolic and developmental state of the pfadtii147].
1.10. Transcription factors of the ethylene responsive factor family

Elaborate mechanisms exist to buffer the cellular redox state in péaptevent excessive

oxidation or reduction that would impair metabolic functioimgreases in the levels BIOS

which can ocur in cells exposed to stredead to oxidative signals that modify growth,
development and defence responet8 149. The type and extent of these modifications
depends greatly on the nature of the stimulus, as well as its strength, and the exposure time of
the tissue to the stimulu$he orchestration of these changes is brought about by the redox
regulation of many preins including transcription factors of te¢hylene Responsive Factor

(ERH famil y. ERFs are characterised by a comn
directly to the ciselement called a GGBox cont ai niGEQEGCE3N' e sceogruee n5c’'e
[150. These transcription factors are able to regulate primary and secondary metabolism as
well as plant ggpwth and defence respondd$1]. The expression of ERFs i thalianais

inducible with biotic and abiotic stresses, and many have roles in the regulation of gene
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expression in stress conditions. For example, by binding to GCC boxes in the promoters of
target genes, such as tbehydraton Responsive Element 2BREB2A;At5905410),ERFs

are able to confer drought tolerancéirthaliang in this case by controlling the expression of

the Responsive to Dehydration {RD17;At1920440) gen¢l148 152 . However, the precise
functions of many ERFs such BRF109(At4g43310)remain to be characterised.

1.11. ERF109

ERF109 (also known as Redox Responsive Transcription Factas B member of the
ERF/APETALA2 (AP2; A4g36920) transcription factor superfamily and contains only one
AP2 domain, which binds to the promotetdownstream target gengsb0, 153 154]. The

role performed by ERF109 may be unique and without genetic redundancy to other ERF family
members as it has a low homology with other members of the superfamily and within the AP2
domain[155. The transcription factor, ERF109, was identified as being part efdatory
network that has a major role in the adjustment of leaves to reach homeostasis aftghthigh
stresq156. Analysis ofanerf109mutant found thaBO genesveredifferentially expresseuh

thevicinity of ERF109,many of which have roles in stress respoi$6§|.

ERF109transcripts increase in leaves that are direedyosed to higtight. The extent of
transcript accumulation depends on the intensity of light that the leaves are expdsedl. to
Furthermore, ERF109 transcripts also accumulate in leaves that have not experientighthigh
as a result fosystemic signalling from leaves exposed directly to Hight [158. Oxidative
stress is an inescapable consequence when plants are exposedighhagsinglet oxygen
(*0,) is produced in energy transfer reactions from the excited triplet state of chlorophyll
molecules or their precursors to molecular oxypes, 16(0. ERF109 expression is induced
by singlet oxygen but not by hydrogen peroXitiel]. Singlet oxygerdependent activation of
jasmonic acid (JA) and oxylipisignalling pathways may also be important in the activation of
ERF109 expression in systemic leay&61]. The lack of functionaERF109restricted ROS
accumulation in response to stress in mutant plants and conversely overexpreE&6n @9
resulted in an accumulation of RQB57. ERF109 is therefore considered to propagate ROS
accumulation in response to R@&ducing abiotic and biotic stress signdlkis is perhaps
why ERF109mRNAs accumulate in aphidfested leavegl63.

Transgenic lineghat overexpresERF109were impaired in raoand shoot developmefit55
162, and showedhcreased light sensitivityl62]. ERF109is expressed in low levels in roots

[155 but transcripts are upregulated in response t¢154]. JA is an endogenous hormone
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that can begenerated in response to many environmental stimuli. It activates a variety of
transcription factors in order to mediate responses to biotic and abiotic s{rE34€eK55.
ERF109 was shown to mediate crtal between JA signalling and auxin biosynthesis in the
regulation of lateral root formation iA. thaliana[155. Notably, ERF109was significantly
induced ly methyl jasmonate but not by ABA55, which has been shown to interact with JA

to regulate plant responses to water stress condjtl@®s167]. Theerfl09mutantshave fewer
lateral roots under methyl jasmonate treatments comparedWithThe shoots ofhese
mutants have no visible phenotypic differences to the WT when grown undégiayi157).
However, they show a markedly different phenotype when grown for two weeks under high
light as the leaves WT plants appear visibly darker than those ofaf&09mutantg 157].

1.12. Summary

The functional integrity of mitochondria igtal to the sustained production of ATP and survival

of the cell. Exposure to stress can cause the processes that facilitate mitochondrial energy
conversion to malfunction, leading to the generation of signals that are transmitted to the
nucleusto mitigate harmful effect$127]. Despite intensive research efforts in recent years,
very little is known about the mitochondrial signalling pathways that play central roles in the
control of plantgrowth and stress responses. LEAS is a protein that localises to mitochondria
[44, 51] and was shown to protect against oxidative stfé8s51]. There is the intriguing
possibility that LEA5 has a role in mitoamdrial ROS signalling, which in turn, impacts on

root development and pathogen responses. The root and shoot development and response to
biotic stress iLEA5SOEX and AS lines has been characterigé®] 51]. Primary root length
wasfound to be shortdan AS lines,which also had fewdaterals relative to the primary root

[51]. LEASAS genotypes also hadlessshoot biomass and flowered earljgd]. OEX lines

had langer root hairs than W[B1]. These results suggest that LEASnoaidationresponsive
mitochondrial protein that is involved in growth and biotic and abiotic stress responses.
Furthermore, the transcription factor ERFi19@onsidered to propagate ROS accumulation in
response to ROfroducing strses signal§162 and ispart of a regulatory network that has a
major role in the adjustment &f. thalianaleaves to reach homeostasis after Hight stress

[156. ERF109 was shown to mediate crtalk between JA signalling and auxin biogyesis

in the regulation of lateral root formationAnthaliana[155.
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1.13. Aims and objectives

The aim of these studies svd@o characterise LEAS5 functions in mitochondria, in order to
determine the effects LEAS has on respiratand respiratory redation and todetermine
whether the interactions between LEABd other proteinare important in the control of
growth and stress tolerance. An understanding of LEA5S function in mitochondria will provide
insights into the control of plant growth and s¢réslerance. This information could be used in
future breeding programs to improve the predictability and sustainability of cereal crop yields
by enhancing environmental stress toleraActirther aim wa to characterise the phenotypes

of erfL09mutants ad todetermine whether the interactions betwe&#109nd other proteins

are important tetress tolerancand root architecture
The specific objectives of this study were as follows:

1. To characterise the phenotypesfothaliana plants that either overpressLEA5 or

expresd EA5in the antisense orientatiom the absence and presence of stress
2. To investigate the role of LEAS in respiration and redox homeostasis.
3. To identify proteins that interact with LEAS.
4. To characterise the phenotypes aflbyplants that overexpres&£AS.
5. To characterise the phenotypesfothalianaerfl09mutant plants.
6. To identify proteins that interact with ERF109.

7. To identify homologuesf LEA5 in crop species.
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Chapter 2. Materials and Methods

2.1. Arabidopsis plant material and growth analysis
2.1.1. Plant material

Wild-type (WT)Arabidopsisthaliana seeds (CeD) were obtained from Bayer (Crop Science
Division - Trait Research Innovation Cent@hent, Belgium) TransgenidA. thaliana plants
that overexpressLEAS under the control of the Cauliflower mosaic virus (CaMV) 35S
promoter LEA5OEX) thatwereproduced by Dr. Shahediowla, University of Cape Town
(Cape Town, South Africg/3], andtransgenicA. thalianaplants that expredsEA5in the
antisense (AS) orientatioor with a YFP fusion (OEXYFP), described by Dri-aezahiMiohd
Saleh, Cardiff University(Cardiff, UK) [51], wereprovided by Dr. Hilary Rogers, Cardiff
University. The erf109 mutantline was providedy Prof. Peter Meyer, University of Leeds
(Leeds, UK) and is &alk T-DNA insertion line (SALK 150614; containingn insertion in
exon ofAt4g34410)[156]. All lines hal a Col-0 backgroundand wee homozygous for the
gene of interest

2.1.2. In vitro shoot growth and stress treatments

Seeds were sowim plates on half-strengthMurashigeand Skoodgl% agar nedium (Y2 MS;

2.2g/l Murashige and Skapbasal medium (Sigmaldrich Company LtdDorset,UK), 0.59/I

MES, 0.1g/I Myoinositol, 10 g/l sucrose dissolved in deioniseld-O, adjusted t@H 5.7 with

1M KOH, 1049/l agar, and autoclaved a4221°C for 20 minutep supplemented withi.2%
glucose. Control plates contained media alone. Stress conditions were achieved by adding
sodium chloride(75mM), mannitol (50mM), sorbitol (100mM) paraquat(N, Ndimethyt

4 , -gigyridiniumdichloride;0.1y M) , or me mM) tbithe mezlia. OBce sbwn, seeds
were stored at 4°C for 3 dagsid thermowvedto acontrolled environment and arranged in a
randomblock designPlants were gwnunder an irradiance a00pmol.ni2.s* with a16 har

photo perioda constant temperature of 22 + 2°C, and atired humidity of 60% foR1 days

20



2.1.3. Shoot growth on soil and drought experiments

In the drought experimentseeds were sown on # MS and stratified at 4°C for 3 days.
Seedlings werthengrown in a controlled environment with an irradianc@® pmol.n2.s?,

a photo period of 8 hours, and a constant temperatur@ £2C for two weeksTwo-week

old seedlings were transplanted to soil and growraféurther 10 weeks. In this experiment
water was withheld after 5 weekspm&ntgrowth. Wateringwas reinitiatechfter 2 weeks of the

water being withheldVieasurements taken included rosette area, leaf count, biomass, and water
content.The fresh and grweights of fpant and soilsamplesvere measured to calculate the

percentage water content.
2.1.4. Determination of rosette area

Total rosette surface ar@measurements of plants grown on mediere performedising
RosettR @ithub.com/hredestig/roseffRRosettRis opensource software that performs a
protocol for a highthroughput phenotyping assay fdtrabidopsis implemented as an
R-packageFor plants grown on soil hptographs othe plants were usetb measure the total
rosette surface aresing Fiji Imagel (v1.46r)[168. Statistical analys was performed with
theprogram Rstudio[169. The total rosette surfaeegea, measured helis highly correlated

with the fresh weigh of the plant (usually r =-80®05).
2.1.5. Measuring the efficiency of photosystem Il

A Flourpen FP100 was used to measure the Quantum Yield (QY), which is a measure of the
efficiency of photosystem Ibf all plants. In lightadapted leaf QY ie qui val ent t o F
(Variable Fluorescengghe difference between minimal and maximal fluorescence) / maximal

fluorescence). Measur ementasjustedplafts.” / Fm’ wer e
2.1.6. Photosynthetic CO: assimilation measurements

A LI-COR LI6400XTPortablePhotosynthesiSystem anca640017 Whole Planfrabidopsis
Chamber I[([I-COR Biotechnology UK Ltd Cambridge, UK)was used to measure the
photosynthetic C®capacity ofA. thaliana plants. Plants were dark adjusted for 30 minutes
before measurementCQO; was kept constant at 4@0mot and the temperature was
maintained at 20°C. Measurements of:@Ssimilationby plants were taken at light intensities

from0tol 6 0 0 .np°mi'o Measurements were adjusted to account for the rosette area.
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2.1.7. Chlorophyll measurements

Chlorophylla, b and carotene, were extracted by homogenisigighedplantmaterialin liquid

N2 using amortar using a pestle armispending i©5% ethanol. The homogenate was then
centrifuged al0000 xg for 10 minutes at«C. If the pellet was not white, the supeardtwas
removed and the pellet-seispended in 400 of ethanol 95% and centrifuged agasingthe
same settings. 2Qd of sample was used to asgagmentabsorbance at 4#tm, 649nm, and
664nm with a spectrophotometer. A blank of 95% ethanol wasrf@deach wavelength.

The pigment concentrations were calculated using the following equftiods
Chlorophylla = 13.36As64.2— 5.19A¢46.6;

Chlorophyllb = 27.43/48.6— 8.12A664.2;

Carotene = (10000— 2.13Chlorophylla — 97.64Chlorophylb)/209.

2.1.8. Anthocyanin measurements

Leaf materia(100mg)was groundo a fine powder in liquidN2. 300ul methanol and 1% HCI
were added to the homogenate and incubated overnight at 4°C. Subsequently,0200
deionisedH20 and 50Qul of chloroform were added tdé¢ homogenate whictvas then
centrifuged at 14000 g f o r Ukes Aftemcentrifugation, two different fractions were
obtained. The bottom fractionontainedchlorophylls and other pigments, and the upper
fraction contained anthocyanii71]. The upper fraction was used for spectrophotometric
quantification of total anthocyanin. The absorbaat@avelengths 53@Gm and 657m was
measured. The total anthocyanin content of leaves wasssepras A530A 6 5§ F'W

2.1.9. Root analysis

Seedsvere sown ont@\. thalianagrowth medium with gcrose(ATS; 5 mM KNOs, 2.5mM
KPO;4 (adjusted to pH 5), 2mM MgSQi, 2 mM Ca(NQ)2, 70 uM H3BOs, 50 uM Fe-EDTA,

14 uM MnCl2, 10uM NaCl, 1uM ZnSQy, 0.5puM CuSQ;, 0.2uM NazMoOg4, 0.01uM Codo,

109/l sucrose 8¢/l Agar, dissolved in @ionisedH20, and autoclaved) or ¥S plates and
stratified for3 days in the dark at 4°®@lantswerethengrown in a controlled environment with

an irradiance o200 pumol.m2.s?, a photo period of 8 hours, and a constant temperature of
20 + 2°C.Images of plants wereapturedat different time pointandascale was includefbr
comparison.The length of the primary roots and total length including lateral roots was

measuredising imageJ (v1.46rand the number of lateral roots were counted
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2.2. Barley plant material and growth analysis
2.2.1. Plant material

Barley (Golden Promise) was transformed in our lab by Gloria Comadira (University of Leeds,

Leeds, UK) with the assistance of Jennifer Stephens (University of Dundee, Dundee, UK).
2.2.2. Selection

T> WT and transgenic barley seeds were sterilised and sown%nM& media containing
100 mg/ml Hygromycin B to select for transformants containing tBASYFP constructs.
Seeds were ke the darkat 4°C for 3 days to stratify therBtratifiedseeds werenovedto
the lightfor 8 hours af constant temperature d 2 2°Cto stimulate germinatiarnThe seeds
were tlrenmovedto the dark for 4 dayatatemperature of 20 + 2°Qransformants identified
as HygromycirB resistant seedlingserestanding tall like dark growplantswith longblades
HygromycinB sensitiveplantswere bleachedwith short hypocotyls. The plates were kept in
weak light for 2 daysto allow the HygromycirB resistantplantsto become greewithout
bleachng them. HygromycinB resistanfplantswere thengrown in standard conditions for 1
weekuntil green and the number of resistant and sensitive plants was recoyd&d. and
transgenic barley seeds were sown following the same procedure and the ratio of resistant to
sensitive plants was recorded. Plants were selected for homozypd$iywasextracted from
these plants and a PCR reactfeaction2.3.1), using primers targetingitherthe Hygromycin

B resistanceor the LEASYFP DNA sequenceg¢Table 1), was performedo confirm the

presence of the gene of interest

Tablel: PCR Primers for amplification of the Hygromycin B resistance and_t#&5YFPsequences

Primer Sequence

Hygomycin BForward 58 ACTCACCGCGACGTCTG 6
Hygomycin BReverse 56 GCGCGTCTGCTGCTCCATA 6
LEASYFHRForward 586 GAGCTGTTGCTTGGCTGTGA 6
LEASYFFReverse 58 ATGCCGTTCTTCTGCTTGTGG 6

2.2.3. Phenotype analysis

Barley seeds were sown on soil containing 10% pearlite in pots with @llme (10cm
diameter base, 18n diameter top, 10.8m depth). Pots were placed in trays andnged in a
randomblock designPlants were grown in greenhousexer an irradiancat soil levelof
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250pmol.m?.s?, a 16 hourphotoperiod, ané constant temperature of 22 + 2Rants were
watered twice per weeKhe length of the longest leaf was measured from the base of the plant
to the tip of the leaf, the number of leagesinted and the QY measured each weeB weeks

At the end of the experimefWweek 25) the number of tillers were counted, and the flower head

weight, seed weight, and shoot biomass was measured.
2.3. General molecular biology protocols
2.3.1. Standard PCRreaction

Polymerase chain reactiofPCR amplification of DNA fragments was condudteising
Bi oMi x™ Red (Bi ol i naelx finelevorldng concentsaion. P@R a&s h
performed in 0.2nl PCR tubes with the final volumes of the reaction mix typicatl20pl.
Oligonucleotide primers were typically designed to havbe@&omology with the sequence to
be amplified. A 10QuM stock of each oligonucleotide primer was made in TE from which a
10 uM working solution was made iretbnisedH20. All PCRscontaired a final concentration
of 1 uM of the forward and reverse primer and typically B@DNA. Reactions were run in a
thermal cyclewith thefollowing conditions:an initial denaturation step was performe@%iC
for 5 minutes followed by 34 cycles of apfification consisting of a denaturation ste®atC
for 30 secondsan annealing step 86°Cfor 30 secondsand an extension step7&°Cfor 30
secondsThis was followed by a final extension step at 72°C for 5 minutes.

2.3.2. Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate fragments according to their size to determine
if gene inserts were present, whether vectors and gene inserts hawiveetlydigestedand

to verify ligation reactions Agarose gel were prepared by digdving agarose in 1x Tis-
acetateEDTA (TAE) buffer (40 mM Tris, 20mM acetic acid, and M EDTA) by heating.

1x SYBR® safe DNA gel stain Qiagennv, Hilden Germanywas added to allow DNA
visualisation under ultra violet (UV) light. Samples loaded ongiblewere treated with 1x

loading buffer (0.05%w/v) bromophenol blue, 0.05%w/v) xylene cyanol, 3%w/v) Ficoll)

beforeloading. Electrophoresis was performed at a constant voltage & ihODx TAE buffer.
2.3.3. Gel extraction

Gel extraction was performedsing a QIAquick Spin Column (Qiagen) according to the

manufacturer’s instructions. The protocol u
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to which DNA can bind to purify the DNA. The DNA fragment was excised fitoexagarose

gel and weighed in a3 ml microcentrifuge tube. The binding and solubilisation buffer, buffer
QG, was addetb the gel(300ul per 100mg of gel fragment) and incubated at 50°C until the
gel was dissolved. The DNA was bound to a QIAquick spin column silica membrane by
centrifugation for 1 minute at 12100gx The silica membrane was then washed with buffer PE
and centfuged for 1 minute at 12100 g. Residual PE buffer was removéxy a second
certrifugation for 2 minutes at 12100 ¢¢ The DNA was eluted from the column in 4D

deionisedH20 by cerrifugation for 2 minutes at 12100gx
2.4. Gene transcript analysis
2.4.1. Production of plants

Seedswere gerninated and plants grown on soihder 150 pmol.r.st irradiance with a
8 hour photoperiod at 22°C + 2°€lants were grown undarpropagator cover fdrweekafter

which the cover was removeahd plants were grown until four weeks.old
2.4.2. Harvest

Fourweekold plants were harvested by cutting the shoot just above the soll, taking care not to
take any soil with itFor diurnal experirants, plants were harvested over a period of 24 hours
and 3 plants were collected for each time point. Each plant was wrapped iabielied and

placed in liquid N. Samples were stored-80°C.
2.4.3. RNA extraction

RNA was extracted from plant samples gsaNucleoSpin® RNA Plant kit following the
standard protocas follows. The rosettes ofwleekold A. thalianawerehomogenised under

liquid N2. The cells were then lysed in 3aDBuffer RA1 and 3.51 | -mécaptoethanol and
vortexed vigorously. To redecviscosity and clear the lysate the homogenate was filtered
through a NucleoSpin® Filter by centrifugat 11000 xg for 1 minute. 35Ql ethanol (70%)

was added to the homogenised lysate and mixed to adjust binding conditions. The preparation
was addedo a NucleoSpin® RNA Plant Column placed in a collection tube which was
centrifuged for 30 seconds at@I0 xg to bind DNA to the column. The silica membrane was
desalted using 350 of membrane desaltinguffer and centrifuged at 11000gfor 1 minute

to wash the column. DNA was digested using rDNase which was incubated on the column at

room temperature for 15 minutes. The silica membrane and bound RNA was then washed with
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200l Buffer RA2 and dried by centugation for 30 seconds at Q@0 xg, washedvith 600 ul
Buffer RA3 and dried by centrifagion for 30 seconds at 1108@ and had a final wash with
250l Buffer RA3 after which the membrane was thoroughly dried byridegation for 2
minutes at 1200 x g. RNA was eluted in 60l RNasefree deiorised H.O which passed
through thecolumn by centrifugation at D00 xg for 1 minute. RNAwas stored ai80°C.

2.4.4. Synthesis of cDNA

RNA was quantified using a Nanodrop (NIDOO Spectrophotometer, Labtech International,
UK). The ratio of &sorbance at 260m and 280nm was used to assess the purityRNA. A
ratio of at least 2.@vasaccepted a8 p u r eRNA. fTh® ratio of &sorbance at 266m and
230nmused as a secondary measure of nucleic acid purity. The 260/230ofaRg4 used
were in the range of 2:0.2. 1 ug of RNA was used to synthesis®NA usinga QuantiTect
Reverse Transcription Kit (QIAGEN) following theanufacturés protocol. The reverse
transcription stepvas also performeth the absence of reverse transcriptaseano reverse
transcriptase controlhis controlwas toassesshe amount of DNA contaminatiopresent in

the RNA preparation.
2.4.5. Quantitative reattime PCR

Quantitative reatime PCR (CR was performed on cDNA synthesised from the RNA of
harvested sampleEhe cDNA wasused ima reaction containingO pl 2x QuantiFast® SYBR®
Green PCR master miprovided by a QuantiFast SYBBreen PCR Kit- QIAGEN), 1 uM
(final concentration) forward and reverse primargj20 ng of DNA. The reaction mixture was
made to 2Qul with RNasefree HO. At least three techeal replicates were performed feach
reaction.A no template contralvhich omitted cDNA from the reaction was usegia control
for extraneous nucleic acid contaminatidhis control also served asantrol for priner dimer
formation.Reactions wer@erformedin skirted, lowprofile 96well PCR plates§TARLAB,
Milton Keynes, UK. The reaction mix was used inwo-stepcycling protocol.This reaction
startedwith an initial incubation step at 959Gr 5 minutesto ectivate HotStarTaq Plus DNA
PolymeraseThis was followed byl0O cycles ofamplification consisting od denaturatiorstep
at of 95T for 10seconds, and@mbined annealing and extensgtapat 60T for 30 seconds.
Fluorescence data waollected duringhe combind annealing and extension st&mally, a

melting curve analysiwas performedlb monitor possible mispriming or primer dimer artefacts.
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2.5.  Mitochondria respiration assays
2.5.1. Isolation of intact mitochondria

The shoots of fouweekold A. thalianaplants (50g), grown onsoil with an irradiance of

200 umol.m2.s?, a photo period of 8 hours, and a constant temperatur® af 2°C were
harvested The following steps were performed at@, where possible. Samples were
homogenised in 20 Grinding Madium (0.3 M sucrose, 25nM Na;P.O7, 10mM KH2PQy,

2mM EDTA disodium, 1% PVR0 (Polyvinylpyrrolidone MW 40000), 1% BSA (Albumin
from bovine serum), 16iM sodium L-Ascorbate, 2@nM L-Cysteine, dissolved ineibnised

H2>0O and adjusted to pH 7.5 with HQI¥ing a mortar and pestle at 4°C. Homogenised material
was filtered through miracloth into a conical flask sat inticeemove cell debrid=iltrate was
transferred intawooled 50ml centrifuge tubes (Nalgene). Cell debris and nuclei wetieted

by centifugation at 500x g at 4°C for 5 mnutes with slow deceleratioffhe supernatant was
transferred to clean pi@oled centrifuge tubes, balanced by weight and then the mitochondria,
chloroplasts and peroxisomes were pelleted byifegation at 1500x g at 4°Cfor 20 minutes

with slow deceleration. Once pelleted the supernatant was aspirated and discarded. The pellets
were resuspended inl of 1x wash buffer@.3M Sucrose]l0 mM TES (2[(2-Hydroxy-1,1-
bis(hydroxymethyl) ethyl)amino] ethanesulfoniacid, NTris (hydroxymethyl) methyl}2-
aminoethanesulfonic acid),106 BSA, dissolved ineionisedH>0 ard adjusted to pH 7.5 with
NaOH)and pooled intamne50 ml centrifuge tube using a sterile pipette. The centrifuge tube
was filledto 50 ml with 1x wash buffer and again cell debris and nucleewelleted to ensure
purity (2500x% g at 4°C for 5 minutes with slow deceleration). The supernatant was transferred
to a clean centnifge tube and centrifuged at Dbx g at 4°C for 20 minutes to feellet
mitochondria and peroxisomes. The supernatant was aspirated and discarded and the pellet was
resuspended in 1ml 1x wash buffer. A% PVR40 gradient was formedsinga BioRAD
Gradient Former 485A heavy gradient fractiorl7.5ml 2x Wash buffer9.8 ml Percol| and

7.7ml 20% PVPR40) and a light gradient fractiod 7.5ml 2x Wash buffer9.8 ml Percol| and

7.7ml H2O) were prepared and poured into B®RAD Gradient Former 485The two
fractions formed a gradient as the solutions were drawn froBidfAD Gradient Former 485

by a peristaltic pumgnto50 ml centrifuge tubes (Nalgene). Crude mitochondria were carefully
layered on top of the gradient. Gradients were centrifagdd00 x g at 4°C for 40minutes

with no brakes. The mitochondria forchalight-yellow band low in the tube. Layers above the
mitochondria were removed by aspiration. The agnmg solution was washed irx Wvash

buffer and entrifuged at 3000 x g at 4°Cfor 15 minutes The supernatant was removed and
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the pelletwas resuspended and waslasdreviously. After thisrvash,most of the supernatant
was removed and the pellet was resuspended in the residual 1x wash buffer. The concentration
of mitochondria was determineslith a Bradford assaythe BSA in the wash buffewas

accounted for by subtractingrig/ml from the determined concentration of praotein
2.5.2. Verifying mitochondrial integrity by measuring cytochrome c oxidase latency

A Clark-typeoxygen electrode with a 2rBl chambewas calibrated and the chamber wasfill
with 2 ml MitochondrialReactionBuffer (0.3M Mannitol, 20mM TESKOH pH 7.5,3 mM
MgSQs, 10mM NaCl, 5mM KH2PQ4, 0.1% BSA and dissolved in deionised2®) and
warmed to 25°C. 50Qg of mitochondriawas added (in a volume of 1@0ul) to the
Mitochondrial reaction buffer anithe chambewas closedenauring that no bubbles remained
in the chamberAny substrates added afteasthrough a pore in thehambeusing a Hamilton
syringe. Respiration rates wercalculatedby measuring oxygenasuration of buffer and
dividing by time Once a base respiration rateswestablished 40l of 0.5M ascorbate ws
added using a 50 Hamilton syringe to reducendogenousytochromec. 2-3 minutes later
20pul 5mM cytochrome ¢ was added. 8 minutes lagr 10ul 10% Triton X100
(C14H220(C2H40)n) was added tsolubilisemitochondral membranes. Cytochrongecannot
traverse an intact oeit mitochondrial membrane and ithe outer membranes intact, COX
will be 100% latent. Thus, by comparing COX activity in the absence and presence of Triton
X-100, an estimation dhe percentage of mitochondria with an intagter membrane can be

obtained.The following equation was used to calculate treoprtion of intact mitochondria:

100 *100

2.5.3. Complex | respiratory control ratio

Thereaction chamber of thaxygen electrode was prepareih 2 ml of freshreaction medium

at 25°C with the stirrer on. A known concentration of mitochondria was added to the chamber
(in a volume of 140 pl) so that the final concentration in the chamber waspbddl. The
chamber was closed andyasubstrateaddedafterwasthrough a pore in thehambewusing a
Hamilton syringe8 pl of 500mM pyruvate, 124l of 500mM Thiamine pyrophosphat@ PP

and 8ul of 800mM Malatewas added to the chamber so that the final concentration in the
chamber wa2 mM, 3mM and 2mM, respectively Typically, one or two minutepassed
before adding @ul of 100mM ADP to the chamber. After a further two minutes had passed

the reaction was stopped with the additior2dpl of 5 mg/ml Oligomycin to the chamber
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(2 pg/ml final concentration Oligomycin should block theddomain of ATP synthase and
thus inhibit respiration. Subsequentlyul of 1 mM of the ionophor&CCP(Carbonyl cyanide

p-trifluoromethoxyphenylhydrazofevas added to the chamb&XuM final concentratioh
2.5.4. Complex Il respiratory control ratio

The reaction chamber of thexygen electrode wasleaned and filledvith 2 ml of reaction
medium at 25°C with the stirrer on. A known conceitrabf mitochondriavas added to the
chambe(in a volume of 110 pl) sothat the final concentration in the chamber wasig/enl.
The chamber was closeahile ensuringthat no bubbles remained in the chamber. Any
substrates addeafter this step were added through a poréhe chambeusing a Hamilton
syringe. 2Qul of 1 M succinatewas added to the chamber using aub8yringe so that the final
concentration in the chamber wasriM. This step reduces complex II. One miniater,1 pl

of 1 mM rotenonewas addedo the chamber using a 10 syringe (final concentration in
chamber is 0.5M) which inhibited complex | activity. Wo minutegpassedefore adding 2l

of 100mM ADP to the chamber using a cleanlGyringe. After a further two minutes had
passed 2.5l of 5mg/ml Oligomycin was added to the chamber using a c€r syringe

(2 pg/mlfinal concentratiopn Subsequently ful of 1 mM of the ionophore FCCP was added to

thechamber (concentration in chamber: (Ng).
2.6. Production of plants expressingreduction-oxidation sensitive GFP

Plasmids (pCAMBIA-1304 Figure2-1) containing aoGFP2 sequendbat was either targeted
to the mitochondria (miwhondrialroGFP) or without a targeting sequence (spt@-roGFP)
wereobtainedfrom Prof. Ulrike Zentgraf (Universitat Tabingehibingen Germany. These
constructs were produced as in Wiegeal, 2012[172. A mitochondrial targeting sequence

had beernnsertedbeforethe roGFP sequence to produce roGkiBeted to the nochondrion.
2.6.1. Amplification of roGFP DNA using E. coli

Ultra-competentE. coli were produced using a protocol kyoue et al, 1990[173. 1pl

(150ng/pl) of each ofthe modified pPCAMBIA1304 vectarwas added tgeparate aliquots of
ultra-competen00pl E. coli( DH5a) cel Il s. The cell s pwere | e
cells were then spread onto LB plates containingud@tl kanamycin (Fisher Scientific)

covered and incubated at 37°C overnight. Individoébnies weraselected from the plates and

cultured in 20ml LB medim containing 5Qug/ml Kanamycin. A sterile pipette tip was touched

to a transformed colony and put into the culture medium. The culture was then incubated at
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37°C with shaking at 20pm overnight.Cultures were grown to an Qg3 of approximately
1.6. Plasmids were extréed from culturedE. coli using the QIAGEN plasmid mini kit
foll owing the mamplasmhidsevéraistoed-@&0%. pr ot oc o |

2.6.2. Preparation and transformation of Agrobacterium

To generate electroompetenAgrobacterumtumefaciengstrain: GV31011hoH" hrcA")), an
overnight culture ofAgrobacteriumin 100ml YEB medum (1 g/l Yeast Extract, 5/ Beef
extract 5g/l Sucrose 5 g/l Bactopeptone0.5g/l Magnesium sulphatejssolved in @ionised
H20, adjustedio pH 7 and autoclavedyvas prepare@ndgrown at 28°C withagitation The
overnight culture was used to inoculate YEB. Thiswasgrown overnight at 28°C to an @&
of approximately 1.5. This ture was centrifuged at 2400 g for 15 minutes at room
temperatureand resuspended inLlice-cold deionisedH20O. The suspension was pedldtby
centrifugation at 2408 g for 15 mnutes. This pellet was resusged in 2 x 20ml aliquots of
ice-cold 10% glycerol and cetfinged for 15 minutes at 3508 g. The cells were then
resuspended in rhl ice-cad glycerol, aliquoted intdlOOpl and frozen in liquid nitrogen.

Electrocompetentellswere stored at80°C.

Aliquots of dectrocompetenfgrobacteriumwere thawed on ice and the electroporator was set
uptouse5@ F, k¥, 8150 Q. T hdduted to 40agii adds2ul was adeled to
100pl of Agrobacteriummixed briefly and placed in a pohilled electroporation cuvette. The
mixture was then pulsed by the electroporatoml Iof prechilled YEB was added to the
bacteria and the mixture wamnsferred to ateriletest tube. The bacteria were incubated at
28°C for 2 hours. Cells were then plated out onto ¥dg@r plates containing 3®/ml
Kanamycin (to select for the construct), 5§ml Gentamycin (to select for the Ti Helper

plasmid) and @0 pg/ml Rifampicin (to select forAgrobacteriun).
2.6.3. Agrobacterium-mediated transformation of Arabidopsisthaliana

A single colony ofAgrobacteriumharbouring the gene of interest in a binary vector was used
to inoculate 5ml liquid LB medium containing theppropriate antibiotics for binary vector
selection. The liquid culture was grown at 28°C for 2 days with shaking. This feeder culture
was used to inoculate 5001 LB with the appropriate antibiotics and the bacter@aegrown

at 28°C for 1624 hours taeach the stationary phase (Q[B3-2.0). Agrobacteriuncells were
harvesed by centrifugation at 4000 g« for 10 minutes at room temperature, the supernatant

was discarded and the cells gently resuspended in 1 volume of freshly made 5% (wt/vol) sucrose
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soluion with a stirring bar. Silwet 177 (a surfactant) was added to a concentration of 0.02%
(vol/vol) and mixed well immediately before floral dipping the plants. Agebacteriuncell
suspension was transferred to a Billeaker and plants were invergat their flowers dipped

in the Agrobacteriumcell suspension for 10 seconds with gentle agitation. Care was taken to
also dip the shorter axillary inflorescences. Plants were removed from the solution and drained
for 10 seconds. Dipped plants were coverdtl a plastic cover and laid on their sides for16

24 hours to maintain high humidity. The cover was removed the next day and treated plants
were grom normally for 1 month. Water was withheld when the siliques turned brown. Dry

seeds were collected ugia sieve mesh.
2.6.4. Selection of transformants

TransformedArabidopsisseeds were sterilised in 10% bleach, with a wash of 70% EtOH and
5 washes ofsterile H,O. Seeds weresown on toY2 MS media containing 2Qug/ml
HygromycinB. Seeds were kept in the dark4a€ for 3 days to stratify thenStratified seeds
were moved to the light for 8 hours atconstant temperature of 20 + 28 stimulate
germination The seeds were then moved to the dark for 4 dayseat@erature of 20 + 2°C
Transformants identified adygromycinB resistant seedlings westanding tall like normal
dark grown seedlings with long hypocotyls and atbsetyledons. Hygromycim sensitive
seedlingsverelying on medium with very short hypocotyls. Theedlingsvere kept in weak
light for 2 days to allow the Hygromyci resistant seedlings to become greethout
bleaching the etiolated seedlisgHygromycinB resistant seedlings were transferred toawd
grown to seedPlants were selected for homozygosDNA was extracted frontransgaic
plants anch PCR wasised to confirm the presence of the transgene. Primers that amplified the
sequence encodintihe mitochondrialtargeting peptideand roGFPwere used confirm the
presence of mitochondriabGFP. Primers that amplified roGFP were usedonfirm the
presence of cytosohmGFP.
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2.7. Protein-protein interaction analysis by tandem affinity purification (TAP)
2.7.1. Primer design and amplification of LEAS

Primers were designed to amplifffA5from the start codon to the last nucleotide before the
stop codon Table 2: LEA5 Forward andLEAS (no stop codonReverse, respectively). A
standard PCR (Sectidh3.1) was performed to amplify the target gene. Once amplified the

gene was purified and sequedc

A PCR reaction was then performedtoadtB si t es to t he 5’ and 3
sequences using primers that targefA5 and contain overhangs faittB1 andattB2 sites

(Table 2: LEA5attB1 Forward and-EA5-attB2 Reverse, respectively). The forward primer

was designed to contain the Kozak sequence which plays a major role in the initiation of the
translation procedd 74. The reverse primer was designedhwut a stop codon to perform a
C-terminal fusion. The product was produced using a standard PCR (Se8tinvith minor

changs- the first 5 gcles had an annealing temperature of 45°C and the next 29 bstias

annealing temperature of 58°Che PCR products were separatbgl 1.5% agarose gel
electrophoresisand then purified and sequenced. The product identifiedEAS without the

stop calon and withattB ends was themsed to produce constructs for TAP usitige

Gateway® Technology cloning method

Table2: PCR Primers for amplificationEASwithout stop codon)

Primer Sequence

LEAS-orward 56 ATGGCTCGTTCTATCTCTAAGG 6

LEAHno stop codon) Reverse 5 6 CTGCTTGTTGTTCAAGAGAGD

LEAEattB1 Forward 58 GGGGACAAGTTTGTACAAAAAAGCAGGRTBTGGCTCGTTCTATCTCTAAGG
LEABattB2 Reverse 5 86 GGGGACCACTTTGTACAAGAAAGCTGGIETTI TGTTGTTCAAGAGAGCTGCO

Kozak sequenceifiderlined. LEASequenceskold).

2.7.2. Cloning of constructscontaining LEA5S used inTAP

Once amplified and sequenced, I6®| of PCR producand 100fmol of pPDONR2Q (Figure
2-2) wasplaced in a 1Qul BP reaction containing@l 5x BP-c | onase ™ | | enzyme
made to 1@l with TE buffer. The reaction was left for 4 hours after whichl 1L0x

Proteinas& was addednd incubated for 10 minutes at 37°C to stop the reaction.

One Shot® Omni MARXsIktart CellsiwerP traastprenedl of the recombined
plasmidby heatshock of the cells to facilitate uptake of the DNAe ells were then incubated
in Lysogeny Broth (LB; 1@/l Tryptone, 59/l Yeast extract, 1@/l NaCl, dissolved in deionised
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H-0, adjusted to pH with NaOH, and autoclaved) for one hour and thegread onto plates
containingLB agar andb0 pg/ml kanamycin Kanamycin resistant coloniesswe identified on
the plates after 16 hours.single colony was used to inoculate LB medium containingdatl
kanamycin. After 16ours,thesecells were pelleted and the plasmid was extragsaagthe
QIAGEN plasmid mini kitfollowing the manufacturéers  p r. Bhe glasmid was quantified

using a Nanodrap

Finally, the LEAS fragment, contained in the pDONR201 vecteig(ire 2-2), was assembled
in to a pKCTAP destinationvectorduring a single MultiSite LR Clonase reaction to produce
an expression clondhis procedure was performed at VIB following an establishecepiure
[179. The KCTAP destination vector contained the improved TAP [thgg on the C
terminus ofLEAS, a kanamycin resistance gene for selection of transformed aedlsagreen

fluorescent proteinGFP) expression cassetter useas a visible marker for transformation.
2.7.3. Cloning of constructscontaining ERF109used inTAP

ERF109flanked byattB1 andattB2 siteswas ordered as a gBlocks® Gene Fragni@otble
stranded, sequeneerified genomidNA) from Integrated DNA Technologies Inmfegrated

DNA Technologies, BVBALeuven, Belgium)TheERF109 flanked bgttB1 andattB2 DNA

was cloned in tpDONR221in a BP reactionising the Gateway® Technology cloning method

as in sectior2.7.2 Subsequently thERF109fragment, contained in the pDONR221 vector,
was assembled in to pKNTAP destination vector during a single MultiSite LR Clonase reaction
to producean expression clonAssembly in to the pKNTAP destination vecteas performed

at VIB following an established procedJrE75. The pKNTAP destination vector contained

the improved TARag[176] on the N terminus dERF109
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2.7.4. Cell culture cultivation

Arabidopsisthaliana (ecotype Landsber@rectg cell suspension culturefPlant Systems
Biology; PSBL and PSRD), originally derived fromMM1 and MM2d cultures[177], were
obtained from Geert Ddaeger (VIB, Ghent, Belgium). Cultures were maintained imb0
Murashige and Skoolasalsalts with minimal organicMSMO) medium (4.43)/l MSMO,
3049/l sucrose, 0.5ngl -naphthaleneacetic acid, 0.6%/ kinetin, adjustedo pH5.7 with
1M KOH) at 25C in the darkwith agitation (130 pm). Subcultures were establishecesy 7

days in fresh medium at alD. dilution.
2.7.5. Cell culture transformation

Agrobacterum tumefaciens (strain: GV3101 rhoH"™ hrcA")), were transformedby
electroporatiorwith appropriate plasmidsTransformed Agrobacterium wegeown in YEB
medium until they reached &Dsoo between 1.0 and 1.5. Therobacterium culture was then
washed three times by centrifugation (10 nt@sat 3050% g) with an equal volume MSMO
medium WasedAgrobacterium wasesuspended iIMSMO mediumto an ODyoo of 1. Two
days after the subultivation of anArabidopsisthaliana cell suspension diure, 3 ml was
incubatedwith 200y | w aAgrbbaaderia and 200 M a c et o at@Fd imtheodark
with agitation (130 pm) for 48 hoursTwo days after c@ultivation, 7ml MSMO containinga
mix of three antibiotics (25 g 1 kanamycin, 50 g 1 oarbenicelln, and 50Qu g 1 m
vancomycin) was added to the cell cultures and grown for 11 days under standhtidrte
The stable transgenic cultures weedected by 1:5 dilution in 5@l fresh MSMO medium with
antibiotics 11 days after inoculation, and then withqusatial 1:10 dilution in to 5fnl fresh
MSMO medium with antibiotics 18 days post inoculation. The transgenic cells were
subculturedat a 1:5 ratio in 50nl MSMO medium containing 26 g 1 kanamycinonce per
weekfor 2 more weeksCell aultures were then scaled up to 200(1:5 dilution)in a 500ml

conical flask and then after 1 week scaled up té PX1:10 dilution) in 2L Erlenmeyefflasks
2.7.6. Protein extract preparation

Cell material fromecdl cultures (1:5 dilution) was grown for 3 days, harvested on a sintered
glass filter, wrappedhifoil, frozen in liquid nitrogen and stored-80°C. 2.59 of cell culture
was homogenised by grinding in liquid nitrogen. Crude protein extracts were mixed with
1.67ml extraction buffer (25nM Tris/HCL pH 7.6, 15mM MgCl, 150mM NaCl, 15mM
PNOPhenylPQs, 60mM -dlycerophosphate, 0.1% N, 0.1mM NaVOas, 1 mM PMSF,
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1uM E64, EDTA-free Ultra Complete tablet (1 pekOml), 0.1% benzonase nuclease
(Novagen), 5% ethyleenglycol) with an UKfairrax T25 mixer (IKA Works, Wilmington, NC)
and then incubatk at 4°C for 30minutes. The soluble protein fraction was abed by
centrifugation at 3800 x g for 20 mirutes transference of the supernatant to a clean
microcentrifuge tube rad another centrifugation at 380 x g for 20 mirutes The protein
concentration was quantified using a Bradford assay.

2.7.7. Western blots

To decide on the conditions for TAP, first it was important to understand how the protein
responded to oxidants. Cultures were treated with O, 1, 2, 5, 10n&®2H-0- for 1 hour, and
sepaately with either InM or 2mM H2O. and samples were collected between 0 and 60

minutes. Protein extractions were acquired as in section 2.6.5.

Samples were transferred to Nitrocellulose menmdsgiN2639, Sigma) by senrdry western
blotting aftersodiumdodecyl sulfat§ SDS) polyacrylamide gel electrophoregBAGE). The
transfer was performed for 6 minutes in electrophoresis buffer containing 20% methanol,
at a constant current of InMA times the area of the gel in &nThe membrane was blocked in

5% skinmedmilk in Tris-Buffered Tween (TBT: &M Tris base, 19nM Tris HCI, 150mM

NaCl, 0.1% (v/v) Tween® 2@Chemiluminescence solution: 16tM Tris/HCI pH 8.5,
1.25mM luminol, 68y M -Qoumaric acid, 0.01% @) for 4560 minutes at room
temperature orwernight at 4°C. Once blocked the membrane was incubated with the primary
antibody (PAP) in a 1:2500 dilution in 5% skimed milk in TBT for 2 hours at room
temperature. The membrane was then washed in TBT for 15 minutes, and then washed a further
three times for 5 minutes each time (total = 30 minutes). The chemiluminescence emitted by

the antibody in the respective solutions was detected by Super RX films (Fuiji).
2.7.8. Tandem affinity purification

Purifications were performed as describegl Van Leeneet al, 2007 [175 with some
modifications In the binding step, 2&g of total protein extract was incubated with p00QG
Sepharose 6 Fast Flow beads {B&althcare, UK), prequilibrated with 3 x Inl extraction
buffer with gentle rotation in a DNA LoBind Eppendorf for 1 houd@. The IgG Sephares
beads were transferred to anL Mobicol column (MoBiTec, Germany) and washed with
3.75ml (150 x V: 5x750 with rotation) tobacchicotiana tabacunt..) etch virus (TEV) buffer
(10mM Tris-HCI, pH 8.0, 150nM NacCl, 0.1% [v/v] NP40,0.5mM EDTA, 1mM PMSF,
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1y M 6£& 5% [v/v] ethylene glycol)n the first eldion step, 10Qul TEV buffer + 5ul (10U)
Rhinovirus protease (GE Healthcare) was added to the column and incubdtedoatiour.

After 30 minutes an addition Hul (10 U) Rhinovirus protease was added. The eluate was
collected in a microcentrifugeibe by centrifugation at 150g at £C for 1 minute. The eluate
was then washed with an addition J90'EV buffer (10mM Tris/HCI pH 7.6, 150nM NaCl,

0.1% NR40, 0.5mM EDTA, 1 uM E64, 1mM PMSF, 5% ethigne glycol) on a Mobicol spin
column and again the eluate was colledtgdcentrifugation at 15& g at 4C for 1 minute
(total volume collected 21l). In the second binding step, the TEWate was incubated with
TEV-buffer (1 ml) equilibrated 10Qul Streptavidin Sepharose High Performance (Amersham)
beads at 4°C on a rotating mixing device for 1 hour. The mix was transferred to a mobicol
column and the Streptavidin beads were washed witmR(200CV) (3x833ul) TEV buffer.

In the second elution step, bound complexes wieited with 3Qul 1x NUPAGE sample buffer
containing 20nM Desthiobiotin, incubated for 5 minutes with regular mixing. The beads were
separated from eluate on a Mobicol spin caluand the eluate was stdrat-70°C.

2.7.9. Sample preparation

Sample preparation was performed by the Geert De Jaeger lab at VIB, Ghent, Belgifieal
protein complexeswere concentratedy trichloroacetic acid precipitatiorresolved by
NuPAGE electrophoresis, andsualisedby Coomassie Brilliant Blue @50 daining as
described bywan Leeneet al, 2011 [178. Protein gels were cut to isolate complete lanasd,
single protein bands were excised and collected in microtiter plakese werefurther
processed fomass spectrometinalysis as describdxyy Shevchenket al,, 1996[179, with

minor modifications
2.7.10.Acquisition of mass spectra

Single progin bands excised fromel were analysed by VIB Proteomics Expertise Center,
Ghent University (Ghent, BelgiumPeptide mass fingerprints and subsequeR¥ 1CID
fragmentation spectra of selected peptidesre acquired using a MALBEthndemmass

spectromety instrument (4700 Proteomics Analyzer; Applied Biosysjems
2.7.11.Mass spectrabased protein homology identification

Protein homology identification was performdxy Dominique Eeckhout(VIB, Ghent,
Belgium). GPS Explorer 3.pApplied Biosystemswas used to picess thepeptide mass
fingerprints and peptide sequence spectra of each sabgtéesearch files were generated and
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submitted for protein homology identification by using a local database search, dhgscet

v 2.4.01 (Matrix Science, London, UK)The database, SNAPSS({mple Non redundant
Assembly of Protein Sequences; versiof) @or Arabidopsis,compiled frommultiple public
databaseswas searchedior homologous proteinsA decoy database from the SNARS
Arabidopsisdatabasevas generatedo approximag the false positive rate of the protein
homology data set. Each protein amino acid sequence was shuffled with the EMBOSS shuffle

tool [180. False positives were excluded from the results.
2.7.12.Data analysis

The BLAST(Basic Local Alignment Search Toaipd PS(Position Specific IterativeBLAST
algorithmswere used to search for homologuesths identified proteins. ThArabidopsis
Information Resource databadhttp://www Arabidopsisorg) was used for gne ontology

annotation searches.
2.8. Protein-protein interaction analysis by splitYFP
2.8.1. Construction of the LEA5-YFPc and LEA5-YFPn vectors

The pDONR201tEA5plasmid (constreted in2.7.2 was used in an LR reaction with N9842

to produce LEASYFPc plasmid, and used in an LR reaction with N9843 to produce the-LEA5

YFPn plasmid. The LRrecombination reaction was performed as in the handbook
(Thermofisher Gateway ® Technology manualjl 2300 ng/reaction) of the entry clone y2
(300ng/reaction) of the destination vector, along withl 4f 5 x LR Clonase Reaction buffer,

8 ul TE buffer pH8.0 and 4ul of LR Clonase™ and mixed brief
at 25C for 1 hour. The reaction was stopped by the additionubfP2oteinase K and incubation

at 37C for 10 minutes. The reaction was storee2&C and used to transfeatqtoplasts.
2.8.2. Construction of the RH22YFPc and RH22YFPn vectors

Primers were designed to amplify the ORFD&EA(D/H)}-box RNA helicase 2€RH22 from

the start codon to the last nucleotide before the stop cd@ddnel). RH22was amplified from
genomic DNA extracted from. thalianausing a standard PCR reaction. The PCR products
were separated by agarose gel electrophoresis. The band repreBeétRwas excised and
purified. Primers were designed to extendRi22gene withattB sites(Table3; RH22attB1
Forward andRH22attB2 Reverse, respectivglyrhe ORF oRH22wasused in a PCR reaction

with attB primers Table 3) in a standard PCR reaction. PCR products were separated by
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agarose gel electrophoresis and the band represdRtiag with attB ends was excised,
purified and sequenced. The sequenced PCR product reprefRH®2yvith attB ends was

then used in a BP reaction, as in Secdoh?2

Table3: PCR Primers for amplificatioRH22(without stop codon)

Primer Sequence

RH22Forward 56 ATGATTCTCTCACGCTCTGTCTER 6

RH22Reverse 56 ATATCTCACAGCTTGAGGCTCCTEd

RH22attB1 Forward 56 GGGGACAAGTTTGTACAAAAAAGCAGCGARTBTGATTCTCTCACGCTCTGTCTB®
RH22attB2 Reverse 58 GGGGACCACTTTGTACAAGAAAGCTGERTCTCACAGCTTGAGGCTCCGTES

Kozak sequenceifderlined. RH22 sequencebd|d).

2.8.3. Isolation of protoplasts

Protoplasts were isolated frofthalianafollowing the protocol of Wiet al,, 2009[181] with

minor modifications, and the assistance of Nurhayati Razak. Plants were grown on soil in
standard conditions for 4 weeks. Leavesemaken from these plants and the upper epidermal
layer was affixed to Time tape (Time Med, Burr Ridge, IL) to support the leaf. The lower
epidermal surface was affixed to a strip of Magic tape (3M, St. Paul, MN) which was then
carefully pulled away remong the lower epidermal surface cell layer. Several leaveg)(~2
while still adhered to the Time tape were transferred to a Petri dish containinglaifyme
solution (1% cellulose 'Onozuka’ R10 (Yakult, Tokyo, Japan), 0.25% macerozyme '‘Onozuka’
R10 (Yé&ult), 0.4M mannitol, 10mM CaCh, 20mM KCI, 0.1% BSA and 26nM MES,
pH5.7). The leaves were agitated on a platform shaker gan7@or 30 minutes, releasing the
protoplasts in to the solution. The solution was placed in to a centrifuge tube armtdhagis

were centrifuged at 108 g for 3 minutes. The supernatant was removed and the protoplasts
were washed with 5l of prechilled modified W5 solution (15dM NacCl, 125mM CaCb,

5mM KCI, 5mM glucose, and thM MES, pH5.7), and incubated on iéer 30 minutes. After

30 minutes the protoplastgere centrifuged again at 18@ for 3 minutes, the supernatant was
removed and the protoplasts were resuspended in MMg solutioM (fhdnnitol, 15mM

MgCl, and 4mM MES, pH5.7) to a final concentrationf 2 to 5 x 10 cells/ml.

2.8.4. Transient gene expression iprotoplasts

DNA was transienty expressedin Arabidopsis mesophyll protoplastusing the method
described by Yoeet al, 2007[182, with minor modifications. Approximately 0g ( 8 t o
12ug) of pl asmid DNA ofwgpoxinmielx & 10* pwtoplakts (2 0 1D

to 1 x 16) in MMg solution at room temperature. Prepared fre@@0aul of a solution of 40%
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(w/iv) PEG (MW 4000; Fluka), 0.M CaCb, and 0.2\ mannitol was added to the protoplasts,

and the mixture was incubated at room temperature for 5 minutes. Once incubated, the
protoplasts were washed withn8 of W5 solution. The protoplés were then pelleted by
centrifugation at 108 g for 1 minute. This wash step was repedtede. Pelleted protoplasts

were gently resuspended imil W5 solution and finally incubated inv@ell plates coated with

1% BSA at room temperature for 16 hourshe light.

2.8.5. Visualisation of interactions

Protoplasts were observed with a Zeiss LSM700 laser scanning confocal microscope using
20%/0.8 PlapApochromat, 40x/1.2V C-Apochromat or 63x/1.4 Oil PlaApochromat in
multi-track channel mode. Excitatiavavelengths and emission filters were 488 bandpass
505-530nm for YFP, and with simultaneous excitation at 488 nm with a-pasd 656/10nm

for detection of chloroplast auftuorescence. Image processing was performed using Zeiss
ZEN 2011 (black edibn) v7.1, and ImageJ v1.46rranslational research

The bianformatics resources at Bayer (Crop Science Divisidmait Research Innovation
Center in Ghent, Belgium) were leveraged to find crop homologues. A tree of orthologous genes
was produced usingrsembl. Using the OMA browsgt83 candidate genes identified in the

TAP tag experiments were used to find homologous genes from key monocot species for each
of those candidate genes. The protein sequences found were extraglied from genomic
sequencgandare sometimes truncated and/or absent due to the incompleteness of the original
DNA molecule and/or genome. The same tool was used for expression analysis of candidates

in wheat. Swiss model was used to produce 3D protein models.
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Chapter 3. Characterisation of the phenotype ofArabidopsis thalianawith

modified expression ofLEA5S

3.1. Introduction

The epression of LEA proteins in transgenic plah#s been shown tme able taonfer stress
tolerance to drougHtl4, 15], cold[16], and freezind17]. LEASis distinctiveasit provided
Saccharomyces cerevisié@erance to a rgge ofoxidants including KO, menadiongand
paraqua{43]. Previous studies have shown tipddnts with constutive expression ofEA5
accumulatedmore biomass than witype (WT) plants [43, 51]. Transgenic plants
overexpressingtEA5also demonstrateal higher tolerance toJ@; by sustaiing ahigher root
and shoot growthatethan WT plantswhen exposed toomparable levels of #, [43]. The
expression oLEA5In leavess suppressed in the lig3], unlessn the presence of biotic and
abiotic stressept3]. This could be duéo enhanced cellular oxidaticra common featuran
the responses of plants to streasLEASis upregulated by a range of oxidafsS]. Moreover
plants that expressa@dEA5In the antisense orientation (AS) accumulated less shoot biomass,
andhad shorter primary rootsith fewer lateral rots and poorly formed root haif§1]. The
LEAS AS plantsalso had earlier flowering and senescef&8. However, he constitutive
overexpression o EA5did not confer drought toleranceAnthalianawhich could have been
expected from its upegulation during dehydration strep$3]. Interestingly, plants over
expressingLEAS in drought conditionsvere assimilate lessCO; [43]. A LEAS - yellow
fluorescent protein (YFP) fusion was localised to mitochondid. For this reason, it was
suggested that there is possibility th&A5 interacts with proteins involved in mitochondrial

ROS signalling, which could impact on root developnjé}.

The following studies focus on the roleldEA5in growth and stress toleranceA. thaliana
Three lines thavverexpresd EA5(OEX2-2, OEX25 [43], anda line expressingEA5fused
to YFP- OEX-YFP[51]), and twoLEASAS lines (AS2 and AS§1]) were compared to WT

type plants in a range of conditions to observe any phenotypical affectEhahas on the

42



plans. The OEX2-5 line was reported to have a modehatencreasedexpressionof the

transgeng43]. In contrast, the A8nes had aboufive-fold lower transcriptevels[51].

An in vitro setup was used as a proxyfiefd environments to study the effects of abiotic stress
on plants These experimental setups are based on the additioongfatinds to the growth
mediumor exposure of tha vitro setup to controlled environmental conditioBsoughtwas
simulated by adding osmotieanannitol and sorbitdl184, 189 - to lower the water potential

of the medium. Similarly, the addition of NaCl to the mediwas used to expog#ants to a
combination of osmotic stressidNa" toxicity [186]. Thein vitro setyp wasalsoexposed to
various light intensitiesThe production of ROS is an inescapable consequence of oxygenic
photosynthesiddowever highlight can result in the production of excessive amounts of ROS
such asisglet oxygen {O2) whichis believed tde the main ROS produced in the chloroplasts
under excess lightt is produced in energy transfer reactions from the excited triplet state of
chlorophyll molecules or their precursors to molecular oxygas.dthighly reactive species
that engages redgiwith a variety of biomolecules, especially those containing double bonds
[159, and results in reduced photosynthetic efficiency and ultimately cell death in
photosynthetic tissues exposed to excess I[dB(. The medium wasalso separately
supplementedvith hydrogen peroxide (#0:), menadione, and pagaat to induce ROS
formationin plant tissuesParaquat, for examplagccepts electrons from the photosystem | and
transfers them to molecular oxygen to genelRaD&S. The use ofn vitro setups offes practical
advantages, such as controktkess levellow variability, and the ability to grow many plants

in a limited spacg184, 187]. Much of our current knowledge on stress physiology in
A. thalianais based on artificial stress conditions, and resulted in the identification of many
genes that enhance stress tolergd®6, 188 189. The studieson shoot phenotypesere
performedin the controlled environment facilitieat Bayer (Crop Science Division, Trait
Research Innovation Centr&hent, Belgium). Theontrolled environment facilities at the

University of Leed were also used to study the root phenotypes of these plants.

Theaim of thestudiesdescribed in this chapter wasgainaninsightin to the role olLEA5In

plant develoment andesponses to abiotgtresses
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3.2. Results: Shoot phenotype
3.2.1. Rosette growth in the absence of stress

In the following studiesfransgenicA. thaliana plant with either increased expressiam
antisense expression bEA5 (characterised previous|43, 51]) were growron ¥2MS media

in the absence of stregstest ifphenotypes wereimilar to those growen soil describedh
previous studiefd3, 51]. The rosette area and relative growth rates were determined in plants
grown for 21 daysn vitro under growth conditions described in the Materials and Methods
chapter. The overall germination rate for these experiments was 94.8%. A total of 960 plants
per genotype were analysed in the absence of stkdsasurements were taken on seedlings
that had been sown on to %2 MS agar and stratified for 3 days before transferring to the growth
chambers for germination and growth. Plants were grown for a period of 21 days with
measurements taken on the"114" 16" 18" and 2% day after transfeto the growth
chamber. Representative shoot phenotypes of the different lines on days 11, 14 16, 18 and 21
are shown irFigure 3-1 A. Although the shot phenotypes are visually similar in all lines,
analysis revealed that the rosette area d® AGd AS8lants were significantly smaller early

in the growth period-days 11 (P<0.001 for both genotypes)(R40.001 for both genotypes),

and 16 (P<0.001 fo AS2 plant3, whereas the rosette area of OEX lines was similar to WT
plants at these stagé-igure3-1 B). Later in the growth period (day8 and21), the rosette

areas of AS plants had grown to a similar size of the WT p(&igsre3-1 B). Interestingly,

more AS plants had inflorescences thla@ WT plants at 24 days whereas fewer OEX plants
had committed to inflorescence at this agelble4).

Table4: Percentage of plants withnflorescences 24 days after germination

Genotype WT AS2 AS8 OEX22 OEX25 OEXYFP
Percentagevith 22.5 48.4 50.8 225 17.5 15
inflorescences

Plants were also grown in stress conditions and a total of 20,160 plants were analysed. 8,640
were analyse in drought stress experiments, ano®@&40 were analysed in oxidative stress
experimentsand2,880 were analysed in light stress experim&@8plants per genotype were

analysed ireach condition.
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Figure3-1: A comparison of the rosette areas wiltype (WT)A. thaliana and transgenic lines that either
over-expressLEAJOEXZ22, OEX 5 and OEXYFP)pr express antisenseEA5JAS2& AS8)

Plants were grown under 150molm2.s? irradiancewith a 16 hour photoperiodit 22°C + 2°QRosetteareas
were measured at 11, 14, 16, 18 and 21 days in the absence of Frd¥spresentative phenotypeScale bar
represents 10nm. B: Rosette area (mR) over 21 daysError bars represeniean +/ standard error. The

asterisks indicate significant differencesWT plantg*** P<0.@1; ANOVA)N=960.
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3.2.2. Rosette growth in the presence of stress
Drought, salt and osmaotic stress

In these experiments, plants were grown in the absence of stressljaar in the presence of
50 mM mannitol, 75mM sodium chloride (NaCl), or 100M sorbitol which was added to the
%> MSmediato simulate drought stresEheaim of theseexperimentsvas togainan insightin

to the role ofLEA5in responses to abiotgtressesThe effects of theosmoticaon WT and
transgeni@lantsthat either oveexpress EA5(OEX2-2, OEX 25 and OEXYFP), or express
antisens& EA5(AS2 & AS8)weredetermined over 21 dayA total of 8640 plants were sown
for these experiments anetgermination rate was 93.5%. 8076 plants were assessed.

Representative shoot phenotypes of plants from each of the different lines grown in each
treatment condition 21 days after being moved into the growth chamber are shelgare

3-2 A. The rosettes of plants grown in all stress treatmemet® visibly smaller than those
grown in the absence of strg§sgure3-2 A), with plants grown on media containisgdium
chloride (salt stress) being the smallest at this point. The shoot phenotypes of plants grown in
the control condition are visually similar @l lines, and analysis revealed that in the absence

of stress, the rosette area of all linesssimilar to WT plants after 21 dayBigure3-2 B).

The osette areasf all genotypes werssignificantly smaller inall the stress treatments
compared to the control conditidfigure 3-2 B, C, D & E; P<0.®1). No effect of LEAS
expression on the rosette an@as observedvhen plants were grown in the presence of
mannitol. In the salt stress treatment, the rosette area®plasts wassignificantly smaller
than WT plants Kigure 3-2 D; P<0.@1); however,there were no sigficant differences
between WTplantsand theother lines.The OEX-YFP plantshadsignificantly largemrosette
areathan WT plants when grown 66 MS media containingorbitol (Figure3-2 E; P<0.@1).

High-light stress

In these experiment¥YT and transgeniplantswith altered expression afEAS5were grown

for 11 days under 100mol.n2.st irradiance with a 16 hour photoperiod. At this point plants

in the highlight treatment were transferred to a comparable chamber but grown with an
irradiance of 60Qumol.m2.s. All plants were grown for a further 10 days. Measurements of
the rosette area were taken on day 7, 8, 9, 10, 11, 14, 16, 18 and 21. For simplicity however,
data shown inFigure 3-3 are for day 21 only. A total 02880 plants were sown, with a
germination rate of 98%. 2837plants were measured.
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The rosettes of all genotypes were generally visibly smaller when grown for 10 days in the
high-light condtion compared to the control conditioRigure 3-3 A). Growth of WT plants

under highlight resulted in plants with significantly smaller rosette art@n those grown in
control conditionsKigure3-3 A, B; P<0.@1). WT plants grown under higlight were 14.3%
smaller than those grown in contraralitions. Furthermore, &fit 10 days of growth under
high-light, the rosette areas AS2 plants weraignificantlysmaller than that of th&/T plants
(Figure 3-3 B; P<0.00). However, here was nainiform effect of LEA5 expression on the
rosette area when plants were grown in the underllggh AS2 and AS8 plants were 22.8%

and 13% smaller, respectively, than control plants, while OEX lirgs25 and YFP were
12.7%, 16.5%, and 20% smaller, respectiveéigyre3-3 B).

Oxidative stress

In these experiments, plants were grown in the absencedis)mor presence of oxidative stress
caused by addition of4®>, paraquatand superoxide generating agent menadione to the growth
media. A total of 8640 plants were sown directlytodz MS plates that either had no added
chemicals or contained 1OM H>O», 0.1mM menadione or 0.tM paraquat with 2160 in each
treatment condition. The germination rates of all genotypes sown0n Wkre very low
(25.6%) compared to the germination rates in the absence of added oxidaatgontrol
condition (98.5%). Tbse that did germinate struggled to thrive. No further experiments were
therefore conducted on the seedlings grown in the presencgOef $ed germination rates
were lower in the menadione condition (80.7%) than in the control condiiowever,

germindion rates on paraquat condition were little affected (96.8%).

In these experiments, the rosette area of XYER plants after 21 days in the control condition
was significantly larger thathat of WT plants Figure 3-4 B: P<0.001) Notably, in these
experimentsthe rosette areas 2i-day-old AS2 and AS&lantsgrown in the control condition

were alscsignificantlylarger than those of WT plani8<0.001 for both genotypes).

The rosettes of all genotypes were visibly smaller when grown with menaaliqregaquat
compared to those grown in the absence of oxidative saifems21 daygqFigure 3-4 A).
Moreover, the rosette area of all genotypes grown in the preserathefmenadioneor
paraquatvere significantly smaller than those in the absence of oxidative sfteis21 days
(P<0.001 forall genotypesn both conditions Both AS2 and ASS8 lines as well the OEkP
line were significantly smaller than WT plants when grown omtMLmenadioneKigure3-4
A & C: P=0.023 for AS8, P<0.001 for AS2 & OEXFP).
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Themeanrosette areas of plants wesallestwhen grown on media containing paraquat. The
inhibition of photosynthetic electron transport figraquat resulted in the rosette are&8\Va,
OEX2-2, and OEXYFP plants being between 54 and 62% smaller than those in the control
condition with OEX25 being 40% smaller. In contrast, the paraglexiendent decrease in
rosette area was only 35% and 39% in AS lines, AS2 and AS8, respettabigeanrosette

area of LEASAS2 and ASS8 plants wesggnificantly larger than WT plants after 21 days grown

in the presence of paraqu&iqure3-4: P<0.001 for both AS2 and AS8). However, thean
rosette area of OEXB plants waslso significantly larger than WT plants when grown in the

presence of paraquat (P<0.001).
Anthocyanin content of leaves

The shoots of plants, grown on soil for 4 weeks in standard conditions, were homogenised and
anthocyanins were extracted. WT plants had an average jo§/2&W of anthocyanirFjgure

3-5). There was no significant difference in the concentration of anthocyanins between WT
plants and OEX5 plants which had 3 g/g FW anthocyanin contertiowever the leaves of

AS2 plants had 0.gg/g FW anthocyanin caent (P<0.001) which was significantly less

anthocyanin content than in WT leaves.
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Figure3-2: The effects of abiotic stress treatmen{snannitol, salt, and sorbitol)on the rosette area d¢ wild-
type (WT)A. thalianaand ontransgenic lines that either oveexpressLEAJOEX22, OE®-5 and OEXYFP)pr
produce antisense transcriptéAS2 & AS8n comparison to plants grown in the absence of stress.

Plants were grown under 158mol.m?2.s? irradiancewith a 16 hour photoperiod at 22°C + 2°C for 21 days.
Represatative phenotypes are shown il Scale bar represents hdm. The rosette areanim?) for plants grown

in the absence of stress (contyds shown inB, and in thepresence of stressausa& by addition of 50nM
mannitol, 75 mM salt (NaCl), or 106M sorbitolto the growth mediaare shown irC, DandE, respectivelyError

bars represent mean +5tandard error. The asterisks indicate significant differences (BX0ANOVA)N=360.
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Figure3-3: The effects of higHight treatment on the shoot phenotype (A) and rosette area (B) of-@4y-old
wild-type (WT)A. thalianaand transgenic lines that either oveexpressLEAJOEX22, OEX% and OEXYFP)

or produce antisense transcripts (AS2 & AS8) in comparison to plants grown in the absence of stress

Plants were grown for 11 days under 30®@ol.nt2.s? irradiance with a 16 hour photoperiod, at which point half
were grown umer highlight (600umol.ni2.s?) for the remaining 10 days. All plants were grown for 21 days at
22°C + 2°C. A: Representative phenotypes at 21 days. Scale bar represents BOThe rosette area (nfjnof

plants grown in the absence of stress and unidgh-light. Error bars represent ean +£ standard error. N360.
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Figure3-4: The effects of oxidative stress treatments (menadione and paraquat) on the rosette area of wild
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in the absence of stress (control) is shown in B, and in the presence of stress caused by afi@ition\d
menadione, or 0.uM paraquatto the growth media are shown in C and D, respectively. Error bars represent

mean +f standard error. The asterisks indicate significant different&s<(.05, ***P<0.001; ANOVA). RE0.
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Figure3-5: Anthocyanin concentration|f{g/g FW) in the leaves of fouweek-old wild-type (WT)A. thaliana

and transgenid. EASover-expressing (OEX-2) andLEASntisense lines (AS2) grown on soil.

Plants were grown on soil under 15@pl.m2.s? irradiance with a 16 hour photoperiod at 22°C + 2°C for four
weeks. Error bars represent mean standard error. The asterisks indicate significant differences to WT plants

(*** P<0.001; ANOVA). N>30.
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3.3. Results: Root phenotype in optimatonditions
3.3.1. Analysis of root phenotypes for plants grown on *#MS media

The aim of these experiments was to investigfa¢erole ofLEA5 in root developmentThe

AS2 and OEXZ have beemeported to have a marked effect on root phenotypen grown

on %2MS media for 20 day§51]. However, the AS8 and OEX2lines had not been described.

The objective of these experiments was to determine the root phenotiipesS8 and OEX2

2 lines as well as to confirthe previously observed phenotypeisthe AS2 and OEX lines.

After 7and 10daysof growth(Figure3-6 & Figure3-7, respectively)theprimary root lengths,

the number of lateral roots and lateral root densities were determined. Root architecture was

detamined in a total of 244 plants.

The root architecture of the AS2 and AS8 plants appeared visually different to WT plants
days after germinatiofrigure3-6 A), while both of the OEX lines were visually similar to the
WT. Analysis of the roots realed that the AS2 & AS8 plantsdsimilar meanprimary root
lengtrsto the WTplants(Figure3-6 B). In contrast, th©EX2-2 plantshad significantlyfonger
primary roots than th&VT seedligs (Figure 3-6 B; P=0.009).However, there was no
significant difference between OEX@plantsand the WT plants. Furthermore, there was no
significant differences ithe number of lateral root&igure3-6 C) or the lateral root density
between any of the transgenic lines and the WT pkhftes 7 daygFigure3-6 D).

After 10 daysAS2 and AS8 plants had similar primary root lengths to the WT pl&igaré
3-7B), as did OEXZ plants. However, OEX2 plants had significantly longer primary roots
(P=0.0075; Figure3-7 B), as well asignificantly more lateralaots than Wplants (P=0.03;
Figure3-7 C). Lateral root density was similar to WT plants for all genotypagi(e3-7 D).

Notably, the angle of root growth differed significantly in AS2 and AS8 lines which showed a
preference for growing at angles 42° and 47° whilst WT grew at 20° (P<0.001 for both
genotypes) and the primargots of both OEX2 and OEX25 lines grew at 13°Higure3-7 A

& E).
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Figure3-6: The root architectureof sevenday-old wild-type (WT) A. thaliana and transgenid_EA5
over-expressing (OEX2, OEX%) andLEASantisense (AS2, AS8) lines grown orM&.

A: Representative phenotypes on day. Scale bar represents b@m. B: Primary root length (mm).
C:The number of lateral rootd: The lateral root density (number of lateral roots per mm primary root). Error
bars represent mean +ktandard error. The asterisks indicate significant differences to WT plsn®<0.01;
ANOV/A). N48.
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Figure 3-7. The root architecture of ten-day-old wild-type (WT) A.thaliana and transgenic LEA5
over-expressing (OEX2, OEX%) andLEASntisense (AS2, AS8) lines grown on %2 MS.

A: Representative phenotypesn day 10. Scale bar represents ¥m. B: Primary root length (mm).

C:The number of lateral rootdD: The lateral root density (number of lateral roots per mm primary roBt)The

primary root tip angle (degreedgrror bars reresent mean +/standard error.The asterisks indicate significant
differences to WT plantg <0.05, *P<0.01 *** P<0.001 ANOVA)N=48.
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3.3.2. Analysis of root phenotypes for plants grown on ATS media

In the secondroot phenotype investigan, the roos of 7-dayold WT A. thaliana and
transgenidA. thalianaseedlingghat expres€ EA5in the sense (OEX5) or antisense (AY
orientationsgrown on ATS mediavere comparedRjgure 3-8 A). Theseexperiments were
performedin the same way as those performed witM% media (Sectio3.3.1) except that
these seedlings were grown on ATS medieer 7 daysof growth the primary root lengths,
the number of lateral roots and lateral root densities were mea$heetbots had reached the

bottom of the media by day 10 and sorm@asurements were made on this day.

After 7 days of growth on ATShe root phenotypes of OEX2 and AS2 seedlings were
visually like those of the WT plan{§igure 3-8 A). Under these conditiorthe primary root
lengths of WT and OEX5 lines were similarKigure3-8 B). In contrast the AR seedlings

had significantly shorter pnary roots than WT seedlingBigure3-8 B: P=0.022). Tiere were

no significant differencem the number of lateral roots per pldrgtween WT and transgenic
plants(Figure3-8 C). Likewise, the abundance of lateral roots relative to the primary root length
was similar inWT, OEX2-5 and A2 seedlings Figure3-8 D).
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Figure 3-8: The root architecture of sevewlay-old wild-type (WT) A.thaliana and transgenic LEAS
over-expressing (OEX2) andLEASntisense (AS2) lines grown on ATS media.

A: Representativephenotypes at 7 days. Scale bar represents ¥m. B: Primary root length (mm).
C:The number of lateral rootd: The lateral root density (number of lateral roots per mm primary rogtyor
bars represent mean +ktandard error. The asterisks indicate significant differetec®V/T plants(* P<0.®;
ANOVA. N=45.
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3.4. Discussion

The aim of these studiegasto charactese theshoot and rogphenotypes oA. thalianalines

with altered expression levetd LEAS The data presented in Figurdsl to 34 show no
consistent effects of the level bEAS expression on shoot development as determined by
rosette ared-urthermorethe roofphenotypes were largely the same in all lines. These data are
in marked contrast to previossudies[43, 51]. While in some experimentfi¢ rosette area
reflect results publishegreviously[43, 51], no consistent differexeswere observed between

the experimentsThe experimentperformed in this chaptenvolved thosands of plants and

the data ighereforearguably robust. The reasofts the apparent discrepancy in the results
presented here and those reported previddsly51] areunknown.Seedlings were confirmed

to contain the Kanamycin resistance gene by PCR and are thus transgenic. Furthermore, all
plants grown on media containing Kanamycin were resistant and did not segregate which
suggests they are homozygoustfue gene of interestilowever,expression of EA5in these
lines(data not shownyas not as previously describtB, 51]. This could be due tihe seeds

being of a different generation to those ugegl/iously, andosome silencing of the transgene

may haveoccurred.

LEA proteins have frequently been associatetth Wrought stresfl 3]. Plants overexpressing
LEA5were previously shown to bess able to assimilate G drought conditionf43]. For
this reason,hte effects of water deficiency on thesette area of plants with altere@A5
expressiorweredetermined. A total of 8640 plants were assessed in the drought experiments.
Rosette areas were significantly decreased followingdimeight stress treatmenin all
genotypesThe rosette areas bEA5SOEX plants weraimilar to WT plants in most treatments
with the exception of the treatment wétrbitol, in which OEXYFP plants had a significantly
larger rosette area than WT pla(fggure3-2 A, E). Furthermore, the rosette areast@LEAS
AS plantswere similar to WT plantszhen grown on media containimgannitol and sorbitol.
However, the rosette areas of plants fromABS8 line weresignificantly smallewwhen grown
on media containingalt Figure3-2 A & D). These findingas a wholao notsuggest thathe

expression oEEA5adjusts plantoleranceto drought stress.

High-light led to a significant decrease in overall rosette size in all genotypes tested relative to
the same genotypes in contranditions. This observation implies that aradiance of

600u mo f.semh is sufficient to elicit photoinhibitory effects and inhibit growth in
A.thaliana While all plants shwed inhibited growth under higlrght, there was no clear effect
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of LEAS expression on the rosette ar@agure 3-3). Expression ofLEA5 is usually
downregulated in the lighb1]. However,it appears fronthis datathat constitutive expression

of LEASIs not prevening the plants coping with higlight stress.

LEASis upregulated by a range of oxidarf&3] including both HO2 and superoxide (£
generating agents such as menadione gamdquat.The effects of continuous exposure to
oxidative stresss on transgeni&. thalianaplantswere also analysed in this studtywas fourd

that 10mM H2O> was too strong a concentration for all plants tested to survive post
germination. Any that did manage to germinate bleached and died soon after. All genotypes
had a smaller rosette area when grown on media containimg\d thenadione. B&t AS lines
were found to be significantly more sensitive to menadione than the WT plants. Hawmsver,
effect was also observed in OEXP plants.The greatest reduction irosettearea was
observed in plants growon media containing 0{AM paraquatAsexpected, all genotypes had

a smaller rosette area in this condition, howauEeA5 AS plants were not as sensitive as the
OEX lines and their rosette areas were larger than WT plaigisr€ 3-4).

The effects oLEAS on root architecture reported previouphs] werealsofound to be less
dramatic in this study. HowevdrtEA5 OEX2-2 plants haa significantly longer primary root
(Figure3-7 B) and more lateral root&igure3-7 C) after 10 days on ¥>2 MS media. Moreover,
theprimary roos of LEA5AS2 plants weresignificantly shorter than Wpplants(Figure3-8 B)
when grown on ATS medi&lowever,then root architecture @l other linesvaslike that of
WT plants. While in somexperimentsthe data reflect results publishegreviously, no
consisent differerceswere observed between the experimehite discrepancies between this
and the previous studies could be due to subtle differences in growth condibovesver,it
would appear that the expression.&A5in these plants does not match #hosed in previous

studies, possibly due ®lencing of the transgene.
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Chapter 4. The identification of the effects ofLEA5 expression on

mitochondrial respiration and redox state

4.1. Introduction

LEA proteins are typicallintrinsically-disordered proteinthat seem to havelesin protecting
plants against a range of stres§&3-18], althoughtheir precise cellular functions remain
largely unknown3]. There are 51 genes encoding LEA proteindithaliana and they are
clustered into nine families. Of these, 36 are I@edlito the cytosoland 29of thesehave a
dual cytosolienuclear locabation[44]. Three proteins locaded exclusively tothe plastids or
mitochondria,and two othersare dually targeted to these organellegl]. One ofthe LEA
proteins found to béocalised to mitochondria was LEAS5, whidppearedo localise in the
mitochondrial matrix[44, 51]. As LEA proteins appear to haverale in protecting plants
against stressg¢43-18], it is possible that LEA5 has a role in fhetection of mitochondrial
functions in plants exposed to strdsSA5is uniqueamong LEA proteins, in that its expression
is strongly regulated by oxidanit43]. Furthermoreplants ovetexpressing. EA5had areduced
sensitivity to HO2[43, 51]. It is possible that LEASulfils functions related tarespiration and

associated oxidative stress tolerancsignalling in mitochondria.

Plant cell function is dependent upon the regulated and reciprocal interaction between its
different compartmentgketrograde signalling frorthe mitochondria to the nucleus has been
proposed to mediate abiotic stress percepfit®d. Many abiotic stress conditions will
influence mitochondriametabolism and could generate signals by the-maaucton of the

ETC, enhanced accumulation of ROS, or altered redox potential that will, in turn, trigger
nuclear gene expression and acclimation respombkesccordinated regulation is essential for

appropriate responses to changes in the environment e.g. tempraduire

Intact plant mitochondria can be isolated from plant tissues and organs such as potato tubers,
pea shoots and soybean cotyledons and {@8ts193 where mitochondria are abundant and
tissues are relatively free of compounds such as lignins, polysaccharides andebttar

components. To perform the experiments described in this chagi@chondria were isolated
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from the shoots oA. thalianaand purified by density gradient centrifugation using Percoll and
PVP. The Percoll/PVP gradient separated the intactchutedria from other cell components
such as chloroplasts and thylakoid®1]. The integrity of the isolated mitochondria were
determined, andespiratory electron transport ratesre then assayed by measuring O
consumption ira Clarktype oxygen electrodd 94, 195. The respiration rates of mitochondria
isolated from the shoots ofwleekold WT A.thaliana as well as from a transge line that
overexpresssLEAS characterised in Chapter 3, were meastwatetermine whether altered
LEAS expression alters respiration ratés addition, transgenic plants were produced that
express aeductionroxidation sensitive Green Fluorescemotein (roGFP targeted tceither
themitochondriaor the cytoso[172. The roGFP emission spectrum changes in a more reduced
emvironment[177. These transformations were made on plants that were eitherowT
transgenic and eitheverexpresd. EA5 or expresd. EA5 in the antisense (AS) orientation
Homozygous lines were productebbserve ithe expression dfEA5altersthe redox state of
mitochondria and the cytos@n understanding diow LEA5 functionsin mitochondriacould

provide insights into plant growth and stress tolerance.
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4.2. Results:LEAS transcript expression

To verify thatLEAS mMRNA expression in leaves abundant in the dark but suppressed in the
light —shown previously by Northern blottirig3] —transcrips were quantified b)PCR.The
shoots of dur-weekold plantswere harvested over a period of 24 hoRSA was extracted
from the plant samplesthe concentration waseasuredand 1 ug of RNA was used to
synthesse cDNA. QPCR was then performed onthe cDNA to determineLEAS transcript
abundance over the light/dark cyckedqure4-1).

LEAStranscripts were abundant in the shoots of WT plants at the 0 hour time point, when the
plants had experienced 16 hours of darknEggite4-1 A). The quantity olLEA5transcripts
decreased rapidly upon illumination, such that levels had almost halved after 1 hour of
illumination (Figure4-1 A). Levels ofLEASmMRNAs remained low throughout the light period

and only accumulated once illumination was removed at the end of the photopégiae (

4-1). These results demonstrate th&A5 mRNAs are most abundant in darkness. Therefore, all
procedures undertaken to isolate mitochondria were performed on leaves harvested in the dark

period.

The melting temperatusef the target amplicafor the reference genedBC37 andfor LEAS

was 82°C and 81°Qespectively(Figure 4-1 B). A single peak can be seen in each curve
indicating that primers amplified only one product. No products could be seen in the non
template control which indicates a lack of contamination and primer dimers. Taken together
this dataimplies thatthe cycle threshold@t) valuesi.e. the number of cycles regad for the

fluorescent signal texceedbackground levelare valid and not due to nonspecific products.
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Figure4-1: Diurnal changes ihEARranscript abundance.

Plants were grown under 15@mol nt? stirradiance with & 8-hour photoperiod at 22°C + 2°C for 28 days.

A: QPCR was used to quantifff ARranscripts relative to transcripts encodirgubiquitin-conjugating enzyme
(UBC3Yin the rosettes of 4veekold WT plants. The light periadias from Oto 8 hours asndicated by the bas
above the graph. Error bars are meansstAndard error.

B: Dissociation curves ilétrating the specificity of RCR primers. The specific melting temperature of a product
indicates its size, and a pure product gives alear peak. Data are the mean dfi8logicalreplicates, each with

3technicalreplicates.
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4.3. Results: Mitochondrial respiration

Mitochondria were isolated from the shoots of fagekold WT andLEASOEX2-5 plants

grown on soil under an irradiance B0 pmol.n?.s® with a photo period of 8 hours and a
constant temperature of 22°C, in order to determine whether the LEA5 protein alters
respiratory functions in mitochondria. The method of isolating intact mitochondria from soil
grownA. thalianawasfirst optimised és described i@hapter 2and in Shavet al., 2016/196]).
Parameters such as the age of the plants, the biomass:grinding buffer ratio and other factors
were found to influence the amount and quality of the mitochonpirggdaration§196. The
procedures used to establish (i) the proportion of intact mitochondria in the isolation, (ii) the
mass (protein basis) of mitochondria required to give a linear respiratory response to substrate
concentration andiii) the optimal concentrations of additional substrates, cofactors and
inhibitors for subsequent assays are described in $haly 2016[196].

4.3.1. The protein basis of mitochondria

The mass (protein basis) of mitochondria was determisad) a Bradford assaffigure4-2).

The standard curve produced had a coefficient of determinatfyaiR.9982 Figure4-2). A

R? value this close to 1 indicates that the data points fit very closely to the line of best fit. It is
therefore acceptable to use this curve to calculate unknown protein concenfratiorike
equation of this line. Respiration assays used 100 pg of mitochondria (in a voluraé®fi)0

4.3.2. The integrity of mitochondria and maximal cytochromec oxidase activity

The maximal activity of cytochromeoxidase (COX: Complex 1V) was used asaasure of

the integrity of isolated mitochondrifl97]. These assays utilised a Claype oxygen
electrode. COX is bound within the inner mitochondrial membrane and oxidises the electron
carrier cytochromec, located within the inter membrane space. The bas$ighese
measurements is that cytochromeannot traverse the outer mitochondrial membrane, so the
addition of cytochromee to a preparation of mitochondria should only increase the COX
activity if mitochondria with broken outer membranes are presemreRentative traces are
shown inFigure4-3 A & B. The oxygen consumption rate in the absence and presence of a
detergent that should disrupt the meartes was used to calculate the percentage of intact
mitochondria. Preparations of mitochondria were used if over 75% were in#die ). The
maximalCOX activity of mitochondria isolated from the leaves of WT plants was 142.9 nmol

O..mint.mg protein' (Figure 4-3 C; Table 5). The maximal COX activity of mitochondria
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isolated from the leaves of OEX®plants was 166.2 nmol®nint.mg protein' (Figure4-3
D; Table5). There was no significant difference in the COX activity of mitochondria isolated

from the leaves of WT plants and those isolated from QEX}Rants Tableb).
4.3.3. Respiratory control assays

Assays were performed to investigate complex | and complex Il respiratory control. Respiration
measurements were performed on mitochondria that are >80% intact. To assay complex |
respiratorycontrol, the substrates pyruvatetrasodium pyrophospha&aed malate were added

to the chamberre a base respiration rate was establisBede a stable respiration rate had
been establishedDP was addedo the chamber. After a further two minutes Ipadsedthe
reaction was stopped with the additiorotijomycin to the chamber. Oligomycin should block

the o domain of ATP synthase and thus inhibit respiration. Subsequérglypnophoe FCCP

was added to the chamhlibusnegatinghis inhibition.FCCP isa mobile ion carrier that makes
membranes selectively leaky td,Hind candissipate the Helectrochemical gradient across

the mitochondrial inner membrarikhere was no significant differencedamplex | respiratory
controlbetween WT and OEX3 plants {Table6).

To assay complex Il respiratory contraliccinate was added to the chantbeeducecomplex

Il and rotenonewas addedo inhibit complex | activity Once a stable respiration rate was
establishedADP was addedo the chamberFollowing thisoligomycin was added to the
chamberinhibiting respiration Finally, FCCP was added to the chambwegating this
inhibition by dissipatingthe H electrochemical gradient acrodsetmitochondrial inner
membraneThere was no significant differencedamplex Il respiratory contrdletween WT
and OEX25 plants Table7).
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Figure4-3: Determinations of the latency of cytochromeoxidase (COX) in mitochondrial preparations.
Representative trace of oxygen uptake by mitochondria extracted #oWVT andB: OEX-5 plants.Average
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plants
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Table5: Oxygen consumption (nmol £mint.mg proteirt®) at maximal COX activity and percentage intact

mitochondria

Maximal COX activity Percentage (%) of intact
mitochondria
Genotype wWT OEX25 WT OEX25
Average 142.9 166.2 85.4 89.8
+/-SE +- 79 +/- 9.8 + - 3.2 + - 1.3
N=24

Table6: Oxygen consumption (nmol £min™.mg protein') when assaying complex | respiratocgntrol

Genotype Cl Substrates ADP Oligomycin FCCP
WT 23.0+ - 25 186+ - 1.1 1.0+ - 05 204+ - 3.8
OEX35 220+ - 25 225+ - 5.2 14+ - 03 140+ - 4.1

Table7: Oxygen consumption (nmol £min.mg protein') whenassaying complex Il respiratory control

N=4

Genotype Succinate Rotenone ADP Oligomycin FCCP
WT 23.1+ - 34 262+ - 3 410+ - 3.3 262+ - 4.6 326+ - 34
OEX®5 228+ - 4.2 242+ - 2.6 334+ - 39 275+ - 35 243+ - 46

N
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4.4. Results: Transformation of Arabidopsisthalianato express roGFP in the cytosol or

mitochondria

Arabidopsisthalianaplants with a WT background, and ttnansgenic linef EA5OEX(2-2),
LEASOEX(2-5), LEA5AS(2), and LEA5AS(8) were transformed byAgrobacterium
mediated transformation with constructs containing roGFP that was either targeted to the
mitochondria (mitehondriatroGFP) or without a targeting sequence (sgtw-roGFP). The
naming policy for the selection of transgenic plants is showhigare 4-4. The seeds of
independently transformed lines fTwere harvested and 3% were found to be resistant to
Hygromycin B Figure 4-5 A). The seedlings that were resistant to Hygromycin B were
transplanted from the selection media onto soil where they were grown to seeld §Eeds

were harested and sown onto ¥2 MS agar containing Hygromycin B. About 75% of the
seedlings that germinated on selection media were found tesisant to Hygromycin B
(Figure4-5 B). The other 25% were sensitive to the antibiotic and did ot gDeviations

from the 3:1 ratiomf antibiotic resistant to sensitigan indicate multiple insertions of the gene.
One line was found to be 100% resistant to HygromycinPEBints wereselected for
homozygosity.Seeds with a segregation ratio of 3:1, resistant: sensitive were selected and
grown to seed (3J. The Tz generation was 100% resistant to Hygromycin B, suggesting that
the plantsverehomozygous for the insert. The phenotypethe$e plants appeatno different

from WT plants.

DNA was extracted fronthe plants of each generatiand a PCR wassed to confirm the
presence of the transgene. Primers that amplified the sequence ertbedmgochondrial
targetingpeptideand roGFRwvere used confirm theresence of mitochondriabGFP Figure

4-6). Primers that amplified roGFP were usdconfirm the presence of cytosohmGFP
(Figure 4-6). The sequence encoding the mitochondteigeting peptide was not amplified
from plants transformed with cytosolioGFP as expecte#igure4-6). This indicates that the
plants are correctly transformed with either roGFP targeted to the mitochondria or roGFP

without a targeting peptidéigure4-6).
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Figure4-4: The naming policy for the selection of transgenic plants.

Seeds are shown in circles and plants are shown in squares
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Figure4-5: Selection for transformants on media containirtdygromycinB.
Seedlings resistant tdygromycin Btandtall like normal dark grown seedlings with long hypocotyls and closed
cotyledons and are indicated/tarrows, whereas seedlings sensitive-Hpgromycin Bay on the medium with

very short hypocotyls and open cotyledois.T: seedlingsB: T2 seedlings.
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Base Pairs Ladder 1 2 3 4 5 6 7 8 9 10 Ladder Base Pairs

Figure4-6: PCR genotyping of transgenic plants
DNA was extracted from plants expressing cytosolic roGFP (lanes 1 and 2) and mitochondrial roGFP (lanes 3 and

4). Lanes 5 and 6 were the ndamplate control. Lanes 7 and 8 contained plasmid containing cytosolic roGFP
and lanes 9 and 10 contained the pladngontaining mitochondrial roGFP to act as a positive confoiners

targeted the mitochondrial targeting peptide in lanes 1, 3, 5, 7, and 9. Primers targeted roGFP in lanes 2, 4, 6, 8,

and 10.
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45. Discussion

The aim of the studies performed in this jofes was to gain greater insights in to the functions

of LEAS in plant mitochondria, and to determine if the abundance of LEAS affects respiration
and respiratory regulation. The rationale for these studies is that LEA5 was found to be localised
to the mibchondrig[51], andLEA5transcripts were found to be abundant in the d&idure

4-1), consistent with previous studi¢43], therefore it is plausible that LEAS has functions
related to mitochondrial functions, such as dark respirafitlne mitochondria used in these

studies were therefore harvested from leaves during the dark period.

The data presented here show tiwhile maximal COX activity in mitochondrifrom WT
leaves was on averagewer than inthe mitochondria from OEZ-5 leaves there was no
significant difference between the tweurther studies usinBlue-Native Polyacrylamide Gel
Electrophoresiscould determine thecompgition of respiratory complexes, and ftie
abundancef COX is altered by thdevelsof LEAS A change in the@bundance of th€OX
proteinin transgenic plants that either overexpreE&S5 or expresd.EA5 in the antisense

orientationwould indicate that LEA5 stimulates respiratory functions in mitochondria.

Respiratory control rat®were also meased for complex | and foromplex Il.However,no
differences were apparent in respiratory confrbe absence of differences between these lines
is possibly due to thexpression oEEA5iIn the OEX25 line not being as previously described
[43,51]. This could be due ttheseeds being of a different generation to those psadously,
andsosome silencing of the transgene has occutiesever, the optimisation ofraethod of

isolating intact mitochondria from soil growi thalianain vitro is still a considerable feat.

Transgenic plants expressiaigher mitochondriatoGFPor cytosolicroGFP were produced in

the WT background and in the transgenic linef BAS5OEX(2-2), LEA5OEX(2-5), LEAS
AS(2), andLEA5AS(8)in order to explore the ffcts of altered LEA5 abundance on the redox
state of the cytosol and mitochondria. Homozygogsg@neration linesexpressing either
mitochondrialroGFP or cytosolicoGFPwere produced for each genotype and seeds of these

lines are now available fdurther study

In the next chapteA.thaliana ecotype Landsber@recta cell suspension culturesere
transformedo express a taggddEAS protein in order tadentify proteirs that interact with
LEAS through the usefdandem affinity purificatiorand mass spectrometryerification of

these interactions utilised transfected protoplasts in aXdpkt system.
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Chapter 5. The identification of proteins that interact with LEAS

5.1. Introduction

Many members of the major LEA protein groups lack conventional secondary structures and
are included in a class of prot ¢2-sltisal | ed
possible for a transition from a disorderecioordered state to occur under certain conditions,

for exampleatransition in protein conformation of ASR1 was induced by desiccEBE@nThe

ability to attain an ordered structure in conditions of water limitg286r28] presumably allows

LEA proteinsto recognize their target molecules under stress situations. Typically Group 3
LEA proteins, of which LEA5 is a member, have been shown to prevent aggregation caused by
drought and chilling. However, LEA5 Baot ben shown to have these function€EASis

unusual as it is inducible by oxidative stress, as well as phytohormones, and a range of biotic

and abiotic stresses.

The interactomén as been def i n eedertareofintetattiens c ocellj18&. t e
Analysing protein complexes and protgrotein netwoks allows the functional annotation of
gene products, and is therefore of central importance in biological reskatbk. previous
chapters, studies were presented concerning the ralEAS, explored using transgenic lines

with either sense or antissmexpression of the gene. Unfortunately, these studies did not reveal
new information cona@ing LEAS functions. Since it vganot possible to predict the functions

of LEAS from sequence and structural information, deducing the interactome of this protein
might yield some resultsMany methods have been developed to study prqetein
interactions; some are based on genetic approaches, while others rely on biochemical
approaches, and more recently, computational methods have proven their utility atinpyedi
proteinprotein interactions. Comparing results obtained with different methods requires careful
consideration as some methods only allow mapping of binary interactions whilst others can

study protein complexes and are able to delineate both dineecyland indirect interactions.
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A tandem affinity purification (TAP) approach was used in the following studies to identify
proteins that interact with LEAS. TAP is a purification technique for studying prptetein
interactions. Onatep purificatiormethods have low purification levels, and so a method that
isolates native protein complexes was developed. This method, named tandem affinity
purification, was named due to its two consecutive affinity purification $i€%. The use of

two independent affinity steps enhanttesspecificity of the method@he original method used

two Immunoglobulin GIgG)-binding units of protein A obtaphylococcus aure(BrotA) and

the calmodulin binding peptide (CBP). While the CBP tag allowed for efficient elution under
close to physiological conditions, ProtA reledsem the IgG matrix required denaturing
conditions at relatively low pH levels. This problevassolved by the addition of the specific
Tobacco Nicotiana tabacum Etch Virus (TEV) cleavage siterhich allowed proteolytic
release under mild conditions, kéeg the elutd complexes intact. Using this method,
purification steps were optimized to recover high levels of protein while maintaining protein
complex integrityf 200 . However the TAP approach in plantgs not as well established until
methods were optimised for plants. Most protein complex purifications from plants were, until
recently, performed using the classical TAP tag, with two-bgtling units of Prot A, or with

a plantadapted version, namedetimproved TAP tag201]. Both the classical TAP tag and

the improved TAP tag have been used to purify protein complex@s\. thaliana[175 207]].
Further optimisation of the purification method was necessary to improve the efficacy of this
approach in plants. The use of the GS talgich consists of two Ig&inding domains with a
streptavidinbinding peptide that are sepaatby two TEV cleavage sit¢20(, wasadapted

for use in TAP of protein complexes in plafl¥y. The GS tag outperformed tlodassical

TAP tag in plant cells in both specificity and complex yi282. Furthermore this method

was improved with the replacement of the TEV protease cleavage sites in the GS tag with the
rhinovirus 3C cleavage site, improving protein complex stability during paitidic[202]. The

rhinovirus 3C cleavage site more specific and lotemperature activi203.

In the following experiments, plant cell suspension cultures were used to overexpress tagged
LEAS protein because they are fgebwing and protein complexes can be rapidly isolated after
homogenisation[175. Arabidopsis thaliana(ecotype Landsbergrectg cell suspension
cultures (Plant Systems BiologySBL and PSBD), originally derived fromMM1 andMM2d
cultures[177], wereused in these studies. The success of the TAP approach depends on the
amount of protein complexes purified and the sensitivity of mass spectrometry. We therefore

used TAP eluatefrom parallel purificaons to overcome this problenihe approaches and
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strategies used in these studies are summaridédune5-1, which is taken from Van Leen

et al, (200r) [179. Thetaggedprotein is recovered from the host by breaking the ,cafd
retrieving it and associated components through affinity selection. Once isolated, the protein
complex was identified using maspectrometry analysi$204. Comprehensive protein

sequenceepositories were then ustdidentify purified protin complexeg205.

Split-YFP wasalsoused in these studies validate proteirproteininteractions. Irsplit-YFP,
unfolded complementary fragments of the enhanced yellow fluorescent protein (YFP) are fused
to two proteins Hat are postulated to intera@nd expressed in live cells. If there is no
interaction,then there is no florescence. If these proteins interact withaoother then the
fluorescent fragments will be brought withpnoximity to each other, whichllows the YFP
protein to form into its native thresimensional structure and, aip excitation, entia
fluorescent signal. Tik assumethat the two fragments can fold properly. One major advantage
of split-YFP is that, while initially the proteins fused to the YFP fragments may interact
reversibly, once the YFP fragments associate, the complex issatdpfacilitatingvisualision

of an interactionHowever, anajor drawback aplit-YFP s that the fluorescent protein halves
may selfassemblandependent of a protein interaction evg2®g. Split-YFP alsohas the
advantage that it cashow the intracellular locations where the protein asSoniaccurs.
Furthermore, isualising proteirprotein interactions occuia vivo which has the advantage
that it is possible to observe interactions dependent ortaostiational modification. Split
YFP is now a welkestablished procedure, with many groups having used it in pRO#211].

The following experiments werperformed to identify protein candidates that interact with
LEAS through the use of TAP and mass spectrometry, and verify these interactions by using
split-YFP.
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Gateway cloning of TAP-expression vectors

Direct 'callusfree' transformation of Arabidopsis cell suspension cultures

Upscaling and harvesting of exponentially growing transgenic cultures

Tandem affinity purification of protein complexes
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Figure 5-1: Strategy followed to clone, wpress, purify, and idetify tagged proteins and their interacting
partners.

A: Summary of the technology platform implemented for screeningaitein-protein interactions in plant cells.

B: Overview of the TAP construct cloning strategy.

For Gterminal TAP fusions, a thrdeagment recombination strategy was usetlhree atry vectors were
produced in a BP Clonase reaction that transferred a PCR amplicon (promoter, ORF without stop codon, and TAP
tag) flanked by the appropriatatt sitesin to a compatible donor vectofe.g.pDonr221).The three fragments

are thenassembled into the pKCTAP destination vector in a single MultiSite LR Clonase reaction to produce an
expression clone.

For Nterminal TAP fusions, a twibagment recombination sategy was used. The promoter was cloned by BP
Clonase reaction in pDonrP4P3, and the ORF (plus stop codon) was clampBamr221. Subsequently the two
fragments were assembled into the pKNTAP destination vestuich contained the NTAPi té#j76], in a single
MultiSite LR Clonase reaction to produce an expression clone.

The pKCTAR/ectors contained a kanamycin resistance gene for selection of transformed cells and a GFP
expression cagette as a visible marker for transformatidetweenthe left (LB) and right (RB}YONA border
sequences.

Figure taken from Van Leere¢al., 2007 [175)].
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5.2. Results TAP
5.2.1. Constructs for TAP experiments

A plasmidcontainingLEA5S YFP was obtainedfrom Dr. Hilary Rogers(Cardiff University,

UK). LEA5 was subcloned from thislasmidby PCR using primers that amplified from the
start codon to the stop codonldAS5 The PCR products were separated by 1.5% agarose gel
electrophoresisHigure 5-2 A). The PCR product with the most intense bahdtrated in
Figure5-2 A was at ~30Wp (LEA5is 291 nucleotides long). This was extracted from the gel
and sequenced. The DNA sequerfagyre5-2 B) of this PCR product ahits translated amino
acid sequencd~{gure5-2 C) was found to be identical to the genome sequepeea reading
frame(ORF) of LEAS. TheattBsiteswer e added t o t hEEABsequemcest 3°
by PCR. The primers used in this reactamplified LEA5 and contained overhangs with the
attB sites These PCR productgere separated using a 1.5% agarose gel electrophdtigsisx

5-3 A). The predicted size for a DNA product comprisltigAS and theattB DNA sequences

is 352bp. The DNA band between 309 and 40Mp on the gelKigure5-3 A) was excised
from the gel and the DNA was extracted and sequerkigdre€5-3 B). The sequence #fCR
product matched the genomic sequendeEA5with the addition of thattB ends in the correct
orientation Figure5-3 B). The DNA sequence of the PCR product wasslated in to the
amino acid sequenc€ifure5-2 C) and found to be identical to the ORAL&AS
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A: Seperation of DNA by electrophoresis

Base Pairs

1517 -
1200 -
1000 -

900 -

800 -
700 -

600 -
500/517 -

400 -
300 - LEAS

200 -

100 -

B: DNA sequence alignment of PCR product against ORF

ORF 1 ATGGCTCGTTCTATCTCTAACGTTAAGATCGTATCTGCTTTCGTCTCTCGTGAACTCTCC 60
o DD reooreroammes

ORF 61 AATGCTATCTTCCGACGTGGTTATGCGGCCACGGCGGCGCAAGGGAGCGTTTCGAGCGGT 120
PCR 61 !Lllﬁl\l'll'llc!ilgl'l'lw'l'lgl'll'l'lll'lgwgwgglpglgulull&TGCGGCCACGGCGGCGCAAGGGAGCGTTTCGAGCGGT 120
ORF 121 GGAAGAAGTGGAGCTGCTTCGGCTGTGATGAAGAAGAAGGGAGTGGAAGAATCAACC 180
PCR 121 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'Il'llC!I-l'llull'l(El‘|(|3|l'll'l'll'lCGGCTGTGATGAAGAAGAAGGGAGTGGAAGAATCAACC 180
ORF 181 CAGAAGATTTCTTGGGTTCCAGATCCCAAAACCGGTTATTACAGAGTGENALALC 240

PCR 181 wwgwglkl'p'llull'@llu'pgggllllpgl(l‘,lwngCCCAAAACCGGTTATTACAGACCCGAAACCGGTTCC 240

ORF 241 AACGAGATTGACGCGGCTGAGCTACGAGCAGCTCTCTTGAACAARNGENG

|I||||I||||I||||I||||I||||||||I|||||||||||||I||||I|
PCR 241 CGCGGCTGAGCTACGAGCAGCTCTCTTGAACAACAAGCAG 291

C: Amino acid sequence alignment of PCR product against ORF

ORF 1 MARSISNVKIVSAFVSRELSNAIFRRGYAATAAQGSVSSGGRSGAVASAVMKKKGVEEST 60
1 T T
ORF 61 QKISWVPDPKTGYYRPETGSNEIDAAELRAALLNNKQ 97

PCR 61 gwllgwgggllﬂllugwwRPETGSNE{AELRAALLNNKQ 97

Figure5-2: Identification of LEASDNA subcloned from plasmid DNA by PCR.
A: DNA fragments separated by gel electrophordsime 1DNA ladder, Lane@PCR product®:the sequence

of that DNA fragment aligned against LEAS @R&ignment of translated mino acidsequence
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A: Separation of DNA by electrophoresis

Base Pairs
1517 -
1200
1000 -
900 -
800 -
700 -
600 -
500/517 -
400 -
LEAS +attB
300-
200 -
100 -
B: DNA Sequence alignment of PCR product against ORF
PCR 1 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCACC 34
ORF 1 ATGGCTCGTTCTATCTCTAACGTTAAGATCGTATCTGCTTTCGTCTCTCGTGAACTCTCC 60
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIII
PCR 35 CTCTAACGTTAAGATCGTATCTGCTTTCGTCTCTCGTGAACTCTCC 94
ORF 61 AATGCTATCTTCCGACGTGGTTATGCGGCCACGGR2BGGEAGCGTTTCGAGCGGT 120
(TN PRTEERR R
PCR 95 AATGCTATCTTCCGACGTGGTTATGCGGCCACGGCGGCGCAAGGGAGCGTTTCGAGCGGT 154
ORF 121 GGAAGAAGTGGAGCTGTTGCTTCGGCTGTGATGAAGAAGAAGGGAGTGGAAGAATCAACC 180
IIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIII
PCR 155 GCTGTTGCTTCGGCTGTGATGAAGAAGAAGGGAGTGGAAGAATCAACC 214
ORF 181 CAGAAGATTTCTTGGGTTCCAGATCCCAAAACCGGTTATTACAGACCCGAAACCGGTTCC 240
(IPTIRERR (TN
PCR 215 CAGAAGATTTCTTGGGTTCCAGATCCCAAAACCGGTTATTACAGACCCGAAACCGGTTCC 274

ORF 241 AACGAGATTGACGCGGCTGAGCTACGAGCAGCTCTCTTGAACAACAAGCAG 291
|I||||I||||I||||I||||I||||I||I|I||I|I||I||||I||||I|
PCR 275 GCGGBGCTACGAGCAGCTCTCTTGAACAACAAGCAG 325

PCR 326 GACCCAGCTTTCTTGTACAAAGTGGTCCCC 356

C: Amino acid sequence alignment of PCR product against ORF

PCR 1 GTSLYKKAGST 11

ORF 1 MARSISNVKIVSAFVSRELSNAIFRRGYAATAAQGSVSSGGRSGAVASAVMKKKGVEEST 60
PCR 12 |l\l/llllllllrlx’lglll|S|l\lll\wll(l||l|/|£w||:|l\lllé'l:llgH:lﬂglll\ﬂlxlllll:llll?RGYAATAAQGSVSSGGRSGAVASAVMKKKGVEEST 71
ORF 61 QKISWVPDPKTGYYRPETGSNEIDAAELRAALLNNKQ 97

PCR 72 ””””|”|lll””l.l)ll:l’llﬂlll'lgl\l(lw’lETGSNElDAAELRAALLNNKQ 108

PCR 109 DPAFLYKVVP 118

Figure5-3: Identification of theLEASattB DNA fragment.
A: Separation of DNA products by gel electrophoresis. LaneDNA ladder, Lane & PCR product$B: The

sequence of EASattB fragment aligned against LEAS ORBlignment of translated amino acid sequence.
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A BP reaction was performed with pDONR201 veetod the_EA5+attB PCR product to swap

out theDNA cassettecontaining theccdB genein the pDONR201 with the gene of interest.
TheccdB protein interferes witle. coli DNA gyrase inhibitinggrowth in mositE. coli strains
therebyfacilitating recovery of only the desired clon€&ne Shot ® Omni MAX™ 2
Resistant Cells were transformed with the BP reaction bydeamik of the cells to facilitate
uptake of the DNA. The transformed cells were incubated in SOC@h&rour. Cells were then
streaked onto a LB plate containing |5§ml kanamycin. The transformation was deemed to

be successful as colonies were present on the plates after 16 hours. A single colony was selected
and used to inoculate LB medium containingg@ml| kanamycin. Afterl6 hours,the cells

were pelleted and the plasmid was extracted from the cells. The plasmid was quantified using
a Nanodrop at 140g/ul. 1ug of DNA was used in both a single and a double digest. The
digested DNA was separated b¥6 agarose gel electrophesis Figure 5-4 A). The single
enzyme digestHigure5-4 A —lane 2 produced a single product between 206p@nd 3000p,

close to 280Mp. The double digesFigure5-4 A —lane 4 produced two products, one at ~
2300bp and another at ~4@p. These valuearesimilarto the predicted sizes of the digested
plasmid. 10(hg of plasmid was sequenced using primers that covereatttiieregion ofthe

vector and provided complete coverage of the plasmid insBAY. The sequencedEA5S

region of the plasmid shared 100% identity with tE&A5 ORF minus the stop codoRiQure

5-4 B & C). Furthermore, this result was verified by sequencing UsiApb primers.

Finally, theLEA5fragment, contained in the pDONR201 vector, was assembled in to pKCTAP
destinationvector during a single MultiSite LR Clonase reaction to produce an expression
clone This procedure was performed at VIB following the strategy outlineddylLeeneect

al., 2007[179. The pKCTAP destination vector contained the improved TAR1ag on the

C terminus oLEAS, a kanamycin resistance gene for selection of transformedasds GFP

expression cassette as a visible marker for transformation.
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A: Separation of digested DNA by electrophoresis

Base Pairs Lanel Lane2 lane 3 Laned4  Base Pairs

R RRR L

e
e
)
———
-
c—
————
C—h
——
- ]

B: DNA sequence dfEA5ortion of plasmid

ORF
SEQ
ORF
SEQ
ORF
SEQ
ORF
SEQ
ORF

SEQ

109

61

169

121

229

181

289

241

349

ATGGCTCGTTCTATCTCTAACGTTAAGATCGTATCTGCTTTCGTCTCTCGTGAACTCTCC 60

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
CTCTAACGTTAAGATCGTATCTGCTTTCGTCTCTCGTGAACIBETCC

AATGCTATCTTCCGACGTGGTTATGCGGCCACGGCGGCGCAAGGGAGCGTTTCGAGCGGT 120

R
AATGCTATCTTCCGACGTGGTTATGCGGCCACGGCGGCGCAAGGGAGCGTTTCGAGCGGT 228

GGAAGAAGTGGAGCTGTTEGCGGCTGTGATGAAGAAGAAGGGAGTGGAAGAATCAACC 180

|I||III||III|||I||||I||||I||||I||||I||||I||||I|||II|||II|||I
CTGTTGCTTCGGCTGTGATGAAGAAGAAGGGAGTGGAAGAATCAACC 288

CAGAAGATTTCTTGGGTTCCAGATCCCAAAACCGGTTATTACAGAGTGENALALC 240

|I||III||III|||I||||I||||I||||I||||I||||I||||I|||II|||II|||I
GGGTTCCAGATCCCAAAACCGGTTATTACAGACCCGAAACCGGTTCC 348

AACGAGATTGACGCGGCTGAGCTACGAGCAGCTCTCTTGAACAACAAGCAG 291

(g
AACGAGATTGACGCGGCTGAGCTACGAGCAGCTCTCTTGAACAACAAGCAG 399

C: Amino acid sequence of LEA5 portion of plasmid

ORF
SEQ
ORF

SEQ

40

61

100

MARSISNVKIVSAFVSRELSNAIFRRGYAATAAQGSVSSGGRSGAVASAVMKKKGVEEST 60

|I|||II|||II|||I||||I||||I||||I||||I||||I||||I|||II|||II|||I
SISNVKIVSAFVSRELSNAIFRRGYAATAAQGSVSSGGRSGAVASAVMKKKGVEEST 99

QKISWVPDPKTGYYRPETGSNEIDAAELRAALLNNKQ 97

|I|IIII|IIII||III||III||III||III||III
WVPDPKTGYYRFGSNEIDAAELRAALLNNKQ 136

Figure5-4: Analysis of pPDONR201 plasmid containibBASDNA.

A: Separation of digested DNA products gl electrophoresisLane 1¢ DNA ladder, Lane € single digest

reaction products, Lane@DNA ladder, Laneddouble digest reaction products. The laddefigermo Scientific

GeneRuler 1 kPlus DNA LaddeB: The sequence of theEASnsert aligned againdtEASORFC:alignment of

translatedamino acidsequences
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5.2.2. The growth of Arabidopsis thalianacell suspension cultures

Arabidopsiscell suspension cultures were transformed with th€PXP-LEAS expression

vector. The cultures were s@hltured every 7 days. Growth cusvéor the cultures grown in

the light orin thedark were the same; the exponential phase occurring between 3 and 7 days,
after which the cells enter the stationary phase (data not shown). The presence of the tagged
LEAS protein was detected in extractstbé cell cultures harvested at the beginninghef t
exponential growth phase byestern bldaing. The western blot used a peroxidase anti
peroxidase (PAP) antibody that binds ttee ProtG domains of the &8g. For these
experiments, cells were harvestad a sintered glass pore filter with a paper filter disc. The
tissue was homogenized in extraction buffer. This material was centrifuged, and the supernatant
fraction was resolved usingwaestern blot. The PAP antibody identified a protein band at
31.3kDa(as inFigure5-5). The LEAS5 protein has a molecular weight of 1kC& and the GS

tag has a molecular weight of RDa. Hence the size of the tagged LEAS proteiBliSskDa.

5.2.3. The effect of light on LEA5S protein expression

The cell cultures expressing the tagged LEAS protein were grown either in the dark or in the
light with 100 pmol.n?.stirradiance and a 16 hour photoperiod. In these experiments, samples
were harvested immediately upon exposure to light (time point 0) or after 1 day or 3 days of
exposure to the lighFgure5-5 A). Samples were also harvested from dark grown cultures at
the same time pointdigure 5-5 B). All samples were harvested on three daftsr sub
culturing. Western blot analysis resolved a 31.3 kDa band that was present in both the light and
dark grown cultures at all time pointSigure 5-5). An 18 KDa band, similar in size to the
peroxidase pduct was also present in thestern blots of samples harvested from both the
light and dark grown cultures. This band was particularly prominent in cells harvested after 3
days of exposure to light. In cultegrown in the light for 1 day, the 18 kDa protein was less
abundant than those grown in the light for 3 days. Another band, representing a protein with a
molecular weight of 50 kDa was present on the blots representing cultures grown in the light
for 3 days (Figure5-5 A). The 50 kDa protein was absent in cultures grown in the light for 1
day. Furthermore, when cultures were placed in the light at the onset of drerexy, there

was no noticeable difference between cultures introduced to the light to cultures kept in the
dark.

It should be noted that in contrast to cultures grown only in the dark, the LEAS expressing
cultures grown in the light over av@eek periodvere no longer viable.
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5.2.4. The effect of HO2 on LEAS protein expression

The ell cultures were treated with various concentrations @:Hor different timeperiods

In the first experimentgoncentrations of D up to 20mM were added to darfrowncultures

or culturesgrown in the light for 3 days. Samples were harvested aftevyur Figure 5-6).
Western blot analysis showed th&@1.3 kDa band was presenthoth the light and dark grown
cultures at all concentrations 0$Gb. However, the intensity of this band was greatly decreased
in the presence of 20M H>O;, relative to cellsot treated withH20> (Figure5-6). In contrast,
the intensity of the 18Da band was increased in the presence ohRDH20,, relative to cells
not treated with BEO», particularly in the lightFigure5-6 A). Other bands were also present in
the light grown cultures at all concentrations eOpl(Figure5-6 A). Thae was a 5&Da band
which had anncreased intensity in the presence oh@&d H->O, in the cultures grown in the
light but not in the darkHigure5-6 B). Furthermore a band with a moleculareight slightly
greater than 31.BDawas also appareni cells treated with kD> (Figure5-6 A).

In the second series of experiments, cell cultures were treated wikh H.O, either upon
exposure to light or after 1 day of exposure to light. Samples were harvested over a deriod of
hour Figure5-7 andFigure5-8). The pattern of bands observed in the egdwn cultures or
exposed to light at the onset of the experiment was similar at all harvest pogute b-7).
However, when cell cultures were exposed taM H20. having been exposed to light for 1
day, the presence of the® and/or light had a marked effeat the proteins observed on the
western blots Kigure 5-8). The 31.%kDa band was predominant in both the light and dark
grown cultures at all the harvest points in the absence or presenc&®po{Hiure 5-8).
However, the 31.8Da band was more intense in cultures grown in the light compared to dark
grown cultures, particularly at the later harvest poiRigure5-8). The intensity of th&@8kDa

band also increased with the time of incubation in presence@f, ldnd was most intense in

the light after 60 minuted={gure 5-8). Moreover, the band with a molecular weight slightly
greater than 31.8Da was observed in the cells treated with 1 mi+ibeing most prominent

in the lightgrown cells at the later harvest poirfesgure5-8 A).
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Figure5-5: Western blot- expression of LEAS in the light and the daakdifferent time points.
Threeday oldArabidopsis thalian@ecotype Landsbergrectd) cell suspension cultures (Plant Systems Biglogy
either grown in the darlor exposed to light at sample collection, for 1 day, or for 3 dayS€ultures grown in

the light.B: Culture grown irthe dark.LEAS5 with the GS tag is 3kBaand indicated on the blots with arrows
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A Dark grown culture B Light grown culture
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Figure5-6: Western blot- expression of LEAS in response te® in the light and the dark.

Arabidopsis thaliangecotype Landsbergrectd cell suspension cultures (Plant Systems Biglogjther grown
in the lightfor 3 daysor in the dark, were treated for 1 hour with 0, 1, or 20M HO;. A: Culture grown in the
light. B: Culture grown in the dark.EA5 with the Gtag is 31.%Daand indicated on the blots with arrows
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Figure5-7: Western blot- expression of LEAS over time in response to treatment witkO:l
Arabidopsis thaliandecotype Landsbergrectg cell suspension cultures (Plant Systems Biology), grown in the
dark, were treated for 1 hour with mM HOzand either kept in the dark or exposed to light from the onset of

the treatment Cultures were haested over a period of 1 houi: Culturekeptin thelight. B: Cultureexposed

0 5 10 15 20 25 30 40 50 60

TR R b A D G & P —

to the dark LEAS with the GS tag is 3k[Baand indicated on the blots with arrows
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Figure5-8: Western blot- expression of LEAS over time in response to treatmentiwmM HO..

Threeday-old Arabidopsis thaliang&ecotype Landsbergrectg cell suspension cultures (Plant Systems Biology),
either grownin the light for one dayor in the dark were treated for 1 hour with inM HQz. Cultures were
harvested over a period of 1 houk: Culture grown in thdight. B: Culture grown in thelark LEA5 with the GS

tag is 31.%Daand indicated on the blots with arrows
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5.2.5. Identification of purified proteins from TAP with LEAS as bait protei n

The conditions selected for analysis by TABre based on theestern blot data. For these
experiments, cultures grown in either the dark or the light for 3 days were treatedmaih 1
H20O. for 1 hour. The cells were harvested and homogenised, and protein complexes were
extracted and purified by TAP. Protein complexes were then separated by SDSHRHGE

5-9) and analysed using mass spectrométigntified proteins were first checked against a list

of proteins known to interact with the GS {234.2. Proteins that interact with the GS tag were
excluded from th list presented ifiable8. In total, 27 interacting proteins were identified in

at least one replication of the experim€hable 8). It is interesting to note that the LEAS5
interactome largely consists of proteins involved DNA or RNA processing and associated
transport rather than metabolisifaple8). Five LEASinteracting proteins were identified in
more than one replicatd ¢ble 9). These are enced by the following genes t2g59990,
At3g16810, A1g55150, A2g02100, A2936200.

A Dead(D/H}box RNA helicase family protein, RH22 (encoded byg®d990) interacted with

LEAS in cells grown either in the dark or the lighkaple 9). Pumilio24 (encoded by
At3g16810), also interacted with LEA5 in both conditiomal§le9). Another Dead(D/H}box

RNA helicase family protein, RH20 (encoded by ¢§%150) interacted with LEAS in the dark

but not in the light Table 9). At2g02100 encodes defensin like protein, PDF2.2, which is
located in the cell wall and is often used a marker for ethylene and jasmonate dependent
pathogen defence induction. PDFh&racted with LEAS in cells grown either in the dark or

the light (Table9). At2g36200 encodes a kinesin family protein that is involved in microtubule
motor activity and translocation. This protein ailsteracted with LEAS in cells gronveither

in the dark or the lighbut only in one instance of eaffable9).
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Table8: Proteins that interact with LEAS in either the light or dark
Eachexperiment was repeated twice in the dark and twice in the light. A tick indicates that an interaction was

observed. A cross indicates no interaction.

Protein Protein description Dark1 Dark2 Lightl Light2 YAP1A
accession background
At1g59990 RH22 DEA(D/H)box RNA helicase family prote2@ \% \% \% \% 0
At3g16810 PUM24 | pumilio 24 \Y \ \ 0
At1g55150 RH20 DEA(D/H)box RNA helicase family prote20 \% \% 0
At29g02100 PDF2.2 Jow-molecularweight cysteinerich 69 \% \% 0
At2936200 P-loop containing nucleoside triphosphate hydrolases \% \% 0
superfamily protein
At1g22730 MAS3 domaincontaining protein \Y 0
At1g23280 MAK16 proteirrelated \Y 0
At1g24290 AAAtype ATPase family protein \Y 0
At1g26830 CUL3A, ATCUL3A, ATCUL3, CUL3 | cullin 3 \ 0
At1g48900 Signal recognition particle, SRP54 subunit protein \ 0
At1g50920 Nucleolar GT®inding protein \Y 0
Atlg72440 EDA25, SWA2 | CCABindingfactor \Y 0
At2g02090 CHR19, CHA19, ETL1 | SNF2 domaimtaining protein \Y 0
/ helicase domaircontaining protein
At2g31660 SADZ ARM repeat superfamily protein \% 0
At2g34357 ARM repeat superfamily protein \Y 0
At3g06400 CHR11 phromatinremodeling protein 11 \% 0
At3g08947 ARM repeat superfamily protein \Y 0
At3g15590 Tetratricopeptide repeat (TPHke superfamily protein \% 0
At3g19820 DWF1, DIM, EVEL1, DIM1, CBBL1 | cell elongation pro \ 0
/ DWARF1 / DIMINUT@IM)
At3g58660 Ribosomal protein L1p/L10e family \% 0
At3g60240 EIF4G, CUM2 | eukaryotic translation initiation factor \% 0
4G
At4g12420 SKU5 | Cupredoxin superfamily protein \Y 0
At5g10470 KCA1, KAC1 | kinesin like protein &mtin based \Y 0
chloroplast movement 1
At5g18620 CHR17 | chromatin remodeling factor17 \% 0
At5g45550 Mob1/phocein family protein \Y 0
At5g51570 SPFH/Band 7/PHB domaiantaining membrane \ 0
associated protein family
At5g64420 DNApolymerase V family \% 0
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Table9: Selected proteins that interact with LEAS either in the light or dark
Eachexperiment was repeated twice in the dark and twice in the light. A tick indicates that an interaction was

observed. A cross indicates no interaction.

Protein accession Protein description Dark 1 Dark2 Lightl Light2
At1g59990 RH22 |DEA(D/Hpox RNA helicase family protein 22 \Y \% \% \%
At3g16810 PUM24| pumillio24 \ \Y \Y,

At1g55150 RH20 |DEA(D/Hpox RNAelicase family protein 20 \% \%

At29g02100 PFD2.2 low moleculasrweight cysteinerich 69 \Y

At2936200 P-loop containing nucleoside triphosphate hydrolases superfamily proi \Y
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kDa Ladder lane 1 Lane 2 Ladder Lane 3 Lane 4

Figure5-9: SDSPAGE of purified protein complexes.

Proteins purified by TAP were separated by-8BB&EThe MWladderis SeeBlue Plus2 (Invitrogebanel: 35S
LEABGSrhino Light replicate. Lane2: 35SLEASGSrhino Light replicate. 2ane 3 35SLEASGSrhino Dark
replicate 1 Lane 435SLEA5GSrhino Dark replicate 2
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5.3. Results: SplitYFP

The resultof the TAP experimentdemonstrated that LEAS interacted with RH3ce this
interaction was observed all the TAP experiments, this part of the LEAS interactome was
investigated in more detai\ split-YFP methodwasused toattempt toverify this interaction

To perform this analysis, constructs $ptit-YFP analysis werérst produced
5.3.1. Production of constucts for split-YFP experiments

Plasmids contaimg LEA5fused toeitherthe YFPcor YFPnhalves of YFRvere produced by
recombining the pDONR201-EA5 construct (producegreviouslyfor TAP tagging) with
either thepDH51-GW-YFPc (NASC code: 9843, Accessiolumber: AM773754) or the
pDH51-GW-YFPn (NASC code: 9842, Accession number: AM773753) plasmid in an LR
reaction. Plasmids containi®RH22fused to either YFPc or YFPn were produced in a similar
manner. All plasmids were sequenced and confirmed to cohiigenes of interest fused to
either YFPc or YFPnHigure5-10).

Plasmids containing either amino peptidase P1 (APP1; At4g36760) or amino peptidase P2
(APP2; At3g05350) fused to GFP were used as transformation controls. As a negative control,
protoplastavere transfected wittwo constructs containing the same half of YFP.

5.3.2. Confirmation of interaction

Protoplasts were successfully isolated froowekkold A. thalianafollowing the protocol of
Wu et al, 2009[181] with minor modifications(described in the Materials and Methods
chapter) Protoplasts were viewed with a light microscopeaadfficient amount werdeemed

to be intactFigure5-11). These were transfected with constructs for the-3fiR experiments
following the method of Yoeet al, 2007[182 with minor modifications (described in the

Materials and Methods chapter)

Transfected protoplasts were observed with a Zeiss LSM700 laser scanning confocal
microscope. Chloroplast autofluorescence was excited atrfba&nd enissionwas 580 nm,

the detectionwas560-800 nm. Protoplagttransfected with control constructs, APP1, or APP2,
indicated that transformation was successful. The ABPR control was excited at 488,

and enissionwas 509m, the cetectionwas 505530nm. The signal was detected in the
cytoplasm Figure5-12). The APP2 control was excited at 488, and enissionwas 509m,

the detectionwas 505530nm. The signal was detected in the chloroplagiure5-13). This
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signal was similar to chlorophyll autofluorescence. Excitation atrd@8an simultaneously
excite enhanced GFP and chloroplast autofluorescencendgasive control, protoplastgere
transfected withtwo constructs eachcontaining the same half of YFPLEA5-YFPc and
RH22YFPc (Figure5-14). A relatively low sgnal was detected in the scan for Y@gure
5-14 A; excitation at 48&m, and enissionwas 509m, the cetectionwas 505530nm) which

was determined to Heackground fluorescence.

To confirm LEAS interaction with RH22, protoplasi®re transfected with LEAYFPc and
RH22YFPn (Figure5-15), or LEASYFPn and RH22/'FPc Figure5-16). If the LEA5 and
RH22 proteinsare able tanteract with oe another then the fluorescent fragments will be
brought within proximity to each other, allavg the YFP protein to form into its native three
dimensional struare and, upon excitation, emia fluorescent signal.Chloroplast
autofluorescence was excited at BB and enission was 580 nm, the detection was
560-800 nm. YFP fluorescence was exci@i88nm, and enissionwas 509m, the cetection

was 505530nm. A relatively low signal was detected in the scan for YIHBufe 5-15 A),
however this was deemed to be cell autofluorescence due to the pattern being similar to the
negative controlKigure5-14) and visible in all cells (transforman is unlikely to be 100%
successful).Therefore,the YFP signal was not detected in protoplasts transformed with
constructs containingeEA5YFPc andRH22YFPn Figure5-15). This was also the case for
protoplasts transformed wittonstructs containingEAS YFPn andRH22YFPc Figure5-16).
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A: Amino acid sequence of LEAS portiof plasmids aligned against ORF

ORF 1 MARSISNVKIVSAFVSRELSNAIFRRGYAATAAQGSVSSGGRSGAVASAVMKKKGVEEST 60
|||||I||I||||I||I|||||||I||I|||||||I|||||||I||I|||||||I||I||

LEAS- YFPC 1 SNAIFRRGYAATAAQGSVSSGGRSGAVASAVMKKKGVEEST 60
|||||I||I||||I||I|||||||I||I|||||||I|||||||I||I|||||||I||I||

LEAS- YFPn 1 SISNVKIVSAFVSRELSNAIFRRGYAATAAQGSVSSGGRSGAVASAVMKKKGVEEST 60

ORF 61 QKISWVPDPKTGYYRPETGSNEIDAAELRAALLNNKQ 97
|||||I||I||||I||I|||||||I||I|||||||I|

LEAS- YFPC 61 \PDPKTGYYRPETGSNEIDAAELRAALLNNKQ 97
|||||I||I||||I||I|||||||I||I|||||||I|

LEAS- YFPn 61 WVPDPKTGYYRPETGSNEIDAAELRAALLNNKQ 97

B: Amino acid sequence of RH22 portion of plasmids aligned against ORF

ORF 1 MILSRSVSVLHLCGVSSSAPSKLLSQRFKVSFALAYGSSVSFRLSSLNRSDRKWVRGFAS 60
I|I||I||I|II|I||I||I|II|I||I|II|I||I||I|II|I||I||I|II|I||I|I

RH22 YFPc 1 VSSSAPSKLLSQRFKVSFALAYGSSVSFRLSSLNRSDRKWVRGFAS 60
I|I||I||I|II|I||I||I|II|I||I|II|I||I||I|II|I||I||I| [T

RH22 YFPn 1 SRSVSVLHLCGVSSSAPSKLLSQRFKVSFALAYGSSVSFRLSSLNRSDRKWVRGFAS 60

ORF 61 ATEAEVEKKGNDTFFADHTVSWKSLGLSDNVSIALRDSGFDRPSLTQAVCIPSILSGKDV 120
(TR RO

RH22- YFPC 61 ATEAEVEKKGNTFFADHTVSWKSLGLSDNVSIALRDSGFDRPSLTQAVCIPSILSGKDV 120
e

RH22- YFPn 61 ATEAEVEKKGNDTFFADHTVSWKSLGLSDNVSIALRDSGFDRPSLTQAVCIPSILSGKDV 120

ORF 121 IVAAETGSGKTHGYLAPIIDQLTNTALDSEVTNREERPFPLKNISLILCPNVMLCEQVVR 180
e raERrE T

RH22- YFPC 121 IVAAETGSGKTHGYLAPIIDQLTNTALDSEVTNREERPFPLKNISLILCPNVMLCEQVVR 180
TR [T

RH22- YFPn 121 IVAAETGSGKTHGYLAPIIDQLTNTALDSEVTNREERPFPLKNISLILCPNVMLCEQVVR 180

ORF 181 MVNGLVDEDGNPLLRVEAVCGSQGWPDRLPDIIVSTPAALLNNIEPKRNRRLEFLRCVKY 240
T U

RH22 YFPC 181 MVNGLVDEDGNPRVEAVCGSQGWPDRLPDIIVSTPAALLNNIEPKRNRRLEFLRCVKY 240
(EEETTINNE R ERE

RH22 YFPn 181 MVNGLVDEDGNPLLRVEAVCGSQGWPDRLPDIIVSTPAALLNNIEPKRNRRLEFLRCVKY 240

ORF 241 VVFDEADMLLCGSFQNQIIRLINMLRFDEKQVSRLAKSNLGRPMEIDASVPQIDLENEDD 300
(PRI TR

RH22- YFPC 241 VVFDEADMLLCGSFQNQIIRLINMLRFDEKQVSRLAKSNLGRPMEIDASVPQIDLENEDD 300
TR [T

RH22 YFPn 241 VVFDEADMLLCGSFQNQIIRLINMLRFDEKQVSRLAKSNLGRPMEIDASVPQIDLENEDD 300

ORF 301 AEFDEGSISEEEDEEEEEEYLDDIAQMPSVEAEAGSDTKKGWRRVRKIYTRSKQYIFIAA 360
I|I||I||I||||I||I||I|I||I||I||I|I||I||I||||I||I||I|I||I||I||

RH22- YFPC 301 EEEEEYLDDIAQMPSVEAEAGSDTKKGWRRVRKIYTRSKQYIFIAA 360
I|I||I||I||||I||I||I|I||I||I||I|I||I||I||||I||I||I|I||I||I||

RH22- YFPn 301 GSISEEEDEEEEEEYLDDIAQMPSVEAEAGSDTKKGWRRVRKIYTRSKQYIFIAA 360

ORF 361 TLPVNGKKTAGGILKHMFQDAVWVSGNFLHRNSPRLKQKWVEVTVOSAVERNN 420
I|I||I||I||||I||I||I|I||I||I||I|I||I||I||||I||I||I|I||I||I||

RH22- YFPC 361 VWVSGNFLHRNSPRLKQKWVEVTVDSQVDALIEAVKNNN 420
I|I||I||I||||I||I||I|I||I||I||I|I||I||I||||I||I||I|I||I||I||

RH22- YFPn 361 GKKTAGGILKHMFQDAVWMSGHRNSPRLKQKWVEVTVDSQVDALIEAVKNNN 420

ORF 421 NTNTERTMVFANTVEAVEAVADILEKASIQCYRYHKNHKLDERANILADFRETGGVFVCT 480
I|I||I||I|II|I||I||I|II|I||I|II|I||I||I|II|I||I||I|II|I||I|I

RH22- YFPC 421 VEAVADILEKASIQCYRYHKNHKLDERANILADFRETGGVFVCT 480
I|I||I||I|II|I||I||I|II|I||I|II|I||I||I|II|I||I||I|II|I||I|I

RH22 YFPn 421 RTMVFANTVEAVEAVADILEKASIQCYRYHKNHKLDERANILADFRETGGVFVCT 480

ORF 481 DAAARGVDVPNVSHVIQADFASSAVDFLHRIGRTARAGQYGTVTSLYTEANRDLVEAIRE 540
I|I||I||I|II|I||I||I|I||I||I||I|I||I||I|II|I||I||I|I||I||I|I

RH22- YFPC 481 ASSAVDFLHRIGRTARAGQYGTVTSLYTEANRDLVEAIRE 540
I|I||I||I|II|I||I||I|I||I||I||I|I||I||I|II|I||I||I|I||I||I|I

RH22 YFPn 481 VIQADFASSAVDFLHRIGRTARSGYVSLYTEANRDLVEAIRE 540

ORF 541 AVKMGQPVETAFSRKRGFRNKVKKRAFLKAEEAEEPQAVRY 581
I|I||I||I|II|I||I||I|II|I||I|II|I||I||I|I

RH22- YFPc 541 QPVETAFSRKRGFRNKVKKRAFLKAEEAEEPQAVRY 581
I|I||I||I|II|I||I||I|II|I||I|II|I||I||I|I

RH22 YFPn 541 QPVETAFBRGFRNKVKKRAFLKAEEAEEPQAVRY 581

Figure5-10: Analysis of pDH5GW-YFPc and pDHSGW-YFPn plasmid containing eith&EASr RH22DNA.
A: alignment of translate@mino acidsequences of plasmids containihBA5B: alignment of translate@mino

acidsequences of plasmids containiR¢H22

95



Figure5-11: Light microscopy images ofiesophyll protoplasts.
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Figure5-12: Confocal microscopy images of an intact mesophyll protoplast transiently expressing AFHEL
A: APP1GFP Excitation 488 m, Emission 518m, Detection 306650nm). B: Chlorophyll autofluorescence
(Exciation: 555nm, Emission 58@m, Detection 566800nm). C:Merge of A and B.
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Figure5-13: Confocal microscopy images of an intact mesophyll protoplast transiently expressing AFH2
A: APP2GFP Excitation 488 m, Emission 518m, Detection 306650nm). B: Chlorophyll autofluorescence
(Excitation: 55%m, Emission 58@m, Detection 566800nm). C:Merge of A and B.
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Figure5-14: Confocal microscopy images of mesophyll protoplasts autofluorescence (negative control).
A: YFP negativeEkcitation 488m, Emission 518m, Detection 306650nm). B: Chlorophyll autofluorescence
(Excitation: 55%m, Emission 58@m, Detection 566800nm). C:Merge of A and B.
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Figure5-15: Confocal microscopy images of an intact mesophyll protoplast transiently expressing-YERS

and RH22YFPn.
A: YFPExcitation 488 1m, Emission 518m, Detection300-550nm).B: Chlorophyll autofluorescenc&xcitation:

555nm, Emission 58@m, Detection 566800nm). C:Merge of A and B.
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Figure5-16: Confocal microscopy images of an intact mesophyll protoplastiseently expressing. EASYFPn

and RH22YFPc
A: YFPExcitation 488 1m, Emission 518m, Detection 306650nm).B: Chlorophyll autofluorescenc&xcitation:

555nm, Emission 58@m, Detection 566800nm). C:Merge of A and B.
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5.4. Discussion

The aim of the experiments reported in this chapter was to identify proteins that interact with
LEAS. Through the use of an established tandem affinity purification procedure combined with
mass spectrometry, a substantial list of proteins that interdct. &5 was revealed®revious
studies have shown thBREAS localises to the mitochondrigsl]. It was therefore predicted

that many prteinsthat interact with LEASould also localis¢o the mitochondriortHowever,

no mitochondrial proteins were found to interact with LEM&ich was unexpectedhe data
presented here show tharoteins localised to chloroplasts interacted with LEAS in the TAP
experimentsThis finding is interesting dasEA5 was originally predicted toontain gputative
chloroplast transipeptide[43, 213. Of the proteins that interact in the TAP analysis, two are
RNA helicases.These enzymesatalyse the unwinding and separation of dostiianded DNA

or RNA during its replicationRH22 was shown to interact with LEA5S in all experiments and

the functions of this protein therefore merit further consideration

RH22 is localsed to plastid§214]. The develping seedlingof A. thalianaplants defective in
RH22 havea palegreenphenotype however adult leaves were similar to WT plai2§4].
RH22 expression levslare high in developing sesdand seedlings compareddiems, and
flowers.Plastid gene expression tifedeveloping seeds and seedliogsh22 mutantdiffered
from the WT[214]. The expression of several genes dasreaseth developingh22 mutant
seeds For example, e expression of the gene encoding tifle  sinit bof the
carboxyltransferasewhich isa component of acetyCoA carboxylase irthe plastids was
decreased ilh22seedsThe B subunit of the caacdiylCoy|l t r an:
carboxylasdunction[215-217]. The carboxylation of acetfoA to malonylCoA by acetyt
CoA carboxylases thefirst step in fatty acid biosynthedi21§. Notably, he seeds ofh22
mutants, which had a decreased expression of the gene encodifig th&nit of the
carboxyltransferase, hadraacylglycerol contentvhichwas 10% lower than that ¥ T seeds,
while the protein content was unchan@2tld. RH22is essential for apposite accumulation of
plastid mMRNAs during seed development and seedling growth, emgaged oil biosynthesis
by maintaining plastid mRNA levelsihe strong evidencerovided bythe TAP analysis
reported here suggedtsat RH22 inteacts with LEASIn both the lightgrown and the dark
grown culturesThese findings might suggest that LEAS interacts with Rté22gulate plastid

gene expression, a possibility that can be explored in future work.
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Otherdata presented in this chapserggest that LEAS might influence cell viability and fate
via effects on chloroplast function. Proliferating cells expressing LEAS were viable in the dark,
but not in the lightAs theexpression of LEA5 in lighgrowncell culturedid not immediately

lead b loss of the ability of the cultures to proliferate, the LEA5 protein would appear to have
a progressive or accumulative influence on cell functidhss is an interesting observati@s

this was the first case where expression of a transgene ledamgnessive loss of viability of
thecell cultures.Cultures expressing LEAS in the light lost chlorophyll and came to resemble
the dark grown cultures, which might link LEA5 to RH22 in the regulation of plastid gene

expression, a possibility that agairosid be explored in detail in future work.

Confirmation of RH22 interaction with LEA5 waattemptedwith a lit-YFP approach.
SplitYFP is nav a wellestablished proceduria plants[207-211]. As well asits usesas a
proteintprotein interaction screening assay, sgHP can alsde used tahow the intracellular
locations where the protein associatmecurs. In the studies reported heransfection of
protoplass with DNA control constructs was success#iPP1 wagletected in the cytoplasm
and APP2 was detected in the chloroplastwever no signal was detected in the siEP
verification of RH22LEAS interactionin the studies reported heié could be possible that
LEADS interaction occurs in times okidative stresand so repeatinipe splitYFP experiments
in the presence of #- may yield moreesults.Given the rigour of the TAP tagging analysis,
it is too soon to concludiwat LEASdoes not interaatith proteindocalised to thehloroplasts
such aRH22. Similar experiments should also be performed to confirm other LEAS5 protein
interactions, such as those with PUM24, RH20, and PDF2.2.

The western blot analysis reported here, provides insights into the expression and stability of
the tagged_.EAS protein. The tagged LEAS protein was always detected in the cells, whether
they were grown in the dark or the light, in the absence or the presence of .oX{olaster,
evidence of degradation of the tagged LEAS protein was observed in the predeydmgén
peroxide, particularly in cultures grown in the light. Moreover, obfaerds containing the tag
werealsoapparent in blots of proteins extracted from cells incubated wifh, lgarticularly in

the light. These findings would suggest that thes@mee of light and oxidative stress alters
features of the tagged protein, that appear to include, turnoveitraostational modification

and binding properties. This dataggestshat the LEAS interactome is complex and highly
dependent on environmehtonditions, and that its expression has a profound influence on cell

functions, particularly in the light.
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Chapter 6. Production and phenotype of transgenic barley expressing
LEAS

6.1. Introduction

Earlier studies on transgemic thaliana showed that the ovexxpression oL EA5resulted in

plants with a greater biomap&3, 51]. Transferring this technology to a crop species, such as
barley Hordeum vulgard..), could have a major effect in the agriculture indudRgsearch

of this kind is of great interest for biotechnology compafiig¢sBarley is a major cereal grain
grown in temperate climates. In a 2007 ranking of cereal crops in the world, barley ranked
fourth in quantity produced (136 millidons). Transgenic barley plants exprestiBg5have

been produced as part of research within the EU CropLife program.

To produce the transgenic barley, LEA5 fused to YFP was cloned in to the pBRACT214 vector
usingthe Gateway® Technology cloning methdthe LEAS5 gene was expressed with a 35S

Ubi promoter. The golden promise cultivaian English semdwarf, salttolerant variety
commonly used to make beer and whiskesas transformed with trRRACT214 LEASYFP

vector using Agrobacterium mediated tfamsiation of embryosThe axis vasremoved from

the barleyembryos to stop devagbment of root and shoot apicesnryos were caultivated

with Agrobacterium cells containing the transformation vector for 3 days in thekahabkyos

were then transferretb fresh media containinthe antibiotic Tmentin usedto Kkill the
AgrobacteriumandHygromycinB, usedo select for transformant&mbryos were transferred

to fresh media every two weeks and developed into callus over the following 4 weeks. Calluses
were moved to regeneration media to produce shoots. Finally, transformed barley plants were
confirmed by PCR using primetargeting the kigromycinB resistance genand grown to

seed in a glasshouse.

The aim of the studies described in this chapter wasdduce homozygous transgenic barley
plants expressingEA5 and to characterise the phenotype of these plants. In this cHapter t
effects ofLEAS5expression oarleyshoot growth were determined in the absence of stress
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6.2. Results
6.2.1. The selection oftransgenic barley plants

To select for homozygous plants, WT, andriinsgenic barley seeds that were either Empty
Vector (EV) control, B-glucuronidase(GUS) control, or expressingEA5 were surface
sterilised and sown on S media containingl00 mg/ml Hygromycin B to select for
transgenic plantsthe naming policy for the selection of transgenic plants is shoWwigure

6-1. Ten lines were sown for selection, whiekre previously stwn to be following simple
Menddian inheritance with 75% of the plants having inherited resistance to Hygromycin B.
The other 25% were sensitive to the antibiotic and did not grow. Deviations from this ratio can
indicate multiple inseirdns of the gene&Sown seeds were kept at 4°C for 3 days to stratify them
and then moved into the light at 20°C for 8 hdorstimulate germinatiobefore moving them

back in to the dark at 20°C for 4 daysansformants were identified as HygromyBinesistant
plantswhich were standing tall like normal dark growplantswith long stems and leaves
Hygromycin B sensitiveplantswereslightly bleachedvith shortleaves Figure6-2 A). The

plates were kept iweaklight for 2 dayseforeto allow the HygromyciB resistanplantsto
become greewithout stressinghe plants HygromycinB resistanplantswere thergrownin
standard conditions for 1 week and numbers of resistant and sensitive plants were counted. As
expected, no Wplans were resistant to Hygromycin Bigure6-2 A; Table 10). All of the

EV and GUS control plants were resistant to Hygromycin B. Furtherrathref plants from

the transgenit EA5YFP lines, 4.1, 14, and 11.2, were resistant to HygromycinFy(ire

6-2 B; Table10). Plants were selected for homozygosity. DNA was extracted from these plants
and a PCR m&ctionwas performedising primers targeting the Hygromycin B resistance gene
The gene was confirmed to be present in the EV214 and GUS contrdlEABd/'FP lines,

4.1, 10.1, and 11.ZF{gure6-3). Seeds from allines were sown on to soil and grown until
maturity at the James Hutton Institute, Dundee, for seed production. The phenotypes of these

plants were analysed (data not shown)séedsvere harvested from theplants.

Subsequently, seeds of WT, EV, GUS, and thrden&s expressingEA5YFP were sown on
to ¥2MS media containing 561g/ml Hygromycin B to select for transgenic plants. No WT
plarnts were resistant to Hygromycin B. All of the EV and GUS contrahts, and all of the
plants from transgenic lines, 4.1.2, 10.1.1, and 11.2.2, were resistant to Hygromaiblé3 (
11). DNA was extracted from these plants and a RE€&ttion using primers targeting the
LEASYFP sequencéTablel) was performed to confirm the gene was predeigufe6-4).
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Figure6-1: The naming policy for the selection of transgenic barley plants from callus.

Seeds are shown in circles and plants are shown in squares.
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Figure6-2: Segregation analysis.
A: WT barley plantsvith inhibited growth in the presence é¢fygromycin B.
B: Transgenic barley plants that exprddsA5YFRline 11.2.2) and havetdygromycinBresistance gene

presentinguninhibited growth in the presence of this antibiatithe scale barepresents cm.
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Tablel10: Segregation analysis ok plants

Genotype No germination Sensitive Resistant % resistant % germinated
WT 4 16 0 0.0 80.0
EV214 13.1 0 0 20 100.0 100.0
pBGUS 13.1 1 0 19 100.0 95.0
LEASYFRine 4.1 0 1 19 95.0 100.0
LEASYFRine 8.1 0 6 14 70.0 100.0
LEASYFRine9.1 1 6 13 68.4 95.0
LEASYFRine 10.1 1 0 19 100.0 95.0
LEASYFRine11.2 1 0 19 100.0 95.0
LEASYFRine17.1 1 4 15 78.9 95.0
LEASYFRine 17.2 0 4 16 80.0 100.0
LEAS5YFRine 20.1 4 3 13 81.3 80.0
LEASYFRine 33.1 0 6 14 70.0 100.0
Tablell: Segregation analysis okplants
Genotype No germination Sensitive Resistant % resistant % germinated
WT 1 19 0 0.0 95.0
EV214 13.1.1 0 0 20 100.0 100.0
pBGUS 13.1.1 11 0 9 100.0 45.0
LEASYFRine4.1.2 17 0 3 100.0 15.0
LEAS5YFRine10.1.1 7 0 13 100.0 65.0
LEASYFRine11.2.2 8 0 12 100.0 60.0
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Figure6-3: PCR genotyping of2Transgenic barley plants

DNA was extracted from the leavesWfT, EV and GUS control plants as wellias@endently transformedar

barley lines. A PCR using primers that amplify the Hygromycin B resistance gene was used to identify transgenic
Barley.The ladder is Thermo Scientific GeneRuler Plkis DNA Laddetane 1: WT, lane 2: EV214, lane 3: GUS,

lane 4:LEASYFP line 4.llane 5: LEAYFP line 8.1, lane 6: LEXBEP line 9.1, lane TEA5YFP line @1,

lane 8:LEASYFP line 11,dane 9: LEASFP line 17.1, lane 10: LEXBP line 17.2, lane 11: LEABP line 20.1,

lane 12:LEAS5YFP line 33.1.
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Figure6-4: PCR genotyping ofsTransgenic barley plants

DNAwas extracted from the leaves W Tand EV control plants as well am@ependently transformedsbarley
linesexpressing LEAB PCR using primers that amplify ttieA5YFRvas used to identify transgenic Barley. The
ladder is Thermo Scientific GeneRuler 1 kb Plus DNA Ladder. :DAfielane 2:EV214, lang 312: LEASYFP
line 4.1.2 lane13: Nontemplate contro| lanel4: positive control.Lanel5: WT, lane 16EV214, lang 1726:
LEABSYFRine 10.1.1 lane27: Nontemplate contro| lane28: positive controlLane29: WT, lane 30EV214|anes
31-40: LEASrFRine 11.2.2 lane41: Nontemplate contro| lane42: positive control.
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6.2.2. Shoot phenotypes

In the following studythe shoot growth of transgenbarleythat expressed EA5YFP was
compared to WT plant® characterise the effects IOEAS expression in barleyn addition,

EV, and GUS control plants were also compared to WT plstgasurements were taken each
week for 8 weeks and then again on weelRfpresentative shoot phenotypes of the different
linesat week 8 are shown Figure6-5 A. Although the shoot phenotypes are visually similar
in all lines, analysis revealed thafter 8 weeks|.EA5YFP line11.2.2 had 96 leaves which
was significatly more than WT plants which had 81 leaves (P<OFgure 5B).

The plants were grown to produce seed and then dried in the controlled environment. Further
measurements were taken on th& #feek;a few weeks after the plants had begun to turn
brown. Al lines were visually similar at week 2bigure6-6 A). The dry shoot weighivithout

tillers) of LEAS YFP expressindine 11.2.2was significantly greater than WT plants (P=0.02;
Figure 6-6 B). However,there were no significant differences tiotal dry shoot weiglst
(including tillers)betweenany of theLEASYFP expressindines andWT plants Figure6-6

C).

LEASYFP line 4.12 produced an average of 32 tilleFsgure6-6 D). This was significantly
more tillers than WT plants which produced an average of 21 (P=0F@%e 6-6 D).
However, whilst not significant, the average weight of tillers producedEBybYFP line 41.2

was 0.5g which is noticeably less than WT plants which produced tillers with an average
weight of 0.8g (Figure6-6 E). There was no significant difference in the number of tillers or
the average tiller weight between WT plants and eltk#Y5 YFP line 101.1 or 11.2.2Kigure

6-6 D & E).

At no point during the experiment was there a significant difference in the QY between any of

the lines (data not shown).
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Figure6-5: The effecs of LEASexpression on the phenotype of barley plants.

Plants were grown under 4Q@mol.m?2.stirradiance with a 16 hour photoperiod at 22°C + Z@Representative
phenotypes of WT andEASY FRexpressing plants. Scale bar represents 38rithe number of leaves of control
and LEAS5expressing barley plants. Error bars represent meanstdndard error. The asterisks indicate

significant differences (* P<0.05; ANOVA)10I=
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Figure6-6: The dfects of LEASexpression on the phenotype of barley plants.

Plants were grown under 40@mol.n2.stirradiance with a 16 hour photoperiod at 22°C + Z®Representative
phenotypes of WT andEABYFRexpressing plants. Scale bar represents @rry weight (g) of shoot material
without tillers. C: Total dry weight (g) of shoot materidd: Number of tillersE: Average tiller weight (g). Error

bars represent mean +5tandard error. The asterisks indicate significantedéhces (* P<0.05; ANOVA)=D.
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6.3. Discussion

The data described in this chaptemonstrate thatansgenichomozygous linetransformed
with LEA5YFP can result iran altered shoot phenotype comparetMb barley plantsThis
was shown in two lines (4.1.2 and 11.2M)is finding provides insight into the role of LEA5
in plant growth.

Previous studies usirtgansgenid. thalianafoundthat the oveexpression oLEA5resulted

in plants with a greater biomap&3, 51]. The data presented here reflect results published by
Mowla et al, 2006[43] and Mohd Sallefet al, 2012[51], albeit more subtly. Homozygous
transgenic barley plantsansformed witi.EA5YFP had significantlynore biomass than WT
plants in line 11.2.2. Furthermo@esence athe LEAS YFPtransgeneesuledin LEA5YFP

line 11.2.2 resulted in those plattaving significantly more leaves after 8 weeks than WT
plants Notably, the presence of tHeEA5 YFPtransgenén line 4.1.2 resulted in the production

of significantly more tillers, however these tillers weighed less than those of WT [jlaese

findings support the view held previously th&A5 affects the growth of planfg3, 51].

The production of homozygous tiggenic barley plants is a considerable feat. The analysis of
barley plantsransformed with. EASYFPunder a range of biotic and abiotic stressesaldiv

the exploration of bestowed stress tolerance by LEEB proteinshave beeiffrequently been
assocated with providing protective functio8, 4]. Some, for example, provide protections

in delydrated tissues, where they are thoughadbas chapenes, protecting other proteins
from aggregation or desiccati¢h3]. A reasonable starting point for further studyL&A5S
would be to investigate tolerance of these plants @yt has been shown to be upregulated
by oxidants and provide tolerance to®4 [43]. Earlier studies also reported that LEAS is
localised to the mitochondrial matri{44, 51]. The inclusion of YFP, fused toEAS, in these
transgenic plants willallow confocal microscopy experiments to determine the cellular
localisation ofLEA5 in barley. MoreoverLEA5 was found to be involved in the control of
root architecturg43, 51], and so the analysis of the effectd. BA5 on barley roots could also
provide further insightsTransferring results such as increased biopstssss tolerancend
altered root structures into a crop species such as barley could have a major effect in the

agriculture industry and be of suastialinterest for biotechnology companigs.

In the next chaptethe phenotype oA. thalianaerf109mutantss characterisein the absence
and presere of different abiotic stressés gain greater insights into the role BRF109in

plant development and responses to abiotic stresses
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Chapter 7. Characterisation of phenotype ofArabidopsis thalianaerf109

mutant plants

7.1. Introduction

Key processes in growth and development are regulstekle redox environment of the cell
[148 149. ERF109(At4g43310), which is also known &edox Responsive Transcription
Factor 1, is part of a regulatory network that has a major role in the adjustméntiudliana
leaves to reach homeostasis after Hight stresd156]. Transcriptof ERF109accumulaten
leaves thaaredirectly exposed to highght, the extento whichdepends on the intensity of
light that the leaves are exposed167]. Furthermoresystemic signalling from leaves exposed
directly to highlight results in the accumulation BRF109transcripts in leaves that have not
experierwed highlight [158. Exposure of leaves thighlight results in the production of
singlet oxygen’.) due toenergy transfer reactions from the iéad triplet state of chlorophyll
molecules or their precursors to molecular oxypes, 16(0. ERF109expression is induced
by singlet oxygerj161]. Moreover, sglet oxygendependent activation @FA and oxylipin
signalling pathways may also be important in the activatidERF109expression in systemic
leaves [161]. The application of paraquat and inhibition of antioxidant enzymes by

aminotriazolehavealsobeen found tanduceERF109expressior219.

Much of the current understanding of the function€BfF109comes from the analysis of
A.thalianaerfl09mutants. These mutants have a markedly different phenotype when grown
under highlight for two weeksasthe leaves o¥VT plants appear visibly darkénan those of
erfl09mutantg157. Under these conditions, tka&al chlorophyll, chlorophyl&/b ratios, and

the ratios of carotenoid pigments to chlorophyll were similar in both genofyiies.
Therefore, the visible difference in leaf colour was presumably because protective pigments
such as anthocyéns accumulated in the WT but not in teefl09 mutant leaves. A
transcriptome analysis of the leavesdfl09mutant plants suggested an association between
ERF109and PAP1 (At1g56650)[156], a transcription factor involved in the regulation of

anthocyanin biosynthesis. Furthermore, the increasedogénsitivity observed irerf109
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mutants could result from changes in secondary metabolism indicated by the microarray
analysis[156]. The lack of functionaERF109restricted ROS accumulation in response to
stress in mutant plants and conversely overexpressiBRBL09resulted in an accumulation

of ROS[162. ERF109 is therefore considered to propagate ROS accumulation in response to
ROSproducing abiotic and biotic stress signals.

TransgeniglantsoverexpressingERF109were impaired in root and shoot developmdis,

162, and showedncreased light sensitivityl62]. ERF109is expressed in low levels in roots
[155 but transcripts are upregulated in response t164. ERF109was shown to mediate
crosstalk between A signalling and auxin biosynthesia the regulation of lateral root
formation inA. thaliana[155. ERF109 bind to the GCC-boxes in the promoters ASA1 and
YUC2 [155 - two key enzymes in auxin biosynthef#20-222. The hosynthesis of auxin,
transport of auxin and auxin dependent signalling processes all influence lateral root formation
[223-227]. It is plausible that ERF109 may functioroagiside a range of other hormopes.

auxin to modulate plant stress responsedole-3-acetic acid (IAA) is the most abundant form

of auxin natively occurring and functioning in plaf228. IAA levels were elevated in the
roots ofERF109verexpression lines relative to VAT thalianaplants[155. Conversely, IAA

levels were reduced erf109mutants. The response of most auxin/IAA genes to IAA is tissue
specific and dose depend¢B29. An elevated auxin level withiArabidopsisroots increases

the levels of auxin response factors (ARF) leading to the degradation of IAA and other auxins
[230, 231]. The ARFs promote lateral root formation by activating pto#cific transcriptional
regulators such asATERAL ORGAN BOUNDARIH3OMAIN 16 (At2g42430)[232. In
contrast to the increased levels of auxins in root tissues, the relative expression levels of IAA14
and IAA19 were lower in the shoot tissue€E®F109verexpressio lines, however there was

no difference betweeerf109mutants and WT planfd55. One explanation for this is that the
steadystate mMRNA accumulation of auxin/IAA inducible genes may have been inhibited by
the constitutively elevated IAA levels ERF109verexpresors,which could have resulted in

a different response to what is usually observed from-$&or exogenous IAA treatments.

While excellent research into the roleERRF109has been performed, its role in the regulation
of root and shoot growth has rtm¢en fully characterised. The aim of the studies described in
this chapter was to characterise the phenotypaf@09 mutants in the absence and presence
of different abiotic stregsto gain greater insights into the roleERRF109n plant development

and in responses to abiotic stresses.
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7.2. Results- Shoot phenotype
7.2.1. Rosette growth in the absence of stress

An invitro phenotyping approach was undertaken to assess the rosette grogrttiOS
mutants.In the absence of stress the WT anfl 09mutant plants had visibly similar rosettes
(Figure7-1 A). However, digital analysis revealed that #r&l09mutants had a significantly
increased rosette area comgzhto WT controls after 2 weeks of growth, with WT plants having
amearrosette area of 32/Bn? while erfL09mutant plants hadraearrosette area of 34rBn7
(Figure7-1 B; P=0012). Threeweekold WT plants had an average rosette area of m&3
while themeanrosette area afrf109mutants was significantly larger at 39anm? (Figure7-1

B & C; P=0.003).

7.2.2. Rosette growth in the presence of stress
Rosette growth in the presence of drought, salt and osmotic stress

The same phenotyping approach was used to determine the seemscmloerfl09mutants,

as reflected by rosette area. In these experiments, control plates (i.e. the absence of stress)
contained ¥YMS media alone. Stress conditions were achieved by the inclusion of either sodium
chloride (75mM; salt), mannitol (50nM; drought), or sorbitol (10hM; osmotic stress) in the
media.A total of 360 plants per genotype were soweachcondition for these experiments

a total of 2880 plants. In all cases, at least 98% of seeds sown germinated.

The rosette area obth theWT anderfl09mutant plants were visibly smaller when grown in
the stress conditions than in the control conditiéigure7-1 A). After 3 weeks growth in the
presence of mannitol, WT plants hatheanrosette area of 35:an7 while erf109plants had
ameanrosette area of 36 @v? (Figure7-1 C). Similarly, after3 weeks growth in the presence
of salt, theneanrosette area of WT plants was R’ while erf109was 262 mn? (Figure7-1

C). However, when grown on med@ntaining sorbitol, the averagesette area oérf109
plants was 54% of the size of those grown in the absence of stress at.4Bmsnwas
significantly lager than WT plants which had averageosette area 51% of the size of control
plants at 37.4nn¥ (Figure7-1 C; P=0.002)
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Figure7-1: The effects of abiotic stress treatments (mannitol, salt, and sorbitol) on the rosette area of-wild
type (WT)A. thaliana and erf109mutants in comparison to plants grown in the absence of stress (control)
Plants were grown under 150mol.nT2.stirradiance with a 16 hour photoperiod at 22°C + 2°C for 21 days, either
in the absence of stress (control) or presence of abiotic stress caused by inclusiombf B@&nnitol, 75mM

salt (NaCl) or 10tmM sorbitolto the growth media. A: Phenotypes of WT arflLl09plants. Scale bar represents
10mm. B: Rosette area (nmiwith time for WT anarf109plants in the absence of stress. C: Rosette area?jmm
of WT anderfl09plants at the end of the experiment (day 2Eyror bars represent means-gtandard errors.

The asterisks indicate significant differences to WT (* P<0.05, ** P<0.01, *** P<0.001; ANCB68). N=
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Rosette growth of plants grown on soil in the absence and presence of drought stress

One week old seedlgs, germinated on S media, were grown on soil for 9 weeks. Drought
stress was imposed at 5 weeks bthiolding water for two weeks tdetermine the stress

tolerance oerf109mutants.

The rosette area, number of leaves, and the biomass were setil@eh the WT andrf109
mutant plants that were grown in the absence of stress (coRigh}weekold WT plants had
ameanrosette area of 78 @1 (Figure7-2 A), an average of 33.8 leavdsdure7-2 B), and
meana dry-weight of 447mg (Figure7-2 C), while erf109mutans had ameanrosette area of
85.9cn?¥ (Figure 7-2 A), an average 37.3 leaveBidqure 7-2 B), and ameandry-weight of
631mg Figure7-2 C).

Plants exposed to drought were significantly smaller in terms of rosette area, and biormass (dry
weight) than water replete controlsw@ekold droughtstressed WT plants hadreeanrosette
area that was just 64% (5@6v¥) of the wateireplete controlsKigure7-2 A), with a lower
averagary-weight of 219mg (Figure7-2 C). However,there was no significant difference in
the number of leaves between drougtiessed and wateeplete WT plantsKigure 7-2 B).

The effects of the drought treatment on the rosette growth eftb@ mutants was similar to
WT plants, except that thesf109mutants also had significantly fewer leaves than their water
repletecounterparts. After two weeks exposed to drougiweBkold erf109 mutants had a
significantly smaller rosette area (5Tnh?; Figure 7-2 A), had fever leaves (34.5 leaves;
Figure7-2 B), andweighed significantly less with a deyeight of 226mgFigure7-2 C) than
waterrepleteerfl09mutants However there were no significant differences in the total rosette
area, number of leaves or dmeight between drougistressed WT anerf109plants.

The light response curves for photosynthetic.@ssimilation were measured in the leaves of
4-weekold WT anderfl09plants. In these experimentsw2ekold plants were deprived of

water for 14 days, and the light response curves were measured. Is¢heeabf stress, the
leaves of WT an@rfl09plants had similar light response curvEgy(ire7-3 A). The drought
treatment led to a decrease in sadter content of % (Figure7-3 B). This level of drought
imposed at the seeding stage had a severe impact on photosynthesis. Photosynthetic CO
assmilation did not increase above the compensation point at any of the light levels used in

either the WT oerfl09mutant plants when drougbtressedRigure7-3 A)
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Figure7-2: The effects of drought on the growth of wiltype (WT)A. thaliana and erfL09 mutant plants.

Plants were grown under 1Q@mol.nT2.s? irradiance with an 8 hour photoperiod, at 22°C + 2°C. Water was

withheld from plants in the drought treatment from week 5 and resumed at week Total rosette area (ch),

B:number of leaves, and@:dry weight (g). Error bars represent meansstandard errors. The asterisks indicate

significant differences to WT plants' <001; ANOVAN=20.
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Rosette growthunder high-light

The effects of higHight on rosette growth werdsodetermined using the vitro phenotyping

approach. In thesexperimentsWT anderfl09mutants were growm standard conditions for
11 days after which lalf were grown for a 10 daysnder highlight ( 6 0 0  P.etpwhilem
the restremained in control conditions 1 0 0  [?.8th A total of 960 plants were sown,

with a germination rate of 98.8%. 948 plants were measured (480 WT apd ¥@3mutants).

Plants grown under higlight were visibly smaller than those grown in the control light
condition Figure7-4 A). The WT plants had significantly smaller rosette areas whenrgrow
under highlight than those grown under control light conditioRgy(ire7-4 B; P<0.05). Under
control light conditions, the WT plants hadreanrosette area of 102nfafter 21 daysThe
meanrosette areaf WT plants grown under higlight were88 mnv, 14.3% the size athose
grown in control conditions after 21 days. Thearrosette area arf109mutants grown under
high-light was 82mn¥, significantly smaller than the rosettes of WT plants grown in the same
conditions Figure7-4 B; P<0.01).

Rosette growth in the presence of oxidants

Thein vitro phenotyping approach was also used to determine the toleraadé@gFmutants

to oxidative stress, as reflected by the rosette area. In these experiments, control plates
contained ¥MS media alone. Stress conditions were achieved by thesianlof either .y M
paraqua(Figure7-5), or 0.1mM menadioneKigure7-6) to the mediaA total of 2160 plants

were sown. The germinationtesof both genotypes on control media and on media containing
paraquat was >98%. However, on menadione the germination rate of WT plants was 92% and

erfl09mutants was even lower at 52%.

In the absence of stress, tbg109 mutants had a significantly Iger rosette area than WT
plants at the end of the experimeRiglre 7-5 B, & C; P<0.001).The presence of paraquat
resultedess rosette growth iooth genotypeddowever at the end of the experiment, #&r¢109
mutants had aneanrosette area of 341@nv; significantly larger than WT planthathad a
meanrosette area of 28mn? (Figure 7-5; P<0.001). Like paraquamenadione caused a
significant decrease in the rosette area of both genotypes (P<Bif0te 7-6). However,in
the presence of menadioB&-day-old erf109mutants had a significantly small@eanrosette
area than WT plants (P<1; Figure 7-6). After 3 weels, the erf109 mutants had anean
rosette area of 19n? while WT plants were 45.éhn? (Figure7-6 B & C; P<0.001).
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123



Control

Paraquat

A |Genotype
WT
i
i
3
o
erf109
WT
=t
—
-y
o
erf109
WT
o
i
4
o
erf109
WT
[=s]
—
o>
(1]
o
erf109
WT
—
o~
-
12}
o
erf109

%

-~ ° °
:’- o¥p &t

) g
)

*
we @

"’

N

r%

L2

-t

Z

B

Rosette area (mm?)

Rosette area (mm?)

100

90
80
70
60
50
40
30
20
10

100

80

60

40

20

WT control

HEE

== erf109 control

WT paraquat
—#— erf109 paraquat

I T
11 12 13 14 15 16 17 18 19 20 21
Time (Days)

owT
%% Herf109

Control Paraquat
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in the absence (control) or presence of QM paraquat.A: Phenotypes of WT andrf109 plants. Scale bar
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Figure7-6: The effects of menadione on the rosette area of wilgbe (WT)A. thalianaand erfL09mutants.

Plants were grown under 15@mol.nm2 st irradiance at 22°C + 2°C. Rosette areas were measured at 11, 14, 16,
18 and 21 days either in the absence (control) or presence ahMImenadione.A: Phenotypes of WT and
erf109plants.B: Rosette area (mf) for WT (squares) aretf109(circles) plantén the control condition (shaded
shapes) and with the addition of menadione (rsimaded) C:Rosette area (mi) of WT (white bars) anerf109

(grey bars) plants on day 21 in the conditions described. Error bars represent meatanéard errors. The

asterisks indicate significant differences to WT plants (*** P<0.001; ANOVARIN=
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7.2.3. Anthocyanin content of leaves

To investigate the role &RF109in the production of anthocyaninglants were germinated

on ¥2MS and then grown on soil until they wéaveeksold under 10 pmol.nt2.stirradiance
(control). After threeweeks, half of the plants were transferred to a gt environment
(800umol.n?.s1) while the other half remained in the control condition. Plants were grown
for a further 7 days, feer which the leaves were harvested and analysed for anthocyanin

contents.

In the control light conditions, the anthocyanin content of leaves was similar between both
genotyes; WT plants accumulated 136 anthocyanin/gFW, while erfl09 mutants
accumulagd 19ug anthocyanin/gFW. Growth for 7 days under higight significantly
increased the level of anthocyanins in WT plakigre7-7: P<0.001) buhot erf109mutants

when comparing to controls. Furthermore, éfE.09mutant leaves accumulated significantly
less anthocyanin than WT plants in the hiigint conditions(Figure7-7; P<0.001). WT plants
produced an average 1R4 anthocyanin/g FW whileerf109 mutants produced 3ig
anthocyanin/g FW.
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Figure7-7: Anthocyanin concentration (ng/g FW) in-veek-old wild-type (WT)A. thaliana and erf109

mutant plants grown on soil under standard (control) light conditions for 3 weeks and then either under
standard light conditions or higHight for 1 week.

Plants were growrfor 3 weeks under standard (control) light irradiance ({®@ol.n72.s') with a 16 hour
photoperiod, then either under standard light conditions or higiht (600umol.nT2.s1) for 1 week. All @nts
were grown at 22°C + 2°Error bars represent means -tgtandard errors. The asterisks indicate significant

differences to Wplants (*** P<0.001; ANOVA). B=
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7.3. Results- Root phenotype

In these experiments, seeds of WT &nfl09 mutant plants were sown on to either ATS or
¥ MS media within vertical platehe rootggrewalong the surface of the media for 7 days, at
which point the lengths of primary root were measured, the number of lateral roots were counted

and lateral root densities were calculate(re 7-8).

The erf109 mutants growron ATS media for 7 days haignificantly shorter primary roots
than WT plantgFigure7-8 A & B; P=0.046). Theerfl09mutant plants had meanprimary

root length of 56.3nm while the WT plants hadraeanprimary root length of 59.6hm (Figure

7-8 B; P=0.046). However, there were no significant differences in the number of lateral roots
(Figure7-8 C) or the lateral root densitiéSigure7-8 D) between WT andrf109mutant plants.

Root phenotypes were also determined for plants grown IS ¥nedialn these experiments
root architecture was daminedfor a total of108plants.There was no difference betwedfT
anderfl09mutantplants inthe primary rootength Eigure7-9 A & B), the numbeof lateral
roots(Figure7-9 C), or the lateral root densi{frigure7-9 D) when grown on “MS media for
10 days.
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Figure7-8: The root architecture of tlay-old wild-type (WT)A. thaliana and erfL09 mutant plants.
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Figure7-9: The root architecture in 1@ay old wildtype (WT) anderfl09mutant plants grown on ¥MS.
A: The phenotype of 1@ay-old WT anderf109 mutant plants. Scale bar represents hn. B: Primary root
length (mm).C:The number of lateral root®: The lateral root density (number of lateral roots per mm primary

root). Error bars represent means-standard errors. N>30.
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7.4. Discussion

The studies reported here suggest ERE109has a role in the control of shoot growth in the
absencef stress. Although the difference in rosette area between WarHi®mutant plants

was small (less than 10%), tag109mutants tended to have a larger rosette area than the WT
plants at the k&r stages of vegetative growth. It was previously shown that overexpression of
ERF109ed to altered leaf morphology, producing leaves that were longer, narrower and curled,
similar to auxin overproduction phenotypgEks5 162. Indeed plants which overexpress
ERF109had significantly higher auxin levels in the shoot tissues than the WT pidtis
Conversegy, the levels of auxin were reducéd the shoots okrf109 mutants[155. The
increased rosette area of #r€l09mutants observed here could result from lower auxin levels.
However, the leaf phenotype of tag109mutants was similar to that of WT plants.

Previous studies have shown that by binding to GCC boxes in the promoters of target genes,
such adDREB2A ERFs are able to confer drought tolerancé.ithaliana[148 157. It has
alsobeen shown thatverexpressioftRF107enhances tolerance to salt stfg33. However

the erfL09mutants showed similar responsesltought stress as the WT plaekcept when

grown on media containing sorbitétiQure7-1). Further studies on soil did not reveal altered
growth responses to drought stress, however, the droudjinted repression of growth was
greater in therfl09mutants than WPplants Figure7-2).

The transcripts dERF10%are present in all tissues but accunailatleaves as a result of high
light [158. Both genotypesWT and erf109 mutants, had aimilar highlight mediated
repression of growthHigure7-4). However, theerfl09mutants accumulated significantly less
anthocyanin in their leaves than the WT plants under-lIngih conditions Figure7-7). It has
previously been observed treaf109mutants do not present a visibly darker phenotype when
grown under higHight as WT plants d$157], suggesting that protective pigments such as
anthocyanins might not accumulate in the leavesrfd09mutant plants as they would in WT
plants. The inability to accumulate anthocyanins inefi#09 mutants explains thecreased
photosensitivitydescribed previously by Khandelwet al, 2008[15€. A leaf transcriptome
profile of theerf109mutants had suggested an association bet&BE109andPAP1[15] -

a transcription factor involved in the regulation of anthocyanin biosynthesis. The results
presented here confirm that the WT plants are able to accunmubeisanthocyaninsunder
high-light thanerfL09mutants. Taken together, these results confirmBR&109%as a role in

regulating anthocyanin production, and mediating the response taidhgh
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Oxygenic photosynthesis produces superoxide by the untwalduction of molecular oxygen,

a process that is greatly increased in the presence of parBauatjuat is abléo inhibit
photosynthesisby interfering with electron transferParaquat accepts electrons from
photosystem 1 in lighexposed plants andatisfers them to molecular oxygen producing
superoxide aniondt is regenerated once the electrons are transferred to oxwyaemrestars

the cycle allowing it to agairtransfer electrons away from photosystef234]. Previously it

was found that the application of paraguoah induce ERF109expressionf219. The data
presented here show that 109 mutants had a significantly larger rosette area than WT
plants when grown on media containing paragEkaure 7-5). This indicates that therf109

mutants are less sensitive to paraguadiated repression of growth than WT plants. In contrast

to paraquat, which acts largely through ROS generation in chloroplast, menadione generates
superoxide radicals and hydrogen peroxide via interaction with dejsmses, which are
present throughout plant cell235. It is often used in the study of oxidant stress in @ant
[236. The growth of theerfl09mutants was significantly more inhibited by menadione than

the WT plants. One of the functionsEiRF109is to exacerbate ROS production in response to
ROS accumulation or stress signals, and plants that overeRéskd9accumulate much

higher le\els of ROS than the WT plants62. The decreased sensitivity @ff109mutants to
paraquat can therefore be explained by the lack of accelerated ROS production in the absence
of the transcription factor. The effect of menadione is less easy to explain and may be related

to dehydrogenasmediated signalling pathways that are distinct from ROS signalling.

It was previously shown th&RF109mediates crostalk between JA signlithg and auxin
biosynthesis in the regulation of lateral root formati@b5. Manipulations resulting in an
increase irERF109%xpression were reported to have a marked effect on root phehbSgpe
However it was alsaeported that the root phenotype of 8rf&l09mutants was similar to that
of controls[155. Theexperimentslescribed here show that the growth médidan effect on
the root phenotypaserf109 mutantshad significantly shorter primary rootthan WT plants

when growron ATS mediaKigure7-8) but not on ¥2MS medi@rigure7-9).

Unlike the roots, the shoots of tef109mutants showed significant differences to the WT in
terms of growth in the absence of stress and leaf anthocyanin accumulation, which may be
related to oxidative signalling in the shaotfiese observations led to an investigation of the

ERF109interactome thas described in the next chapter.
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Chapter 8. The identification of proteins that interact with ERF109

8.1. Introduction

ERF109encodes a plant specific transcription factor of the Ethylespd&esive Factor family

of transcription factorde£RF109contains an AP2 domain which is responsible for binding to
the promoters of downstream target gejiéf), 153 154]. For example, it was shown to bind
to the GCCGboxes in the promoters &iSA1(At5g05730) and¥UC2(At4g13260) in a yeast
onehybrid assay155. The speific binding of ERF109 to the GGBoxes in the promoters of
ASA1 and YUC2 was confirmeih vivo using transgeni@. thaliana plants and chromatin

immunoprecipitation assays55.

The data presented in Chaptesugygest thaERF109has a role in the control of shoot growth

in the absencef stress ashe erf109 mutants tended to have a larger rosette area than WT
plants However, the leavesf erfl09mutants accumulated less anthocyanin than the WT plants
under highlight conditions The following studies were undertaken to identify proteins that
interact with ERF109 in order to gain an insight into the mechanisms that underpin these
phenotypesProteinscan either functioms isolated monomeric entities form multi-protein
complexes functioning via interactions with other proteins or molecules (e.g. DNA, Rids

and metabolitedR37]. Analysingproteinprotein networks can provide a better understanding
of the functional relationships between proteinat tfacilitate regulatory pathways TAP
approach was used combination with mass spectrometnythe following studies to identify
proteins that interact witBRF109 The tagged ERF109 protein was expresserabidopsis

cell suspension culture$aggedproteirs wererecovered from the host by breaking the cells
and retrieving it and associated compusethrough affinity selection andentified wsing
massspectrometry analysif204. Comprehensive protein sequenapositories were then

usedto identify purified proteins complex¢205.
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8.2. Results
8.2.1. Constructs for TAP experiments

The constructs used for the TAP experiments were prepaned the Gateway® Technology
cloning method.100ng of pDONR221 plasmid containing ERF109was sequencedsing
primers that covered thattL1 region of the vector and provided complete coverage of the
plasmid insertERF109 Figure8-1 A). The sequencedRF109region of the plasmidligned
completelywith the ERF1090RF (Figure 8-1 B). The ERF109fragment, contained in the
pDONR221 vector Figure 8-2), was assembled into pKCTA#Restinationvector during a
single MultiSite LR Clonase reaction pooduce an expression clofoe use in Agrobacterium
mediated transformatioAssembly in to the pKCTAHBestinatiorvectorwas performed at VIB
following an established proceduf&75]. The pKNTAP destination vector contained the
NTAPI tag[17€6 on the N terminus 0ERF109 a kanamycin resistance gene for selection of
transformed cellsand a GFP expression cassédteuseas a visible marker for transformation.
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Sequence: 2924 bp

rmB_T2_terminator

rmB_T1_terminator M13_reverse_primer
M13_forward20_primer T7_promoter
[ | I
—i {—
attL1 KanR2
ORF frame 2
B ORF 1 ATGCATTATCCTAACAACAGAACCGAATTCGTCGGAGCTCCAGCCCCAACCCGGTATCAA 60

e TR
Seq 671 ATGCATTATCCTAACAACAGAACCGAATTCGTCGGAGCTCCAGCCCCAACCCGGTATCAA 730

ORF 61 AAGGAGCAGTTGTCACCGGAGCAAGAGCTTTCAGTTATTGTCTCTGCTTTGCAACACGTG 120

[ —nn———;nnnnnnnngng’/|
Seq 731  AAGGAGCAGTTGTCACCGGAGCAAGAGCTTTCAGTTATTGTCTCTGCTTTGCAACACGTG 790

ORF 121  ATCTCAGGGGAAAACGAAACGGCGCCGTGTCAGGBIAGTGACAGCACAGTGATA 180

II||I|I||I|II||I|I||I|II||||I||I|II|I||I||I||I|II|I||I||||II
Seq 791 AAACGGCGCCGTGTCAGGGTTTTTCCAGTGACAGCACAGTGATA 850

ORF 181  AGCGCGGGAATGCCTCGGTTGGATTCAGACACTTGTCAAGTCTGTAGGATCGAAGGATGT 240

|II|I|I||I|| H———————————————
Seq 851 GCGCGGGAATGCCTCGGTTGGATTCAGACACTTGTCAAGTCTGTAGGATCGAAGGATGT 910

ORF 241 CTCGGCTGTAACTACTTTTTCGCGCCAAATCAGAGAATTGAAAAGAATCATCAACAAGAA 300

|I||I|I||I||I||I|I||I||I||||I||I||I|I||I||I||I|I||I||I||||I|
Seq 911 TACTTTTTCGCGCCAAATCAGAGAATTGAAAAGAATCATCAACAAGAA 970

ORF 301 GAAGAGATTACTAGTAGTAGTAACAGAAGAAGAGAGAGCTCTCCCGTGGCGAAGAAAGCG 360

|I||IIII|I||I|IIII||I||I|IIII||I||I|IIII (I
Seq 971 ATTACTAGTAGTAGTAACAGAAGAAGAGAGAGCTCTCCCGTGGCGAAGAAAGCG 1030

ORF 361 GAAGGTGGCGGGAAAATCAGGAAGAGGAAGAACAAGAAGAATGGTTACAGAGGAGTTAGG 420

|I||I|II|I||I|II|I||I||I|II|I||I||I|II|I||I|II|I||I||I|II|I|
Seq 1031 ATCAGGAAGAGGAAGAACAAGAAGAATGGTTACAGAGGAGTTAGG 1090

ORF 421 CAAAGACCTTGGGGAAAATTTGCAGCTGAGATCAGAGATCCTAAAAGAGCCACACGTGTT 480

|I||I|II|I||I|II|I||I||I|II|I||I||I|II|I||I|II|I||I||I|II|I|
Seq 1091 CAAAGACCTT AAAATTTGCAGCTGAGAPGHT CCTAAAAGAGCCACACGTGTT 1150

ORF 481 TGGCTTGGTACTTTCGAAACCGCCGAAGATGCGGCTCGAGCTTATGATCGAGCCGCGATT 540

II||I|I||I|II||I|I||I|II||||I||I|II|I||I||I||I|II|I||I||||II
Seq 1151 TGGCTTGGTAC GAAACCGCCGAAGATGCGGCTCGAGCTTATGATCGAGCCGCGATT 1210

ORF 541 GGATTCCGTGGGCCAAGGGCTAAACTCAACTTCCCCTTTGTGGATTACACGTCTTCAGTT 600

[IHT—m—————————n— - ajpgpipzqggp),
Seq 1211 GGATTCCGTGGGCCAAGGGCTAAACTCAACTTCCCCTTTGTGGATTACACGTCTTCAGTT 1270

ORF 601 TCATCTCCTGTTGCTGCTGATGATATAGGAGCAAAGGCAAGTGCAAGCGCCAGTGTGAGC 660
Seq 1271 ”|”””””””””|”””””|l”lIl(llalgl'l'lglﬂl'll'l(l‘llﬂTATAGGAGCAAAGGCAAGTGCAAGCGCCAGTGTGAGC 1330
ORF 661 GCCACAGATTCAGTTGAAGCAGAGCAATGGAACEEMEEGGATTGCAATATGGAG 720

Seq 1331 ”|”””””””””|”””””|”llllugmwglgmglkGCAATGGAACGGAGGAGGAGGGGATTGCAATATGGAG 1390
ORF 721 GAGTGGATGAATATGATGATGATGATGGATTTTGGGAATGGAGATTCTTCAGATTCAGGA 780
Seq 1391 “”m””“”””l”“”””“llll”lIJAquIG”;unglﬂl"ll'GATGGATTTTGGGAATGGAGATTCTTCAGATTCAGGA 1450
ORF 781  AATACAATTGCTGATATGTTCCAGTGA 807

(T
Seq 1451 AATACAATTGCTGATATGTTCCAGTGA 1a7

Figure8-1: Linear plasmid map and sequence alignment of the pENTR221 plasmid contdiftifd ODNA.
A: Linear pasmid map of pENTR221 containing ERFROBhe sequence of thERF10®nsert aligned against
ERF10DRF.
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M13_pUMC_fwd_primer
M13_forward20_primer
attl1

Sequence
3354 bp

FanR2

_promaoter
M13_reverse_primer

CTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTG AGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCERIGTCA
GTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTOECGTUGECCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGA 200
AAGCGGGCAGTGAGCGCAACGCAATTAATACGCGTACCGCTAGCCAGGAA GAGTTTGTAGAAACGCAAAAAGGCCATCCGTCAGGATGGCCTT@GDGCTTA
GTTTGATGCCTGGCAGTTTATGGCGGGCGTCCTGCCCGCCACCCTCCGGG CCGTTGCTTCACAACGTTCASSITREAT TTGTCCTACTCA 400
GGAGAGCGTTCACCGACAAACAACAGATAAAACGAAAGGCCCAGTCTTCC GACTGAGCCTTTCGTTTTATTTGATGCCTGGCAGTTCCCTACTCTEBLCGT
TAACGCTAGCATGGATGTTTTCCCAGTCACGACGTTGTAAAACGACGGCC AGTCTTAAGCTCGGGCCCCAAATAATGATTTTATTTTGACTGATAGIUBAC
CTGTTCGTTGCAACAAATTGATGAGCAATGCTTTTTTATAATGCCAACTT TGTACAAAAAAG CAIGERIATTAATCCTAACAACAGAACCGAATTC 700
GTCGGAGCTCCAGCCCCAACCCGGTATCAAAAGGAGCAGTTGTGIPEBASCTTTCAGTTATTGTCTCTGCTTTGCAACACGTGATCTCAGGGG 800
AAAACGAAACGGCGCCGTGTCAGGGTTTTTCCAGTGACAGCACABIGATAGGAATGCCTCGGTTGGATTCAGACACTTGTCAAGTCTGTAGGAT 900
CGAAGGATGTCTCGGCTGTAACTACTTTTTCGCGCCAAATCAGABAARGAATCATCAACAAGAAGAAGAGATTACTAGTAGTAGTAACAGAAGA 1000
AGAGAGAGCTCTCCCGTGGCGAAGBBGAAGGTGGCGGGAAAATGASGCAGGAAGAACAAGAAGAATGGTTACAGAGGAGTTAGGCAAAGACCTT 1100
GGGGAAAATTTGCAGCTGAGATCAGAGATCCTAAAAGAGCCACATEGGTTGGTACTTTCGAAACCGCCGAAGATGCGGCTCGAGCTTATGATCG 1200
AGCCGCGATTGGATTCCGTGGGCCAAGGGCTAAACTCAACTTCCREIATEACACGTCTTCAGTTTCATCTCCTGTTGCTGCTGATGATATAGGA 1300
GCAAAGGCAAGTGCAAGCGCCAGTGTGAGCGCCACAGATTCAGRBGAGIZATGGAACGGAGGAGGAGGGGATTGCAATATGGAGGAGTGGATGAL400
ATATGATGATGATGATGGATTTTGGGAATGGAGATTCTTCAGATTEAGEPAATTGCTGATATGTTGEPGAACCCAGCTTTCTTGTACAAAGT 1500
TGGCATTATAAGAAAGCATTGCTTATCAATTTGTTGCAACGAACAGGTCA CTATCAGTCAAAATAAAATCATTATTTGCCATCCAGCTGATATCCCCI®00
AGTGAGTCGTATTACATGGTCATAGCTGTTTCCTGGCAGCTCTGE&ICTGAAAATCTCTGATGTTACATTGCACAAGATAAAAATATATCATCAT 1700
GAACAATAAAACTGTCTGCTTACATAAACAGTAATACAAGGGGTGTTATG AGCCATATTCAACGGGAAACGTCGAGGCCGCGATTAAATTCCAACABGGA
TGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAG GTGCGACAATCTATOCGGAAGTATGBATGCGCCAGAGTTGTTT 1900
CTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGT CAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCATCAAZIATT
TTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCGATCGURBAGAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATAT 2100
TGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTT GTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAGGQETAA
TCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCG TAATGGCTGGCCTGCTUTRAAMNEGAAATGCATAAACTTTTGC 2300
CATTCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAAC CTTATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACRAGT
CGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCG GTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCRRAAATATGEBA0
GATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGTT TTTCTAATCAGAATTGGTTAATTGGTTGTAACACTGGCAGAGCATTAREID
TGACTTGACGGGACGGCGCAAGCTCATGACCAAAATCCCTTAACGTGAGT TACGCGTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAARBIBATC
TTCTTGABATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAA AACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCR8aT
CTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGT TCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTASAAC
CGCCTACATACCTCGCTCTGCTAATCCAGTRGTGGCTGCTGCCAGT GGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGR00
TAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCT TGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGEIIIATGA
GAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGAGEBETGGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGE200
CCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGT CGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAAGSBACAG
CAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACA TGTT 3354

Figure8-2: Circular plasmid map and sequence of pENTR221 plasmid contaifiRiglODNA.

A: Circular pasmid map of pENTR221 containing ERFROBhecomplete sequence of pENTR221 containing
ERF109 (highlighted)
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8.2.2. The growth of Arabidopsis thalianacell suspension cultures

Arabidopsis thaliana(ecotype Landsbergrectg cell suspension cultures (Plant Systems
Biology) were transformed with the pKNTABRF109expression vector. The cultures were
sub-cultured every days. Growth curves for the cultures grown in the lighih dhedark were

the same; the exponential phase occurring between 3 and 7 days (data not shown). The presence
of the taggedERF109protein was detected in extracts of the cell cultbsesesternblotting.

The PAPantibody identified a protein bandith a molecular weight betwees0-75kDa

ERF109 has a molecular weight of 283a and the G$ag weighs 2kDa, thus the tagged
ERF109 protein should weigh 5&Ba.However this band was calculated to be aboukB&.

8.2.3. The effect of HO2 on ERF109protein expressionin the light and dark

In the following experimentsirabidopsis celtultures expressing the tagged ERF109 protein
were grown either in the dark or in the lighith 200pmol.m?.s? irradiance and a 16 hour

photoperiod for 3 days after sahlturing.

In the first experiment, concentrations afd4 up to 20mM were added to light or daigrown
cultures. Samples were harvested after 1 Heigu¢e8-3 A & B). Western blot analysis showed
that in the absence of28», extracts from both the light and dagkown cultures contained a
band with a molecular weight eten 5675 kDa band, as well as a protein with a weight close
to 37kDa in approximately equal abundance. There was also a number ofaitihhéands.
The58 kDabandwas present in extracts from light and dgrkwn cells incubated at all>B-
concentrabns. The intensity of this band appeared to be unchanged with increasing
concentrations of HD2. In contrast, the band at 37 kDa was less intense relative to cells not
treated with HO>when in the presence 5, 10, orrAaM HxO: (Figure8-3 A & B). The faint
bands were present at all concentrations :-H

In the second series of experiments, cell cultures were treated mith H>0>, and samples
wereharvested over a period of 1 ho&igure8-4). The abundance dfie 58 kDa band in the
extracts of lighigrown (Figure8-4 A) and darkgrown (igure8-4 B) cultures was similar at
all harvest pointsAt every time pointthe 37kDa band wasdss intense than tta8 kDa band.
However,the intensity of this band increased in the kightwn cultures after 30 minutes of
incubation with HO2 (Figure8-4 A).
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Figure8-3: Western blots ¢ expression of ERF109 after one hour treatment with@®din the light and the

dark.

Threeday oldArabidopss thalianaecotype Landsbergrectacell suspension cultures (Plant Systems Biglogy
either grown in the light or the dark, were treated with 0, 1, 2, 5, 10, omRBOH:Ozfor 1 hour. A: Cultures grown

in the light.B: Cultures grown in the dark. ERFM#h the GS tag i50.4kDa
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Figure8-4: Western blots ¢ expression of ERF109 in the light and the davken treated with 1 mM H.O: for

up to 1 hour.

Threeday oldArabidopsis thalian&cotype Landsbergrectacell suspension cultures (Plant Systems Biglogy
either grown in the light or the dark, were treatedth 1 mM HOzfor up to 1 hour. A: Cultures grown in the
light. B: Cultures grown in the dark. ERFMigh the GS tag i50.4kDa
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8.2.4. Identification of purified proteins from TAP with ERF109 as bait protein

In these experiments, culturegregrown in the light for 3 days and were either untreated or
treated with ImM H20- for 10 minutes. The cells were harvested and homogenised, and protein
complexes were extracted and purified by TAP. Protein complexes were separated by SDS
PAGE (igure8-5) and analysed usingass spectrometrydentified proteins were checked
against a list of proteins known to interact with the G§244]. Proteins that interact with the

GS tag were excludddom the list presented ifiable9. In total, 14 proteinswere identifiedas
interacting with ERF109T{able9). The proteins that interact witRF109waschanged by the
presence of kD.. ERF109 was found to interact with nuclear and cytosolic localised proteins

but also one plastid localised protein

In the absence of oxidative stress, 11 proteins were identified as interacting with ER&d69
9). Two were @ad(D/H}box RNA helicase family protesaRH20 (encded by Ath55150)is

a nuclear ATRdependent helicag238 and RH22 (encoded by Ag59990 is localised to
plastidsand isessential for apposite accumulatidrptastid mRN/As during seed development
and seedling growtf214]. Embryo Defective 2762 (EMB2762ncoded byAt2gl729) is a
nucleolar protein that is@bosome biogenesis dactor[239. SAD2 (super sensitive to ABA
and drought 2encoded byAt2g3166( is predominantly nuclear loaaed and maynediate
nuclear transport of ABA signalling proteifigd(. At2g33470 encodeglycolipid transfer
protein (GLTP) 1 involved in theintervesicular trafficking of glycosphingolipidg241]].
MOBLI1A (Mps One Binder 1Agpncoded byAt4g19045 is involved in the ceordination of
tissue patterning and organ growfi42]. EXO70AL (exocyst subunitEXO70 (exocyst
component of 7&Da) family protein AL encoded by At5g03540s the most abundant form
of 23 paralogues of X070 in Arabidopsisand is cytosolid243 244). Replication factor C1
(RFC1;encoded byAt5g22010 mediates genomic stability and transcriptional gene silencing
[245 244. Three of the proteins found to interact with ERF103he absence of oxidative
stressencoded byt1g23280Q At3g02200 andAt5g64420 have not been characterised.

Only 3 proteins were found to interact with ERF10@ultures were treated withrhiM H20x;
these are encoded yt1g5060Q At29g36200 and At3g06400 (Table 9). Atlg50600is a
member of GRAS gene familgnd encodes scarecrdike 5 [247]. At3g06400encodes a
chromatin remodelling proteithat is nvolved in nuclear proliferatiomnd is required for
female gametogenesj24g. The remaining proteiffound to interact with ERF109 in the

presencef oxidative stressencoded byt2g3620Q has not bea functionally characterised.
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Figure8-5: SDSPAGE of purified protein complexes.
Proteins purified by TAP were separated by -BB&ELanel: SeeBlue Plus2 MW markg@nvitrogen).Lane 2
35SERF10NGSrhinauntreated.Lane 3 35SERF10NGSrhindreated with 1mM HOz.
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Table12: Proteins that interact with ERF109 in the light when either untreated or treated with 1m¥Ck

A tick indicates that an interaction was observed.

Protein accession Protein description No treatment 1mM HG,
At1g23280 MAK16 proteirrelated V

At1g55150 RH20 DEA(D/Hpox RNA helicase family protet@ V

At1g59990 RH2 | DEA(D/Hpox RNAelicase family protei22 \Y

At2g17250 EMB2762 | CCAAdInding factor \Y

At2g31660 SAD2 | ARM repeat superfamily protein \Y

At2g33470 GLTP] glycolipid transfer protein 1 \Y

At3g02200 Proteasome component (PCI) domain protein V

At4g19045; A5g45550 MOB1A M OBL (Mps One Bindefphocein family protein V

At5g03540 EXO70AL | exocyst subuXO7damily protein Al \V

At5g22010 RFCL1 | replication factor C1 AV

At5g64420 DNA polymerase V family \Y

At1g50600 SCL5 | scarecroiike 5 V
At2g36200 P-loop containing nucleoside triphosphate hydrolases superfamily pro V
At3906400; A5g18620 CHR11 | chromatimemodeling protein 11 \V
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8.3. Discussion

The aim of the experiments reported in this chapter was to identify proteins that interact with
ERF109 Through the use of an establisiie®P procedure combined with mass spectrometry,

a list of proteins that interact withRF109was revealed. ERF109 wésund tolocaliseto
nucleiin a previous studj{159. The data presented here show that a number of prdkeihs

are localised taucleus interaatith ERF109, as did several proteins that localise to the cytosol.
Surprisingly, one protein that localises to the chloroplast, RH22, also interacts with ERF109.
Interestingly, the proteins that weimindto interactwith ERF109, do so either in the absence

or presence of oxidative stress but not under both conditions. This finding might suggest that
ERF109roteinprotein interactionare determined or responsivehe redox state of the cells.

The results of the @eriments reported in this chapter help explain some of the phenotypes

observed in Chapter 7.

In the absence of oxidatiomany of the proteins that interact with ERF109 are involved in
RNA processing or related pathways. For exampRE-109interacts withRH20, a nuclear
localised Dead(D/Hpox RNA helicase family proteimvolved in the regulation of nonserse
mediated mMRNA decay and ribosome biogendsiRE109 also interacts with EMB2762, a
nucleolar protein that is a ribosome biogenesifactor [13]. The emb2762mutants display
aberrant RNA processing, and homozygous embryos arrest in the globular stage of
developmentFurthermoreERF109 was found to interact with EXO70A1, which is the most
abundant form of 23 paralogues of EXO70. This cytosolic praemplex involved with pre
MRNA splicing [17, 18].

Other interactions may go some way to explaining the phenotypeafii@®mutants reported
in Chapter 7. ERF109 was found to interact WiAD2, a predominantly nuclear lodakd
protein, in the absermf oxidants. SAD2 has been found to be invoimaaudear transport as
well as in ABA signalling24(. Thesad2mutants arenore tolerant to UMB radiation than
the WT plants[249. SAD2 is required fothe nuclear traffickingof MYB4 [249, which has
previouslybeen shown to negatively regulate the transcription of cinnamhyelréxylase
(C4H) [25(0, a component ofhe anthocyanin biosynthetic pathwaiihe MYB4 proteinalso
specifically bndsto the promoterof MYB4andrepressgits own expressiof249. In this way
the MYB4 protein and mRNA are part of a negative autoregulatory IbbfB4 is therefore
ableto regulate expression of both MYB4 and C4iidthe accumulabn of UV-absorbing

compoundsThenegative autoregulatory feedback loop is altered is#a2mutant due to the
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absence of MYB4 protein in the nucleus, leading to the constitutive expression of MYB4 and
C4H and resulting in accumulation of LAbsorbing gments[249. As discussed in Chapter

7, erfl09mutants produce significantly less anthocyanins that WT plants, which is in contrast
to sad2mutants, which accumulate more anthocyanins than theM3 finding might suggest

that ERF109 interastwith SAD2 in the absence of oxidants to alter this pathway.

The interaction of ERF109 with MOB1A might also explain some of the phenotypic
characteristics of therf109mutants described in Chapter 7, and in previous st{iti&s. In a
previous study, the root meristemsnabblamutants were significantly reduced in sj242],

similar to the root phenotype of plants that overexpge€s109155. MOB1Atranscript levels

are high in columella and lateral root cap cells of WT plants. MoreM®B1Aexpression

was upregulated by several stress conditions as well as by ABA and salicyli248id
Reduced levels dflOB1Aexpression in the primary root brought about severe defects in tissue
patterning of the stem cell niche and columella and led to a decrease in meristg2d3ize
MOB1A also regulates the expression of PINNATE (PIN)4, which is an auxin efflux carrier
[25]]. Thepind mutants are defective in establishment and maintenance of endogenous auxin
gradients, and fail to canalise externally applied a{@%1]. Transport of auxin through PIN4
generates a sink for auxin below tipgescent centre of the root meristem that is essential for
auxin distribution and patternij@51]. The expression d?IN4in WT columella initals was
dtered in MOB1A knockeddown lines[242. In addition, MOB1A RNAI plants showed a
misalignment ofPIN4-labelled cell files around the quiescent centre. The observation that
ERF109overexpression causes a root phenotype that resembles those of auxin overproduction

[155], is consistent with the observations reported here.

Three proteins were found to interact with ERF109 in cultures exposed to oxidants; these are
encoded by At1g50600, At3§200 and At3g06400 (Table 1). Interestingly, the proteins that
were found to interact with ERF109 in the presence of oxidative stress, did not do so in the
absence of oxidative stress. This finding might suggest that ERF109 goodeem interactions

are determined or responsive to the redox state of the cells. It is likely that ERF109 interactome
is conditiordependent, anthis influences interactiowith other proteins that have nbeen
identified in this study

As discussed in Chapter 5, other ayjgmhes should be used to verify the results of the protein
interaction studies. For example, a splEP approach, used in Chapter 5a iwellestablished

proceduran plants[207-211] andcould be used to verify the resutieesented here.
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Thewestern blot analysis reported here, provides insights into the expression and stability of
the taggedERF109protein. The tagge@®RF109protein was always detected in the cells,
whether they were grown in the dark or the light, in the absence or trenpeesf oxidant.
Anotherbandcontaining the tag weighing about Bdawas alscapparent in blots of proteins
extractedfrom both light and darkgrown 3day-old cultures There was no discernible
difference in tle pattern of bands observed oastern blat of protein extracts from lighor
dark-grown cultures. Howevernithe presence 5, 10, or @M H20», the 37kDa band was

less intense relative to cells not treated witkdH This findingwould suggest that thtegged

ERF109 protein is more stable metpresence of adative stress than the 37 kDa protein.

The results of the experiments performed in this chapter help explain some of the phenotypes
observedn Chapter 7. Furthermore, theesternblots and TAP results taken togetiseiggest

that theERF109interactome is complexndalters withcell oxidationconditions
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Chapter 9. General discussion and conclusions

9.1. The challenge

The facus of the studies in this thesias on two gengsutativelyinvolved in the regulation of
plant redox processes. These weEA5 which was found to provide tolerance to oxidative
stress, anERF109 a transcription factor that is part of a regulatory network that plays role in
the adjustment of leaves to homes&aafter higHight stressThe general aim of the studies
was to find the role that these to genes play in plant growth and stress responses.

Current and predicted climate conditions, such as prolonged drought and heatwaves, present a
challenge for agrigitural production worldwide by affecting plant growth and vyield, and
causing annual losses estimated to cost £billi@2 253. Climate change and global
warming are generating rapid changes in global temperature that are not matched by any global
temperature increase of the past 50 million yg264]. Models tend to agree in their predictions

of increased frequencies of heatwaves, tropical cyclones, floods, and prolonged drought
episode$255. There is a general consensus supporting the notion that changes in atmospheric
COe concentrations, an increase hretambient temperature, and regional changes in annual

precipitation will significantly influence future agricultural production.

Transgenic crops provide a promising avenue to reduce yield losses, improve growth, and
provide a secure food supply for aginog world populatiorf256, 257]. Various stategies can

be used to enhance the tolerance of plants to abiotic stress by genetic engiHearewgr, a

detailed understanding of the response of plants to abiotic stress is a prerequisite to the
identification and use of transgenes or upstream regal#o activate an acclimation response

that will enhancehe tolerance of plants to different stresgemajor objective of abiotic stress
research in plants is to study how plants sense and acclimate to abiotic stress conditions, and

then use this knol@dge to develop plants and crops with enhanced tolerance to abiotic stresses.
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9.2. Therole of LEAS in plant growth and stress responses

The aims of thetudieson LEAS wereto determinats effects on th@lant phenotype in optimal
and stress conditionshaacterisdts functions in mitochondriaand to determine whether the

proteininteractionswith LEAS are important in the control of growth and stress tolerance.

LEA proteins are frequently associated with stress tolergii;d.3]. LEAS is novel as it was

found to provide tolerance to oxidative strg$3 51]. Homologues of LEA5 exist throughout

the plant kingdon{Figure 9-1). Previous studies usingansgenicA. thalianafound that the
overexpression oE EA5resulted in plants with a greater biomp43 51]. However, the results
presented in Chapter 3 which used the same transgenic lines as previous studies, but were of a
different generation, @re similar to WT plants. This is likely becawesgression of EA5in

these lines was not as previously descr{d&l51]. A possible explanation for this discrepancy

lies in loss of transgene expression. It could be thaguccessive generatigribe transgene

has been silencetlowever, transgenic barley plants that exptdsa5analysed in Chapter 6,

do havea greater biomass, as observed in the Arabidopsis lines in previously published studies
[43, 51]. Three independently transformed linddarley that expredsEA5were selected for
homozygosity. These transgenic barley pldr#d more biomas®n averagehan WT plants
(P<0.05 for line 11.2.2Also, after 8 weeks of growth, the LEABFP line 11.2.2 had 96 leaves
whilst WT plants which ha@1 leaves (P<0.05). Furthermore, the expressidiedbresulted

in the production of significantly more tillers in line 4.1B%<0.05) however the tillers weighed

less than those of WT plants.

Given these findings, a pertinent question concerns theanischs by whichLEAS might

confer an increase in bioma&3ne clue mighbefound inthe localisation of this protein. Earlier
studies had shown that LEAS is localised to mitochonf#ig 51]. While no significant
differences were found in the assays performed on the ETC in Chattteredwas tendency
towards higher cytochromeoxidase activityin isolated mitochondria from theLEA5 OEX

line compared to from the WT plantSurther investigation is still necessary to deterrhio

these parameters might contribute to the greater biomass observed in the OEX lines.
Alternatively, LEA5 could be involved in retrogradgrsalling from the mitochondria to the
nucleus, which has begroposed to mediate abiotic stress percepti®?]. Many abiotic
stresses will influence mitochondriaetabolism and could generate signals sasthe over
reduction of the ETC, enhanced accumulation of ROS, or altered redox potential that will, in

turn, trigger nuclear gene expression and acclimation responses. It is possible that LEAS is

147



involved in the adjustment of the redox state of mitochandror this purpose, transgenic
plants that express roGFP in either the mitochondria or the cytosol were produced in plants with
altered expression of LEASThe roGFP emission spectrum changes in a more reduced
environmen{172.. Homozygousplantsexpressing either mitochondredGFP or cytosolic
roGFPwere producedh plants with altered expssion ofLEA5 and seeds of these lines are
now available forfurther study An understanding ohow LEAS alters the redox state

mitochondriacould provide insights into plant growth and stress tolerance.

A crucial step towards understanding cellujmtems is mapping networks of physical protein
protein interactionsKnowledge of the interactome of LEABcreass our understandingf

plant growth and developmerih Chapter 5 protein interactions with LEAS were explored
using TAP combined with mass esggrometry. The TAP isolatedrotein complexes from
suspensioitulturedA. thalianacells. TAP uses a&ombination of two higfaffinity handles to
reduce backgroundnteractions caused by spurious and promiscuous proteins, while
maintaining a high prein cmmplex purification yield175. RH22 was shown to interact with
LEAS in the proteinprotan experiments, but was not verified in the spIEP experiments.
However, the functions of this protein merit further considerati®H22 is essential for
apposite accumulation of plastid mRElAuring seed development and seedling growth,
ensurng seed @ biosynthesis by maintaining plastid mRNA levgil4]. It is possible that
LEAS interacts with RH22 under certain conditions, or when cells are damaged. In this way,
LEAS5 might interact with RH220 regulate plastid gene expression, a possibility that can be
explored in future workAnother Dead(D/H}box RNA helicase family protein, RH20 also
interacted with LEADSIt is possible that the interaction of LEA5 with RH22 oscuia a similar
domain to RH20. This interaction occurriedthe dark but not in the light which is interesting
asLEAStranscripts are alsabundant in the dafd3], possiblyindicatingcircadian regulation.
Additionally, the growth of a fungaBptrytis cinerey and a bacterial pathogeRgeudomonas
syringag was previously shown to beltered in LEA5 overexpression lineg51]. The
interaction of LEAS withPDF2.2, which is located in the cell wall and is often used a marker
for ethylene and jasmonate dependent pathogen defence inductioldl help explain these
results Further investigation of the LEAS interactome could advance understanding of the role
of LEAS in plant growth and stress toleranga.understanding dhe functions bLEAS could
provide insights into the control of plant growth and stress tolerance. This information could be
used in breeding programes to improve the predictability and sustainability of crop yields by

enhancing stress toleranadichis of interesto biotechnology companidg4].
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9.3. Future prospects for LEAS

LEASis predominantly expressed in nphotosynthetic tissues such as roots. For this reason,
LEAS is thought to be involved in the protection of roots against stress. Under conditions
dehydration and oxidative stresses, +#tmeshoot signalling leads to the expressiom.BA5IN
vegetative tissuelbl]. The overexpression ofLEAS5 conferred tolerance tod. [43]. Many

of the proteins found to interact with LEAS in Chapter 5 have been associated with various
stresses. Verifying these interactiansvivo by splitYFP could provide new information on
important pathways. Furthermore, while predominant expression ipmatosynthetic tissues
might preclude a direct antioxidant role in photosynthesis, the interaction of LEA5 with RH22,
in addition to the wpegulation of LEAS transcripts in response to oxidants and the reduced
sensitivity to HO> in LEAS over-expressing plants, suggest a potential role in ROS mediated
signalling. Transgeni@. thaliana plants that express roGFP in either the mitochondria or
cytosol wee produced for further analysis of the involvement of LEAS in moderating the cell
redox state and in oxidative stress toleradgeunderstanding dfiow LEAS alters the redox

statein mitochondriacould provide insights into plant growth and stress taleea

Finally, the production diomozygous transgenic barley plants expredsiEswill allow the
exploration of bestowed stress tolerance by analytbiege plants under a range of biotic and
abiotic stressedA reasonable starting point would be to istigate tolerance of these plants to
H>O2 asLEA5 has been shown to be upregulated by oxidants and provide tolerang®.to H
[43]. LEAS was also found to be involved in the control of root archite¢dB8e51], and so the
analysis of the effects of LEA5S on barley roots could also provide further insights in to root
growth If LEA5confers increased stress tolerance and altered root structures into a crop species

such as barley then it could have a major effect in the agriculture infliistry
9.4. The role of EFR109 in plant growth and stress responses

Like LEA5 ERF109is considered to have a role in the regulation of plant redox processes.
Studies have shown that ERF109 propagates ROS accumulation in responsepto@@Big
abiotic and biotic stress signdlss2. A further aim of studies performea this thesisvas to
characterise the phenotypeseofl09mutants and to determine ERF1@®tein interactions

The combinabn and crossregulation oftranscription factors defines the coregulatory
network of a cell.Understanding the roles of transcriptional regulatory netward their

effects on downstream target genes will aid in the development of stress toleranT beops.
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transcription factorERF109 is part of a regulatory netwkrthat has a major role in the
adjustment oA. thalianaleaves to reach homeostasis after Hight stres§15€]. Much of the
current understanding of the functiond&dtF109comes from the analysis Af thalianaerf109
mutants. These mutants have no visible phenotypic differences to the WT whenugrdev
low-light [157]. However, they show a markedly different phenotype when grown for two
weeks under highght as theg¢aves of WT plants appear visibly darker than those @rtth&9
mutants[157]. The results in Chapter 7 reflect this,the erf109 mutant leaves accumulated
significantly less anthocyanin than WT plants in the Hight conditions The studies
presented in Chapterstiggest thaERF109has a role in the control of shoot growth in the
absencef stress. Although the differentcerosette area between WT agriil09mutant plants

was small, theerf109 mutants tended to have a larger rosette area than the WT plants at the
later stages of vegetative growth. It was previously shown that overexpres&iBfbd9led

to altered leaf morphology, producing leaves that were longer, narrower and curled, similar to
auxin overproduction phenotypgks5, 167. Moreover,plantsthatoverexpres&RF109were

found to havesignificantly higher auxin levels in the shoot tissues than the WT {l&b%.
Conversely, the levels of auxin were reduced the shoet$ldf9mutantd155. The ncreased

rosette area of therf109mutants observed here could result from lower auxin levels.

Knowledge of th&eRF109 interactominprovesour understandingf the role ERF10%asin

plant growth andesponse to stress. In Chapter 8 protein interactiatis ERF1® were
investigated using TAP, amotens that interact with ERF109 wamvealed The interactions
reported in Chapter 8 explasome of the phenotypic characteristics of ¢énf09 mutants
described in Chapter 7, and in previous studi&§. ERF109 was found to interact wiAD2,

a predominantly nuclear lodakd protein. SAD2s involved in nudear transport as well as
ABA signalling[24Q. The sad2mutants arenore tolerant to UMB radiation hanWT plants
[249. SAD?2 is required fothenuclear traffickingof MYB4 [249, whichhas previously been
shown to negatively regulate the transcriptiorCdH [250, a component ahe anthocyanin
biosynthetic pathwayThis could help explain why the leavesenfl09 mutantsaccumulated
significantly less anthocyanin than WT plants in Riigint conditions FurthermoreERF109

was found to interact with MOB1A.dluced levels dAOB1Aexpression in the primary root
broughtabout severe defects in tissue patterning of the stem cell niche and columella and led
to a decrease in meristem s[247. MOB1A regulates the expression of PIN4, which is an
auxin efflux carrier, angin4 mutants are defective in establishment and maintenance of

endogenous auxin gradients, and fail to canalise externally appkied 2b61]. The observation
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that ERF109 overexpression causes a root phenotype that resembles those of auxin
overproductiorf155, is consistent with thebservationseported here.

9.5. Future prospects for ERF109

The interactions reported in Chapter 8 helpxplainsome of the phenotypic characteristics of
the erf109 mutants described in Chapter 7, and in previous stydEs. Other approaches
should be used to verify the results of the protein interaction studies. For exampleY&Rplit
approach, as performed @hapter 5, could be used here. Verifying these interaciionso

by splitYFP would validate these experimeatsdshow the location of these interactions.

Theerfl09mutants tended to have a larger rosette area than the WT plants at the later stages of
vegetative growthThis could be due to lower phetespiration rates and so investigating the
rates of photorespiration of these mutants, as well @&R#f109overexpression lines, in
environments with altered GQOmight indicate if this is the case. Further experiments to
understand whyerf109 mutantsaccumulated less anthocyanin than WT plants in-hgjtt
conditions could revealthe role of ERF109 in regulating thgathway. Norflurazon and
lincomycin induce retrograde signallingn WT plants resulting in altered anthocyanin
accumulatiorj25§. Treatingerf109mutants with these compounds, might indicate if ERF109

has a role in ROS signalling. This could be particularly interestiitR&109 is considered to
propagate ROS accumulation in response to {Rf@8ucing abiotic andibtic stress signals.

Once an improved understanding of the role ERF109 plays in growth and stress responses is
developed, then it would be useful to apply this knowledgedmp species which could have

tangible outcomes and a major effect in the ad¢iticel industry.
9.6. Conclusion

The challenges of food security, adequate nutrition and sustainable agriculture require
innovative approaches to crop improvemedéext generation crgpare needed to mitigate

future food shortages and to make agricultural imtesstmore competitivg256 257).
However, a detailed understanding of the response of plants to abiotic stress is a prerequisite to
the identification and use of transgenes or upstream regulators to activate an acclimation
response thawill enhancethe tolerance of plants to different stres3#&ile further work is
required, the results presented in this thesis have provided insights and will help elbeidate t

roles of LEAS and ERF109n plant growth and stress responses
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