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Summary  

The alternative pathway  (AP) is a non-phosphorylating respiratory pathway 

present in plant mitochondria as well as being found in lower eukaryotes and other 

organelles, such as the chloroplast. Flux through this pathway generates heat from the 

energy carried in, the electron carriers NA D(P)H and FADH2, rather than conserving 

the energy in ATP synthesis. Despite its seemingly wasteful nature, the AP plays an 

important role in stress tolerance and signalling. Although it clearly plays a role in 

general stress tolerance, how this benefit is conveyed is still unclear. Previous 

experimenters have highlighted the importance of  alternative oxidase (AOX1a) in 

stress tolerance using RNAi and overexpressor (OEX) models under a range of 

stressors, with clear detriments and benefits being found respectively. Other research 

has also found this isoform is commonly co-expressed with another AP member, type 

II NADH dehydrogenase (NDB2) in response to many stressors, but far less is known 

regarding its role in stress tolerance. In this study we aimed to generate lines co-

overexpressing both of these AP members and exposing them to a combined drought 

and light stress, determining their response using a variety of different methodologies.  

 Three dual OEX lines generated from individual insertion events all showed 

increased expression of Ndb2 and Aox1a both at the transcriptional and protein level. 

Activity was assessed using isolated mitochondria and is the first example to show the 

Arabidop sis NDB2 to be NADH specific and calcium activated in a homologous 

expression system. Previous single Ndb2 OEX lines generated in our lab have failed to 

show any changes to activity. Interestingly, the co-OEX model generated in our hands 
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were able to show significant increases in activity and further increases in the presence 

of AOX activators, highlighting the important connec tedness these two AP members 

share.  

 Phenotype was assessed along with a number of biochemical and gas exchange 

measurements. Unlike the single OEX lines, the dual OEX lines showed minimal delay 

in growth milestones and were similar to the wildtype line u nder control conditions. 

There were minimal differences in the dual OEX lines compared to the wildtype line 

under control conditions . There was a small reduction in CO2 assimilation rate in the 

double OEX lines compared to wildtype and single Aox1a OEX. Notably, oxidative 

damage marker TBARS, was reduced under control conditions in all transgenic lines 

tested compared to wildtype.  

 These lines were then tested under drought and light stress conditions to 

determine changes to tolerance and their ability to recover from stress. In our tests, 

both the single Aox1a OEX and dual OEX lines show clear advantage over both 

wildtype and single Ndb2 OEX lines in their ability to recover from drought. With the 

addition of Ndb2 OEX to the single Aox1a OEX line, the number of plants able to 

recover from drought significantly exceeded the single Aox1a OEX. Although gas 

exchange and stress marker measurements were made on these lines under stress, an 

answer for how the dual OEX is conveying the improvements to recovery was not 

clear. 

 A global transcriptomic approach was applied to investigate the potential 

pathways that could have contributed to the im proved recovery. A clear shift in 
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signalling was demonstrated with a number of carbon and nitrogen metabolism 

pathways altered possibly linked also to a strong change in hormone signalling. Both 

single and dual OEX lines also showed upregulation of stress responsive pathways 

under control conditions suggesting these plants were primed for a general incoming 

stress. The large changes caused by altering expression of the AP highlighted the 

importance these genes have on controlling regulatory signals and their homeostatic 

role.   



   

PhD Thesis xvi  Christopher Waterman  

Acknowledgements  

First, I would like to thank all my supervisors; Prof. Kathleen Soole, Assoc. Prof. 

Colin Jenkins, Prof. David Day and Dr Crystal Sweetman. I appreciate all your input, 

efforts, patience and willingness to improve mys elf and my work. Thank you for 

looking through my experimental data and reading my thesis. Thankyou especially to 

Kathleen and Crystal for your compassion and patience on a personal level. I would 

also like to thank Dr Peter Anderson and Dr Yuri Shavrukov for your thoughtful and 

friendly contributions to my experiments during our weekly lab meetings and 

morning tea. 

Next, to alÓɯÔàɯÍÙÐÌÕËÚɯÐÕÚÐËÌɯÛÏÌɯÚÊÏÖÖÓɯÖÍɯÉÐÖÓÖÎÐÊÈÓɯÚÊÐÌÕÊÌÚȮɯàÖÜɀÝÌɯÔÈËÌɯÛÏÐÚɯ

process all the more bearable. Thank you to Dr Arif Malik fo r all our quick lunches 

and love of the university, to Alex McDonald for all your thoughtful discussions 

(especially the ones off-topic), to Jason Smith for all your help especially with anything 

mathematical, to Barry Rainbird for your help in the lab and  maintaining the office at 

sub-zero temperatures, to Lettee Dametto for all the shared laughter, to Lauren Philip -

Dutton for  sharing my frustrations within the lab. Thank you to all the lab members 

present and past including Carly Schramm, Vajira Wanniarac hchi, Thanh Hai Tran, 

Hayden Burdett, Emma de Courcy -Ireland, Badr Alharthi, Nick Booth, Troy Miller, 

Shayne Faulkner, Motiur Rahman, Lam Nguyen, Nick Warnock and anyone else I 

forgot to mention.  



   

PhD Thesis xvii  Christopher Waterman  

I would like to thank my family and friends for all their su ××ÖÙÛɯÛÏÌàɀÝÌɯÎÐÝÌÕɯ

me throughout my long candidature, you guys are awesome!  

+ÈÚÛɯÉÜÛɯËÌÍÐÕÐÛÌÓàɯÕÖÛɯÓÌÈÚÛɯ(ɀËɯÓÐÒÌɯÛÖɯÛÏÈÕÒ my wonderful partner Dr Saira Ali. 

You are such an amazing, wonderful and kind human being. Your patience and 

compassion all throughout my PhD have been so important to me. I look forward to 

sharing our post PhD lives together and giving you the love and attention, you 

deserve.  

I acknowledge the contribution of the Australian Government Research 

Training Program Scholarship for its c ontribution to my candidature.  

   



   

PhD Thesis xviii  Christopher Waterman  

Abbreviations  

Acetyl -CoA Acetyl coenzyme A 

ADP Adenosine di -phosphate 

AGRF Australian Genomic Research Facility 

ANOVA  Analysis of variance 

AOX Alternative oxidase  

AP 

APX 

ADP 

AOX 

Alternative pathway  

Ascorbate peroxidase 

Adenosine-diphosphate 

Alternative oxidase  

ATP Adenosine triphosphate  

BCA Bicinchoninic acid 

BLAST Basic local alignment tool  

BSA Bovine Serum Albumin  

Ca2+ Calcium ion  

CAC Citric acid cycle 

CaCl2 Calcium chloride  

cDNA  Complementary deoxyribonucleic acid  

CO2 

COX 

Carbon Dioxide  

Cytochrome oxidase 

DEPC Diethylpyrocarbonate  

dNTP Deoxyribonucleotide  

DTT Dithiothreitol  

EDTA Ethylene di -amine tetra acetic acid 

EGTA 

ETC 

Ethylene glycol tetra acetic acid 

Electron transport chain  

FADH  Flavin adenine dinucleotide  

Fmol Femtomoles 

FW/DW  Fresh weight/Dry weight  

GA Glufosinate ammonium  

gDNA  

GR 

Genomic deoxyribonucleic acid  

Glutathione reductase 

GO 

GPX 

GST 

Gene ontology 

Glutathione peroxidase 

Glutathione S-transferase 

H2O Water 

H 2O2 Hydrogen Peroxide  

IM  Intermembrane 

IMS Intermembrane space 

Kb/Bp Kilo base pair/Base pair 

kDa Kilodalton  



   

PhD Thesis xix Christopher Waterman  

KEGG Kyoto Encyclopedia of Genes and Genomes 

LB 

MDHAR  

Luria Broth  

Monodehydroascorbate reductase 

mETC Mitochondrial electron transport chain  

MgCl 2 

MPC 

Magnesium chloride  

Mitochondrial pyruvate carrier  

mRNA  Messenger Ribonucleic acid 

MS Murashige and Skoog 

NAD+  Nicotinamide adeni ne dinucleotide (oxidised)  

NADH  

NAD -ME 

Nicotinamide adenine dinucleotide (reduced)  

Nicotinamide adenine dinucleotide  malic enzyme 

NADP+ Nicotinamide adenine dinucleotide phosphate (oxidised)  

NADPH  Nicotinamide adenine dinucleotide phosphate (reduced)  

NCBI National Centre for Biotechnology Information  

NDE/NDB  External type II NAD(P) dehydrogenases  

NDH  Type II NAD(P)H dehydrogenases  

NDI/NDA  Internal type II NAD(P) dehydrogenases  

Ng Nanograms 

O.D. 

OEX 

Optical density  

Overexpressor 

O2 Oxygen 

OM 

PCD 

Outer membrane 

Programmed cell death 

PCR 

PDC 

Polymerase chain reaction 

Pyruvate dehydrogenase complex 

PEG 

PEPCK 

pETC 

Polyethylene glycol  

Phosphoenolpyruvate carboxykinase  

Plant electron transport chain 

Pi Inorganic phosphate 

PPi Pixel per inch 

qPCR Quantitative polymerase chain reaction  

RE Restriction enzyme 

RGR  Relative growth rate  

RNA  Ribonucleic acid 

RNAi  Ribonucleic acid interference 

ROS Reactive oxygen species 

SDS-PAGE Sodium dodecyl sulphate -Polyacrylamide gel electrophoresis 

SEM 

SOD 

Standard error of the mean 

Superoxide dismutase 

Ta Thermal annealing temperature  

TAE Tris-acetate-EDTA 

TAIR 

TCAC 

The Arabidopsis Information Resource  

Tricarboxylic acid cycle  



   

PhD Thesis xx Christopher Waterman  

TE Tris-EDTA 

UV Ultraviolet  

w/v  Weight/volume  

 

 



   

PhD Thesis 1 Christopher Waterman  

 

 

Chapter 1 

Introduction  

 



   

PhD Thesis 1 Christopher Waterman  

1. Introduction  

1.1. Plant respiration and the plant mitochondrial electron 

transport c hain  

The primary pathways for carbon and energy metabolism in plants occur 

through photosynthesis and respiration. Photosynthesis converts light energy 

received through light harve sting complexes bound within chloroplasts to drive the 

production of energy rich carbohydrates. Respiration can utilise these complex sugars 

to support and maintain plant growth through their supply of ATP  and carbon 

intermediates. Respiration in plants occurs via three interconnected and tightly 

regulated pathways existing in the cyto sol and mitochondria.  

Respiration occurs firstly  in the cytosol via a series of stepwise reactions. 

Glycolysis acts to consolidate several metabolic inputs into one pathway.  From the 

perspective of energy production, glycolysis is primarily concerned w ith the 

formation of pyruvate and its transport and conversion into ATP in the mitochondria. 

The glycolytic pathway is a highly branched network, containing many offshoot 

anabolic pathways involved in the production of proteins, nucleic acids, adenylates, 

pyridine nucleotides and many other key components to survival. Thus, over 

accumulation of metabolites inhibiting the glycolytic pathway has potential to perturb 

systems both doÞÕɯÈÕËɯÜ×ÚÛÙÌÈÔɯÈÕËɯÛÏÌÙÌÍÖÙÌɯÔÈàɯÉÌÕÌÍÐÛɯÍÙÖÔɯÈɯÉà×ÈÚÚɯɁÝÈÓÝÌɂɯ

downstream, whi ch at the detriment of energy conservation, provide s a way of 
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removing the bottleneck built up within the pathway and hence allow for positive flux 

to anabolic reactions. 

Pyruvate may enter the mitochondrial IM through  mitochondrial pyruvate 

carriers (MPC), or through NAD -Malic enzyme (NAD -ME) or phosphoenolpyruvate 

carboxykinase (PEPCK) as malate. Malate can then be converted into pyruvate 

through NAD -ME or PEPCK. Arabidopsis doÌÚÕɀÛɯÊÖÕÛÈÐÕɯÔÐÛÖÊÏÖÕËÙÐÈÓɯÓÖÊÈÓÐÚÌËɯ

NAD -ME and therefore pyruva te only enters through the MPC (Maier et al. 2011).Also 

no evidence seems to exist that PEPCK exist in Arabidopsis mitochondria. The 

formation of pyruvate may be considered the end product of  glycolysis and represents 

a pivotal regulatory node in carbon me tabolism. Pyruvate exists at a focal point 

between energising the tricarboxylic citric acid cycle (TCAC) through Acetyl -CoA 

formation and providing substrate for both fatty and amino acid bi osynthesis as well 

as gluconeogenesis. The regulation of this equilibrium is maintained in part by the 

pyruvate dehydrogenase complex (PDC) present in the mitochondrial matrix. 

Transport of pyruvate across the outer membrane and into the mitochondria is 

facilitated by the passive diffusion through large non -discrimina tive voltage 

dependent anion channels enabling pyruvate to reach the intermembrane space (IMS) 

(Benz 1994; Schell et al. 2013). Movement of pyruvate across the IM and into the matrix 

is largely reliant on MPC. Only recently have three conserved MPC gene families been 

identified in yeast, drosophila and humans respectively (Bricker et al. 2012; Herzig et 

al. 2012). Upon transportation into the mitochondrial matrix, pyruvate is either 

oxidised int o acetyl-coA or becomes a precursor to alanine or leucine and valine. It is 
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through the demand of adenylate and pyridines (among others) that allows for the 

activation or inactivation of the PDC and as such the amount of acetyl -coA formed, 

demonstrating bo th adenylate and pyridine nucleotides regulatory control over f lux 

through the TCAC and thus respiration and biosynthesis of lipids and proteins  (Shen 

& Atkinson 1970).  

Enzymes of the TCAC are present in the mitochondrial matrix (except for 

succinate dehydrogenase, which is embedded in the IM). This cycle constitutes the 

second phase in respiration and allows unification of fatty acid, protein  and 

carbohydrate metabolism. A new  acetyl-CoA molecule is required for every new turn 

of the cycle and can be provided by the breakdown of pyruvate or fatty acids. Sugars, 

fats and proteins can also be metabolised to form intermediates of the TCAC, and with 

each turn of the TCAC, three NADH, one FADH2, one ATP and two  CO2 molecules 

are formed per molecule of acetyl-CoA. The energy from  NADH and FADH2 is 

channelled through the mitochondrial electron transport chain (mETC) for production  

of ATP. Expression analysis of TCAC components consistently suggests that the 

majority of mitochondrial enzymes are expressed constitu tively in most organs. 

Enzymes of the TCAC however, are highl y sensitive to allosteric inhibition and post -

translational regulation. The majority of the enzymes involved in the citric acid cycle 

are allosterically regulated by NADH and to a lesser extent A TP and acetyl-CoA 

(Oestreicher et al. 1973; Verniquet et al. 1991; Behal et al. 1997; Falk et al. 1998; Affourtit 

et al. 2001; Igamberdiev & Gardeström 2003; Studart-Guimaraes et al. 2005; Bunik & 

Fernie 2009; Araujo et al. 2012) adding to the hypothesis t hat the TCAC is regulated 
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primarily via redox  and energy status. Furthermore, production  of pyruvate  is 

regulated via the PDC which again is strongly regulated via ATP , galvanising both 

the adenylate and pyrid ine nucleotides roles in regulating  carbon flux . It is very likely 

that the control over carbon flux through NADH:NAD + and ATP:ADP ratios is partly 

a result of the organismɀs attempt to mitigate oxidative damage in the electron 

transport chain from over accumulation of said substrates  (Murphy 2009). A result of 

the over accumulation of ATP and NADH are the non -regulated formation of reactive 

oxygen species (Sharma et al. 2012) which if l eft unkempt leads to oxidative damage 

of proteins, lipids and nucleic  acids, eventually forcing the cell into programm ed cell 

death.  

1.2. Reactive oxygen species (ROS)  

ROS is a collective term used to encompass various species of free oxygen 

radicals that form from the reduction of molecular oxygen. The term covers multiple 

different oxygen free radicals each with different l evels of toxicity and stability. ROS 

are commonly used in cells as signalling molecules, as their overproduction can be 

used to signal instability in the mETC, chloroplast and peroxisomes and act to 

remediate cellular damage and prevent PCD where appropria te. Increased ROS 

formation is linked to the pert ÜÙÉÈÛÐÖÕɯÖÍɯÛÏÌɯÊÌÓÓɀÚɯrespiration , allowing for changes 

in metabolism to occur based on disruptions to the respiratory pathway.  

During the multiple electron transfer events that occur as a result of aerobic 

respiration, production of reactive oxyge n species can occur. This is due to the spin of 
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both outer electrons in molecular O 2 being oriented in parallel. The parallel spins are 

inherently stable and are therefore not very reactive. However, if enough e nergy is 

supplied and one of the unpaired electrons becomes excited, spin orientation is 

changed, and reactive singlet oxygen is formed . Complexes I and III produce 

primarily superoxide anion, (O 2ǸɈȺɯÈɯÍÖÙÔɯÖÍɯÚÐÕÎÓÌÛɯÖßàÎÌÕȮɯÞÏÐÊÏɯÌÐÛÏÌÙɯÙÌËÜÊÌÚɯ

cytochrome c or is converted to hydrogen peroxide (H 2O2) and oxygen through a 

series of enzyme catalysed reactions. If concentrations of O2ǸɈÈÙÌɯÔÈÐÕÛÈÐÕÌËȮɯ.2ǸɈɯÊÈÕɯ

react with reduced Fe2+ and Cu+, which can further react with H 2O2 causing the 

formation of highly ÛÖßÐÊɯÏàËÙÖßàÓɯÙÈËÐÊÈÓÚɯȹ.'ɈȺɯÖÙɯ×ÌÙÖßàÕÐÛÙÐÛe, both of which are 

powerful, indiscriminate oxidants  (Turrens 2003). These powerful oxidants, if left to 

accumulate cause further  oxidation of lipids, proteins and nucleic acids resulting in 

irreparable damage and eventually apoptosis of the cell. 

There are two primary conditions that have been identified in isolated 

mitochondria that allow for the significant production and efflux of ROS. The first is 

a high NADH:NAD+ ratio present within the mitochondrial mat rix (high redox 

potential). This leads to instability in the flavin moiety of complex I, causing undue 

production of superoxides (Hansford et al. 1997; Kudin et al. 2004; Kussmaul & Hirst 

2006). The other conditions favourable to ROS generation are a highly reduced 

ubiquinol pool, in the presence of a high proton motive force with very low ATP 

synthesis (Hansford et al. 1997; Korshunov et al. 1997; Brand et al. 2004). Although 

complex III has long been associated with ROS production, Murphy (2009) and 

colleagues have suggested that complex III role in ROS production in vivo is negligible 
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compared with that of complex I although further research would be required to 

confirm this.  

 Enzymatic detoxification of reactive oxygen species  

Plants have evolved multip le enzymatic and non-enzymatic scavenging and 

detoxification pathways to mitigate the accumulation of ROS species. Non-enzymatic 

antioxidants include ascorbate, glutathione, to copherol, alkaloids, flavonoids and 

carotenoids (Gechev et al. 2006), of which ascorbate and glutathione act as ROS 

buffers, minimising accumulation of ROS. To do this, both glutathione and ascorbate 

are oxidised by ROS to form their oxidised counterparts.  To maintain optimal levels 

of ROS scavenging, high ratios of reduced to oxidised glutathione and ascorbate need 

to be preserved. This is sustained through the recycling pathway of ascorbate-

glutathione cycle and glutathione peroxidase cycle (Figure 1.1) which catalyses the 

reformation of reduced ascorbate and glutathione through ascorbate peroxidase 

(APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase 

(Corpas et al.), glutathione reductase (GR), (Affourtit et al. 2001)  glutathione S-

transferase (GST) and glutathione peroxidase (GPX) utilising NADPH as a reductant 

(Gechev et al. 2006). Both cycles however only detoxify H 2O2 and therefore rely on 

superoxide dismutase (SOD) to convert singlet oxygen to H2O2 and thus are limited 

by the activity of SOD . These detoxification systems work downstream of ROS 

production and therefore do not act to stem the flow of ROS formation. Thus, a means 

to minimise the active source of ROS and the conditions that favour them are key to 

dealing with oxidative  stress.   
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Image removed due to copyright restriction. Original can be viewed online 

at https://www.annualreviews.org/doi/abs/10.1146/annurev.arplant.55.031903.141701 

Figure 1.1 Four pathways of ROS detoxification utilising enzyme and substrate 

cycling.  

Superoxide dismutase (SOD) converts superoxide into hydrogen peroxide and forms 

the first line of defence against ROS. Catalase (CAT) can then convert hydrogen 

peroxide (H 2O2) into wa ter and oxygen. Hydrogen peroxide can also be detoxified via 

the Ascorbate-Glutathione cycle. Ascorbate peroxidase (APX) with the provision of 

ascorbate, is able to reduce hydrogen peroxide into water and monodehydroascorbate 

(MDA). MDA can then be recycle d under the presence of NAD(P)H and MDA 

reductase (MDAR) back into ascorbate. Dehydroascorbate can form spontaneously 

from MDA but is again converted by DHA reductase with the help of GSH 

(glutathione) back into ascorbate. Oxidised glutathione (GSSG) is produced as a result 

and is converted back into reduced glutathione via glutathione reductase and 

NAD(P)H. This constitutes the Ascorbate -Glutathione cycle. The glutathione 

peroxidase cycle utilises reduced glutathione (GSH) and glutathione peroxidase GPX) 

to detoxify hydrogen peroxide, converting it to water and oxidising glutathione. 

Glutathione is then recycled via NAD(P)H and glutathione reductase back into 

reduced glutathione.  (Apel & Hirt 2004)    
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Though the majority production of H 2O2 appears to occur in the peroxisome 

and chloroplast (Foyer & Noctor 2003), ROS is still considered a significant molecule 

in mitochondrial signalling as its function in retro grade intracellular signalling (Ng et 

al. 2013b) and mediating cell hypersensitive response (Lam et al. 2001) are crucial to 

alleviating redox imbalances and stressors.  

An AP of the mETC that may aid in monitoring cellular energy and redox 

imbalances has been seen in all plants to date as well as some fungi and protists. 

Although the role the pathway pl ays may vary greatly depending on host species and 

the particular isoform in question, preliminary transgenic studies in model plants 

have shown increased abiotic tolerances and reduced ROS formation in lines 

overexpressing particular components of the AP (Kowaltowski et al. 2009; Saha et al. 

2016)  

1.3. The AP of the mETC  

The AP is an electron-funnelling pathway  ubiquitous to a ll plants as well as 

some fungi, prot ists and animals.  In A.thaliana there are two small gene families of a 

terminal oxidase (Aox1, Aox2) which with the provision of O 2, can accept electrons 

from ubiquinone , passing them onto oxygen to form H 2O and heat. In conjunction 

with the Aox family, t ype II NAD(P) H dehydrogenases form another part of the AP. 

Situated on both the inner and outer layers of the inner membrane of the 

mitochondria, type II NAD (P)H dehydrogenases present a mechanism for electrons 

from NAD(P)H  present in the mitochondrial IMS and matrix to reduce ubiquinone 
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(Douce et al. 1973) (Figure 1.2). Unlike the cytochrome pathway (C P), the AP is not 

proton motive and its activity is not inhibited by the typical mitochondrial respiratory 

inhibitors cyanid e and antimycin A (Moore et al. 1978). The substrate specificity and 

cofactor binding has yet to be confirmed for each of the type II dehydrogenases, but 

research in bacterial membrane models suggest at least a partial affinity towards Ca2+ 

for one of the external type II dehydrogenases and a preference towards NADH 

and/or NADPH  (Geisler et al. 2007). However , attempts to measure indiv idual type II 

dehydrogenases in vivo through RNAi knockdown mutants often results in up 

regulation of other AP components (Smith et al. 2011), hindering the ability to identify 

the biochemical properties of individual mitochondrial type II dehydrogenases.  

Multiple key cofactors are produced during photosynthesis and respiration 

and can act as regulators to processes such as protein, lipid and nucleic acid synthesis. 

Cofactors such as NAD(P)H and ATP are often feedback inhibitive towards their own 

formation  and can regulate their own over accumulation. F eedback inhibition can 

often lead to upstream inhibition of important anaple rotic reactions, reducing the cells 

capacity to maintain carbon anabolism under cell perturbation. Therefore under 

conditions that i nduce photosynthesis and respiration inhibition, the AP may aid in 

control of carbon and adenylate homeostasis as well as reducing the formation of ROS 

by mediating the redox status of the mitochondria (Rychter et al. 1992; Maxwell et al. 

1999; Smith et al. 2009; Smith et al. 2011). 
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Figure 1.2 Diagram of mitochondrial electron  transport pathways present in the 

IMS that oxidise NAD(P)H and reducing oxygen into water   
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1.4. Alternative oxidase  

AOX is a semi-integral protein embedded within the inner mitochondrial membrane. 

The AOX proteins have been identified as diiron carboxylate pro teins based on the 

conservation of four carboxylate residues and two histidine amino acids forming a 

unique iron binding motif , essential for activity (Albury et al. 2002; Moore & Albury 

2008). The relatively small sized proteins (32-36kDa) transcribed from nuclear genes 

catalyse the four-electron reduction of O 2 to water coupled to the oxidation of 

ubiquino l. This reaction occurs prior to complex III, permitting AOX to form an 

additional branch ing point within the ETC, partitioning electrons between itself and 

cytochrome oxidase. As previously mentioned, AOX is non -proton motive so 

significant decreases in ATP yield can occur as a result of its activity, even more so if 

electrons enter the mETC through the type II NAD(P)H dehydrogenases.  As such, 

AOX is optimally positioned within the mETC to provide a great deal of flexibility 

regarding the coupling of ETC flux to ATP formation and car bon metabolism. The 

partitioning of electrons between the two  pathways likely allows for reconciliation of 

ÛÏÌɯÊÌÓÓɀÚɯËÌÔÈÕËɯÍÖÙɯ 3/ɯÝÌÙÚÜÚɯÛÏÌɯÛÜÙÕÖÝÌÙɯÙÈÛÌɯÖÍɯ×àÙÐËÐÕÌɯÕÜÊÓÌÖÛÐËÌÚɯÈÕËɯÛÏÌɯ

supply carbon intermediates upstream (Vanlerberghe 2013b) (Del-Saz, Ribas-Carbo et 

al. 2018). 

1.4.1. Origins and diversification of al ternative oxidase  

The Aox1 gene family is present in both eudicot and monocots, but the Aox2 

gene family has not been found  in any monocots screened to date suggesting an 
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evolutionary divergenc e and specialised roles for Aox (Considine et al. 2002). 

Interestingly, only recently ha ve both Aox gene families been discovered in 

gymnosperms, suggesting that both Aox families were present prior to  the divergence 

of dicots and monocots and that the lack of Aox2 in monocots is due to gene deletion 

events (Frederico et al. 2009). 

The alternative oxidase was first noticed as a result of the thermogenic 

properties of the Arum lily  (James & Beevers 1950) although observations had 

previously been made on cyanide insensitive respiration in tomato plants as early  as 

1919 (Clayton 1919). The spadix of thermogenic plants undergo a controlled and 

sustained burst of uncoupled respiration, releasing energy within the mitochondrial 

chemiosmotic gradient as heat, volat ili sing odorous compounds to attract insect 

pollinato rs. Thermogenesis is the first and only definitive  role confirmed for AOX 

(Wagner et al. 2008). As the majority of plants are non -thermogenic, AOX must play 

other roles, with  many conserved isoforms being confirmed in numerous kingdoms 

ranging from plan ts to the more recent identification in primitive animals (McDonald 

et al. 2009). As such, the role of AOX has become the subject of much interest as 

preliminary re search suggests it may have signif icant regulatory power over carbon, 

adenylate and ROS production  in plants.   

 Suggested  roles for alternative oxidase   

The only confirmed role for the AOX protein has been the production of heat 

from uncoupled respiration. However, as research progresses many more roles have 
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been suggested for AOX, particularly because of its critical positioning within 

respiration, and it  is likely to perform many different roles.  

1.4.1.1. Metabolic homeostasis  

Mitochondria are the centre of non -photosynthetic metabolism and play an impo rtant 

role in balancing the supply of ATP production with the turnover of pyridine 

nucleotides and the supply of upstream metabolic intermediates. Adjusting the 

partitioning of electron flow to COX or AOX may allow plant cells to better align their 

cellular needs based on environmental conditions. A recent review by Vanlerberghe 

(2013b) and Selinski, Scheibe et al. (2018) has outlined many possible roles for the 

alternative oxidase, mostly regarding  adaptation to abiotic and biotic stressors. It is 

likely t hat metabolic homeostasis is also controlled in conjunction with the type II 

NAD(P)H dehydrogenases as multiple researchers have shown enhanced  co-

expression of these DH under numerous conditions (Clifton et al. 2005; Smith et al. 

2009; Yoshida et al. 2009; Smith et al. 2011). 

Recent studies involving measurements of chloroplastic function and aox 

mutants have suggested AOX  is involved in protecting the photosynthetic ETC by 

minimizing the inhibiti on to repair of photosystem II (PSII) caused by overproduct ion 

of ROS (Zhang et al. 2011).  Further to this, inhibition experiments utilising 

salicylhydroxamic acid (SHAM) and high light conditions showed that inhibition of 

the AOX pathway under high light  led to rapid accumulation of excess NADPH 

reductant in the  chloroplast, resulting in over -reduction of photosystem 1 electron 
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acceptor side (Zhang et al. 2011). In agreement with the previous study, electron flow 

through to PSII was reduced along with oxy ÎÌÕɯÌÝÖÓÜÛÐÖÕɯÈÕËɯÛÏàÓÈÒÖÐËɯȈ×'ȭɯ ÛɯÛÏÌɯ

same time, inhibiti on of AOX lead to the inhibition of non -photochemical quencher 

(NPQ) induction. Therefore, the mechanism of AOX to alleviate photoinhibition may 

be by preventing over reduction of PSI acceptor side, minimizing inhibition of NPQ 

and thus reducing over accumulation of ROS in the chloroplast (Zhang et al. 2012a; 

Zhang et al. 2012b). ROS production from the photosynthetic ETC is likely to occur at 

either PSI or PSII. ROS production at PSI and PSII is promoted under conditions of 

stress, generally characterised by stomatal closure, a concomitant reduction in activity 

of the Calvin cycle due to reduced CO2 and ATP availability and the simultaneous 

increase in NADPH:NADP+ ratios (Corpas et al. 2015; Gupta & Igamberdiev 2015). 

This relationship between ROS production, photosynthetic status and NADPH was 

illustrated by Vishwakarma et al. (2014) via AtAox1a knockout mutants. When placed 

under optimal light conditions, alterations to photosynthesis, NADPH ratios  and O2 

uptake were not changed. While under conditions of high light, P700 reduction state 

of PSII was increased compared to wildtype along with an increase in the ratio of 

NADPH:NADP+. This also led to the increased production of ROS species and 

oxidativ e damage by-product, malondialdehyde (MDA) in AtAox1a knockouts 

compared to wildtype.  
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1.4.1.2. Signalling homeostasis  

Aerobic respiration inherently leads to the production of ROS , but while 

overproduction of ROS leads to damaging cellular effects, discreet levels of ROS are 

known to play a role in organelle signalling. ROS signalling has been implicated in 

programmed cell death (PCD), often to isolate and limit damage to surrounding tissue 

(Gadjev et al. 2008; Petrov et al. 2015). As a toxic by-product of respira tion and more 

specifically a reflection of the state of respiration, ROS has also been shown to act as a 

signal to limit the over production of itself. A recent study by Ng et al. (2013b) had 

illustrated cleaving of ANAC017 transcription factor as a result  of H 2O2 led to the 

retrograde signalling of Aox and a return of normal ROS production. ROS has also 

been implicated in signalling of Aox induction in perturbed mitochondrial ETC, 

resulting in reduced ROS production and improved photosynthetic activity 

(Vishwakarma et al. 2014). As such, ROS is important in providing a signal to reflect 

the state of respiration and this signal can ultimately be received and curtailed  by 

expression of Aox. 

Although there is much less evidence to suggest a regulatory link between Aox 

and reactive nitrogen species, preliminary research has shown that transgenic 

Nicotiana tabacum with reduced AOX resulted in increased nitric oxide formation 

(Cvetkovska & Vanlerberghe 2012). Further to this, A.thaliana seedlings grown in 

phosphate limiting conditions were shown to require NO to induce AOX expression 

and resulted in an altered phenotype when AOX was not induced (Royo et al. 2015). 

It should also be noted that more recently, analysis of highland barley tre ated with 
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UV-B radiation and NaCl illustrated a mutual regulation of photosynthesis and 

stomatal movement with the AP and glucose -6-phoshate dehydrogenase (G6DPH), 

through modulation of homeostasis of NADPH. It was suggested that G6PDH activity 

was acting to modulate the availabilit y of NADPH and thus the activities of 

monodehydroascorbate reductase and glutathione reductase of the ascorbate-

glutathione antioxidant cycle. It was also inferred that upregulation of AOX was 

important for removing excess NADPH reductant (Zhao et al. 2015)  

1.4.2.  Regulation of alternative oxidase  

The presence of AOX in respiration is clearly a compromise between mETC 

efficiency and aligning the cell with current biochemical demands.   ÚɯÚÜÊÏȮɯ .7ɀÚ 

Ɂwastefulɂ nature requires a regulatory process that prevents the unnecessary use of 

AOX. AOX is controlled both at the transcriptional  and post-translational  level, 

allowing plants to regulate levels of AOX capacity and activity. It is worth noting that 

as AOX is regulated post-translational ly, abundance (capacity) of AOX protein is not 

always indicative of electron flux through  AOX (activity).  

1.4.2.1. Genetic regulators of alternative oxidase  

Aox in plants is commonly comprised of two gene families separated and 

grouped historically by order of dis covery (Whelan et al. 1996), but as more sequence 

data was made available, Aox was separated into two subfamilies and grouped based 

on protein sequence similarity (Clifton et al. 2006b). More recently, a more 

comprehensive analysis of Aox phylogeny confirm ed that Aox is comprised of 2 
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subfamilies but can be broken down further into 4 major phylogenetic clades Aox1aɬ

c/1e, Aox1d, Aox2aɬc and Aox2d. Additionally it was also found  that not all eudicots 

encode an Aox multigene family (Costa et al. 2014). Typically , expression of Aox1 

genes are associated with a response to an abiotic or biotic stress or a perturbation to 

the mETC. Interestingly , transcript analysis of A.thaliana plants treated with plastid 

disruptive compounds showed sig nif icant upregulati on of Aox2; this was also seen for 

soybean Aox1, suggesting that AOXɀÚ role in plastids is not determined by gene family 

(Djajanegara et al. 2002; Fu et al. 2012). AOX2 may however play a role in germination, 

fertility and gametophyte development and funct ion, as has been indicated in studies 

performed on A.thaliana and Glycine max respectively (Saisho et al. 2001; Chai et al. 

2010a; Chai et al. 2010b). As such it is likely that there are many genetic controls 

regulating the expression and localisation of A OX within the plant and cell.  

As both gene families are encoded within the nucleus of the cell, retrograde 

signalling from the mitochondria to the nucleus is required to induce transcription. 

Numerous headways have been made into identifying the genetic regulators of Aox 

induction via th e use of cytochrome pathway inhibitors, which have been shown to 

induce Aox transcription. Nuclear -localised cyclin-dependent kinase E1 (CDKE1) was 

found to be a regulatory component of Aox (Ng et al. 2013a). Interestingly, as CDKE1 

is associated with cell division and was found to interact with KIN10 (a known 

integrator of signals for growth, energy metabolism and stress). Baena-González et al. 

(2007b); Ng et al. (2013b) hypothesised that CDKE1 may act as a switching signal 

between growth and a stress response. Further to this, tobacco suspensions cultures 
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grown on nutrient limited media with inhibited Aox expression did not experience 

inhibition of growth whereas plants with normal Aox essentially stopped growing 

(Baena-González & Sheen 2008). Characterisation of the A.thaliana promoter region 

identified a strong repressor element which was identified to bind  transcription factor 

ABSCISIC ACID INSENSITIVE4 (ABI4) (Giraud et al. 2009). Interestingly, ABI4 has 

previously been implicated in chloroplastic retro grade signalling, which, as suggested 

by Giraud et al. (2009), may provide a link between mitochondrial and chloroplastic 

signallin g systems. Identification of the WRKY1 5 transcription factor was found via 

mutagenesis of the promoter region of AtAox1a (Dojcinovic et al. 2005b). OEX mutants 

of WRKY15 resulted in the abolishment of a mitochondrial stress response to osmotic 

stress, suggesting WRKY15 is another negative regulator of Aox (Vanderauwera et al. 

2012b). As outlined previously, ANAC017 transcription  factor, which is bound to the 

endoplasmic reticulum (ER), was found to induce expression of AtAox1a. It was 

illustrated that activation of ANAC017 was through cleavage of a consensus 

rhomboid protease sequence present within ANAC017. It was hypothesised, based on 

fluorescent protein labelling, mitochondria may position themselves close to the 

endoplasmic reticulum using F -actin to transfer the ROS signal to the ER embedded 

ANAC017 (Ng et al. 2013b). 

1.4.2.2. Biochemical regulators of alternative oxidase  

AOX plant p roteins are a 32-34 kDa protein belonging to a group of non -heme 

diiron carboxylate family of protei ns. The conserved regions of AOX consist of six 
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amino acids that coordinate two iron molecules within a conserved four -helix-bundle 

conformation (Moore et al. 1995; Siedow & Umbach 1995). Only recently has the 

structure for AOX been identified via crystall isation, however, the AOX analysed was 

from the parasitic protist Trypanosoma brucei (Shiba et al. 2013). As such, inferences 

about plant AOX may be limited  in their predictive ability.  

AOX proteins from G.max were identified as a pool of covalently -linked  and 

non-covalently -linked homodimers (Umbach & Siedow 1993). Interestingly, the 

conformation of the AOX homodimer plays a significant role in the activity of the AOX 

protein; non -covalently linked AOX homodimers are considered reduced and active, 

whereas covalently linked dimers are deemed oxidised and less active. The covalent 

interaction between the two monomers is  a result of two conserved cysteine residues 

facing the matrix allowing the formation of a disulfide bond between the two 

monomers (Rhoads et al. 1998). Notably, the conversion of AOX from its oxidised form 

to its reduced form is facilitated by the presence thioredoxin h (Gelhaye et al. 2004). It 

was hypothesised that NADPH was required by thioredoxin h to reduce AOX and 

that this was provided by the oxidation of TCA intermediates, specifically isocitrate 

and malate (Vanlerberghe et al. 1995) (Figure 1.3). Interestingly , Lycopersicon 

esculentum contains an AOX isoform without the conserved cysteine residues, and 

instead has replaced Cys1 with a serine residue preventing the AOX from forming a 

disulfide bridge and forming the inactive AOX homodimer (Holtzapffel et al. 2003).  

When AOX has been converted into its reduced form, allosteric regulation of 

 .7ɯÞÐÛÏɯÚ×ÌÊÐÍÐÊɯϔ-keto acids can act to fine tune activity. Pyruvate has been shown  
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Image removed due to copyright restriction. Original can be viewed online 

at http://6e.plantphys.net/topic12.03.html  

Figure 1.3 AOX activation through a balance of redox status and th e presence of 2-

oxoglutaric acids (pyruvate in this case) http://6e.plantphys.net/topic12.03.html   
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in multiple species to be an activator of AOX activity (Millar et al. 1993; Vanlerberghe 

et al. 1995; Millar et al. 1996; Carré et al. 2011). It has been illustrated that due to a 

substitution of the Cys1 residue w ith a serine residue, allosteric activation of AOX no 

longer occurs via pyruvate but rather succinate (Holtzapffel et al. 2003; Grant et al. 

2009). Thus, it seems that Cys1 is crucial to the covalent interaction between AOX 

monomers and allosteric regulati on.  

Apparent Km values measured for AOX in Cucumis melo roots showed AOX 

appears to have a Km for O2 between 20-30 µM whereas the reported COX Km is much 

lower at 0.1 µM. Additionally, the reporte d Vmax values for COX were significantly 

higher than that of AOX (Kano et al. 1977). However, the reported COX Km was not 

actually measured and AOX measurements were hampered by the presence of 

multiple terminal oxidases . As such, the data may not a reflect a real-world Km/Vmax 

value, however it could be suggested that a lower Km value coupled with a high 

Vmax, may allow AOX to remain inactive until the system becomes perturbed.  More 

accurate measurements were performed by Millar et al. (1994). They reported values 

of 0.14 µM for COX and 1.7 µM for AOX in soybean roots and cotyledons.  

The combined regulation of AOX through covalent modification via redox 

status (NADPH/thioredoxin h) and allosteric activation via carbon status (pyruvate) 

may allow for the plant to accumulate AOX regardless of respiratory st ate, providing 

a means to immediately adjust partitioning of electrons based on redox or carbon 

status. Further to this, isotope discrimination of plants with enhanced expression of 

AOX did not necessarily see the same increase in AOX activity as was seen in AOX 
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capacity (Guy & Vanlerberghe 2005; Dahal et al. 2015b).This is supported by Millar et 

al. (1998), Noguchi et al. (2005) and Ribas-Carbo et al. (2005), where a concomitant  

increase in AOX in activi ty was not proportional to an increase in AOX protei n. Again, 

demonstrating the importance of the post -translation regulatory mechanisms.  

1.5. Plant Type II NADPH dehydrogenases  

In addition to the AOX family of proteins, several type II NAD(P)H DH are 

embedded within the mitochondrial inner membrane and make up  the second 

component of the AP. Type II plant NAD(P)H DH are a small, single polypeptide 

(~55Kda to 70Kda) family that provide an additional branching point where electrons 

can enter the mETC. Some type II DH are dual targeted to either the chloroplast 

(NDC1) or peroxisomes, (NDA1, NDA2 and NDB1), but less research exists around 

organelle specific activity in these organelles (Carrie et al. 2008; Xu et al. 2013). Type 

II DH have been found across many species including plants, fungi, (Michalecka et al. 

2003) protists (Biagini et al. 2006) and an extensive range of bacteria (Melo et al. 2004). 

Unlike the proton motive Complex I of the mETC, type II NAD(P)H DH do not  couple 

the oxidation of NAD(P)H to the tr anslocation of protons. Therefore, alongside the 

AOX family, the type II NAD(P)H DH are able to form a route for electrons that 

bypasses all proton motive steps. Besides their non-×ÙÖÛÖÕɯÔÖÛÐÝÌɯÔÌÊÏÈÕÐÚÔȮɯÛÏÌàɀÙÌɯ

also differentiated from type I NAD(P)H DH due to an insensitivity to complex I 

inhibitors rotenone, piercidin A and capsaicin. Solanum tuberosum and Oryza sativa 
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have also been predicted, based on protein sequence, to have isoforms localised on 

either side of the mitochondrial IM (Michalecka et al. 2003). 

1.5.1. Localisation of type II NAD(P)H dehydrogenase  

From analysis of the A.thaliana genome, in comparison to the previously 

identified type II DH of S.Cerevisiae and E.coli and potato, a total of seven isoforms 

were identified based on sequence homology (Michalecka et al. 2003). Phylogenetic 

analysis suggested that four of the isoforms were localised to the outer side of the 

mitochondrial IM and the other three were present on the matrix -facing side 

(Finnegan et al. 2004; Millar et al. 2011). The type II DH in A.thaliana were 

differentiated into three groups labelled NDA, NDB and NDC based on the presence 

and absence of conserved motifs as suggested by Michalecka et al. (2003). AtNDA and 

AtNDB both share two conserved putative ADP -binding motifs however AtNDB 

differs from AtNDA  and AtNDC  due to the presence of a unique calcium binding EF -

hand motif. NDC conta ins only one ADP-binding motif (Michalecka et al. 2003). 

AtNDA1 -2 proteins have all been illustrated to be localised to the inner side of the IM 

along with AtNDC , while  AtNDB1 -4 were all shown to be localised to the external 

side of the IM (Elhafez et al. 2006). Unl ike the AOX proteins, the type II DH are 

targeted to more than one location within the cell.  As has been shown in A.thaliana 

(Carrie et al. 2008), O.sativa (Xu et al. 2013) and S.tuberosum (Rasmusson & Agius 2001), 

specific isoforms lead to the dual targeting of  the type II DH. AtNDA  proteins tagged 

with fluorescent protein markers at both the N- and C-terminal were visualised in 
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both the peroxisome and mitochondria, agreeing with previous results (Carrie et al. 

2008). Additionally, OsNDA1  lacking PTS1 was shown to only target the 

mitochondria whereas OsNDA2 containing PTS1 was localised to both the 

mitochondria and peroxisome (Xu et al. 2013). Results for AtNDB  were consistent with 

previous literature (Carrie et al. 2008) and NDA results, whereby NDB1 was targeted 

to the peroxisome and mitochondria due to PTS1 whereas both AtNDB2  and AtNDB4  

are only targeted to the mitochondria. Interesting ly, the NDC protein was shown to 

be targeted to both the mitochondria and plastid but only in A.thaliana and O.sativa 

and not in the lower plant Physcomitrella. It was thus inferred that targeting to the 

mi tochondria of NDC1 arose later on in evolution (Xu et al. 2013). Therefore, it was 

shown that the localisation of these proteins to the mitochondria, peroxisome or 

plastid is due to targeting via N -terminal and C -terminal target tags.   

 Substrate specifici ty, calcium activation and optimal pH  

The type II NAD(P)H DH of A.thaliana have previously been recombinantly 

expressed as fusion proteins embedded within E.coli membranes to test for catalytic 

dependency. Only three of the external DH were tested as AtNDB 3 is considered too 

lowly expressed to be worthy o f any significance. AtNDB2  and AtNDB4  both oxidised 

NADH but small amounts of NAD(P)H oxidation were observed suggesting they may 

utilise both with different efficiencies. AtNDB2  NADH oxidation appeared to be 

stimulated by the addition of calcium whereas t he small amount of NADPH oxidation 

appeared to be activated with the addition of calcium . AtNDB1  appears to oxidise 

both NADH and NADPH but much higher values were seen for NADPH. AtNDB1  
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also appears to require the presence of calcium to oxidise NAD(P)H (Geisler et al. 

2007). 

In addition to the testing of NAD(P)H and calcium, pH was also tested for its 

effects on NAD(P)H oxidation. Both AtNDB2  and AtNDB4  did not appear to be 

affected by the change in pH, though, the minimal NADPH oxidation significantly 

decreased with the increase in pH. AtNDB1  calcium independent NAD(P)H oxidation 

appeared to rapidly decrease with the increase in pH but calcium dependent oxidation 

was significantly slower (Geisler et al. 2007). It has been suggested that cytosolic pH 

could act as an activator on external NAD(P)H oxidation (Hao et al. 2015).  

Numerous studies exist utilising transgenic mutant plants with altered levels 

of Ndb1 (Michalecka et al. 2004; Wallström et al. 2014a) and AtN da1/AtN da2 

(Wallström et al. 2014b) but none exist on the NDB2 protein in planta. Suppression of 

AtNdb4 lead to the co-expression of other AP components, particularly AtA ox1a and 

AtN db2, hindering the ability to define catalytic specificity  in vivo (Smith 2010; Smith 

et al. 2011). As such further  work is needed to isolate the individual substrate 

specificities, activities and co-factors required.  

 The use of transgenic plants to elucidate the AP pathway function  

The suppression and OEX of mitochondrial external type II NAD(P)H DH in  

A.thaliana and Nicotiana sylvestris has confirmed the previous results in E.coli 

membranes (Michalecka et al. 2004; Geisler et al. 2007; Liu et al. 2008; Wallström et al. 

2014a). Suppression of either the S.tuberosum and A.thaliana NDB1 resulted in a 

significant increase in NADPH: NADP  ratio in rosettes and a loss of NADPH 
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oxidation . Furthermore, AtNDB1  suppression significantly decreased biomass but did 

not change leaf maximum quantum efficiency, carbon assimilation or respiration. 

Suppression did, however, reduce quantities of four major sugars, TCA intermediates 

and amino acids. It was hypothesised by Wallström et al. (2014a) that changes to 

NADP:NADPH ratios were changing metabolism, resulting in a decrease in TCAC 

intermediates and a build -up of upstream metabolites, including sugars. In contrast, 

leaf maximum quant um efficiency of photosystem II, CO2 assimilation rates and total 

respiration were similar to that of  wildtype  as were transcripts of central respiratory 

genes. OEX of StNdb1 led to the co-upregulation of Aox and uncoupling protein, in 

contrast to the Arabidopsis ndb1 mutant (Michalecka et al. 2004; Wallström et al. 

2014a). Increased electron flux into the UQ pool may have induced AOX expression.  

Transgenic models have been produced also of the AtNDA proteins. 

Suppression of both proteins resulted in a growth retardation , an increase in 

NAD(P)H:NAD(H) ratios  in rosettes, and elevated levels of lactate and alanine 

(Wallström et al. 2014b). It may be possible that due to an increase in mitochondrial 

NADH lev els caused by AtNDA suppression, metabolism at the PDC was 

significantly affected causing accumulation of fermentative products and a growth 

retardation (Igamberdiev & Gardeström 2003; Noctor et al. 2007). So, it seems that 

AtNDA proteins may be involved i n dealing with accumulation of NADH in the 

matrix and preventing inhibition of the PDC.  

Attempts have also been made to characterise the AtNDB2  and AtNDB4  

proteins using both suppressive and constitutive transgenic models. Suppression of 
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AtN db4 led to the co-upregulation of both AtA ox1a and AtN db2, masking the effects of 

reduced AtNDB4 . This led to a significant lowering or ROS and an altered growth 

phenotype (Smith et al. 2011). Addit ionally, RNAi plants also showed better growth 

rates under saline stress and lower shoot Na content, which is most likely a reflection 

of the upregulation of AtAox1a and AtNdb2 which has been seen before (Smith et al. 

2009).Therefore a combination of multi ple OEX inserts could be a useful in 

determining the functions of Type I I NAD(P)H DH in vitro.  

The upregulation of AtAox1a and AtNdb2 in Atndb4 RNAi lines, as well as 

wildtype under saline stress, suggests that these two AP components may be mutually 

invo lved in tolerating saline stress. Unpublished research from our lab has suggested 

that OEX of AtNdb2 was able to confer both an increased resistance to saline stress 

resulting in an improved growth phenotype in both normal and stress conditions. 

Therefore, it could be reasoned that the overexpression of both these components 

could provide further gains to saline tolerance and would be useful to investigate.  

1.2 Aims 

The aim of this project was to utilise a combination of transgenic A.thaliana plants 

in which pa rticular genes were either over-expressed or decreased, with the 

expectation of better understanding components of the AP, particularly the type II 

NAD(P)H dehydrogenases. Previous research from Smith et al. (2009) and Smith et al. 

(2011) have illustrated the potential for the AP in improving stress tolerances in 

A.thaliana, specifically the AtAoxa1 and AtNdb2 genes. However further research is 
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required to better understand the mechanisms in which these tolerances are conferred 

and how they may be applied i n important crop species. As such this project aims to 

utilise a combination of AtAox1a and AtNdb2 dual OEX lines in A.thaliana to increase 

our understanding of the type II NAD(P)H dehydrogenases in plants and identify 

potential exploitable functions provided by the AP.  

Transgenic plants overexpressing the AtAox1a gene have previously been 

generated by Umbach et al. (2005). Plants containing an OEX construct for the AtNdb2 

gene have been generated in our lab and characterised by Sweetman et al. (2019). It 

has previously been shown in A.thaliana overexpressing AtAox1a (Smith et al. 2009) 

gene that there was a growth advantage in lines under salt stress. This was also 

witnessed in Atndb4 RNAi lines, where we see the upregulation of both AtAox1a and 

AtNdb2 and the same yield advantage under stress (Smith et al. 2011). It is expected 

that these lines in combination with a new line overexpressing AtAox1a and AtNdb2 

together, will better demonstrate whether the increased tolerance conferred by the AP 

is due to either AtAox1a or AtNdb2 or both. Additionally, it is hoped that OEX of both  

constructs will further increase the stress tolerance seen in individual OEX lines and 

allow an increased understanding of the role NDB2 protein and activity.  
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Materials and Methods  
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 Methods  

2.1 Reagents  

For a comprehensive list of reagents, suppliers and protocols for recipes please 

see Appendix A. Unless otherwise stated, autoclaved MilliQ water was used in all  

molecular techniques. 

2.2 Plant Growth Conditions  

A.thaliana plants grown in the Sanyo controlled environment cabinet were 

exposed to 16 hours light at 100-120 µmol m-2  s-1 and 6 hours of dark at 22°C and 20°C 

respectively; humidity could not be monitored or adjusted in these cabinets. A.thaliana 

plants grown in the PC2 glasshouse were maintained at 22°C and 20°C respectively, 

relative humidity at 60% with lighting conditions subject to seasonal variations (200 -

1200 µmol  m-2  s-1) and shade cloths employed for summer seasons. A.thaliana plants 

maintained in the walk -in PC2 growth room were maintaine d at 23°C with 16 hours 

of 120 µmol  m2 ɬs1 and 8 hours of dark . Relative humidity was maintained at 60%. 

Plants maintained in the PC2 LED growth chambers were maintained at 20°C with 16 

hours of 120 µmol  m2 ɬs1 light containing a mixture of red and blue (Figure A7.1); 

humidity could not be c ontrolled in these cabinets. Soil used for A.thaliana 

experiments was prepared by the South Australian Research & Development Institute 

(Table A7.1). Unless otherwise stated, sterile media used in plant growth comprised 

of ½ strength MS media, 2% sucrose (w/v) and 0.8% (w/v) agar or 2% (w/v) phytagel 

in cases requiring increased media clarity. 
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2.3 General lab methods  

 Agarose gel electrophoresis  

Agarose gel electrophoresis was performed according to the methods 

described by Sambrook et al. (1989). Depending on the size of the expected product 

0.8-2.0% (w/v) agarose gels were used. Agarose was dissolved in TAE buffer (A7.2.1) 

ÈÕËɯÏÌÈÛÌËɯÐÕɯÈɯÔÐÊÙÖÞÈÝÌɯÛÏÌÕɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯ&ÌÓ1ÌËɚɯȹ!ÐÖÛÐÜÔȮɯ4ȭ2ȭ ȭȺȭɯ

Promega 6X loading dye and DNA ladders (1 kB and 100 bp) were used. Samples were 

loaded in 5 µl aliquots and run in gel systems BioRad Mini Sub® DNA Cell, BioRad 

Mini Sub® Cell GT, BioRad Wide Mini Sub® Cell (BioRad, U.S.A.) and an Easy Cast 

Gel Electrophoresis System Model#B1 (Owl Scientific, U.S.A.). The power pack used 

for the gel systems were either a BioRad Power Pack 300 (BioRad, U.S.A.) or an EC570 

(E-C apparatus, U.S.A.). Typical run conditions were 100 V over 60 minutes. 

Visualising was done via the BioRad EZ Imager (BioRad, U.S.A.) 

 Plasmid purification  

Plasmid purification was perform ed using the Wizard Plus SV miniprep DNA 

purification system according to the manufacturers protocol (Promega, U.S.A.). 

Bacterial cultures were centrifuged in 50 ml falcon tubes at 3893 g for 10 minutes at 

4°C using a Sigma 3-16PK centrifuge (Sigma Aldrich , U.S.A.) Plasmid DNA was 

eluted from spin columns in 100 µl aliquots of sterile MilliQ water and stored at -20°C 

until required.  
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 gDNA extraction  

DNA extractions were performed per methods provided by Sambrook et al. 

(1989) with a n additional RNase treatment included. Leaf samples were placed in 

1.5ml microfuge tubes and snap frozen in liquid nitrogen. Tissue (50-100mg) was then 

ground in microfuge tubes under liquid nitrogen using a plastic pestle. DNA 

extraction buffer (A7.2.2) was added (500 µl) to microfuge tubes and vortexed. SDS 

was added (35 µl of 20% w/v) and incubated at 65°C for five minutes in a Solid-State 

Dry Block Heater (Ratek Instruments, Australia). Extraction solutions were then 

mixed with 130 µl of 5 M potassium a cetate and incubated on ice for five minutes. The 

extraction mix was centrifuged at 15,000 g for ten minutes (Eppendorf 5415c 

centrifuge, Crown Scientific, Australia) and the supernatant treated with 75 µl of 

10µg/ml RNase A (Promega, U.S.A.) at 37°C for 30 minutes. Isopropyl alcohol (640 µl) 

and of 3M sodium acetate (60 µl) were used to precipitate DNA at -20°C for ten 

minutes. The solution was centrifuged at 15,000 g for ten minutes and the opaque 

pellet was washed with 300 µl of 70% (v/v) ethanol and centrifuged at 15,000 g for five 

minutes. The dried, pelleted DNA was resuspended in 50 µl of water and stored at -

20°C until required. Concentration and purity were then determined using the 

-ÈÕÖ#ÙÖ×ɚƕƔƔƔɯ2×ÌÊÛÙÖ×ÏÖÛÖÔÌÛÌÙɯȹ3ÏÌÙÔÖ-Scientific, USA).   

 RNA ext raction  

Extraction of RNA from A.thaliana leaves was performed according to the 

methods outlined by MacRae (2007). Approximately 100 mg of leaf tissue was ground 

into a fine powder under liquid nitrogen using a ceramic mortar and pestle. TRIzol -



   

PhD Thesis 33 Christopher Waterman  

like reagent (A7.2.3) was added in 1 ml to ground powder and immediately vortexed 

until mixed thoroughly. Leaf suspensions were centrifuged at 12,000 g for 5 min at 

4°C. The resulting supernatant was transferred to a new 1.5 ml microfuge tube and 

mixed vigorously by hand with 200 µl of chloroform for 20 seconds. Samples were 

incubated for 3 minutes at room temperature and centrifuged for 15 minutes at 12,000 

g. The upper aqueous phase was collected and mixed with 500 µl of isopropyl alcohol 

for a 10-minute precipitati on step at room temperature.  After centrifuging at 12,000 g 

for 10 minutes at 4°C, the resulting pellet was rinsed with 1 ml of 75 % (v/v) ethanol, 

centrifuged again at 12,000 g for 10 minutes at 4°C then allowed to air dry in a sterile 

bio-cabinet. The pellet was re-suspended in 20 µl of RNase-free water. DNA was 

removed using the RQ1 RNase-free DNase according to the manufacturers protocol 

(Promega, Australia ) using 10 µl of RNA and the RNA  stored at -20°C until required. 

RNA quantity was checked using the Nano#ÙÖ×ɚƕƔƔƔɯ2×ÌÊÛÙÖ×ÏÖÛÖÔÌÛÌÙɯȹ3ÏÌÙÔÖ-

Scientific, USA) and integrity checked by running on an agarose gel.  

2.4 Generation and characterisation of transgenic A.thaliana 

plants with enhanced expression of Aox1a and Ndb2  

 Seed Sterilisation  

Prior to platin g on sterile media, seeds were sterilised in a solution of 2% 

sodium hypochlorite and 0.01% (v/v) tween -20 with mechanical shaking for 15 

minutes. Seeds were then briefly centrifuged in a micro-centrifuge and the sterilisation 

solution removed by pip ette. Seeds were then washed in equal volumes of sterile 
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Milli -Q at least five times. All washing steps were performed in the bio -cabinet to 

prevent contamination.  

 Seed plating and sowing  

All seeds sown on sterile media were performed in the bio -cabinet using sterile 

pipette tips. Seeds were added to the top of the media and any residual solution left 

ÛÖɯËÙàɯÉÌÍÖÙÌɯÚÌÈÓÐÕÎɯÞÐÛÏɯƗ,ɚɯ,ÐÊÙÖ×ÖÙÌɯÛÈ×Ìȭɯ2ÌÌËÚɯÞÌÙÌɯÝÌÙÕÈÓÐÚÌËɯÍÖÙɯƛƖɯÏÖÜÙÚɯ

at 4°C in the dark before being transferred into light. Seeds directly sown  on soil did 

not require sterilisation but were still vernalised.  Seeds sown on soil including 

seedlings transferred to soil from media were maintained under high humidity for the 

first two weeks of germination using plastic domes or cling wrap.  

 Electrop oratio n of Ndb2 over -pEarlygate into Agrobacterium  

Prior to electroporation, duplicate electroporation cuvettes (50 x 2 mm gap, Cell 

Projects) were placed on ice for 10 minutes and allowed to cool. Glycerol stocks of 

electrocompetent GV3101:pMP90 Agrobacterium tumefaciens cells and pEarlygate-

Ndb2over plasmid were placed on ice and allowed to thaw (10 minutes). Once thawed, 

20 µl of competent cells were carefully mixed by pipette with 1 µl of pEarlygate -

Ndb2over plasmid and transferred into the electro cuvet te, ensuring the solution 

contained no bubbles and formed a bridge between both electrodes. Electroporation 

ÞÈÚɯ×ÌÙÍÖÙÔÌËɯÞÐÛÏɯÛÏÌɯÍÖÓÓÖÞÐÕÎɯÊÖÕËÐÛÐÖÕÚȰɯÓÖÞɯÙÈÕÎÌɯÚÌÛɯÛÖɯƖƔƔɯȋȮɯÏÐÎÏɯÙÈÕÎÌɯÚÌÛɯ

ÛÖɯƙƔƔɯȋȮɯƖƘɯϟ%ɯÈÕËɯƖÒ5ɯÏÌÓËɯÍÖÙɯȃɯƕɯÚÌÊÖÕËɯȹ&ÌÕÌɯ/ÜÓÚÌÙəɯ((Ȯɯ/Ülse controller plus 

and Capacitance extender plus BioRad, U.S.A.). A pre-chilled aliquot of 200 µl LB 

broth (A7.2.4) was then mixed into the electro-cuvette and allowed to incubate at 30°C 
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for 2 hours. Post incubation, 50 and 100 µl aliquots were spread-plated on pre-warmed 

LB agar plates (A7.2.4) containing 25 µg/ml rifampicin, 50 µg/ml gentamycin and 100 

µg/ml spectinomycin and allowed to incubate at 30°C for 2 days.  

 PCR screening of pEarlygate -Ndb2 over  

The pEarlygate plasmid was gratefully received from  Dr Ian Dry (CSIRO 

Agriculture & Food, Urrbrae, S.A.) and the Ndb2 OEX construct generated in our lab 

by Dr. Crystal Sweetman. Prior to dipping, the pEarlygate was screened for the Ndb2 

OEX construct with the primers outlined in table A7.4. Colonies growin g on LB agar 

containing the above listed antibiotics were propagated in 30 ml LB media also 

containing the same selective antibiotics. A.tumafacien cultures were grown over two 

days at 30°C with shaking. DNA plasmid was extracted using the Promega Wizard® 

Plus SV Miniprep DNA purification system. Extracted plasmids were analysed for 

#- ɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÜÚÐÕÎɯÛÏÌɯ-ÈÕÖ#ÙÖ×ɚɯƕƔƔƔɯÚ×ÌÊÛÙÖ×ÏÖÛÖÔÌÛÌÙɯÈÕËɯÚÛÖÙÌËɯÈÛɯ-

20°C until ready for use. PCR amplification was performed using the Promega 

GoTaq® Flexi DNA polymera se kit. Reagent concentrations were as follows and were 

×ÌÙɯƙƔɯϟÓɯÙÌÈÊÛÐÖÕȯɯƕƔɯϟÓɯ&Ö3ÈØɯ%ÓÌßÐɯÉÜÍÍÌÙȮɯƖɯÔ,ɯ,Î"ÓȮɯƔȭƖÔ,ɯË-3/ɀÚȮɯƔȭƘɯϟ,ɯ

forward and reverse primer (Table A7.4), 1.25 units Taq polymerase, 1 µl DNA 

template (<10 ng). Thermal cycler conditions were initial melt for 5 minutes at 95°C; 

35 cycles of 95°C for 30 seconds, 60°C for 30 seconds and 72°C for 30 seconds; final 

extension at 72°C for 5 minutes.  
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 Screening XX1 Aox1a over  lines prior to transformation  

Prior to transformation, Aox1aover background li ne XX1 was screened for the 

Aox1aOver cDNA construct. The primers were designed to bind within exons of 

Aox1a. Because the construct contained the cDNA version of Aox1a, which excludes 

the introns, it could be discriminated from the endogenous  gDNA version  of the gene. 

(Table A7.4). Thermal cycler conditions were initial melt for 2 minutes at 95°C; 35 

cycles of 95°C for 30 seconds, 58°C for 30 seconds and 72°C for 1.5 minutes; final 

extension at 72°C for 5 minutes. Additionally, it was found th at setting heating ramp 

rates to 0.5°C/second was crucial for amplification. If this setting is unavailable, it was 

also found that utilising a gradient PCR setting achieved the same result. PCR 

reactions were stored at -20°C until required.  

 Plant Agrobac terium transformation  

XX1 A.thaliana lines were grown as per conditions outlined in section 2.2. Plant 

lines were grown and selected based on a positive result seen in the PCR screen of the 

cDNA insert. A sterile loop was picked from an A.tumefaciens pEarlygate-Ndb2over 

glycerol stocks maintained at -80°C and cultured in duplicates in 35 ml of LB media 

containing 25 µg/ml rifampicin, 50 µg/ml gentamycin and 100 µg/ml spectinomycin.  

Cultures were incubated for two days at 30°C with shaking and O.D. 600 was 

determined on the second day. Cultures were pelleted at 3893 g for 5 minutes at 4°C 

and resuspended in 5% (w/v) sucrose. A 1:10 dilution (1 ml) was used to measure 

O.D.600 using a Beckman DU640 spectrophotometer. The remaining culture was 

adjusted to O.D.600 0.8-1 and Silwett L -77 added at 0.05% (v/v). Plants were then dipped 
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into the Agrobacterium solution, ensuring all flowers were covered and any residual 

solution gently shaken off (Clough & Bent 1998). Plants were then kept in the dark 

under humidity dom es for two days to allow for recovery. Once matured, siliques 

were captured in brown paper bags and dried at 37°C for at least two weeks. Seeds 

were separated from dried plant material by using a tea strainer and stored in 1.5 ml 

microfuge tubes at 4°C in humidity -controlled containers in the dark.  

 Selective marker screening of plants containing the Ndb2 over 

construct  

Preliminary confirmation of the newly inserted Ndb2over construct was 

performed via selective marker screening. Plants were selected via the bar resistance 

gene associated with the pEarlygate plasmid. Plants were plated on MS media (see 

appendix) containing 5 µg/ml glufosinate ammonium (GA) and after two weeks were 

scored for resistance. Wildtype seed were included on all plates as a control for the 

efficacy of the GA. Plants demonstrating resistance were transferred to soil for gDNA 

screening and seed collection. 

 Genomic screen of Ndb2 over construct in transformants  

To confirm the presence of the inserted OEX construct, gDNA was extracted as 

per Section 2.3.3 and PCR was performed as per Section 2.4.4. PCR reagent 

concentrations were per 20 µl reaction: 4 µl GoTaq Flexi buffer, 2.5 mM MgCl, 0.2mM 

Ë-3/ɀÚȮɯƔȭƘɯϟ,ɯÍÖÙÞÈÙËɯÈÕËɯÙÌÝÌÙÚÌɯ×ÙÐÔÌÙȮɯƕȭƖƙɯÜÕÐÛÚɯ3ÈØɯ×ÖÓàÔÌÙÈÚÌȮɯƕɯϟÓɯ#- ɯ

template (<0.5 µg/50 µl). Thermal cycler conditions were initial melt for 2 minutes at 

95°C; 35 cycles of 95°C for 30 seconds, 52°C for 30 seconds and 72°C for 30 seconds; 
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final extension at 72°C for 5 minutes. Plants shown to be resistant and containing the 

Ndb2over construct were allowed  to grow and collected for seed. 

 Determination of insert copy number via segregation ratio analysis  

To determine insert copy number in each transformant, segregation ratio 

analysis was employed. T2 seeds were plated on MS media containing 5 µg/ml GA at 

roughly 100 seeds per square petri dish. After two weeks, seedlings were scored as 

resistant or susceptible. Plant lines showing a ratio of 3:1 resistant: susceptible plants 

were assumed to contain a single insertion of the Ndb2over construct. Chi-square 

analysis was performed to determine statistical significance.  

 Confirmation of homozygosity in T3 seed lines   

Prior to characterisation, confirmation of homozygosity was confirmed. T3 

seeds were plated on MS media containing 5 µg/ml GA and allowe d to grow for  2 

weeks. Seed lines were scored for resistance or susceptibility. If all  seedlings that 

germinated were resistant, this line was deemed  homozygous.  

 Transcriptional screening of transgenics with increased AtAox1a and 

AtNdb2 expression  

RNA (1 g˃, extracted as per Section 2.3.4) was reverse transcribed using the 

Ð2ÊÙÐ×Ûɚɯ Ê#- ɯ ÚàÕÛÏÌÚÐÚɯ ÒÐÛɯ ȹ!ÐÖ1ÈËȺɯ ÐÕɯ ƖƔɯl˃ volumes according to the 

manufacturers protocol and diluted 1:10 with sterile MilliQ water. Transcript 

abundance was quantified from cDNA  using the KAPA SYBR-fast qPCR Universal 

ReadyMix system (Geneworks, Australia).  qRT-PCR standards were prepared using 

end point PCR and nanodrop quantification. Four qPCR standard dilutions were 
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included in each run, in triplicate (10 -2, 10-4, 10-6 and 10-8 fmol/ l˃). qPCR was performed 

ÖÕɯÛÏÌɯ"%7Ɲƚɚɯ1ÌÈÓɯ3ÐÔÌɯ/"1ɯ#ÌÛÌÊÛÐÖÕɯ2àÚÛÌÔɯȹ!ÐÖ1ÈËȺȭɯ1ÌÈÊÛÐÖÕÚɯÞÌÙÌɯ×ÌÙÍÖÙÔÌËɯ

in10 µl. volumes containing 2X KAPR Sybr Fast, 0.2 µM of forward and reverse 

primers and 1 µl of 1:5 diluted cDNA. Amplification conditio ns for Aox1a and 

reference genes Ubiquitin and Protein phosphatase2A  (Pdf2) were initial melt for 1 

minute at 95°C; 39 cycles of 95°C for 5 seconds and 58°C for 10 seconds. Amplification 

conditions for Ndb2 were initial melt for 1 minute at 95°C; 39 cycles of 95°C for 5 

seconds and 61°C for 15 seconds. Melt curve analysis was pre-set for all samples at 

ƙƔƲ"ɯÛÖɯƝƙƲ"ɯÐÕɯÐÕÊÙÌÔÌÕÛÚɯÖÍɯƔȭƙƲC. For each cDNA sample, the concentration of each 

target gene was calculated from the standard curve. A normalisation fact or was 

calculated from the geometric mean of the two reference genes. Relative transcript 

levels for the gene of interest (i.e. Aox1a) were calculated as the concentration of Aox1a, 

divided by the normalisation factor. Three biological replicates were each  measured 

in triplicate technical replicates.  

 Isolation and purification of mitochondria  

Mitoch ondria were isolated based on the adaption of the method by Neuburger 

et al. (1982), Sweetlove et al. (2007) and Juszczuk et al. (2007). All steps were performed 

at 4°C. A.thaliana shoot tissue (~20g) was extracted from plate grown seedlings after 

21 days of growth grown as per Section 2.2. Shoot tissue was weighed and rinsed in 

distilled water. Tissue was then homogenised in 150 ml of isolation media (A7.2.5) 

using a Polytron blender (Kinematica, Australia) at four bursts of 8000 rpm for 2 

seconds each. The homogenate was then filtered through two layers of miracloth and 
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centrifuged at 1100 g for 5 minutes. at 4°C. The supernatant was centrifuged again at 

18,000g for 20 minutes at 4°C. The pellets were gently re-suspended with small 

paintbrushes and a glass mortar and pestle in wash media containing BSA (A7.2.5). 

The homogenate was then layered onto a prepared discontinuous Percoll gradient 

containing 60, 45, 28 and 5% (v/v) Percoll (Table A7.2). The gradients were then 

centrifuged at 30,000g for 45 minutes at 4°C in a SW 32 Ti swinging bucket rotor. The 

centrifuge brake was off until the last 500 rpm of deceleration for which the slowest 

brake setting was applied. Top layers of Percoll were removed using an aspirator and 

the mitochondrial band sitting at the  interface between 28 and 45 %(v/v) Percoll was 

gently pipetted into 40 ml centrifuge tubes. After diluting in wash media containing 

BSA, the mitochondrial band was centrifuged at 31,000g for 20 minutes at 4°C, with a 

slow brake over 5 minutes. The pellet was resuspended and diluted in wash media 

without BSA and  centrifuged at 31,000g for 20 minutes at 4°C. The final pellet was 

resuspended in 2 ml of wash media without BSA and the protein kept on ice till further 

use. Protein concentrations were determined using the BCA protein assay (Bradford 

1976) as per manufacturers (ThermoFisher) instructions and all NAD(P)H and oxygen 

electrode assays were performed on the same day of preparation.  

 Detection of AOX, NDB2 and reference protein PORIN using SDS -PAGE 

and i mmunoblotting  

Isolated mitochondrial samples were mixed with equal volumes of 2X 

denaturing loading buffer (A7.2.6) and boiled at 100°C for 5 minutes. Boiled samples 

were then centrifuged at max speed for 5 minutes to removed precipitated proteins. 
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Samples (10 ug) were loaded onto a 10% (v/v) poly acrylamide resolving and 4% (v/v) 

stacking SDS-PAGE gel (A7.2.6). Each gel was run using the SDS-PAGE running 

buffer (A7.2.6ȺɯÈÕËɯÐÕÊÓÜËÌËɯÌÐÛÏÌÙɯÛÏÌɯ/ÙÌÊÐÚÐÖÕɯ/ÓÜÚɯ/ÙÖÛÌÐÕɚɯ*ÈÓÌÐËÖÚÊÖ×Ìɚɯ

Prestained Protein StandarËÚɯÖÙɯ/ÙÌÊÐÚÐÖÕɯ/ÓÜÚɯ/ÙÖÛÌÐÕɚɯ#ÜÈÓɯ"ÖÓÖÜÙɯ2ÛÈÕËÈÙËÚɯ

(BioRad). Running conditions were always maintained at 170 V constant for 

approximately 70 minutes uÚÐÕÎɯÛÏÌɯ/ÖÞÌÙ/ÈÊɚɯ!ÈÚÐÊɯ/ÖÞÌÙɯ2Ü××ÓàɯÈÕËɯ,ÐÕÐ-

PROTEAN Tetra Vertical Electrophoresis Cell (BioRad). The separated proteins were 

transferred to nitrocellulose membrane using the Mini Trans -Blot® Cell (BioRad). 

Nitrocellulose membrane (General Electrics), Whatman filter papers, sponges and the 

SDS-PAGE gels were incubated at room temperature in a solution of transfer buffer 

(A7.2.6) for 15 minutes. The SDS-PAGE gel was sandwiched against the nitrocellulose 

using a piece of equal size filter paper and sponge on both sides of the sandwich. All 

bubbles were removed before being placed within the tank buffer syste m. The transfer 

was then run at 60 V at 4°C for 2 hours. Post transfer, the membranes were incubated 

in blocking buffer ( A7.2.6) for an hour at room tem perature on a gyrating platform. 

The blocking buffer with the appropriate antibody solution was added ( Table A7.3). 

Each primary antibody incubation was left overnight at 4°C on a shaking platform. A 

minimum of three, 10 -minute washes with 15 ml TBS-T (A7.2.6) was used to remove 

the primary antibody. The appropriate secondary antibody conjugated to a 

horseradish peroxidase (Table A7.3) was then added to fresh blotting buffer  and the 

membrane allowed to incubate at room temperature  for a minimum of 1 hour. The 

secondary was then washed away using a minimum of three  10-minute, 15 ml washes 
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of TBS-T. Proteins were then visualised using the Clarity Western ECL Substrate by 

addin g 1ml of each reagent to 15ml of water and allowing the blot to incubate for 1 

minute with shaking in the dilute solution. The blot was then imaged using the 

ChemiDoc XRS+ imaging system. Each membrane was probed sequentially with three 

primary antibodies.  To ensure all protein bands could be recognised and quantified, 

the lowest concentration proteins were detected first, i.e. anti-AOX, then anti -NDB2 

and finally anti -PORIN, which gave the most intense band. 

 Quantification of NAD(P)H oxidation in isolated mitochondria of 

transgenic dual Aox1a/Ndb2  OEX lines 

NAD(P)H oxidation was quantified by following the change in absorbance at 

340 nm. All measurements of NAD(P)H oxidation were performe d on freshly isolated 

mitochondria as per Section 2.3.12. Apart from Figure 3.10, all measurements were 

×ÌÙÍÖÙÔÌËɯ ÖÕɯ ÈÕɯ .ÓÐÚɯ ,ÖËÌÙÕÐáÌËɯ  ÔÐÕÊÖɚɯ #6-2 spectrophotometer. 

Measurements were performed at 25°C and utilised 50 ϟg of protein per sample. 

Measurements were taken using either oxygen as an electron acceptor or 

supplemented with 0.04 mM decylubiquinone. Isolated mitochondria (100 ϟl) were 

incubated in a solution containing 860 ϟl of standard reaction media (A7.2.5), 0.5 mM 

EGTA (for calcium independent rates) or 1 mM CaCl2 (for calcium -activated rates), 0.2 

mM NAD(P)H and 1 mM ADP. A stable, linear rate was then taken. The following 

was added in order and a linear rate taken after each subsequent addition: 1 mM 

dithiothreitol  (DTT), 5 mM pyruvate  (AOX activator) , 10mM succinate (to look for 

further activati on of the mitochondrial electron transport chain through Complex II) , 
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0.5 mM potassium cyanide (KCN, a COX inhibitor ) and 0.12 mM propyl gallate (PG, 

an AOX inhibitor ). Rates were calculated using slopes of the lines generated by Olis 

Spectral Works software. 

 Determining oxygen consumption rates and electron transport chain 

capacity of transgenic dual Aox1a/Ndb2  OEX lines   

Oxygen consumption was measured polarographically using the Oxygraph Plus 

chambers (Hansatech Oxygraph, Norfolk, England).  Measurements were performed 

at 25°C and on the same day of mitochondrial isolation. Each assay contained 100 ˃g 

of protein and was incubated with the same SRM as section 2.4.14. The same volumes 

and concentrations of SRM and inhibitors /activators were again used for oxygen 

consumption measurements and in similar orders  as section 2.4.14. The only 

difference was when determining COX and AOX capacity. COX capacity was 

measured as the PG-insensitive, KCN -sensitive rate of oxygen consumption, while 

AOX capacity was measured as the KCN-insensitive, PG-sensitive rate of oxygen 

consumption.  

2.5 Plant response to high light and drought stress  

 Boyes growth analysis on MS  media  

Phenotypic characterisation of new transgenics was performed using the Boyes 

et al. (2001) method. Growth analysis on MS media utilised the same growth 

conditions and media as outlined in Section 2.2 containing 2% (w/v) phytagel. To test 

the effects of using sucrose as a supplementary carbon source over CO2 when growing 

plants in sealed containers, phenotypic analysis on MS media was performed with 
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and without 2% (w/v) sucrose. Seeds were sown in a single row along the top of a 

square petri dish with 10 mm gaps between each seed. Each plate had two replicates 

of each line and were vernalised at 4°C in the dark for 3 days. Plates were positioned 

vertically in custom made racks to ensure roots would grow do wnwards, and 

repositioned daily to minimise positional  effects between plates. Seedlings were then 

monitored every day for growth stages including radicle emergence, cotyledon 

emergence, cotyledons fully opening and length of the primary root. On the 14 th day, 

growth stage measurements ceased, and the number of rosette leaves and secondary 

root hairs were counted under a dissecting microscope.   

 Boyes growth analysis on soil  

Growth analysis on soil utilised the same conditions and medium outlined in 

section 2.2. Seeds were sown directly onto soil and vernalised for three days at 4°C in 

the dark. Once seeds had germinated, plants were monitored every second day and 

the growth stages recorded. Rosette radius was measured every second day starting 

on the 14th day until the growth stage at which the first flower b uds became visible. 

At this stage, a selection of plants was harvested, and the fresh/dry weights recorded. 

Dry weights were measured after plants had been incubated at 80°C for a minimum 

of 48 hours or until dry. Once bolting had occurred, measurements of  bolt height were 

recorded every second day and were used to indicate when approximately 50% of 

ÍÓÖÞÌÙÚɯÏÈËɯÉÌÌÕɯ×ÙÖËÜÊÌËȭɯ(ÛɀÚɯÌß×ÌÊÛÌËɯÛÏÈÛɯƙƔǔɯÖÍɯÍÓÖÞÌÙɯ×ÙÖËÜÊÛÐÖÕɯÊÖÐÕÊÐËÌÚɯÞÐÛÏɯ

a plateauing of bolt  height. Before harvesting, plant stems were counted for the 

number of branches on main bolt and number of side bolts. Plants were then harvested 
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at this point ensuring both rosette and stem weight were weighed separately. Relative 

growth rates (RGR) for rosettes were calculated using the DW data obtained at the 

first growth stage harvest.  Stem RGR were calculated on the assumption of DW was 

zero on bolt emergence using the equation obtained from Evans (1972). RGR=(lnW2-

lnW 1)/(t2-t1) where W1 and W2 are the dry weights at two different time points and t 2-

t1 are the corresponding days of harvest. 

 Moderate light and drought experiment with recovery  

To test the effects of a combined moderate light and drought stress on the 

newly generated transgenics, a new method not using hydroponics and mannitol was 

devised by another member of the lab that utilised soil. The pots utilised were custom 

made 63 mm diameter pots lacking drainage holes, to prevent loss of soil when 

watering. Soil was completely dried before addi ng to pots (114 g). Pots were then 

watered to 163 g (minus pot weight) (0.43 ml per g soil) and seeds sown directly into 

the pot. Seeds were then vernalised on soil for 3 days at 4°C in the dark. Plants were 

grown for 4 weeks under control conditions with the same lighting intensity, 

day/night length and temp eratures as outlined in Section 2.2. Water was then 

withheld for selected plants for the following seven days. Control pots continued to 

be watered as normal. As soil content weight was known, water c ontent could be 

carefully maintained every day by measuring pot weights. Due to slight positional 

ÌÍÍÌÊÛÚɯÖÕɯÌÝÈ×ÖÙÈÛÐÖÕɯÙÈÛÌÚɯÐÕɯÛÏÌɯÎÙÖÞÛÏɯÊÈÉÐÕÌÛȮɯÈÓÓɯɁËÙÖÜÎÏÛɂɯ×ÖÛÚɯÞÌÙÌɯÛÖ××ÌËɯÜ×ɯ

with a minimal volume of water, to maintain equal water contents between  pots. This 

allowed for a consistent drought stresÚɯÈÊÙÖÚÚɯÈÓÓɯÚÈÔ×ÓÌÚȭɯ ÍÛÌÙɯÚÌÝÌÕɯËÈàÚȮɯɁËÙÖÜÎÏÛɂɯ
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plants were transferred to moderate light conditions (~300 ϟÔÖÓɯÔ-2 s-1) and water 

content was maintained at an equal minimum, as previously mentioned. This  was 

labelled as a moderate light and drought (MLD ) treatment. Triplicate biological 

samples of control and MLD plants were immediately frozen in liquid nitrogen for 

use in biochemical analysis and stored at -80°C until required. Triplicates of both 

control and MLD samples were also harvested every day for seven days after 

exposure to moderate light and weighed for fresh/dry/turgid weights. Turgid weights 

were determined by submerging the freshly harvested sample in water for 24 hours, 

removing excess water via brief centrifugation in a salad -spinner and dabbing with 

paper towel, and then weighing. Plants were then measured for dry weights as per 

2ÌÊÛÐÖÕɯƖȭƙȭƖȭɯ2ÈÔ×ÓÌÚɯÛÏÈÛɯËÐËÕɀÛɯÜÕËÌÙÎÖɯËÌÚÛÙÜÊÛÐÝÌɯÔÌÈÚÜÙÌÔÌÕÛÚɯÞÌÙÌɯÙÌÞÈÛÌÙÌËɯ

to 163 g pot weight to determi ne recovery rates. Each line was scored and 

photographed for recovery rates one week after re-watering.  

 MDA quantification  

Quantification of MDA was achieved following the spectrophotometric TBARS 

reactive method outlined by Hodges et al. (1999) and Singh et al. (2012). 

Approximately 50 -100 mg of frozen and homogenised leaf tissue was vortexed with 1 

ml of 80% (v/v) ethanol and centrifuged at 16,000 g for 15 minutes. The supernatant 

was split into 400 l˃ and mixed with an equal volume of either TBA+ or TBA - solution 

(A7.2.7). Samples were heated to 96°C for 30 minutes and then quickly cooled on ice. 

The solution was centrifuged at 9500 g for 10 minutes and 100 ˃ l of both TBA+/- were 
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measured at 440, 532 and 600 nm. MDA was then quantified using the equation 

outlined by Hodges et al. (1999).  

 Anthocyanin quantification  

Anthocyanins were quantified by a method adapted from Nakata et al. (2013) 

and Rabino and Mancinelli (1986). Some methods utilise an acidified ethanol solution 

to extract anthocyanins, however Oancea et al. (2012) has shown ethanol alone to be 

more effective. As such, 100 mg of liquid nitrogen frozen ground tissue was vortexed 

in 1 ml of 80% (v/v) ethanol and centrifuged at 16,000 g for 15 minutes. Anthocyanins 

were quantified from the remaining  supernatant by measuring absorbance at 530 and 

657 nm as outlined by Rabino and Mancinelli (1986).  

 Gas exchange analysis  

Photosynthesis measurements were performed on whole rosettes after 29 days 

of growth under standard conditions. All measurements were  made at least four 

hours into the lighting period and were completed four hours before completion of 

lighting period. All measurements were made using the LI -6400 XT portable 

photosynthesis system (LICOR, Nebraska) connected to the whole plant Arabidopsis  

chamber (6400-17) and RGB LED light source (6400-18A). For all light curve 

measurements, the leaf fan was set to fast, flow rate was 500 µmol  s-1, 400 µmol CO 2  

mol -1  reference stream, 20% relative humidity and 20°C block temperature. Light 

source was a mixture of red and blue in a 0.75 and 0.25 ratio respectively to mimic the 

growth conditions found in the growth chamber. Photosynthetic light curves were 

generated using PAR values of 1500, 1000, 600, 400, 250, 120, 60, 40, 20, 10 and 0 µmol  
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m-2 s-1 measured in order of  highest to lowest. Each intensity was measured for a 

minimum/maximum of 3 to 6 minutes respectively. Sampling was performed after 3 

minutes when the stability parameters of photosynthesis, conductance and flow were 

stable or until 6 minut es was reached, whichever came first. Leaf area was determined 

using the image analysis program ImageJ (Schneider et al. 2012) and photographed 

images with a known scale included.  

2.6 Transcriptomic analysis of Arabidopsis  plants  

 RNA extraction and cDNA prepa ration  

Total RNA was extracted from shoot tissue using the Bioline Isolate II RNA Plant kit. 

RNA quality was assessed using the Perkin Elmer LabChip GX Touch 24 with RNA quality 

scores cut off set at >8. mRNA was purified and cDNA prepared using the Truseq Stranded 

mRNA HT Sample Prep Kit (Illumina).  

 RNA sequencing quality control and sequence data evaluation  

RNA sequencing services were provided by Flinders Genomics Facility, Adelaide, 

Australia. cDNA libraries were analysed with  the Perkin Elmer LabChip GX Touch 24 using 

the High Sensitivity DNA kit  producing average fragment size of 268 bp. Libraries were 

sequenced using the Illumina NextSeq 500 to generate single-end reads of 75 bp. Raw 

sequence reads were then processed using the following pipeline: (1) remove reads 

with sequence quality scores less than Q30; (2) remove adapter/overrepresented 

sequence and cross species contamination; (3) remove reads with final lengths less 

than 30 bp. The quality of the cleaned reads was assessed using FastQC.  
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 Read m apping and post alignment quality control  

The cleaned sequence reads were then aligned and mapped against the 

Arabidopsis genome (Ensembl, TAIR10) using Tophat aligner (v2.1.1) with bowtie 

aligner (v2.3.3). Total number of reads was compared to number of mapped reads to 

determine the percentage of mapped reads to total reads.  

 Differential expression analysis  

DESeq2 was used for statistical analysis of differential expression and provided 

normalised gene counts, log2 fold change, Wald statistics, p-values and p-adjusted 

values. To account for very low or zero read counts for certain genes, a mean of 

normalized reads counts was calculated from the three replicates for each individual 

gene. Base means lower than 25 in both groups to be compared were considered too 

error prone to be useful and were removed. Genes were then filtered based on p-

adjusted values <0.01 and log2 fold changes greater than 1 or less than -1. 

 Gene ontology term enrichment  

&ÌÕÌɯÖÕÛÖÓÖÎàɯÞÈÚɯ×ÌÙÍÖÙÔÌËɯÜÚÐÕÎɯÛÏÌɯɁ&.ɯÛÌÙÔɯÌÕÙÐÊÏÔÌÕÛɯÍÖÙɯ×ÓÈÕÛÚɂɯ

provided by The Arabidopsis Information Resource (TAIR), 

www.arabidopsis.org/aboutarabidopsis.html  (Berardini et al. 2015) utilising the 

PANTHER classification system (Thomas et al. 2003; Thomas et al. 2006). Gene lists 

entered in PANTHER were previous ly filtered according to 2.6.4. A summary of the 

settings used in PANTHER are highlighted in table 2.1 
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 KEGG pathway analysis  

Pathway analysis was performed using the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) mapper, search and colour pathway tool (Kanehisa & Goto 2000; 

Kanehisa 2019; Kanehisa et al. 2019). Pathways were mapped using the organism 

specific search mode with the A.thaliana database. 

Table 2.1 Summary  of selections used in PANTHER classificati on system tool for 

PANTHER overrepresentation test  

Criterium/datasets  Selected criterium/datasets  

Analysis type  PANTHER Overrepresentation Test 

(Released 13/11/2018) 

Annotation version and  release data GO Ontology database  

(Released 15/11/2018_ 

Reference list Arabidopsis thaliana (all genes in 

database) 

Annotated data set - GO cellular component complete 

- GO biological process complete 

- GO molecular function complete  

Test type %ÐÚÏÌÙɀÚɯÌßÈÊÛɯÛÌÚÛɯÞÐÛÏɯÍÈÓÚÌɯËÐÚÊÖÝÌÙàɯ

rate 
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Chapter 3 

Generation and ch aracterisation of 

Arabidopsis lines overexpressing 

AtAox1a and AtNdb2  
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Data from this chapter is part of the published work  in Sweetman, C., Waterman, C. D., 

Rainbird, B. M., Smith, P. M. C., Jenkins, C. L., Day, D. A., & Soole, K. L. (2019). AtNDB2 

is the main external NADH dehydrogenase in mitochondria and is important for tolerance 

to environmental stress. Plant physiology, pp-00877. 

Written text in this chapter is my own, however some figures are the collaborative work 

of another author of the paper. 

 Generation and characterisation of Arabidopsis lines 

overexpressing AtAox1 a  and AtNdb2  

3.1 Co -expression of Aox1a  and Ndb2  gene in response to stress  

Co-expression of AP components has been shown under a multitude of 

conditions. The internal type II NAD(P) H DH Nda1 has been seen under multiple 

occasions to be responding diurnally to light. This has also been seen in the co-

expression of Ndc1 gene and the Aox2 gene in A.thaliana (Escobar et al. 2004). While 

Elhafez et al. (2006) and Michalecka et al. (2003) did not find evidence concurring with 

Escobar et al. (2004). However, they did find t hat Ndb2 was regulated diurnally along 

with another AP member, Nda1 (albeit weakly), which concurs with Smith et al. (2004). 

Although the evidence for Aox1a having a form of diurnal regulation is tentative 

(Escobar et al. 2004; Elhafez et al. 2006; Rasmusson & Escobar 2007; Lee et al. 2010) it 

is clear at least that the Aox1a gene responds to illumination and especially an 

overabundance of light  in A.thaliana (Yoshida et al. 2009; Yoshida et al. 2011a). 

Alongside the expression of Nda1 and Ndb2, the AP may be forming a complete bypass 
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for both sides of the membrane for electrons from reductants to flow. Many other 

forms of co-expression exist in the AP as well. As shown by Elhafez et al. (2006) 

analysis of microarray data from Genevestigator, an extensive list of chemical and 

environmental treatments result in the co -expression of Nda2, Ndb2 and Aox1a. 

Interestingly, not all treatments that resulted in co -expression had all three mentioned 

genes upregulated. In fact, the majority of the condition s resulted only in Aox1a and 

Ndb2 co-expression. Several shared cis-acting regulatory elements (CAREs) were 

identified in the promoter regions of both Aox1a and Ndb2 that were responsive to 

both hydrogen peroxide and rotenone in both genes.  

The co-expression of Aox1a and Ndb2 is most evident in the analysis of 

&ÌÕÌÝÌÚÛÐÎÈÛÖÙɀÚɯ ÍÍàÔÌÛÙÐßɯÈÕËɯÔ1- ɯÚÌØɯËÈÛÈɯÉÈÚÌÚɯȹ%ÐÎÜÙÌɯƗȭƕɯÈÕËɯƗȭƖȺȭɯ4ÚÐÕÎɯÛÏÌɯ

co-expression tool in Genevestigator, a single gene can be selected and commonly co-

expressed genes responding to perturbations across the database can be visualised. 

Searching against Aox1a in both Affymetrix and mRNA -seq databases, it was shown 

that Ndb2 was the 5th and 2nd most co-expressed gene alongside Aox1a, respectively; 

highlighting the many shared roles these two genes have in responding to stress.  

 Investigating Aox1a  for potential benefits in an OEX  model  

While a number of studies have demonstrated the importance of Aox1a via T-

DNA and RNAi modifications (Watanabe et al. 2008; Strodtkötter et al. 2009; Yoshida 

et al. 2011b; Gandin et al. 2012), the ability to exploit these genes under a transgenic 

OEX promoter has been investigated far less (especially in A.thaliana). OEX lines 

generated by Umbach et al. (2005) highlighted the role of Aox1a in reducing the 
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damaging effects of ROS by measuring a by-product of lipid peroxidation, however 

no phenotypical measurements were made. A low temperature study (Fiorani et al. 

2005) identified for  the first time a phenotypical vegetative growth phenotype in lines 

overexpressing Aox1a. OEX lines showed appreciable increases in a number of areas 

including leaf area, number of leaves and rosette diameter. These effects were even 

more pronounced under the cold stress, providing evidence for the potential of Aox1a 

to be used as a marker for improved growth and stress but also as a method to 

ÛÙÈÕÚÎÌÕÐÊÈÓÓàɯÐÔ×ÙÖÝÌɯÊÖÔÔÌÙÊÐÈÓɯ×ÓÈÕÛÚȭɯ3ÏÌÚÌɯÉÌÕÌÍÐÛÚɯÞÌÙÌÕɀÛɯÊÖÕÚÛÙÈÐÕÌËɯÛÖɯÓÖÞɯ

temperature acclimation either.  Salinity treatments applied to an Aox1a OEX saw 

noticeable increases in growth rates under stress compared to wildtype (Smith et al. 

2009). Interestingly, a decrease was seen in growth rates for the Aox1a OEX under 

normal conditions, an observation in dis agreement with Fiorani et al. (2005). 

Fortunately, further experiments by Smith identified a new approach that seemingly 

minimises the growth penalty under normal conditions but maintains the improved 

resilience.  

 Exploiting the co -expression of stress responsive genes  

RNAi experiments on th e Ndb4 gene were performed by (Smith et al. 2011) in 

an attempt to determine the substrate specificity of NDB4. The reduced expression of 

Ndb4 led to a significant upregulation of Aox1a, Ndb2 and Nda1 genes under normal 

conditions. Interestingly, the downr egulation of the Ndb4 led to a significant 

improvement in the plants growth rate in roots and shoots under both normal and  



   

PhD Thesis 55 Christopher Waterman  

Figure 3.1 Co-expression analysis of AtAox1a  using Genevestigator Affymetrix Arabidopsis ATH1 genome array data  
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Figure 3.2 Co-expression analysis of AtAox1a  using Genevestigator mRNA -Seq gene level A.thaliana  data 
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saline conditions. This change in phenotype was suggested to be a result of an initial 

stress early in development resulting from the ndb4 RNAi. Triggering an induction of 

Aox1a and Ndb2, it was suggested that this resulted in a positive growth phenotype 

through the reduction of ROS. It was hypothesised that the main benefit seen in these 

lines could be conferred through a transgenic OEX of the Aox1a and Ndb2 genes. 

3.2 Aims 

The aims of this chapter were to generate at least 3 single insertion homozygous 

lines overexpressing both Aox1a and Ndb2. These lines would be made from the 

previously generated and characterised XX1 Aox1a OEX lines(Umbach et al. 2005) that 

utilised a CaMV35s promoter. This same OEX promoter would be used for the OEX 

of Ndb2 in these lines. These lines could then be characterised at the phenotypic level 

for any altered differences in growth characteristics. It was hypothesised that a dual 

OEX plant would be more similar to the ndb4 RNAi phenotype rather than the single 

Aox1a OEX phenotype but still retain the improved stress r esilience. Characterising 

these lines and how they differ to previous transgenics may be informative about the 

post-translational regulation of the AP under non stressed conditions. Previous 

attempts at isolating the substrate specificity of the external type II NAD(P)H 

dehydrogenases has been difficult due to other interfering isoforms or lacking 

confidence due to expression in a heterologous system. These experiments aim to 

provide further evidence of the substrate used by Ndb2 and any change in activity 

resulting from calcium activation.   
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 These experiments aimed to insert the Ndb2 OEX construct into Aox1a OEX 

lines (XX1), confirm its presence through antibiotic selective screening and PCR 

screening. Transgenics would then be screened for single insertions through 

mendelian genetics and the antibiotic selective marker. These lines could then be 

tested for levels of OEX through a combination of transcript and protein 

measurements. Combined with an existing ndb2 T-DNA line , substrate specificity was 

tested as well as a number of enzymatic treatments aiming to test the changes in 

electron flux through the ETC and AOX activation changes. The comprehensive 

phenotypic analysis laid out by Boyes et al. (2001) was used to characterise phenotypic 

changes. 
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3.3 Results 

 Generating AtAox1a  and AtNdb2  dual OEX lines 

3.3.1.1 Preliminary confirmation of Aox1a  OEX lines and Ndb2  OEX vector 

pEarlygate100  

The empty OEX vector pEARLYGATE100 was obtained through Dr. Ian Dry ɀs 

laboratory and the AtNdb2 OEX construct had been generated and inserted in lab by 

Dr. Crystal Sweetman using the gateway cloning procedure. The presence of the 

AtNdb2 construct was previously confirm ed from plasmids extracted from E.coli post 

transformation and sequencing performed to ensure the sequence had not been 

unintentionally altered. The purified pEARLYGATE100+ AtNdb2 OEX plasmid was 

transformed into A.tumefaciens via electroporation and the resulting bacterium spread 

plated on to LB agar containing the selective antibiotic BASTA. Colonies grown after 

two days at 28°C were inoculated into LB broth containing the appropriate selective 

agents and allowed to proliferate for a further two days. Plas mids were extracted and 

purified from the resulting broth and a PCR for the AtNdb2 cDNA construct using 

qPCR designated primers was performed. The AtNdb2 construct was successfully 

amplified from two different A.tumefaciens colonies, showing a 182bp PCR product in 

the A.tumefaciens colonies as well as the original E.coli plasmid (positive 

control)(Figure 3.3).  

Before the Aox1a OEX plants could be dipped with the 

pEARLYGATE100+AtNdb2 OEX plasmid, the presence of the original Aox1a OEX   
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Figure 3.3 PCR confirmation for the presence of the Ndb2 construct within 

pEARLYGATE 100 OEX plasmid  

PCR was performed on plasmid DNA extracted from transformed A.tumefaciens or 

transformed E.coli. Primer set used were Ndb2 specific qPCR FWD/REV primer set as 

seen in Table A7.4. PCR was performed as described in methods section 2.4.4. 

Expected product size was 182bp. 

Marker  Thermo Scientific GeneRuler Express DNA ladder  

Lane 1  Ndb2over plasmid from A.tumefaciens colony 1  

Lane 2  Ndb2over plasmid from A.tumefaciens colony 2  

Lane 3  Ndb2over plasmid from E.coli (positive control)  

Lane 4  No template control (negative control)

300bp 

    M           1             2           3            4 

100bp 
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construct firstly needed to be confirmed. Three potential lines were chosen for dipping 

including the auto -active E14 line containing the site directed glutamate residue 

alteration as well as the non-auto-active lines XX1 and X6 (Umbach et al. 2005). Several 

replicates of each line were grown for dipping, with leaf tissue sampled for gDNA 

extraction. PCR was performed on the extracted gDNA using cDNA discernible 

(qPCR) primers that would amplify differing product size s depending on the presence 

of either the gDNA or cDNA gene/construct. All transgenics showed a strong single 

band of 1100 bp, the expected size of the amplified cDNA construct (Figure 3.4). 

Majority also showed another single, but distinctly lighter band at around 1600 bp. 

Amplification of the genomic AtAox1a gene results in a 1600 bp product highlighted 

in the wildtype sample. An unexpected 500 bp product was amplified in the sample 

containing the Aox1a OEX plasmid which was not expected. As this product does not 

overlap with the expected products, this result was ignored . Unfortunately, the 

positive control did not produce the expected band size of 1100 bp. However, the 

differentiation seen in the gel photo as well as the future experiments highlighting  the 

massively increased Aox1a expression confirm these lines are Aox1a OEX lines. 

3.3.1.2 Generation and confirmation of transgenic A.thaliana containing OEX 

constructs for AtNdb2  and AtAox1a  

The newly constructed pEARLYGATE100+AtNdb2 OEX plasmid was then 

dipped with the three different Aox1a OEX transgenics lines and the seed collected. 

Seeds were then plated on to ½ strength MS media containing the herbicide BASTA.   
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Figure 3.4 PCR confirmation for the  presence of the Aox1a cDNA OEX construct 

within the XX1, E14 and X6 Aox1a OEX lines  

gDNA was extracted from A.thaliana and construct amplified using Aox1a cDNA 

specific qPCR primers PCR was performed on gDNA extracted from either 

transformed or wildtype A.thaliana and plasmid extracted from E.coli. Primer set used 

were Aox1a cDNA specific FWD/REV primer set as seen in Table A7.4 PCR was 

performed as described in methods section 2.4.5. Expected product size was 1100bp 

for cDNA present in transgenics and 1600bp for the wildtype gDNA  

  

1500b

p 

250bp 

1000b

p 

A 

B 

   M      1     2      3      4      5      6      7     8      9     10    11    12    13   14    15 

   M      1     2      3      4       5      6      7     8      9     10    11 

250bp 

1000b

p 

1500b

p 
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Row 1       Row 2 

Marker  1kB Promega ladder    Marker  1kB Promega ladder  

Lane 1  Aox1aover E14 replicate 1  Lane 1  Aox1aover X6 replicate 1 

Lane 2  Aox1aover E14 replicate 2  Lane 2  Aox1aover X6 replicate 2 

Lane 3  Aox1aover E14 replicate 3  Lane 3  Aox1aover X6 replicate 3 

Lane 4  Aox1aover E14 replicate 4  Lane 4  Aox1aover X6 replicate 4 

Lane 5  Aox1aover E14 replicate 5  Lane 5  Aox1aover X6 replicate 5 

Lane 6  Aox1aover E14 replicate 6  Lane 6  Aox1aover X6 replicate 6 

Lane 7  Aox1aover E14 replicate 7  Lane 7  Aox1aover X6 replicate 7 

Lane 8  Aox1aover E14 replicate 8  Lane 8  Aox1aover X6 replicate 8 

Lane 9  Aox1aover XX1 replicate 1  Lane 9  Wildtype  

Lane 10 Aox1aover XX1 replicate 2  Lane 10 pEARLYGATE100 Aox1a 

Lane 11 Aox1aover XX1 replicate 3    OEX  plasmid  

Lane 12 Aox1aover XX1 replicate 4  Lane 11 No template control  

Lane 13 Aox1aover XX1 replicate 5 

Lane 14 Aox1aover XX1 replicate 6 
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Plants able to germinate and successfully grow on the media were considered positive 

transformants and transferred to soil for seed collection. Once seeds had been 

collected, a known amount of seed was again plated onto ½ strength MS media 

containing BASTA and a segregation ratio analysis performed. To determine the 

number of inserti on events that occurred in each transgenic line, the ratio of resistant 

to non-resistant seedlings was determined. Combined with the chi -square statistic, a 

statistical predictio n regarding the number of AtNdb2 OEX insertion events could be 

made. If plants lines demonstrated a chi squared value of <3.84 for a 3:1 ratio these 

were considered to contain only a single insertion. A number of lines demonstrated 

only a single insertion event and were used for further analysis (P1, P5, P6, P8, P9, 

P10, P11, P12, P15, P16, P17 P18 and P20) (Table 3.1) (it should be noted that although 

seeds were collected for X6 and E14 dual OEX, no analysis was included in this thesis).  

Further PCR confirmation was required to confirm the presence of the Ndb2 

construct and not simply the selection marker. Amplification of extracted gDNA from 

T2 plants was performed using a combination of CaMV35S and Ndb2 specific primers. 

The presence of the Ndb2 OEX construct was assumed when there was amplification 

of a 280 bp PCR product. As these primers used sites specific to the transgenic 

insertion, no product was expected to be amplified in wildtype lines. All putative 

transgenics displayed the expected 280 bp product for the Ndb2 OEX construct (Figure 

3.5). 

To ensure the presence of the Ndb2 OEX construct was stably inherited across   
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Table 3.1 Determining the gene copy number of Ndb2 OEX constructs inserted into 

the Aox1a OEX (XX1) lines in T2 seedlings  

Antibiotic resistant T1 plants were used for seed collection  and the resulting T2 seeds 

plated on MS media containing 5 ϟg/ml glufosinate ammonium. Chi square values 

below 3.84 were considered to be single insertion events based on a p-value of 0.05.   

Plant 

Line 

Resistant (alive) Non-resistant 

(dead) 

Ratio Chi-squared 

value 

P1 66 28 2.35 1.02 

P2 17 58 0.29 107.21 

P3 92 5 18.4 19.99 

P4 86 6 14.3 16.75 

P5 65 21 3.09 0.05 

P6 54 25 2.16 1.67 

P7 83 5 16.6 17.52 

P8 50 24 2.08 1.96 

P9 62 26 2.38 0.97 

P10 76 18 4.22 1.85 

P11 64 23 2.78 0.06 

P12 78 15 5.2 3.70 

P13 81 7 11.57 13.64 

P14 79 12 6.58 7.04 

P15 42 22 1.90 3 

P16 53 24 2.2 1.75 

P17 67 27 2.48 0.60 

P19 74 20 3.7 0.80 

P20 77 17 4.52 2.55 
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Figure 3.5 PCR confirmation for the presence of the Ndb2 OEX construct within the 

XX1 Aox1a OEX lines.  

gDNA was extracted from T2 dual Aox1a/Ndb2 OEX lines and constructs amplified 

using CaMV35S FWD and Ndb2RNAi ( -att) REV primer set as seen in Table A7.4. PCR 

was performed as described in methods section 2.4.8. Expected product size was 

280bp for transformants and no product for wildtype  

  

  M1     M2       1        2        3        4        5         6        7         8        9        10   A 

B   M1     M2       1        2        3        4        5         6        7         8        9        10   

300bp 

100bp 

300bp 

100bp 
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Row 1       Row 2 

Marker 1 100bp Promega ladder   Marker 1 100bp Promega ladder 

Marker 2 100bp Promega ladder  Marker 2 100bp Promega ladder 

Lane 1  XX1/Ndb2 OEX T2 5.2  Lane 1  XX1/Ndb2 OEX T2 15.1 

Lane 2  XX1/Ndb2 OEX T2 6.1  Lane 2  XX1/Ndb2 OEX T2 15.2 

Lane 3  XX1/Ndb2 OEX T2 8.1  Lane 3  XX1/Ndb2 OEX T2 16.1 

Lane 4  XX1/Ndb2 OEX T2 9.1  Lane 4  XX1/Ndb2 OEX T2 16.2 

Lane 5  XX1/Ndb2 OEX T2 9.2  Lane 5  XX1/Ndb2 OEX T2 17.1 

Lane 6  XX1/Ndb2 OEX T2 10.1  Lane 6  XX1/Ndb2 OEX T2 17.2 

Lane 7  XX1/Ndb2 OEX T2 11.1  Lane 7  XX1/Ndb2 OEX T2 20.1 

Lane 8  XX1/Ndb2 OEX T2 11.2  Lane 8  pEARLYGATE100 Ndb2 

Lane 9  XX1/Ndb2 OEX T2 12.1    OEX plasmid  

Lane 10 XX1/Ndb2 OEX T2 12.2  Lane 9  Wildty pe  

       Lane 10 No template control  
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generations, T3 transgenic lines were tested for homozygosity of the selective marker 

associated with the Ndb2 OEX construct. To test for homozygosity, approximately 

>100 T3 seeds were plated onto ½ strength MS media containing BASTA. T3 lines that 

showed 100% resistance to the herbicide were homozygous for the insert. Lines with 

<100% resistance were heterozygous for the insert and were again grown to seed. 

These T4 seeds would again be tested for homozygosity. If seedlings were again found 

to be heterozygous, the process was repeated until homozygosity was achieved. In the 

first series of transgenic lines collected, a total of nine lines were found to be 

homozygous with another nine lines heterozygous (Table 3.2)  

A final genomic confirmation was performed on the new single insertio n, 

homozygous T3 dual Aox1a/Ndb2 OEX lines. Gene specific PCR was performed for 

both the AtNdb2 and AtAox1a OEX constructs. In all seven lines tested, all were shown 

to be positive for both  the AtNdb2 (Figure 3.6) and AtAox1a (Figure 3.7) constructs. A 

false positive for the wildtype during an AtNdb2 OEX construct screen was present. 

To combat this, a second screen utilising a combination of AtNdb2 specific qPCR 

primers and mRNA instead of g DNA resulted in the same dual OEX lines being 

identified as positive transformants without a false positive seen in the wildtype 

(Figure 3.8). 

mRNA was extracted from the seven positively identified dual OEX 

transformants and cDNA was synthesised for use in qRT-PCR. All lines examined for 

AtNdb2 transcript abundance showed a varied but consistent increase in the AtNdb2   
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Table 3.2 Determining homozygosity of T3 dual Aox1a/Ndb2 OEX lines  via selective 

antibiotic  screening  

Antibiotic resistant T2 plants were collected for seed and plated on glufosinate 

ammonium .  Lines that produced only 100% resistant seedlings were considered 

homozygous. ~100 seeds were plated per line.  

  

Fully resistant (homozygous)  <100% resistant (heterozygous) 

5.2 1.1 

6.1 6.2 

9.1 8.1 

10.1 9.2 

11.2 11.1 

12.2 15.1 

15.2 16.1 

17.1 16.2 

20.1 17.2 
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Figure 3.6 PCR confirmation for the presence of the Ndb2 OEX construct within the 

Aox1a/Ndb2 dual OEX lines.   

gDNA was extracted  from T3 dual Aox1a/Ndb2 OEX lines and constructs amplified 

using CaMV35S FWD and Ndb2RNAi ( -att) REV primer set as seen in Table A7.4. PCR 

was performed as described in methods section 2.4.8. Expected product size was 

280bp for transformants and no product for wildtype  

Marker  Promega 100bp ladder  

Lane 1  XX1/Ndb2 OEX T3 5.1 

Lane 2  XX1/Ndb2 OEX T3 5.2 

Lane 3  XX1/Ndb2 OEX T3 6.1 

Lane 4  XX1/Ndb2 OEX T3 11.2 

Lane 5  XX1/Ndb2 OEX T3 12.2 

Lane 6  XX1/Ndb2 OEX T3 15.2 

Lane 7  XX1/Ndb2 OEX T3 17.1 

Lane 8  Wildtype  

Lane 9  pEARLYGATE100 Ndb2 OEX plasmid  

Lane 10 No template control   

 M        1        2        3         4        5         6        7        8         9       10   

300bp 

100bp 
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Figure 3.7 PCR confirmation for the presence of the Aox1a OEX construct within 

the dual T 3 Aox1a/Ndb2 OEX lines.  

gDNA was extracted from T3 dual Aox1a/Ndb2 OEX lines and constructs amplified 

using Aox1a cDNA specific primer set as seen in Table A7.4. PCR was performed as 

described in methods section 2.4.5. Expected product size was 1100 bp for 

transformants and 1600bp product for wildtype  

  

   M         1         2          3          4          5          6          7           8         9      10   

1500bp 

1000bp 



   

PhD Thesis 72 Christopher Waterman  

Marker  Promega 100bp ladder  

Lane 1  XX1/Ndb2 OEX T3 5.1 

Lane 2  XX1/Ndb2 OEX T3 5.2 

Lane 3  XX1/Ndb2 OEX T3 6.1 

Lane 4  XX1/Ndb2 OEX T3 11.2 

Lane 5  XX1/Ndb2 OEX T3 12.2 

Lane 6  XX1/Ndb2 OEX T3 15.2 

Lane 7  XX1/Ndb2 OEX T3 17.2 

Lane 8  Wildtype  

Lane 9  pEARLYGATE100 Aox1a OEX plasmid  

Lane 10 No template control  
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Figure 3.8 PCR confirmation for the presence of the Ndb2 OEX construct within the 

Aox1a/Ndb2 dual OEX lines.  

mRNA was extracted from T3 dual Aox1a/Ndb2 OEX lines and constructs amplified 

using and Ndb2 qPCR FWD/RWD primer set as seen in Table A7.4. PCR was 

performed as described in methods section 2.4.8. Expected product size was 100bp for 

transform ants and no product for wildtype  

Marker  Promega 100bp ladder  

Lane 1  XX1/Ndb2 OEX T3 5.1 

Lane 2  XX1/Ndb2 OEX T3 5.2 

Lane 3  XX1/Ndb2 OEX T3 6.1 

Lane 4  XX1/Ndb2 OEX T3 9.1 

Lane 5  XX1/Ndb2 OEX T3 11.2 

Lane 6  XX1/Ndb2 OEX T3 12.2 

Lane 7  XX1/Ndb2 OEX T3 15.2  

Lane 8  XX1/Ndb2 OEX T3 17.1 

Lane 9  XX1/Ndb2 OEX T3 17.2 

Lane 10 XX1/Ndb2 OEX T3 20.1 

Lane 11 Wildtype

 M       1         2        3         4        5         6         7        8        9        10       11  

100bp 
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 transcript (Figure 3.9). The three lines showing the greatest increase in AtNdb2 

transcript were selected for protein and enzymatic analysis (lin es 5.2 , 6.1 and 15.2).  

3.3.1.3 Protein and enzymatic characterisation of dual AtAox1a and AtNdb2 

OEX lines  

To determine the change to NDB2 related activity, mitochondria were 

fractionated and isolated from seedlings grown on MS media. Isolated mitochondria 

were initially tested in a Dynamica HALO DB -20 UV-VIS double beam 

spectrophotometer.to determine the change to NAD(P)H oxidation but were later tested 

ÐÕɯÈÕɯ.ÓÐÚɯ,ÖËÌÙÕÐáÌËɯ ÔÐÕÊÖɚɯ#6-2. External NADH oxidation was measured in the 

presence of either calcium chloride (to mimic the effects of calcium activation) or EGTA  

(a calcium chelator). NADH oxidation was also measured in the presence of oxygen or 

with the addition of decylubiquinone (DCQ) which acts as a ubiquinone analog and an 

additional electron acceptor. In preliminary measurements of external NADH oxidation 

rates in three dual Aox1a/Ndb2 OEX lines, there was difficulty in reducing noise within 

measurements, likely due to the spectrophotometer used and its inability to measure 

highly turbid samples. Reg ardless, external NADH oxidation from a single replicate was 

still measured in the wildtype control an d three putative Aox1a/Ndb2 dual OEX lines. In 

the presence of oxygen and calcium, external NADH oxidation doubled only in line 5.2 

but was reduced by more than half in the presence of EGTA (Figure 3.10a). Line 6.1 

showed similar NADH oxidation under the p resence of calcium but close to double in the 

presence of EGTA. In the other dual OEX line, 15.2, there were decreases in NADH   
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Figure 3.9 Identifying T3 dual Aox1a/Ndb2 OEX transformants with the highest 

Ndb2 transcript abundance  

Mean normalised transcript abundance of Ndb2 in six different dual Aox1a/Ndb2 OEX 

lines each coming from separate insertion events determined via qRT-PCR. Constructs 

were amplified using AtUbiquitin and AtProtein phosphatase2A (PDF2) qPCR primer 

set as seen in Table A7.4. qRT-PCR was performed as described in methods section 

2.4.11. Transcript abundance was normalised to references genes AtUbiquitin (Ubq) 

and AtProtein phosphatase2A (Pdf2). Values are mean +/- SE N=3 * denotes significance 

of p<0.05 determined via unpaired, two -tailed t -test against wild type .
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Figure 3.10 External mitochondrial membrane NADH activity of dual Aox1a/Ndb2 

OEX lines in isolated mitochondria.  

NADH oxidation rates were measured using isolated, intact mitochondria from 21 -

day old seedlings grown in ½ strength MS media. NADH oxidation was measure d at 

340 nm in the presence of ADP (1 mM), NADH  (0.2 mM), CaCl (1 mM) or EGTA 

(0.5mM). Oxidation rates were measured to oxygen (A)  or to DCQ (0.5 mM)(B). 

Oxidation rates were first measured through to oxygen a nd then in the presence of 

decylubiquinone. Spectrophotometer used was a Dynamica HALO DB -20 UV-VIS 

double beam spectrophotometer. N=1 
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oxidation in both the presence of calcium and EGTA. When tested in the presence of DCQ 

a mostly similar trend was seen however the rates of reaction were all largely increased. 

Compared to wildtype under the same conditions, line 5.2 again showed a doubling in 

the presence of calcium (Figure 3.10b). Conversely, the reaction rate in the presence of 

EGTA was at least five times higher than that of the wildtype, a trend no t seen when 

measured in the presence of oxygen. Line 6.1 and 15.2 both showed decreases in 

reaction rate in the presence of DCQ and calcium but were marginally higher in the 

presence of EGTA. Measurements of external NADPH oxidation were attempted but 

due to very noisy and low rates of reaction, a confident measurement of external 

NADPH oxidation was not achieved and was not presented. Isolated mitochondria 

were then measured for changes to AOX, NDB2 and PORIN.  

To determine whether the changes (or lack thereof) to NADH oxidation 

correlated with changes to protein levels, isolated mitochondria were separated and 

quantified using SDS-PAGE and western blot. Isolated mitochondria were probed for 

PORIN as a reference protein to normalise both AOX and NDB2 too (F igure 3.11). 

Under the presence of reducing agents, DTT and ϕ-mercaptoethanol, AOX and 

PORIN antibodies produced single bands of sizes 35 and 30 kDa respectively. The 

NDB2 probe used however produces multiple ba nds. As the calculated size of NDB2 

is 60 kDa, it was assumed the band at 60 kDa represents the NDB2 protein. In future 

results, a different NDB2 antibody is used that produces a single band at 60 kDa. The 

quantity   
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Figure 3.11 Western blot of isolated mitochondria extracted from wildtype and 

Aox1a/Ndb2 dual OEX seedlings grown for 21 days on MS media.  

Seedlings were grown for 21 days on ½ strength MS media and 2%(w/v) sucrose. 

Isolated mitochondria were separated on a 10% SDS PAGE, transferred to 

nitrocellulose membrane and blotted for AOX, NDB2 and mitochondrial reference 

protein PORIN. Expected protein sizes were 60, 35 and 30kDa for NDB2, AOX and 

PORIN respectively. Isolated mitochondria were assayed for total protein 

concentration using the BCA protein assay and 1 ϟg was loaded per sample.  

Marker 1 Promega Precision Plus Protein Kaleidoscope Prestained Protein Standard  

Lane 1  Wildtype  

Lane 2  XX1/Ndb2 OEX T2 5.2  

Lane 3  XX1/Ndb2 OEX T2 6.1  

Lane 4  XX1/Ndb2 OEX T2 15.2  

       M                   1               2             3            4 
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of AOX, PORIN and NDB2 were determined us ing pixel analysis in ImageLab. Based 

on a single replicate, AOX was seen to be increased in all dual OEX lines with the 

highest amount seen in line 5.2 (Figure 3.12). NDB2 protein was only seen to be 

upregulated in 5.2 and downregulated in 6.1 and 15.2 correlating with the trends seen 

in NADH oxidation. (Figure 3.10). Therefore, only one of the three tested dual OEX 

lines had increased NDB2 content and related activity. 

 To increase the number of biological replicates of dual Aox1a/Ndb2 replicates, 

other l ines were tested for increased NAD(P)H oxidation rates. Mitochondria were 

once again isolated from seedlings and the external NAD(P)H oxidation rates were 

measured. Both 5.2 and 6.1 lines were included again as positive and negative controls 

respectively. Two more dual Aox1a/Ndb2 OEX were included (11.2 and 12.2) as well 

as the Aox1a OEX background line (XX1), a ndb2 T-DNA line (330) as well as an aox1a 

T-DNA line (084). External NADH oxidation was mea sured again with the addition 

of either calcium chloride  or EGTA in the presence of oxygen or DCQ. It should be 

ÕÖÛÌËɯÛÏÈÛɯÛÏÌÚÌɯÌß×ÌÙÐÔÌÕÛÚɯÕÖÞɯÜÛÐÓÐÚÌËɯÛÏÌɯ.ÓÐÚɯ,ÖËÌÙÕÐáÌËɯ ÔÐÕÊÖɚɯ#6-2 

spectrophotometer. A spectrophotometer that is optimised for measurin g turbid 

samples such as isolated mitochondrial samples. In agreement with previous results, 

the 6.1 Aox1a/Ndb2 dual OEX line showed a decrease in external NADH oxidation 

compared to wildtype under all conditions. (Figure 3.13). The same was seen for an 

additional dual OEX line 12.2. The 11.2 line showed minor differences in NADH 

oxidation compared to 6.1 and 12.2. (Figure 3.13a) In the presence of either oxygen or   
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Figure 3.12 Protein abundance of AOX and NDB2 in isolated mitochondria from 

dual Aox1a/Ndb2 OEX l ines under control conditions  

Samples were normalised to PORIN and digital quantification performed using 

ImageLab  version 5.2.1. Wildtype values were set to 1. N=1 
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Figure 3.13 External mitocho ndrial membrane NADH activity of a single Aox1a 

OEX line, dual Aox1a/Ndb2 OEX lines, an ndb2 T-DNA line and a aox1a T-DNA 

line in isolated mitochondria   

NADH oxidation rates were measured using isolated, intact mitochondria from 21 -

day old seedlings grown  in ½ strength MS media. NADH oxidation was measured at 

340 nm in the presence of ADP (1 mM), NADH  (0.2 mM), CaCl (1 mM) or EGTA 

(0.5mM). Oxidation rates were measured to oxygen (A)  or to DCQ (0.5 mM)(B).  

Spectrophotometer used was an Olis Modernized AminÊÖɚɯ#6-2. Values are mean 

+/- SE N=3. * denotes significance of p<0.05 determined via unpaired, two-tailed t -test 

against wild type  
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DCQ and calcium, 11.2 showed no change in NADH oxidation rates compared to 

wildtype. There however is a small decrease in NADH oxidation in 11.2 when EGTA 

is added. The 5.2 line, which was used as a positive control, demonstrated again that 

the rate of external NADH oxidation was increased under all conditions. Interestingly, 

both the single Aox1a OEX and aox1a T-DNA had reduc ed rates of NADH oxidation 

under all conditions compared to wildtype, similar to majority of the dual OEX lines. 

Most notable however was the ndb2 T-DNA line which showed almost a complete 

absence of all external NADH oxidation (Figure 3.13). Of the five t ested dual OEX 

transformants, only the 5.2 line has shown to have increased external NADH activity 

and NDB2 protein  content. External membrane localised NADPH oxidation was also 

measured in isolated mitochondria under the same conditions as above. NADPH 

oxidation is notably lower in all lines compared to NADH oxidation but did not show 

any significant differences between any lines (Figure 3.14). The 5.2 line which had 

previously shown increases in NADH activity showed no changes in activity 

compared to wild type under any conditions. Due to the no or low levels of activity 

detected in tested samples, some samples have only 1 or 2 replicates leading to large 

variation within the dataset (Figure 3.14a). When DCQ was added, activity was 

substantially higher, all owing for three replicates from all samples to be measured 

(Figure 3.14b). Again, there was no significant difference in either calcium or EGTA 

treated samples suggesting the OEX of NDB2 does not alter the rate of NADPH 

oxidation.   
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Figure 3.14 External mitochondrial membrane NADPH activity of a single Aox1a 

OEX line and dual Aox1a/Ndb2 OEX lines  in isolated mitochondria.  

NADPH oxidation rates were measured using isolated, intact mitochondria from 21 -

day old seedlings grown in ½ strength MS med ia. NAD PH oxidation was measured 

at 340 nm in the presence of ADP (1 mM), NAD PH (0.2 mM), CaCl (1 mM) or EGTA 

(0.5mM). Oxidation rates were measured to oxygen (A)  or to DCQ (0.5 mM)(B). 

NADPH activity in the presenc e of EGTA with oxygen as the electron acceptor was 

undetectable in line 12.2 and XX1. Line 6.1 and 11.2 in the presence of EGTA with 

oxygen as the electron acceptor did not have measurable changes in oxidation in two 

of the replicas. Spectrophotometer used ÞÈÚɯÈÕɯ.ÓÐÚɯ,ÖËÌÙÕÐáÌËɯ ÔÐÕÊÖɚɯ#6-2. 

N=3 unless otherwise mentioned. Values are mean +/- SE N=3 
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Quantification of NDB2, AOX and PORIN protein was once again undertaken 

with western blotting. A replicate from the 5.2 line was used as both a positive 

controlfor NDB2 upregulation but also as a me asure to normalise to allow for 

comparison between the two separate blots (Figure 3.15 and Figure 3.16). AOX 

detection was varied and produced unexpected results. Apart from the wildtype and 

two T-DNA lines, all dua l OEX lines were generated from the same background Aox1a 

OEX line (XX1) and should have similar OEX of AOX. AOX protein was not detected 

in two of the XX1 mitochondrial isolates (Figure 3.15) The ndb2 T-DNA line showed 

similar increases in AOX to the lines OEX AOX. The aox1a T-DNA line also had higher 

a content of AOX compared to the XX1 OEX line. Regular inconsistencies were also 

seen in the other samples (Figure 3.16). Wildtype had increased AOX expression in 

one replicate, a result not normally seen when plants are grown under normal 

condition s. Whereas the 6.1 dual OEX line had no detectable AOX protein despite 

showing similar levels to the 5.2 line previously (Figure 3.11).  

Difficulties also arose when attempting to measure NDB2  protein . High 

quantiti es of NDB2 in the 5.2 positive control (Figure 3.15) were reassuring but were 

not replicated across blots (Figure 3.16). Compared to other lines, 5.2 had the most 

NDB2 content (Figure 3.15) but was the only line to show an accompanying increase 

in related activity (Figure 3.13). The same increase in NDB2 content in 5.2 was not seen 

in the other blot (Figure 3.16). The 11.1 dual OEX line showed slightly higher NDB2 

content compared to 5.2 but had no change to activity when measured for NADH   
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Figure 3.15 Western blot of isolated mitochondria extracted from wildtype and 

Aox1a/Ndb2 dual OEX seedlings grown for 21 days on MS media.  

Seedlings were grown for 21 days on ½ strength MS media and 2%(w/v) sucrose. 

Isolated mitochondria were separated on a 10% SDS PAGE, transferred to 

nitrocellulose membrane and blotted for AOX, NDB2 and mitochondrial reference 

protein PORIN. Expected protein sizes were 60, 35 and 30kDa for NDB2, AOX and 

PORIN respectively. Isolated mitochondria were assayed for total protein 

concentration and 1 ϟg was loaded per sample. 
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Marker 1 Promega Precision Plus Protein Kaleidoscope Prestained Protein Standard  

Lane 1  XX1/Ndb2 OEX  5.2 replicate 1 

Lane 2  XX1/Ndb2 OEX 12.2 replicate 1 

Lane 3  XX1/Ndb2 OEX 12.2 replicate 2 

Lane 4  XX1/Ndb2 OEX 12.2 replicate 3 

Lane 5  XX1 OEX replicate 1 

Lane 6  XX1 OEX replicate 2 

Lane 7  XX1 OEX replicate 3 

Lane 8  330 ndb2 T-DNA replicate 1  

Lane 9  330 ndb2 T-DNA replicate 2  

Lane 10 330 ndb2 T-DNA replicate 3  

Lane 11 084 aox1a T-DNA replicate 1  

Lane 12 084 aox1a T-DNA r eplicate 2 
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Figure 3.16 Western blot of isolated mitochondria extracted from wildtype and 

Aox1a/Ndb2 dual OEX seedlings grown for 21 days on MS media.  

Seedlings were grown for 21 days on ½ strength MS media and 2%(w/v) sucrose. 

Isolated mitochondria were separated on a 10% SDS PAGE, transferred to 

nitrocellulose membrane and blotted for AOX, NDB2 and mitochondrial reference 

protein PORIN. Expected protei n sizes were 60, 35 and 30kDa for NDB2, AOX and 

PORIN respectively. Isolated mitochondria were assayed for total protein 

concentration and 1 ϟg was loaded per sample. 

  

 M     1        2       3        4        5       6        7       8         9       10      11      12 

NDB2 

AOX 

PORIN 

75kDa 

25kDa 

50kDa 



   

PhD Thesis 91 Christopher Waterman  

Marker 1 Promega Precision Plus Protein Kaleidoscope Prestained Protein Standard  

Lane 1  XX1/Ndb2 OEX 5.2 replicate 1 

Lane 2  XX1/Ndb2 OEX 5.2 replicate 2 

Lane 3  XX1/Ndb2 OEX 5.2 replicate 3 

Lane 4  Wildtype replicate 1  

Lane 5  Wildtype replicate 2  

Lane 6  Wildtype replicate 3  

Lane 7  XX1/Ndb2 OEX 6.1 replicate 1 

Lane 8  XX1/Ndb2 OEX 6.1 replicate 2 

Lane 9  XX1/Ndb2 OEX 6.1 replicate 3 

Lane 10 XX1/Ndb2 OEX 11.1 replicate 1 

Lane 11 XX1/Ndb2 OEX 11.1 replicate 2 

Lane 12 XX1/Ndb2 OEX 11.1 replicate 3 
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oxidation (Figure 3.13). Based on the western blots inability to highlight increased 

AOX protein in the Aox1a OEX and the inconsistent detection of AOX and NDB2 in 

the dual OEX line 5.2, it was reasoned that there would be minimal confidence in any 

conclusions made based on the western blots. It was also reasoned that as none of the 

new dual OEX lines tested showed any increase in NADH oxidation when compared 

to the wildtype , that these lines were not overexpressing the NDB2 protein and would 

not be included in further analysis. In further  experiments, a newly designed NDB2 

antibody was used that permitted only a single protein product to be detected at the 

expected size. 

 Transcript abundance of Ndb2 in two new dual OEX lines were ag ain tested for 

increased transcript abundance relative to wildtype. Significantly increased Ndb2 

expression was seen across both the new dual OEX lines (Figure 3.17). Coupled with 

the similar increases seen in 5.2, it was expected that these lines were overexpressing 

the Ndb2 gene. To provide further evidence of  upregulated expression of Ndb2, protein 

content in isolated mitochondria was measured. The fold change of NDB2 protein 

highlights across all lines that that the increase in transcript abundance does not 

necessarily follow protein (Figure 3.18). NDB2 protein was increased across all new 

dual OEX lines; protein content was increased by 80 to 110-fold compared to wildtype 

whereas transcript was only upregulated 5 to 8 -fold (Figure 3.19 and 3.17). Also 

notable was the trending increase of AOX protein compared to both the wildtype and 

especially the Aox1a background OEX line. However large variation among replicates  
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Figure 3.17 Identifying new T3 dual Aox1a/Ndb2 OEX transformants in attempt to 

find lines with corresponding increases in protein and localised external membrane 

NAD(P)H oxidation.  

Mean normalised transcript abundance of Ndb2 in two new dual Aox1a/Ndb2 OEX 

lines (9.1 and 20.1) each coming from separate insertion events determined via qRT-

PCR. Transcript abundance was normalised to references genes AtUbiquitin and 

AtProtein phosphatase2A (PDF2). Values are mean +/- SE N=3. * denotes significance 

of p<0.05 determined via unpaired, two -tailed t -test against wild type  
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Figure 3.18 Western blot of isolated mitochondria extracted from wildtype and 

Aox1a/Ndb2 dual OEX seedlings grown for 21 days on MS media.  

Seedlings were grown for 21 days on ½ strength MS media and 2%(w/v) sucrose. 

Isolated mitochondria were separated on a 10% SDS PAGE, transferred to 

nitrocellulose membrane and blotted for AOX, NDB2 and mitochondrial reference 

protein PORIN. Expected protei n sizes were 60, 35 and 30kDa for NDB2, AOX and 

PORIN respectively. Isolated mitochondria were assayed for total protein 

concentration and 1 ϟg was loaded per sample 

Lane 1  Wildtype  

Lane 2  Aox1a OEX XX1 

Lane 3  XX1/Ndb2 OEX 5.2 

Lane 4  XX1/Ndb2 OEX 9.1 

Lane 5  XX1/Ndb2 OEX 20.1  
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Figure 3.19 Protein abundance of PORIN, AOX and NDB2 in isolated mitochondria 

from dual Aox1a/Ndb2 OEX lines under control conditions  

Seedlings were grown for 21 days on ½ strength MS media and 2%(w/v) sucrose. 

Samples were normalised to PORIN and digital quantification performed using 

ImageLab 5.2.1. Wildtype values were set to 1. Values are mean ± SE N=3. * denotes 

significance of p<0.05 determined via unpaired, two -tailed t-test against wild type  
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makes it difficul t to form confident conclusions.  

To confirm this , further enzymatic activity in isolated mitochondria was  

assessed. NADH oxidation in the presence of calcium was markedly increased across 

all new dual OEX lines compared to both the wildtype and single Aox1a OEX (Figure 

3.20a).The 9.1 line had the smallest increase in NADH oxidation compared to 

wildtype, whereas 20.1 had similar levels to the 5.2 line. Addition of AOX activators 

DTT and pyruvate caused a 3 to 4-fold increase in activity in the dual OEX. The 

massive increase in electron flux seen with the addition of AOX activators suggested 

the capacity of the ETC was at capacity before AOX activation. Competition of the 

ubiquinone pool was tested by adding an addi tional substrate. All lines tested 

including wildtype had trended towards a decrease in NADH oxidation, suggesting 

complex II was outcompeting NDB2 for the ubiquinone pool. Almost complete 

inhibition was seen with the addition of cytochrome c inhibitor cya nide in wildtype 

lines, while all Aox1a OEX lines maintained substantial activity (10 -60-fold). Only 

when combined with AOX inhibitor propyl gallate was there an almost complete 

removal of activity across all lines. Similar trends across all treatments were seen in 

NADH + EGTA experiments albeit with  less activity and larger variation. All lines 

showed increased NADH activity and a significant increase with the addition of AOX 

activators (Figure 3.20b). These same measurements were performed in the presence 

of NADPH. NADPH activity did not display any  statistical difference between lines 

however, there does appear to be decreases in line 20.1 and particularly 9.1 in the   
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Figure 3.20 External mitochondrial membrane NADH activity and activation of a single Aox1a OEX line and dual Aox1a/Ndb2 

OEX lines in isolated mitochondria under the presence of CaCl or EGTA  

NADH oxidation rates were measured using isolated and intact mitochondria from 21 -day old seedlings grown in ½ strength MS 

media. NADH oxidat ion was measured at 340 nm in the presence of ADP (1 mM), NADH  (0.2 mM), CaCl (1 mM)(A) or EGTA 

(0.5mM)(B). Subsequent additions of activators and inhibitors were made in order of DTT  (1 mM), pyruvate (5 mM)(AOX activators), 

succinate (10mM)(complex II substrate), potassium cyanide(0.5 mM)(complex 4 inhibitor) and propyl gallate (0.12 mM)(AOX 

inhibitor). SpectrophotomeÛÌÙɯÜÚÌËɯÞÈÚɯÈÕɯ.ÓÐÚɯ,ÖËÌÙÕÐáÌËɯ ÔÐÕÊÖɚɯ#6-2. Values are mean +/- SE N=3  * denotes significance of 

p<0.05 determined via unpaired, two -tailed t-test against wild type    
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Figure 3.21 External mitochondrial membrane NADPH activity and activation of dual Aox1a/Ndb2 OEX lines in isolated 

mitochondria under the presence of CaCl or EGTA  

NADPH ox idation rates were measured using isolated and intact mitochondria from 21 -day old seedlings grown in ½ strength MS 

media. NAD PH oxidation was measured at 340 nm in the presence of ADP (1 mM), NAD PH (0.2 mM), CaCl (1 mM)(A) or EGTA 

(0.5mM)(B). Subsequent additions of activators and inhibitors were ma de in order of DTT  (1 mM), pyruvate (5 mM)(AOX activators), 

succinate (10mM)(complex II substrate), potassium cyanide(0.5 mM)(complex 4 inhibitor) and propyl gallate (0.12 mM)(AOX 

inhibitor).  Spectrophotometer uÚÌËɯÞÈÚɯÈÕɯ.ÓÐÚɯ,ÖËÌÙÕÐáÌËɯ ÔÐÕÊÖɚɯ#6-2. Values are mean +/- SE N=2 (Wildtype and 5.2) N=3 

(9.1 and 20.1). * denotes significance of p<0.05 determined via unpaired, two-tailed t -test against wild type
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presence of calcium (Figure 3.21a). Whereas in the presence of EGTA, all lines 

appeared much more similar albeit very low and in one case with large amounts of 

variation across samples (Figure 3.21b) Comparing the changes to calcium dependent 

and independent rates of oxidation, all new dual OEX lines clearly show increased 

rates of calcium-dependent NADH  oxidation while maintaining similar levels of 

calcium-independent activity compared to wildtype (Figure 3.22). In the presence of 

NADPH, line 5.2 showed similar rates of calcium -dependant and independent rates 

of reaction, whereas 9.1 and 20.1 showed decreases in calcium dependent activity 

albeit not statistically significant.  

 As the plants had previously demonstrated a limitation through the ETC 

without the presence of activators (Figure 3.20a), it could be reasoned that the 

measured activity was still rate limited by the electron flow and not representative of 

maximal activity. To test this, the final product of the electron transport chain (oxygen) 

was measured using an oxygen electrode. Of all the lines tested, only wildtype 

showed an increase in oxygen consumption after succinate was added demonstrating 

that all three lines were still rate limited and that the true NADH oxidation capacity 

was higher than measured (Figure 3.23) To determine the changes to the capacity of 

the electron transport chain, AOX and COX capacity were determined. There was no 

statistical difference between COX capacities of wildtype and the dual OEX lines 

however they did tend to trend towards a  decrease (Table 3.3). COX capacity in the 

single Aox1a OEX appeared slightly down c ompared to wildtype. AOX capacity was  



   

PhD Thesis 104 Christopher Waterman  

 

 

 

0

20

40

60

80

100

120

Wildtype Aox1a OEX XX1Aox1a/Ndb2
OEX 5.2

Aox1a/Ndb2
OEX 9.1

Aox1a/Ndb2
OEX 20.1

N
A

D
H

 O
x
id

a
ti
o

n
 

(n
m

o
l.m

in
-1
.m

g-1
p
ro

te
in

)

Calcium independant Calcium dependant

0

10

20

30

40

50

60

Wildtype Aox1a/Ndb2 OEX
5.2

Aox1a/Ndb2 OEX
9.1

Aox1a/Ndb2 OEX
20.1

N
A

D
P

H
 O

xi
d

a
ti
o

n
 

(n
m

o
l.m

in
-1
.m

g-
1
p

ro
te

in
)

Calcium independant Calcium dependant

A  

B 



   

PhD Thesis 105 Christopher Waterman  

Figure 3.22 Calcium dependence of the external membrane located NDB2 protein  

NAD(P)H oxidation rates were measured using isolated and intact mitochondria from 

21-day old seedlings grown in ½ strength MS media. NAD (P)H oxidation was 

measured at 340 nm in the presence of ADP (1 mM), NAD (P)H (0.2 mM), CaCl (1 

mM) or EGTA (0.5mM). A) NA DH oxidation calcium dependence, B) NA DPH 

oxidation calcium dependence Spectrophotometer used was an Olis Modernized 

 ÔÐÕÊÖɚɯ#6-2. Values are mean +/- SE N=3 (NADH oxidation), N=2 (NADPH 

oxidation) (Wildtype and 5.2) N=3 (9.1 and 20.1) 
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Figure 3.23 Oxygen consumption of intact isolated mitochondria from dual Aox1a/Ndb2 OEX lines in the presence of NADH and 

electron transport chain activators and inhibitors  

Oxygen consumption rates were measured using isolated and intact mitochondria from 21 -day old seedlings grown in ½ strength 

MS media. Reactions were performed in the presence of ADP (1 mM), NADH (0.2 mM) and CaCl (1 mM). Subsequent additions of 

activators and inhibitor s were made in order of DTT (1 mM), pyruvate (5 mM) (AOX activators), su ccinate (10 mM), potassium 

cyanide (0.5 mM) (Complex IV inhibitor) and propyl gallate (0. 12 mM) (AOX inhibitor). Oxygen consumption was monitored 

polarographically using Oxygraph Plus chambers coupled to O2View software (Hansatech Oxygraph, Norfolk, Englan d). Values are 

mean +/- SE N=2 (Wildtype and 5.2) N=3 (9.1 and 20.1).* denotes significance of p<0.05 determined via unpaired, two-tailed t -test 

against wild type
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Table 3.3 Electron transport chain capacity of  dual Aox1a/Ndb2 OEX lines in the 

presence of propyl gallate or potassium cyanide  

AOX and COX capacity were determined through first exposing intact isolated 

mitochondria to ADP (1 mM), NADH (0.2 mM) and CaCl (2 m M), DTT (1 mM), and 

pyruvate (5 mM). Additions of either propyl gallate (COX capacity) or potassium 

cyanide (AOX capacity) wer e made in different oxygen chambers. Oxygen 

consumption was monitored polarographically using Oxygraph Plus chambers 

coupled to O2View software (Hansatech Oxygraph, Norfolk, England) Values are 

mean +/- SE N=2 (Wildtype, XX1 and 5.2) N=3 (9.1 and 20.1). * denotes significance of 

p<0.05 determined via unpaired, two -tailed t -test against wild type.   

 Oxygen consumption (nmol.min -1 mg-1 protein)  

 COX capacity AOX capacity 

Wildtype  41.28 ± 6.21 10.17 ± 1.97 

Aox1a OEX XX1 18.31 ± 1.19 22.56 ± 3.32 * 

Aox1a/Ndb2 OEX 5.2 34.88 ± 9.20 78.89 ± 1.23 * 

Aox1a/Ndb2 OEX 9.1 23.98 ± 2.44 76.94 ± 7.98 * 

Aox1a/Ndb2 OEX 20.1 27.40 ± 0.77 83.16 ± 2.92 * 



   

PhD Thesis 109 Christopher Waterman  

significantly increased across all dual OEX lines in a similar manner (8-fold).whereas 

the single Aox1a OEX had only a 2-fold increase. 

  



   

PhD Thesis 110 Christopher Waterman  

 

3.4 Discussion 

 Much of the focus around the alternative respiratory s ystem in plants has 

centered around the alternative oxidase enzyme. Of the most interest is the crucial, 

stress responsive Aox1a isoform. Known to be required to maintain an adequate stress 

response to a variety of different stressors (Fiorani et al. 2005; Giraud et al. 2008; Smith 

et al. 2009), Aox1a has been exploited using transgenic approaches to provide an 

overall improved stress response in multiple studies  (Fiorani et al. 2005; Smith et al. 

2009; Smith et al. 2011; Li et al. 2013; Liu et al. 2014). Far less is known about the type 

II NAD(P)H dehydrogenases that make up the rest of the  AP. Of the seven isoforms 

found in A.thaliana, at least two are stress responsive (Elhafez et al. 2006) with Ndb2 

responding together with Aox1a to a variety of stressors (Clifton et al. 2005). Recent 

experiments silencing the Ndb4 isoform highlighted an unexpected concomitant 

upregulation of Aox1a and Ndb2 leading to plants with improved salt tolerance 

compared to wildtype. To investigate this conferred tolerance  further, plants were 

generated overexpressing both the Aox1a and Ndb2 genes. These lines were first 

generated using a combination of end point PCR selection and selective marker 

screening. Transgenic lines were then characterised for changes at the molecular level 

and in the following chapter, these lines were characterised at the phenotypical level 

including their response to a moderate light and drought stress.  

 The Aox1a OEX background line (XX1) chosen was sourced from the Siedow 

lab (Umbach et al. 2005). This line contains the Aox1a cDNA construct controlled by 
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the CaMV 35S promoter under a kanamycin selection marker. Unlike the other Aox1a 

transgenics produced by Umbach et al. (2005), these do not contain any modifications 

to the two regulatory cystei ne residues and as such acts similar to a wildtype AtAox1a. 

Although dual OEX lines were generated using the auto-active version produced by 

Umbach et al. (2005), these were not analysed in these experiments. The Ndb2 

construct was amplified from cDNA and inserted in the gateway compatible 

pEARLYGATE100 plasmid (Earley et al. 2006) containing the selective marker for 

glufosinate ammonium (BASTA) and controlled by the CaMV 35S promoter. As 

previously stated, the XX1 line was generated with the kanamycin selective marker. 

Having the BASTA selective marker for Ndb2 allows for an easy, high throughput 

method for determining putative transgenics from wildtype lines without interference 

from the previous selective marker. These putative transgenics could then be 

confirmed for insertion and homozygosity through a combination of end point PCR 

and Mendelian genetics.  

 It was important that all transgenics selected for analysis contained a single 

insertion event and was homozygous for this insertion. Additional insert ion events 

are a liability, potentially resulting in insertion events occurring within genes a nd 

confounding results. Moreover, homozygosity of the transgenes is difficult to 

determine, as selection marker testing would not be able to differentiate between a 

plant containing insertion events that are both homozygous or homo - or hemizygous. 

This wou ld result in unstable inheritance of the transgene. The number of insertion 

events was first determined through the progeny of the T2 lines. If T1 parents were 



   

PhD Thesis 112 Christopher Waterman  

hemizygous for a single insertion event, then the ratio of their progeny should be 3:1 

or 16:1 for dual insertion events. A total of 13 single insertion lines were identified, of 

which 9 were continued to homozygous state. Complementary confirmation of the 

insertion was performed through end point PCR to ensure the transgene was inserted 

and not just the selection marker. 

 To achieve the greatest effect resulting from OEX, lines with the highest 

transcript expression of Ndb2 were selected for further analysis (Figure 3.9). Large 

variation was seen amongst the different lines however this is not un -expected. OEX 

with the CaMV 35S promoter has been shown to produce variation  up to 100 fold 

(Holtorf et al. 1995). Attempts to try and correlate the transcript abundance with 

protein expression or enzymatic activity were mostly unsuccessful. NADH was 

expected to be the main substrate of NDB2 based on previous heterologous expression 

in Escherichia coli (Geisler et al. 2007). Initially, this was partially confirmed as the 5.2 

line showed increased NADH oxidation (Figure 3.10). However, two additional lines 

(6.1 and 15.2) showed no changes to NADH oxidation. DCQ was utilised in separ ate 

NADH experiments, as it may provide an additional electron acceptor site for 

pathways that are impeded and has shown to produce faster rates (Bénit et al. 2008). 

With the addition  of DCQ, the same trend was seen for lines 6.1 and 15.2, albeit with 

increased rates of oxidation. 5.2 was similar but with much higher rates of NADH 

ÖßÐËÈÛÐÖÕɯÐÕɯÛÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯ$&3 ȭɯ3ÏÐÚɯÔÈàɯÉÌɯÐÕËÐÊÈÛÐÝÌɯÖÍɯÊÈÓÊÐÜÔɀÚɯÙÖÓÌɯÈÕËɯ

interaction with ubiquinon e in NDB2. Ubiquinone has been shown to interact with 

calcium and may act as a transporter across the IMM (Bogeski et al. 2011) however 
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ÝÌÙàɯÓÐÛÛÓÌɯÐÚɯÒÕÖÞÕɯÈÉÖÜÛɯ#"0ɀÚɯÊÖÔ×ÈÙÈÉÐÓÐÛàɯÛÖɯÜÉÐØÜÐÕÖÕÌȭɯ3ÏÌɯÚÈÔÌɯÛÙÌÕËɯÞÈÚɯ

seen in Solanum tuberosum NDB1 isoform which might indicate the response is specific 

to the class of enzyme rather than the specific isoform. Due to the single wavelength 

capability of the spectrophotometer, limiting resolution and accurate measurements 

of turbid samples (Osmundsen & Bremer 1977; Osmundsen 1981),  no NADPH 

oxidation measurements could be made nor were additional replicates produced. 

Future experiments were made with a more appropriate dual wavelength Olis 

,ÖËÌÙÕÐáÌËɯ ÔÐÕÊÖɚɯ#6-2 spectrophotometer allowing the capture of NADPH 

oxidation. Regardless, protein measurements of NDB2 and AOX were still made. AOX 

content was similar across the dual OEX lines, indicating the artificial upregulation of 

NDB2 does not lead to increases in AOX. It is interesting that the common co-

expression of Aox1a and Ndb2 is not brought on by an increase in Ndb2 transcript .With 

the lack in response of Aox1a to unbridled expression of Ndb2, it was inferred that 

NDB2s activity is regulated post -transcriptionally preventing a stress response from 

excess NDB2 activity. Regardless, extra lines were required to build confidence in the 

changes seen in line 5.2. A minimum of three transgenic lines was required to ensure 

the differences occurring from dual OEX in 5.2 were not resulting from the insertion 

event. 

 An  additional two lines (12.2 and 11.2) showing increased transcript abundance 

were tested for increased NDB2 protein and associated activity.  The 5.2 and 6.1 line 

were included as positive and negative controls respectively. Both new lines had no 

significant increase in NAD(P)H oxidation under any condition. This is not the first 
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example of a transgene controlled by CaMV35s promoter being post translationally 

silenced in plants (Dehio & Schell 1994; Ingelbrecht et al. 1994; Elmayan & Vaucheret 

1996; English et al. 1996).Vaucheret et al. (1998) has suggested  post-transcriptional 

transgene silencing could be an example of an epigenetic defence mechanism against 

invading pathogens that have integrated in to the host genome. They also suggested 

that higher rates of transcription coupled with the homology of the transge ne to the 

host gene can contribute to co-suppression.  However, as the 5.2 line showed the 

strongest transcript abundance as well as sharing the same construct as all other lines, 

the location of the insertion seems to be key here. Interestingly, the background line 

XX1 showed no significant changes to NAD(P)H oxidation indicating the suppression 

of activity in the dual OEX lines was not a result of the Aox1a OEX either. Most notable 

however was the almost complete elimination of NADH oxidation in the ndb2 T-DNA 

line. The transcripts of other external facing isoforms were measured (data not shown) 

and found to show no compensatory increases. This is the first known experiment to 

show NDB2 to be the main external facing, NADH oxidising alternative type II 

dehydrogenase. The small portion of remaining NADH oxidation was likely 

attributable to NDB4, based on heterologous expression in E.coli (Geisler et al. 2007).  

 Attempts were again made to quantify N DB2 protein abundance but with 

uncertain results. Neither t he NDB2 nor the AOX antibody produced consistent 

results. The Aox1a OEX did not show increased AOX protein and in fact could not be 

detected in two of three replicates. The ndb2 T-DNA produced simi lar levels of NDB2 

protein to all other lines despite being  almost mostly knocked down in activity and 



   

PhD Thesis 115 Christopher Waterman  

transcript (Sweetman et al. 2019). The 5.2 line was just as inconsistent. Although 

seemingly showing far more NDB2 protein in the initial blot (Figure 3. 15) these results 

were not replicated across blots (Figure 3.16). In future experiments, a newly designed 

NDB2 antibody was utilised that was confirmed to produce a single protein band from 

isolated mitochondria.  As such, little confidence was held in these blots, but with the 

complimenting evidence found from pro tein activity, none of the newly tested lines were 

considered NDB2 OEX. 

 New lines were again tested for changes to Ndb2 transcript abundance, protein 

and activity. Ndb2 transcript was upregulated in both of the two new lines tested (9.1 

and 20.1). More importantly was that the NDB2 was upregulated at the protein level 

in both new lines across all replicates, measuring similar levels of protein to the 5.2 

line. Protein concentrations were very high at 80-110-fold, much higher than was first 

measured in 5.2. This could be explained by the previous antibodies inability to 

accurately detect the NDB2 protein and the very low detection of NDB2 in wildtype 

samples amplifying the fold change seen in the dual OEX lines. However, the NDB2 

protein has the second lowest turnover rate of all mitochondrial proteins (Nelson et 

al. 2013) which may explain the accumulation of NDB2 protein. These are the first 

lines (apart from 5.2) that show increased NDB2 at the protein level. Measurements of 

NADH oxidation were also as exp ected with increased activity across all lines. As 

NDB2 is often upregulated along with AOX1A, it was suggested that the concomitant 

expression may regulate the activity of NDB2 through ETC flux. P revious experiments 

have highlighted the importance of redo x status and-2-oxoglutaric acid accumulation 
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in the activation of AOX1A (Vanlerberghe et al. 1995; Millar et al. 1996; Hoefnagel et 

al. 1998; Gelhaye et al. 2004). To mimic these conditions and to demonstrate the 

potentially true activity of NDB2, DTT and pyruvate were used as a reducing agent 

and 2-oxoglutaric acid, AOX activator respectively (Figure 1.3). The function of DTT 

is to reduce the disulfide bond formed between the AOX1A monomers, allowi ng 

pyruvate access to the activation site. DTT did not result in any change to activity. 

Although reduction of the disulfide bonds to a potentially more active enzyme, its 

only with the addition of the 2 -oxoglutaric acids in which AOX is activated (Umbach 

et al. 2006). It should also be noted that the reducing agent was hypothesised by 

Hoefnagel et al. (1998) to not just reduce the disulfide bond but to maintain this state 

which could otherwise be oxidised and inactivated by AOX substrate, ubiquinone. A 

massive increase in activity was seen with the addition of pyr uvate, up to 7-fold over 

that of wildtype, highlighting what was expected; that the NDB2 activity was 

hindered by total flux through the ETC which AOX has partial control over. The 

addition of succinate was useful in determining complex II and NDB2s compet ition 

for the ubiquinone pool. Although not significant, there are trends within each line 

showing small decreases to NADH oxidation indicating complex II appears to 

outcompete NDB2 for the ubiquin one pool. It should be noted that later experiments 

measuring oxygen consumption, indicate no change in most cases to electron 

transport flux when succinate is added indicating complex II higher affinity for 

ubiquinone under substrate saturation. In agreem ent with the literature  (Geisler et al. 

2007), the NDB2 protein is NADH specific calcium stimulated. In fact, both the 9.1 and 
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20.1 line seemed to show a reduced NADPH oxidation rate. The only suspected 

external NADPH type II dehydrogenases are NDB1 and ND B4. Neither gene was seen 

to be dysregulated in 5.2 in futu re RNA-seq experiments, albeit 5.2 the only line not 

showing differences to NADPH oxidation. Smith et al. (2011) ndb4 RNAi lines 

demonstrated the ability of Ndb2 to be upregulated in response to Ndb4 silencing. 

Whether Ndb4 was responding directly to Ndb2 transcript or an indirect product is not 

known. It may also be another mitochondrial NADPH -dependent enzyme such as 

glutathione reductase, NADPH oxidase or thioredoxin h, the latter being crucial t o 

regulation of AOX (Gelhaye et al. 2004).  

The capacity of the COX and AOX pathway were determined 

×ÖÓÈÙÖÎÙÈ×ÏÐÊÈÓÓàɯÜÚÐÕÎɯ"ÓÈÙÒɯ!ÙÖÛÏÌÙɀÚɯÖßàÎÌÕɯÌÓÌÊÛÙÖËÌȭɯ ÓÛÏÖÜÎÏɯÕÖÛɯÚÐÎÕÐÍÐÊÈÕÛȮɯ

all three lines had less COX capacity compared to wildtype, with the low est being in 

line 9.1. The single Aox1a OEX had even lower COX capacity than the dual OEX. 

Previous experimenters have seen the opposite effect in Nicotiana tabacum 

overexpressing the NtAox1a whereby the COX capacity tended to trend upwards in 

these lines albeit with no statistical significance (Pasqualini et al. 2007). COX capacity 

values were similar in this study to the results presented here. The slight reduction in 

COX capacity in XX1 may suggest the increased AOX capacity is causing 

dysregulation in t he traditional pathway, resulting in down regulation or inhibition 

of the COX pathway. However, in future RNA -seq experiments, none of the COX 

pathway proteins are seen to be down regulated. XX1 shares very similar amounts of 

AOX protein but shows a quarte r of the AOX capacity to those of the dual OEX lines. 
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This seems to suggest the AOX capacity of XX1 is actually a measure of the NADH 

flux through the ETC. This is backed up by similar levels of COX capacity. Therefore, 

the reduction in COX capacity is most likely an indication of reduced activity 

upstream of COX i.e. complex 1, NADH specific type II dehydrogenases and/or 

complex II.  

In summary, three lines were found to have increased transcript and protein 

expression of Aox1a and Ndb2, concomitant with an  external membrane, 

mitochondrial localised NADH, calcium stimulated activity. Alongside the ndb2 T-

DNA, the dual OEX demonstrated NDB2 to be the major NADH oxidising external 

facing type II d ehydrogenase, capable of oxidising large quantities of NADH when  

paired with the co -expressed AOX1A protein. These combined data provide 

substantial molecular evidence for the successful dual OEX of Aox1a and Ndb2 in 

A.thaliana. To determine the effects at the phenotypic level, and the response to the 

common Australian  stress of too little water and too much light, these lines were 

assessed further in future experiments.  
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Chapter 4 

A phenotypic investigation into the 

role of AtAox1a and AtNdb2 in 

respon se to increased light and 

drought stress  
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Data from this chapter is part of the published work  in Sweetman, C., Waterman, C. D., 

Rainbird, B. M., Smith, P. M. C., Jenkins, C. L., Day, D. A., & Soole, K. L. (2019). AtNDB2 

is the main external NADH dehydrogenase in mitochondria and is important for tolerance 

to enviro nmental stress. Plant physiology, pp-00877. 

Written text in this chapter is my own, however some figures are the collaborative work 

of another author of the paper. 

 

 A phenotypic investigation into the role of A OX1a and 

NDB2 in response to increased ligh t and drought stress  

4.1 Phenotyping of transgenic plants overexpressing 

AtAox1a/ AtNdb2  

While many studies have investigated the effects of altering Aox1a expression 

on stress tolerance (Maxwell et al. 1999; Fiorani et al. 2005; Umbach et al. 2005; 

Pasqualini et al. 2007; Giraud et al. 2008; Murakami & Toriyama 2008; Watanabe et al. 

2008; Smith et al. 2009; Zhang et al. 2011; Fu et al. 2012; Gandin et al. 2012; Zhang et 

al. 2012b; Li et al. 2013; Liu et al. 2014), far fewer have considered the type II 

dehydrog enases (Michal ecka et al. 2003; Escobar et al. 2004; Michalecka et al. 2004; 

Carrie et al. 2008; Smith et al. 2011; Wallström et al. 2014a) and none have used a 

combined transgenic model, nor specifically investigated the role of NDB2, a stress-

responsive dehydrogenase confined to the outside of the mitochondrial inner 

membrane. Furthermore, a comprehensive characterisation of Aox1a OEX lines under 
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control conditions has not yet occurred. The majority of studies of AtAox1a OEX lines 

under standard  conditions has focused on minimal  differences compared to wildtype 

whether at the phenotypic level or the biochemical level (Fiorani et al. 2005; Umbach 

ÌÛɯÈÓȭɯƖƔƔƙȰɯ2ÔÐÛÏɯÌÛɯÈÓȭɯƖƔƔƝȰɯ%ÓÖÙÌáɪ2ÈÙÈÚÈɯÌÛɯÈÓȭɯƖƔƕƕȰɯ+ÐÜɯÌÛɯÈÓȭɯƖƔƕƘȺ. The experiments 

described in this chapter aimed to collect a more comprehensive phenotypic analysis 

using the Boyes et al. (2001) methodology, with a focus on both single Aox1a OEX and 

newly generated dual Aox1a/Ndb2 OEX lines.  

 The phenotype of the previously generated Aox1a OEX lines (Umbach et al. 

2005), especially the XX1 line, has not been reported in detail. Smith et al. (2009) 

highlighted a slig ht growth rate decrease in all AtAox1a OEX lines measured (XX1, X6 

and E9) in both roots and shoots in hydroponics under control conditions, w hile 

Fiorani et al. (2005) showed a number of Aox1a OEX lines to have more and bigger 

leaves. To account for this gap in our knowledge, a comprehensive phenotypic 

analysis would be useful to understanding whether the OEX of Aox1a alters the 

phenotype.  

 Drought and light stress  

Although agriculture accounts for a relatively small amount of Australian GDP 

and employment  (Jackson 2018) (2.7% and 2.5 % respectively), its contribution to 

exports are over five times that and accounts for the majority of the land use in 

Australia. Periods of extended drought can have massive effects on the gross farm 

production (GFP) (Figure 4.1) not just for plants but for livestock as well. Currently,  
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Image removed due to copyright restriction. Original can be viewed online  

at www.abs.gov.au  

Figure 4.1 Total estimated gross farm production loss in periods of extended 

drought in Australia  

Ɂ/ÌÙÐÖËÚɯÚÏÖÞÕɯÐÕɯÊÏÈÙÛɯÙÌÍÌÙɯÛÖɯàÌÈÙÚɯÐÕɯÞÏich pre-drought peak and post -drought 

trough in real gross farm product occurred (not financi al years). (2017-2018 is from March 

ØÜÈÙÛÌÙɯƖƔƕƛɯÛÏÙÖÜÎÏɯ,ÈÙÊÏɯØÜÈÙÛÌÙɯƖƔƕƜȭɯ2ÖÜÙÊÌɯ ÜÚÛÙÈÓÐÈÕɯ!ÜÙÌÈÜɯÖÍɯ2ÛÈÛÐÚÛÐÊÚɂ- (Eslake 

2018) 
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Image removed due to copyright restriction. Original can be viewed online  

at www.bom.gov.au/  

Figure 4.2 Rainfall deficiencies in Australia between the 16 month perio d of 1st 

April 2018 to 31st July 2019 (Meteorology 2019)     
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large parts of Australia are seeing significant deficiencies in rainfall compared to 

average rainfall rates (Figure 4.2) With future projections of climate change resulting 

in further extreme weat her and climate events (King et al. 2017), action is required to 

improve our food security through development of more hardy crops.  

Drought and an excess of light often coincide with summer, compounding the 

stress effect on plants. Generally, when C3 plants are grown on well-irrigated lands 

and under excessive light, the majority of the incoming photons are dissipated as heat 

(>50%); photosynthesis only incorporates between 20-30% of these photons while the 

remainder is made up of photorespiration and fluorescence. However, when exposed 

to a moderate or severe drought stress, anywhere from 70-90% of the total light 

absorbed is thermally dissipated and the rest of the absorbed energy is mostly used in 

photorespiration, exacerbated by the extreme summer heat (Flexas & Medrano 2002). 

Maximising potential gains in photosynthetic efficiency is a reasonable approach to 

maximising growth and to lerance under excess light and drought.  

 Plant molecular processes in response to drought and excess light  

Due to their sessile nature, plants are often exposed to multiple stressors at once 

and must adapt accordingly. Although drought and high light stres s are two distinctly 

different stressors, they often occur together in the summer months coupled with 

excessive heat. In these typical summer conditions plants prevent excess water loss 

through adjusting stomatal gas exchange. The reduction in both H 2O and CO2 within 

the leaf cells resulting from stomatal closure sees downregulation of the 

photosynthetic components which would otherwise contribute to wasteful and 
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damaging photorespiration and photooxidation (Osakabe et al. 2014). 

Photorespiration is the pro cess in which oxygen is assimilated by RUBISCO instead 

of carbon dioxide. This process is wasteful and is a by-×ÙÖËÜÊÛɯÖÍɯ14!(2".ɀÚɯ

preferential oxygenase activity also exacerbated by increases in ambient temperature. 

However, there are some evidence that suggests that photorespiration is useful to 

prevent photooxidation through dissipation of excess photons (Kozaki & Takeba 1996; 

Eisenhut et al. 2017). Photooxidation is the process in which the photosynthetic 

apparatus under excessive light conditions contributes to a pool of reaction oxygen 

species. This occurs through the direct donation of energy or electrons to oxygen from 

over-whelmed photosystems (Foyer et al. 1994).  

Together, these processes limit growth of plants exposed to these conditions 

and contribute to early senescence and cell death. To combat these processes, plants 

can modify hormone signalling, adjust metabolism and alter regulation o f 

transcription to adapt. An example of this would be the transcriptional upregulation 

of ascorbate peroxidase under high light responding  to the redox state of 

plastoquinone, a key intermediary of the photosynthetic apparatus (Karpinski et al. 

1997). A crucial ROS scavenger, a loss of function Apx mutant exhibited higher 

degradation of photosynthetic components indicating a role in minimisi ng the effects 

of excess ROS (Davletova et al. 2005; Li et al. 2009) while a gain of function mutant 

alx8 with signifi cantly higher levels of Apx2 expression was more drought tolerant and 

had higher water use efficiency in A.thaliana(Rossel et al. 2006; Wilson et al. 2009; 

Estavillo et al. 2011). However, the OEX phenotype results in a severely altered leaf 
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shape, delayed flowering time and development (Wilson et al. 2009). It is obvious that 

the modification of some established systems of control, especially constitutive 

expression, can lead to improvements in stress tolerance albeit with a significant 

penalty under  optimal conditions. Thus, it is important to identify pathways that can 

be exploited to improve stress tolerance without a significant growth  penalty under 

optimal growth conditions.  

 A role for AOX in drought and excess light tolerance  

AOX is a protein well positioned to fit this role since mitochondria have been 

implicated in oxidation of excess photosynthetic and photorespiratory 

reductant(Atkin et al. 2000). Aox1a is vital to providing an adequate abiotic and biotic 

stress response in Arabidopsis. Aox1a OEX experiments have shown increased stress 

tolerance with either no or small negatives changes to growth rates compared to 

wildtype under control conditions (Fiorani et al. 2005; Smith et al. 2009). Due to the 

complex network of post -translational regu lation, the potentially wasteful effects of 

OEX of Aox1a may be minimised or prevented completely. In the hands of Giraud et 

al. (2008), plants deficient in Aox1a were seen to be more susceptible to moderate light 

and drought stress. Aox1a deficient plants  were smaller, had increased anthocyanin 

content, altered metabolic profile and photosynthetic parameters. While both Bartoli 

et al. (2005) and Dahal et al. (2014) established through a combination of AOX 

inhibitors and RNAi knockdowns that upregulation of  Aox is capable of maintaining 

photosynthetic redox states and photosynthetic efficiency. It was hypothesised by 

Dahal et al. (2014) that AOX maintained an electron sink, through respiration within 
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the mitochondria, to prevent feedback inhibition of upstre am photosynthetic 

components, specifically the chloroplastic ATP synthase, leading to a limit in 

photosynthetic capacity. Others have shown that without AOX, high levels of ROS 

build up in plants causing higher oxidative cellular damage, cell death and ear lier 

downregulation of key ROS scavenging transcripts, leading to less drought tolerant 

lines (Wang & Vanlerberghe 2013). It is likely that th ese two effects are linked, as 

photosynthesis becomes impaired, an electron sink is required for the excess 

reductant. Without the ability to remove excess reductant through AOX, plants will 

see dysregulated levels of ROS, leading to damage and death of the cell, adding to the 

effects of inhibited photosynthesis. The response of Aox1a OEX lines in drought and 

excess light is quite different from that of the mutant aox1a lines. Aox1a OEX lines 

maintain higher rates of CO 2 assimilation and lower rates of non -photochemical 

quenching (NPQ) and cyclic electron transport (Dahal et al. 2014). AOX OEX in severe 

drought conditions leads to slightly higher ROS scavenging activities in the 

chloroplast (Dahal et al. 2015b). While this may be interpreted as increased ROS 

generation, Smith et al. (2009) measured significantly less ROS in cell culture under 

salinity stress, which would also likely mimic a lack of gas exchange. However, it is 

notoriously difficult to make reliable ROS measurements (Foyer & Noctor 2003). The 

increased respiration from AOX was suggested to remove an ATP turnover limitation 

in the chloroplast, which was inhibiting the Mehler reaction.  

Manipulation of AOX expression represents a promising biotechnological 

approach to improving plant stress to lerance with the attraction of a limited effect on 
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plant growth under optimal condit ions. However, little information exists on the 

effects of OEX of Aox1a on plant phenotype under optimal conditions. Knowing 

whether there are wasteful effects under optima l growth conditions affecting plant 

growth is crucial to implementing GMO crops as a n economically viable crop. 

 Aox1a and Ndb2 co -expression  

While there exist numerous examples of Aox1a OEX leading to improved 

tolerance, few studies exist incorporating th e type II NAD(P)H dehydrogenases. 

Suppression of the internal type II dehydrogenases (Nda1 and Nda2) demonstrated the 

importance of the internal dehydrogenases in maintaining NAD(P)(H) redox status, 

carbon status (sugar content) and metabolite levels; resulting in smaller plants 

(Wallström et al. 2014b). Suppression of an external type II dehydrogenase Ndb1, 

results in a similar response, with NADPH redox status, carbon status and metabolite 

levels all being altered, again resulting in smaller plants (Wallström et al. 2014a). Due 

to the co-localisation of these proteins, it was also difficult to discern whether the 

effects on phenotype result from changes occurring within the mitochondria, 

chloroplast and/or peroxisome. ndb4 RNAi  experiments performed by Smith et al. 

(2011), which resulted in the upregulation of both Aox1a and Ndb2 as well as Aox1b 

(mitochondrial targeted) and Nda1 (mitochondrial and chloroplast targeted) saw plant 

lines with larger leaves, faster growth rates and reduced ROS accumulation under 

both optimal and saline conditions. This was hypothesised to be a result of the co-

upregulation of Aox1a and Ndb2 reasoned from the fact that both the T-DNA and 

RNAi lines share similar phenotypes but only share increases in Aox1a, Ndb2 and 
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Aox1b. Aox1b is unlikely to provide any additional benefit under high light conditions 

as previous experimenters have not seen any light regulation of Aox1b (Zhang et al. 

2010). Unlike the response seen in the single Aox1a OEX lines, the ndb4 RNAi lines 

resulted in plants without a growth penalty under normal conditions. Whether the 

increase in growth rates is reproducible and the same stress tolerance improvement is 

seen in drought and excess light remains to be seen.  

4.2 Aims 

The aim of this chapter is to identify whe ther the OEX of Aox1a and Ndb2 alters 

the phenotype of plants grown under optimal conditions compared to that of wildtype 

and single Aox1a OEX. Specifically, whether the dual OEX prevents the reduced 

growth rate under normal conditions of the single Aox1a OEX that was seen by Smith 

et al. (2009) and Smith et al. (2011). Additionally, the improvements resulting from 

indirect upregulation of Aox1a and Ndb2 seen by Smith et al. (2011) would need to be  

replicated by constitutive expression of Aox1a and Ndb2 in A.thaliana to conclude 

whether the origin of stress tolerance originated from increased Aox1a/Ndb2 

expression or another gene(s) (e.g., Aox1b).  
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4.3 Results 

 Sucrose is important to growth on plates and should not be removed  

Phenotypic analysis of transgenics was performed according to the methods 

outlined by Boyes et al. (2001) with minor changes. Plants grown on agar were 

measured for germination, early seedling developm ent and root growth traits. Plants 

grown on soil were more extensively evaluated includi ng measurements of leaf 

growth development, stem and floral development and growth rates. According to 

Boyes et al. (2001), plants should be grown on agar containing on ly MS salts and 

phytagel (gelling agent), but I found that the lack of sucrose resulted in large 

variations in germination, seedling development and root growth (Figure 4.3, 4.4 and 

4.5). Without sucrose, many seeds did not germinate (Figure 4.3) and reached growth 

milestones at significantly different time points compared to those grown on s ucrose. 

(Figure 4.4). Root length was the most strongly affected by the lack of sucrose with 

large variation amongst each line with significantly less root length acros s all lines 

compared to those on sucrose (Figure 4.5). Due to the exceptional variation in 

measurements and germination resulting from a lack of sucrose, data collected from 

×ÓÈÕÛÚɯÎÙÖÞÕɯÖÕɯÔÌËÐÈɯÞÐÛÏÖÜÛɯÚÜÊÙÖÚÌɯÈÙÌɯÕÖÛɯÊÖÕÚÐËÌÙÌËɯÙÌÓÐÈÉÓÌɯÈÕËɯÞÖÕɀÛɯÉÌɯ

presented.  

 Boyes phenotypic analysis of transgenic dual Aox1a/Ndb2 OEX under 

control condi tions in MS media  

Two of the three dual OEX lines and the Ndb2 OEX developed cotyledons 

significantly later compared to wildtype (Figure 4.4A). This trend continued into  
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Figure 4.3 Phenotyping of transgenic s on MS media after 14 days growth  

Growth stage development and r oot morphology was determined under control 

conditions. Lines assessed were wildtype, Aox1a OEX XX1, Ndb2 OEX P3, Aox1a/Ndb2 

OEX 5.2, 9.1 and 20.1. Plant order from left to right is as follows: 20.1, 9.1 5.2, P3, XX1, 

wildtype, 20.1, 9.1 5.2, P3, XX1 and wildtype. Plates were grown for 14 days at 16 hours 

light at 100-120 µmol m-2 s-1 and 6 hours of dark at 22°C and 20°C respectively. 
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Figure 4.4 Growth stage analysis of transgenic OEX lines grown in MS media with 

and without sucrose  

Plants were grown for 14 days and assessed daily for growth stages. Plants were 

grown on ½ strength MS media and (A) 2% (w/v) sucrose or (B) 0% sucrose. Growth 

stages are as follows: 0.5, radicle emergence; 0.7, cotyledon emergence; 1, cotyledons 

fully open; 1.02, 2 rosette leaves >1 mm; 1.04, 4 rosette leaves >1 mm and R6, more 

than 50% of seedlings have primary roots greater than 6 cm. Values are mean +/- S.E. 

(with  sucrose) N=20, Wildtype and 20.1; N=19, XX1; N=18, P3 and 5.2; N=16, 9.1; 

(without sucrose) N=20, 5.2, 9.1 and 20.1; N=18, Wildtype, XX1 and P3. * denotes 

significance of p<0.05, ** denotes significance of p<0.01, *** denotes significance of 

p<0.001 determined via unpaired, two -tailed t -test against wild type.  
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rosette development where all lines, including XX1, had slower rosette emergence. 

With the emergence of the 2nd set of rosette leaves and the final growth milestone, only 

the single OEX lin es XX1 and P3 retained slower development. A similar trend 

occurred with root length. Throughout all eight days of root length measurements, 

the single OEX lines XX1 and P3 had significantly reduced root length compared to 

wildtype whereas all three dual OEX lines had very similar root lengths compared to 

wildtype (Figure 4.5A). Despite significant differences between lines during 

development, all lines were almost identical in terms of number of rosettes after the 

14-day growth period (Figure 4.6A). The nu mber of secondary roots followed a similar 

trend as root length: while only P3 was reduced significantly, XX1 was also lower than 

all the dual OEX lines and trended towards being lower than wildtype (Figure 4.6B). 

From these results, it seems the initial delay in leaf development was not exclusive to 

either the single or dual OEX lines. Delayed early leaf development was seen in the 

dual OEX lines and the Ndb2 OEX, but these plants caught up during later leaf 

development. However, the single OEX lines continued to show delayed leaf 

development after the initial two rosettes. This later stage developmental delay was 

also evident in root measurements, with the single OEX lines showing smaller root 

lengths and secondary roots. 

 Boyes phenotypic analysis of trans genic du al Aox1a/Ndb2 OEX under 

control conditions in soil  

While growth in MS media allowed easy measurements of early leaf   



   

PhD Thesis 135 Christopher Waterman  

 

0

10

20

30

40

50

60

70

80

90

Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 Day 14

R
o

o
t 

le
n

g
th

 (
m

m
)

Wildtype Aox1a OEX XX1 Ndb2 OEX P3

Aox1a/Ndb2 OEX 5.2 Aox1a/Ndb2 OEX 9.1 Aox1a/Ndb2 OEX 20.1

0

10

20

30

40

50

60

70

80

90

Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 Day 14

R
o

o
t 

le
n

g
th

 (
m

m
)

A  

B 



   

PhD Thesis 136 Christopher Waterman  

Figure 4.5 Root length measurements of transgenic OEX lines grown in MS media  

with and without sucrose  

Roots measurements were made daily. (A) ½ strength MS media and 2% (w/v) sucrose 

or (B) no sucrose. Values are mean +/- S.E. (with sucrose) N=20, Wildtype; N=19, 20.1; 

N=18, XX1, P3 and 5.2; N=16, 9.1; (without sucrose) N=20, 5.2 and 20.1; N=19, 9.1; N=18, 

XX1; N=17, P3; N=14. Significance was determined via unpaired, two -tailed t -test 

against wild type. Values found to be statistically significant were: (with sucr ose) Day 

8, XX1 <0.05, P3 <0.001; Day 9, XX1 <0.01, P3 <0.001; Day 10, XX1 <0.01, P3 <0.01; Day 

11, XX1 <0.01, P3 <0.01; Day 12, XX1 <0.01, P3 <0.05; Day 12, XX1 <0.01, P3 <0.01; Day 

12, XX1 <0.05, P3 <0.01; Day 13, XX1 <0.05, P3 <0.01; Day 14 XX1 <0.05, P3 <0.05. 
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Figure 4.6 Secondary root hairs and rosette numbers of transgenic OEX lines grown 

in MS media containing 2% (w/v) sucrose  

Number of rosette leaves (A) and secondary root hair count (B) was performed 14 

days after sowing on MS media. Values are mean +/- S.E. N=20, Wildtype; N=19, 20.1; 

N=18, XX1, 5.2 and 9.1; N=17, P3. * denotes significance of p<0.05 determined via 

unpaired, two -tailed t -test against wild type.  
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development and roots, analysis in soil focuses on longer developmental time frames, 

stem/floral d evelopment and leaf/stem growth rates. When plants were grown in soil, 

rosette growth milestone delays were strongest and most prevalent in the single OEX 

lines (Figure 4.7). Almost all time points for these lines were significantly retarded 

whereas the dual OEX lines had far less delayed growth stages, with any significant 

delays being far smaller than in the single OEX lines. This continued further into the 

flowering growth stages. The first flower buds emerged significantly later in the single 

OEX lines, with P3 also being behind in flower opening while XX1 was also slowed in 

terms of overall flower production (Figure 4.8). None of the dual OEX lines 

experienced retardation in their shift to flower production or emergence. With the 

consistent delay in growth stages and reduced root growth, it was not surprising that 

both the single OEX lines were also significantly and consistently smaller in terms of 

rosette size (Figure 4.9). Both lines were consistently smaller across the whole MS 

media experiment except for the last timepoint. Both the single OEX lines were slower 

reaching bolting, due to the delayed start, the stems were significantly and 

consistently smaller across all timepoints (Figure 4.10). It should be noted that by the 

end of stem measurements, the difference between the single OEX lines and wildtype 

was less pronounced, suggesting accelerated later growth. This was similar to what 

was seen in rosette size across time. As such, it was interesting to note that there was 

no change in stem bolt numbers in the single OEX lines (Figure 4.11) despite the 

significant delay to bolting and reduced stem height. Unexpectedly, t his trend was not 

reflected in weight measurements. Neither of the two single OEX lines showed any
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Figure 4.7 Rosette growth stage analysis of transgenic OEX lines grown in soil  

Plants were grown for 48 days or until growth milestone 6.50 was reached and 

assessed every second day for growth stages. Plants were germinated and grown on 

soil. Growth stages are as follows: 1.02-1.14, 2-14 rosettes >1 mm in length. Values are 

mean +/- S.E. N=28, Wildtype and 9.1; N=27, XX1, 5.2 and 20.1; N=20, P3. * denotes 

significance of p<0.05, ** denotes significance of p<0.01, *** denotes significance of 

p<0.001 determined via unpaired, two-tailed t -test against wild type.  
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Figure 4.8 Flower growth stage analysis of transgenic OEX lines grown in soil  

Plants were grown for 48 days or until growth milestone  6.50 was reached and 

assessed every second day for growth stages. Growth stages are as follows: 5.10, first 

flower buds visible; 6.00, first flowers open; 6.50, 50% of flower buds to be produced 

have opened. Values are mean +/- S.E. N=16, Wildtype, XX1, 9.1; N=15, 5.2 and 20.1; 

N=13, P3. * denotes significance of p<0.05, ** denotes significance of p<0.01, *** denotes 

significance of p<0.001 determined via unpaired, two-tailed t -test against wild type.  

0 10 20 30 40 50

Wildtype

Aox1a OEX XX1

Ndb2 OEX P3

Aox1a/Ndb2 OEX 5.2

Aox1a/Ndb2 OEX 9.1

Aox1a/Ndb2 OEX 20.1

Days after sowing

5.10 6.00 6.50

** *

*** ***



   

PhD Thesis 143 Christopher Waterman  

Figure 4.9 Timeline of rosette radius growth rate in transgenic OEX lines grown in 

soil   

Rosette radius was recorded every second day, 14 days after sowing and continued 

until growth stage 5.10 (first flower buds visible). Values are mean +/ - S.E. N=16, 

Wildtyp e; N=14, 5.2 and 20.1; N=13, XX1 and 9.1; N=7, P3. Significance was 

determined via unpaired, two -tailed t -test against wild type. Values found to be 

statistically significant were: Day 14, XX1, P3, <0.001, 5.2 <0.05; Day 16, XX1 <0.01, P3 

<0.001, 5.2 <0.05; Day 18, XX1, P3 <0.01; Day 20, XX1 <0.001, P3 <0.01, 5.2 <0.05; Day 22, 

XX1 0.001, P3 0.01 determined via unpaired, two -tailed t -test against wild type.  
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Figure 4.10 Plant height timeline of transgenic O EX grown in soil  

Plant height was recorded as soon as bolts had emerged and measured every second 

day after. Measurements were stopped at growth milestone 6.50 (50% of flower buds 

to be produced have opened). The time at which plant height began plateauing was 

used as an indirect measure of milestone 6.50 (Boyes et al. 2001).Values are mean +/- 

S.E. N=16, Wildtype, XX1, 9.1; N=15, 5.2 and 20.1; N=12, P3. Day 26, XX1 <0.05, P3 

<0.01; Day 28, XX1 <0.05, P3 <0.001; Day 30, XX1 <0.05, P3 <0.001; Day 32, XX1 <0.01, 

P3 <0.001; Day 34, XX1 <0.05, P3 <0.001; Day 36, XX1 <0.05, P3 <0.01; Day 38, XX1 <0.05, 

P3 <0.05; Day 42, 9.1<0.05; determined via unpaired, two-tailed t -test against wild 

type. 
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Figure 4.11 Stem and branching growth of transgenic OEX grown in soil  

Plants were grown in soil until they had reached growth milestone 6.50 (50% of flower 

buds to be produced have opened or the time at which plant height began plateauing 

was used as an indirect measure of mil estone). Side bolts were considering stem tissue 

that did not come off the initial stem. Branches on the main bolt were considered any 

branch point that came off the first stem bolt. Values are mean +/- S.E. N=16, Wildtype, 

XX1, 9.1; N=15, 5.2 and 20.1; N=12, P3.  
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difference in fresh or dry weight after growth milestone 5.10 was reached (first flower 

buds visible), although two dual OEX lines 9.1 and 20.1 were both significantly lighter 

in fresh and dry weights compared to wildtype but not to eit her of the single OEX 

lines. (Figure 4.12).  

A selection of plants was maintained until they had reached the growth 

milestone of 6.50 (50% of flower buds to be produced have opened or the time at which 

plant height began plateauing was used as an indirect measure of the milestone) and 

were again measured for fresh weights and dry weights. Unexpectedly, both the P3 

and XX1 had either significantly higher rosette fresh weight or no difference at all 

respectively (Figure 4.13), whereas the dual OEX 9.1, had significantl y lower fresh 

weight. This trend was less pronounced in the dry weights, as the Ndb2 OEX P3 

maintained the increased dry weight but 9.1 showed no difference. Although not 

significant, both P3 and 9.1 again followed the same trend in stem fresh weights. The 

second lot of fresh and dry weight measurements enabled the calculation of relative 

growth rates. Similar to the trend above, the single OEX P3 has a significantly faster 

rosette and stem growth rate (Figure 4.14). This was the only line that showed any 

significant changes in growth rates. It appears there are significant differences 

between transgenics under control conditions, with a number of trends being 

consistent across measurements. The single OEX lines, especially the Ndb2 OEX, had 

significant grow th delays across rosette and flowering development but not during 

germination. Interestingly, this phenotype was not replicated in any of the dual OEX   



   

PhD Thesis 148 Christopher Waterman  

 

Figure 4.12 Rosette fresh and dry weight in transgeni c OEX lines grown in soil  

Plants were grown in soil until they had reached growth milestone 5.10 (first flower 

buds visible). Shoots were then removed and weighed for fresh weight. Dry weights 

were taken from shoots incubated at >80°C for 48 hours. Values are mean +/- S.E. N=16, 

Wildtype; N=14, 5.2 and 20.1; N=13, XX1 and 9.1; N=7, P3. * denotes significance of 

p<0.05, ** denotes significance of p<0.01 determined via unpaired, two-tailed t -test 

against wild type.  
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Figure 4.13 Fresh and dry weights of rosettes and stems of transgenic OEX grown in 

soil under control conditions  

Plants were grown until they had reached growth milestone 6.50 (50% of flower buds 

to be produced have opened or the time at which plant height began plateauing was 

used as an indirect measure of milestone). Shoots (A) and whole stems including 

siliques (B) were separated and fresh weights were measured separately. Dry weights 

were taken from tissue incubated at >80°C for 48 hours. Values are mean +/- S.E. N=16, 

Wildtype; N=14, 5.2 and 20.1; N=13, XX1 and 9.1; N=7, P3. * denotes significance of 

p<0.05, ** denotes significance of p<0.01 determined via unpaired, two-tailed t -test 

against wild type.  
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Figure 4.14 Relative growth rates of rosettes and stems during flowering period of 

transgenic OEX grown in soil  

Relative growth rates were calculated from the dry weights measurements obtained 

at growth milestone 5.10 and 6.50 using the calculation outlined by Hoffmann and 

Poorter (2002). Values are mean +/- S.E. N=16, Wildtype, XX1 and 9.1; N=15, 5.2 and 

20.1; N=12, P3. *** denotes significance of p<0.001 determined via unpaired, two-tailed 

t-test against wild type.  
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lines. Additionally, the  single OEX lines produce slightly smaller roots and rosettes 

and less secondary roots, and although stem heights did eventually reach similar 

values, both single OEX lines lagged behind the other lines. Again, this phenotype 

was not replicated in any of t he dual OEX lines. It is interesting to note that despite 

the delay in rosette and flowering, and smaller rosette and root siz es earlier in growth, 

the Ndb2 OEX had similar fresh and dry weights while two of the dual OEX lines 

appear to have significantly smaller fresh and dry weights than the wildtype. 

However, due to the sampling method employed in the Boyes et al. (2001) method, 

×ÓÈÕÛÚɯÈÙÌɯÕÖÛɯÚÈÔ×ÓÌËɯÈÛɯÛÏÌɯÚÈÔÌɯÛÐÔÌɯ×ÖÐÕÛȮɯÙÈÛÏÌÙɯÛÏÌàɀÙÌɯÚÈÔ×ÓÌËɯÉÈÚÌËɯÖÕɯÞÏÌÕɯ

they reach a particular milestone. As the first fresh/dry weight measurements were 

taken based on when plants begun flowering, those plants that flowered earlier had 

less time for vegetative growth. Both lines 9.1 and 20.1 had one less day of vegetative 

growth compared to all other lines (Figure 4. 12, values not shown). Although 20.1 

fresh and dry weights were similar in later weight analysis, the 9.1 line was again 

significantly smaller. Strangely, the Ndb2 OEX had both an increase in fresh and dry 

shoot weights and similar stem height despite the earlier delay in development. The 

faster relative growth rates of both the stem and shoots in the Ndb2 single OEX 

allowed them  to catch up after 44 days of growth. However, again, the sampling 

method recommends measurements to be taken on different days and thus 

measurements of growth rates are made at different start and end points and over 

different lengths of time. Due to the sigmoidal growth curve of most plants, the 
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ËÐÍÍÌÙÌÕÊÌɯÉÌÛÞÌÌÕɯÈɯÚÐÕÎÓÌɯËÈàɀÚɯÎÙÖÞÛÏɯÊÈÕɯÉÌɯÚÐÎÕÐÍÐÊÈÕÛɯÈÕËɯÔÈàɯÓÐÒÌÓàɯÈÍÍÌÊÛɯÛÏÌɯ

growth rate measured.  

 Moderate light and drought stress of transgenic plants  

From the phenotypic analysis of the newly generated dual overexpressing 

transgenics as well as the parent line XX1 and single Ndb2 OEX line P3, a clear 

difference in growth has been demonstrated under control conditions. To determine 

whether these differences translated into increased stress tolerance, plant lines were 

exposed to a combination stress of drought and moderately excessive light. Data from 

several separate experiments performed with the MLD stress are presented with any 

differences between experimental designs stated.  

 Initially, many lines were included to determine the effects of MLD on biomass 

and plant water content. This also allowed a separate experiment to compare biomass 

under control conditions with the previous phenotypical analysis. In partial 

contradiction to what was seen previously, fresh and dry weights of dual OEX lines 

9.1 and 20.1 were not lower than wildtype (Figure 4.15A, Figure 4.12 and 4.13A). The 

Ndb2 OEX line P3 had increased fresh weight (Figure 4.15A), but in the previo us 

experiment both the dry and fresh weights were significantly increased (Figure 

4.13A). When these same plant lines were exposed to an MLD stress, most lines 

appeared similar in  fresh and dry weight (Figure 4.15B). Two of the Ndb2 OEX lines 

(P3 and P9) were, however, significantly smaller in terms of biomass, in contrast to 

what was seen under control conditions (at least partially).  
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Figure 4.15 Fresh and dry weights of rosettes of transgenic OEX and T -DNA  grown 

in soil exposed to control or MLD conditions  

Plants were grown in soil 28 days under well -watered conditions according to section 

2.5.2. Water was then withheld for 6 days, followed by another 7 days of drought with 

a moderate light exposure of 300 ϟmol  m-2 s-1. Fresh weights were taken from plants 

on the 41st day of optimal growth (A) or the 7 th day of MLD (B) and measured 

immediately. Dry weights were taken from tissue incubated at >80°C for 48 hours. 

Values are mean +/- S.E. Control N=11, wildtype, 5.2, 9.1 and 20.1; N=9, XX1; N=8, P17, 

N=7, P3; N=5, P9. MLD N=9, 9.1; N=8, wildtype, 5.2 and 20.1; N=6, XX1; N=5, P17; N=3, 

P3 and P9. * denotes significance of p<0.05 determined via unpaired, two-tailed t -test 

against wild type of the same weight type. 
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The water content relative to dry weight was calculated to determine whether 

differences between lines were caused by differences between biomass and water 

accumulation. Under both control and MLD conditions, the majority of lines showed 

no difference compared to wildtype (Figure 4.16), with the exception of the dual OEX 

lines 5.2 and 20.1. Both showed a minor but statistically significant increase compared 

to wildtype, but similar dry weights. Although the P3 and P9 lines had increased 

water content under MLD conditions, this was not deemed statistically significant due 

to the large variation and small differences seen between lines, although the variation 

obfuscated by the small error bars resulting from the large replicate numbers.  

 To determine the effects of altering AP expression on photosynthesis, especially 

under MLD, plants were assessed for gas exchange using the LICOR 6400-XT. Plants 

measured in the LICOR required growth in a pot specifically designed for the gas 

exchange apparatus. As a result, the pots were smaller and had holes in the base, 

preventing some control over the soil content and increasing water  evaporation 

through the soil. Regardless, plants were grown for a similar period under control 

conditions and transitioned to a drought s imulation and then a combined MLD 

simulation. Due to the smaller size of pots and increased exposure, the drought and 

MLD exposures were shorter (3 and 5 days respectively) compared to previous 

experiments (6 and 7 days respectively). 

There was a significant and consistent separation between wildtype and the 

dual OEX lines as well as the aox1a T-DNA  at the highest PAR (Figure 4.17A).   
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Figure 4.16 Water content in transgenic OEX and T -DNA lines exposed to mod erate 

light and drought measured on the 7th day of MLD stress  

Plants were grown in soil 28 days under well -watered conditions according to section 

2.5.2. Water was then withheld for 6 days, followed by another 7 days of drought with 

a moderate light exposure of 300 ϟmol  m-2 s-1. Plants were sampled on the 41st day of 

optimal growth (control) or the 7 th day of MLD. Values are mean +/- S.E. Control N=11, 

wildtype, 5.2, 9.1 and 20.1; N=9, XX1; N=8, P17, N=7, P3; N=5, P9. MLD N=9, 9.1; N=8, 

wildtype, 5.2 and 20.1; N=6, XX1; N=5, P17; N=3, P3 and P9. * denotes significance of 

p<0.05, ** denotes significance of p<0.01 determined via unpaired, two-tailed t -test 

against wild type.  
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Figure 4.17 Light response curve of CO2 assimilation in transgenic OEX and T -DNA 

lines grown under control and moderate light and drought conditions  

Plants were grown in soil for 29 days under well -watered conditions according to 

section 2.5.2. Water was then withheld for 3 days, followed by anot her 5 days of 

drought with a moderate light exposure of 300 ϟmol  m-2 s-1. Each line was measured 

in quadruplicate for control (A) conditions and (B) MLD stress. Plants were evaluated 

for CO2 assimilation according to section 2.5.6. Values are mean +/- S.E N=4. PAR 1500 

control, 5.2, 9.1, 20.1 and 084 <0.05; PAR 1500 MLD, P3 and 330 <0.05; PAR 1000 MLD, 

5.2, 20.1 and 330; PAR 600 MLD, P9, 5.2 and 330 <0.05; PAR 400 MLD, P3, P9, 5.2 and 

330 <0.05; PAR 250 MLD, P3, P9, 5.2, 20.1 and 330 <0.05; PAR 120 MLD, P3, P9, 5.2, 

20.1 and 330 <0.05; PAR 60 MLD, P3, P9, 5.2 20.1 and 330 <0.05; PAR 40 MLD, P3, P9 

and 330 <0.05; PAR 20 MLD, P9 and 330 <0.05; determined via unpaired, two-tailed t -

test against wild type.  
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Although not significant, the trend within the data sug gests that wildtype plants had 

a greater CO2 ÈÚÚÐÔÐÓÈÛÐÖÕɯÊÈ×ÈÊÐÛàɯÖÝÌÙɯÈÓÓɯÖÛÏÌÙɯÓÐÕÌÚɯÌßÊÌ×Ûɯ/ƕƛȭɯ(ÛɀÚɯÈÓÚÖɯÐÕÛÌÙÌÚÛÐÕÎɯ

to note that wildtype, P17 and XX1 did not plateau a t 1500 PAR, suggesting they may 

potentially have room for higher CO 2 assimilation rates. The same measurements 

were performed for plants exposed to MLD conditions. The majority of the plant lines 

reached a maximal CO2 assimilation rate between 60-120 PAR and fluctuated around 

that mark (Figure 4.17B). CO2 assimilation rate was greatest in wildtype plants 

compared to most other lines, although not consistently across all time points. Two of 

the dual OEX lines, two of the single Ndb2 OEX lines and the ndb2 T-DNA were 

significantly lower than the wildtype. It should be noted that due to the  very low 

measurable gas exchange occurring in MLD samples, there was significant variation 

between replicates in most lines, making it difficult to form confident conclusion s. 

From the same CO2 measurements performed under control conditions (Figure 4.17A ), 

the level of respiration occurring in the light can be extrapolated. Respiration in the 

light  (day respiration) was found to be significantly higher in 2 of 3 Ndb2 OEX lin es, 

with the third also higher, but not significantly so (Figure 4.18A). Although the dual 

OEX lines and T-DNA lines had slightly elevated day respiration rates than wildtype, 

these differences were not statistically significant. Day respiration in the sin gle Aox1a 

OEX was the most similar to wildtype. Due to difficulties in obtaining c onsistent 

results in MLD samples, respiration in the light was not measured in MLD samples. 

Respiration measured in the dark saw increases in CO2 output across most lines 

compared to day measurements albeit with greater variation between replicates.
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Figure 4.18 Respiration measured in the light (A) or dark (B) of control plants using 

the Kok method  

Plants were grown in soil for 29 days under well -watered conditions according to 

section 2.5.2. Each plant line was then measured in quadruplicate. Respiration in th e 

light was calculated from the y -intercept of CO2 assimilation values obtained between 

40 and 120 PAR.  Values are mean +/- S.E N=4. * denotes significance of p<0.05 

determined via unpaired, two -tailed t-test against wild type.  
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(Figure 4.18B). There were no significant differences found between lines.  

The LICOR6400-XT is also capable of measuring H2O content present in the air, 

allowing for simultaneous measurements of transpiration rates during l ight response 

curves. Under control conditions, all Ndb2 single OEX lines as well as the aox1a T-DNA  

had significantly higher transpiration (Figure 4.19A). This trend was consistent across 

all light intensities measured. For all other lines, a significant decrease in transpiration 

was detected, mostly at the higher light intensities, but this difference was much 

smaller than that seen for the Ndb2 single OEX lines. In contrast, under MLD 

conditions, a mostly opposite trend was seen. Wildtype and XX1 both ma intained and 

reached a higher transpiration rate than all  other lines (Figure 4.19B). The Ndb2 single 

OEX lines as well as the aox1a T-DNA lines were all significantly lower than wildtype 

and generally grouped together as they did under control conditions.  However, in 

contrast with control conditions, the dual OEX lines did not group with wildtype 

under MLD. Additionally, it was unusual that several lines displayed negative 

transpiration rates across most of the light intensities, indicating that more water  

vapour was being absorbed within the chamber  than was being released. It should 

also be noted that due to the length of time required to measure gas exchange, only 

eight samples could be measured per day. As a result, lines were sowed in pairs and 

staggered to allow for measurement of 10 different li nes with the same number of days 

of growth. These pairs (1. Wildtype and XX1, 2. 5.2 and 9.1, 3. 20.1 and 330, 4. 084 and 

P3, 5. P9 and P17) tend to group together in the MLD transpiration measurements, 

suggesting that the differences seen between lines  may be a result of the experimental   
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Figure 4.19 Light response curve of transpiration in transgenic OEX and T -DNA 

lines grown under control and moderate lig ht and droug ht conditions  

Plants were grown in soil for 29 days under well -watered conditions according to 

section 2.5.2. Water was then withheld for 3 days, followed by another 5 days of 

drought with a moderate light exposure of 300 ϟmol  m-2 s-1. Each line was measured 

in quadruplicate for control (A) conditions and (B) MLD stress. Plants were evaluated 

for transpiration according to section 2.5.6. Values are mean +/- S.E N=4. PAR 1500 

control, XX1, P9, 5.2, 9.1 and 084 <0.05; 20.1 and 330 <0.01; P3 and P17 <0.001; PAR 

1000 control, XX1, P9, 5.2, 9.1 and 084 <0.05; 20.1 and 330 <0.01; P3 and P17 <0.001; PAR 

600 control, P9, 5.2, 9.1 and 084 <0.05; 20.1 and 330 <0.01; P3 and P17 <0.001; PAR 400 

control, P9, 9.1 and 084 <0.05; 20.1 and 330 <0.01; P3 and P17 <0.001; PAR 250 control, 

P9, 9.1, 20.1 and 084 <0.05; 330 <0.01; P3 and P17 <0.001; PAR 120 control, P9, 20.1, 330 

and 084 <0.05; P3 and P17 <0.001; PAR 60 control, P9, 20.1, 330 and 084 <0.05; P3 and 

P17 <0.001; PAR 40 control, P9, 20.1, 330 and 084 <0.05; P3 <0.01; P17 <0.001; PAR 20 

control, P9, 330 and 084 <0.05; P3 <0.01; P17 <0.001; PAR 10 control, P9 and 084 <0.05; 

P3 <0.01; P17 <0.001; PAR 0 control, P9 and 084 <0.05; P3 <0.01; P17 <0.001; PAR 1500 

MLD, P9, 20.1 and 330 <0.05; 9.1 and 084 <0.01; P3, P17 and 5.2 <0.001; PAR 1000 MLD, 

P9, 20.1 and 330 <0.05; 9.1 and 084 <0.01; P3, P17 and 5.2 <0.001; PAR 600 MLD, P9 and 

20.1 <0.05; 9.1, 330 and 084 <0.01; P3, P17 and 5.2 <0.001; PAR 400 MLD, P9 and 20.1 

<0.05; 9.1, 330 and 084 <0.01; P3, P17 and 5.2 <0.001; PAR 250 MLD, P9 <0.05; 9.1,20.1, 

330 and 084 <0.01; P3, P17 and 5.2 <0.001; PAR 120 MLD, P9 and 20.1 <0.05; P17, 9.1, 

330 and 084 <0.01; P3 and 5.2 <0.001; PAR 60 MLD, P9 and 20.1 <0.05; 9.1, 330 and 084 



   

PhD Thesis 168 Christopher Waterman  

<0.01; P3, P17 and 5.2 <0.001; PAR 40 MLD, 20.1 and 330 <0.05; P9 , P17 and 084 <0.01; 

P3, 5.2 and 9.1<0.001; PAR 20 MLD, 20.1 and 330 <0.05; P9 , P17 and 084 <0.01; P3, 5.2 

and 9.1<0.001; PAR 10 MLD, P3, 20.1 and 084 <0.05; P9 , P17 and 9.1 <0.01; 5.2 <0.001; 

PAR 0 MLD, P17 <0.05; P3, P9, 5.2 and 9.1 <0.01; 084 <0.001; determined via unpaired, 

two -tailed t -test against wild type.  
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design, despite attempts to keep experimental conditions constant, with the same 

settings utilised on the LICOR6400-XT, same growth conditions and experimental 

design for each line tested. 

Although the previous measurements under MLD demonstrated small 

differences between lines in terms of biomass accumulation, a stress-tolerant 

phenotype was not clear. To investigate the response to stress in more detail, plant 

lines were exposed to the same MLD stress as above, but some plants were re-watered 

at the end of the stress to determine their ability to recover. Due to the large number 

of plants required to run these experiments and the spacial limitations in  the growth 

cabinets, this study was performed twice with different plant lines in each experiment.  

In initial recovery experiments the dual OEX lines showed substantially greater 

ability to recover after the MLD treatment (Figure 4.20A). The AOX parent l ine, XX1, 

also demonstrated an improvement in recovery over the wildtype line albeit slightly 

less pronounced than the dual OEX. When assessed for water content, both the above 

lines showed slightly higher values under both control and MLD conditions (Figu re 

4.20C). This trend was also present in the single Ndb2 OEX lines, although these lines 

did not show an improvement in recovery ability.  

In subsequent experiments, all three dual OEX lines were exposed to the same 

MLD conditions and assessed for recovery. Only the single Aox1a OEX and dual OEX 

lines were able to recover from the MLD stress (except one wildtype plant) (Figure 

4.21). Quantification of survival rates highlighted the dual OEX lines significantly  
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Image removed due to copyright restriction. Original can be viewed online 

at http://www.plantphysiol.org/content/181/2/774   
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Figure 4.20 Effect of drought and moderate light treatment on transgenic OEX and 

T-DNA lines under control and moderate light drought conditions  

Plants were grown in soil for 32 days under well -watered conditions according to 

section 2.5.2. Water was then withheld for 6 days, followed by another 7 days of 

drought with a moderate light exposure of 300 ϟmol  m-2 s-1. Plants were then either 

harvested, or re-watered and returned to control growth conditions to check recovery. 

(A) Photos of representative plants grown under control conditions (left), at the end 

of the drought and moderate light treatment (middle), and af ter two weeks of recovery 

(right). (B) Dry weights and (C) water contents of plants harvested at the end of the 

drought and moderate  light treatment (n = 4 ± S.E.M.). * denotes significance of p<0.05 

determined via unpaired, two -tailed t -test against wild type.  

Collaborative work of Crystal Sweetman and myself, adapted from (Sweetman et al. 

2019) 
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Figure 4.21 Effect of extended drought and moderate light treatment on plants 

overexpressing AtN db2 and AtAox1a  

Plants of wildtype and dual OEX lines were grown in a controlled temperature After 

33 days, water was withheld. Aft er a further 6 days, plants were transferred to 

ÐÕÊÙÌÈÚÌËɯÓÐÎÏÛɯȹƗƔƔɯϟÔÖÓÚȭÔ-2.sec-1), with drought continued in the same manner for 

a further 7 days, at which point plants were either harvested or re-watered and 

returned to control growth conditions to ch eck recovery. Photos of representative 

plants grown under control conditions (left), at the end of the drought and moderate 

light treatment (middle), and after 11 days of recovery (right).  

  

       Control        Moderate light and drought            Recovery 

Wildtype 

Aox1a/Ndb2 OEX 9.1 

 

Aox1a/Ndb2 OEX 20.1 

 

Aox1a/Ndb2 OEX 5.2 
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Table 4.1 Surviva l rates of dual Aox1a/Ndb2 OEX plants watered for recovery at the 

end of the drought and moderate light treatment.  

Plants of wildtype and dual OEX lines were grown in a controlled temperature gr owth 

cabinet. After 33 days, water was withheld. After 6 days , plants were transferred to 

ÔÖËÌÙÈÛÌɯÓÐÎÏÛɯȹƗƔƔɯϟÔÖÓÚȭÔ-2.sec-1), with drought continued in the same manner for 

a further 7 days, at which point plants were re -watered and returned to control gr owth 

conditions to check recovery. Survival was scored 11 days after re-watering. *p<0.01 

(Chi-squared test, (df=1). 

 

Line Recoverable Non-recoverable % survival 

Wildtype 1 11 9 

Aox1a OEX XX1 2 1 66* 

Ndb2 OEX P3 0 9 0 

Ndb2 OEX P17 0 3 0 

Aox1a/Ndb2 OEX 5.2 7 6 54* 

Aox1a/Ndb2 OEX 9.1 11 1 92* 

Aox1a/Ndb2 OEX 20.1 6 2 75* 
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better ability to recover from MLD stress (Table 4.1). OEX of Aox1a alone (line XX1) 

also conferred an increase in stress tolerance, but the relatively small number of 

replicates for this line makes it difficult to determine whether differences  between it 

and the dual OEX are significant. It is interesting to note that no t all lines had similar 

survival rates despite having similar levels of Ndb2 expression. 

To investigate the physiological response of MLD-stressed plants, a number of 

transgenics were again exposed to MLD conditions and assessed physiologically 

across the full seven days of MLD exposure. Fresh and dry weights were measured 

from destructive harvesting from triplicates across each day under both conditions. 

Fresh weights between control and MLD conditions were not significantly diff erent at 

the beginning of the MLD treatment but separated as plants succumbed to the stress 

(Figure 4.22A). Plants began to differ in fresh weight after day 2 of MLD and increased 

in difference across the seven days. Very little difference was seen between lines under 

either control or MLD conditions (Figure 4.22). Interestingly, dry weight ËÐËÕɀÛɯÈ××ÌÈÙɯ

to differ across either condition or between any lines despite plants appearing severely 

stressed compared to their control counterparts (Figure 4.22 and 4.23). Furthermore, 

MLD plants increased in DW over the seven days and maintained similar biomass to 

their control counterparts. It appears that any weight lost during MLD is a result of a 

loss of water content and not biomass. Water content was measured under both 

conditions by combining measurements of fresh, dry and turgid weights to determine 

both the water content and the relative water content. All control lines maintained a 

consistent ~75% RWC under control conditions. RWC of line 5.2 under MLD was  
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Figure 4.22 Fresh and dry weights of rosettes in transgenic OEX and T -DNA lines 

grown in soil exposed to MLD or control conditions  

Plants were grown i n soil 28 days under well-watered conditions according  to section 

2.5.2. Water was then withheld for 6 days, followed by another 7 days of drought with 

a moderate light exposure of 300 ϟmol  m-2 s-1. Days are numbered from the beginning 

of seven days of MLD exposure. Each time point consists of triplicates of each line in 

each condition. Shoots fresh weights (A) were measured immediately and dry weights  

(B) were taken from tissue incubated at >80°C for 48 hours. Values are mean +/- S.E. 

N=3, FW control day 2, XX1 <0.05; FW control day 4, 330 and XX1 <0.05; FW MLD day 

2, XX1 <0.05; FW MLD day 4, 330 and XX1 <0.05; DW control day 1, 5.2 <0.05; 330 <0.01; 

DW MLD day 1, 330 <0.05. Significance was determined via unpaired, two -tailed t -

test against wild type  
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Figure 4.23 Control and MLD plants after either 41 days of optimal growth 

conditions or 28 days optimal growth and 6 days drough t + 7 days MLD. 

Aox1a OEX XX1 Aox1a/Ndb2 dual OEX 5.2  

Ndb2 T -DNA 330  Wildtype  
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significantly less beginning day 2 compared to wildtype control samples, while other 

lines maintained similar values to th e wildtype control (Figure 4.24A). Post day 4, 

control and MLD lines begun to separate and became significantly diffe rent from each 

other but maintained similar values between lines. It was only between the period of 

day 4 and 5 that any significant differ ence between lines under MLD conditions 

occurred, with the  ndb2 T-DNA line having significantly higher RWC than the 

wildtype MLD sample. However, this affect was not seen post day 5, with all samples 

having very similar RWC at the end of the MLD experiment . It seems that the plant 

relative water content is only affected 7-9 days into the simulated drought compared 

to control and that the transgenic expression of the alternative respiratory pathway 

has minimal effect on RWC under either condition. Looking at  the water content of 

each line reaffirms what was seen in RWC; there were minimal differences between 

lines but large differences between control and MLD samples (Figure 4.24B). From 

what was seen in the previous experiment, (Figure 4.20B) it seems reliable and 

consistent measurements of water content under drought stress conditions are 

difficult to obtain. Thus, it see ms that the altered AP expression and its effects on plant 

water content were not conclusive.  

Anthocyanin levels were quantified to determ ine whether a difference exists 

between lines that could reflect changes relating to stress. Under control conditions, 

there were no differences or deviations between lines (Figure 4.25). Under MLD 

conditions, anthocyanin production is starkly increased. I nitially, both the XX1 and 

330 lines produce significantly less anthocyanin content while the 5.2 also trends   
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Figure 4.24 Water content in transgenic OEX and T -DNA lines exposed to moderate 

light and drought over a 6 -day period  

Plants were grown in soil 28 days under well -watered conditions according to section 

2.5.2. Water was then withheld for 6 days, followed by another 7  days of drought with 

a moderate light exposure of 300 ϟmol  m-2 s-1. Days listed in the figure are from the 

seven days of MLD exposure. Each time point consists of triplicates of each line in 

each condition. Relative water content (A) is expressed as the percentage of water in 

fresh tissue compared to turgid tissue and water content (B) was the water content per 

g dry weight. Values are mean +/- S.E N=3. RWC Day 2 control, 5.2 <0.05; Water 

content Day 1 MLD, 330 <0.05; Day 2 control, 5.2 and XX1 <0.05; Day 3 control, XX1 

<0.05; Day 5 control, 330 <0.05; Day 6 control, 330 <0.05 determined via unpaired, two-

tailed t -test against wild type of the same growth conditions.  
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Figure 4.25 Anthocyanin content in tran sgenic OEX and T-DNA lines exposed to 

moderate light and drought  

Anthocyanin content was determined spectrophotometrically from shoot tissue 

sampled daily after exposure to moderate light and drou ght stressed. Values are mean 

+/- S.E N=3. Day 1 MLD, XX1 and 330 <0.01; Day 3 MLD, XX1 <0.01; Day 4 MLD, 330 

<0.05; Day 5 MLD, 330 <0.05 determined via unpaired, two -tailed t -test against wild 

type 
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towards a decrease. However, post day 2, this trend becomes weaker in both the XX1 

and 5.2 line but continues to be significantly lower in ndb2 T-DNA line 330,  finishing  

with significantly less anthocyanin content than all lines tested.  

Thiobarbituric acid  reactive substances (TBARS) were measured as a proxy for 

oxidative damage to the cell. TBARS or the specific product they are expected to react 

with, malondialdehyde (MDA), are a by -product of the oxidation of lipid molecules, 

resulting from damage throug h ROS. Wildtype TBARS content under control 

conditions w as significantly higher on several days, especially compared to XX1 and 

5.2 (Figure 4.26A). There were little overall changes to TBARS content over the seven 

days measured in each line, although by the end of the seven days, both XX1 and 5.2 

were still sig nificantly lower in terms of TBARS compared to wildtype. When 

measuring TBARS under MLD conditions, substantial difficulties arose. Not only 

were a number of measurements significantly lower than cont rol conditions values, 

there were significant variations  and several negative values recorded (Figure 4.26B). 

Due to the fact the TBARS is measured at a very similar wavelength to anthocyanins, 

there is significant overlap when attempting to measure TBARS in tissue exposed to 

prolonged stress. Even though the T! 12ɯÔÌÛÏÖËɯÜÛÐÓÐÚÌÚɯÈɯÊÖÕÛÙÖÓɯÚÈÔ×ÓÌɯÛÏÈÛɯÐÚÕɀÛ 

reacted with thiobarbituric acid to offset the contribution of anthocyanins, the small 

contribution of TBARS relative to anthocyanin prevents accurate measurements in 

tissues with high concentrations of anth ocyanins. From the recovery experiments 

performed on a number of lines, the dual OEX lines as well as the single Aox1a OEX  
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Figure 4.26 TBARS in tr ansgenic OEX and T-DNA lines exposed to moderate light 

and drought  

TBARS content was determined spectrophotometrically from shoot tissue sampled 

daily after exposure to (A) control conditions or (B) moderate light and drought stress. 

Values are mean +/- S.E N=3. Day 1 control, XX1, 330 and 5.2 <0.05; Day 2 control, XX1 

<0.05; Day 4 control, XX1 <0.05; Day 6 control, XX1 and 5.2; Day 3 MLD, 5.2 <0.05 

determined via unpaired, two -tailed t -test against wild type  
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XX1 showed an increase in the ability to recover from MLD stress. However, this is 

not reflected in th e MDA and biomass measurements. Although one experiment 

showed (Figure 4.20C) a difference in water content between both XX1 and 5.2 

compared to wildtype under MLD, these results were not reproducible  in other 

experiments (Figure 4.16 and 4.24B). Moreover, none of the gas exchange 

measurements nor anthocyanin measurements were able to differentiate between the 

lines. However, MDA content was significantly higher in wildtype samples than in 

the transgenics under control conditions, suggesting less oxidative stress in the latter. 

Whether this contributed to the improved recovery of the transgenics after exposure 

to MLD, could not be determined.  
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4.4 Discussion 

 Sucrose is a crucial carbon source in MS media  

From the experiments performed on MS media agar, sucrose is clearly a 

requirement for consistent germination and growth of both rosette and roots in 

Arabidopsis. In plates without sucrose, the germination was less than 50% and those 

that did germinat e had very large growth differences. These differences were 

characterised by a lack of rosette emergence and little to no root growth. This 

phenotype was not restricted to a specific line, suggesting that the cause is systemic 

and not a result of transgene expression.  

The intended role of sucrose is to provide an alternative carbon source than 

atmospheric CO2. The reason for including the alternative carbon source is due to the 

limitation of growing seedlings on a semi -sealed agar plate. Due to the ideal nutrient 

content and lack of antibiotic, the MS media is highly  susceptible to bacterial and 

fungal contami nation and must be kept in a sterile environment. These contaminants 

are kept at bay through a semi-ÚÌÈÓÌËɯÈÎÈÙɯ×ÓÈÛÌȮɯÜÛÐÓÐÚÐÕÎɯƗ,ɯ,ÐÊÙÖ×ÖÙÌɚɯÛÈ×ÌɯÛÖɯ

allow gas exchange. Regardless, plants are still maintained in a stagnant air 

environment and as such require an alternative source of carbon to grow adequately. 

Unusually, the method outlined by Boyes et al. (2001) explicitly states that no 

supplemental sucrose is added. It should be noted that the plants that did manage to 

germinate and grow successfully pr oduced similar sized rosettes and roots to those 

grown on sucrose. Additionally, it also appears that in most plates, approximately 

four to five plants would grow to a similar size as those on sucrose. It is suggested that 
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these plants are germinating and utilising the limited CO 2 available before other 

plants, providing them with the initial carbon required to develop optimally. It seems 

that the alternative carbon source is requirement for consistent early germination and 

growth but has minimal to no sign ificant effect on plants growth past this stage. 

Furthermore, it may be possible to grow plants with consistent growth on agar if the 

number of seeds sowed is limited, although this was not tested. However, if 

maximising efficiency of the MS medium is cruc ial, sucrose should be used and allows 

for a maximum of 12 plants per 10x10x2 cm petri dishes. It does seem unusual, 

however, that plants are most affected earliest in development when CO2 assimilation 

and photosynthesis is likely lowest but are not affect ed in later development when 

CO2 assimilation and photosynthesis are at their highest. Regardless, experiments on 

MS media containing sucrose were used for interpretation because growth without 

was too inconsistent to interpret. This does limit the interpr etation of the results, as 

any potential differences relating to carbon assimilation may be masked with the 

addition of an external carbon source. At the same time, growing seeds on MS media 

without sucrose clearly has a media-dependent effect which would have confused 

analysis of the transgenic lines.  

 Altering AP expression delays early growth milestones  

Investigation into the phenotype of newly generated transgenics has identified 

consistent unique differences specific to early development within each l ine (where 

multiple lines were available). The OEX of Aox1a and/or Ndb2 results in an early 

developmental growth delay that differs depending on single or dual OEX . Both 
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single OEX lines (XX1 and P3) were characterised by a delay in development of rosette 

tissue in both agar and soil, whereas this phenotype was not present in the dual OEX 

lines. A trend consistent across other measurements, including root length, 

developmental milestones, rosette size and stem height, was that the observed delay 

occurred early in rosette development, but the effect was carried through to the later 

stages of the growth study. That is, roots and rosettes maintained similar growth rates 

after the initial delay. Why OEX of either Ndb2 or Aox1a alone, but not dual OEX, has 

such an effect is not clear but may point to an imbalance between inputs and outputs 

in the mETC that affect the metabolism of emerging seedlings or signalling pathways 

that regulate growth  It should be noted that the dual OEX lines were also delayed in 

cotyledon development, but otherwise growth was similar to wildtype.  

There are very few reports with phenotypical data on the effects of Aox1a or 

Ndb2 OEX on Arabidopsis under control conditions, although Tarasenko et al. (2012) 

studied a similar Aox1a OEX line (XX2) (Umbach et al. 2005). This group found that 

the single Aox1a OEX tested showed both delayed rosette and flowering but almost 

no difference in cotyledon development, which is exactly what was observed in the se 

experiments. The researchers who generated the single Aox1a OEX lines also 

performed preliminary phenotype characterisation, with some overlapping results. 

Fiorani et al. (2005) found that the rosette diameter of XX2 lines were smaller in size 

but werenɀÛɯÚÐÎÕÐÍÐÊÈÕÛÓàɯËÐÍÍÌÙÌÕÛȭɯ"ÖÔ×ÈÙÐÕÎɯÛÏÌɯÛÞo datasets, there are differences 

in the sampling times that could explain the differences seen. From the results 

presented here, the significant differences seen in rosette radius were between days 
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14 and 22, with any differences disappearing by day 24. The measurements by Fiorani 

et al. (2005), on the other hand, were made 42 days after germination, which could 

explain why only small but insignificant differences were seen between the rosette 

sizes of Aox1a OEX and wildtype. It is interesting to note that  the growth delay early 

in development of single OEX lines does not negatively affect final biomass, rosette 

size or stem height at the completion of measurements. The dual OEX lines 9.1 and 

20.1, however, were significantly smaller in terms of both fresh and dry weight 

compared to wildtype. Although there were delays in early development of dual OEX 

lines, only the 5.2 and 9.1 lines were affected, making the drop in biomass shown in 

Figure 20.1 particularly unexp ected.  

There are some significant limitations and concerns of the Boyes et al. (2001) 

growth analysis method that may have impacted on the results. When taking 

measurements of biomass, the Boyes et al. (2001) method prompts u sers to harvest 

samples not on the same day but based on when they achieve a particular milestone. 

In the above cases these are when the first flower buds become visible (5.10) and when 

the plant height begins to plateau (6.50). The differences seen in fresh and dry weights 

of 9.1 and 20.1 are not a result of this sampling method, as they were mostly sampled 

on the same day as all other lines. However, as previously mentioned, both the single 

OEX lines have delayed flowering, (even more so for P3) and as such were harvested 

later in the second round of fresh and dry weight measurements compared to other 

lines. As a result, it could be argued that the significant differences in biomass seen 

between the P3 and wildtype lines are simply due to an extended perio d of growth 
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for the P3 lines. The fact that the other single OEX (XX1) biomass is not affected does 

not diminish this hypothesis, as the XX1 line flowering time was significantly less 

delayed than P3. Further to this, the P3 line spends more time than any other line in 

the vegetative phase of growth, which may explain why these lines have greater 

rosette biomass but have no significant differences in stem biomass. The growth rates 

seen for P3 were significantly higher than all other lines while XX1 was the same as 

wildtype. This does no t rule out the possibility that the differences seen in biomass 

are a result of sampling times, as the growth rates of plants are sigmoidal (Liu et al. 

2018) ÈÕËɯÈÚɯÚÜÊÏɯÈÙÌɯÚÜÚÊÌ×ÛÐÉÓÌɯÛÖɯÌÙÙÖÙÚɯÐÍɯÚÈÔ×ÓÐÕÎɯÛÐÔÌÚɯÈÙÌÕɀÛɯÛÏÌɯÚame. In 

repeated experiments, these results varied, with one repeated experiment in 

agreement with the increased P3 fresh weight (Figure 4.15), while the other 

experiment exhibited a decreased dry weight in P3 but no difference in fresh weight 

(Figure 4.20). These results highlight the difficulties in achieving consistent growth 

under differing conditions and with different experimenters, as was previously 

pointed out by Massonnet et al. (2010). This brings attention to the importance of 

multiple experiment s to confirm tentative results . As such, not all measurements 

provided here can be regarded with the same confidence. However, there are several 

results that are reproducible and consistent amongst lines with the same construct. 

The delays seen in development, specifically rosette development, were mostly 

replicated in a phenotype analysis containing other Ndb2 OEX lines (Sweetman et al. 

2019). Results with root length were also supported by other experiments (Sweetman 

et al. 2019), but rosette radius was only partially supported as dis cussed above (Fiorani 
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et al. 2005). Again, the plant height and secondary root measurements were supported 

by other experiments (Sweetman et al. 2019). Bringing this altogether, it seems that 

both Ndb2 and Aox1a single OEX lines are characterised by an initially slower growing 

phenotype but catch up with wildtype after a few weeks of growth. Overexpressing 

both Ndb2 and Aox1a together, however, seems to rescue this delayed growth 

phenotype, with growth almost entirely the same as wildtype. The only noticeab le 

differences between wildtype and the dual OEX lines was a slight delay in cotyledon 

development and reduction in biomass of 9.1 and 20.1 after approximately 22-24 days. 

However, after 43 days, this phenotype was only present in the 9.1 line. The very small 

growth differences in the OEX lines were not completely unexpected. The AOX 

enzyme is tightly controlled by numerous regulatory mechanisms including post -

translational (Vanlerberghe 2013a) (Figure 1.2) and may not be (very) active in the 

OEX lines under control conditions. These mechanisms are likely an important control 

to prevent the potentially wasteful nature of the AP. Although this may explain why 

all these lines do not suffer from a severe growth penalty, it does not  explain the 

differences between the single OEX lines and the dual OEX lines. It may be that the 

single OEX  of either gene results in an imbalance in the input or output of the ETC. 

This could then manifest itself early in development by altering metaboli sm and/or 

signalling pathways.   
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 Dual OEX  of Aox1a and Ndb2 improves stress tolerance above that of 

wildtype and single OEX  

Several studies with a specific focus on moderate light and/or drought stress 

have utilised RNAi or T -DNA constructs to knockout or  disrupt expression of Aox1a. 

These studies tend to focus towards biochemical and gas exchange characterisation 

with limited phenotyping data available (Bartoli et al. 2005; Giraud et al. 2008; Zhang 

et al. 2010; Yoshida et al. 2011b; Wang & Vanlerberghe 2013; Dahal et al. 2014; Dahal 

& Vanlerberghe 2017). A small number of studies however have highlighted the 

importance of Aox1a under a drought and/or light stress. Without Aox1a, plants are 

subject to photobleaching (Zhang et al. 2010), reduced recovery post stress (Wang & 

Vanlerberghe 2013) and accumulate anthocyanins at levels far above wildtype 

(Giraud et al. 2008). Our study aimed to test the effect of dual OEX  of Aox1a and Ndb2 

on tolerance to moderate light and drought stress. From the results presented here, it 

is clear that both the dual OEX lines as well as the single Aox1a OEX show improved 

post-stress recovery over wildtype. This is evidenced by a significant proportion of 

plants able to recover after the MLD stress, whereas only one of 12 wildtype plants 

survived. However, f rom the combination of phenotypical, biochemical and gas 

exchange data collected, no single key trait was identified that confers the improved 

tolerance. Importantly, both aox1a and ndb2 T-DNA lines showed  a reduced capacity 

to recover post-stress as compared to wildtype.  

 Measurements of biomass were found to be inconclusive and varied amongst 

replicate experiments. Comparing across three separate MLD experiments, P3 FW and 



   

PhD Thesis 193 Christopher Waterman  

DW under control conditions wer e up and down respectively in two different 

experiments, but together with P9, were both down under MLD but only in a single 

experiment. None of the more resilient lines showed any differences in biomass across 

either condition. Measurements of water content were more informative with both 5.2 

and 20.1 having significantly higher water content that wildtype, although not seen 

under MLD. However, in other experiments in the same laboratory, 5.2 and XX1 were 

shown to contain significantly more water under bot h MLD and control when 

compared to wildtype (Sweetman et al. 2019). But again, a replicate experiment failed 

to repeat either findings. Though it should be noted that there is significantly difficulty 

in this particular experimental approach. Though all ef forts were made to maintain 

consistent levels of water in each pot, the positioning within the growth cabinet meant 

that each pot was subjected to slightly different levels of light and movement of air, 

causing differences in rates of drying in the soil. This meant obtaining consistent data 

on small differ ences between lines was difficult and could explain why we saw some 

differences in water content in one experiment but not the other. In future, where time 

allows, a more detailed growth analysis should be  performed over a greater period of 

time as well as different stresses. This may allow for more consistent data that could 

help identify phenotypic traits that have aided the OEX lines in recovery. Though it 

should be noted that none of the literature invo lving AOX transgenics and drought 

and/or light stre ss have reported differences in biomass and water content of 

transgenics (Wang & Vanlerberghe 2013; Dahal et al. 2014; Dahal & Vanlerberghe 

2017) apart from one T-DNA experiment (Giraud et al. 2008). However, these 
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experiments did identify a number of tr aits relating to Aox1a. Maximal quantum yield 

of photosystem II became compromised during drought in aox1a lines and strongly 

increased oxidative damage (Dahal & Vanlerberghe 2017) and respiration rates slow 

in aox1a lines creating a lack of electron sink resulting in limited photosynthetic 

capacity (Dahal et al. 2014).  

 Gas exchange measurements in my hands, showed for the most part that 

transgenic modification of the AP components has minimal to no significant effect on 

CO2 assimilation under control con ditions. The lines showing significant decreases in 

CO2 assimilation compared to wildtype were the dual OEX lines and aox1a T-DNA 

line. A similar drop in net CO 2 assimilation  was also reported in the same aox1a line 

(Gandin et al. 2012). In other literatu re, an aox1a T-DNA line showed no difference 

under saturating irradiance, albeit with a much lower saturation irradiance and a 

different aox1a T-DNA line (Yoshida et al. 2011b). In partial agreement with our 

results, the CO2 assimilation of an aox1a RNAi  line measured by Dahal et al. (2014) 

was significantly lower than wildtype but another was not. Majority of lines used here 

tended towards a decrease in CO2 assimilation though. The large variation amongst 

replicates, however, prevented a statistically significant difference from being 

measured. Unfortunately, these comparisons rely on experiments that utilise different 

methodology including different transgenic lines, different organisms and  different 

saturating irradiance. Despite this, it is fascinating  that all the dual OEX lines showed 

a reduced capacity to assimilate CO2. We saw no difference in CO2 assimilation in 

either single Aox1a or Nbd2 OEX lines, suggesting that Ndb2 OEX  requires a 
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concomitant up -regulation of Aox1a to affect CO2 assimilation, at least under 

saturating irradiance. Counter to what was seen in tobacco MLD (Dahal et al. 2014), 

OEX of Aox1a did not lead to increased CO2 assimilation above wildtype, but due to 

numerous problems, my confidence in measurements under MLD conditions are  low. 

The majority of plant lines (excluding wildtype, XX1, 20.1 and 084) did not reach CO 2 

assimilation rates above 0 whereas both Dahal and Vanlerberghe (2017) and Dahal et 

al. (2014) demonstrated positive assimilation rates in both OEX and RNAi lines un der 

MLD. Furthermore, the maximum assimilation rates for wildtype were no more than 

0.5, whereas in the hands of Dahal et al. (2014)ȮɯÞÐÓËÛà×ÌɯÞÈÚɯÊÓÖÚÌÙɯÛÖɯƙɯϟÔÖÓɯ".2 m-

2 s-1. Assimilation r ates above 120 PAR were mostly seen to plateau with rates below 

120 PAR showing large variation. It is likely that in these experiments, the plants had 

been affected too badly by drought, resulting  in plants so severely affected that it was 

difficult to ac hieve consistent CO2 assimilation rates. These experiments need to be 

repeated earlier in the stress timeline. Regardless, it appears that the CO2 assimilation 

rate under control conditions is not a reliable indicator of MLD resilience, at least in 

these transgenic Arabidopsis lines.  

 Mitochondrial respiration in the light (day respiration) was deduced from CO 2 

assimilation rates using the method outlined by Kok (1948) and Sharp et al. (1984). 

Very similar to the results found by Dahal et al. (2014) and Dahal and Vanlerberghe 

(2017), respiration of the Aox1a OEX and T-DNA lines did not differ from wildtype 

under control conditions and showed similar rates between experiments. However, it 

is interesting to note that both T-DNA lines tested as well as the dual OEX lines all 



   

PhD Thesis 196 Christopher Waterman  

trended towards a higher rate of respiration. This was more prevalent in the single 

Ndb2 OEX lines where majority of the lines tested showed significant increases in day 

respiration . Activity measurements of the Ndb2 OEX lines have demonstrated that 

NDB2 is not active unless there was a concomitant expression of AOX1a (Sweetman 

et al. 2019). This appears to conflict with respiration measurements , indicating that the 

activity of NDB2  in the single Ndb2 OEX lines is engaged in vivo but not in isolated 

mitochondria. However, when compared to respiration measurements monitored in 

the dark, there were few differences between lines, highlighting the importance of 

light in combination with Ndb2 OEX  in changing respiration. Also notewort hy is the 

finding that day respiration trended faster in the dual OEX lines although this was not 

statistically significant. This may suggest that the effects caused by Ndb2 on 

respiration are limited by expre ssion of Aox1a. In future experiments it would be of 

value to measure the contribution of photorespiration to total respiration using a 

limited O 2 environment in conjunction with the LICOR6400 -XT gas exchange analyser. 

This could help identify whether the increase in Ndb2 OEX is a result of increased 

photorespiration (Sharkey 1988).   

 Transpiration was monitored over several different light intensities and 

showed significant differences between transgenics and wildtype. These differences 

were also consistent across lines, with Ndb2 and dual OEX lines grouping together but 

separated based on lines.  Under control conditions, plants more resilient to MLD 

stress tended to show reduced transpiration while those less resistant were much 

higher than wildtype. Un der MLD conditions this effect was somewhat r eversed. 
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Single Ndb2 OEX lines and the aox1a T-DNA had the lowest transpiration while the 

dual OEX lines and Aox1a OEX were much higher albeit lower than the wildtype line. 

In contrast, Dahal and Vanlerberghe (2017) reported that transpiration in transgeni c 

tobacco was generally reversed, whereby the single Aox1a OEX lines had higher 

transpiration rates under control. Only when drought was applied, did the single OEX 

lines produce similar rates to wildtype. In my  experiments, under MLD conditions, 

lines measured on the same day tended to group with each other. Due to the sampling 

methodology used, only two plant lines could be measured per day. Despite trying to 

ensure that plants were grown under the same conditi ons for the same periods of time, 

there does appear to be a systemic effect specific to the time of sowing. In future 

experiments it would be advisable to make all plant lines available on the same day, 

to prevent different growth conditions affecting the results. Further to this, taki ng 

measurements earlier in the drought period with larger plants may increase the values 

seen and minimise errors caused by difficulty in gauging small rates.  

 Anthocyanins are consistently up -regulated in response to drought and light 

stress ȹ$ÍÌÖĀÓÜɯet al. 2009; Sperdouli & Moustakas 2012) and are useful in mitigating 

oxidative and drought stress within the cell (Steyn et al. 2002; Nakabayashi et al. 2014). 

As such, anthocyanins were monitored over several days to determine whether the 

increased resilience seen in the transgenics is correlated with an increase in 

anthocyanins. Under control conditions, the basal levels between lines did not differ. 

However, anthocyanin content in XX1 line was significantly increased across a 

number of time poi nts while  that in the 330 line was significantly less. Although the 
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reduced anthocyanin content could explain the reduced resilience of the ndb2 T-DNA 

line it does not appear that the increase correlates with increased resilience. Dual OEX 

lines maintain similar le vels of anthocyanins as wildtype and lower than XX1 despite 

being more resilient than both those lines. It seems that Arabidopsis requires an 

appropriate amount of anthocyanin for an adequate response to MLD but further 

increasing that beyond required, pro vides no additional benefit to MLD resilience and 

may even reduce fitness.  

A number of studies have highlighted the importance of AOX in regulating the 

accumulation of ROS (Purvis 1997; Maxwell et al. 1999; Sweetlove et al. 2002) 

including situat ions of drought and excess light (Wang & Vanlerberghe 2013). 

Typically, an increase in ROS results in an increase in oxidative damage markers MDA 

and protein carbonyl groups as highlighted by Watanabe et al. (2008); Wang and 

Vanlerberghe (2013); Dahal et al. (2014); Dahal and Vanlerberghe (2017). Evidence for 

the effects of suppression or OEX of Aox is conflicting. Suppression has been shown 

to increase, decrease or have no effect on oxidative damage, while OEX  apparently 

had no effect on oxidative damage (Watanabe et al. 2008; Wang & Vanlerberghe 2013; 

Dahal et al. 2014; Dahal & Vanlerberghe 2017). However, accumulation of MDA in 

Arabidopsis, in the presence of cyanide, is clearly mitigated by OEX  or exacerbated by 

suppression of Aox1a (Umbach et al. 2005). Monitoring TBARS under both control a nd 

MLD over several days highlighted two important effects: under control conditions, 

basal levels of TBARS were significantly higher in wildtype than any of the transgenics 

tested. Secondly, TBARS measurements are not suitable for stressors that are applied 
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over several days in Arabidopsis, because of interference by anthocyanin 

accumulation. Although the methodology used makes an attempt to subtract 

interference away from the true value (Hodges et al. 1999), high levels of anthocyanins 

results in high var iation and negative values. Thus, this method is not suitable where 

there are high ratios of interfering compounds relative to TBARS, a point made by 

Hodges et al. (1999). This method seems most appropriate to short term stressors that 

ËÖÕɀÛɯÙÌÚÜÓÛɯÐÕɯÈÊÊÜmulation of anthocyanins.  

The work presented in this chapter has highlighted phenotypes specific to the 

individual OEX of Aox1a or Ndb2, which  results in delays in reaching growth 

milestones related to rosette and bolting or flowering. These delays ultimat ely do not 

affect biomass or water content further into development, but interestingly, the 

delayed phenotype is rescued by concomitant expression of Ndb2 and Aox1a. Most 

importantly, in this chapter it is demonstrat ed that the concomitant OEX of Aox1a and 

Ndb2 further increased the stress tolerance of A.thaliana lines exposed to MLD above 

that of XX1 and wildtype. Gas exchange analysis revealed a reduced capacity to 

assimilate CO2 at saturating irradiance in the dual  OEX lines, possibly a result of 

stomatal aperture closure as the transpiration rates were also less in these lines. This 

may partially explain how the dual OEX lines are more resilient to the combined MLD 

stress. Unexpectedly, the single Ndb2 OEX lines had increased respiration in the light 

despite measurements with isolated mitochondria showing minimal engagement of 

NDB2. The lack of difference seen in respiration measured in the dark suggests the 

importance of light in engaging NDB2. The concomitant exp ression of Aox1a also 
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reduced respiration in the light compared to the Ndb2 OEX lines. However, it must be 

pointed out that the relative contribution of the AP to respiration in these plants in 

vivo, has not be determined and it is not possible to say whether the differences in 

whole plant respiration rates were a result of changes in AP or cytochrome path 

activity.  

Unfortunately, neither measurements of TBARS or anthocyanins yielded any 

conclusive correlations to MLD tolerance. As such, there is a focus on transcriptomics 

in the next chapter with the aim to identify key genes contributing to the improved 

MLD resilience in dual OEX lines.  
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 A transcriptomic an alysis of Arabidopsis  plants with 

altered respiratory properties  

5.1 The transcriptional networks in plant mitochondria  

In A thaliana, the Aox family consists of five isoforms, each expressed differently 

according to location, life cycle and external stimuli (Clifton et al. 2006a). Similarly, 

the seven type II NAD(P)H dehydrogenase isoforms present in A.thaliana, are 

localised to different organs and organelles (Carrie et al. 2008) and respond to stimuli 

differently (Michalecka et al. 2003; Escobar et al. 2004). With each enzymeɀs unique 

position, differing substrate, activation cofactor, and expression timing, a complex 

transcriptional regulatory network coupled with numerous signalling molecules is 

required to regulate the AP (Elhafez et al. 2006; Selinski et al. 2018). 

Signalling can come from multiple organelles in many forms and the ability to 

detect the origin of the signals and apply an appropriate response is crucial. A 

dysregulated pathway can utilise its own impairment to signal for a ction. An example 

of this is ROS in the mitochondria. Dysregulated concentrations of ROS can lead to 

cellular damage of proteins, lipids and DNA but can also signal the cell to counteract 

the oxidative damage. The most common ROS are singlet oxygen, hydrogen peroxide 

and the hydroxyl radical. However , as explained by Møller and Sweetlove (2010), it  is 

unlikely that either the singlet oxygen or hydroxyl radical can travel far enough to 

carry the signal outside the organelle. Hydrogen peroxide  in compar ison is relatively 

stable, and able to pass membranes through aquaporins (Bienert et al. 2007). Due to 
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its simplistic structure and inability to store information, any hydrogen peroxide  

produced will be identical regardless of its origins. Lacking the abil ity to detect the 

source of ROS molecules, nuclear encoded genes cannot be selectively regulated with 

only ROS. A study by Ng et al. (2013b) has shown, partly, a mechanism that could be 

responsible for selective induction in localised organelles based on ROS signalling. 

ROS activated proteolytic activation of an endoplasmic reticulum (ER) bound 

transcription factor (ANAC017) which induces Aox1a expression in mitochondria , and 

ANAC017 was located at points where the ER intersected with the mitochondrial 

outer membrane. More recently Meng et al. (2019) demonstrated that the OEX of this 

transcription factor resulted in plants that were severely stunted and aligned more 

with a plant senescing. Meng et al. (2019) noted this and suggested ANAC017 

upregulation of m any genes was suggestive of a master regulator type role. A twin 

cysteine protein partially characterised by Wang et al. (2016) At12Cys-2 (At5g09570) 

is an example of how AOX1a could export a signalling molecule with the origin of 

stress embedded in the protein itself.   

 A transcri ptomic approach to understanding the AP 

All AP members have been identified as stress responsive to at least one 

stressor/treatment (Clifton et al. 2005; Elhafez et al. 2006; Feng et al. 2013). Some of 

these appear to be co-regulated together as well, particularly Aox1a and Ndb2 in 

Arabidopsis (Clifton et al. 2005; Ho et al. 2008). Ho et al. (2008) identified 6 overlapping 

cis-acting regulatory elements (CAREs) in the upstream regions of AtAox1a and 
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AtNdb2 responding to stress, indicating the whole pathway was engaged in response 

to some stressors and not just Aox1a. On top of this, Clifton et al. (2006a) in a meta-

analysis using Genevestigator, noted a number of interesting details, one of which was 

that the in lines tested with altered levels of Aox, more genes encoding proteins outside 

of the mitochondria than  were altered than those inside. This demonstrates the wide -

reaching effects AOX has on plant function , at least in Arabidopsis. Clearly , a global 

approach to determine the effects of altered AP proteins, as in the transgenics 

described in this thesis, have on the transcriptome needs to be considered. 

Our previous measurements of our newly generated transgenics had 

highlighted differences in their abil ity to recover from a combined MLD stress. 

Measurements of phenotype and biochemistry failed to identify traits that were 

ÊÓÌÈÙÓàɯÉÌÕÌÍÐÊÐÈÓɯÛÖɯÛÏÌɯ×ÓÈÕÛɀÚɯÙÌÚÐÓÐÌÕÊÌȭɯ ÚɯÚÜÊÏȮɯÈɯÔÖÙÌɯÊÖÔ×ÙÌÏÌÕÚÐÝÌɯÈ××ÙÖÈÊÏɯ

was required. RNA -seq allows for quick comparisons of relative transcript amounts 

of thousands of unique transcripts all at once. In combination with a series of software 

tools, genes can be categorised according to biological process, molecular function and 

cellular compartment. These were used in conjunction with mapping software to help 

visualise and understand the complex transcript profiles.  

5.2 Aims 

The aim of the experiments described in this chapter was to identify potential 

stress resilience transcripts present in the more tolerant overexpressing lines to help 

elucidate the positive effects the AP has on MLD resilience. It was hypothesised that 
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increasing the expression of Aox1a and Ndb2 would induce expression of stress-

responsive genes leading to a pre-stress/priming response that would adapt the plant 

to the stress prior to it occurring.   
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5.3 Results 

 qRT-PCR of Arabidopsis plants under a novel drought and light stress 

system  

A new techni que for simulating repeatable drought stress studies without the use 

of hydroponics and mannitol was adapted from Wang and Vanlerberghe (2013) by 

Sweetman et al. (2019). Using this system, plants were prevented access to water for 6 

days and then exposed to ~300 µmol m-2 s-1 light and a further 7 days of drought. This 

level of light exposure is similar to previously published methods. (Giraud et al. 2008). 

Plants were harvested everyday over the next six days and stored at -80°C. To 

determine when Aox1a was being upregulated in response to drought and light stress , 

qRT-PCR was performed at all timepoints, beginning at the start of MLD. It was 

expected this would be useful in determining changes coinciding with the Aox1a 

upregulation.  

Aox1a transcripts under control conditions in wildtype and ndb2 T-DNA were 

unaltered (Figure 5.1A). Only at day six of MLD was there a significant increase in 

expression in wildtype (5.73-fold). The initial upregulation , however, occurred on day 

five of MLD in w ildtype with a 1.68 -fold increase. Interestingly, the ndb2 T-DNA line 

saw a slightly higher and earlier increase in expression compared to wildtype. The 

single Aox1a OEX and the dual Aox1a and Ndb2 OEX produced significantly higher 

basal Aox1a expression than the wildtype and ndb2 T-DNA line but did not see any 

significant increases when compared to their control . counterparts. Day two and five  
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Figure 5.1 Changes in mean normalised transcript abundance of AtAox1a  in shoots 

under control and MLD conditions over six days  

Transcript abundance was measured through QRT-PCR and normalised against 

AtUbq and AtPDF2. Wildtype and ndb2 T-DNA ( A) values are plotted separately  from 

XX1 and 5.2 (B) due to large differences in transcript abundance. Values are mean +/- 

S.E N=3. Day 1 control, XX1 and 5.2 <0.001; Day 2 control, XX1 and 5.2 <0.001; Day 3 

control, XX1 <0.001, 5.2 <0.01; Day 4 control, XX1 and 5.2 <0.001; Day 5 control, XX1 

<0.001, 5.2 <0.01; Day 6 control, XX1 and 5.2 <0.001; Day 1 MLD, 5.2 <0.001, XX1 <0.01; 

Day 2 MLD, XX1 and 5.2 <0.001; Day 3 MLD, XX1 and 5.2 <0.01, 330 <0.05; Day 4 MLD, 

XX1 <0.01, 5.2 <0.05; Day 5 MLD, XX1 <0.001, 330 <0.01; 5.2 <0.05; Day 6 MLD, 5.2 

<0.001 determined via unpaired, two-tailed t -test against wild type  
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were selected for RNA -seq analysis from both control and MLD conditions with the 

ÈÚÚÜÔ×ÛÐÖÕɯÛÏÈÛɯÛÏÌÚÌɯÛÐÔÌɯ×ÖÐÕÛÚɯÐÕɯÞÐÓËÛà×ÌɯÊÈ×ÛÜÙÌɯÈɯȿ×ÙÐÖÙɀɯÈÕËɯȿÊÜÙÙÌÕÛɀɯAox1a 

upregula tion scenario.  

 Pre-processing analysis of control RNA -seq data  

RNA SEQ was performed on several different comparator groups, (all 

performed in triplicate). Both the dual OEX and single Aox1a OEX lines were chosen 

for RNA seq as their response in previous experiments (Sweetman et al. 2019) showed 

increases in recovery ability over that of the wildtype. Variance highlighted in the 

PCA plots shows that the treatment and time of sampling were the biggest factors in 

determining the cluste ring of samples (Figure 5.2). The day 2 control and day 5 MLD 

samples had very tightly clustered groups that showed no difference between 

genotypes. There was no visible difference in clustering based on genotype under any 

groupings , but larger variation b etween replicates was seen in day 5 control and day 

2 MLD samples. The clustering of samples appears to form only in response to the 

growth condition and the time of sampling. The close clustering of the replicates 

suggests that the response to time and condition were consistent among the three 

genotypes. 

 Filtering and analysis of RNA seq data within lines and across conditions  

Prior to analysis of the RNA seq data, a significant proportion of the dat a was 

filtered out due to a) having low read counts in at  least one sample group and 

therefore low confidence, b) an insignificant change in expression (this was arbitrarily 
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Figure 5.2 RNA -seq PCA outlining the variation between treatment groups, day sampled and wildtype, XX1 and 5.2  
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set as <1 or >-1 log2 fold change) or c) where genes were filtered based on a p-adjusted 

value of <0.01. The greatest number of genes with altered expression were seen in 

comparisons between control and MLD samples between lines with  expression being 

significantly altered in 3738, 4195 and 5482 transcripts in wildtype, dual and single 

OEX respectively. Upon interrogating the volcano plot s it is clear that there are many 

more genes that have greater fold-changes with  high significance in the OEX lines 

(Figure 5.3). These differences persist even when comparing between the OEX lines, 

with the single OEX  line showing far more gene expression changes with greater 

significance. The distribution of up and downregulated regulated genes appear s very 

similar within lines.  

 Many of the expression changes resulting from MLD seen across the lines were 

not unique , with 2752 changes being shared between all three lines and another 1163 

duplicated across any two comparisons (Figure 5.4). Unsurprisingl y the single Aox1a 

OEX had the greatest number of unique gene changes as this had substantially more 

genes that were significantly altered in total. The sing le and dual OEX lines shared 

markedly more expression changes compared to wildtype comparisons whil e the 

comparisons of wildtype to the transgenic lines displayed relatively similar number 

of shared genes. 

 The alternative respiratory pathway profiles of e ach lines exhibited overlap of 

some genes, although with some interesting differences. As expected, the wildtype  
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Figure 5.3 Volcano plot distribution of differentially expressed genes in day 5 control comparisons against MLD of (A) wildtype  

(B) 5.2 and (C) XX1 

Genes that had a base mean of <25 were removed from the dataset. A total of 3738, 4195 and 5482 genes were differently expressed 

in figures A, B and C respectively 
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Figure 5.4 Significant unique and overlap ping expression changes shared betwe en 

lines in comparison of day 5 control and day 5 MLD within each line  

A total of 3738, 4195 and 5482 genes were differently expressed in wildtype, single 

Aox1a OEX and dual Aox1a/Ndb2 OEX respectively 
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line showed signi ficant upregulation of Aox1a and Ndb2 genes while also upregulating 

Ptox. Ptox and Ndb2 were also upregulated in the single Aox1a OEX (Table 5.1). 

Although not significant, there was a trend of upregulation of Ndb2 even in the dual 

OEX line. The dual OEX was the only line to significantly up regulate Nda1. All lines 

showed upregulation of Aox1d ȹÈÓÛÏÖÜÎÏɯÞÐÓËÛà×ÌɯÞÈÚÕɀÛɯÚÐÎÕÐÍÐÊÈÕÛȺȮɯÞÐÛÏɯÛÏÌɯËÜÈÓɯ

OEX showing a large increase of over 3 log2 fold increase. Additionally, all lines 

showed downregulation of Ndb1. 

 Thirteen of the topmost upregulat ed genes in the dual OEX and wildtype 

were shared, with 10 also being shared in the highest downregulated gene list (Table 

A7.5, A7.6). Four of these upregulated genes were late embryogenesis abundant 

(Lea) transcripts with similar changes in fold changes.  Others included sucrose and 

lipid transporters, ABA responsive and stress -induced/associated transcripts. 

Although not presented, both lines also share changes in many other isoforms of 

these genes including the sucrose efflux transporter family ( Sweet), cytochrome p450 

family ( Cyp450) and pentatricopeptide repeat family ( Ppr) of genes as well as 

numerous other gene families. Genes with downregulated expression included  a 

light harvesting complex subunit ( Lhc), a number of stress tolerance/sensing and a 

cell wall protein , ÈÔÖÕÎɯÖÛÏÌÙÚȭɯ'ÖÞÌÝÌÙȮɯÛÏÌÙÌɯÞÌÙÌÕɀÛɯÈÕàɯÍÈÔÐÓàɯÎÙÖÜ×ÐÕÎÚɯÐÕɯÛÏÌɯ

downregulated top 15 gene list. As previously seen, many gene families were also 

shared in the complete downregulation list  These included the ATP binding cassette 

family ( Abcc), Cyp450 family, RAB GTPase family (Rab) as well as numerous Lhc   
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Table 5.1 Alternative respiratory pathway expression profile under MLD 

conditions compared to control conditions on day 5  

All data  with a * represents significant differences (P-adjusted value <0.01 and log2 

fold change greater than 1 or less than -1)  

  

 Log2 fold change 

Gene Name Wildtype  Dual Aox1a/Ndb2 OEX Single Aox1a OEX  

Aox1a 1.157* -0.283 0.328 

Aox1d 1.303 3.142* 2.226* 

Ptox 1.068* 0.778 1.126* 

Nda1 -0.0399 1.134* 0.460 

Nda2 0.413 0.170 0.661 

Ndb1 -1.179* -1.012* -1.095* 

Ndb2 1.530 0.827 1.847 
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genes and many other gene families. Interestingly, none of highest 15 up or down 

expression changes in the single OEX showed any overlap with  either the wildtype 

or dual OEX (Table A7.7). Interestingly, this line also contained one Lea gene that 

was not shared with any other line tested. A number of metal -related genes were 

upregulated as well as an ABA induced gene. Similar to the upregulation list, there 

were no families of genes that were significantly down regulated in the top 15 list. 

However, when investigating the complete list of altered expression changes, the 

single OEX also had major changes to gene families of Sweet, Cyp450 and Ppr, 

highlighting the shared expression changes to MLD albeit with differ ent levels of 

regulation. This was also replicated in the downregulation list with Abcc, Cyp450, 

Rab and Lhc gene families being significantly downregulated.  

Despite the majority  of expression changes being shared between lines, a 

number of distinct gene family groupings were identified in some of the lines. 

Although Ppr expression changes were seen across all lines, larger groupings were 

distinct within these families. There were  21 unique Ppr transcripts found in wildtype 

and another 19 found in the single OEX, while only one other was found in the dual 

OEX, all with significant upregulation. The single OEX line also had eight different 

heat shock proteins (Hsp) and another 11 UDP-glucosyl transferase (Ugt) also 

significantly upregulated. The dual OEX lin e had 11 different ribosomal plastid 

transcripts significantly downregulated while wildtype had no changes and the single 

OEX had only one of these transcripts. Again, the single OEX had greater changes 
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with four large gene family groups being altered , including eight RING/U -box, 11 

cyclin, 9 Cyp450 and eight small auxin downregulated transcripts. The wildtype line 

had no large unique family groupings downregulated.  

 Filtering and a nalysis of RNA seq control data across lines  

From over 33,000 genes detected, gene lists were whittled down to less than a 

1,000 on the basis of fold changes (Figure 5.5). Analysis of  the difference in 

comparisons made between XX1 and 5.2 to wildtype  showed, a clear shift in the 

number of significant  genes with altered expression is apparent in XX1. Additionally, 

there is an increased trend towards higher significance in XX1. When comparing XX1 

to 5.2, there is a clear change in the distribution of genes with altered expression. XX1 

has far more genes with increased abundance over that of 5.2. This highlights a clear 

change in transcriptional profile when Ndb2 is overexpressed together with Aox1a. 

Initially, the first set of genes considered in the control comparisons was the AP 

members (Table 5.2). None of the other AP membersɀ expression was significantly 

altered in response to the transgenic single or dual OEX of Aox1a and/or Ndb2. It is 

interesting to note that the Aox1d isoform was consistently higher i n the XX1 line even 

compared to 5.2, albeit insignificant ly .  

The next step was to consider the most altered genes from each comparison 

(Table A7.8, A7.9, A7.10). Starting with the control groups, 15 of the most altered 

transcripts were selected from both pools of increased and decreased abundance. An  




































































































































































