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Abstract 

Background and aims 

Salinity impedes agricultural productivity across large areas of the arable land on earth, 

and much scientific research aims to discover strategies for boosting crop and forage 

production on saline land. This thesis aims to deepen the scientific understanding of the 

mitochondrial and respiratory response to salt treatment, and investigate how 

mitochondrial properties vary between wheat varieties with contrasting salinity 

tolerance. These results could guide future crop breeding efforts, by identifying specific 

wheat genes as targets for enhancing salinity tolerance processes. 

 

Experimental strategies 

Wheat plants were grown under laboratory conditions and subjected to either control or 

NaCl treatment. The approach used to analyse mitochondrial salinity responses involved 

integrating data from proteomics, physiology and biochemistry. The proteomic 

techniques of 2D gels and mass spectrometry were employed to investigate which 

mitochondrial proteins differed in abundance between control versus stress conditions, 

and also which mitochondrial proteins differ in abundance between tolerant versus 

sensitive varieties. Physiological techniques were used to analyse how photosynthetic 

and respiratory rates responded to NaCl, and biochemical techniques were used to 

investigate how rates of mitochondrial oxygen consumption differed between 

mitochondria isolated from control versus salt treated plants. Also, this thesis contains a 

detailed investigation into how the direct application of NaCl to isolated mitochondria 

affects oxygen consumption rates across different pathways of mitochondrial electron 

transport. 

 

Key results 

The bulk of the data in this thesis uses 2D gels to investigate mitochondrial protein 

composition and its response to salinity stress across wheat varieties. This provides a 

descriptive catalogue of the proteins that are targeted to wheat mitochondria, and 

documents a set of mitochondrial proteins that exhibited differential abundance between 

varieties and according to salt treatment. The key result of these proteomic studies 

involves the enzyme manganese superoxide dismutase, which exhibited consistently 

higher abundance in mitochondria isolated from salt treated plants. Interrogation of 2D 

gel position and mass spectrometry data derived from manganese superoxide dismutase 
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protein spots shows that certain manganese superoxide dismutase isoforms are 

correlatively linked to varietal salinity tolerance. This study also identified differential 

abundance in other mitochondrial proteins between varieties, such as beta-cyanoalanine 

synthase. I posit that these flexible components of the mitochondrial proteome could 

contribute toward differing varietal salinity tolerance.  

 

The other focus of this thesis involved measuring respiratory rates in plant tissues and 

isolated mitochondria exposed to NaCl. The results of these analyses showed that NaCl 

treatment can elicit a diversity of respiratory stimulations and inhibitions, in both whole 

tissue and isolated mitochondria. Root tissue generally showed faster respiratory rates 

under salinity with little induction of alternative oxidase, whereas shoot tissue showed 

either faster or slower rates depending on age, with alternative oxidase being induced by 

salt treatment. Isolated shoot mitochondria generally respired at slower rates in media 

containing high concentrations of NaCl. However, application of different combinations 

of substrates and inhibitors revealed that oxidation of reduced nicotinamide adenine 

dinucleotide is stimulated by NaCl when respiratory electron flow was coupled to the 

generation of an electrochemical gradient. 

 

Implications 

Integrating the data gathered on respiratory rate responses to NaCl, it seems that a 

number of factors underpin the respiratory response to salinity, with faster, slower or 

stables rates being measured across a number of contexts. Therefore, it is hard to predict 

how respiration rates will respond to a given salinity scenario, or prescribe what 

respiratory rate responses should be targeted to enhance tolerance. However, 

measurements of respiratory rate provide insights into cellular energetics and whole 

plant carbon balance that can be used to frame the energetic costs of different salinity 

tolerance strategies. The proteomic work presents novel insights into the mitochondrial 

processes that mediate salinity tolerance, particularly reactive oxygen species defence. 

The mass spectrometry data identifies specific isoforms of mitochondrial proteins 

expressed in the tolerant varieties, which could guide future breeding efforts to transfer 

specific alleles encoding superior isoforms into salt tolerant wheat lines.    
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1. Introduction 

 

1.1 The agricultural problem of salinity 

The vast majority of the water on earth contains high concentrations of dissolved salts, 

for instance seawater, brackish estuaries and salt lakes. However, agricultural regions 

are clustered in areas where the water available to the soil contains a low concentration 

of dissolved salts, because high salt concentrations are toxic to almost all of the plant 

species cultivated by humans. Although many plant species are able to grow in highly 

saline environments such as seawater or salt lakes, these species rarely have agricultural 

value (Flowers 2004). NaCl is the most abundant salt on saline land, because most 

incidences of salinity arise through the encroachment of seawater onto cropping regions, 

and the salt composition of the soil reflects the high NaCl content of seawater. Although 

other salts such as sulphates and carbonates can accumulate in soils where salinity arises 

through the deterioration of rocks, these scenarios are far less common, so scientists 

studying the effects of salinity have mostly paid attention to how plants respond to NaCl 

(Rengasamy 2010). It has been roughly estimated that the global land area affected by 

saline soils is around 900 Mha (see references within Rengasamy (2006) and Bai et al. 

(2008)). However, these estimations are fraught with complexity due to the 

uncertainties inherent in surveying and extrapolating the hydrological and geological 

processes that cause salinity (Bai et al. 2008), and by the fact that salinity levels within 

the same piece of land can vary dramatically within and between years, mainly due to 

variations in rainfall and drainage (Peck et al. 2003). Although mathematically 

quantifying the area of saline land highlights that the problem is widespread, these 

broad analyses overlook the realities of farmers who crop land with a salinity problem, 

where previously profitable fields can turn marginal or even toxic within a few decades. 

This environmental degradation can completely change the economic, social and 

geographical organisation of individual farms and entire agricultural districts (Pannell 

2001). Another factor that contributes to the damaging nature of salinity is the potential 

for antagonistic multi-stress interactions, where salinity exacerbates the damage caused 

by heat, drought and nutrient limitation. This can multiply the extent of salt-induced 

damage, particularly during ‘bad’ years (Mittler et al. 2010).  

 

Saline soils are divided into two categories, groundwater salinity caused by rising saline 

groundwater, or irrigation salinity caused by the combination of poor drainage and poor 

quality irrigation water (Rengasamy 2006). South Western Australia is a useful case 
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study of groundwater salinity, as its hydrology and human activities since European 

settlement have combined to make it particularly susceptible. First, the groundwater 

beneath this ancient landmass has accumulated large amounts of Na
+
 and Cl

-
. Natural 

processes deposited saline ocean spray and rainfall upon the landscape, and rainwater 

contains trace amounts of Na
+
 and Cl

-
. Due to the flat topography of Australia, much of 

this water slowly leaked into groundwater rather than draining into rivers. Over 

geological time this process formed vast, saline subterranean aquifers beneath the 

continent. Second, enormous areas of native vegetation were cleared and replaced with 

annual crops in the short period of time since European settlement, dramatically 

reducing the net transpiration flux of the land. Therefore, only a small fraction of the 

rainfall that drains into the soil is transpired back into the atmosphere, while the rest of 

it leaks into groundwater and brings this saline reservoir closer to the soil surface, where 

it can interact with the root systems of plants and thus impair growth (Rengasamy 

2006). Although the causes of salinity were initiated shortly after the European 

settlement of Australia, the magnitude of the problem was not fully appreciated until the 

period between 1980-2000, when a number of government policies were initiated to 

survey, mitigate and cope with salinity (Pannell et al. 2010). Irrigation salinity occurs 

by a separate mechanism, whereby the application of water onto poorly drained soil 

means that a large fraction of the dissolved salts initially present in the irrigation water 

are left behind in the plant root zone when that water evaporates, as water vapour 

contains only trace concentrations of ionic salts. Therefore, the lower the quality of 

irrigation water, the more rapid the onset of salinity. The Indus basin in Pakistan 

presents a demonstrative case study of irrigation salinity. The flat topography of the 

region and the ease with which groundwater can be accessed have encouraged the 

widespread irrigation of crops. The dramatic increase in the area of irrigated land since 

1900 has significantly boosted food production and supported population growth. 

However, much of the groundwater used to irrigate crops is saline, and drainage is 

generally poor due to heavy soils and a flat landscape. These factors have combined to 

impose a salinity problem that is worsening with time (Qureshi et al. 2008). The large 

increase in irrigated land area throughout the 20
th

 century has dramatically increased 

food production, particularly in the developing world, but the strong link between 

irrigation and salinity has led many to question the sustainability of the practice 

(Flowers 2004).  
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The hazardous effects of salinity are already severe, and are forecast to increase in the 

coming decades owing to increased reliance on marginal land, the continued use of 

poor-quality irrigation water in the developing world, as well as the recognition that the 

biological consequence of salinity often lags behind its hydrological causes by decades 

(Allison et al. 1990; Rozema et al. 2008). These forecasts have led to influential 

scientists and policy makers defining salinity as a major agricultural problem, and 

prioritising scientific research that explores potential remediation or coping strategies 

(Pannell et al. 2010; Pretty et al. 2010). This thesis aims to generate scientific 

knowledge that could be applied by future plant breeders in strategies to cope with 

salinity, by identifying novel biochemical mechanisms for salinity tolerance that could 

potentially be incorporated into salt tolerant wheat lines by crop breeders. 

 

1.1.2 The effect of NaCl on plant growth 

The most obvious phenotypic differences exhibited by crop plants grown under saline 

conditions are slower growth rates and lower yields (Flowers 2004). In an agricultural 

context, the deleterious effects of salinity upon yields have been documented for 

millennia (Jacobsen et al. 1958), and many farmers in the WA wheatbelt will 

anecdotally report crop losses in lower-lying fields that are more exposed to saline 

groundwater (Dr T. Setter, WA Department of Agriculture, pers.comm, Sept 2011). 

However, there are extensive problems with conducting reductionist scientific 

experiments in the field due to the confounding effects of spatial and temporal 

variations in climate and soils (Tavakkoli et al. 2012). Therefore, most of our 

knowledge of the physiological and biochemical effect of salinity upon plants has been 

gleaned through laboratory studies. At the whole plant level, a common observation is 

that NaCl treated plants exhibit darker, narrower leaves which senesce prematurely, 

while the fundamental processes of photosynthesis and transpiration operate at slower 

rates (Munns et al. 2008). On the molecular scale, transgenic and biochemical studies 

have defined the genes responsible for key signalling events involved in the perception 

of salinity stress (Qiu et al. 2002; Liu et al. 2007). Over the last 15 years or so, 

biological investigations have increasingly shifted towards high-throughput 

measurements of molecular properties. Some studies have defined thousands of 

differences in transcriptional, proteomic and metabolomic networks in plants exposed to 

high NaCl compared to untreated controls (Sanchez et al. 2008; Taylor et al. 2009; 

Deyholos 2010), giving detailed descriptions of how salinity affects cellular processes. 

However, salt stress is still an enigma because of the overlapping impacts of osmotic 
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stress and ionic stress upon plant function and development, as well as the complexity 

of avoidance versus tolerance mechanisms deployed by tolerant plant species (Munns et 

al. 2008). 

 

1.1.3 Variations in salinity tolerance between plants 

It is well-documented that plants differ in their ability to survive and grow in saline soils 

or nutrient solutions containing NaCl (Yeo et al. 1990; Genc et al. 2007; Flowers et al. 

2008). The trait of salinity tolerance can be quantified through a variety of assays, some 

based upon growth rate, some based upon assessing the visible signs of injury, and 

others based on pass/fail assessments of germination and survival. Of these, analyses of 

growth via measurement of biomass or yield are most widespread in the literature, and 

are generally deemed to be the most relevant selection criteria for identifying the 

salinity tolerance of annual plants under field conditions. These analyses provide a 

numerical definition of salinity tolerance by dividing biomass under saline conditions 

by biomass under control conditions (Munns et al. 2003). Field observations and 

laboratory experiments have defined a category of plant species that display extremely 

high salinity tolerance, terming them halophytes. Species that exhibit low to moderate 

tolerance are termed glycophytes, and this category includes almost all crop plants 

(Flowers 2004). However, there are significant variations in tolerance level between 

glycophyte species, with barley exhibiting higher tolerance than wheat, which in turn 

has higher tolerance than the relatively sensitive rice (Munns et al. 2008). These 

differences are exploited by Western Australian farmers, who routinely find barley to be 

more profitable than wheat on their lower-lying paddocks that are prone to high salinity 

levels (Dr T. Setter, WA Department of Agriculture, pers.comm, Sept 2011). The 

dramatic differences in salinity tolerance that already exist in nature give a rationale for 

crop improvement programs that aim to increase the tolerance of certain crop plants, as 

the mechanisms that mediate tolerance are already present in nature. This suggests that 

it might be relatively simple to transfer these traits into an agronomically relevant 

species of interest (Downton 1984). However, breeding for improved salt tolerance has 

proven to be very difficult, because the polygenic nature of salt tolerance means that 

single-gene manipulations confer little or no advantage (Munns 2005). Although 

crossing of elite commercial varieties with salt tolerant wild relatives can generate 

progeny with higher salt tolerance, these lines also exhibit a suite of agronomically 

undesirable traits such as infertility and slow growth (Flowers et al. 1995; Munns et al. 

2011). Furthermore, both classical breeding and transgenic approaches are constrained 
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by the difficulty of reliably screening for salt tolerance in the field, due to the diversity 

of salinity scenarios and the plethora of confounding factors both within and between 

plots of land (Passioura 2010). These factors constrain empirical approaches to boosting 

tolerance through observation of yield and biomass, so most of the scientific efforts to 

improve salinity tolerance is characterised by a reductionist logic, where individual 

components involved in coping with salinity are analysed separately. Once researchers 

have defined potential mechanisms for boosting each single component, future breeding 

strategies can then use genetic tools to ‘pyramid’ these additive traits and thus confer 

tolerance (Yeo et al. 1986). 

 

1.1.4 Salinity tolerance mechanisms defined in the literature 

Studies of plant physiology typically involve dissecting the complex interactive 

processes that constitute plant behaviour into simpler traits that can be understood in 

isolation. Within this framework, the dominant theoretical approach used to 

conceptualise slower rates of plant growth under NaCl treatment involves separating the 

osmotic component of the growth reduction away from the ionic component. Osmotic 

stress occurs because salinity lowers the osmotic potential (π) of the soil, so in order to 

maintain flux of water from root to shoot, plants must either assimilate toxic ions or 

synthesise high concentrations of osmolytes. In this respect, there is significant overlap 

in the effects of salt and drought stress on plants (Munns 2002). Ionic stress occurs 

when Na
+
 and Cl

-
 ions enter the transpiration stream and ultimately accumulate in leaf 

tissue. High Na
+
 and Cl

-
 concentrations are toxic to many cellular processes because 

they alter protein-protein interactions, disrupt electrochemical gradients across 

membranes, increase cellular ROS production, and displace vital ionic cofactors of 

enzymes (Hasegawa et al. 2000; Munns et al. 2008; Teakle et al. 2010).  

 

Salinity tolerance strategies for plants involve a trade-off between mitigation of osmotic 

stress and ionic stress. Arguably, the easiest way to avoid osmotic stress is to take up 

Na
+
 or Cl

-
, which imposes ionic stress, whereas the easiest way to avoid ionic stress is 

to exclude Na
+
 or Cl

-
, which exacerbates the osmotic stress. Strategies that alleviate the 

osmotic component of salinity stress are termed osmotic tolerance, and typically involve 

ion uptake or osmolyte synthesis to promote faster transpiration rates. Two separate 

strategies are used to cope with the ionic component of salt stress: ion exclusion and 

tissue tolerance. Ion exclusion is the ability to prevent Na
+
 and Cl

-
 from accumulating in 

leaves, typically involving the direct exclusion of ions at the epidermis of root cells to 



6 

 

prevent their entry into the plant, or retrieval of ions from the xylem to prevent their 

entry into photosynthetic leaves (Munns et al. 2008). Tissue tolerance is the ability to 

maintain cellular function despite high concentrations of ions in leaves, and it is widely 

asserted that the major avenue mediating this trait is the sequestration of ions within the 

vacuoles of leaf cells (Tester et al. 2003; Munns et al. 2008). There is a disparity in the 

number of genes shown to mediate the three strategies. For instance, dozens of genes 

have been linked to osmolyte synthesis through defined biochemical pathways (Hare et 

al. 1997), and several genes have been linked to Na
+
 exclusion (Shi et al. 2000; Huang 

et al. 2006). This genetic knowledge has been successfully used to breed the trait of 

sodium exclusion into durum wheat, by incorporating novel genetic material from a 

wild ancestor with high exclusion capacity to mediate Na
+
 retrieval from the xylem 

(Munns 2012). It can be asserted that these detailed genetic understandings of osmotic 

tolerance and ion exclusion provide a long list of candidate genes that can be targeted 

by future efforts to improve these traits in crop plants. In comparison, the genes and 

mechanisms that promote tissue tolerance are poorly characterised (Colmer et al. 2006). 

This lack of candidate genes provides a rationale for research aiming to identify the 

molecular basis of tissue tolerance, as a better understanding of the trait could provide a 

new set of targets for crop improvement. 

 

1.2 Respiratory physiology and salinity 

Eukaryotic cells are the building blocks of complex life, and a major part of their 

evolutionary success is due to compartmentalising certain processes into membrane-

bound organelles. This enables sensitive processes such as DNA storage to be cordoned 

off in nuclei, whereas metabolic processes that generate chemically reactive 

intermediates are compartmentalised into other organelles. In eukaryotes, the bulk of 

cellular energy is generated in the mitochondrion through the process of respiration, 

which converts the energy stored in the chemical bonds of molecules such as sugars, 

fats and amino acids into ATP, the cellular energy currency. Countless cellular enzymes 

exploit the free energy released by the hydrolysis of ATP in order to fuel chemical 

reactions that would be energetically unfavourable in isolation, and these reactions are 

essential for the survival and growth of organisms. It is speculated that the key reason 

underpinning the diversity of eukaryotic life is that the compactness and efficiency of 

mitochondrial ATP generation fulfils the vast energetic requirements of expressing the 

large and diverse set of genes encoded in a eukaryotic nucleus (Lane et al. 2010). 

Therefore, mitochondrial energy production fuels the ability of eukaryotic cells to 
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contain large genomes and express diverse proteomes. Over evolutionary time 

eukaryotic organisms have explored this enormous combinatorial protein space to find a 

broad range of molecular mechanisms that enable eukaryotes to attain such large sizes 

and diverse shapes (Lane et al. 2010). In plants the importance of mitochondrial 

respiration is often understated, as chloroplasts can also generate ATP via their own 

electron transport chain. However, photosynthetic ATP production only takes place in 

illuminated green tissues, and much if not all of the ATP generated is consumed by the 

processes of carbon fixation within the chloroplast (Gardestrom et al. 1995). In contrast, 

respiratory ATP production is a constant process that operates during night and day, in 

roots, stems and leaves. Therefore, mitochondria are a highly consistent source of ATP, 

which is exported to the cytosol to fuel ongoing cellular processes across a range of 

tissues. The significance of plant respiration can be shown on a global scale, as the CO2 

released by plant respiration is a major contributor to the global carbon cycle (Smith et 

al. 2013). At a whole-plant level, the respiration rate of an individual plant is a key 

determinant of its growth rate (Poorter et al. 1990; Atkin et al. 1996). In the cell, 

mitochondria are involved in a variety of roles, being a key site of carbon, nitrogen, 

phosphorous and sulphur metabolism, as well as participating in signalling processes 

and determining cell fate by regulating programmed cell death (PCD) (Fernie et al. 

2004; Sweetlove et al. 2007). Furthermore, the importance of plant respiration is clearly 

demonstrated by the dramatic phenotypes, often lethality, exhibited by plants with 

mutations in respiratory genes (Millar et al. 2011). Put together, these data show that 

mitochondrial respiration in plants is a vital component of cellular function and a 

significant driver of plant productivity. This suggests that an investigation of respiration 

in the context of salinity has clear potential to yield insights into tolerance mechanisms 

of this energy draining stress.  

 

1.2.1 The response of respiration rates to salinity stress 

The key reactions of O2 consumption or CO2 production from respiring plants can be 

measured through gas exchange from plant tissues, whole plants, field sites and even 

ecosystems (Azconbieto et al. 1983; Valentini et al. 2000; Leakey et al. 2009). A review 

of the literature shows that the respiratory rate responses to salinity in plant tissues are 

complex, with 37% of studies reporting increases, 34% reporting decreases, and 29% 

reporting no consistent change in respiratory rate (Figure 1.1; Appendix Table 6.1.1). 

This variability in respiratory responses was also noted in a review of respiration rates 

under drought stress (Atkin et al. 2009). Although the more general decrease in 
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photosynthesis in the face of salinity can be largely attributed to lower CO2 availability 

through stomatal closure, there is no such limitation on cellular O2 concentrations under 

salt stress. This leaves the control of respiration rates down to substrate supply and 

biochemical regulation, which probably vary significantly between species. In this 

respect the respiratory response to salinity is more akin to the long-term variation in 

non-stomatal photosynthetic reduction during salinity (Seemann et al. 1985). 

 

Assessment of the literature shows that there is no straightforward correlation between 

whole-plant salinity tolerance and respiratory rate response to salinity. Tolerant plants 

display increased respiratory rates in 33% of reports and decreased rates in 33% of 

reports, whereas sensitive plants displayed increased respiratory rate in 64% of reports 

and decreased rate in 18% of reports (Appendix Table 6.1.1). This indicates that fast 

respiration rates under salinity can be either beneficial or detrimental to growth rate, 

depending on tissue and tolerance strategy (Figure 1.1). The benefit of a fast respiration 

rate is that more ATP is produced, which provides vital energy for growth of new tissue 

and defence processes, such as osmotic adjustment, sodium exclusion or tissue tolerance 

(Yeo 1983). However, the cost of fast respiration rates is that carbon is expended on 

respiration instead of being allocated to synthesis of new tissue, therefore limiting 

growth capacity (Poorter et al. 1990). There is evidence that tolerant respiratory 

homeostasis in the shoot is linked to salt tolerance (Ivanova et al. 1994; Kasai et al. 

1998), although it would be desirable to confirm this link in a wider range of species. In 

roots, fast respiration rates can enhance salinity tolerance by facilitating ion exclusion in 

rice (Malagoli et al. 2008). However, certain halophytes show decreases in root 

respiration under salinity (Burchett et al. 1989; Hwang et al. 1994), perhaps because 

they are deploying their carbon reserves in the shoot to mediate tissue tolerance. Due to 

the flexible responses of respiration rates to salinity and their multifaceted links to 

tolerance (Figure 1.1), it is therefore unclear what gross respiratory response should be 

screened for in a bid to find tolerance in a particular tissue or species.  

 

1.2.2 Carbon balance and salinity 

The prevalent framework for understanding plant biomass accumulation uses the 

concept of carbon balance, which positions growth as the sum of carbon fixed through 

photosynthesis minus the carbon consumed by respiration, and allocates net assimilated 

carbon to roles within plant tissue. This approach provides a robust explanation of 

growth rate under control conditions across a wide range of species (Poorter et al. 1990; 
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Atkin et al. 1996). Investigations of carbon balance under salinity show that salt stress 

can slightly slow respiration rate, but that the net carbon balance of the plant is still 

lower under salinity, owing to the dramatic reduction in photosynthetic assimilation 

caused by salt stress (Schwarz et al. 1981; Richardson et al. 1985). Thus, the 

contribution of respiratory changes under salt stress seems to be secondary compared 

with the photosynthetic contribution, because respiration rates change within a 

relatively narrow range when compared with the dramatic decreases in photosynthesis 

(Flexas et al. 2006). In the context of control versus salinity treatments this argument 

seems to hold true, given that growth rate will always be dramatically slower under salt 

stress and photosynthetic carbon fixation is probably the major determinant of this. 

However, respiratory changes might be crucial to determining the relatively small 

growth differences between plant varieties under equivalent salt stress. For instance, a 

sensitive wheat variety can exhibit a dramatically increased shoot respiration rate under 

salinity, whereas a tolerant variety maintains respiratory homeostasis under salinity 

(Kasai et al. 1998). This suggests that the tolerant variety allocated less of its fixed 

carbon to respiration, and more to growth.   

 

1.2.3 Growth versus maintenance respiration changes under salinity 

Another framework for understanding growth involves the division of total respiration 

rate into two components: growth respiration (which fuels the synthesis of new tissue), 

and maintenance respiration (which fuels the preservation of existing tissue). This 

explanation for reduced growth under salinity stress was explored in the 1980s 

(Schwarz et al. 1981; Shone et al. 1983). Data showed that salinity usually increases 

maintenance respiration, leading to the theory that increased maintenance respiration is 

an adaptive mechanism present in tolerant species (Schwarz et al. 1981). Maintenance 

respiration in salinity tolerance is linked to processes such as vacuolar 

compartmentation, osmolyte synthesis and protein turnover, which would all consume 

significant amounts of cytosolic ATP (Yeo 1983). However, this conceptual framework 

has some limitations for explaining the respiratory role under salinity stress, as there are 

several complexities inherent in quantifying the amount of ATP available to the plant 

and tracking its cellular fate. First, the operation of photosynthesis and photorespiration 

in illuminated leaves complicates the accurate measurement of whole-plant respiratory 

rates (Hoefnagel et al. 1998). Second, the amount of ATP yielded per unit of respiratory 

O2 consumed or CO2 released is highly flexible (Cannell et al. 2000). Third, ATP 

supports a plethora of biochemical processes, and it is difficult to classify the 
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physiological purpose of each chemical reaction as serving either growth or 

maintenance, especially ‘wasteful’ processes such as futile cycling of ions and 

metabolites (Amthor 1999).  

 

1.3 Mitochondrial function and its response to salinity 

The primary function of mitochondria is ATP generation via oxidative phosphorylation.  

This provides researchers with a conceptual framework to analyse the links between 

mitochondrial properties, cellular function and whole-plant physiology under salinity in 

terms of energy provision. However, the promiscuous electron chemistry of oxygen 

leading to reactive oxygen species (ROS) generation (Noctor et al. 2007), the plant-

specific aspects of respiration (Millar et al. 2011), and the anaplerotic role of plant 

mitochondrial metabolism (Sweetlove et al. 2010) can broaden this picture to provide a 

full appreciation of the mitochondrial involvement in the salinity response. Analyses of 

mitochondria isolated from plants subjected to saline conditions show that respiratory 

rate is inhibited in the majority of reports (Appendix Table 6.1.2). However, a variety of 

other mitochondrial activities appear to be stimulated by salinity treatment, as proteins 

involved in mitochondrial ROS defence, protein turnover and nitrogen metabolism have 

been repeatedly documented to exhibit increased abundance under salinity (Appendix 

Table 6.1.3). These differences indicate that respiratory operations are being subjected 

to a combination of ionic, osmotic and oxidative stresses, so conceptualising ATP 

synthesis as the sole function of mitochondria oversimplifies the multifaceted 

contribution of mitochondria to salinity tolerance.  

 

1.3.1 Effect of salt on the electron transport chain  

The mitochondrial electron transport chain (mtETC) involves a series of protein 

complexes that operate to produce ATP by utilising an electrochemical gradient across 

the mitochondrial inner membrane. In plants the mtETC is more complex and flexible 

than in mammals and yeast, owing to the presence of several alternative NAD(P)H 

dehydrogenases and a quinol oxidase, the alternative oxidase (AOX). It has been shown 

that activities of some mtETC complexes are stimulated by MgCl2 and KCl salts in vitro 

(Krab et al. 2000), although their activities are inhibited at high NaCl concentrations 

due to protein denaturation and complex disassembly (Flowers 1974). Therefore, it can 

be speculated that salinity stress will alter the rate at which certain ETC complexes 

provide or accept electrons. If one asserts that the magnitude of this effect differs 

between ETC complexes, then it will inevitably lead to high levels of reduction of 
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certain sites of the ETC, which manifests in electron leakage to O2 and ROS generation. 

This provides a mechanistic explanation for the higher salt tolerance of Arabidopsis 

overexpressing the gene encoding AOX, as increased AOX capacity prevents high 

levels of reduction of the ubiquinone pool (Smith et al. 2009).  

 

There is evidence that the respiration rate of mitochondria isolated from salt-stressed 

seedlings of durum wheat or barley can be significantly decreased (Jolivet et al. 1990; 

Trono et al. 2004; Flagella et al. 2006). In durum, the magnitude of this decrease was 

far greater when seedlings were under salinity stress compared with the mannitol stress 

of equivalent osmotic potential (Flagella et al. 2006). This suggests that the ionic 

component of salinity stress exerts a greater toxic effect on the mitochondrial electron 

transport chain than the osmotic component. The exact site at which this inhibition 

occurs is of interest. It has been shown that salt stress can impair the activities of 

Complex I (CI) and Complex II (CII), with application of purified heat shock protein 22 

(Hsp22) restoring CI activity and application of osmolytes restoring CII activity 

(Hamilton et al. 2001). Given that the bulk of mitochondrial ROS is generated via 

electron leakage from the ETC, it is interesting that these particular ETC complexes 

appear to be sensitive to salt stress, because it implies that robust protection of these 

sites would alleviate ROS production under salinity stress. 

 

Plant mitochondria can be thought of as having two competing respiratory chains, the 

cytochrome pathway and the alternative pathway. Under salinity stress, it has been 

noted that the capacity of the cytochrome pathway can decrease, whereas the capacity of 

the alternative pathway usually increases, or at least stays constant (Jolivet et al. 1990; 

Kong et al. 2001; Marti et al. 2011). Of course, some of this effect will be due to altered 

protein abundance and biochemical regulation, but it is also evident that fundamental 

mechanical differences between the two chains can confer differing sensitivities to ionic 

stress. Key to this is the environments in which two electron carriers are found, as AOX 

draws electrons from the ubiquinone pool, which operates inside the inner membrane 

and is shielded from ionic salts. In contrast, cytochrome oxidase (COX) is more prone 

to ionic interference because it draws electrons from cytochrome c, which is located in 

the intermembrane space, electrostatically associated with the outside of the inner 

membrane and not protected by the inner membrane barrier. Therefore, it can be 

postulated that the alternative pathway is a bypass during salinity when the cytochrome 

pathway is limited. This hypothesis is supported by the lower ADP/O ratios observed 
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when electron transport capacity of isolated mitochondria were measured under high 

concentrations of NaCl and KCl (Flowers et al. 1969; Flowers 1974), because low 

ADP/O ratios are indicative of high alternative pathway contribution to state 3 

respiration rate. 

  

1.3.3 Mitochondrial ROS signalling and salinity tolerance 

Another explanation for the strong link between salinity tolerance and mitochondrial 

ROS defences is that ROS signals emanating from the mitochondrion are key players in 

signalling processes that orchestrate whole-cell ROS capacity and determine survival or 

death signals under salinity stress. Studies of mitochondrial retrograde signalling have 

conclusively shown that other cellular compartments are affected by perturbations to 

mitochondrial proteins such as CI (Dutilleul et al. 2003), manganese superoxide 

dismutase (MnSOD) (Morgan et al. 2008) and Hsp22 (Rhoads et al. 2005). Salt stress 

and osmotic stress elicit different transcriptional responses in a set of H2O2-responsive 

genes (Miller et al. 2010), suggesting that the ionic component of salt stress has a 

unique ROS signature. Undoubtedly, some of these salt-induced ROS signals will 

emanate from the mitochondrion, and although it is difficult to accurately quantify the 

mitochondrial contribution to cellular H2O2 and O2·
-
 pools, it has been proposed that 

proteolytic peptides derived from damaged mitochondrial proteins transmit specific 

retrograde signals from the mitochondrion to the nucleus (Moller et al. 2010). Thus, the 

list of mitochondrial proteins known to differ in abundance under salt stress (Appendix 

Table 6.1.3) provides a set of candidate proteins that might be cleaved to generate 

messenger peptides, which then transmit salt-specific mitochondrial retrograde signals. 

 

1.3.4 Mitochondrial metabolism and cellular osmolyte concentrations 

The synthesis of high concentrations of proline is an extremely well defined response to 

salinity. In vitro work shows that proteins can maintain their native structures under 

high concentrations of proline (Arakawa et al. 1985), making it a classic 

osmoprotectant. In addition, proline can also directly scavenge ROS (Chen et al. 2005), 

showing the broad-spectrum utility of high concentrations of proline. The catabolism of 

proline occurs in the mitochondrion via proline dehydrogenase (ProDH) and delta-1-

pyrroline-5-carboxylate dehydrogenase (P5CDH), so the abundance or activity of these 

mitochondrial enzymes can regulate the abundance of proline and hence mediate 

tolerance (Nanjo et al. 1999). Decreased ProDH-dependent proline catabolism in 

mitochondria occurs in durum shoots under salt stress (Flagella et al. 2006), implying 
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that downregulation of ProDH leads to more proline and hence, tolerance. However, the 

story is complicated, as other evidence shows that faster proline catabolism might also 

enable tolerance. A transcript encoding ProDH can increase in expression under salt 

stress (Cramer et al. 2007), and the over-expression of the gene encoding ProDH 

enhances tolerance to a combined salt and cold stress (Miller et al. 2009). The fact that 

proline accumulates to such high levels and is catabolised in the mitochondrion has led 

many researchers to suspect that it serves as an alternative energy source during abiotic 

stress. Shoot tissues appear to accumulate proline, whereas developing root tissues 

catabolise proline at a high rate, suggesting that proline is an important source of energy 

for some tissues (Verslues et al. 1999; Sharma et al. 2011). Therefore, uniformly 

decreasing the activity of ProDH seems an unwise way to promote salt tolerance, 

because it would deprive some tissues of an important energy source. An alternative 

view on the role of proline proposes that it can act as an electron shuttle, in order to 

balance redox potentials between chloroplasts and mitochondria (Atkin et al. 2009). 

Proline is synthesised in the chloroplast or cytosol and catabolised in the mitochondrion, 

leading to glutamate synthesis, which can in turn be recycled back into proline in the 

chloroplast/cytosol (Verbruggen et al. 2008). Therefore, it can be argued that proline 

metabolism is a means to achieving organellar redox balance, perhaps with the side-

benefit that proline preserves native protein structure better than photorespiratory 

intermediates. Furthermore, proline synthesis from glutamate consumes cytosolic 

NADPH, whereas its catabolism releases FADH2 and NADH in the mitochondrion. 

Therefore, proline metabolism could be a vector to balance the abundance and 

subcellular location of these different electron carriers (Atkin et al. 2009).  

 

The role of gamma-aminobutyric acid (GABA) can be likened to the role of proline 

under salt stress, because GABA also accumulates (Allan et al. 2008; Widodo et al. 

2009), and is synthesised in the chloroplast or cytosol and is catabolised in the 

mitochondrion (Fait et al. 2008). Therefore, mitochondrial properties regulate the 

accumulation of this key stress-related metabolite. Catabolism of GABA provides 

substrate to both the TCA cycle and the ETC, so it would be a useful metabolic 

substrate to provide energy and carbon skeletons under salt stress. It has been shown 

that mutants of the mitochondrial GABA-transaminase protein are sensitive to salt stress 

(Renault et al. 2010), showing that GABA metabolism is important in mediating salt 

tolerance.  
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Several studies show a general rebalancing of C/N under salinity stress, with a lower 

abundance of organic acids and a higher abundance of free amino acids (Sanchez et al. 

2008; Widodo et al. 2009). This C/N rebalancing can be driven by mitochondrial 

properties relating to photorespiration, 2-oxoglutarate (2-OG) and perhaps glutamate 

dehydrogenase (GDH). Under salinity, NH4
+
 concentrations can increase (Wong et al. 

2004), probably as a result of higher rates of proteolysis and photorespiration (Wingler 

et al. 2000; Silveira et al. 2003). NH4
+
 is toxic to plants unless swiftly detoxified (Britto 

et al. 2002). The main enzymes of nitrogen assimilation in the cytosol and chloroplast 

such as nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS) and 

glutamine-oxoglutarate aminotransferase (GOGAT) show decreased activities under 

salinity (Wang et al. 2007; Carillo et al. 2008; Surabhi et al. 2008). This contrasts with 

mitochondrial GDH, which can assimilate NH4
+
 by the reductive amination of 2-OG, 

because GDH exhibits selectively increased activity in the aminating direction under 

salinity (Skopelitis et al. 2006; Wang et al. 2007; Surabhi et al. 2008). The in vivo 

magnitude of ammonium assimilation through GDH has been debated because isolated 

mitochondria assimilate ammonium at a very slow rate (Yamaya et al. 1986), and also 

GDH has a relatively low affinity for ammonium compared with GS (Masclaux-

Daubresse et al. 2006). However, regardless of whether the re-assimilation of 

photorespiratory ammonium is catalysed by GS or GDH, both enzymes rely upon the 

provision of 2-OG from a partial TCA cycle, and flux through this pathway increases 

under photorespiratory conditions (Tcherkez et al. 2008; Tcherkez et al. 2009). 

Therefore, mitochondrial processes have an increasing role in NH4
+
 assimilation under 

salinity, which drives cellular C/N rebalancing to promote osmotic adjustment for cells 

during stress. 

 

1.4 Outstanding questions in the field that justify the methodological approach of 

this thesis 

This introductory chapter has outlined the state of the research field linking 

mitochondrial function to salinity tolerance, by reviewing the literature investigating 

mitochondrial molecular responses to salinity, and integrating this with physiological 

investigations into whole plant respiratory rates and carbon balance under salt stress. 

However, current scientific concepts do not fully explain the mechanistic links between 

mitochondrial properties and salt tolerance, nor is it clear which mitochondrial 

processes should be targeted for enhancing salinity tolerance in relevant crop species. 

These gaps in our knowledge justify why the investigations undertaken in the ensuing 
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chapters are required. Furthermore, the magnitude of the agricultural problem of salinity 

provides a social and economic justification for the continuation of scientific efforts 

investigating mechanisms to enhance the salinity tolerance of crops. Although crop 

varieties with higher salinity tolerance could possibly be produced through selective 

breeding coupled to phenotypic selection on saline soils, there is a risk that such an 

empirical approach could improve salinity tolerance at the expense of agronomic 

properties such as grain quality or palatability. Therefore, scientists in the field 

generally favour a reductionist approach to increasing tolerance, which involves the 

physiological and molecular dissection of the traits that mediate tolerance, followed by 

targeted breeding to introduce these genetic sources of tolerance traits into elite 

agronomic lines that retain high yields and quality (Tester et al. 2010). At present, 

scientific understanding of the mechanisms mediating physiological tolerance 

mechanisms are incomplete, and only a few genes have been proven worthwhile 

breeding targets for introducing the targeted trait (Ashraf et al. 2012). In particular, a 

fuller understanding of tissue tolerance requires further scientific studies to define 

potential genetic sources of this trait, which could then be targeted by crop breeders. 

Methodologically, the bulk of the data generated in this thesis is obtained by proteomic 

comparisons between wheat mitochondria isolated from different varieties following 

control or salt treatment. Also, techniques from biochemistry and physiology are used to 

acquire data on the respiratory responses to salinity at the whole plant and isolated 

mitochondrial level, to provide measurements that frame the biological context of 

proteomic data sets. Here I will explain why these experimental approaches were taken. 

 

1.4.1 Arguments for using wheat varieties as biological material 

This thesis studies the salinity responses of bread wheat, which is agriculturally 

important but genetically complex. Given the difficulties in studying wheat imposed by 

its complex genetics, long reproductive cycle, and tall stature, one might argue that 

many of the biological questions addressed in this thesis could have been investigated in 

a different plant species, perhaps one which is better characterised at the genetic level, 

such as Arabidopsis and rice. However, I posit that studying the salinity responses 

within wheat itself will provide more relevant targets for genetic improvement of this 

particular crop. First, it is well defined that the two most prevalent model plants, 

Arabidopsis and rice, exhibit low salinity tolerance (Munns et al. 2008). Therefore, it 

can be argued that studying the molecular changes induced by salinity stress within 

these species would not provide relevant candidates for crop improvement in wheat, as 
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these model species may simply be suffering the molecular effects of salt-induced 

damage, rather than deploying useful tolerance mechanisms that would be desirable for 

crop breeding. Furthermore, gene discovery approaches in model organisms can be 

criticised on the grounds of applicability, as that gene sequences discovered in other 

species may not confer tolerance when directly transferred into wheat. For instance, the 

genetic sequence may be incompatible with transcriptional and translational apparatus 

within wheat cells, or perhaps these foreign gene sequences could exhibit unanticipated 

interactions with the diverse suite of homoeologous genes in this hexaploid species 

(Feuillet et al. 2011). ‘Proof of concept’ for many gene discovery approaches involves 

boosting the tolerance level of rice or Arabidopsis by overexpressing the gene of 

interest in one of these organisms. However, it can be argued that it is relatively 

straightforward to boost tolerance above this low baseline using a wide range of 

overexpressed genes, but that these same genes transformed into wheat or barley would 

have a far smaller effect, as the baseline tolerance of these species are higher.  

 

Throughout the history of biology, comparative studies have provided insights into the 

functional significance of phenotypic differences between organisms (Miles et al. 1993). 

Within plant biology, comparative studies of anatomy and physiology have been 

combined with genetic analyses to contribute important scientific knowledge regarding 

the genetics of flowering time (Snape et al. 2001), morphology (Hedden 2003), and 

pathogen resistance (Schachermayr et al. 1997). Modern plant breeders now use 

molecular markers defined in by such studies to assess the presence of the genetic 

sequences encoding these key agronomic traits when selecting elite crop varieties 

(Andersen et al. 2003). Therefore, novel mechanisms of salinity tolerance might be 

detected by analysing a range of varieties with differing genetic backgrounds. It can be 

argued that wheat is a suitable species for conducting a comparative study, because its 

polyploidy, self-pollination and the ability to cross with a wide range of wild relatives 

has enabled the divergence of thousands of different wheat varieties (Shewry 2009). 

The work in this thesis compares phenotypic properties between wheat varieties with 

the aim of identifying candidate genes for salinity tolerance. Given that current genetic 

techniques enable the transfer of genes across diverse organisms, it could be argued that 

a more powerful method to identify genes to improve the salinity tolerance of wheat 

would involve analysing organisms adapted to highly saline ecological niches, such as 

halophytic bacteria. However, crops containing DNA transferred from other taxa are not 

popular with consumers (Byrne 2006), while the stringent tests and regulatory hurdles 
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impose significant development costs on any new transgenic crops (Kalaitzandonakes et 

al. 2007). Therefore, even if candidate genes strongly linked to promoting salinity 

tolerance were characterised in a distantly related species, there would be little 

commercial incentive to apply such results in a wheat breeding program, given the 

current social and political climate. This strengthens the argument for analysing wheat 

varieties, as established selective breeding techniques could be used to incorporate the 

candidate genes into future wheat varieties with higher salinity tolerance, and the 

resulting lines would not be categorised as transgenic. 

 

1.4.2 The value of using proteomics as the central analytical tool in this thesis 

Over the last 20 years, scientific understanding of the chemical composition of cells has 

dramatically increased, largely due to the widespread adoption of ‘omics 

methodological approaches. A typical ‘omics workflow combines techniques drawn 

from chemistry, physics and computer science to generate comprehensive descriptions 

of cellular biology. These procedures usually generate large, complex sets of data that 

necessitate extensive computational analyses in order to decipher their meaning (Yuan 

et al. 2008). The set of analytical techniques employed in this thesis are within the 

jurisdiction of proteomics, although other phenotypic analyses of wheat varieties, such 

as biochemistry and physiology, are also employed. This set of procedures was chosen 

because the relatively new discipline of proteomics is likely to generate novel scientific 

information, and define specific proteins of interest that can be linked back to 

chromosomal loci and targeted by crop breeders. There is wide scientific interest in 

employing protein level measurements of enzyme activities in order to assess the 

mechanistic underpinning of phenotypic diversity across plant genotypes (Sulpice et al. 

2010). Furthermore, advances in mass spectrometry are increasing the feasibility of 

wide-scale measurements of protein abundance (Baginsky 2009). These factors make 

proteomics a powerful method for profiling biological phenomena, although it must be 

mentioned that there are well defined limitations to proteomic approaches. For instance, 

differential solubility and physiochemical behaviour of different proteins render it 

difficult to completely ‘capture’ the proteome, while the limitations of database 

searching strategies can often preclude the identification of peptides not present in 

databases (Carpentier et al. 2008). A current trend in plant biology involves a focus 

upon translational research, where the knowledge generated in model species is applied 

toward crop improvement programs, in which traditional crossing and selective 

breeding is complemented by molecular characterisations of progeny. Although field 
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analyses of yield, profitability and environmental impact will always play a dominant 

role in determining crop suitability, it is widely thought that molecular techniques will 

be increasingly integrated into breeding programs, at points where they can introduce 

the desired trait with greater speed and precision compared to classical breeding (Moose 

et al. 2008; Fernie et al. 2009). Therefore, the proteomic data presented in this thesis 

aims to identify specific protein isoforms that are linked to mitochondrial tolerance 

strategies operating at the biochemical level. The alleles that encode these proteins 

could subsequently be targeted by breeding programs aiming to increase the salinity 

tolerance of wheat. The proteomics datasets are complemented by measurements of how 

respiration rates respond to salinity, in both intact tissues and isolated mitochondria. 

These supporting methodologies were chosen in order to characterise the biochemical 

and physiological context in which molecular changes were occurring. 

 

1.4.3 The structure and rationale of this thesis 

This introductory chapter has collated literature reports studying the respiratory and 

mitochondrial responses to salinity, and synthesised these results to explain the effects 

of salinity on mitochondrial function and respiration rates, and outline their link to 

tolerance (Figure 1.1). However, our knowledge of the mitochondrial response to 

salinity is not yet advanced enough to selectively breed for specific respiratory 

properties, or to rationally engineer respiratory metabolism in order to promote 

tolerance in a relevant crop species. The work in this thesis uses biochemistry, 

physiology and proteomics aims to better characterise how wheat respiration responds 

to salinity stress. Furthermore, the comparative study of wheat varieties with contrasting 

salinity tolerance aims to define mitochondrial proteins linked to salinity tolerance that 

could serve as breeding targets. The differing genetic backgrounds of the varieties 

chosen for these investigations illustrate two different strategies for identifying 

candidate genes. The wheat varieties investigated in Chapter Two are elite commercial 

lines whose suitability for Australian conditions and marketable grain quality is 

demonstrated by their profitable use by farmers. Therefore, proteins linked to salinity 

tolerance in these lines can be framed as breeding targets that are suitable for the 

Australian commercial context. The proteomics investigation in Chapter Three 

compares mitochondria isolated from two wheat varieties with a much wider genetic 

background, one archaic wheat line that lacks green revolution dwarfing genes, and a 

salt tolerant hybrid. This hybrid was generated by combining the wheat genome with 

the genome of a closely related salt tolerant wild wheatgrass that is ecologically 



19 

 

successful in salt marshes around the Mediterranean. By analysing these distantly 

related varieties, the work in Chapter Three aims to identify genes encoding novel 

salinity tolerance traits that were lost during domestication and agronomic selection of 

contemporary varieties (Colmer et al. 2006). Data presented in Chapters Two and Three 

include measurements of respiration rate of tissue and isolated mitochondria from plants 

exposed to control versus salt treatments. Chapter Four builds upon this by analysing 

the respiratory activity of mitochondria exposed to saline media. These analyses of 

respiratory rates can help to frame the broader cellular and organismal context in which 

the proteomic responses occurred. Furthermore, they can assist in determining whether 

a respiratory response to salinity is exerted in order to mediate tolerance, or whether the 

response is elicited by direct biophysical effects of NaCl on mitochondrial structures. 

Together, the data presented here aims to further our understanding of the respiratory 

processes that mediate salinity tolerance mechanisms, and also to identify logical 

breeding targets that could be targeted to enhance salinity tolerance in wheat.  
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Figure 1.1: Potential respiratory rate responses to salinity stress and their link to 

tolerance and sensitivity 

The link between salt tolerance and respiratory rate response to salinity is complex, with 

evidence supporting the value of faster, slower or stable respiration rates in particular 

circumstances leading to susceptibility or tolerance. However, although respiratory rate 

per se might not be a key determinant of salinity tolerance, it is argued that the 

biochemical mechanisms underpinning respiratory rates can mediate specific 

physiological traits associated with salinity tolerance. Therefore, the respiratory 

component of salinity tolerance involves optimal deployment of these mechanisms. 
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2. Wheat mitochondrial proteomes provide new links between antioxidant 

defence and plant salinity tolerance 

 

Abstract 

The mitochondrial proteome and differences associated with salt tolerance have been 

investigated in Australian commercial varieties of wheat. Mitochondria isolated from 

shoots of a leading wheat variety (v. Calingiri) were used to generate a wheat 

mitochondrial reference map, 68 unique wheat mitochondrial proteins were identified 

from 192 gel spots using 2D polyacrylamide gel electrophoresis and mass spectrometry. 

This analysis also provided tandem mass spectra for 199 proteotypic peptides as a 

foundation for the development of targeted proteomics for study of the respiratory 

apparatus in wheat. Using this reference map and 2D differential in-gel electrophoresis, 

I have found quantitative differences in the shoot mitochondrial proteomes of v. 

Wyalkatchem and v. Janz, two commercially important wheat varieties that exhibit 

differing salinity tolerance. Significant differences were noted in the abundance of 

protein spots between the two varieties and between control and salt-treated conditions. 

These protein spots contained manganese superoxide dismutase, beta-cyanoalanine 

synthase, nucleotide diphosphate kinase and the voltage dependent anion channel. 

Manganese superoxide dismutase peptides detected by mass spectrometry differed 

between the two varieties in an isoform-specific manner, with one isoform of 

manganese superoxide dismutase only detected in the salt tolerant v. Wyalkatchem. 

Antibodies to the mitochondrial alternative oxidase, previously linked to reduced 

reactive oxygen species formation from the electron transport chain and salt tolerance in 

Arabidopsis, also showed a commensurate higher abundance in v. Wyalkatchem in both 

control and salt-treated conditions. Together, the data presented here suggest that 

mitochondrial reactive oxygen species defence pathways are the major differences that 

occur in the mitochondrial proteomes of key Australian wheat varieties, and that these 

differences correlate with whole-plant salinity tolerance. 

  

2.1 Introduction 

Wheat is an important crop worldwide, both nutritionally and economically. Due to the 

size and complexity of the wheat genome, many molecular investigations into wheat 

have lagged behind other plant species, particularly the model plants, rice and 

Arabidopsis. However, wheat genetic resources are increasing in size and diversity, and 

large collections of ESTs are now housed in various databases (Qi et al. 2004). 
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Chromosome 3B has recently been physically mapped (Paux et al. 2008) and 

completion of the entire genome sequence is likely to occur in the next few years (Safar 

et al. 2010; Berkman et al. 2011). These advances are increasing the feasibility of 

applying large scale proteomic approaches to gain mechanistic insight into stress 

tolerance of this important crop species. Salinity is a severe impediment to agricultural 

productivity and with the increased use of marginal land required to maintain world 

food supply, breeders will need to produce crop and fodder plants that exhibit high 

salinity tolerance. Salinity is an acute problem in the Australian wheat growing regions 

(Rengasamy 2006). Salinity tolerant species give similar crop yields when exposed to 

high NaCl concentrations, and their tolerance is believed to involve two distinct 

mechanisms; (1) sodium exclusion, preventing Na
+ 

from entering leaves and (2) tissue 

tolerance, maintaining cellular function despite accumulating high concentrations of 

Na
+
 in the plant (Munns et al. 2008). The biochemical mechanisms underpinning tissue 

tolerance are poorly understood and elucidating them will likely define a new set of 

targets for molecular crop improvement (Genc et al. 2007). As tolerance is reported as 

the difference in biomass production under control and salt treatment (Munns et al. 

2003), primary metabolic pathways such as the balance of photosynthesis and 

respiration, which together define net CO2 assimilation, represent key targets for 

investigation. 

 

The effect of salinity on mitochondrial respiration is yet to be fully characterised, in 

fact, there are contradictory physiological reports showing that respiration rates increase 

in response to salt stress, while others show that it can decrease (Appendix Tables 6.1.1 

and 6.1.2). Due to these flexible responses of respiration rates to salinity, it is difficult to 

prescribe what respiratory response is most beneficial for promoting salinity tolerance, 

as it can be argued that faster, slower or stable respiratory rates can mediate specific 

tolerance processes in a range of tissues (Figure 1.1). A metabolomic comparison of two 

barley varieties with differing salinity tissue tolerance has also showed that tricarboxylic 

acid cycle intermediates were higher in abundance in a tolerant variety (Widodo et al. 

2009), which suggests that respiratory metabolism may play a key role in mediating 

tissue tolerance in this species. Other reported links between mitochondrial function and 

salinity tolerance in plants include enhanced salinity tolerance of Arabidopsis by over-

expression of mitochondrial proteins (Wang et al. 2004; Smith et al. 2009; Wang et al. 

2010).  
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Proteomic techniques have been employed to describe the whole-cell protein responses 

to various abiotic stresses in many plant species (Jorrin-Novo et al. 2009) and 

comparative proteomics has identified varietal specific differences in stress response in 

a range of crop species, including grape (Vincent et al. 2007), peanut (Kottapalli et al. 

2009), and wheat (Peng et al. 2009). But these studies rarely enrich protein extracts for 

the study of lower abundant organelle proteomes. Plant mitochondrial proteomics has 

been employed to produce inventories of mitochondrial-localised proteins (Heazlewood 

et al. 2007; Huang et al. 2009) as well as identifying which proteins are induced by 

stress or susceptible to stress-induced damage (Sweetlove et al. 2002; Taylor et al. 

2005). Thus, it can be postulated that proteomic analyses of isolated mitochondria will 

provide novel insights into varietal stress responses in crop species.  

 

2.1.1 Aims and strategy 

This study presents descriptive and comparative proteomics of isolated wheat 

mitochondria, defining the major constituents of the wheat mitochondrial proteome and 

profiling molecular differences between relevant Australian commercial varieties 

following either control or salt treatment. This work investigates the feasibility of 

applying proteomic techniques to isolated wheat mitochondria, and provides a 

foundation for future studies of the wheat mitochondrial proteome. Furthermore, 

defining the specific proteins that are induced under salt stress or differentially abundant 

between tolerant versus sensitive varieties can be framed as a gene discovery exercise, 

which identifies potential breeding targets for future improvements in wheat salinity 

tolerance.  

 

2.2 Methods 

2.2.1 Plant growth and salt treatment 

For the reference map, seeds of wheat v. Calingiri were grown in vermiculite in total 

darkness at constant 24° C for 10 days, at constant 65% humidity. For all other 

experiments, wheat seeds v. Wyalkatchem and v. Janz were grown for 10 days in a 

recirculating hydroponic solution, with 16/8 photoperiod, 300 μmol m
-2

 s
-1

 light 

intensity, day temperature 24° C and night temperature 20° C, at constant 65% 

humidity. The nutrient solution contained the following 16 mM NO3
-
, 6 mM K

+
, 5 mM 

Ca
2+

, 2 mM Mg
2+

, 2 mM SO4
2-

, 500 μM NH4
+
, 500 μM H2PO4

-
, 90 μM Fe

2+
, 10 μM 

BO3
3-

, 2 μM Mn
2+

, 300 nM Zn
2+

, 200 nM Cu
2+

, 100 nM MoO3. For plants subjected to 
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salt treatment, NaCl concentration was increased by 50 mM per day between day one 

and day four, and NaCl concentration remained 200 mM from day four until harvest.  

 

2.2.2 Biomass and respiration measurements  

For biomass measurements, shoots were harvested from roots then dried at 65° C for 

three days and weighed. For respiration measurements, 50 mg of fresh tissue from the 

first emerging leaf was chopped into ~five mm slices, incubated in one mL respiration 

buffer (5 mM KH2PO4, 10 mM TES, 10 mM NaCl, 2 mM MgSO4, pH 7.2) in darkness 

for 30 min, and respiration was measured in a Clark-type oxygen electrode (Hansatech) 

for 10 min in darkness. Respiration rates are expressed per one mg of fresh tissue.   

 

2.2.3 Mitochondrial isolation 

For all analyses, mitochondria were isolated from whole shoots according to Day et al. 

(1985) using differential centrifugation followed by a 0-4.4% (w/v) PVP-40 gradient. 

Briefly, ~80 g of leaf tissue was homogenised in 400 mL grinding buffer (300 mM 

sucrose, 25 mM Na4P2O7, 10 mM K4P2O7, 2 mM EDTA, 1% (w/v) PVP-40, 1% (w/v) 

BSA, pH 7.5) using a Polytron homogeniser (Kinematica). Brei was filtered through 

four layers of Miracloth (Calbiochem) and centrifuged at 1100 g for five min. The 

supernatant was centrifuged at 18000 g for 20 min, and the resulting pellet was 

resuspended in 90 ml of wash buffer (300 mM sucrose, 0.1% (w/v) BSA, 10 mM TES, 

pH 7.5). This was centrifuged at 1100 g for five min, and the supernatant centrifuged at 

18000 g for 20 min. The resulting pellet was resuspended in 6-10 mL of wash buffer 

and layered onto four continuous 0-4.4% (w/v) PVP-40 Percoll gradients (28% (v/v) 

percoll, 2.2% (w/v) PVP-40, 300 mM sucrose, 0.1% (w/v) BSA, 10 mM TES, pH 7.5), 

and centrifuged at 40000 g for 40 min. Mitochondria formed a yellow/brown band 

between 3.5-4% PVP-40 region of the gradients. The less dense fraction of the gradients 

(0-3% PVP-40) were aspirated and discarded, the mitochondrial region of the gradients 

were gently removed and diluted in approximately 320 ml of final wash buffer (300 

mM sucrose, 10 mM TES, pH 7.5), and centrifuged at 31000 g for 15 min. The 

supernatant was discarded, and the pellet was resuspended in approximately 40 ml of 

final wash buffer, and centrifuged at 31000 g for 15 min. Resulting mitochondrial pellet 

was resuspended in approximately one ml of final wash buffer. Mitochondria analysed 

in the reference map were subjected to a second dimension of purification by free-flow 

electrophoresis by the method outlined in Huang et al. (2009). 
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2.2.4 Two dimensional polyacrylamide gel electrophoresis (2D PAGE)  

Procedures for both IEF/SDS-PAGE and IEF/SDS-PAGE-DIGE were identical as 

outlined below, except CyDye labelling steps were omitted for IEF/SDS-PAGE, and 

gels were stained with Coomassie brilliant blue G-250. IEF/SDS-PAGE-DIGE was 

conducted according to Eubel et al. (2007). Briefly, 50 μg of acetone-precipitated 

mitochondrial proteins were resuspended in 10 μL lysis solution (40 mM Tris pH 8.5, 

4% (w/v) CHAPS, 8M urea) and labelled for 30 min with 400 pmol of CyDye. Cy2 was 

always used to label the internal standard, while Cy3 and Cy5 were randomly allocated 

to the 12 protein samples. Proteins underwent IEF on a 24 cm pH 3-10 non-linear IEF 

strip, in rehydration solution (8 M urea, 2% (w/v) CHAPS, 0.5% (v/v) IPG buffer, 18 

mM DTT, and 0.005% (w/v) bromophenol blue). Following IEF, strips were 

equilibrated for 15 min in buffer A (1.5 M Tris pH 8.8, 6 M urea, 2% (w/v) SDS, 26% 

glycerol (v/v), 0.005% bromophenol blue (w/v), 65 mM DTT), then for 15 min in buffer 

B (identical to buffer A except DTT is replaced by 135 mM IAA), then briefly rinsed in 

gel buffer, before being loaded onto a 12% (w/v) acrylamide gel. Electrophoresis was 

conducted at 15 mA per gel for 18 h. Gels were scanned using a Amersham Typhoon 

Trio laser scanner (GE Healthcare), at 488 nm for Cy2, 532 nm for Cy3, and 633 nm for 

Cy5. 

 

2.2.5 Statistical analysis of DIGE images 

Statistical analysis of DIGE images was conducted with the DeCyder software package 

(GE Healthcare). Abundance values of matched protein spots were analysed using 

Student’s t-test, and spots were deemed statistically significant if they exhibited p<0.05 

between genotypes and/or treatments. These spots were therefore selected for 

identification by peptide mass spectrometry. 

 

2.2.6 Protein identification by LC-MS/MS 

Protein identification was conducted according to Meyer et al. (2007). Briefly, gel-

bound proteins were excised using a spot picker (Gel Company) and digested with 

trypsin, then peptides were extracted from gel spots and analysed using an Agilent XCT 

Ultra
TM

 Ion Trap mass spectrometer (Agilent Technologies) controlled by MSD Trap 

Control v6.0 software (Bruker Daltonics), after LC separation with a home made 

reverse-phase column (Microsorb C18 silica, bead size 5 μm, pore size 10 nm, Varian)  

pumped by an Agilent 1100 HPLC (Agilent Technologies) running a 5-60% ACN, 

0.1% formic acid gradient over nine min. The first MS step detected ions at scan range 
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of 200-1400 m/z and scan rate 8100 m/z s
-1

. Ions with intensity 25000 cps were selected 

for MS/MS at scan range 70-2200 m/z and scan rate 26000 m/z s
-1

. Protein spots 

analysed for the reference map were excised directly from the gel, whereas proteins 

identified in the DIGE experiments were identified from matched preparative gels (500 

μg protein), where the three biological replicates in the quantitative experiment were 

pooled and run as for the reference map gel.  

 

2.2.7 Bioinformatics  

Raw mass spectrometry data were processed into peak lists (.mgf format) using Data 

Analysis for MSD Trap Software (version 3.3, Bruker Daltonics). Peak list files were 

searched using the Mascot search engine (v2.2.03, Matrix Science) (Perkins et al. 1999) 

against three databases: wheat TC (TaGI, release 11, 216,452 sequences) (Quackenbush 

et al. 2001), wheat ESTs (Genbank, accessed November 2007, 871,559 sequences) 

(Benson et al. 2012), and MSDB (release 20063108, number 3,239,079 sequences), 

with precursor ion tolerance ±1.2 Da, variable modifications oxidation (M) and 

carbamidomethyl (C) and product ion tolerance ±0.6 Da. Peptide matches were called 

positive above a threshold MOWSE score of 51. This cut-off score was chosen because 

it yielded a false discovery rate of less than 5% for the concatenated set of 192 protein 

spots of the reference map searched against the wheat TC database using a target-decoy 

strategy.  

 

2.2.8 Immunoblots 

Anti-MnSOD antibodies were obtained commercially (Stressgen) and Anti-AOX 

antibodies were expressed in hybridoma lines generated by Elthon (1989). Thirty μg of 

mitochondrial proteins were separated by SDS-PAGE using a Criterion mini gel (10-

20% Tris-HCl, Bio-Rad) following the manufacturer’s instructions and transferred to a 

nitrocellulose membrane (Hybond C+ Extra, GE Healthcare) by standard procedures. 

Following overnight blocking with 1% (w/v) blocking solution (Amersham ECL 

Advance, GE Healthcare), membranes were incubated with primary antibodies (anti-

MnSOD, 1:5000; anti-AOX, 1:5000) at room temperature for one h, followed by an 

appropriate secondary antibody (anti-Rabbit IgG POD, 1:20000 or anti-Mouse IgG 

POD, 1:20000) at room temperature for one h. Chemiluminescence was visualised using 

an Amersham ImageQuant RT
TM

 ECL camera (GE Healthcare) and band intensity 

quantified using Amersham Image-Quant TL
TM

 software (GE Healthcare).  
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2.3 Results and discussion 

2.3.1 Wheat Mitochondrial Reference Map 

Mitochondria have been isolated from wheat and utilised in foundation plant biology 

studies over four decades, investigating plant respiratory metabolism (Brunton et al. 

1973), cytoplasmic male sterility (Song et al. 1994), the mitochondrial genome (Ogihara 

et al. 2005), organelle RNA processing and editing (Covello et al. 1989) and the 

composition of electron transport chain complexes (Combettes et al. 1999). However, a 

systematic analysis of the wheat mitochondrial proteome has not been reported. Using 

mitochondria purified by differential centrifugation, Percoll gradient purification and 

free-flow electrophoresis from shoot tissue of a leading Australian wheat variety, v. 

Calingiri, a 2D gel reference map was developed (Figure 2.1). The protein spots were 

systematically excised and identified and the corresponding mass spectrometry matches 

to a wheat TC (tentative consensus) database are presented in Appendix Table 6.2.1. 

Protein descriptions in Appendix Table 6.2.1 were obtained by BLAST searching the 

matched TC sequence against Arabidopsis and rice, and selecting the most concise 

description of the closest homologue. A stringent filtering criterion (ions score >51) was 

used to identify high quality MS/MS spectra for 199 peptides from 68 mitochondrial 

proteins. These high-quality mass spectra are provided as evidence for proteotypic 

peptides, and m/z values and peak intensities for precursor and the three most intense 

MS/MS fragment ions are presented in Appendix Table 6.2.3. This data set provides a 

transition list to form a foundation for targeted proteomics to study the respiratory 

apparatus in wheat. A total of 51 high-quality peptides from 23 contaminating proteins, 

mainly located in the plastid, based on homology to Arabidopsis proteins of known 

location (Heazlewood et al. 2007) were excluded from further analysis. The number of 

proteins identified in this study is lower than many proteomic investigations of 

mitochondria from other species, even those based on 2D gel separations (Huang et al. 

2009). This is mainly due to the limitation of matching proteins to an organism like 

wheat with an unsequenced genome, as many lower expressed genes are not present in 

EST libraries, and the redundancy and truncation of sequences in such libraries greatly 

increases the threshold of peptide ion scores required to maintain acceptable FDR 

values. In total 27 of the mitochondrial protein identifications presented here (40%) are 

only supported by single peptide matches above the ion score threshold of 51 (Appendix 

Table 6.2.1). Single peptides above the ion score threshold have often been considered 

insufficient for a confident match. However, 15 of these identifications (22%) are 

further supported by 38 peptides from the same gel spots matching to the same proteins 
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in the 10-51 ion score range (Appendix Table 6.2.1). Furthermore, each of the 199 high-

quality spectra were manually inspected to confirm validity, and this process showed 

that the relatively high MOWSE score used to call positive matches was in fact 

sufficient to exclude non-specific matches. This method of calling positive matches is 

supported by Gupta (2009) which shows that the ‘two-peptide rule’ has little utility in 

lowering false positive rates in proteomic datasets and that the focus should be on 

spectra quality in lowering false positive matching.  

 

This reference dataset enables me to investigate inter-species differences in 

mitochondrial proteomes by comparing the wheat proteome with previously published 

proteomes from Arabidopsis and rice (Heazlewood et al. 2007; Huang et al. 2009). 

Appendix Table 6.2.2 shows the closest homologous protein from Arabidopsis and rice 

for each protein in our wheat mitochondrial set, and details whether these homologues 

were detected in published mitochondrial proteomes from Arabidopsis and rice. This 

comparison shows that almost all proteins detected in wheat mitochondria have rice and 

Arabidopsis homologues previously shown to be localised to mitochondria. There is a 

good coverage of TCA cycle enzymes and representative subunits for Complex I, II, III, 

IV and V of the electron transport chain. In addition, representative proteins from the 

branched chain amino acid degradation pathway and the mitochondria-localised 

photorespiratory apparatus (GDC/SHMT) are present. Amongst mitochondrial proteins 

known to vary during environmental stress or involved in stress tolerance, this analysis 

identified mitochondrial isoforms of heat shock proteins 22, 60, 70 and 90, several 

antioxidant/redox related proteins including a ferrodoxin, MnSOD and MDHAR. Also 

detected was a nucleotide diphosphate kinase implicated in heat stress response in other 

plants (Escobar et al. 2006). However, it should be mentioned that the 68 mitochondrial 

proteins identified here represent only a small fraction of the theoretical mitochondrial 

proteome, which is estimated at ~2500 proteins (Millar et al. 2005; Cui et al. 2011). A 

number of non-mitochondrial proteins were identified from the reference map based on 

localisation of homologous genes in Arabidopsis (Appendix Table 6.2.1). These 

included some plastid glycolytic enzymes, highly abundant photosynthetic proteins and 

plastid molecular chaperones, which is a common problem in isolating mitochondria 

from plant tissue.  

 

  



29 

 

2.3.2 Salinity responses in wheat varieties  

Field seed yield observations suggest that v. Wyalkatchem exhibits higher salinity 

tolerance than v. Janz in the wheat growing regions of Western Australia (Dr B. 

Biddulph, WA Department of Agriculture, pers.comm, March 2009). This observation 

is also reflected in farm practice, with v. Wyalkatchem increasing in use by farmers in 

salinity prone regions of Western Australia to represent over 30% of the wheat crop in 

2009, while area sowed with v. Janz decreased from ~1% of the crop in 2005 to less 

than 0.3% in 2009 (Zaicou-Kunesch et al. 2010). Given the hypothesis that 

mitochondrial respiration can be involved in wheat salinity tolerance, biomass 

accumulation and mitochondrial respiration rates in shoots from v. Wyalkatchem and v. 

Janz in hydroponics under control and salt treatments were measured (Figure 2.2). The 

200 mM salt treatment reduced biomass accumulation in both varieties during seedling 

establishment. Based on the proportion of biomass retained between control versus salt 

treatment, v. Wyalkatchem exhibited higher salinity tolerance than v. Janz. Salt 

treatment induced faster respiration rates in both varieties, an effect corroborated by 

other studies (Livne et al. 1967; Kasai et al. 1998). To investigate if the mitochondrial 

proteomes of v. Wyalkatchem and v. Janz differed under control and salt treatments, I 

used 2D-DIGE and performed LC-MS/MS on the proteins with differing abundance 

between varieties of treatments. Four experimental sets were compared: v. 

Wyalkatchem control, v. Janz control, v. Wyalkatchem salt and v. Janz salt. Three 

biological replicate mitochondrial isolations were performed from each variety and 

treatment and six DIGE gels prepared and analysed. Ten protein spots showed 

significant differences in abundance (p<0.05 between varieties or treatments) across all 

biological replicates. These spots were picked from preparative gels from the two 

varieties, similar to the reference gel (Figure 2.1), and peptides from in-gel trypsinated 

samples were identified. All 2D-DIGE images are presented in Figure 2.4, and 

abundance data and protein match information for the spots of interest are presented in 

Table 2.1. Several of the proteins (spots 53, 194, 136) were identified as chloroplastic 

contaminants based on identifications and comparison to the reference map (Table 2.2; 

Appendix Table 6.2.1), and I do not attempt to interpret these difference data any 

further. However, five mitochondrial proteins were found to change in abundance under 

salt treatment. The implications for mitochondrial function of each of these changes and 

possible role in salinity tolerance are discussed below. 
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2.3.3 Manganese superoxide dismutase  

Two manganese superoxide dismutase (MnSOD) protein spots were identified in the 

reference gel, distinct by a change in pI (Figure 2.1, spots 191 and 192). One of these 

spots (191), as well as a further MnSOD spot (193) not identified on the reference gel, 

exhibited significantly different abundance values between varieties and treatments in 

the DIGE experiment (Table 2.1, spots 191 and 193). Spot 193 displayed higher 

abundance under salt stress in both varieties, showing that this particular MnSOD 

isoform is induced by salt stress. However, spot 191 exhibited a different response, as it 

was more abundant in v. Wyalkatchem than v. Janz, under both control and salinity 

treatments. The apparent varietal difference in MnSOD abundance was confirmed by 

Western blot (Figure 2.3b). MnSOD is encoded at a single locus on the long arm of Chr 

2 in wheat, but due to the hexaploid nature of wheat, this means there are three copies of 

MnSOD derived from each of the parental Chr 2s, namely 2A, 2B and 2D (Neuman et 

al. 1986). To determine whether the isoforms of MnSOD resolved by 2D-DIGE actually 

represented the products of different genes, mass spectra matching to the two expressed 

MnSOD sequences available in the databases that differ in 395 of 652 nucleotides and 6 

of 180 amino acids were analysed (Figure 2.2). This reveals that the protein encoded by 

gi19957070 was exclusively identified in v. Wyalkatchem, and only the products of 

TC325434 were identified in v. Janz. Analysis of the sequences from v. Calingiri 

(moderate salt tolerance) identified in the reference gel also only reveal the presence of 

peptides from the TC325434 sequence. As the genomes of Chr 2A, B and D are not yet 

determined, I cannot link these transcripts definitively to the parental genome, but it 

seems very unlikely that the extensive differences in nucleotide sequence between 

gi19957070 and TC325424 could arise as SNPs of the same gene between wheat 

varieties.  

 

MnSOD is a mitochondrial ROS defence that catalyses the detoxification of superoxide, 

a highly reactive ROS species. Several studies have shown that salt stress increases 

ROS production (Borsani et al. 2001; Skopelitis et al. 2006) and other studies have 

shown that MnSOD activity can increase under salt stress (Hernandez et al. 2001), 

presumably in response to increased ROS concentrations in the mitochondrion. 

Furthermore, tolerant varieties of pea, tomato and wheat have been shown to exhibit 

higher MnSOD activity than sensitive varieties (Hernandez et al. 2001; Mittova et al. 

2003; Sairam et al. 2005) and compellingly, transgenic MnSOD over-expression 

enhances salinity tolerance in Arabidopsis (Wang et al. 2004) and poplar (Wang et al. 
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2010). These results show that MnSOD is a key determinant of whole-plant salinity 

tolerance. Our data, consistent with expression of a specific wheat MnSOD isoform in 

the salt-tolerant v. Wyalkatchem, may indicate that wheat MnSODs possess distinct 

molecular properties that contribute to salinity tolerance, such as a more robust structure 

or altered kinetics. These data strengthen the correlation between MnSOD abundance 

and whole-plant salinity tolerance, and identifies two proteotypic peptides (Figure 2.5) 

from a specific MnSOD isoform that is correlated to salinity tolerance across these two 

wheat varieties.  

 

2.3.4 Nucleoside diphosphate kinase  

A nucleoside diphosphate kinase (NDPK3) was found in one protein spot on the 

reference gel (Figure 2.1, spot 129). In the DIGE experiment this spot exhibited higher 

abundance in v. Wyalkatchem compared to v. Janz (Table 2.1, spot 129), and the 

abundance of NDPK was significantly lower under salinity treatment in both cultivars. 

NDPK is known to be located in the intermembrane space of plant mitochondria 

(Sweetlove et al. 2001). The function of NDPK is to balance nucleoside triphosphate 

pools by catalysing the transfer of a phosphate group from ATP to other nucleoside 

energy carriers in the cell (CDP, GDP, TDP and UDP) (Sweetlove et al. 2001). ATP is 

produced by catabolism, while other NTPs are consumed during anabolic pathways, so 

it is widely thought that NDPK links ATP production to protein synthesis and other 

anabolic pathways (Hammargren et al. 2008). NDPK has previously been shown as a 

target of proteolytic breakdown during oxidative stress (Sweetlove et al. 2002), to 

associate with the adenine nucleotide translocator (ANT) during heat stress in pea 

mitochondria (Escobar et al. 2006), and to be one of three mitochondrial components 

involved in ATP cycling and transport whose function is impaired in a reversible ROS-

dependent fashion during heat induced programmed cell death (Valenti et al. 2007). The 

data here links lower NDPK abundance to the mitochondrial response to salt stress, and 

shows that NDPK abundance is a flexible component of plant mitochondrial 

metabolism that differs between these wheat cultivars. 

 

2.3.5 Voltage dependent anion channel  

Voltage dependent anion channels (VDACs) were found in two protein spots in the 

reference gel (Figure 2.1, spots 99, 100). A decrease in protein abundance during salt 

treatment was observed for two spots in both wheat varieties which were identified as 

VDACs (Table 2.1, spots 97 and 99). One of these spots in the DIGE gel matched to the 
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previously unidentified spot 97 from the reference gel (Figure 2.1). VDACs are beta 

barrel proteins found on the outer mitochondrial membrane responsible for passage of 

<1000 Da components into the intermembrane space. Oxidative modification and losses 

of VDAC function have been observed in mitochondria during fruit senescence (Qin et 

al. 2009), overexpression of rice VDAC induces mitochondrial-mediated programmed 

cell death in plants and animal cells (Godbole et al. 2003) and bacterial pathogen attack 

leads to rapid gene induction of four of the mitochondrial VDACs in Arabidopsis (Lee 

et al. 2009). Hence, far from being static components of the outer membrane, dynamic 

changes in VDAC function and abundance have been found to influence mitochondrial 

respiration (Rostovtseva et al. 2008). The potential for changes in VDAC function in 

plant mitochondria remains largely unstudied. 

 

2.3.6 Beta-Cyanoalanine synthase  

Beta-cyanoalanine synthase (β-CAS) was found in two gel spots in the reference gel 

(Figure 2.1, spots 69 and 72). The DIGE experiment showed that v. Wyalkatchem and 

v. Janz exhibited different abundances of these β-CAS containing protein spots (Table 

2.1, spots 69 and 72). The differences were reciprocal; the more basic protein spot (pI 

6.4) had greater abundance in v. Wyalkatchem, while the more acidic spot (pI 6.2) was 

more abundant in v. Janz. Peptide mass spectrometry indicated that both spots in both 

varieties were best matched to the same wheat transcript consensus sequence 

(TC330390). This could suggest that two spots arise from post-translational 

modification of β-CAS, which could differ between the two varieties. Mitochondrial β-

CAS converts cysteine and cyanide substrates to produce β-cyanoalanine, which is a 

short-lived precursor to asparagine (Wurtele et al. 1985). The cysteine consumed in this 

reaction is utilised in a wide variety of general cellular processes, but is needed at high 

levels for the synthesis of the glutathione pool, while the cyanide consumed in the 

reaction is toxic to the cytochrome oxidase enzyme unless detoxified by β-CAS (Heeg 

et al. 2008; Lai et al. 2009). Given that the β-CAS enzyme sits at an intersection 

between metabolism and detoxification, it is plausible that post-translational 

modification would regulate β-CAS activity, and the data here suggests that the relative 

incidence of such a modification might differ between v. Wyalkatchem and v. Janz. 

Recent evidence from phosphoproteomic studies has identified a C terminal 

phosphorylated serine (S341) in the Arabidopsis homologue of the wheat protein 

identified in this study (At3g61440) (Durek et al. 2010). Although our data does not 

link β-CAS abundance to salt treatment, it shows that the abundance of different β-CAS 
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isoforms, or a post-translational modification, is a flexible component of plant 

mitochondrial metabolism that differs between these wheat cultivars. 

 

2.3.7 Alternative oxidase  

Two proteins bear the most influence on the mitochondrial superoxide pool, the 

superoxide-detoxifying MnSOD and the superoxide-limiting alternative oxidase (AOX). 

As the 2D-DIGE comparison highlighted the differential abundance of MnSOD across 

varieties and treatments, I decided to directly test if AOX was also increasing in 

abundance under our salt treatment. Quinol oxidation by AOX limits superoxide 

formation by preventing over-reduction of the respiratory chain, especially during stress 

(Taylor et al. 2002). Several reports in the literature show that enzyme is induced by salt 

stress and more abundant in salt-tolerant crop varieties (Appendix Table 6.1.3), and 

over-expression enhances salinity tolerance in Arabidopsis (Smith et al. 2009). The 

AOX protein is insoluble in buffers used for isoelectric focusing, and thus was not 

detected in the reference gel analysis (Figure 2.1) or the 2D-DIGE experiment, so the 

best option for its quantification was via Western blotting. Using monoclonal antibodies 

specific for AOX, I found that v. Wyalkatchem has a higher AOX abundance than v. 

Janz, both constitutively and under salt treatment (Figure 2.3a). Although v. Janz did 

induce AOX under saline conditions, the abundance in isolated mitochondria still did 

not match the level found in mitochondria isolated from v. Wyalkatchem.  

 

2.4 Conclusion 

It is well documented that the antioxidant network in plant mitochondria depends upon 

the complementary functions of several proteins and pathways (Noctor et al. 2007). 

Plants exposed to environmental stresses accumulate ROS and exhibit significant 

changes in ascorbate/glutathione cycle components, superoxide dismutases, 

peroxiredoxins, and catalase in organelles (for review see Taylor 2009). Here MnSOD 

and AOX are identified as mitochondrial proteins that correlate with salinity tolerance 

across two commercially important wheat varieties. Both of these proteins are crucial 

components of the mitochondrial antioxidant network, and both have been previously 

linked to salinity tolerance in a number of plant species. In plant mitochondria, 

superoxide is detoxified by dismutation into H2O2 by MnSOD, and the H2O2 

detoxification route is either by a thioredoxin-dependent peroxiredoxin (Finkemeier 

2005) or by the ascorbate/glutathione cycle which begins with the degradation of H2O2 

to H2O by ascorbate peroxidase (APX) in the presence of ascorbate (Noctor et al. 2007). 
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The ascorbate is recycled in a cycle involving the Glu-Cys-Gly tripeptide glutathione 

(GSH), and the replenishing enzymes monodehydroascorbate reductase (MDHAR), 

dehydroascorbate reductase (DHAR), and glutathione reductase (GR) (Noctor et al. 

1998). In addition to increases in MnSOD to detoxify superoxide, and changes in β-

CAS that regulates Cys required for GSH synthesis, I observed increases in AOX that is 

thought to prevent the over-reduction of the mitochondrial ubiquinone pool, and thus 

lower the rate of formation of superoxide from the electron transport chain. The link of 

salinity tolerance to antioxidant defence is further supported by the lack of changes in 

the mitochondrial proteome of many other components identified in the reference map, 

for example no changes were observed in over 60 identified components of the TCA 

cycle, ETC complexes, or of the variety of molecular chaperones and heat shock 

proteins (Figure 2.1). Together, the data presented here suggest that mitochondrial ROS 

defence pathways are the major differences that occur in the mitochondrial proteomes of 

key Australian wheat varieties, and that these differences correlate with whole-plant 

salinity tolerance. 
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Figure 2.1: 2D reference gel of the wheat mitochondrial proteome  

500 μg protein from FFE-purified wheat mitochondria were separated by IEF/SDS-

PAGE. Gel was stained with colloidal Coomassie blue. 192 protein spots were excised 

and digested with trypsin, and tryptic peptides were analysed via LC-MS/MS. Protein 

identification data is shown in Appendix Table 6.2.1. 
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Figure 2.2: Shoot biomass accumulation and respiration rates in v. Wyalkatchem 

and v. Janz under control and salt treatments  

For biomass measurements, shoots were taken from 10 day old plants, then dried at 60° 

C for three days and weighed. Six biological replicates were performed. For respiration 

measurements, the first leaf was taken from nine-day old plants, chopped into five mm 

segments, equilibrated in respiration buffer for 30 min in darkness, and oxygen 

consumption was assayed in a Clark-type oxygen electrode for 10 min in darkness. Four 

replicates were performed. White bars represent control treatment, grey bars represent 

salt treatment. Error bars represent SEM. 
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Figure 2.3: Representative immunoblot images of wheat mitochondrial samples 

with antibodies raised against AOX (a) and MnSOD (b)  

Abundance was quantified from Western blot images using Amersham ImageQuant 

TL
TM

 (GE Healthcare). W represents v. Wyalkatchem, J represents v. Janz. White bars 

represent control treatment, grey bars represent salt treatment. Error bars represent SEM 

(n=3). 
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Table 2.1: Abundance values and protein identification information for 

mitochondrial protein spots that exhibited significant differences (p<0.05) in 

abundance in the DIGE experiment  

Spot numbers refer to Figure 2.4. Abundance data was calculated with Amersham 

DeCyder software. W represents v. Wyalkatchem, J represents v. Janz, white bars 

represent control treatment, grey bars represent salinity treatment, error bars represent 

SEM (n=3). Accession refers to the highest scoring match in the wheat TC database 

(TaGI release 11). MOWSE score is the probability-based score of match quality 

calculated by the Mascot search engine. Number of peptides refers to the number of 

matched peptides with ions score greater than 51 (p<0.05). 

 

Spot Abundance data Description Accession 
MOWSE 

score 

# 

Peptides 

% 

Coverage 

193 

 

Manganese 

superoxide 

dismutase 

TC326013 130 2 14 

191 

 

Manganese 

superoxide 

dismutase 

gi19957070* (W), 

TC325434 (J) 

145 (W), 

132 (J) 

2 (W), 

2(J) 
20, 18 

129 

 

Nucleoside 

diphosphate 

kinase 

TC280395 132 2 11 

72 

 

β-Cyanoalanine 

synthase 
TC330390 150 2 19 

69 

 

β-Cyanoalanine 

synthase 
TC330390 124 2 19 

97 

 

Voltage 

dependent 

anion channel 

TC277580 116 2 22 

99 

 

Voltage 

dependent 

anion channel 

TC307500 146 2 13 

W J

W J

W J

W J

W J

W J

W J



39 

 

Figure 2.4: 2D-DIGE images for all six gels in the experiment detailing protein 

spots that exhibited significant differences in abundance between varieties or 

treatments  

Spot numbers follow the reference gel in Figure 2.1. 
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Figure 2.5: MS/MS spectra of isoform-specific MnSOD peptides 

MS/MS spectra for peptides detected only in v. Wyalkatchm spot 192 are shown in (a) 

and (c). MS/MS spectra of Mn-SOD peptides detected in v. Wyalkatchem spot 193 as 

well as v. Janz spots 192 and 193, are shown in (b) and (d). Detected ions matched to 

the theoretical fragment Y-series and B-series ions masses by Mascot are annotated on 

the spectra. ClustalW sequence alignment of the two amino acid sequences (gi19957070 

and TC325434) is shown in (e) 
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Table 2.2: Changes in abundance and protein identification information for 

protein spots from contaminating organelles that displayed significant differences 

(p<0.05) in abundance according to salt treatment in the DIGE experiment 

All three spots are from proteins localised to the plastid. Spot numbers refer to Figure 

2.4. Abundance data was calculated with Amersham DeCyder software. W represents v. 

Wyalkatchem, J represents v. Janz, white bars represent control treatment, grey bars 

represent salinity treatment, error bars represent SEM (n=3). Accession refers to the 

highest scoring match in the wheat TC database (TaGI release 11). MOWSE score is the 

probability-based score of match quality calculated by the Mascot search engine. 

Number of peptides refers to the number of matched peptides with ions score greater 

than 51 (p<0.05). 

 

Spot Abundance data Description Accession 
MOWSE 

score 

# 

Peptides 

53 

 

RuBisCO activase TC2798100 457 5 

194 

 

Photosystem 2 oxygen-

evolving enhancer protein 
TC277805 306 4 

136 

 

RuBisCO small subunit TC286624 62  1 

  

W J

W J

W J
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3. Investigating the mitochondrial role in salinity tolerance using 

physiological and proteomic comparisons between salt sensitive wheat 

against salt tolerant wheat × Lophopyrum elongatum amphiploid  

  

Abstract 

Here the effect of salinity upon mitochondrial properties was investigated by comparing 

the model wheat genotype Chinese Spring (v. CS) to a salt tolerant amphiploid (v. 

AMP), which was created by combining the entire v. CS genome with the entire 

genome of a wild wheatgrass adapted to salt marshes, Lophopyrum elongatum. 

Physiological and biochemical analyses found that v. AMP was more tolerant in terms 

of biomass retention across control versus salt treatment, while transpiration rates and 

stomatal properties suggested that v. AMP exhibited higher tolerance to the osmotic 

component of salinity stress. The inherently slow growth of v. AMP under control 

treatment might be linked to faster rates of respiratory CO2 efflux. Isolated 

mitochondrial respiration rates were similar across control versus salt treatments, and 

both genotypes induced alternative oxidase abundance and activity in shoot tissue but 

not in root tissue in response to salt stress. Comparisons of isolated mitochondrial 

protein composition via two-dimensional differential gel electrophoresis identified a 

number of mitochondrial proteins that exhibited differential abundance between 

genotypes or following salt treatment, with higher abundance of reactive oxygen species 

defence proteins being noted across mitochondria from both roots and shoots. Of 

particularly interest is higher abundance of certain manganese superoxide dismutase 

protein spots in mitochondria isolated from v. AMP, because this protein is strongly 

linked to salinity tolerance in the literature, and identifying superior isoforms might 

present breeding targets for improvement of salinity tolerance. In root tissues, salinity 

treatment induced altered abundance of several metabolic proteins in both varieties, 

while in shoot tissues varietal differences were more pronounced, with v. AMP 

exhibited higher abundance of spots matching serine hydroxymethyltransferase, malate 

dehydrogenase and beta-cyanoalanine synthase. De novo sequencing of peptide mass 

spectra acquired from this beta-cyanoalanine synthase protein spot suggest that it could 

be derived from the Lophopyrum elongatum genome. Together, this data offers a 

detailed description of how mitochondrial composition is affected by salinity across 

roots and shoots, and points toward several proteins of higher abundance in the tolerant 

v. AMP which could be potential breeding targets.  
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3.1 Introduction 

There are strong links between mitochondrial function and salinity tolerance, with a 

range of physiological, biochemical and ‘omics studies showing that respiratory 

properties can be modified by salt stress (Chapter Two; Appendix Tables 6.1.1, 6.1.2 

and 6.1.3). Furthermore, transgenic manipulation of genes encoding mitochondrial 

proteins can affect whole plant salt tolerance (Wang et al. 2004; Smith et al. 2009; 

Wang et al. 2010). By reviewing the literature, several mitochondrial processes 

contributing to salinity tolerance can be outlined (Chapter One). For instance, 

respiratory carbon allocation contributes to whole-plant carbon balance under salinity 

(Schwarz et al. 1981). Exclusion of toxic ions is strongly linked to root respiration rates 

(Drew et al. 1985; Malagoli et al. 2008), and mitochondrial metabolism is involved in 

regulating cellular osmolyte concentrations (Miller et al. 2009; Renault et al. 2010). 

Despite detailed understandings of plant phenotypes under salt stress (Munns et al. 

2008), breeding approaches to incorporate higher salt tolerance into commercially 

relevant crop varieties have proved difficult (Flowers 2004). Some authors argue that 

future efforts to breed and engineer salinity tolerance into elite varieties will require a 

detailed mechanistic knowledge of the molecular and cellular responses to ionic and 

osmotic stresses (Bohnert et al. 1996).   

 

Comparative studies between tolerant versus sensitive plants are a well described theme 

in the salinity literature. In a breeding context, these comparisons are framed as gene 

discovery approaches, which aim to identify the genes and physiological mechanisms 

that are specifically present in the tolerant plants but absent in the sensitive lines. These 

favourable alleles can subsequently be incorporated into elite agronomic lines through 

marker-assisted selection (Munns et al. 2012), or genetic transformation (Tester et al. 

2010). Although such experiments have pointed to a wide range of genes and 

mechanisms that are involved in salinity tolerance, these results can be filtered through 

a respiratory framework to show that mitochondrial properties are key contributors to 

salt tolerance. For instance, a tolerant wheat genotype can maintain baseline leaf 

respiration rates under salinity shock compared to a sensitive variety (Kasai et al. 1998). 

A tolerant rice variety can boost root respiration rates under the onset of salt stress 

compared to a sensitive variety (Malagoli 2008), and a tolerant barley genotype exhibits 

higher abundance of organic acids involved in the TCA cycle compared to a sensitive 

line (Widodo et al. 2009). Most prominently, tolerant plants from a range of species 
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exhibit higher abundance of mitochondrial antioxidant defences compared to sensitive 

lines (Hernandez et al. 2000; Mittova et al. 2003; Peng et al. 2009). 

 

Wheat is a crop with a high potential to import natural genetic diversity in salinity 

tolerance from wild relatives into elite agronomic cultivars, because the Triticeae tribe 

contains a large number of wild relatives with particularly high salinity tolerance 

(Colmer et al. 2006). One such relative is tall wheatgrass (taxonomical names: 

Lophopyrum elongatum, Thopyrum elongatum, Elytrigia elongate, Agropyron 

elongatum, Agropyron rigidum, Elymus elognatus, Triticum rigidum). This species is 

defined as salt tolerant both by its ecological location in salt marshes around the 

Mediterranean (Zhong et al. 1995), as well as laboratory studies showing that it displays 

few visible signs of salt-induced injury under high NaCl treatments compared to other 

Triticeae species (McGuire et al. 1981). The diploid tall wheatgrass genome (2n × 7 = 

14) is orthologous to the three genomes of wheat (3 × 2n × 7 = 42) (Dvorak 1980). This 

genetic similarity was exploited to create an amphiploid containing the entire tall 

wheatgrass genome alongside the entire genome of the model wheat variety Chinese 

Spring (4 × 2n × 7 = 56) (Dvorak et al. 1986). This amphiploid (v. AMP) successfully 

combines much of the salinity tolerance observed in tall wheatgrass, with several of the 

agronomic characteristics of wheat, such as yield and grain size (Omielan et al. 1991). 

Subsequently, v. AMP has become a widely used plant for reductionist investigations 

into the specific traits which underpin its salt tolerance. Experiments have shown that v. 

AMP deploys a Na
+
 exclusion strategy (Schachtman et al. 1989; Omielan et al. 1991), 

and that it uses a dramatically different osmotic strategy to v. CS, by accumulating less 

Na
+
 but more glycine betaine in young leaves (Colmer et al. 1995). Also of interest is 

the finding that the different tall wheatgrass chromosomes act synergistically, because 

adding any single chromosome in isolation does not substantially boost tolerance, but 

adding the entire genome does (Omielan et al. 1991). This fits with the assertion that 

due to the complexity of the physiochemical impact of salt on plants, engineering plants 

for robust salt tolerance in the field will require the introduction of large networks of 

interacting genes, rather than one single gene added in isolation (Bohnert et al. 1996). 

 

Comparative proteomic investigations of salinity responses have been used to dissect 

the molecular effects of salt stress and also to analyse molecular differences between 

tolerant and sensitive lines. Such comparisons have investigated commercial crop 

varieties (Vincent et al. 2007; Witzel et al. 2009), closely related wild species adapted to 
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saline environments (Sengupta et al. 2009), and somatic hybrids that incorporate genetic 

material from closely related wild species (Wang et al. 2008; Peng et al. 2009). 

Typically these investigations have compared the protein profiles of whole-cell extracts, 

which can identify some highly abundant mitochondrial proteins exhibiting 

differentially abundant following salt treatment by these studies (Appendix Table 6.1.3). 

However, the limited dynamic range of proteomic techniques, coupled with the 

relatively low abundance of mitochondria compared to other cellular compartments, 

means that only a very small fraction of mitochondrial proteins were sufficiently 

abundant to be profiled in these whole-cell studies. In contrast, comparisons between 

enriched mitochondrial fractions isolated from different wheat varieties and following 

stress treatments can provide a deeper understanding of the molecular differences within 

this organelle (Chapter Two)   

 

3.1.1 Aims and strategy 

Having shown in Chapter Two that 2D-DIGE can be successfully applied to identify 

molecular differences linked to genotype and salt treatment in isolated wheat 

mitochondria, this chapter aims to build upon that work by comparing mitochondrial 

proteomes across two varieties with a larger genetic difference. Also, this chapter 

investigates the feasibility of analysing mitochondria isolated from root tissue using 2D-

DIGE. Therefore, the mitochondrial role in salinity tolerance was analysed by 

comparing the salinity responses of bread wheat (v. CS) against a wheat × Lophopyrum 

elongatum amphiploid (v. AMP) using quantitative mitochondrial proteomics, 

mitochondrial biochemistry and whole plant physiology. The proteomics comparison of 

isolated mitochondria aims to identify the mitochondrial proteins that are of differential 

abundance between v. CS and v. AMP, in order to better characterise the molecular 

mechanisms that could contribute to the higher salinity tolerance of v. AMP. The 

physiology and biochemistry data aims to provide data that frames the biological 

context of these molecular differences.   

 

3.2 Methods 

3.2.1 Experiment A: The effect of salt stress on growth and physiology of v. CS and v. 

AMP 

This set of measurements was used to detail whole-plant responses to salinity in v. CS 

and v. AMP. Plants were grown at low density for seven weeks, and biomass and 

physiological measurements were collected. 
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3.2.1.1 Growth conditions, salt treatment and biomass measurements 

Plants were grown in a controlled environment growth cabinet (Conviron) using an 

unsupported hydroponic system where the roots were flooded and drained every 30 min, 

modified from the designs of Munns et al. (2003) and Genc et al. (2007). Seeds were 

sterilised by incubating in 5% (v/v) bleach 0.1% (v/v) Tween-20 for 2 min, before being 

thoroughly rinsed and germinated in the hydroponic system. Nutrient concentrations 

were: 5 mM Ca(NO3)2, 1 mM KH2PO4, 1 mM MgSO4, 1 mM NH4NO3, 100 µM Fe-

EDTA, 50 µM KCl, 25 µM H3BO3, 2 µM MnSO4, 2 µM ZnSO4, 500 nM CuSO4, 500 

nM MoO4. Light intensity was 500 µmol m
-2

 s
-1

, photoperiod was 12 h, and humidity 

was 65%. Salt treatment was imposed by applying 50 mM NaCl on days one, two, three 

and four after sowing, and the NaCl concentration remained at 200 mM until harvest. 

Nutrient solutions were changed once weekly. Plants were harvested after seven weeks 

growth. Shoots were separated from roots and both were thoroughly rinsed in ddH2O, 

then tissue was dried at 65° C for four days and weighed.  

 

3.2.1.2 Photosynthetic and transpirational measurements 

Photosynthesis measurements were recorded using an open gas exchange system with 

IRGA head (Licor) within four hours of the middle of the light period. Measurements of 

A, E, gs and Ci were taken with chamber settings of 400 ppm CO2, PAR 500 and ~60% 

humidity, block temperature 28° C. Measurements of Vcmax, Jmax and CO2 compensation 

point were calculated by analysing A-Ci curves recorded at 1500 PAR according to the 

method of Farquhar et al. (1980), curves were fitted using the kinetic parameters of 

Bernacchi et al. (2002). 

 

3.2.1.3 Respiratory measurements of intact tissue 

Respiration measurements were recorded using an oxygen electrode (Hansatech) and an 

IRGA (Licor). For shoots, single leaves were excised from plants, and divided into two 

pieces, each 6-8 cm
2
 in area. One section was immediately sealed into the IRGA 

chamber (23° C, 0 PAR, 65% RH) where CO2 efflux was logged every minute for 30 

min, with CO2 efflux rate calculated as the average rate over the period 20-30 min after 

tissue harvest. The other section of the leaf was incubated in respiration buffer (10 mM 

TES, 5 mM MgSO4, 10 mM NaCl, ph 7.2) for 15 min in darkness, then placed into the 

reaction vessel where O2 consumption was measured in 2 ml respiration buffer for 15 

min, with O2 consumption rate calculated as the average rate over the period 20-30 min 

after tissue harvest. For roots, ~60 mg of root tissue was chopped into five mm sections 
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and incubated in respiration buffer (as above) for ~15 min in darkness, then placed into 

the reaction vessel where O2 consumption was measured in 2 ml respiration buffer for 

15 min. Where inhibitors were used, they were added 15 min after the start of 

measurement, which then proceeded for another 15 min after the addition of inhibitors. 

Inhibitor concentrations were 1 mM KCN and 20 mM SHAM for shoots and 0.5 mM 

KCN and 10 mM SHAM for roots, according to the method of Lambers et al. (1983). 

 

3.2.2 Experiment B: Isolated mitochondrial properties in v. CS and v. AMP 

These measurements were made in order to determine the impact of salinity on 

mitochondrial biochemistry and protein composition in v. CS and v. AMP. Plants were 

grown at high densities for shorter durations in order to generate large amounts of tissue 

suitable for mitochondrial isolation, such that respiratory properties and protein 

composition could be profiled in isolated mitochondria. 

 

3.2.2.1 Growth conditions, salt treatment 

Plants were grown for 13 days in a controlled environment growth cabinet (Conviron) 

using the same hydroponic system as experiment A. All other conditions were identical 

to experiment A, except that photoperiod was 16 h to facilitate rapid growth.  

 

3.2.2.2 Mitochondrial isolation and respiration measurements of isolated mitochondria 

Shoot mitochondria were isolated using a procedure identical to Chapter Two, based on 

the method of Day et al. (1985). The isolation procedure for root mitochondria was the 

same, except that the first centrifugation step was conducted at 2500 g and only two 

Percoll gradients were used. The FFE step was omitted from the isolation procedure. 

Isolated mitochondrial respiration rates were recorded using an oxygen electrode 

(Hansatech). Mitochondria (50-100 µg protein) were added to respiration buffer (300 

mM sucrose, 10 mM KH2PO4, 5 mM MgSO4, 10 mM NaCl, 0.1% BSA) at 25° C, 1 

mM NADH and 5 mM succinate were used as respiratory substrates, in the presence of 

500 µM ATP to activate succinate dehydrogenase. State 3 respiration rates were 

attained by adding 200 µM ADP. Following measurement of state 3 rate, AOX capacity 

was assessed by inhibiting COX with 1 mM KCN and stimulating AOX with 10 mM 

pyruvate and 5 mM DTT.  
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3.2.2.3 2D-DIGE 

For quantitative proteomics on shoot mitochondrial samples, 50 μg of protein was 

precipitated with 100% acetone at -20° C overnight, then centrifuged at 20,000 g for 20 

min, and this pellet was rinsed twice with 100% acetone. For root mitochondrial 

samples, 50 µg of protein was precipitated overnight with 10% (w/v) TCA at 4° C, then 

centrifuged at 20,000 g for 20 min, and this pellet was rinsed once with 10% (w/v) 

TCA, then twice with 100% acetone. Following protein precipitation, 2D-DIGE was 

conducted with all labelling, separation and scanning techniques identical to Chapter 

Two. Gel images were statistically analysed using the DeCyder program (v6, GE 

Healthcare). Protein spots were deemed statistically significant if they exhibited p-value 

<0.05 for G, T, or G×T effects following two-way ANOVA comparison. 

 

3.2.2.4 Mass spectrometry 

For identification of protein spots deemed as significantly different from analysis of the 

DIGE images, spots were excised from preparative gels (500 µg protein loading) where 

the three biological replicates for each sample in the quantitative experiment were 

pooled, and identified using an Ultraflex III MALDI TOF/TOF (Bruker Daltonics) 

according to the method of Li et al. (2012). Briefly, gel-bound proteins were excised, 

destained and digested with trypsin, before proteolytic peptides were extracted from gel 

spots and dried down in a vacuum centrifuge. Dried peptides were then resuspended in 

5% ACN, 0.1% TFA, and transferred onto a steel plate. When evaporation had reduced 

the sample volume to around 1 µl, 1 µl of saturated HCCA matrix diluted in 90% ACN 

was added, and the spot left to dry completely, before being briefly washed with 10 mM 

NH4H2PO4 + 0.1% TFA at 4° C, then left to dry once again. Tandem mass spectra were 

then acquired from spots using a MALDI-TOF/TOF (Bruker Daltonics), with 600 laser 

shots fired to acquire the MS spectrum (~30% laser power), and the 10 most intense 

precursor ions then selected for MS/MS analysis via 1800 laser shots using LIFT
TM

 

method to detect the fragmentation spectra of the targeted precursors (~33% laser 

power). Tandem mass spectra were searched against the wheat TC database (DFCI 

release 12) (Quackenbush et al. 2001) as well as the wheat EST database (accessed July 

2012) (Benson et al. 2012) using Mascot version 2.2.03 (Perkins et al. 1999), with 

precursor ion tolerance ±1.2 Da, variable modifications oxidation (M) and 

carbamidomethyl (C), and product ion tolerance ±0.6 Da.  
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For deeper investigation of protein spots specific to v. AMP, these spots were excised 

from gels and digested with trypsin, then analysed using Q-TOF MS/MS coupled to RP-

nano-HPLC (Agilent Technologies) according to the method of Taylor et al. (2011), 

exploiting the more comprehensive coverage obtained via online LC separation of 

peptides. MS/MS spectra were matched against the both the wheat TC database (DFCI 

release 12) (Quackenbush et al. 2001) and the wheat EST database (Benson et al. 2012) 

using Mascot version 2.2.03 (Perkins et al. 1999) with precursor tolerance ±100 ppm 

and product tolerance ±0.5 Da, variable modifications oxidation (M) and 

carbamidomethyl (C). Unmatched spectra were then re-searched with variable 

modifications now including oxidation (W) and phosphorylation (S, T, Y). Spectra 

which were still unmatched following this process were then ranked for spectral quality 

using the Scanranker program (Ma et al. 2011), with spectra attributed a score higher 

than 0.25 retained for further analysis. To determine whether high quality unmatched 

spectra were specific to v. AMP, spectral data from unmatched v. AMP protein spots 

with Scanranker score exceeding 0.25 were manually compared to data from v. CS 

spots that matched to the same protein. From this process, any high-scoring unmatched 

spectra which were deemed to be present in the spots excised from v. AMP gels but 

absent in the spots excised from v. CS gels were then submitted to de novo sequencing 

with PEAKS software (Ma et al. 2003). Output peptide sequences from PEAKS were 

then homology searched via MS-BLAST (Shevchenko et al. 2001) in order to refine 

outputs from de novo sequencing (ie: I/L and K/Q misassignments). Refined de novo 

peptide sequences were then aligned against the wheat TC that matched the protein spot, 

and this sequence was aligned against homologous sequences from a range of species 

(Oryza sativa, Arabidopsis thaliana, Brachypodium distachyon, Physcomitrella patens, 

Chlamydomonas reinhardtii). 

 

3.2.2.5 Immunoblotting 

Thirty µg of isolated mitochondrial protein were precipitated as described in Section 

3.2.2.3 (100% acetone for shoots, 10% (w/v) TCA for roots). AOX abundance was 

quantified by Western blot as described in Chapter Two. 

 

3.3 Results and discussion 

This chapter presents a comparative investigation of salinity responses between v. CS 

and v. AMP, with the measurements acquired across a range of their physical scales. 

For instance, measurements of plant growth, respiratory, photosynthetic and 
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transpirational properties focussed upon phenotypes evident at the whole plant or tissue 

level. Measurements of isolated mitochondrial respiration rates focussed on properties 

evident at the organelle level, and proteomic measurements focussed on the 

composition of individual molecules. To clarify the discussion of these different data 

sets, the presentation of results in this chapter will be subdivided, with section 3.3.1 

describing the physiological and biochemical responses, and section 3.3.2 describing the 

proteomic responses.  

 

3.3.1 Growth, physiological and biochemical comparisons of salinity responses 

between v. CS and v. AMP  

The physiological contrasts between v. CS and v. AMP under salt treatment have 

previously been analysed by a range of experiments. This work showed that v. AMP is 

more tolerant on a biomass basis (Omielan et al. 1991), that it deploys a strategy of ion 

exclusion (Schachtman et al. 1989), and that its metabolic response to salinity can 

promote osmotic tolerance (Colmer et al. 1995). However, plant phenotypes can vary 

according to growth conditions, so analyses of growth rate were conducted to test 

whether the gross difference in tolerance on a biomass basis manifested in my hands. 

Furthermore, I conducted measurements of photosynthesis, transpiration and respiration 

rates to gather deeper insights into the effect of salinity tolerance and the tolerance 

strategies exhibited by the two genotypes. Analyses of mitochondrial respiratory 

activity, inhibitor responses and AOX abundance were undertaken in order to assess the 

contribution of mitochondria to the whole-plant changes, and also to frame the 

proteomic datasets presented later in the chapter. 

 

3.3.1.1 Salinity responses of respiration, photosynthesis and transpiration in v. CS and 

v. AMP 

To assess the whole-plant impact of the salinity treatment on hydroponically grown v. 

CS and v. AMP plants, biomass accumulation and the rates of several physiological 

processes were measured in seven week old plants where the salt treated plants had 

undergone long term 200 mM NaCl treatment (Table 3.1). The impact of the 200 mM 

NaCl treatment is illustrated by the dramatically lower percentage of shoot biomass 

elicited by salt treatment in both genotypes when expressed as (shoot biomass [salt] ÷ 

shoot biomass [control] × 100). This calculation showed that v. CS retained 28% of 

shoot biomass under salinity, whereas v. AMP retained 39% (data from Table 3.1). 

Lower magnitude of salt-induced reduction to shoot biomass is indicative of the higher 



51 

 

salt tolerance in v. AMP, and is corroborated by its maintenance of baseline leaf 

elongation rates under salinity stress (Table 3.1). Statistically, root biomass, shoot 

biomass and leaf elongation rate all exhibited statistically significant genotype × 

treatment interactions according to ANOVA tests. This shows that the growth response 

of v. AMP to salinity is fundamentally different to that of v. CS. However, the slow 

growth rate of v. AMP under control treatment indicates that the presence of wild 

genetic material within this genotype confers a significant growth penalty which 

probably renders this broad transfer of genetic material poorly suited to an agronomic 

context (Colmer et al. 2006). The photosynthetic responses to salinity revealed no 

significant differences in the net rate of CO2 assimilation between control and salinity 

treatments. However, the slower growing v. AMP did display higher photosynthetic 

rates compared to v. CS, reiterating results of previous studies where photosynthetic 

rate alone was found to be a poor proxy for growth rate between genotypes (Poorter et 

al. 1990). Analysis of A-Ci curves revealed that salinity treatment induced a higher CO2 

compensation point, which can be indicative of higher photorespiratory rates (Cousins 

et al. 2008). Interestingly, Vcmax and Jmax were in fact higher under salt treatment in both 

genotypes, showing that the salinity treatment did not diminish the biochemical 

efficiency of the photosynthetic apparatus when supplied with saturating substrate. It 

has been documented that NaCl-treated plants can display higher density of chloroplasts 

per unit leaf area, but dramatically lower leaf area per plant. This combination makes 

photosynthetic rate a poor proxy for growth rate (James et al. 2008). Growth reductions 

under salt treatment were likely to involve transpirational limitation of water flux, as 

stomatal conductance was dramatically decreased by NaCl treatment, with the reduction 

being highly significant by ANOVA in both genotypes (Table 3.1). Although ANOVA 

tests did not reveal significant genotype effects on stomatal conductance (p=0.055), it is 

perhaps noteworthy that v. AMP leaves exhibited higher conductance values under 

salinity treatment compared to v. CS, deemed significant by Student’s t-test (p<0.01). 

Thus, it can be asserted that v. AMP exhibits higher osmotic tolerance compared to v. 

CS, which fits with a previous assertion that stomatal conductance under salinity stress 

is a good proxy for genotypic salinity tolerance (James et al. 2008).  

 

3.3.1.2 Respiratory responses to salinity in v. CS and v. AMP 

In order to determine the impact of salinity upon respiration rates in the two genotypes, 

respiratory responses to NaCl treatment were assessed in seven week old plants as well 

as five day old plants (Table 3.2). These measurements aimed to differentiate the short-
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term adjustments induced to cope with the onset of stress from the longer-term impacts 

of NaCl (Table 3.2). In seven week old plants, salinity induced slower rates of 

respiratory O2 consumption, perhaps linked to slower provision of substrate. 

Meanwhile, root respiratory oxygen consumption rates increased under salinity stress in 

both genotypes, probably reflecting the energetic demands of ion exclusion (Malagoli et 

al. 2008). Interestingly, v. AMP leaves exhibited higher rates of respiratory CO2 efflux 

compared to v. CS, under both control and salt treatments. This respiratory property 

could contribute to the inherently slow growth of v. AMP, as the rapid expenditure of 

fixed carbon by fast leaf respiration would diminish the pool of sugars that can be 

allocated to synthesis of new tissue (Poorter et al. 1990). Respiratory measurements in 

young tissues revealed that five day old leaves from both genotypes exhibited 

dramatically higher rates of respiratory O2 consumption under salinity treatment 

compared to control. Interestingly, v. CS increased this parameter to a greater extent 

than v. AMP (Table 3.2). This genotypic difference in salt-induced respiratory increases 

corroborates the results of Kasai et al. (1998) in their investigation of these same two 

genotypes. This perhaps implies that the superior tolerance of v. AMP could involve 

judicious allocation of stored carbon reserves during the initial response to salinity. 

Respiratory increases under short term salt stress were less pronounced in root tissue, 

perhaps indicating that faster respiratory rates in older salt treated roots presented in 

Table 3.2 resulted from shifts occurring over a longer timescale. 

 

3.3.1.3 Dissecting the respiratory response to salinity through application of inhibitors 

and assays of isolated mitochondria 

Insights into contributions of the two respiratory oxidases can be gathered by measuring 

rates of oxygen consumption of intact tissue in the presence of specific chemical 

inhibitors. Application of respiratory inhibitors KCN and SHAM indicated that the 

alternative oxidase exerted a greater contribution to respiration rates in shoot tissues 

compared to root, with KCN application exerting very little effect upon respiratory rates 

in leaf tissue (Table 3.2). To determine salinity effects upon respiratory properties 

without in situ effects such as altered substrate provision, I measured oxygen 

consumption rates and AOX abundance in mitochondrial samples isolated from v. CS 

and v. AMP plants following control and salt treatments. In terms of maximal activity 

(substrate + ADP), there were no significant differences between the two genotypes or 

according to salt treatment (Figure 3.1). However, mitochondria isolated from shoots of 

salt treated plants showed higher rates of maximal AOX activity (substrate + KCN + 



53 

 

pyruvate + DTT, ANOVA p-value<0.01 for treatment effect), highlighting the 

prominence of AOX activity in shoot mitochondria following salt treatment. This result 

is consistent with the body of literature that links AOX to photosynthesis support under 

abiotic stress, shown by the impaired growth and photosynthetic performance of 

Arabidopsis AOX knockouts under a combination of drought and high light (Giraud et 

al. 2008). Although the AOX accumulation under salinity stress has been observed 

across a number of species (Appendix Table 6.1.3), the measurements in this study did 

not detect higher AOX activity in mitochondria isolated from salt-treated root tissues. 

This was shown by respiration rates isolated mitochondria as well as intact root tissues 

treated with inhibitors (Figure 3.1; Table 3.2). One explanation for this difference 

between tissues is that the high energetic cost of ion exclusion demanded continual ATP 

supply in roots (Britto et al. 2009; Teakle et al. 2010). AOX activity does not contribute 

to proton pumping across the inner mitochondrial membrane, so its activity in root 

tissue could diminish the exclusion capacity of the plant. To further investigate the role 

of AOX under salinity treatment, the abundance of this protein was assessed using 

immunoblot (Figure 3.2), because the poor solubility of this protein in IEF buffers 

renders it unsuitable to analysis by 2D-DIGE. This showed that salinity treatment 

induced higher abundance of AOX protein in isolated shoot mitochondria in both 

genotypes (ANOVA p-value<0.01 for treatment effect), with v. AMP containing 

slightly higher baseline abundance of the protein. Immunoblotting against AOX in 

isolated root mitochondrial samples gave an indication that salinity treatment induced 

lower abundance in this protein in v. CS, but the high degree of variability between 

biological replicates cautions against confident interpretation of these data (no 

statistically significant effects via ANOVA). A far longer exposure time was required 

for visualisation of the luminescent signal, suggesting that the baseline AOX abundance 

in root mitochondria was far lower compared to shoot mitochondria. Further studies 

could investigate the differential mobilities of AOX bands between mitochondria 

isolated from roots and shoots (Figure 3.2), as these could correspond to different 

isoforms of wheat AOX. A similar phenomenon has been observed for soybean AOX, 

and this derives from differential expression of AOX isoforms across tissue types and 

according to environmental treatment (Finnegan et al. 1997; Tanudji et al. 1999).  

 

3.3.2 Analysis of 2D-DIGE mitochondrial proteome composition by 2D-DIGE  

Applying quantitative proteomics techniques to identify differentially abundant proteins 

between control versus stress treated plants can provide insights into the molecular 
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physiology of salt stress. Furthermore, proteomic comparisons of tolerant versus 

sensitive varieties can define candidate genes for stress tolerance. Therefore, I 

undertook detailed study on the proteomic composition of mitochondrial samples 

isolated from the shoots and roots of salt treated wheat varieties v. CS (sensitive) and v. 

AMP (tolerant) via 2D-DIGE. Following statistical analysis of 2D-DIGE images, 

differentially abundant proteins determined by ANOVA p<0.05 for either treatment (T), 

genotype (G) or their interaction (G×T) were excised from preparative gels, digested 

with trypsin and analysed by peptide mass spectrometry using a MALDI-TOF/TOF. 

The resulting mass spectra were searched against a database of tentative consensus 

sequences from wheat (Quackenbush et al. 2001). These analyses identified a wide 

range of mitochondrial proteins which exhibited differing abundance between varieties 

and/or treatments (differences summarised in Tables 3.3 and 3.4, representative gel 

images presented in Figures 3.3 and 3.4, quantiation data and protein match information 

in Tables 3.5 and 3.6). A large number of protein spots were deemed statistically 

significant by ANOVA, so to simplify the presentation of these data, text discussing the 

molecular functions of these proteins of interest will be split across three sections. 

Discussion of the protein spots which displayed statistically significant effects 

according to treatment (T) is presented in section 3.3.2.1, genotype (G) in section 

3.3.2.2, and genotype × treatment interaction (G×T) in section 3.3.2.3.  

 

3.3.2.1 Protein spots exhibiting differential abundance between treatments 

Comparison of the two datasets revealed that salinity treatment induced a larger number 

of differences in the root mitochondrial proteome compared to shoots. Treatment 

differences (p<0.05) were evident in 55 of the 61 mitochondrial protein spots deemed 

significant by the root comparison, but only 15 out of 27 mitochondrial protein spots 

deemed significant in the shoot comparison (Table 3.3). This could suggest that root 

tissue were undergoing a more severe salinity scenario due to direct physical contact 

between root tissue and the saline nutrient solution, or that root mitochondria are 

endowed with a greater flexibility at the protein level. It should be mentioned that the 

2D-DIGE comparisons also identified several differentially abundant protein spots of 

non-mitochondrial origin between control versus salt treatments, particularly with 

regard to the presence of plastidic proteins within mitochondrial samples isolated from 

shoot tissue (Figures 3.5 and 3.6, Tables 3.7 and 3.8). These contaminating proteins are 

outside the scope of the study and were not further investigated. Mitochondrial proteins 
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which exhibited significantly differences in abundance according to treatment (T<0.05 

from ANOVA) are discussed below according to their biochemical function. 

 

3.3.2.1.1 TCA cycle 

The TCA cycle is a highly flexible component of plant metabolism that can assume a 

wide range of flux modes depending on tissue type and environmental context 

(Sweetlove et al. 2010). The central role of the TCA cycle in shaping plant phenotypes 

are shown by transgenic experiments where differential abundance of specific TCA 

cycle enzymes can influence biomass accumulation and nutrient use efficiency (Nunes-

Nesi et al. 2005; Fuentes et al. 2011). This study revealed differential abundance of 

TCA cycle components according to salinity treatment, with these effects being 

particularly pronounced in mitochondria isolated from root tissue (Table 3.3). Salt 

treatment of roots elicited higher abundance of several sequential steps of the cycle, 

with citrate synthase, aconitase, and isocitrate dehydrogenase all displaying higher 

abundance under salinity. The concerted action of these enzymes is linked to an 

anaplerotic role where a partial TCA cycle operates to produce 2-OG as a building 

block for nitrogen assimilation (Sweetlove et al. 2010). The role of malic enzyme is 

linked to this pathway, and this protein also exhibited higher abundance in mitochondria 

isolated from salt treated root tissue (Table 3.3). Another set of TCA cycle enzymes 

which catalyse different portions of the pathway were of lower abundance in 

mitochondria isolated from salt treated root tissue, such as several spots matching to 

malate dehydrogenase, as well as both subunits of succinyl-CoA ligase. These 

differential salinity responses within the same metabolic pathway are indicative of 

salinity-induced remodelling of mitochondrial metabolism in root tissue. This contrasts 

against the data gathered from shoot mitochondria, where the abundance of TCA cycle 

components was relatively consistent between control and salinity treatments, with only 

one spot matching succinyl-CoA ligase beta chain exhibiting a reduction under salinity 

treatment (Table 3.3). Although protein abundance does not always correlate with 

enzymatic flux, these data provide insights into salinity affects the TCA cycle, and 

could guide future experiments investigating links between metabolism and salinity 

tolerance. 

 

3.3.2.1.2 Electron transport chain 

The ETC couples the oxidation of substrate to proton pumping across the inner 

mitochondrial membrane in order to drive ATP generation by ATP synthase. There is 
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evidence that the abundance of several ETC proteins is modulated by salt stress 

(Appendix Table 6.1.3). Further, the biochemical activity of ETC complexes can be 

directly affected by NaCl, with low concentrations of ionic salts reported to stimulate 

kinetic activity of certain ETC complexes (Krab et al. 2000), whereas high 

concentrations of salts are inhibitory (Flowers 1974). The 2D-DIGE analysis of shoot 

mitochondrial composition revealed very few salt induced differences in ETC subunit 

abundance, with a modest increase in one spot matching to the ATP synthase alpha 

subunit (Table 3.3). However, immunoblotting revealed that AOX abundance was 

significantly higher in shoot tissue under salinity (Figure 3.2). This suggests that the 

molecular changes induced by salinity to the electron transport chain in shoot 

mitochondria involve alterations to the alternative respiratory pathway, while the 

composition of the classical ETC pathway remains relatively stable (Figure 3.2, Table 

3.3). In contrast, the root 2D-DIGE comparison identified salinity linked induction of 

several CI subunits and a CII component in the roots of both genotypes under salinity 

(Table 3.3). Based upon calculations of ATP yield per unit substrate, it has been posited 

that electron flow through CI is an efficient use of energy compared to the flow through 

non-phosphorylating alternative NADH dehydrogenases and CII (De block 2011). 

Given that ion exclusion incurs significant energetic costs (Britto et al. 2009; Teakle et 

al. 2010), it can be asserted that efficient ATP production by root mitochondria is 

crucial to meeting the energetic demands of ion exclusion strategies. Therefore, higher 

CI abundance (table 3.3) and lack of AOX induction (Figures 3.1 and 3.2) may be 

molecular mechanisms that contribute to high respiratory efficiency under salinity. 

 

3.3.2.1.3 Carbon, nitrogen and phosphorous metabolism  

In addition to their well established role in catabolising organic acids, mitochondria 

contain a suite of enzymes that can catabolise and interconvert amino acids, in order to 

provide energy and supply metabolic intermediates. Several studies have defined 

mitochondrial metabolism as a key intersection of C/N fluxes in plant tissues (Dutilleul 

et al. 2005; Watanabe et al. 2008), and some of the mitochondrial enzymes that 

metabolise amino acids have been linked to salinity tolerance in the literature (Bhuiyan 

et al. 2007; Miller et al. 2009; Renault et al. 2010). The data presented here point 

toward divergence in GDH responses to salinity between root and shoot, with salt 

treatment inducing higher abundance of GDH in shoots but lower abundance of this 

enzyme in roots (Table 3.3). Another mitochondrial enzyme involved in amino acid 

metabolism, AspAT, was also lower under salinity treatment in roots (Table 3.3). Taken 
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together, these data suggest that amino acid catabolism by root mitochondria proceeds 

at a diminished rate under salinity treatment. By contrast, GDH abundance increases in 

salt treated shoot mitochondria. Transgenic experiments have defined that GDH can be 

a key mediator of salinity tolerance, which coordinates the rebalancing of cellular 

nitrogen metabolism under salt stress (Skopeltis 2006). Furthermore, control versus 

stress experiments have repeatedly shown that GDH abundance can increase following 

salt treatment (Appendix Table 6.1.3). Although most of the data on GDH shows that 

this enzyme acts in the deaminating direction to catabolise glutamate, there are some 

suggestions that GDH could potentially play an aminating role in illuminated leaves 

under photorespiratory conditions. This is driven by high NH4
+
 concentrations present 

in the mitochondrial matrix due to the high flux of photorespiratory glycine through the 

glycine decarboxylase complex (GDC) (Foyer et al. 2011). These differing 

physiological roles of GDH between shoot and root tissues could provide a potential 

explanation for the divergence in GDH abundance under salinity stress. It can be posited 

that wheat plants may respond to salinity stress by lowering their rates of glutamate 

catabolism in root tissue, but increasing their rates of 2-OG amination in shoot tissue.  

 

The interconversion of nucleoside phosphates is a key step in fine tuning in vivo rates of 

mitochondrial metabolism (Roberts et al. 1997), and the two major mitochondrial 

enzymes involved in metabolising nucleotide phosphates, NDPK and ADK, have been 

linked to stress perception (Valenti et al. 2007). The reaction catalysed by ADK can be 

positioned as a buffering systems in order to maintain ADP:ATP ratios within a narrow 

window in order to regulate the stimulatory effect of ADP upon ETC flux. NDPK can 

be thought of as a regulator that fine tunes the rates of catabolic versus anabolic 

processes, because ATP is produced by catabolism and GTP is typically consumed by 

anabolic reactions (Roberts et al. 1997). These two functionally related enzymes are 

both localised within the intermembrane space, and they have been shown to physically 

associate, perhaps to mediate substrate channelling for faster catalysis (Johansson et al. 

2008). The data gathered on NDPK and ADK in this comparison once again show 

divergent responses between root and shoot tissues, with shoot mitochondria exhibiting 

lower abundance of NDPK following salt treatment while ADK was unchanged. 

Conversely, root mitochondria exhibited lower abundance of ADK under salt treatment 

with NDPK unchanged (Table 3.3). These results raise the intriguing possibility that 

salinity stress alters the stoichiometry of the interaction between these two proteins in a 

tissue specific manner. Perhaps this serves to fine tune the abundance of nucleoside 
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phosphates within the mitochondrial IMS in order to meet the specific metabolic and 

signalling requirements of each specific tissue under their different salinity scenarios.  

 

3.3.2.1.4 Redox defence  

Salt treated plants generally exhibit higher abundance of ROS species compared to 

untreated controls (Borsani et al. 2001; Skopelitis et al. 2006; Schwarzlander et al. 

2009), and control versus stress experiments have shown that mitochondrial ROS 

defences are frequently induced by salinity stress (Appendix Table 6.1.3). 

Compellingly, overexpression of genes encoding mitochondrial antioxidant proteins can 

enhance salinity tolerance (Wang et al. 2004; Wang et al. 2010). In this study, treatment 

analyses show that salinity induces accumulation of protein spots matching to MnSOD 

in both roots and shoots, across both genotypes under study (Table 3.3). MnSOD 

presented as a train of three protein spots (MW~24 kDa, pI~6-7), with all three spots 

being salt induced in at least one variety in isolated root mitochondria, while the two 

more acidic spots being induced by salt in both varieties in shoot mitochondria (Table 

3.3). These repeated measurements of higher MnSOD abundance at the protein level 

show the importance of mitochondrial superoxide detoxification in mediating salinity 

tolerance across both roots and shoots, and gives further weight to the very strong links 

between MnSOD abundance and salinity tolerance. The enzymological reaction 

catalysed by MnSOD converts O2·
-
 to H2O2, and two mitochondrial proteins involved in 

mitochondrial H2O2 detoxification, peroxiredoxin and MDHAR, both exhibited higher 

abundance under salinity treatment in root mitochondria (Table 3.3). This result fits 

with the contention that root tissue was undergoing a more severe salinity scenario than 

shoot tissue, which perhaps necessitated increased detoxification capacity of H2O2 via 

these reactions. However, these proteins were not induced by salt treatment in isolated 

shoot mitochondria, suggesting that O2·
-
 and H2O2 may have different roles between 

these two tissue types. Perhaps superoxide prevention and detoxification is more 

important in shoot tissue, shown by the induction of AOX and MnSOD, whereas 

detoxification of both superoxide and H2O2 are important in root tissue, shown by 

induction of MnSOD, Prx and MDHAR.   

 

3.3.2.1.5 Heat shock proteins and prohibitins 

Mitochondrial heat shock proteins play key roles in the synthesis of mitochondrial 

encoded proteins, the import of nuclear encoded proteins, as well as quality control of 

damaged or misfolded proteins in order to prevent malfunction and aggregation 
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(Timperio et al. 2008). Prohibitins are thought to perform a similar function, as they 

associate into large complexes in the inner mitochondrial membrane which act as a 

scaffold via which ETC complexes are assembled (Nijtmans et al. 2000). In this study, 

salinity treatment generally induced lower abundance of mitochondrial heat shock 

proteins and prohibitins, with lower abundance of Hsp60 being measured in both 

genotypes in both roots and shoots (Table 3.3). The complementary component of the 

chaperonin complex, Hsp10, exhibited lower abundance in root mitochondria from both 

genotypes following salt treatment (Table 3.3). Furthermore, several spots matching to 

Hsp70 and prohibitin exhibited lower abundance under salinity treatment in root 

mitochondria (Table 3.3). These more pronounced effects in the root again point toward 

a more severe salinity scenario in roots compared to shoots. Mechanistically, the 

diminished abundance of Hsps and prohibitins under salinity is counterintuitive, as in 

vitro experiments have conclusively shown that NaCl stress leads to protein misfolding 

(Danson et al. 1997). One explanation for lower chaperone abundance under salinity 

stress involves slower rates of mitochondrial protein import, as was noted under cold 

and paraquat stresses (Taylor et al. 2003). Perhaps further experiments could investigate 

the effects of salinity stress upon rates of protein synthesis and degradation using 

metabolic labelling and high throughput proteomics techniques (Li et al. 2012). Such 

analyses could further our understanding of whether the mitochondrion has a lower 

demand for the chaperone function of heat shock proteins due to slower protein turnover 

under salinity conditions.  

 

3.3.2.2 Protein spots exhibiting differential abundance between genotypes 

The 2D-DIGE analysis presented in this study enables a detailed comparison of 

mitochondrial protein composition between two genotypes with contrasting salinity 

tolerance, v. CS (sensitive) and v. AMP (tolerant). A major aim of this study was to 

identify proteins of higher abundance within mitochondria of the salt-tolerant v. AMP, 

as these could derive from the wild genetic background of Lophopyrum elongatum. The 

molecular functions of these proteins could contribute to the higher salt tolerance of v. 

AMP, and serve as molecular targets for breeding wheat varieties with higher salt 

tolerance. Generally, ANOVA analysis of the shoot mitochondrial comparison yielded a 

greater number of genotype (G) effects of high statistical significance compared to the 

root mitochondrial comparison. Spots exhibiting p<0.001 for genotype effect being 

evident in seven of the 27 mitochondrial protein spots deemed significant within the 

shoot analysis, compared to four out of the 59 protein spots deemed significant in the 
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root comparison. Furthermore, the higher yield of mitochondria isolated from shoot 

tissue as well as their amenability to IEF/SDS-PAGE enabled detailed investigation of 

v. AMP-specific protein spots via Q-TOF mass spectrometry. This was not successful in 

the root mitochondria due to a lack of sufficient material and lower spot intensity on 2D 

gels. Mitochondrial proteins which exhibited significantly differences in abundance 

(p<0.05 for genotype effect) are discussed below, with special focus on the spots which 

were higher in v. AMP matching MnSOD, beta-cyanoalanine synthase (β-CAS), malate 

dehydrogenase (MDH) and serine hydroxymethyltransferase (SHMT). A major focus of 

this chapter involved using peptide mass spectrometry to find specific isoforms of these 

proteins, as genetic alleles encoding these isoforms could potentially serve as breeding 

targets for improving the salinity tolerance of wheat.  

 

3.3.2.2.1 MnSOD 

Abundance of MnSOD is strongly linked to genotypic salt tolerance, compellingly 

shown by transgenic studies where the overexpression of MnSOD has increased the 

salinity tolerance of Arabidopsis and poplar (Wang et al. 2004; Wang et al. 2010). Also, 

correlative studies link MnSOD abundance/activity to whole plant salt tolerance across 

genotypes (Chapter Two; Appendix Table 6.1.3). The data in Chapter Two linked 

differential MnSOD isoform abundance to salt tolerance of commercial wheat 

genotypes, while in humans there is clinical interest in whether disease susceptibility is 

linked to naturally occurring sequence variations in the MnSOD protein encoded at the 

SOD2 locus (Borgstahl et al. 1996; Crawford et al. 2012). In this study of v. CS and v. 

AMP, wheat MnSOD presented as a train of three protein spots (MW~24 kDa, pI~6-7), 

with the most acidic spot from this train being more abundant in v. AMP. The 

abundance of this acidic spot was highly significant for genotype effect in mitochondria 

isolated from both roots and shoots (ANOVA p<0.001 for both root and shoot 

comparisons, Table 3.5, spot 25 and Table 3.6, spot 51). A thorough investigation of 

peptide mass spectra derived from this particular MnSOD protein spot in shoot 

mitochondria was undertaken with the aim of defining more detailed links between 

MnSOD composition and the higher salinity tolerance of v. AMP (Figure 3.9). This 

process did not identify a compositional difference between the more acidic gel spot 

that was higher in v. AMP compared to the other MnSOD spots analysed, with the 

results of both database searching and de novo sequencing suggesting that the amino 

acid sequences of the MnSOD proteins expressed by both genotypes were highly 

similar, despite their different 2D gel patterns (Figure 3.9). However, this analysis 
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revealed a number of insights into wheat MnSOD, with two distinct isoforms of 

MnSOD identified in Chapter Two being detected across all three spots analysed from 

both varieties in this comparison (Figure 3.10). This suggests that the two varieties 

exhibit similar MnSOD isoform profiles, despite v. AMP containing novel genetic 

material from the Lophopyrum elongatum genome. Furthermore, it was found that 

several MnSOD peptides carry a diverse range of tryptophan oxidation products. The 

tryptophan derivatives kynurenine (+4 Da), hydroxytryptophan (+16 Da), and N-

formylkynurenine (+32 Da) being detected at the MS level using MALDI-MS, as well 

as at the MS/MS level using ESI-MS/MS (Figures 3.11 and 3.12). Oxidation events can 

alter the structure, kinetics and turnover of proteins in vivo (Davies 2005), and this 

study identifies a set of oxidation-prone residues in wheat MnSOD. Compared to 

oxidative modifications that are well known to be induced in vitro during sample 

handling, such as methionine oxidation, previous studies have determined that 

tryptophan oxidation is highly selective, because only a small fraction of tryptophan 

residues in a given proteome exhibit this modification (Moller et al. 2006). A previous 

survey of tryptophan oxidation to N-formylkyneurenine within the plant mitochondrial 

proteome showed that this modification was only detected on enzymes that catalyse 

redox reactions, including MnSOD. This suggests that there is a biological basis 

defining whether a given tryptophan residue is prone to this oxidative modification 

(Moller et al. 2006). Both the substrate (O2·
-
) and the product (H2O2) of the MnSOD 

reaction are ROS species, so it can be postulated that MnSOD sequences have adapted 

molecular mechanisms to cope with oxidative damage over evolutionary time. The 

theory put forward by Moller et al (2004) is that MnSOD has evolved to contain a set of 

oxidation-prone tryptophan residues, and that oxidative modifications to these residues 

could act as a sacrificial site of oxidation in order to preserve the redox integrity of the 

enzyme’s active site. The work presented here does not provide a link between the 

presence of these modifications and the different gel patterns between the two 

genotypes, as I did not observe any correlation between MnSOD gel position and the 

extent of oxidative tryptophan modifications to tryptic peptides. Therefore, the 

mechanistic basis governing the variable 2D gel position of MnSOD in wheat is still 

unknown. However, the data presented in this work presents a correlative link between 

MnSOD abundance and genotypic salinity tolerance, with 2D-DIGE showing the 

tolerant v. AMP exhibited higher abundance of an acidic MnSOD protein spot in both 

root and shoot mitochondria. Therefore, two logical topics for subsequent experiments 

include a more thorough investigation of the relationships between MnSOD properties 
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and salinity tolerance in wheat, as well as investigating the mechanistic underpinning of 

the varying pI values of wheat MnSOD.  

 

3.3.2.2.2 β-Cyanoalanine synthase 

Cyanide is a toxic inhibitor of cytochrome oxidase (CIV), but all plants produce 

endogenous cyanide in the course of ethylene metabolism, while thousands of plant 

species defend themselves against herbivore attack by producing cyanide through 

hydrolysis of cyanogenic glycosides (Poulton 1990). This cyanide must be metabolised 

to prevent toxicity, and the enzyme primarily responsible for cyanide detoxification is 

beta cyanoalanine synthase (β-CAS), which is localised to the mitochondrion. It can be 

presumed that this proximity to cytochrome oxidase is evolutionarily favourable 

because it protects the ETC from cyanide inhibition (Yi et al. 2012). The shoot 

mitochondrial comparison showed that v. AMP exhibited differing abundance of a 

protein spot matching to β-CAS (Table 3.5, spot 16). This difference was not observed 

in isolated root mitochondria, which is probably attributable to lower abundance of β-

CAS in this tissue (Wurtele et al. 1985). Initial database searching of mass spectrometry 

data derived from v. CS and v. AMP did not reveal any compositional differences 

between the β-CAS proteins identified in the two genotypes. However, de novo 

sequencing of high quality v. AMP-specific MS/MS spectra following Q-TOF mass 

spectrometry defined a candidate peptide that could derive from a v. AMP-specific β-

CAS gene (MGLQQQEEDHPAPAPGVLNIR, Figures 3.13 and 3.15). Alignment of 

this peptide against the wheat β-CAS sequence (TC373702) showed very high 

homology at both the N and C termini of the peptide, but the APAP sequence within the 

middle of the peptide was not matched to the ‘canonical’ wheat sequence. This suggests 

that the protein might derive from the Lophopyrum elongatum genome. Alignment of β-

CAS sequences from a range of taxa showed that this peptide is likely to reside within 

the N-terminal region of the protein. This region shows little conservation between 

species, perhaps indicating that sequence variations in this region of the enzyme are a 

likely site for isoform variations. However, the limitations of de novo sequencing are 

well characterised (Habermann et al. 2004), so it is possible that the amino acid 

sequence was misassigned to the spectrum in question, or otherwise this peptide could 

derives from a wheat gene that is not present in the search databases due to incomplete 

EST sampling. Therefore, corroborating genetic analysis β-CAS sequences in 

Lophopyrum elongatum would be desirable to confirm the genetic origin of this 

potentially novel isoform. Although β-CAS abundance was not induced by salinity 
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treatment, the baseline abundance of this protein was higher in the tolerant v. AMP. 

Given that Lophopyrum elongatum has adapted to a highly saline ecological niche, it 

could be postulated that higher β-CAS abundance might contribute to salinity tolerance. 

Therefore, the β-CAS locus on the Lophopyrum elongatum genome could perhaps be a 

candidate gene for manipulation of salinity tolerance by incorporating this sequence into 

elite wheat cultivars.  

 

3.3.2.2.3 Malate dehydrogenase 

The malate dehydrogenase (MDH) enzyme is a component of the TCA cycle that is 

widely distributed across biological taxa (Goward et al. 1994). In plants, the role of 

MDH extends beyond this single pathway, as other MDH isoforms are involved in a 

range of biochemical processes across several organelles (Gietl 1992). The 

mitochondrial MDH exhibits complex interactions with photosynthesis in illuminated 

leaves (Nunes-Nesi et al. 2005; Tomaz et al. 2010). Enzymological analyses have found 

a correlation between mitochondrial MDH activity and salinity tolerance across rice 

varieties, with the more tolerant genotype exhibiting higher activity of the 

mitochondrial MDH enzyme under both control and salt-treated conditions (Kumar et 

al. 2000). In this study, MDH is present as a train of highly abundant spots of MW~37 

kDa and pI~5-7. The most basic spot (pI~7) exhibited higher abundance in v. AMP 

across both shoot and root tissue (Table 3.5, spot 18 and Table 3.6, spot 43). In an 

attempt to provide sequence level information about the amino acid composition of the 

MDH spot of higher abundance in v. AMP, tryptic peptides from this protein spot were 

analysed using Q-TOF mass spectrometry (Figure 3.16). Overall, this process did not 

find strong evidence to show that the v. AMP protein spot contained a fundamentally 

different amino acid composition compared to the v. CS spot, because peptides detected 

in the v. AMP MDH spot matched well to wheat EST sequences in the database (five 

matched peptides, MOWSE 378). Although analyses of high quality unmatched spectra 

via de novo sequencing provided two potential v. AMP-specific peptides (sequences 

and spectra shown in Figures 3.17 and 3.18), inspection de novo sequences assigned to 

the spectra were in fact highly similar to peptide sequences which were already matched 

from this protein spot via database searching. This casts doubt on the assertion that this 

MDH protein derives from a novel genetic locus on the Lophopyrum elongatum 

genome. One interpretation of these data is that the v. AMP MDH spot contains post 

translational modifications within these two specific peptides, resulting in a different pI 

for the protein. This could also account for the high-quality unmatched spectra that 
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contained elements of the ‘canonical’ wheat MDH sequence. Another potential 

interpretation is that v. AMP MDH contains a novel presequence which cannot be 

cleaved by the wheat protein import machinery, as the alignment of de novo peptide B 

against MDH sequences from a range of taxa shows that this peptide could be derived 

from the N-terminal presequence of the protein (Figure 3.18). Again, future genetic 

investigations would be required to definitively explain the molecular basis for the 

differences in MDH 2D gel patterns between v. CS versus v. AMP.  

 

3.3.2.2.4 Serine hydroxymethyltransferase 

Under salinity, it is thought that photorespiration operates at a faster rate due to stomatal 

closure, which reduces Ci and therefore shifts RuBisCO kinetics towards oxygenation 

(Wingler et al. 2000). The SHMT enzyme catalyses one of the mitochondrial steps of 

the photorespiratory pathway, and transgenic knockout of SHMT reduces the salinity 

tolerance of Arabidopsis (Moreno et al. 2005). In the shoot mitochondrial 2D-DIGE 

comparison, protein spots derived from the highly abundant photorespiratory SHMT 

enzyme presented as a train of spots (approximate gel position: MW~52 kDa, pI 7-8). In 

mitochondria isolated from v. AMP, the basic end of this train contained a highly 

abundant protein spot which was clearly less abundant in v. CS (ANOVA p<0.001, 

Table 3.5, spot 11). This difference was also observed in root mitochondria, but with a 

lower magnitude due to the lower abundance of SHMT in this non-photosynthetic tissue 

(Table 3.6, spot 27). In an attempt to define the amino acid composition of the v. AMP-

specific SHMT, this spot was analysed via Q-TOF MS/MS. This analysis indicated that 

this protein was probably derived from a wheat gene due to strong matches of peptide 

mass spectra to the wheat TC database with good coverage, and the absence of any 

high-scoring, v. AMP-specific unmatched peptides by de novo sequencing (Figure 

3.19). Therefore, I suspected that the differential abundance of this protein spot could 

potentially be derived from altered incidence of certain protein modifications to SHMT 

in v. AMP. Searching Q-TOF MS/MS spectra from SHMT spots against the wheat TC 

database with variable modifications yielded one potential phosphorylated peptide, 

which was detected across the SHMT train in v. AMP but not v. CS (Figure 3.19). 

However, given that phosphorylation shifts protein pI to a more acidic value (Halligan 

et al. 2004), this seems an unlikely explanation to account for the highly abundant 

SHMT spot at the basic end of the spot train. Therefore, further analysis would be 

required to define the molecular reason for the higher pI of this particular SHMT spot in 

v. AMP. Analysis is also needed to determine whether the higher abundance of this one 
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spot in the train confers higher SHMT enzyme activity on v. AMP mitochondria. 

Another genotypic difference in the shoot mitochondrial data set was the higher 

abundance of an SHMT breakdown product in v. AMP, particularly under salinity 

stress. This suggests that the rate or pathway through which SHMT is degraded could 

differ between the two genotypes. This possibility is particularly interesting hypothesis 

when interpreted through a framework of peptide-mediated mitochondrial retrograde 

signalling, whereby proteolytically cleaved peptides transmit specific signals to the 

nucleus (Moller et al. 2010). 

 

3.3.2.2.5 Aconitase 

There are links between ROS, salinity stress and aconitase activity, as salt treatment has 

been shown to increase the rate of mitochondrial ROS production (Hernandez et al. 

1993), while ROS-dependent inactivation of the aconitase enzyme has been observed 

across a number of species (Verniquet et al. 1991; Tan et al. 2010). Interestingly, 

reduction in MnSOD abundance via RNAi in Arabidopsis results in lower aconitase 

activity, presumably due to damage of the ROS-sensitive iron-sulphur cluster in the 

aconitase enzyme (Morgan et al. 2008). This highlights the feedbacks between 

mitochondrial metabolism and ROS. In the root mitochondrial comparison, protein 

spots matching to aconitase exhibited different pI values between genotypes, with the 

tolerant v. AMP exhibiting higher abundance of the two more basic protein spots (Table 

3.6, spots 3 and 4). This varietal differences in aconitase pI values shown in this work is 

corroborated by previous investigations into pI distributions of aconitase in these same 

two genotypes. Using isoelectric focussing followed by in-gel activity staining, the 

work found that v. AMP exhibited a larger number of aconitase bands compared to v. 

CS, and v. AMP-specific bands were detected at more basic pI values compared to the 

‘canonical’ set of aconitase bands present in v. CS (Chenicek et al. 1987). In the work 

presented here, no genotype or treatment differences in aconitase abundance were 

observed in the shoot mitochondrial comparison, although this could perhaps be 

attributed to the dominance of the highly abundant mitochondrial photorespiratory 

enzyme glycine decarboxylase P protein, which migrates to that same region of the gel 

and could mask any differences in aconitase abundance in shoot mitochondria. Attempts 

to profile the composition of these variety-specific aconitase spots in root mitochondria 

using Q-TOF MS/MS were not successful, likely due to a lack of sufficient material 

from root mitochondrial preparations. However, inspection of the peptides identified by 

TOF/TOF did not indicate any compositional differences between the two aconitase 
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protein spots which were higher in v. AMP versus the other spots in the aconitase train. 

Therefore, there is no evidence in the mass spectrometry data to show that the more 

basic aconitase 2D gel spots are derived from a novel locus on the Lophopyrum 

elongatum genome. It is interesting to consider that several aconitase protein spots 

displayed increased abundance in both varieties in response to salt treatment in roots 

(Table 3.6, spots 1, 2 and 3), indicating that higher aconitase abundance in root tissue 

could be a molecular strategy that enhances the capacity of the mitochondrion to cope 

with the impact of salinity stress. Therefore, higher abundance of aconitase in v. AMP 

could suggest that v. AMP employs this tolerance strategy to a greater degree than v. 

CS. However, studies have shown that ROS damage can lead to rearrangements within 

the iron-sulphur cluster in aconitase (Verniquet et al. 1991), and this mechanism 

perhaps contributes to the range of pI values that aconitase exhibits here. Therefore, an 

alternative explanation for differing pI values for aconitase 2D gel spots between v. CS 

and v. AMP involves v. AMP exhibiting a wider range of intact versus damaged copies 

of the enzyme, with this more heterogeneous population migrating across a wider pI 

range compared to v. CS. So, perhaps faster replacement of damaged copies of 

aconitase contributes to tolerance. Whatever the mechanism, these data implicate the 2D 

gel position of aconitase as a parameter that varies between a salt tolerant versus a salt 

sensitive variety of wheat. This justifies further studies into the role of aconitase under 

salinity stress, given that salinity stress is strongly linked to higher mitochondrial ROS 

levels, and aconitase deactivation is a major mitochondrial target of ROS. 

 

3.3.2.2.6 Complex I 

Several other protein spots exhibited differing abundance values between the two 

genotypes. In the shoot comparison, several spots matching to the CI 75 kDa subunit 

were higher in v. AMP, under both control and salt treatment (Table 3.5, spots 1, 2, 3). 

It is interesting that this protein was induced by both genotypes under salinity treatment 

in root mitochondria (Table 3.3), which were likely undergoing a more severe salinity 

scenario. Perhaps higher CI abundance in shoot tissues is indicative of a strategy by 

which the tolerant v. AMP is poised to cope with the onset of a more dramatic salt 

stress, by pre-loading shoot mitochondria with this salinity responsive protein even 

under control conditions. One potential mechanism involves faster flux through CI 

leading to more efficient ATP synthesis (De Block et al. 2011), which could promote 

vacuolar ion sequestration in the leaves of v. AMP. 
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3.3.2.3 Protein spots exhibiting significant genotype × treatment interactions 

Overall, there were a small number of significant genotype × treatment interactions 

across the two data sets (one in the shoot data set and two in the root data set), 

suggesting that the two genotypes deployed similar molecular strategies to cope with 

the detrimental effects of salinity stress. The strongest genotype × treatment interaction 

across the two data sets was exhibited by the acidic MnSOD protein spot in the root 

mitochondrial comparison, which displayed higher abundance under salinity in v. AMP 

but lower abundance under salinity in v. CS (Table 3.6, spot 51). This shows that 

MnSOD abundance is a highly flexible component of the mitochondrial proteome 

across genotypes and treatments. The divergent salinity responses of this spot between 

v. CS compared to v. AMP gives further justification for a subsequent experiments that 

investigate the composition of this acidic MnSOD spot. The other spot exhibiting a 

significant genotype × treatment interaction in the root comparison was the most basic 

spot matching to aconitase, which increased under salinity stress in v. AMP but not v. 

CS (Table 3.6, spot 4). In the shoot mitochondrial proteome comparison, only one 

protein spot showed a statistically significant genotype × treatment interaction, this 

being a faint breakdown product of SHMT which exhibited higher abundance in v. 

AMP under salinity but stayed relatively constant in v. CS across control and salinity 

treatments (Table 3.5, spot 24). Other studies in the literature involving whole-tissue 

proteomic investigations into genotypic salinity responses have typically revealed a 

larger number of proteins with significant genotype × treatment interactions (Vincent et 

al. 2007; Manaa et al. 2011). This suggests that compared to other cellular sub-

proteomes, the mitochondrial proteome exhibits strong consistency in its salinity 

response across genotypes. That said, the small number of genotype × treatment effects 

identified in this study focuses attention on the acidic MnSOD spot in root 

mitochondria, which exhibited a highly significant genotype × treatment interaction 

(Table 3.6, spot 51). This particular MnSOD spot is therefore positioned as a key result 

of this study, due to its strongly significant salinity response between v. CS and v. 

AMP, as well as the extensive links between MnSOD and salinity tolerance in the 

literature (Appendix Table 6.1.3). 

 

3.4 Conclusion 

Here I investigate the effects of salt stress on mitochondrial properties in wheat, 

comparing the model wheat genotype Chinese Spring (v. CS) to a salt tolerant 

amphiploid (v. AMP). It is likely that v. AMP contains novel mechanisms for salinity 
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tolerance absent in commercial lines, because it was created by combining the entire v. 

CS genome with the entire genome of a salt tolerant wild wheatgrass species, 

Lophopyrum elongatum (Omielan et al. 1991). The major focus of the investigation is 

two proteomic data sets where 2D-DIGE was used to compare isolated mitochondrial 

composition between the two genotypes following either control or salt treatment. 

Mitochondria isolated from root tissue and shoot tissue are analysed in two separate 

comparisons. These data sets provide a set of mitochondrial proteins that exhibit altered 

abundance following salt treatment. These can be added to the catalogue of salt-

responsive mitochondrial proteins collated in Appendix Table 6.1.3 to further our 

understanding of how mitochondrial composition responds to salt stress. Furthermore, a 

number of protein spots exhibited higher abundance in v. AMP, perhaps contributing to 

its higher salt tolerance. Of particular note is the higher abundance of a specific MnSOD 

2D gel spot in the tolerant v. AMP, because this enzyme has been extensively linked to 

salinity tolerance in the literature (Hernandez et al. 2000; Mittova et al. 2003; Wang et 

al. 2004; Wang et al. 2010). This molecular data is framed by physiological and 

biochemical measurements that analyse the effect of salinity treatment on growth, 

photosynthesis and respiration. These measurements showed that v. AMP was more 

tolerant in terms of biomass retention between control versus salt treatment, although it 

exhibited inherently slow growth under control treatment which might have been 

underpinned by faster rates of respiratory CO2 efflux (Atkin et al. 1996). Under salinity, 

v. AMP exhibited higher osmotic tolerance compared to v. CS, and both genotypes 

showed salinity-linked induction of AOX in shoots but not roots. Summarising this 

chapter, I wish to emphasise several points. First is that the results gathered from 

proteomic comparisons of isolated mitochondrial protein composition can increase 

scientific knowledge of the mitochondrial responses to salinity in wheat by defining the 

proteins and pathways that differ in abundance in response to salt treatment. Second, by 

identifying mitochondrial proteins that exhibit higher abundance in the tolerant v. AMP, 

I present candidate proteins for salinity tolerance, which could perhaps serve as 

breeding targets for boosting the tolerance of commercial wheat varieties (Colmer et al. 

2006). Third, by integrating these molecular data sets with biochemical and 

physiological assessments of mitochondrial function, the proteomics data can be linked 

to physiological mechanisms to give a broad scientific understanding into how salt 

stress affects mitochondrial function.   
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Table 3.1: Salinity responses of growth, photosynthesis and transpiration in v. CS 

and v. AMP 

Means ± standard deviations of growth, photosynthetic and transpirational parameters 

measured in v. CS and v. AMP plants grown hydroponically in controlled environment 

conditions for seven weeks. Salt treatment involved 200 mM NaCl applied in four 50 

mM/day increments over days one-four after sowing. To determine statistical 

significance, data were analysed using two way ANOVA, and lower p-values are 

indicated by more asterisks (p<0.05:*, p<0.01:**, p<0.001:***). G denotes genotype 

effect, T denotes treatment effect and G×T denotes their interaction. 

 

 

CS AMP Statistical 

significance Control Salt Control Salt 

Growth measurements 

Shoot dry weight (g) 

(n=12) 6.13 ± 2.8 1.70 ± 0.26 2.50 ± 1.1 0.98 ± 0.29 G***/T***/G×T** 

Root dry weight (g) 

(n=12) 0.46 ± 0.20 0.14 ± 0.02 0.29 ± 0.13 0.19 ± 0.06 T***/G×T** 

Leaf elongation rate (mm 

d-1) (n=8) 71.1 ± 15 33.4 ± 6.6 49.2 ± 14 43.4 ± 8.4 T***/G×T*** 

Photosynthetic and transpirational measurements 

Photosynthesis rate (µmol 

CO2 m
-2 s-1) (n=8) 16.8 ± 1.7 16.4 ±1.6 18.0 ± 2.4 19.6 ± 1.4 G** 

Transpiration rate (mmol 

H2O m-2 s-1) (n=8) 2.37 ± 0.42 1.62 ± 0.37 2.48 ± 0.70 2.35 ± 0.47  G*/T* 

Intracellular CO2 (ppm 

CO2) (n=8) 300 ± 14 244 ± 25 298 ± 20 275 ± 13 G*/T***/G×T* 

Stomatal conductance 

(mmol H2O m-2 s-1) (n=8) 0.40 ± 0.09 0.20 ± 0.05 0.43 ± 0.17 0.31 ± 0.06 T*** 

Vcmax (µmol CO2 m-2 s-1) 

(n=8) 61.4 ± 8.6 86.2 ± 9.9 71.1 ± 10 89.9 ± 6.2 G*/T*** 

Jmax (µmol CO2 m-2 s-1) 

(n=8) 118.3 ± 24 172 ± 18 126 ± 23 166 ± 13 T*** 

CO2 compensation point 

(ppm CO2) (n=8) 36.4 ± 2.4 43.4 ± 2.4 38.7 ± 1.5 44.6 ± 2.3 G*/T*** 
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Table 3.2: Respiration rates of intact tissue from v. CS and v. AMP plants 

following control and salt treatments 

Means ± standard deviations of respiratory parameters measured in v. CS and v. AMP 

plants grown hydroponically in controlled environment conditions for either seven 

weeks or five days. Salt treatment involved 200 mM NaCl applied in four 50 mM/day 

increments over days one-four after sowing. To determine statistical significance, data 

were analysed using two way ANOVA, and lower p-values are indicated by more 

asterisks (p<0.05:*, p<0.01:**, p<0.001:***). G denotes genotype effect, T denotes 

treatment effect and G×T denotes their interaction. 

 

 

CS AMP Statistical 

significance Control Salt Control Salt 

Respiratory measurements (7 week old plants) 

Leaf respiratory O2 

consumption (µmol O2 m
-2 s-

1 ml-1) (n=6) 1.11 ± 0.30 0.96 ± 0.25 1.49 ± 0.37 1.05 ± 0.26 T* 

Leaf respiratory CO2 release 

(µmol CO2 m
-2 s-1) (n=6) 0.52 ± 0.27 0.53 ± 0.19 0.90 ± 0.33 0.76 ± 0.23 G** 

Leaf respiratory quotient 

(CO2 released/O2 consumed) 

(n=6) 0.46 ± 0.17 0.55 ± 0.11 0.60 ± 0.15 0.73 ± 0.12 G** 

Root respiratory O2 

consumption (pmol O2 mg-1 

s-1 ml-1) (n=6) 96.9 ± 36 123 ± 4.7 72.8 ± 16.7 101 ± 38 T* 

Respiratory measurements (5 day old plants) 

Leaf respiratory O2 

consumption (pmol O2 mg-1 

s-1 ml-1) (n=8) 99.2 ± 28 248 ± 85 87.6 ± 18 175 ± 43 G*/T*** 

Leaf respiratory O2 

consumption + KCN (pmol 

O2 mg-1 s-1 ml-1) (n=4) 79.4 ± 9.9 245 ± 5.7 101 ± 6.8 174 ± 48 T*** 

Leaf respiratory O2 

consumption + SHAM 

(pmol O2 mg-1 s-1 ml-1) (n=4) 59.1 ± 11 154 ± 69 46.3 ± 27 71.0 ± 13 T* 

Root respiratory O2 

consumption (pmol O2 mg-1 

s-1 ml-1) (n=8) 170 ± 35 206 ± 60 182 ± 62 246 ± 44 T* 

Root respiratory O2 

consumption + KCN (pmol 

O2 mg-1 s-1 ml-1) (n=4) 97.4 ± 17 101 ± 22  82.5 ± 31 90.9 ± 27 - 

Root respiratory O2 

consumption + SHAM 

(pmol O2 mg-1 s-1 ml-1) (n=4) 129 ± 35 115 ± 36 99.5 ± 36 128 ± 55 - 
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Figure 3.1: Respiration rates of mitochondria isolated from v. CS and v. AMP 

following control and salt treatments 

Rates of oxygen consumption for 100 µg mitochondrial protein were measured with an 

oxygen electrode. Panel A shows data for mitochondria isolated from shoots, panel B 

shows data for mitochondria isolated from roots. White bars represent maximal O2 

consumption rates after addition of NADH, succinate and ADP (state 3), while grey 

bars represent O2 consumption rates after addition of NADH, succinate, KCN, DTT and 

pyruvate (alternative pathway). Error bars represent SEM (n=3).  
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Figure 3.2: Representative immunoblot images of mitochondria isolated from v. 

CS and v. AMP plants following control and salt treatment with antibodies raised 

against AOX  

Abundance was quantified from Western blot images using Amersham ImageQuant 

TL
TM

 (GE Healthcare). White bars represent control treatment, grey bars represent salt 

treatment. Error bars represent SEM (n=3). 
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Table 3.3: Summary of protein spots which differed according to salt treatment in 

the 2D-DIGE comparisons of mitochondria isolated from shoots and roots 

Table summarising protein spots that exhibited p-value<0.05 for the treatment (T) effect 

following ANOVA analysis of 2D-DIGE images. Proteins are grouped according to 

functional category. See Figures 3.3 and 3.4 for representative gel images, and Tables 

3.5 and 3.6 for quantitative data and protein match information. See overleaf for 

abbreviation key. 

 

Functional 

category 

Link between 

protein abundance 

and salt treatment 

Shoot  

mitochondrial 

comparison 

Root    

mitochondrial 

comparison 

TCA cycle Higher under salt 

treatment 

- Aco, CitS, ICDH 

Higher under control 

treatment 

SCoAL-α PDC-E3, PDC-E1-α, 

MDH, SCoAL-α, 

SCoAL-β 

Electron 

transport chain 

Higher under salt 

treatment 

ATP-α CI subunits,  

SDH2, MPP-α,  ATP-

β (breakdown) 

Higher under control 

treatment 

- ATP-β (intact),    

CI-NDUF6 

C, N, P 

metabolism 

 

Higher under salt 

treatment 

GDH, FDH,  

GDC-T (breakdown), 

SHMT (breakdown) 

ME 

Higher under control 

treatment 

NDPK GDH, AspAT, ADK 

Redox defence Higher under salt 

treatment 

MnSOD MnSOD, MDHAR, 

Prx 

Higher under control 

treatment 

- - 

Heat shock 

proteins 

Higher under salt 

treatment 

- - 

Higher under control 

treatment 

Hsp60 Hsp70, Hsp60, Hsp10, 

PHB 

Membrane 

transport 

Higher under salt 

treatment 

- VDAC (two spots) 

Higher under control 

treatment 

- VDAC (two spots) 

Translation Higher under salt 

treatment 

- EF-Tu 

Higher under control 

treatment 

- - 
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Abbreviation key for table 3.3  

Aco, Aconitase; CitS, Citrate synthase; ICDH, Isocitrate dehydrogenase; SCoAL-α, 

Succinyl coenzyme A ligase alpha chain; PDC-E3, Pyruvate dehydrogenase complex 

E3 component; PDC-E1-α; Pyruvate dehydrogenase complex E1 component subunit 

alpha; MDH, Malate dehydrogenase; SCoAL-β, Succinyl coenzyme A ligase beta 

chain; ATP-α, ATP synthase alpha subunit; CI, Complex one; SDH, Succinate 

dehydrogenase; MPP-α, Mitochondrial processing peptidase alpha subunit; ATP-β, ATP 

synthase beta subunit; CI-NDUFS6, CI subunit NADH dehydrogenase ubiquinone iron 

sulphur subunit six; GDH, Glutamate dehydrogenase; FDH, Formate dehydrogenase; 

GDC-T, Glycine decarboxylase complex T subunit; SHMT, Serine 

hydroxymethyltransferase; NDPK, Nucleoside diphosphate kinase; AspAT, Aspartate 

aminotransferase; ADK, Adenylate kinase; MnSOD, Manganese superoxide dismutase; 

MDHAR, Monodehydroascorbate reductase; Prx, Peroxiredoxin; Hsp70, Heat shock 

protein seventy kilodalton; Hsp60, Heat shock protein sixty kilodalton; Hsp10, Heat 

shock protein ten kilodalton; PHB, Prohibitn; VDAC, Voltage dependent ion channel; 

EF-Tu, Elongation factor thermo unstable. 
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Table 3.4: Summary of protein spots which differed according to variety in the 2D-

DIGE comparisons of mitochondria isolated from shoots and roots 

Table summarising protein spots that exhibited p-value<0.05 for the genotype (G) effect 

following ANOVA analysis of 2D-DIGE images. Proteins are grouped according to 

functional category. See Figures 3.3 and 3.4 for representative gel images, and Tables 

3.5 and 3.6 for quantitative data and protein match information. MDH, Malate 

dehydrogenase; Aco, Aconitase; SCoAL-α, Succinyl coenzyme A ligase alpha chain; 

CI, Complex one; ATP-β, ATP synthase beta subunit; ATP FAd, ATP synthase flavin 

adenine dinucleotide binding subunit; β-CAS, Beta-cyanoalanine synthase; SHMT, 

Serine hydroxymethyltransferase; NADH-B5R, NADH-Cytochrome B5 reductase; 

MnSOD, Manganese superoxide dismutase; Prx, Peroxiredoxin; Hsp70, Heat shock 

protein seventy kilodalton; Hsp60, Heat shock protein sixty kilodalton; VDAC, Voltage 

dependent ion channel. 

 

Functional 

category 

Link between 

protein abundance 

and variety 

Shoot mitochondrial 

comparison 

Root     

mitochondrial 

comparison 

TCA cycle Higher in v. AMP 

 

MDH MDH, Aco 

Higher in v. CS 

 

SCoAL-α - 

Electron 

transport chain 

Higher in v. AMP CI 75 kDa subunit,  

ATP-β 

ATP-β 

Higher in v. CS 

 

ATP FAd - 

C, N, P 

metabolism 

Higher in v. AMP β-CAS, SHMT,  

SHMT (breakdown) 

SHMT 

Higher in v. CS 

 

NADH-B5R - 

Redox defence Higher in v. AMP MnSOD (acidic spot) MnSOD (acidic spot), 

Prx   

Higher in v. CS 

 

- MnSOD (central spot) 

Heat shock 

proteins 

Higher in v. AMP 

 

Hsp70 Hsp70 

Higher in v. CS 

 

Hsp60 - 

Membrane 

transport 

Higher in v. AMP 

 

- VDAC 

Higher in v. CS 

 

VDAC - 
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Figure 3.3: Representative 2D-DIGE comparison of shoot mitochondria from v. 

CS and v. AMP highlighting mitochondrial proteins that exhibited significantly 

different abundance values across genotypes or treatments 

In this image, Cy3 labelled proteins from shoot mitochondrial samples isolated from v. 

CS following control treatment (green) are overlayed against Cy5 labelled proteins from 

shoot mitochondria isolated from v. AMP following salinity treatment (red). Marked 

spots are mitochondrial proteins that displayed significant abundance differences 

between genotypes and/or treatments over the six gel experiment (two-way ANOVA 

p<0.05). Protein IDs gathered from peptide mass spectrometry data are shown in Table 

3.5. 
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Figure 3.4: Representative 2D-DIGE comparison of root mitochondria from v. CS 

and v. AMP highlighting mitochondrial proteins that exhibited significantly 

different abundance values across genotypes or treatments 

In this image, Cy3 labelled proteins from root mitochondrial samples isolated from v. 

CS following salt treatment (green) are overlayed against Cy5 labelled proteins from 

root mitochondrial samples isolated from v. AMP following salinity treatment (red). 

Marked spots are mitochondrial proteins that displayed significant abundance 

differences between genotypes and/or treatments over the six gel experiment (two-way 

ANOVA p<0.05). Protein IDs gathered from peptide mass spectrometry data are shown 

in Table 3.6. 
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Table 3.5: Abundance data and protein ID information for mitochondrial proteins 

that exhibited differing abundance values between genotypes and/or treatments in 

the 2D-DIGE comparison of mitochondria isolated from shoots of v. CS and v. 

AMP after control or salt treatment 

Spot number refers to Figure 3.3. Abundance data was quantified with DeCyder 

software, error bars represent SEM (n=3). To determine statistical significance, 

abundance data was analysed using two way ANOVA, and lower p-values are indicated 

by more asterisks (p<0.05:*, p<0.01:**, p<0.001:***). G denotes genotype effect, T 

denotes treatment effect and G×T denotes their interaction. Accession is from the Wheat 

TC database (TaGI release 12). MOWSE, number of matched peptides, and coverage 

data are taken from Mascot search engine. Breakdown products were assigned to spots 

which presented at lower molecular weights compared to the reference map (Figure 

2.1). 
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TCA cycle 18 

 

G*** CA617342 

 

Malate 

dehydrogenase 

121 2 24  

TCA cycle 19 

 

G*** 

T* 

TC377226 

 

Succinyl-CoA 

ligase alpha 

chain 

388 6 38  

Electron 

transport 

chain 

1 

 

G*** TC412039 

 

Complex I 75 

kDa subunit 

170 2 15  

Electron 
transport 

chain 

2 

 

G*** TC376678 
 

Complex I 75 
kDa subunit 

187 4 11  

Electron 

transport 
chain 

3 

 

G** TC389811 

 

Complex I 75 

kDa subunit 

243 4 17  

Electron 

transport 

chain 

9 

 

G** TC404839 

 

ATP synthase 

beta subunit 

 

308 

 

 

6  

 

 

13 

 

 

 

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP
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Electron 
transport 

chain 

10 

 

T* TC368629 

 

ATP synthase 
alpha subunit 

244 6 12  

Electron 

transport 
chain 

23 

 

G** TC377466 

 

ATP synthase 

FAd subunit 

224 5 11  

C, N, P 

metabolism 

11 

 

G*** TC449830 

 

Serine 

hydroxymethyl- 
transferase 

202 6 12  

C, N, P 

metabolism 

12 

 

T** TC387564 Glutamate 

dehydrogenase 

176 5 17  

C, N, P 
metabolism 

13 

 

T*** TC379352 Formate 
dehydrogenase 

129 4 11  

C, N, P 

metabolism 

14 

 

T* TC379352 

 

Formate 

dehydrogenase 

214 5 16  

C, N, P 

metabolism 

15 

 

T** TC390427 

 

Glutamate 

dehydrogenase 

106 3 10  

C, N, P 

metabolism 

16 

 

G*** TC381804 β-Cyanoalanine 

synthase 

80 3 8  

C, N, P 

metabolism 

17 

 

T* TC390353 

 

Glycine 

decarboxylase 

complex T 
subunit 

67 3 7 Yes 

C, N, P 
metabolism 

24 

 

G*** 
T*** 

G×T* 

TC418201 
 

Serine 
hydroxymethyl 

transferase 

130 3 13 Yes 

C, N, P 

metabolism 

27 

 

T** TC371824 

 

Nucleoside 

diphosphate 
kinase 

145 3 11  

Redox 

defence 

25 

 

G***     

T*** 

CA658901 Manganese 

superoxide 

dismutase 

100 2 20  

Redox 

defence 

26 

 

T* TC395139 

 

 

Manganese 

superoxide 

dismutase 

69 2 6  

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP



80 

 

Heat shock 
proteins 

4 

 

G** TC386349 
 

Heat shock 
protein 70 

249 5 13 
 

 

Heat shock 

proteins 

5 

 

T** CK153924 

 

Heat shock 

protein 60 

70 1 10 

 

 

Heat shock 

proteins 

6 

 

T*** TC428099 

 

Heat shock 

protein 60 

101 2 2  

Heat shock 

proteins 

7 

 

T** TC428099 

 

Heat shock 

protein 60 

108 2 2  

Membrane 
transport 

21 

 

G* TC369790 
 

Voltage 
dependent ion 

channel  

221 
 

8 31  

Membrane 

transport 

22 

 

G* TC368846 

 

Voltage 

dependent ion 
channel 

308 6 26  

 

 

  

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP



81 

 

Table 3.6: Abundance data and protein ID information for mitochondrial proteins 

that exhibited differing abundance values between genotypes and/or treatments in 

the 2D-DIGE comparison of mitochondria isolated from roots of v. CS and v. AMP 

after control or salt treatment 

Spot number refers to Figure 3.4. Abundance data was quantified with DeCyder 

software, error bars represent SEM (n=3). To determine statistical significance, 

abundance data was analysed using two way ANOVA, and lower p-values are indicated 

by more asterisks (p<0.05:*, p<0.01:**, p<0.001:***). G denotes genotype effect, T 

denotes treatment effect and G×T denotes their interaction. Accession is from the Wheat 

TC database (TaGI release 12). MOWSE, number of matched peptides, and coverage 

data are taken from Mascot search engine. Breakdown products were assigned to spots 

which presented at lower molecular weights compared to the reference map (Figure 

2.1). 
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TCA cycle 1 

 

T** BQ238531 

 

 

Aconitase 419 

 

9 54  

TCA cycle 2 

 

T*** TC373025 

 

Aconitase 476 6 15  

TCA cycle 3 

 

G** 
T** 

TC373025 

 
 

Aconitase 210 

 

3 11  

TCA cycle 4 

 

G*** 

G×T* 

TC373025 

 

 

Aconitase 173 3 9  

TCA cycle 17 

 

T*** TC382178 Lipoamide 
dehydrogenase 

756 9 31  

TCA cycle 32 

 

T** TC378665 

 

Citrate synthase 429 10 19  

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP
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TCA cycle 33 

 

T** TC378665 Citrate synthase 283 5 9  

TCA cycle 34 

 

T*** TC378070 

 

Succinyl-CoA 

ligase β subunit 

130 2 5  

TCA cycle 37 

 

T*** TC370105 

 

Malate 
dehydrogenase 

448 4 16  

TCA cycle 38 

 

T*** TC375673 

 

 

Malate 

dehydrogenase 

660 4 18  

TCA cycle 39 

 

T** TC445045 

 

Isocitrate 

dehydrogenase 

640 9 24  

TCA cycle 40 

 

T** TC377226 

 

Succinyl-CoA 

ligase α subunit 

313 3 19  

TCA cycle 41 

 

T** TC375936 

 

Pyruvate 

dehydrogenase 

E1α subunit 

518 10 23  

TCA cycle 42 

 

G** TC375673 

 

Malate 
dehydrogenase 

928 7 32  

TCA cycle 43 

 

G*** 

T* 

TC370105 

 

Malate 

dehydrogenase 

293 3 8  

Electron 

transport 

chain 

5 

 

T** TC376678 

 

Complex I 75 

kDa subunit 

566 

 

8 21 

 

 

Electron 

transport 
chain 

6 

 

T** TC376678 

 

Complex I 75 

kDa subunit 

523 7 19 

 

 

Electron 

transport 

chain 

7 

 

T** TC376678 

 

Complex I 75 

kDa subunit 

568 8 20  

Electron 

transport 
chain 

8 

 

T*** TC389811 

 

Complex I 75 

kDa subunit 

231 3 15 

 

 

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP
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Electron 
transport 

chain 

9 

 

T*** TC389811 

 

Complex I 75 
kDa subunit 

301 4 19  

Electron 

transport 
chain 

13 

 

T** TC385839 

 

Succinate 

dehydrogenase 
flavoprotein 

subunit 

511 8 17  

Electron 
transport 

chain 

14 

 

T*** TC385839 

 

Succinate 
dehydrogenase 

flavoprotein 

subunit 

556 10 21  

Electron 

transport 

chain 

18 

 

T*** TC404839 

 

ATP synthase 

beta subunit 

1091 11 16  

Electron 

transport 

chain 

19 

 

T*** TC404839 

 

ATP synthase 

beta subunit 

1128 10 23  

Electron 

transport 
chain 

20 

 

G* TC411944 

 

ATP synthase 

beta subunit 

1050 

 

10 29  

Electron 

transport 

chain 

23 

 

T** TC373464 

 

Mitochondrial 

processing 

peptidase alpha 
subunit 

65 2 10  

Electron 
transport 

chain 

24 

 

T* TC373464 

 

Mitochondrial 
processing 

peptidase alpha 

subunit 

556 5 27  

Electron 

transport 
chain 

25 

 

T** TC373464 

 

Mitochondrial 

processing 
peptidase alpha 

subunit 

595 5 27  

Electron 

transport 

chain 

26 

 

T** TC425082 

 

Mitochondrial 

processing 

peptidase alpha 

subunit 

616 9 17  

Electron 

transport 
chain 

28 

 

T** TC372051 

 

ATP synthase 

beta subunit 

226 5 22 Yes 

 

Electron 

transport 

chain 

56 

 

T* TC381037 Complex I 17 

kDa subunit 

530 10 19  

Electron 

transport 
chain 

57 

 

T* TC408892 

 

 

Complex I 

NDUFS6 
subunit 

482 7 31  

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP
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Electron 
transport 

chain 

58 

 

T* TC372910 

 

 

Complex I 17 
kDa subunit 

334 6 13  

C, N, P 

metabolism 

21 

 

G* 

T*** 

TC388085 

 

Methyl-

malonate 
semialdehyde 

dehydrogenase  

406 

 

7 11  

C, N, P 
metabolism 

22 

 

G* 
T* 

TC388085 

 

Methyl-
malonate 

semialdehyde 

dehydrogenase 

505 7 13  

C, N, P 

metabolism 

27 

 

G** TC449830 

 

Serine 

hydroxymethyl 

transferase 

415 9 13  

C, N, P 

metabolism 

35 

 

T** TC390855 

 

Aspartate 

aminotransfer-

ase 

568 

 

10 21  

C, N, P 

metabolism 

36 

 

T** TC387564 

 

Glutamate 

dehydrogenase 

555 10 21  

C, N, P 

metabolism 

45 

 

G* 

T*** 

TC388991 

 

Adenylate 

kinase 

526 8 25  

C, N, P 
metabolism 

46 

 

T** TC384775 

 

Adenylate 
kinase 

360 5 8  

C, N, P 

metabolism 

60 

 

T** TC417735 

 

Malic enzyme 200 5 5  

Redox 

defence 

31 

 

T* TC406872 

 

Monodehydro-

ascorbate 

reductase 

262 3 9  

Redox 

defence 

51 

 

G*** 

G×T*** 

TC395139 

 

Manganese 

superoxide 
dismutase 

236 4 16  

Redox 

defence 

52 

 

G* 

T*** 

TC395139 

 

Manganese 

superoxide 

dismutase 

175 4 17  

Redox 

defence 

53 

 

T*** TC395139 

 

Manganese 

superoxide 
dismutase 

549 7 32  

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP
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Redox 
defence 

54 

 

G* 
T*** 

TC388331 Peroxiredoxin 235 5 16  

Heat shock 

proteins 

10 

 

G* 

T*** 

TC386349 

 

Heat shock 

protein 70 

144 5 7 

 

 

Heat shock 
proteins 

11 

 

G* 
T** 

TC386349 

 

Heat shock 
protein 70 

730 7 16  

Heat shock 

proteins 

12 

 

G* TC386349 

 

Heat shock 

protein 70 

813 10 19 

 

 

Heat shock 

proteins 

15 

 

T*** TC428099 

 

Heat shock 

protein 60 

645 9 13  

Heat shock 

proteins 

16 

 

G* 

T*** 

TC428099 

 

Heat shock 

protein 60 

704 9 15  

Heat shock 

proteins 

44 

 

T** TC381621 

 

Prohibitin 560 8 31  

Heat shock 
proteins 

59 

 

G* 
T*** 

TC374691 

 

Heat shock 
protein 10 

394 6 21  

Membrane 

transport 

47 

 

G* 

T** 

TC396379 

 

VDAC porin 619 6 25  

Membrane 

transport 

48 

 

T** TC378886 

 

VDAC porin 139 2 8  

Membrane 

transport 

49 

 

T*** TC368846 

 

VDAC porin 676 9 26  

Membrane 

transport 

50 

 

G* 

T* 

TC368846 

 

VDAC porin 938 9 39  

Translation 30 

 

T* TC415496 Elongation 

factor Tu 

188 5 12 

 

 

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP



86 

 

Unknown 29 

 

T* TC373529 

 

Uncharacterised 
DJ-1 domain 

protein 

151 2 7  

Unknown 55 

 

T** CK164007 

 

Uncharacterised 

CBS domain 
protein 

531 10 28  

Unknown 61 

 

T*** TC383136 

 

Uncharacterised 
alcohol 

dehydrogenase 

domain protein 

401 6 16  

  

CS AMP

CS AMP

CS AMP
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Figure 3.5: Representative 2D-DIGE comparison of root mitochondria from v. CS 

and v. AMP highlighting proteins from contaminating organelles that exhibited 

significantly different abundance values across genotypes or treatments 

In this image, Cy3 labelled proteins from shoot mitochondrial samples isolated from v. 

CS following control treatment (green) are overlayed against Cy5 labelled proteins from 

shoot mitochondria isolated from v. AMP following salinity treatment (red). Marked 

spots are proteins from contaminating organelles that displayed significant abundance 

differences between genotypes and/or treatments over the six gel experiment (two-way 

ANOVA p<0.05). Protein IDs gathered from peptide mass spectrometry data are shown 

in Table 3.7. 
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Figure 3.6: Representative 2D-DIGE comparison of root mitochondria from v. CS 

and v. AMP highlighting proteins from isolation buffers which exhibited 

significantly different abundance values across genotypes or treatments 

In this gel image, Cy3 labelled proteins from root mitochondrial samples isolated from 

v. CS salt treatment (green) are overlayed against Cy5 labelled proteins from root 

mitochondrial samples isolated from v. AMP salinity treatment (red). Marked spots are 

proteins from isolation buffers that displayed significant abundance differences between 

genotypes and/or treatments over the six gel experiment (two-way ANOVA p<0.05). 

Protein IDs gathered from peptide mass spectrometry data are shown in Table 3.8. 
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Figure 3.7: Overlayed Cy3 versus Cy5 images from all six gels in the 2D-DIGE 

comparison of isolated shoot mitochondria 
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Figure 3.8: Overlayed Cy3 versus Cy5 images from all six gels in the 2D-DIGE 

comparison of isolated root mitochondria 
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Figure 3.9: Investigating the composition of the MnSOD protein spot of higher 

abundance in shoot mitochondria isolated from v. AMP 

This diagram depicts the workflow used to investigate the composition of the MnSOD 

spot of higher abundance in shoot mitochondria isolated from v. AMP (Table 3.5, spot 

25). The protein spot of interest was excised from the gel, digested with trypsin and 

analysed with RP-nano-HPLC/Q-TOF MS/MS. Mass spectra were searched against 

databases (wheat EST and wheat TC), and unmatched spectra were searched with more 

variable modifications. Remaining unmatched spectra were filtered for quality, and high 

quality unmatched spectra analysed via de novo sequencing. MnSOD spots from v. CS 

were also excised and analysed with mass spectrometry to determine whether spectra 

were specific to v. AMP. 
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Figure 3.10a: MS/MS spectra for the isoform-specific MnSOD peptides identified 

in both v. CS and v. AMP 

Tandem mass spectra for peptides derived from MnSOD were acquired via RP-nano-

HPLC-Q-TOF MS/MS. Spectra were searched against wheatTC and wheatEST 

databases to match to peptide sequences. Singly and doubly charged y and b ions are 

coloured and annotated.  
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Figure 3.10b: MS/MS spectra for the isoform-specific MnSOD peptides identified 

in both v. CS and v. AMP 

Tandem mass spectra for peptides derived from MnSOD were acquired via RP-nano-

HPLC-Q-TOF MS/MS. Spectra were searched against wheatTC and wheatEST 

databases to match to peptide sequences. Singly and doubly charged y and b ions are 

coloured and annotated.  
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Figure 3.11a: MS/MS spectra for the oxidative modifications to the MnSOD 

peptide LGWAIDEDFGSEIK identified in both v. CS and v. AMP 

Tandem mass spectra were for peptides derived from MnSOD were acquired via RP-

nano-HPLC-Q-TOF MS/MS. Spectra were matched to peptide sequence by searching 

against wheatTC and wheatEST databases with a number of variable oxidative 

modifications enabled. Singly and doubly charged y and b ions are coloured and 

annotated. 
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Figure 3.11b: MS/MS spectra for the oxidative modifications to the MnSOD 

peptide LGWAIDEDFGSEIK identified in both v. CS and v. AMP 

Tandem mass spectra were for peptides derived from MnSOD were acquired via RP-

nano-HPLC-Q-TOF MS/MS. Spectra were matched to peptide sequence by searching 

against wheatTC and wheatEST databases with a number of variable oxidative 

modifications enabled. Singly and doubly charged y and b ions are coloured and 

annotated. 
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Figure 3.12: MS spectrum displaying the oxidative modifications to the MnSOD 

peptide NVRPDYLTNIWK identified in both v. CS and v. AMP 

Mass spectrum of tryptic peptides derived from MnSOD were acquired via MALDI-

TOF. Annotated mass peaks match to the unmodified peptide NVRPDYLTNIWK 

(1518.76 Da), as well as masses derived from potential oxidative modifications to the 

tryptophan residue of the peptide. Chemical structures of the tryptophan modifications 

that correspond to the detected masses are depicted above each peak. 
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Figure 3.13: Investigating the composition of the β-CAS protein spot of higher 

abundance in shoot mitochondria isolated from v. AMP 

This diagram depicts the workflow used to investigate the composition of the β-CAS 

spot of higher abundance in shoot mitochondria isolated from v. AMP (Table 3.5, spot 

16). The protein spot of interest was excised from the gel, digested with trypsin and 

analysed with RP-nano-HPLC-Q-TOF MS/MS. Mass spectra were searched against 

databases (wheat EST and wheat TC), and unmatched spectra were searched with more 

variable modifications. Remaining unmatched spectra were filtered for quality, and high 

quality unmatched spectra analysed via de novo sequencing. Peptide sequences assigned 

to spectra were then refined via homology matching with the MS-BLAST program to 

correct likely I/L or Q/K misassignments. β-CAS spots from v. CS were also excised 

and analysed with mass spectrometry to determine whether spectra were specific to v. 

AMP. 
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Figure 3.14: De novo assignment of peptide sequence IYGVEPATVNLVGPGK to 

a high quality v. AMP-specific unmatched spectrum, and alignment of the 

orthologous wheat β-CAS sequence against homologous β-CAS sequences from a 

range of taxa 
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Figure 3.15: De novo assignment of peptide sequence 

MGLQQQEEDHPAPAPGVLNIR to a high quality v. AMP-specific unmatched 

spectrum, and alignment of the orthologous wheat β-CAS sequence against 

homologous β-CAS sequences from a range of taxa 
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Figure 3.16: Investigating the composition of the MDH protein spot of higher 

abundance in shoot mitochondria isolated from v. AMP 

This diagram depicts the workflow used to investigate the composition of the MDH spot 

of higher abundance in shoot mitochondria isolated from v. AMP (Table 3.5, spot 18). 

The protein spot of interest was excised from the gel, digested with trypsin and analysed 

with RP-nano-HPLC/Q-TOF MS/MS. Mass spectra were searched against databases 

(wheat EST and wheat TC), and unmatched spectra were searched with more variable 

modifications. Remaining unmatched spectra were filtered for quality, and high quality 

unmatched spectra analysed via de novo sequencing. Peptide sequences assigned to 

spectra were then refined via homology matching with the MS-BLAST program to 

correct likely I/L or K/Q misassignments. MDH spots from v. CS were also excised and 

analysed with mass spectrometry to determine whether spectra were specific to v. AMP. 
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Figure 3.17: De novo assignment of peptide sequence ATAEEVLGLGNQSAKNK 

to a high quality v. AMP-specific unmatched spectrum, and alignment of the 

orthologous wheat MDH sequence against homologous MDH sequences from a 

range of taxa 
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Figure 3.18: De novo assignment of peptide sequence 

GLVAALKGHQAGGIGQPLSLLFK to a high quality v. AMP-specific 

unmatched spectrum, and alignment of the orthologous wheat MDH sequence 

against homologous MDH sequences from a range of taxa 
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Figure 3.19: Investigating the composition of the SHMT protein spot of higher 

abundance in shoot mitochondria isolated from v. AMP 

This diagram depicts the workflow used to investigate the composition of the SHMT 

spot of higher abundance in shoot mitochondria isolated from v. AMP (Table 3.5, spot 

11). The protein spot of interest was excised from the gel, digested with trypsin and 

analysed with RP-nano-HPLC-Q-TOF MS/MS. Mass spectra were searched against 

databases (wheat EST and wheat TC), and unmatched spectra were searched with more 

variable modifications. Remaining unmatched spectra were filtered for quality, and high 

quality unmatched spectra analysed via de novo sequencing. SHMT spots from v. CS 

were also excised and analysed with mass spectrometry to determine whether spectra 

were specific to v. AMP. 
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Table 3.7: Abundance data and protein ID information for proteins from 

contaminating organelles that exhibited differing abundance values between 

genotypes and/or treatments in the 2D-DIGE comparison of mitochondria isolated 

from shoots of v. CS and v. AMP after control or salt treatment 

Spot number refers to Figure 3.5. Abundance data was quantified with DeCyder 

software, error bars represent SEM (n=3). To determine statistical significance, 

abundance data was analysed using two way ANOVA, and lower p-values are indicated 

by more asterisks (p<0.05:*, p<0.01:**, p<0.001:***). G denotes genotype effect, T 

denotes treatment effect and G×T denotes their interaction. Accession is from the Wheat 

TC database (TaGI release 12). MOWSE, number of matched peptides, and coverage 

data are taken from Mascot search engine. Breakdown products were assigned to spots 

which presented at lower molecular weights compared to the reference map (Figure 

2.1). Source of contamination was inferred from localisation of Arabidopsis 

homologues as annotated in the TAIR database. 
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c1 

 

G* 

T* 

TC410655 

 

Heat shock 

protein 70 

40 1 3  Stroma 

c2 

 

G** 

T** 

TC372814 

 

Heat shock 

protein 60 

235 5 16 

 

 Stroma 

c3 

 

G*** 

T*** 

G×T* 

TC461954 

 

RuBisCO large 

subunit 

231 5 5  Stroma 

c4 

 

G** 

T** 

TC370636 

 

RuBisCO large 

subunit 

250 4 13  Stroma 

c5 

 

G*** 

T** 

TC461954 

 

RuBisCO large 

subunit 

262 4 4  Stroma 

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP
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c6 

 

G*** 
T*** 

G×T* 

TC369101 
 

Glutamine 
synthetase 

187 3 10  Stroma 

c7 

 

G** 

T*** 

TC376723 

 

RuBisCO 

activase 

413 8 18  Stroma 

c8 

 

G** 

T*** 

G×T* 

TC376723 

 

RuBisCO 

activase 

433 8 22  Stroma 

c9 

 

G* 

T* 

TC377328 

 

Phosphoribuloki

nase 

176 4 15  Stroma 

c10 

 

G*** 

T* 

TC370561 

 

Glycolate 

oxidase 

117 3 14 

 

 Peroxisome 

c11 

 

G*** TC388958 
 

Glycolate 
oxidase 

68 2 10  Peroxisome 

c12 

 

G*** 

T* 

TC386809 

 

Glycolate 

oxidase 

280 4 25  Peroxisome 

c13 

 

G*** 
T*** 

G×T* 

TC461954 
 

RuBisCO large 
subunit 

208 7 8 Yes Stroma 

c14 

 

G*** 

T** 

TC378616 

 

Malate 

dehydrogenase 

267 3 16  Peroxisome 

c15 

 

G*** 

T* 

TC386997 

 

Malate 

dehydrogenase 

236 

 

5 18  Peroxisome 

c16 

 

T* TC451379 
 

Photosystem II 
subunit O-2 

327 6 29  Thylakoid 

c17 

 

T* TC404320 

 

Photosystem II 

subunit O-2 

326 5 32  Thylakoid 

c18 

 

G*** 
T*** 

TC417881 
 

Beta carbonic 
anhydrase 

86 4 17  Stroma 

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP



106 

 

c19 

 

G** 
T** 

CK212480 
 

Thioredoxin 
peroxidise 

336 4 17  Stroma 

c20 

 

T* CK208153 Photosystem I 

reaction centre 
subunit II 

107 2 6  Thylakoid 

c21 

 

G*** 

T*** 

G×T* 

CK212174 RuBisCO small 

subunit 

162 5 18  Stroma 

c22 

 

G* 

T** 

CK215598 

 

RuBisCO small 

subunit 

157 4 12  Stroma 

c23 

 

G** 

T** 

CK211194 

 

RuBisCO small 

subunit 

98 2 6  Stroma 

c24 

 

G*** 
T*** 

G×T* 

CK211348 
 

RuBisCO small 
subunit 

98 4 17  Stroma 

c25 

 

T* TC385047 

 

Photosystem I 

subunit N 

214 3 17  Thylakoid 

 

 

 

 

 

 

 

 

 

 

 

 

 

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP

CS AMP
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Table 3.8: Abundance data and protein ID information for proteins from 

contaminating sources that exhibited differing abundance values between 

genotypes and/or treatments in the 2D-DIGE comparison of mitochondria isolated 

from roots of v. CS and v. AMP after control or salt treatment 

Spot number refers to Figure 3.6. Abundance data was quantified with DeCyder 

software, error bars represent SEM (n=3). To determine statistical significance, 

abundance data was analysed using two way ANOVA, and lower p-values are indicated 

by more asterisks (p<0.05:*, p<0.01:**, p<0.001:***). G denotes genotype effect, T 

denotes treatment effect and G×T denotes their interaction. Accession is from Uniprot 

database. MOWSE, number of matched peptides, and coverage data are taken from 

Mascot search engine. Source of contamination was inferred from organism of matched 

protein. 
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T** P02769  Bovine serum 

albumin 

229 6 12  Isolation 

buffers 

c2 

 

T** P02769 

 

Bovine serum 

albumin 

65 2 4  Isolation 

buffers 

  

CS AMP

CS AMP
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4. Responses of isolated wheat mitochondria to saline media 

 

Abstract 

The effects of NaCl application upon plant mitochondrial biochemistry were 

investigated in vitro. Isolated wheat mitochondria were supplied with targeted 

combinations of substrates and inhibitors, such that electron flow was directed through 

specific pathways. The NaCl responses of these different electron transport pathways 

were determined by measuring oxygen consumption rates in response to sequential 

additions of NaCl. These titrations showed that all pathways of electron transport were 

inhibited by NaCl concentrations at 400 mM and above, likely due to protein 

denaturation or complex disassembly. However, differing ETC pathways showed 

divergent responses to NaCl concentrations between 0-200 mM. These lower 

concentrations elicited slower rates of oxygen consumption during oxidation of TCA 

cycle substrates. However, faster rates of oxygen consumption were measured in 

response to NaCl in scenarios where NADH was provided as substrate and electron 

flow was coupled to the generation of the proton gradient across the inner membrane. In 

contrast, NaCl additions elicited no change or slower rates of oxygen consumption 

when NADH was provided but electron flow channelled through the non-protonmotive 

alternative pathway, or when the proton gradient was abolished via FCCP. These data 

show the known ionic stimulation of the external NADH dehydrogenase, but also 

provide a novel link between the NaCl stimulation of the NADH dehydrogenase and the 

presence of an electrochemical gradient. These measurements also enabled profiling of 

which mitochondrial pathways exhibited higher salt tolerance, with oxidation of malate 

+ glutamate exhibiting higher tolerance than the oxidation of malate + pyruvate. Also, 

the alternative pathway maintained a higher portion of its activity compared to the 

cytochrome pathway at extremely high NaCl concentrations. This suggests that the 

biophysical properties of certain mitochondrial enzymes render them more tolerant to 

saline media. Measurements of isolated mitochondrial ATP synthesis rates and ADP/O 

ratios in saline media showed that oxygen consumption was still coupled to electron 

flow at NaCl concentrations up to 200 mM. Measurements of H2O2 production in saline 

media suggested that a higher proportion of the O2 consumed is converted to H2O2 

under higher NaCl concentrations. Together, the data show that exposure of isolated 

plant mitochondria to NaCl can elicit divergent effects upon respiratory rate depending 

upon substrate, perhaps offering some mechanistic explanations for the heterogeneous 

respiratory rate responses to salinity in the literature. 
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4.1 Introduction 

Large areas of the arable land on earth are prone to salinity, and the problem is 

worsening with time (Rengasamy 2006; Rozema et al. 2008). Due to the detrimental 

effects of saline soils upon plant growth, maintaining current rates of agricultural 

productivity may depend upon the enhancing the biomass and yields that major crop 

species produce when grown on saline land (Tester et al. 2010). Currently, significant 

scientific focus involves understanding the physiochemical basis through which NaCl 

exerts toxicity upon plants. Although osmotic effects operating at the whole plant level 

make a major contribution to reduced growth rates (Munns 2002), toxicity can also be 

attributed to direct biophysical interactions between Na
+
/Cl

-
 ions and conformationally 

sensitive molecular structures within the cell. For example, these charged ionic species 

can disrupt native protein structures (Danson et al. 1997), alter protein-protein 

interactions (Kuwabara et al. 1983), displace ionic cofactors such as K
+
 (Page et al. 

2006), distort membrane conformations (Izawa et al. 1966), and disrupt electrochemical 

gradients across membranes (Fricke et al. 2002). The other major focus in the literature 

involves describing tolerance mechanisms deployed by resistant species to cope with 

the stress, such as ion exclusion, osmotic tolerance and tissue tolerance (Munns et al. 

2008). These traits can be linked to mitochondrial and respiratory processes (Chapter 

One; Figure 1.1). Therefore, mitochondria are an informative and relevant organelle in 

which to study the biochemical effects exerted by high NaCl concentrations, as there is 

a detailed historical literature investigating the effect of NaCl upon respiration rates of 

intact tissues and isolated mitochondria (see Appendix Tables 6.1.1 and 6.1.2; 

Robertson (1960)). Defining the biochemical mechanisms through which isolated 

mitochondria interact with NaCl could inform attempts to rationally engineer metabolic 

routes of NaCl tolerance.  

 

In order to define the precise cellular targets of NaCl toxicity, there is a historical 

literature documenting the activity of various cellular processes when assayed in saline 

media (Greenway et al. 1972; Flowers 1974; Pollard et al. 1979). Much of this work has 

involved the analysis of individual enzymes extracted from plant tissues, and 

interestingly, a large diversity of NaCl responses have been recorded across different 

enzymes, with some being more tolerant of NaCl while others are acutely sensitive. In 

general, responses to lower concentrations of NaCl (<250 mM) are mixed, with reports 

of stimulations, inhibitions or no change to enzyme activity. However, higher 

concentrations of NaCl (>250 mM) are almost always inhibitory, with little difference 
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between NaCl versus KCl or Na2SO4 at isosmotic concentrations (Greenway et al. 

1972). In contrast, non-polar molecules such as sugars or neutral amino acids are 

relatively benign even at high concentrations (Pollard et al. 1979). Together, these data 

suggests that the one of the molecular mechanisms through which Na
+
 and Cl

-
 ions exert 

their toxicity upon the plant is through ionic effects on individual enzymes, such as 

electrostatic interactions with charged regions of a protein’s surface eliciting detrimental 

changes to protein conformation. As well as studying the effects of high NaCl upon 

individual enzymes, there are reports of how NaCl affects rate of protein synthesis by 

isolated ribosomes (Flowers et al. 1992), the rate of CO2 assimilation by isolated 

chloroplasts (Kalberer et al. 1967), and the rate of O2 consumption by isolated 

mitochondria (Appendix Table 6.1.2). One argument for studying isolated organelles is 

that they provide more accurate insights into the effects of salts upon cellular 

biophysics, as the biochemical processes under investigation are arranged into densely 

packed protein complexes embedded within phospholipid bilayers. This is probably a 

better representation of the crowded cellular milieu compared to investigations of 

enzyme functionality in soluble extracts, where the activity of cellular components are 

analysed in large aqueous dilutions introduced in vitro. The results of investigations into 

the effects of ionic salts upon isolated mitochondria show that low concentrations of 

inorganic salts (<25 mM) often exert stimulatory effects on electron transport rates in 

isolated mitochondria (Honda et al. 1958; Krab et al. 2000). These measurements 

reiterate the longstanding observation that optimal function of ETC complexes depends 

upon electrostatic interactions with the surrounding media (Smith et al. 1981). 

However, high salt concentrations (>300 mM) are inhibitory to ETC activity (Flowers 

1974; Campbell et al. 1976; Schwarz et al. 1991), likely due to protein denaturation and 

membrane dysfunction. The mechanism behind NaCl inhibition appears to involve 

osmotic rather than ionic effects, as non-polar sugars and neutral amino acids such are 

quite benign in terms of their effects upon ETC activities even at very high 

concentrations (Campbell et al. 1976). In contrast, salts that dissociate into charged 

ions, such as NaCl, KCl and Na2SO4, each exert strong inhibitory effects on the 

respiratory chain, with little difference in the magnitude of inhibition between the 

various salts (Flowers et al. 1969; Campbell et al. 1976).  

 

Investigations into mitochondrial NaCl responses generally measure oxygen 

consumption as an indicator of mitochondrial activity, but it must be noted that oxygen 

consumption and ATP phosphorylation are not always coupled in a defined 
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stoichiometry. For instance, the plant mitochondrial electron transport chain contains a 

quinol oxidase, the alternative oxidase (AOX). AOX activity can consume oxygen 

without contributing to the electrochemical gradient across the mitochondrial inner 

membrane, thus decoupling oxygen consumption from ATP synthesis. Furthermore, the 

electrochemical gradient generated by proton efflux by ETC complexes I, III and IV can 

be depolarised by a number of mechanisms independent of ATP synthase, such as the 

proton translocating UCP, as well as the electrophoretic movement of cations across the 

mitochondrial inner membrane (Pastore et al. 2007; Millar et al. 2011). Under certain 

conditions, it is believed that proton pumping can be exclusively linked to cation 

transport, forming a cycle whereby continual exchange of protons for cations 

outcompetes ATP synthesis for the electrochemical gradient established via substrate 

oxidation (Bernardi 1999; Pastore et al. 2007). Analyses of isolated mitochondria 

incubated in saline conditions showed that certain ions accumulate within the 

mitochondrion at concentrations far higher than by diffusion alone (Lorimer et al. 1969; 

Pomeroy 1976). Furthermore, ion accumulation is dependent upon the presence of 

respiratory substrates, but is not dependent upon ATP hydrolysis. This is shown by 

experiments documenting mitochondrial cation uptake in the presence of the ATP 

synthase inhibitor oligomycin, provided that a respiratory substrate was available 

(Honda et al. 1958; Goh et al. 1967). These studies enabled the development of a 

conceptual framework to link respiratory electron flow with the mitochondrial 

accumulation of cations, whereby the translocation of external cations across the 

mitochondrial inner membrane is coupled to the proton gradient generated by the 

electron transport chain. Mechanistically, the dissociation of water into H
+
 and OH

-
 ions 

within the mitochondrial matrix, followed and the expulsion of positively charged H
+
 

ions by complexes I, III and IV of the respiratory chain results in an electrochemical 

imbalance. This drives the electrophoretic uptake of cations into the mitochondrial 

matrix to balance the negative charge (Millard et al. 1965). Therefore, both ATP 

synthesis and cation translocation are possible outcomes of the electrochemical gradient 

generated across the inner mitochondrial membrane. The relative likelihoods of the two 

processes probably depend on a number of factors, such as the source of the 

mitochondria and the composition of the assay medium (Goh et al. 1967; Trono et al. 

2011). 

 

When plants are grown in saline soils, Na
+
 and Cl

-
 ions enter the transpiration stream 

and ultimately accumulate in leaf tissue, leading to toxicity and senescence (Munns et 
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al. 2008).  However, an unresolved question in the literature concerns the Na
+
 and Cl

-
 

concentrations experienced by the cytosol of salt-stressed plants. In this context the term 

‘cytosol’ is usually employed as a convenient shorthand which encompasses not only 

the cytosol but all of the non-vacuolar subcellular compartments enclosed by the plasma 

membrane such as mitochondria, nuclei and plastids (Dr R. Munns, CSIRO, pers.comm, 

Feb 2010). Although direct measurements of Na
+
 and Cl

-
 concentrations across different 

subcellular compartments in intact plant tissue are technically challenging (Kronzucker 

et al. 2010), it is well established that the vacuole can act as a sink for toxic substances 

such as Na
+
 and Cl

-
. This has been shown by electron microscopy techniques that have 

detected high Na
+
 and Cl

-
 concentrations within the vacuole of salt-treated plant cell 

culture (Hajibagheri et al. 1987; Binzel et al. 1988). Furthermore, it is well established 

that the tonoplast membrane contains transport proteins that effectively traffic Na
+
 into 

the vacuole (Apse et al. 1999). Although some authors claim that cytosolic Na
+
 loads 

are maintained below 30 mM by highly effective vacuolar compartmentation (Munns et 

al. 2008), a systematic collation of the results from five different experimental 

approaches disputes this claim. This meta-analyses shows that direct measurements of 

Na
+
 concentrations in the cytosol of salt-treated plant cells have measured values 

ranging from <10 mM to >400 mM. This led the authors to conclude that the 

‘conventional wisdom’ of 30 mM is open to debate (Kronzucker et al. 2010), implying 

that technological breakthroughs in quantitative elemental analysis at subcellular 

resolution will be required to definitively resolve the question of cytosolic ion 

concentrations. For researchers designing experiments which assess the effect of NaCl 

upon enzyme kinetics in vitro, accurate measurements of cytosolic Na
+
 and Cl

-
 values 

are important, as they dictate the range of NaCl concentrations across which 

physiologically relevant effects upon cellular processes will be observed. At present, 

one would have to accept that these values are not well established, and that 

experiments where cellular components are exposed NaCl concentrations up to 400 mM 

could still provide data relevant for certain salinity scenarios.  

 

4.1.1 Aims and strategy 

The two previous chapters in this thesis have explored the respiratory and mitochondrial 

changes induced by sustained salt treatment over a period of days or weeks, whereas 

this section differs from that approach by exploring the instantaneous effect of NaCl 

application upon mitochondrial properties. The major focus of this chapter involves 

measuring oxygen consumption rates during exposure to high concentrations of NaCl, 
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across a range of scenarios where the targeted application of substrates and inhibitors is 

used to divert electron flow through specific ETC pathways. Also, analyses of ATP 

synthesis and H2O2 production were undertaken, to determine the effect of NaCl upon 

the coupling of oxidative phosphorylation and the rate of ROS production. These 

measurements aim to provide some mechanistic explanations with which to interpret the 

salinity responses of respiratory rate and mitochondrial composition presented in 

Chapters Two and Three, as well as the related literature. 

 

4.2 Methods 

4.2.1 Plant growth and mitochondrial isolation 

Wheat seeds (v. Westonia) were sterilised in 2% (v/v) bleach, 0.1% (v/v) Tween-20 for 

2 min, then spread across vermiculite moistened with nutrient solution (5 mM 

Ca(NO3)2, 1 mM KH2PO4, 1 mM MgSO4, 1 mM NH4NO3, 100 µm Fe-EDTA, 50 µM 

KCl, 25 µM H3BO3, 2 µM MnSO4, 2 µM ZnSO4, 500 nM CuSO4, 500 nM MoO4. 

Seedlings were grown for 13 days at 16/8 photoperiod, light intensity 500 µmol m
-2

 s
-1

, 

28/22° C day/night temperature and constant 65% humidity, and watered every second 

day with one-two L of nutrient solution. For salinity treatment, plants were grown 

identically except the nutrient solution contained 150 mM NaCl. Shoot mitochondria 

were isolated according to the method outlined in Chapter Two, based on the procedure 

of Day et al. (1985). 

 

4.2.2 Isolated mitochondrial oxygen consumption rates 

To determine the NaCl responses of isolated mitochondrial respiration rates in response 

to NaCl titration, oxygen consumption rates of 50 µg isolated mitochondrial protein 

were assayed with a Clark type oxygen electrode (Hansatech) in 1 mL of buffer 

containing 300 mM sucrose, 10 mM TES, 5 mM MgSO4, 10 mM KH2PO4, 0.1% BSA. 

Substrate and inhibitor concentrations were: 10 mM malate, 10 mM pyruvate, 2 mM 

NAD
+
, 12 µM CoA, 2.5 mM ADP, 250 µM TPP, 10 mM glutamate, 1 mM NADH, 5 

mM succinate, 500 µM ATP, 10 mM ascorbate, 300 µM TMPD, 1 µM antimycin A, 

500 µM nPG, 4 µM FCCP, 1 mM KCN, 2 µg/µl oligomycin. Appropriate substrate and 

inhibitors were added to attain a baseline rate (no added NaCl), then increasing 

concentrations of NaCl were added into the reaction mix from a 3.5 M stock as the trace 

proceeded. At each NaCl concentration, the trace proceeded for around 2 min before the 

next NaCl addition. Inevitably, higher concentrations of NaCl coincided with lower 

concentrations of oxygen within the reaction mix, but care was taken to ensure oxygen 
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concentration did not drop below 80 nmol/ml, which is still well above the Km of the 

respiratory oxidases. To present the results of NaCl titrations, the oxygen consumption 

rate from each NaCl concentration was compared to the baseline rate from that same 

trace and expressed as a percentage. To calculate ADP/O values, oxygen consumption 

rates of 50 µg isolated mitochondrial protein in the presence of 1 mM NADH, 5 mM 

succinate, 500 µM ATP and 200 µM ADP were assessed at a range of different NaCl 

concentrations in separate experiments. ADP/O ratios were calculated by determining 

the number of moles of O consumed during ADP-stimulated respiration per mole of 

ADP added.  

 

4.2.3 Isolated mitochondrial ATP synthesis rates 

Rates of ATP synthesis by isolated mitochondria were measured by 

spectrophotometrically monitoring the rates of NADPH formation at A340 nm 

(Shimadzu), using an enzyme-linked assay that exploited the reactions of hexokinase 

(HK) and glucose-6-phosphate dehydrogenase (G6PDH) to convert newly synthesised 

ATP into NADPH, according to the method of Trono et al. (2011). Fifty µg 

mitochondrial protein was incubated in respiration buffer (see above) in the presence of 

2.5 mM glucose, 0.5 U HK, 0.5 mM NADP
+
, 0.5 U G6PDH, and 30 µM Ap5A, with 5 

mM succinate added to the reaction mix as respiratory substrate. After five min, 500 

µM of ADP was added and A340 monitored for 15 min, rates of ATP synthesis were 

calculated by linear fit over the period five-10 min after ADP addition, and oligomycin 

added at the end of the trace to ensure that ATP synthesis was dependent upon 

mitochondrial ATP synthase. To account for variable kinetics of HK and G6PDH at 

differing NaCl concentrations, as well as the consumption of newly formed NADPH by 

mitochondrial external dehydrogenases, an independent calibration standard was 

prepared by measuring the increase in A340 elicited by the addition of 50 nmol ATP to 

an external cuvette containing a matched mitochondrial suspension, NaCl concentration, 

and assay mixture minus substrate. Linear slopes of ATP concentration versus time 

were then normalised to these matched calibration standards for each assay. 

 

4.2.4 Isolated mitochondrial H2O2 production rates 

Rates of H2O2 production by isolated mitochondria were measured by fluorometric 

monitoring of resorufin formation by the activity of horseradish peroxidise (HRP) upon 

the H2O2-sensitive dye Amplex Red (Invitrogen) using a Oroboros fluorimeter 

(Oroboros) according to a method adapted from Smith et al. (2004) where the 
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abundance of resorufin was monitored by fluorescence (excitation wavelength 570 nm, 

emission wavelength 585 nm). Succinate was used as respiratory substrate and although 

it would have been desirable to measure of H2O2 production in the presence of other 

respiratory substrates, this was prevented by incompatibilities between the Amplex Red 

assay and both NADH and NAD
+
 (Votyakova et al. 2004). Isolated mitochondria (100 

µg protein) were incubated in 2 mL respiration buffer in the presence of 2.5 mM 

glucose and 0.5 U HK, with 5 mM succinate added as respiratory substrate. After 5 min, 

500 µM of ADP was added and resorufin fluorescence monitored for 15 min, rates of 

H2O2 synthesis were calculated by linear fit over the period five-10 min after ADP 

addition. At the end of the trace, three additions of 500 pmol H2O2 were added to the 

trace as calibration standards, and the increase in fluorescence measured over the trace 

was normalised to the average increase in fluorescence elicited by these additions.  

 

4.3 Results and discussion 

Although the gross responses of isolated plant mitochondria to saline media have been 

investigated by a number of authors (Appendix Table 6.1.2), the surprisingly 

differential effects of NaCl upon respiratory activity across different pathways of 

substrate oxidation have not been reported in detail. The graphs presented in Figures 4.1 

and 4.2 show the oxygen consumption rates of mitochondria isolated from control and 

salt treated wheat plants assayed in vitro. where the NaCl concentration of the reaction 

media was increased stepwise from 0-800 mM via titration. A range of experimental 

scenarios were explored, by specific pathways via targeted application of substrates and 

inhibitors to direct electron flow through specific pathways. At NaCl concentrations 

between 400-800 mM, rates of oxygen consumption were always diminished regardless 

of ETC route, which corroborates several reports in the literature (Flowers 1974; 

Campbell et al. 1976; Schwarz et al. 1991). The molecular mechanisms underpinning 

these inhibitions probably involve protein denaturation, the disassembly of electron 

transport chain complexes, and alterations of mitochondrial volume due to osmotic 

imbalances. However, the application of lower NaCl concentrations (10-200 mM) 

elicited divergent NaCl responses across different electron transport pathways, with 

some routes exhibiting faster rates of oxygen consumption but other routes exhibiting 

slower rates. By analysing which particular routes of electron transport were stimulated 

by NaCl, or acutely sensitive to its application, this work can postulate some of the 

molecular mechanisms which underpin the diverse respiratory responses to salinity.  
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4.3.1 NaCl addition can stimulate NADH-dependent respiration in the presence of an 

electrochemical gradient 

The titration curves present in Figures 4.1c and 4.1f reiterate longstanding literature 

reports that the activities of the external NADH dehydrogenase (NDex) and cytochrome 

oxidase (COX) enzymes can both be stimulated by ionic salts (Miller et al. 1956; 

Hackett 1961). However, the response of NDex to NaCl is complex, as some of the 

graphs presented in Figure 4.2 explore scenarios where NADH was provided as 

substrate but oxygen consumption was decoupled from the generation of ΔΨ. In these 

cases, the addition of NaCl elicited neutral or inhibitory effects upon oxygen 

consumption (Figures 4.2b and 4.2d). Decoupling of oxygen consumption from ΔΨ 

generation was done via two methods, first through application of the ionophore FCCP 

(Figure 4.2b), and second through inhibition of the cytochrome oxidase by KCN, such 

that quinol reduction involved the non-protomotive NDex and CII, and oxygen 

consumption was undertaken by the non-protonmotive AOX (Figure 4.2c). These data 

link NaCl stimulation of NDex-dependent oxygen consumption to ΔΨ, which is 

particularly interesting given that AOX can decouple ETC flux from ΔΨ, and AOX 

widely been reported to be induced under NaCl stress (Chapters Two and Three; 

Appendix Table 6.1.3). So, under salinity it can be postulated that electron flow through 

AOX exerts a check upon the magnitude of NaCl-induced stimulation to respiratory 

oxygen consumption when NADH is available as substrate. The kinetic responses to 

NaCl in other graphs provide corroborating evidence for this assertion, as a greater 

stimulation of oxygen consumption rate was elicited by NaCl addition when AOX was 

inhibited via nPG treatment (Figure 4.2a), compared to the same scenario without AOX 

inhibition (Figure 4.1e). This difference was deemed statistically significant by 

comparing the slope coefficients of linear equations fitted over the 0-100 mM NaCl 

concentration range using Student’s t-test (p<0.01). This higher stimulation by NaCl 

when AOX was chemically inhibited could relate to the higher magnitude of the 

electrochemical gradient generated by directing all electron flow through the coupled 

COX enzyme, instead of partitioning electron flow between COX and the non-coupled 

AOX.  

 

The mechanistic links between external NADH dehydrogenases and plant salinity 

tolerance are complex, as the transcript abundance and biochemical activity of these 

enzymes are induced by salt stress (Smith et al. 2009). However, transgenic knockout of 

a gene encoding an external NADH dehydrogenase increased the salinity tolerance of 
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Arabidopsis, although this result was complicated by the epistatic effects of that 

manipulation upon the abundance of other respiratory enzymes (Smith et al. 2011). 

Therefore, the role that this oxidation pathway plays in mediating salinity tolerance is 

poorly understood. The data presented here show that this enzyme is stimulated by 

NaCl during coupled respiration, linking the rates of cytosolic NADH oxidation with 

cytosolic ion concentrations. Interesting avenues for future experiments could include 

measuring respiration rates under salt treatment in plants with manipulated expression 

of the alternative NADH dehydrogenases. This could further our understanding of 

whether the NDex enzyme can link respiration rates to cytosolic ion concentrations in 

vivo.  

 

4.3.2 Varying degrees of inhibition show that mitochondrial processes differ in 

tolerance to high NaCl  

Despite some scenarios where the oxygen consumption rates of isolated mitochondria 

were stimulated by additions of 0-200 mM NaCl, several pathways were acutely 

sensitive to 10-50 mM NaCl, and all pathways were inhibited by concentrations 400 

mM and above. By analysing which pathways were particularly susceptible to 

inhibition, these data may enable the identification of respiratory processes that can 

withstand high NaCl. For instance, the alternative pathway maintained a higher 

proportion of its activity in 600 mM and 800 mM NaCl medium compared to the 

cytochrome pathway (Figures 4.2a and 4.2c). This difference was deemed statistically 

significant by comparing the slope coefficients of linear equations fitted over the 400-

800 mM NaCl concentration range using Student’s t-test (p<0.001). These differential 

sensitivities could suggest that the biophysical properties of the alternative pathway 

render it more tolerant to the detrimental effects of very high NaCl concentrations. One 

hypothesis is that the different intra-mitochondrial localisations of COX compared to 

AOX manifest in differing sensitivities to high NaCl concentrations. The active site 

where COX oxidises cytochrome c is located in the intermembrane space where it is 

prone to interference by ionic salts, whereas the alternative oxidase is relatively shielded 

because it oxidises membrane-bound quinones. Another interesting comparison 

involves the relative NaCl sensitivity of malate-pyruvate dependent respiration 

compared to the combination of malate-glutamate (Figures 4.1a, 4.1b). Higher NaCl 

tolerance of malate-glutamate dependent respiration was deemed statistically significant 

by comparing the slope coefficients of linear equations fitted over the 0-200 mM NaCl 

concentration range using Student’s t-test (p<0.05). It has been shown via native gel 
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electrophoresis that the pyruvate dehydrogenase complex is particularly susceptible to 

dissociation at relatively low NaCl concentrations compared to other protein complexes 

(Henderson et al. 2000). NaCl-induced dissociation of the PDC enzyme complex 

perhaps offers an explanation for the NaCl sensitivity of malate + pyruvate dependent 

respiration. In contrast, GDH activity in the deaminating direction appears highly 

tolerant of NaCl added to the reaction medium (Kumar et al. 2000). Given that the TCA 

cycle can operate through a wide range of flux modes (Sweetlove et al. 2010), it can be 

posited that mitochondrial metabolism undergoes a reshuffle under high cytosolic loads 

of Na
+
 and Cl

-
. In such case, perhaps glutamate oxidation replaces pyruvate oxidation as 

the primary entry point into the TCA cycle.  

 

4.3.3 Is ATP synthase stimulated by NaCl? 

The activity of mitochondrial F1FO ATP synthase could play a role in dictating the NaCl 

response of isolated mitochondria. Historical studies in the literature have described the 

stimulation of plasma membrane ATPases in response to high ionic conditions in vitro 

(Fisher et al. 1969). Proton translocation by mitochondrial ATP synthase lowers the 

electrochemical gradient across the mitochondrial inner membrane, which leads to 

higher activity of complexes I, III and IV and thus, faster rates of oxygen consumption. 

Therefore, the activity of ATP synthase can be the limiting factor constraining oxygen 

consumption rate during state 3 respiration (Hafner et al. 1990). One interpretation of 

the stimulations elicited by adding NaCl to phosphorylating mitochondria (Figures 4.1c, 

4.1e and 4.2a) is that the added NaCl directly stimulated the activity of ATP synthase. 

This led to larger depolarisations of the electrochemical gradient, thus increasing the 

rate of electron flow through the ETC. This explanation fits with the lack of stimulation 

elicited by adding NaCl to the assays of the alternative pathway (Figure 4.2c) and 

FCCP-treated mitochondria (Figure 4.2b), as ATP synthase does not exert control of 

oxygen consumption rate in either of these scenarios. Direct evidence for NaCl 

stimulation of ATP synthase comes from analysis of ATP synthesis rates by isolated 

mitochondria oxidising succinate (Figure 4.3a). The stimulation elicited by adding NaCl 

was deemed significant by Student’s t-test comparison of ATP synthesis rates at 50 mM 

NaCl versus no added NaCl (p<0.05). This stimulation occurred despite an inhibition of 

oxygen consumption rate at this NaCl concentration (Figure 4.3b). However, when the 

activity of ATP synthase was biochemically inhibited via oligomycin, addition of NaCl 

elicited faster rates of oxygen consumption between 10-200 mM (Figure 4.2d), showing 

that other mechanisms could also contribute to the NaCl linked stimulations of oxygen 
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consumption at lower NaCl concentrations. These respiratory increases could involve 

electrostatic stimulation of ETC enzymes, or faster electron flow due to depolarisation 

of the electrochemical gradient by mitochondrial cation uptake. In summary, there is 

evidence for the direct stimulation of mitochondrial F1FO ATP synthase by NaCl, but it 

is certainly not the only reason underpinning stimulation of respiratory rates by NaCl 

application.  

 

4.3.4 Is oxygen consumption still coupled to ATP synthesis at higher NaCl 

concentrations? 

There are a number of mechanisms through which mitochondrial oxygen consumption 

can be decoupled from ATP synthesis, such as oxygen consumption by the non-

protomotive alternative oxidase. Also, the proton gradient across the inner membrane 

can be dissipated independently of ATP synthase, via UCP activity or the cycling of 

cations in exchange for protons across the inner membrane. Two methods were used to 

determine the extent of coupling between oxygen consumption and ATP synthesis in 

saline media. First, rates of ATP synthesis by isolated mitochondria oxidising succinate 

were measured in media of varying NaCl concentrations (Figure 4.3). Second, ADP/O 

values were assessed in mitochondria oxidising NADH and succinate (Figure 4.4). 

Different substrates were used for the two assays, because the enzyme-coupled assay of 

ATP synthesis relied upon measurement of the spectrophotometric absorbance of 

NADPH at A340, which is also the absorbance peak of NADH. Thus, succinate was used 

as the sole respiratory substrate for the assay of ATP synthesis. Together, data from the 

two experiments suggest that ATP synthesis is still coupled to oxidative 

phosphorylation at NaCl concentrations up to 200 mM. This is shown by ADP/O values 

staying relatively constant across the NaCl concentrations when NADH and succinate 

were supplied in combination (Figure 4.4). Also, comparing the rates of ATP synthesis 

against rates of oxygen consumption over 0-200 mM NaCl when mitochondria were 

provided with succinate as respiratory substrate, it is evident that ATP synthesis occurs 

at a faster rate per unit of oxygen consumed at higher NaCl concentrations. This is 

indicative of stronger coupling at 50-100 mM NaCl (Figure 4.3). Therefore, coupling 

between oxygen consumption and ATP synthesis appears not to be weakened by NaCl 

concentrations between 0-200 mM. Thus, it seems that the exchange between protons 

and cations across the mitochondrial inner membrane described in the literature (Millard 

et al. 1965; Goh et al. 1967) was not evident in this set of experiments.  
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4.3.5 The impact of NaCl treatment upon H2O2 production by isolated mitochondria 

Due to extensive reports that salinity treatment induces higher abundance of 

mitochondrial antioxidant defences (Chapters Two and Three; Appendix Table 6.1.3), it 

could be hypothesised that the direct effect of Na
+
 and Cl

-
 ions upon mitochondria leads 

to faster rates of ROS production. Therefore, inductions of mitochondrial antioxidants 

would counteract the damaging effects of salt-induced ROS species. This proposal has a 

biophysical basis, as ionic species can affect protein conformation (Timasheff 1993), 

and misfolded enzymes can produce ROS at faster rates (Malhotra et al. 2008). To 

investigate this, the H2O2 production rates of isolated mitochondria oxidising succinate 

were investigated across a range of NaCl concentrations using the fluorescent dye 

Amplex Red. Although it would have been desirable to investigate the roles of other 

respiratory substrates, incompatibilities with the Amplex Red reagent prevented the 

provision of NADH as substrate and also NAD
+
 as a cofactor for TCA cycle oxidations 

(Votyakova et al. 2004). Therefore, succinate was chosen as respiratory substrate for 

these assays. These data show that NaCl addition decreases the rate of H2O2 production 

(Figure 4.5a). However, oxygen consumption rate was slower under higher NaCl 

concentrations when oxidising succinate as substrate (Figure 4.1d). It can be posited 

that oxygen consumed by isolated mitochondria has two molecular fates. The first fate 

involves reduction at the respiratory oxidases to form H2O. However, an alternative fate 

involves the conversion of O2 into O2·
-
 via electron leakage from the ETC. This O2·

-
 is 

rapidly converted to H2O2 by MnSOD, leaving H2O2 production as the second 

molecular fate. Thus, the measurements in Figure 4.5a can be combined with the 

measurements in Figure 4.1d to estimate the ratio of H2O2 formed per unit of O2 

consumed across different NaCl concentrations (Figure 4.5b). This analysis shows that 

as the NaCl content of the assay medium increases, a greater fraction of oxygen is 

converted to H2O2 rather than H2O. So although the presence of saline media can elicit 

faster, slower or stable rates of isolated mitochondrial oxygen consumption (Figure 4.1), 

the data in Figure 4.5b suggest the ratio of mitochondrial ROS produced per unit of 

oxygen consumed increases at higher NaCl concentrations. Extrapolated to an in vivo 

scenario, this suggests that ROS defences become increasingly important for 

maintaining mitochondrial function under conditions of high cytosolic Na
+
 and Cl

-
.  

 

4.4 Conclusion 

Respiratory rates can have a crucial effect upon whole plant biomass and yield, as 

respiratory ATP supply fuels the cellular processes that enable maintenance and growth 
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(Amthor 2000). Furthermore, the balance between photosynthesis and respiration 

defines the availability of carbohydrates for the synthesis of new tissue (Flexas et al. 

2006). Salinity treatment usually results in a dramatic reduction in growth rate, which 

can be linked to altered rates of photosynthesis and respiration (McCree 1986). Salt 

treatment elicits changes to respiratory rates and mitochondrial composition (Chapter 

One; Appendix Tables 6.1.1 and 6.1.3). Therefore, determining how direct contact 

between mitochondria and saline media affects respiration rates in isolated mitochondria 

could deepen our mechanistic understanding of the mitochondrial salinity response. The 

work in this study assesses how different respiratory pathways respond to NaCl, with a 

diversity of stimulations and inhibitions being observed across different pathways. 

Extrapolated to an in vivo scenario, these data suggest that the influx of ions into a plant 

cell has the potential to exert either stimulatory or inhibitory effects on respiration 

through direct biophysical effects upon the respiratory apparatus that manifest 

instantaneously. Therefore, these measurements provide some potential explanations for 

reports showing that salinity can induce either faster or slower respiration rates in intact 

tissue (Chapters Two and Three; Appendix Table 6.1.1). For instance, tissues that 

exhibit faster respiratory rates under salinity treatment could be oxidising cytosolic 

NADH through the cytochrome pathway, which was shown to be stimulated by low 

levels of NaCl (Figures 4.1c and 4.1e). In contrast, tissues that exhibit slower or 

baseline respiratory rates might be oxidising TCA cycle substrates, or have high AOX 

activity, as these pathways are inhibited by NaCl (Figures 4.1a and 4.2c). Of course, 

alterations to tissue respiration rates could arise through a wide range of other 

mechanisms, such as slower rates of photosynthetic assimilation (Seemann et al. 1986), 

altered allocation of respiratory substrates (Everard et al. 1994), and changes to 

mitochondrial composition (Chapters Two and Three). Defining the in vivo 

concentrations of Na
+
 and Cl

-
 in the cytosol of salt treated plants is a contested area of 

the literature, with no consensus values arising from a systematic collation of 

measurements (Krozneucker 2010). This uncertainty perhaps cautions against 

extrapolating the data presented here to an in vivo situation, as the NaCl concentrations 

used in these experiments may not be physiological relevant. However, extrapolation 

between laboratory assays of enzyme activity and in vivo fluxes through metabolic 

pathways is a longstanding problem in biochemistry research, and simultaneous in vivo 

measurements of ion composition and respiration rate are not feasible with current 

technology. So, the biochemical phenomena presented here provide potential 

explanations for interpreting some of respiratory changes that occur in response to 
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salinity treatment, and provide a set of targets for researchers interested in the 

biophysical mechanisms underpinning enzyme stimulation and inhibition by NaCl.   
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Figure 4.1: Responses of isolated mitochondrial respiration rates to sequential 

NaCl additions across different pathways of substrate oxidation 

Oxygen consumption rates of isolated mitochondria were determined using a Clark-type 

oxygen electrode. Different panels show how the oxidation of various substrates by 

isolated wheat mitochondria was affected by sequential NaCl additions.  Rates are 

expressed as a percentage relative to oxygen consumption rate at no added NaCl, these 

baseline rates are shown in Table 4.1. Error bars represent SEM (n=4). 
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Figure 4.2: Responses of isolated mitochondrial respiration rates to sequential 

NaCl additions across different pathways of substrate oxidation coupled with 

uncouplers or inhibitors of particular ETC processes 

Oxygen consumption rates of isolated mitochondria were determined using a Clark-type 

oxygen electrode. Different panels show how the oxidation of various substrate-

inhibitor combinations by isolated wheat mitochondria was affected by sequential NaCl 

additions. Rates are expressed as a percentage relative to oxygen consumption rate at no 

added NaCl, these baseline rates are shown in Table 4.1. Error bars represent SEM 

(n=4). 
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Table 4.1: Rates of oxygen consumption across different pathways of substrate 

oxidation at no added NaCl 

Average baseline oxygen consumption rates for isolated mitochondria (nmol 

O2/min/ml/mg mitochondrial protein) ± SEM (n=4). Data obtained using a Clark-type 

oxygen electrode. 

 

Substrates, 

activators and 

inhibitors present in 

assay 

Oxygen consumption 

rates of mitochondria 

isolated from control 

treated plants 

Oxygen consumption 

rates of mitochondria 

isolated from salt 

treated plants 

Student’s t-test 

(p<0.05:*, 

p<0.01:**, 

p<0.001:***) 

Malate + Pyruvate + 

NAD
+
 + CoA + TPP + 

ADP 

219 ± 7.3 207 ± 31 - 

Malate + Glutamate + 

NAD
+
 + CoA + TPP + 

ADP 

220 ± 23 218 ± 10 - 

NADH + ADP 223 ± 25 167 ± 7.7 * 

Succinate + ATP + 

ADP 

115 ± 16 111 ± 6.4 - 

NADH + Succinate + 

ATP + ADP 

312 ± 33 270 ± 24 - 

Ascorbate + TMPD + 

Antimycin A 

275 ± 34 209 ± 9.5 - 

NADH + Succinate + 

ATP + ADP + nPG 

254 ± 35 204 ± 39 - 

NADH + Succinate + 

ATP + FCCP 

312 ± 60 285 ± 25 - 

NADH + Succinate + 

ATP + KCN + 

Pyruvate + DTT 

197 ± 27 273 ± 11 * 

NADH + Succinate + 

ATP + Oligomycin 

123 ± 16 100 ± 10 - 

 

 

  



126 

 

Figure 4.3: Rates of ATP synthesis of isolated mitochondria across different NaCl 

concentrations 

Panel A shows ATP synthesis rates of isolated mitochondria at a range of NaCl 

concentrations, determined via spectrophotometric monitoring of NADPH production in 

the presence of succinate, ADP, glucose, hexokinase and G6PDH. Error bars represent 

SEM (n=3). Panel B shows oxygen consumption rates of succinate-dependent 

respiration, obtained using a Clark-type oxygen electrode. Error bars represent SEM 

(n=4). Note, data in Panel B was previously presented in Figure 4.1d, and is presented 

again here to aid comparison of ATP synthesis rates against oxygen consumption rates 

with succinate as substrate. 
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Figure 4.4: Phosphorylation efficiency of isolated mitochondria across different 

NaCl concentrations 

ADP/O ratios of isolated mitochondria in media containing varying NaCl 

concentrations were obtained using a Clark-type oxygen electrode. ADP/O ratios were 

calculated by dividing the mol of ADP added by the mol of O consumed during ADP-

stimulated respiration utilising NADH and succinate as respiratory substrates. Error bars 

represent SEM (n=3). 
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Figure 4.5: Rates of H2O2 production by isolated mitochondria across different 

NaCl concentrations 

Panel A shows rates of H2O2 generation at different NaCl concentrations by isolated 

mitochondria oxidising succinate, determined by fluorometric monitoring of Amplex 

Red conversion to resorufin. Error bars represent SEM (n=3). Panel B shows ratio 

between pmol H2O2 produced per nmol of O2 consumed at different NaCl 

concentrations by isolated mitochondria oxidising succinate. Error bars represent 

coefficient of variation for this ratio, obtained by calculating the square root of the sum 

of squares of the two individual coefficients of variation. Note, ratio in Panel B was 

obtained by combining the data previously presented in Figure 4.1d with the data in 

panel A. 
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5. General discussion 

 

Chapter One of this thesis collated reports from the literature to outline the effect of 

salinity on respiration rates and mitochondrial properties. Chapters Two, Three and 

Four presented investigations into how salinity affects mitochondrial proteome 

composition, tissue respiration rates and isolated mitochondrial biochemistry. Also, 

Chapters Two and Three assessed how these properties differ between wheat varieties 

with contrasting salinity tolerance. This discussion section integrates the key results 

from Chapters Two, Three and Four with reports in the literature in order to define a 

conceptual framework outlining how mitochondria can mediate several discrete salinity 

tolerance processes. Also, the discussion will assess the value of proteomics for 

analysing mitochondrial salinity responses and varietal differences, and discuss which 

respiratory properties could be breeding targets for improving salinity tolerance. 

Particular attention is paid to highlighting the original contributions to scientific 

knowledge made by this thesis, and outlining some of the key questions for future 

investigations.   

 

5.1 Can the data in this thesis be integrated to define specific mitochondrial 

proteins that mediate discrete strategies of salinity tolerance in roots and shoots? 

The strategic endpoint of most plant biology research on the molecular scale is to create 

knowledge that can be used to improve the abiotic stress resistance of crop species 

(Agrawal et al. 2012). One avenue of investigation involves the application of molecular 

biology techniques to define proteins induced by abiotic stress, as well as proteins of 

higher abundance in a tolerant variety. However, continued exploration of the molecular 

properties evident in stressed plants or in tolerant varieties may not necessarily be 

translated into better crop performance via strategic breeding approaches. This is more 

likely to happen if it is made clear that these molecular traits are causative in mediating 

a desirable physiological mechanism, which agronomists and breeders judge to be 

advantageous for yields in the target environment. Therefore, it can be argued that 

integration with classical plant physiology is the key bridge that links molecular studies 

with breeding programs, as the physiological emphasis upon dissecting a specific trait at 

the single plant level is a logical convergence point for ideas and hypotheses stemming 

from the two different scales (Passioura 2010). Physiological dissections of salinity 

tolerance mechanisms are a well characterised theme in the salinity literature. These 

analyses emphasise the roles played by ion transport, transpiration and photosynthesis 
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in promoting tolerance (Munns et al. 2008), with less attention paid to respiration. This 

discussion section aims to further our understanding of the respiratory role in tolerance, 

by outlining four discrete mitochondrial processes that mediate tolerance: ‘fuelling’ the 

exclusion and sequestration of ions, mediating osmolyte synthesis through metabolic 

shifts, undertaking ROS defence and ROS signalling, and supporting photosynthetic 

processes in illuminated leaves (Figure 5.1). In this first section of the discussion, I 

focus upon each of the processes outlined in Figure 5.1, explaining how the data 

presented in this thesis can be integrated with these conceptions of tolerance. 

 

5.1.1 How is mitochondrial proteome composition tuned to drive energy provision for 

the exclusion and vacuolar sequestration of Na+ and Cl- ions? 

Ion exclusion by root cells involves the selective uptake of essential ions (e.g. K
+
, NO3

–
, 

SO4
2–

, PO4
3–

), and the selective exclusion or efflux of Na
+
 and Cl

–
. The precise 

bioenergetics of Na
+
 and Cl

–
 transport in plants is not fully understood (Kronzucker et 

al. 2010; Teakle et al. 2010), but employing assumptions regarding the energetic costs 

of active transport, two publications have calculated the energetic cost of Na
+
 and Cl

– 

exclusion at 100 mM NaCl concentration. Both calculations show that exclusion 

processes have a considerable and constant ATP demand (Britto et al. 2009; Teakle et 

al. 2010). Given that respiration is the primary source of ATP in roots, it is evident that 

root respiration ‘fuels’ ion exclusion, as shown by the tight coupling of Na
+
 exclusion to 

root respiration rate in rice cultivars (Malagoli et al. 2008). The link between respiration 

and exclusion is further supported by studies showing that oxygen deficiency in roots 

dramatically inhibits sodium exclusion due to a lack of cellular energy (Drew et al. 

1985; Malik et al. 2009). In contrast, plants with aerenchyma can maintain respiration 

and ion exclusion in O2-deficient root media (Teakle et al. 2007).  

 

The Na
+
 concentrations typically measured in total extracts of salt-exposed tissues are at 

a level that would significantly inhibit the activity of many key metabolic enzymes 

(Flowers 1972; Greenway et al. 1972; Osmond et al. 1972). It is thought that sodium 

and chloride ions are compartmentalised into the vacuoles of both leaf and root cells in 

order to isolate these charged species away from conformationally sensitive processes 

that occur in other cellular compartments (Tester et al. 2003). However, the degree of 

vacuolar sequestration cannot be absolute, as direct measurements show that Na
+
 and 

Cl
–
 ions accumulate in the cytosol and chloroplasts of salt treated leaves (Binzel et al. 

1988; Kronzucker et al. 2010). Furthermore, energetic studies investigating ion 
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transport from the vacuole back into the cytosol have concluded that complete 

sequestration of every cellular Na
+
 ion into the vacuole is not a realistic scenario. This is 

because some fraction of the sequestered ions will constantly leak back across the 

tonoplast, forcing the cellular machinery into a futile cycle returning these same ions 

back into the vacuole (Tester et al. 2003; Kronzucker et al. 2010). Thus, it can be 

asserted that mitochondrial energy provision is key to mediating vacuolar sequestration 

of ionic species under salinity stress, as the energetic requirements of actively 

transporting Na
+
 ions into the vacuole against a concentration gradient will impose an 

increasing demand for respiratory ADP:ATP recycling as cytosolic ionic concentrations 

increase (Yeo 1983).  

 

The data in this thesis can be used to dissect the mitochondrial proteins and pathways 

that mediate the energetic demands of ion exclusion and compartmentalisation. It has 

typically been understood that exclusion is more important for root cells, whereas 

vacuolar sequestration is more important for shoot cells (Munns 2008). The work in this 

thesis can contribute to our understanding of both these processes. Chapters Two and 

Three present two proteomic comparisons of isolated shoot mitochondria exposed to 

salinity treatment, and Chapter Three presents one comparison of isolated root 

mitochondria. The proteins related to energy metabolism that were responsive to 

salinity stress in these data sets can be considered as candidate proteins involved in 

meeting the energetic demands of ion translocation and thus promoting tolerance.  

 

Chapter Three found that faster rates of respiration were measured in salt treated roots 

compared to control treated roots. This suggests that faster respiratory rates can 

contribute to meeting the energetic demands of ion exclusion, supporting the links 

between root respiration and ion exclusion in the literature (Drew et al. 1985; Malagoli 

et al. 2008). The proteomics data presented in Chapter Three showed that a number of 

proteins related to energy metabolism were more abundant under salinity, such as 

components of the TCA cycle and the electron transport chain. Framed through the 

context of ion exclusion, this suggests that higher energetic demand may be met by a 

remodelling of the mitochondrial proteome to enable faster rates of ADP-ATP cycling. 

Interestingly, proteins from these two pathways were not induced by salinity en masse, 

but rather certain portions of these pathways were induced by salt whereas others were 

unchanged or even depleted. For ETC proteins, components of CI showed the dominant 

salinity response, as several subunits of this protein complex were induced by salt. This 
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suggests that the protein level induction of CI could a key step in mediating ion 

exclusion. One interpretation of this result is that faster flux through CI could increase 

ATP synthesis rate and hence promote ion exclusion. However, CI activity is dependent 

upon NADH provision via the catabolic activity of matrix enzymes, particularly 

components of the TCA cycle. Given that respiratory oxygen consumption appears to be 

particularly sensitive to low NaCl concentrations when provided with the combination 

of malate-pyruvate as substrate (Chapter Four), the effectiveness of higher CI 

abundance in promoting ion exclusion would be contingent upon maintaining low 

cytosolic concentrations of Na
+
 and Cl

-
 during salinity stress. Hence, timing would be 

crucial to any salt tolerance strategy involving higher CI abundance, as root 

mitochondria would require a significant loading of CI prior to the salinity stress 

manifesting in high cytosolic ion concentrations within root cells. This is because the 

ionic inhibition of certain TCA cycle enzymes would render high CI futile if the 

cytosolic concentrations of Na
+
 and Cl

-
 had already reached levels sufficient to impair 

NADH provision by the TCA cycle. Another potential explanation for higher CI 

abundance under salinity stress involves extrapolating data from other taxa, where CI 

analogues have been characterised as sodium pumps. This phenomenon has been 

described through enzymological assessment of CI analogues from several marine 

bacteria, identifying that the transfer of electrons from NADH to ubiquinone can be 

coupled to Na
+
 translocation instead of proton translocation (Mulkidjanian et al. 2008). 

Perhaps future experiments could investigate whether Na
+
 can be used as the coupling 

ion by CI enzymes in plant species adapted to highly saline environments. 

 

For the TCA cycle, aconitase, citrate synthase and isocitrate dehydrogenase all 

exhibited higher abundance under salinity. However, other components of the same 

cycle exhibited diminished abundance, such as malate dehydrogenase, succinyl-CoA 

ligase and components of the pyruvate dehydrogenase complex (Chapter Three). Given 

that TCA cycle flux is the primary source of reductant for the electron transport chain, it 

can be postulated that the higher abundance of these salt-induced components of the 

cycle play a role in providing energy for ion exclusion in root cells. Flux through the 

TCA cycle is dynamic and can proceed via a wide range of pathways rather than 

through the classical cycle. During non-cyclic flux, metabolite transport between the 

mitochondrion and other organelles allow disconnected steps of the pathway to operate 

at high fluxes (Sweetlove et al. 2010). The data in Chapter Four suggests that the 

substrate combination of malate-glutamate is more tolerant to NaCl compared to the 
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substrate combination of malate-pyruvate. Although the NaCl responses other TCA 

cycle substrates were not tested, it could perhaps be suggested that the catalytic 

resistance to NaCl varies across different TCA cycle enzymes. In such case, the relative 

degree of NaCl resistance would influence whether accumulation of each particular 

enzyme under salt stress would be favourable for meeting the energetic demands of ion 

exclusion and sequestration. This could be further investigated using NMR flux analysis 

of TCA cycle metabolites under highly saline conditions (Nunes-Nesi et al. 2005), 

particularly by comparative study between varieties with contrasting root respiration 

rates and exclusion capacity.  

 

Although the investigations conducted in this thesis contained several analyses of 

mitochondria isolated from shoot tissues (Chapters Two, Three and Four), the 

proteomic data gathered here does not identify a large set of mitochondrial enzymes 

relating to energy metabolism which are consistently up- or down-regulated by salinity 

treatment in shoot mitochondria. So although one can assert that vacuolar 

compartmentation of ions in shoot cells is an important component of salinity tolerance, 

and that this process will rely upon respiratory ATP provision in order to fuel the 

energetic demands of ion transport against concentration gradients, it is difficult to 

pinpoint any energetic mechanisms in mitochondria that mediate vacuolar 

compartmentation in leaf cells from the data presented here. The young age at which 

plants were grown for mitochondrial isolation (around two weeks) could be a factor, as 

it is possible that Na
+
 and Cl

- 
ions had not yet accumulated to critical concentrations in 

shoot tissue due to the effectiveness of ion exclusion by root cells. Alternatively, 

perhaps subtle differences in mitochondrial proteome composition can contribute to 

vacuolar sequestration. For instance, the lower abundance of NDPK observed in 

mitochondria isolated from the shoots of salt treated plants (Chapters Two and Three) 

which might shift the balance between ATP versus GTP in shoot cells in order to 

mediate ATP-driven vacuolar sequestration at the expense of GTP-driven anabolic 

processes. The respiration rate data shows that young shoot tissues exhibit faster rates of 

oxygen consumption under salinity treatment, but that this effect is not evident in older 

leaves (Chapters Two and Three). If one assumes that vacuolar compartmentation is the 

major additional energetic cost incurred in young shoots by salinity treatment, then 

these respiratory rate and proteomic results could suggest that the existing 

mitochondrial proteome machinery can undertake oxidative phosphorylation at a faster 

rate. This would provide the ATP necessary for vacuolar compartmentation. However, 



134 

 

this idea would need to be validated by tissue imaging strategies showing that vacuoles 

from these fast-respiring young tissues actually contain high concentrations of Na
+
 and 

Cl
-
. 

 

5.1.2 How do salinity induced alterations to mitochondrial composition redirect 

metabolism to promote osmolyte synthesis? 

A characteristic metabolic response to salinity is the accumulation of high 

concentrations of particular metabolites, such as proline, glycine betaine (GB) and 

GABA (Hare et al. 1998). These molecules can mediate tolerance through a number of 

mechanisms, most notably maintaining cell turgor and osmotic balance, as well as 

stabilising proteins, scavenging ROS, and serving as alternative energy sources when 

classical metabolic pathways are substrate limited or biochemically inhibited (Arakawa 

et al. 1985; Verslues et al. 1999; Chen et al. 2005). The metabolic shifts associated with 

the plant salinity response alters the C/N balance of cells, with salt treated plants 

typically exhibiting lower abundance of organic acids and higher abundance of amino 

acids (Sanchez et al. 2008). The magnitude of this shift can differ between tolerant 

versus sensitive varieties (Widodo et al. 2009). Mitochondrial GDH strongly influences 

cellular C/N balance (Fontaine et al. 2012), and this enzyme is induced by salinity stress 

across a wide range of species (Appendix Table 6.1.3). The mitochondrial role in the 

regulation of proline and GABA concentrations comes through the abundance and 

activity of catabolic proteins such as ProDH, P5CDH and GABA-T, which are located 

in the mitochondrial matrix (Miller et al. 2009; Renault et al. 2010). Also, a 

mitochondrial role in regulating cellular concentrations of GB involves the provision of 

photorespiratory serine by the reactions of GDC and SHMT in mitochondria (Bhuiyan 

et al. 2007). Further links between mitochondrial function and cellular metabolic status 

comes through the provision of 2-OG via the TCA cycle, as 2-OG is a precursor for 

many N-containing metabolites in plant cells, and exposure to abiotic stress can alter the 

rate of TCA cycle flux (Baxter et al. 2007; Sweetlove et al. 2010). Although the primary 

function of the TCA cycle is to provide reductant for the electron transport chain, it also 

functions to provide carbon skeletons used for the biosynthesis of many molecules, such 

as amino acids and osmolytes. Certain TCA cycle enzymes are acutely inhibited by 

ROS species (Millar et al. 2000; Tan et al. 2010), suggesting that robust mitochondrial 

ROS defences might be crucial in maintaining TCA cycle flux under salinity, and thus 

providing the building blocks for osmolyte synthesis. Furthermore, although AOX is 

often considered an antioxidant pathway, it is also important in redirecting metabolism. 
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This is because AOX activity can decouple TCA cycle flux from adenylate control, 

which enables high rates of TCA cycle flux despite low ADP/ATP ratios. This occurs in 

order to meet high cellular demand for carbon skeletons at a time when ATP generation 

is not a priority (Vanlerberghe et al. 1997). Therefore, AOX capacity can be a 

component of osmotic tolerance, as well as antioxidant defence. This is supported by 

evidence that young, rapidly expanding leaves express higher levels of the gene 

encoding AOX under osmotic stress (Skirycz et al. 2010).  

 

Some of the data gathered in this thesis can further our understanding of the 

mitochondrial changes that mediate osmolyte synthesis and contribute to osmotic 

tolerance. For instance, 2D-DIGE analyses in Chapter Three detected higher abundance 

of GDH in mitochondria isolated from salt treated shoots compared to control, 

corroborating other studies where higher activity and abundance of the GDH enzyme 

has been detected in the shoots of salt treated plants (Appendix Table 6.1.3). This 

protein abundance data on GDH can be linked with the analyses of respiratory activity 

under saline media in Chapter Four. Isolated mitochondrial studies showed that the 

substrate combination of malate-glutamate sustained oxygen consumption in the 

presence of high NaCl concentrations at a higher rate compared to the substrate 

combination of malate-pyruvate. This suggests that the GDH enzyme could tolerate 

high NaCl compared to TCA cycle enzymes such as the PDC (Chapter Four). Thus, 

higher abundance of GDH combined with its NaCl tolerance suggest that shoot 

mitochondria of salt treated plants interconvert 2-OG and glutamate at fast rates during 

periods of high cytosolic ionic load. Under such a scenario, enzymes that are more 

sensitive to NaCl might be inhibited. As discussed in Section 1.3.4, the majority of 

evidence suggests that GDH function involves deamination (Robinson et al. 1991; 

Labboun et al. 2009). However, this is contested by claims that the enzyme can assume 

an aminating role during salinity stress (Skopelitis et al. 2006; Surabhi et al. 2008). 

Regardless of the in vivo directionality of the enzymatic reaction, it can be asserted that 

GDH has a role in mediating the mitochondrial shifts that promote osmotic tolerance. If 

the reaction proceeds in the deaminating direction, this would enable catabolic flux and 

sustain ATP synthesis when other mitochondrial catabolic processes such as the TCA 

cycle are inhibited. Alternatively, if the reaction proceeds in the aminating direction, 

this could mediate glutamate synthesis as a building block for osmolytes. This role 

might compensate for slower fluxes through other cellular pathways of glutamate 

synthesis, which could be more sensitive to direct inhibition by NaCl. Future efforts to 
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understand the role of GDH in mediating osmotic tolerance could involve metabolic 

flux analysis of plants in which GDH expression is transgenically manipulated and the 

plants are exposed to a salinity treatment, to better define the directionality of the 

enzymatic reaction under salinity stress. 

 

The molecular function of AOX can decouple TCA cycle flux from adenylate control, 

with this faster flux promoting the synthesis of osmolytes via continued provision of 

carbon skeletons for anabolic processes (Vanlerberghe et al. 1997). The higher 

abundance of AOX, and the lower ADP/O values measured in mitochondria isolated 

from salt treated shoots (Chapters Two, Three and Four), can be interpreted through this 

framework. This leads to the proposition that that the induction of AOX in shoot 

mitochondria under salt stress redirects mitochondrial metabolism away from classical 

oxidative phosphorylation and towards biosynthesis of compatible solutes. In order to 

provide some mechanistic detail to support this explanation, suggested experiments 

could involve analysis of metabolic flux under salinity or drought conditions of plants in 

which the abundance of AOX has been transgenically manipulated. Such a strategy 

could provide insights into which particular osmolytes are regulated by TCA cycle flux, 

and separate the metabolic role of AOX from its general stress response. 

 

In the literature there is a greater emphasis upon the role of osmolyte synthesis in shoot 

tissue compared to root tissue, because maintaining leaf turgor is strongly linked to 

promoting plant growth under salinity (Cramer et al. 1991). However, the underlying 

principles of vacuolar ion compartmentalisation balanced by cytosolic osmolyte 

accumulation are the same across cells in both leaves and roots (Gorham et al. 1985). If 

one proposes that the enzymes catalysing carbon and nitrogen metabolism are the key 

mitochondrial mediators of osmolyte synthesis, then the proteomics investigation of 

root mitochondria under salinity stress presented in Chapter Three offers some clues 

into how this process operates at the molecular level. Of particular interest is the higher 

abundance of proteins catalysing sequential steps in the TCA cycle leading to 2-OG 

production (CitS, Aco and ICDH). Faster flux through this section of the pathway could 

mediate faster rates of 2-OG provision as a building block for biosynthetic reactions. 

This particular role of the TCA cycle is well characterised in the literature as a means to 

promote anabolism, and is often linked to ME as a bypass of MDH (Sweetlove et al. 

2010). In Chapter Three, ME also exhibited higher abundance in mitochondria isolated 

from salt stressed root tissue (Chapter Three). So, if one positions ME, PDC, CitS, Aco 
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and ICDH as the five key mitochondrial enzymes supporting N assimilation, then this 

data set shows that four of these five proteins exhibit higher abundance under salt stress. 

The data in Chapter Three also showed that mitochondria isolated from the roots of salt 

treated plants also exhibited lower abundance of proteins catalysing another portion the 

TCA cycle (MDH, SCoA-L) and also lower abundance of GDH and AspAT (Chapter 

Three). Together, these data pinpoint some of the protein-level changes in 

mitochondrial composition induced by salinity treatment in root tissues. These 

measurements suggest that altered flux rates through these pathways can mediate the 

accumulation of certain metabolites, in order promote osmolyte accumulation in the 

cytosol of root cells.  

 

5.1.3 Which components of the mitochondrial ROS detoxification network are important 

in coping with ROS stress and mediating ROS signalling under salinity? 

Increased ROS production is thought to be a common effect of all abiotic stresses (Apel 

et al. 2004), and many studies have identified higher ROS levels under salt stress 

(Borsani et al. 2001; Skopelitis et al. 2006; Schwarzlander et al. 2009). ROS are 

particularly important in the mitochondrial context because mitochondria generate a 

significant portion of cellular ROS mainly owing to leakage from ETC (Moller 2001). 

Mitochondrial redox status can also orchestrate antioxidant capacity in other cellular 

compartments (Dutilleul et al. 2003; Morgan et al. 2008). There is evidence that the 

ionic rather than osmotic component of salinity stress is responsible for mitochondrial 

ROS production, because the amount of oxidised reduction-oxidation-sensitive green 

fluorescence protein (roGFP) detected was higher under salt stress compared with 

mannitol stress (Schwarzlander et al. 2009). There are very strong links between the 

abundance of mitochondrial antioxidant defences and salinity tolerance at the whole-

plant level. Most convincing are transgenic experiments showing that salt tolerance can 

be enhanced by over-expressing the genes encoding the mitochondrial antioxidant 

proteins AOX (Smith et al. 2009) and manganese superoxide dismutase (MnSOD) 

(Wang et al. 2004; Wang et al. 2010). These reports provide causal evidence that 

mitochondrial composition and function is a major contributor to whole-plant salt 

tolerance in Arabidopsis and poplar. Furthermore, there is an abundance of correlative 

evidence showing that salt-tolerant genotypes exhibit more robust mitochondrial 

antioxidant defences than salt-sensitive genotypes, and that salt stress can induce the 

expression of mitochondrial antioxidant defences (Appendix Table 6.1.3). One 

explanation for the strong link between mitochondrial antioxidant defence and salinity 
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tolerance is that robust mitochondrial ROS defences enable higher respiratory flux 

under salt stress. This argument is supported by evidence that ROS are known to 

damage certain mitochondrial proteins (Verniquet et al. 1991; Sweetlove et al. 2002; 

Tan et al. 2010), and that salinity stress tolerance requires large amounts of ATP to fuel 

ion exclusion, osmotic adjustment and vacuolar compartmentation (Yeo 1983). 

Decreased respiration rates under salt stress are usually measured in intact tissue and 

isolated mitochondria (Appendix Tables 6.1.1 and 6.1.2), and it is possible that ROS 

damage contributes to these decreases. Therefore, robust antioxidant defences could 

prevent this decrease from occurring.  

 

The data in this thesis repeatedly finds MnSOD to be of higher abundance under salt 

stress (Chapters Two and Three), corroborating with several reports in the literature 

(Appendix Table 6.1.3). The catalytic function of MnSOD diminishes the mitochondrial 

abundance of superoxide, preventing its damaging reactions with vital mitochondrial 

components such as proteins and lipids. Thus, the molecular function of MnSOD 

obviously has a detoxifying function. However, MnSOD activity also increases the 

abundance of H2O2, some of which is quenched within the mitochondrial matrix 

through the molecular functions of peroxiredoxin and the ascorbate-glutathione cycle, 

and some of which exits the mitochondrion and diffuses to other cellular compartments 

where it mediates key signalling processes (Gleason et al. 2011). So, in addition to its 

detoxifying effect, MnSOD can also be positioned as a key transducer of signalling 

events that communicate mitochondrial ROS levels to other cellular compartments 

(Buettner et al. 2006). Both aspects of MnSOD function may have increased importance 

under salinity stress, as salt treatment has been linked to faster rates of mitochondrial 

superoxide generation (Hernandez et al. 1993). Therefore, rapid superoxide 

detoxification via higher MnSOD levels will limit damage to mitochondrial 

components. Also, there is a large overlap between the transcripts induced by salinity 

and those induced by H2O2 (Miller et al. 2010). The communication of a more 

prominent H2O2 signal from the mitochondrion via higher levels of MnSOD could 

increase the speed and effectiveness with which salt stress is perceived and responded 

to, particularly if mitochondrial ROS signalling is involved in the initial perception of 

salinity stress. Although MnSOD was consistently of higher abundance in mitochondria 

isolated from salt treated plants (Chapters Two and Three), experiments in Chapter Four 

showed no significant differences in H2O2 production rates between mitochondria 

isolated from salt treated plants compared to control. A number of explanations can be 
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proposed to reconcile this apparent contradiction. For instance, the in vivo context of 

mitochondria probably differs between control and salt treated plants, with salinity 

perhaps leading to changes in the relative availabilities of various substrates, or altering 

the spatial packing of mitochondria within the cellular milieu. It is possible that these 

contextual factors dictate the rate of mitochondrial ROS formation, but they cannot be 

assessed by measuring the rates at which isolated mitochondria produce H2O2 when 

assayed with a single respiratory substrate in vitro. Such limitations of in vitro assays 

has prompted some authors in the field to advocate the use of in vivo fluorescent probes 

in order to profile ROS abundance in relevant cellular scenarios (Meyer et al. 2010). 

 

As well as MnSOD, the plant mitochondrial ROS defence network involves a number 

of other proteins (Noctor et al. 2007), which have been linked to salinity stress in a 

number of studies (Appendix Table 6.1.3). In Chapters Two and Three, AOX was 

shown to be induced by salt treatment in mitochondria isolated from shoots, and in 

Chapter Three, Prx and MDHAR were shown to be induced by salt treatment in 

mitochondria isolated from roots. This discrepancy between organs could be interpreted 

to mean that shoot mitochondria bypass the formation of ROS through the induction of 

AOX under salinity stress, whereas root mitochondria induce downstream ROS 

detoxification components to detoxify the ROS species after their formation. This can 

be connected with the varying energetic requirements of the different tissues. In root 

tissues, it can be argued that the benefits of lower ROS production via AOX induction 

are outweighed by the costs of its energetic inefficiency in a salinity scenario, where 

meeting the energetic demands of ion exclusion is a high priority. This framework can 

be used to interpret the higher abundance of the ROS-sensitive Aco enzyme in 

mitochondria isolated from salt treated root tissue (Chapter Three). Potentially, higher 

abundance of Aco might be a mechanism that replaces the damaged copies of the stress-

sensitive enzyme which are proteolytically degraded at a faster rate due to ROS damage 

caused by the salinity stress (Verniquet et al. 1991; Tan et al. 2010).  

 

5.1.4 What mitochondrial properties are important to support photosynthesis under 

salinity? 

Mitochondrial processes are crucial to supporting photosynthesis, with the disruption of 

mitochondrial respiration via genetic manipulation or chemical inhibition being 

detrimental to photosynthetic rates (Kromer et al. 1991; Sweetlove et al. 2006). 

Mitochondria in leaf tissues differ in their composition and function compared to 
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mitochondria found in other tissue types, and these properties render leaf mitochondria 

well equipped to support photosynthetic processes taking place in the chloroplast (Lee 

et al. 2011). The role of mitochondria in dissipating excess reductant from the plastid is 

well described in the literature (Noguchi et al. 2008), and several studies have shown 

that the mitochondrial role in photosynthesis support is critical for plant survival under 

drought stress (Gimeno et al. 2010; Skirycz et al. 2011). Therefore, it is plausible that 

the non-stomatal inhibition of photosynthesis observed when plants are under salt stress 

(Seemann et al. 1985) could be partially induced by the loss of respiratory competency. 

Several reports in the literature have linked AOX function to photosynthesis support via 

dissipation of excess reductant assimilated by the plastid during exposure to high light 

in combination with other stresses (Yoshida et al. 2007; Giraud et al. 2008). The data in 

this thesis shows that there is a higher abundance and activity of AOX in mitochondria 

isolated from salt treated shoots, but not in mitochondria isolated from salt treated roots 

(Chapters Two and Three). Although the molecular function of AOX is multifaceted, 

with roles in redirecting metabolism and limiting ROS production (Millenaar et al. 

2003), this salinity-linked induction in shoots but not roots suggests that one of the 

reasons AOX is induced under salinity stress is to provide support for photosynthesis in 

illuminated leaves. The mitochondrial metabolism of glycine and malate are both 

involved in cyclic processes that sustain photosynthesis under stress, and the enzymes 

involved in their metabolism liberate high fluxes of NADH in the mitochondrial matrix 

during illumination (Fernie et al. 2004). As ATP synthesis is not a high priority for 

mitochondria in illuminated leaves, higher abundance of the AOX enzyme in shoot 

tissue helps the ETC to dissipate this high load of reductant (Noguchi et al. 2008). It can 

be argued that this aspect of AOX function is of greater importance under salinity stress, 

because stomatal closure places diffusional limitations upon CO2 concentrations within 

the cell. This means that more NADPH is produced by the photosynthetic light 

reactions than can be absorbed by the dark reactions (Chaves et al. 2009). Therefore, 

exposure of salt treated leaves to high light intensities results in the photosynthetic 

apparatus absorbing an excess of energy. Although there are several mechanisms within 

the plastid to cope with this scenario (Demmigadams et al. 1992), it is now widely 

accepted that a significant fraction of that energy is converted into mobile reducing 

equivalents and exported to the mitochondria, where it is dissipated through respiratory 

processes (Millar et al. 2011). 
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Several of the proteins which exhibited differing abundance across varieties in 

comparative proteomics analyses presented in Chapters Two and Three are involved in 

mitochondrial processes that operate at faster rates in photosynthetic cells. In Chapter 

Three, proteomic comparisons showed that protein spots matching to SHMT and MDH 

exhibited higher abundance in the tolerant v. AMP compared to sensitive v. CS. The 

molecular function of SHMT is involved in the photorespiratory cycle, while MDH 

function in illuminated leaves can involve dissipation of excess reductant exported from 

the plastid (Fernie et al. 2004). Both the comparisons in Chapters Two and Three 

identified varietal differences in the abundance in spots matching β-CAS, and the 

reaction catalysed by β-CAS proceeds at higher rates in illuminated leaves compared to 

roots (Ebbs et al. 2010). Although the correlative links between protein abundance and 

varietal tolerance identified in this thesis do not definitively position these proteins as 

causative in mediating tolerance, analysis of the literature shows that there are links 

between these enzymes and salinity. For instance, transgenic knockout of SHMT in 

Arabidopsis confers salt sensitivity (Moreno et al. 2005). The activity of MDH is 

correlated to salinity tolerance across rice varieties (Kumar et al. 2000), and MDH has 

repeatedly found to be of higher abundance in salt treated plants compared to untreated 

controls (Appendix Table 6.1.3). Transgenic knockout of β-CAS in Arabidopsis confers 

an altered response to drought (Machingura et al. 2013), which can be extrapolated to 

salinity due to physiological overlaps between the two stresses (Munns 2002). Given 

that the metabolic functions of these proteins are connected to mitochondrial metabolic 

processes which assume greater importance under illumination, they are candidates for 

unravelling the mitochondrial role in photosynthesis support, perhaps via transgenic 

experiments. 

 

5.1.5 What are the strengths and weaknesses of interpreting molecular changes 

through a physiological framework? 

This section of the discussion has interpreted the salt induced changes in mitochondrial 

composition and function through a physiological framework outlined in Figure 5.1. 

However, it is likely that the same set of metabolic enzymes can be co-opted into 

mediating several tolerance strategies, perhaps simultaneously. Thus, interpreting the 

proteomic differences induced by salinity strictly through the strict framework of one 

single mechanism probably oversimplifies molecular events that occur for a variety of 

reasons. For instance, it can be argued that salinity responses require faster rates of 

catabolism to meet energetic demands, as well as faster rates of anabolism to synthesise 
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osmolytes. The anaplerotic nature of many aspects of mitochondrial metabolism means 

that many mitochondrial enzymes can be discussed in either anabolic or catabolic terms, 

and this ambiguity highlights the limitations of interpreting multifaceted metabolic 

phenomena through the prism of one single physiological process. With regard to 

physiological function, this ambiguity is even more pronounced for AOX, which has 

been linked to a multiplicity of roles via decades of research (Millenaar et al. 2003). 

Therefore, its induction under salinity could be interpreted as a mechanism that 

mediates several discrete salinity tolerance processes. However, if the molecular 

changes induced by salt treatment are not interpreted in terms of whole plant 

physiology, then proteomics risks becoming a technical exercise where researchers 

document lists of stress induced proteins, without reference to the potential cellular and 

physiological consequences of these changes. Therefore, by interpreting molecular data 

through a narrowly defined set of physiological traits, the insights presented in this 

thesis can perhaps guide what genes are targeted in breeding strategies aiming to 

enhance the salinity tolerance of wheat.  

 

5.2 How powerful are current proteomics technologies for profiling genotype and 

treatment responses in wheat? 

It is desirable to use recently available technologies for advancing scientific knowledge, 

as they have an increased potential to contribute novel data to the field. However, all 

techniques have their limitations, and sometimes committing to use a new technology 

before its constraints are clearly understood can result in wasted effort, especially if the 

technology is poorly suited to the biological question under study. This section of the 

discussion will briefly assess the value of proteomic techniques used in this thesis for 

analysing varietal and treatment differences in wheat mitochondria. Although the 

abundance or activity of individual mitochondrial enzymes could be profiled using other 

techniques such as Western blot, proteomics workflows enable the researcher to obtain 

a far greater number of measurements in a single experiment. Such analyses present a 

broad description of the mitochondrial differences associated with salinity treatment, 

rather than a reductionist focus upon one single component pre-defined by the 

experimenter. Hence, the results of proteomic investigations can enable the researcher 

to draw novel links between proteins and biological scenarios via inductive reasoning, 

which contrasts against the deductive approach where the experimenter tests the validity 

of a hypothesis. The central reason why 2D-DIGE was chosen for this work is that it has 

previously been successfully applied to quantitatively profile protein composition in 
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plant mitochondria (Lee et al. 2008). However, there are a range of different 

quantitative proteomics techniques that could have been applied in this project, some 

involving quantification of isotopically labelled peptides, and others involving label-

free quantification of mass spectra using shotgun or selected reaction monitoring 

approaches (Thelen et al. 2007). Considering the data presented in Chapters Two and 

Three, it seems that most of the differences identified by 2D-DIGE comparisons 

involved characterising proteins that exhibited differing pI values between varieties or 

treatments, which are indicative of different isoforms or post-translational 

modifications. These differences would likely have eluded detection via peptide-level 

quantitative techniques of tryptic digests, which can fail to detect the compositional 

differences that manifest in pI shifts (Dahal et al. 2012). This observation provides a 

post hoc justification for using 2D-DIGE to profile proteomic differences in wheat 

mitochondria, particularly relating to variety and salinity treatment. 

 

The proteomic comparisons in Chapters Two and Three differed in the degree of genetic 

diversity under comparisons. Chapter Two compared the mitochondrial proteomes of 

two recently developed Australian commercial wheat varieties, whereas Chapter Three 

compared mitochondrial proteomes from an octoploid amphiploid containing wild 

genetic material (v. AMP) versus its hexaploid host (v. CS). These investigations 

represent two different strategies for identifying breeding targets. The two Australian 

varieties were developed by two large scale commercial breeding efforts, so the proteins 

identified in this comparison could guide breeding efforts to retain these agronomically 

favourable traits in future Australian wheat varieties. However, the narrow selection 

criteria for agronomic parameters applied to generate elite commercial varieties means 

that only a small fraction of the Triticeae gene pool is present in the most of the 

commercial lines that are currently grown by farmers. There is significant interest in 

harvesting the genetic diversity present in landraces and wild relatives of wheat, to 

transfer traits that have been lost from commercial lines (Feuillet et al. 2008). Thus, the 

differentially abundant proteins identified in Chapter Three might be targeted by 

breeding efforts that aim to introduce novel traits from exotic germplasm into future 

varieties. Overall, the number and magnitude of varietal differences in mitochondrial 

protein composition were higher in the v. CS versus v. AMP study compared to v. 

Wyalkatchem versus v. Janz. This makes sense, given the larger genetic difference 

between the two genotypes in the v. CS versus v. AMP comparison. However, the 

proteins of higher abundance in v. Wyalkatchem compared v. Janz could perhaps be 
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considered as more logical breeding targets. This is because the slower growth rate 

exhibited by v. AMP would caution against indiscriminately targeting v. AMP-specific 

protein spots for breeding, given that they could confer a growth penalty.  

 

Although modern genetic techniques enable the transfer of genetic sequences between 

organisms, it can be argued that such approaches are unlikely to be commercially viable 

for improving the salinity tolerance of wheat in the foreseeable future. The main reasons 

for this involve negative consumer sentiment surrounding transgenic crops (Byrne 

2006), as well as high regulatory costs associated with approval of transgenics 

(Kalaitzandonakes et al. 2007). Therefore, the application of modern genetic 

technologies in attempts to improve the salinity tolerance in wheat is more likely to 

involve marker-assisted and genomic breeding strategies in combination with classical 

breeding. Such approaches will require the chromosomal loci and nucleotide sequences 

of the target alleles from tolerant varieties to be clearly defined (Ashraf et al. 2012; 

Bressan et al. 2012). Therefore, this thesis aimed to identify variations in amino acid 

sequence within protein spots detected at higher abundance in tolerant varieties, as these 

differences could be characteristic of SNPs or homeologous chromosomal loci for 

superior alleles that could subsequently be targeted by breeders. A major focus involved 

detailed interrogation of MS/MS fragmentation spectra of peptides derived from protein 

spots of higher abundance in the tolerant varieties (Chapters Two and Three). These 

spectra can provide detailed information on the amino acid sequence of the varietal 

protein spot, which could then be linked back to nucleotide data to potentially define 

superior alleles. Most of the protein spots which differed in abundance between 

varieties involved differing pI values, and investigation of peptide mass spectra derived 

from these protein spots identified amino acid sequences that could possibly 

characterise superior isoforms of MnSOD (Chapter Two) and β-CAS (Chapter Three). 

However, analysis of peptide mass spectra derived from several other protein spots that 

exhibited differential abundance between varieties failed to detect a compelling 

explanation for their varying pI values (Chapters Two and Three). A number of reasons 

are possible for this. For instance, the search databases may not have contained all of 

the sequences expressed by the wheat varieties studied here, particularly v. AMP. This 

limitation could be remedied by fuller genetic coverage of a reference wheat genome. 

Ideally, this reference genome would be supplemented by variety-specific genetic 

libraries (Altenbach et al. 2010; Edwards et al. 2012), which would allow the researcher 

to profile non-synonymous coding SNPs at the protein level. The work in this thesis 
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found that de novo sequencing exerted limited power for identifying the molecular 

composition of novel protein spots (Chapter Three). So although ongoing work involves 

developing more sophisticated algorithms for de novo sequencing (Allmer 2011), it can 

be asserted that a more powerful application of mass spectrometry to profile isoforms of 

wheat proteins will arise from searching tandem mass spectra against improved genetic 

databases (Berkman et al. 2012; Brenchley et al. 2012). Another potential reason that 

the molecular reasons underpinning pI shifts were not detected is that the different pI 

values were underpinned by chemically labile post-translational modifications, which 

may have been cleaved from proteins or peptides during extraction, digestion or 

ionisation (Mann et al. 2003). This could be addressed by employing workflows 

designed for enriching and preserving post translational modifications (Zhao et al. 

2009). Also, the approach of excising spots from 2D gels has a low spatial resolution, 

which can mean that a mixed population of the two isoforms is present in the same 

excised gel spot. One possibility for increasing the resolution of protein identification 

following 2D separations involves applying a combination of IEF/SDS-PAGE, 

membrane transfer, on-membrane tryptic digestion followed by MALDI-TOF analysis 

of the membrane (Nakanishi et al. 2005).  

 

Inspecting the results of the two different proteomic comparisons (Chapters Two and 

Three), it is evident that there is a degree of overlap in the mitochondrial proteins that 

exhibit differential abundance values between varieties or according to salt treatment. 

The links between these proteins and salinity stress or varietal tolerance are 

strengthened by their repeated identifications in separate experiments. This section 

analyses the molecular functions of these proteins and their potential links to salinity 

tolerance 

 

5.2.1 Insights into MnSOD gathered by proteomic analyses in this thesis 

This thesis repeatedly found that spots matching to MnSOD varied according to variety 

and treatment. Analyses of 2D gel position and peptide mass spectrometry data 

contributed novel data on the nature of wheat MnSOD (Chapters Two and Three). 

Across repeated experiments, the pattern of MnSOD protein spots visualised on 2D gels 

exhibited a distribution of three spots located at varying pI values. Despite detailed 

examination of mass spectra derived from the different spots, the biochemical reasons 

underpinning these varying 2D gel positions of MnSOD protein spots were not 

definitively explained by the work in this thesis. Examination of mass spectrometry data 
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showed that each of the three spots contained a mixture of different isoforms and 

different oxidative modifications which were present side-by-side, rather than discrete 

clustering of certain isoforms, or certain modifications, at each specific spot (Chapter 

Three). Even though the mechanism remained elusive, it can be argued that these 

differing gel positions are linked to interesting biological traits. Shifts in the gel position 

of human MnSOD have been linked to differential incidence of oxidative modifications 

(John et al. 2009). Also, a wider diversity of pI values for the same protein was linked 

to hybrid vigour in maize mitochondria (Dahal et al. 2012). Therefore, two logical areas 

for subsequent experiments include investigating MnSOD gel location across a wider 

set wheat varieties with contrasting salinity tolerance to define more robust correlations, 

as well as investigating the mechanistic underpinning of the varying pI values for 

MnSOD, perhaps by direct ‘on membrane’ mass spectrometry techniques (Nakanishi et 

al. 2005). The work in Chapter Three presents previously undetected oxidative 

modifications to tryptophan residues within MnSOD peptides detected via mass 

spectrometry. Although these modified forms of MnSOD were detected across all three 

spots following excision from 2D gels, it is possible that a link between MnSOD 

oxidation patterns and 2D gel position of the protein could be detected by higher-

resolution, quantitative analyses. 

 

Due to the hexaploid nature of the wheat genome, there are three copies of MnSOD 

encoded on the 2AL, 2BL and 2DL chromosomal loci (Neuman et al. 1986; Wu et al. 

1999). It is likely that these isoforms differ in primary sequence composition due to 

their varying genetic backgrounds (van Herpen et al. 2006). There has been ongoing 

interest in the isoform biology of wheat, with certain breeding strategies aiming to 

pyramid favourable alleles in order to improve grain quality (Payne 1987; Kuchel et al. 

2006). It is possible that this strategy could be applied to other proteins conferring 

favourable agronomic traits, but it is difficult to know which alleles to target until their 

different isoforms have been identified and functionally characterised. Thus, the 

detailed mass spectrometry data presented in Chapters Two and Three document high 

quality MS/MS spectra for two distinct MnSOD isoforms. The identification of these 

differing isoforms at the protein level is a novel contribution to the literature, which 

may guide future genetic studies investigating MnSOD allelic variation in wheat. The 

results in Chapter Two provided a link between MnSOD isoform abundance and 

varietal salinity tolerance, with one isoform being present in the more tolerant v. 

Wyalkatchem but absent in the sensitive v. Janz. However, this correlation between 
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tolerance and isoform abundance was not detected in Chapter Three, Here, analysis of 

MnSOD peptide mass spectra derived from v. AMP and v. CS showed that the same 

isoforms were expressed in both varieties. Interestingly, the two MnSOD isoforms 

detected in v. Wyalkatchem in Chapter Two were also detected in both v. CS and v. 

AMP analysed in Chapter Three, suggesting that both v. CS and v. AMP express a 

similar MnSOD profile to the contemporary commercial elite, v. Wyalkatchem, despite 

v. CS being an archaic variety and v. AMP containing genetic material from a wild 

relative of wheat. This suggests that the MnSOD isoform detected only in v. 

Wyalkatchem in Chapter Two is derived from an ancestral wheat locus rather than a 

novel incorporation by recent breeding events. However, genetic analysis would be 

necessary to fully confirm this. Mass spectrometry data showed that v. Janz exhibited 

no detectable expression of the gi19957070 isoform of MnSOD, although the 

mechanistic reasons for this are not known. It is possible that the chromosome segment 

encoding this locus was lost during development of v. Janz, or that variety-specific 

expression events constrain the transcription or translation of the gene that encodes this 

protein. Whatever the mechanism, protein abundance is the molecular property that has 

the closest relationship to whole plant phenotype, and the correlative link presented here 

could perhaps be used to assess the abundance of particular MnSOD isoforms across a 

wider range of different varieties differing in salinity tolerance, in order to determine the 

strength of any correlation.  

 

The molecular consequences of these two different isoforms, and their varying 

expression across varieties, reveals interesting avenues for future experiments. It is 

possible that the two isoforms have varying kinetic or structural properties which can 

influence salinity tolerance. Genetic studies across human populations have explored 

how non-synonymous coding SNPs within the MnSOD sequence encoded at the SOD2 

locus are linked to various disease states (Crawford et al. 2012). In particular, these 

studies have emphasised the phenotypic consequences of a SNP that disrupts the 

mitochondrial targeting signal of the enzyme. Furthermore, a structural and kinetic 

analysis has documented differing thermal stability and oligomeric structure between 

two naturally occurring sequences derived from a non-synonymous SNP at the SOD2 

locus (Borgstahl et al. 1996). Enzymological assessments show that the MnSOD 

enzyme expressed by the variant sequence exhibits lower thermal stability, which leads 

to inactivation at high temperatures. Therefore, this single-amino acid difference could 

manifest in altered mitochondrial ROS homeostasis during physiological scenarios such 
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as fever or inflammation (Borgstahl 1996). In yeast, site-directed mutagenesis followed 

by comparative crystallographic and enzymological studies have shown that a single-

reside change to the primary sequence of MnSOD can influence the co-ordination 

number and oxidation state of the bound manganese ion. This results in reduced 

catalytic efficiency at high O2·
-
 concentrations (Sheng et al. 2012). In this thesis, 

multiple isoforms of wheat MnSOD were detected side-by-side in the same isolated 

mitochondrial sample, which raises the possibility that homo-and hetero-tetrameric 

quaternary structures of the enzyme may occur in vivo. Perhaps this diverse pool of 

MnSODs confers flexible catalytic properties upon wheat mitochondria that possess a 

wide range of MnSOD isoforms. Logical future experiments could involve kinetic and 

structural analyses of the diverging MnSOD sequences, following heterologous 

expression, purification and study of these proteins.  

 

5.2.2 Varietal differences in β-CAS 2D gel position across different experiments 

The scientific study of cyanide metabolism in plants has attracted considerable interest 

over several decades. Much of the literature documents research investigating how 

plants regulate the synthesis of this toxic molecule to deter herbivore attack and during 

ethylene synthesis (Poulton 1990). Researchers focussed upon the alternative oxidase 

have long searched for a physiological scenario in which electron flow via the 

alternative pathway would be advantageous compared to the cytochrome pathway. 

Proposed explanations have involving thermogenesis (Wagner et al. 2008) or 

decoupling of metabolic flux from adenylate control (Vanlerberghe et al. 1997). 

However, another possible role for AOX involves maintaining respiratory electron flow 

despite high cyanide concentrations in the cell. Under such a scenario, the potent 

inhibition of COX by cyanide means that AOX activity would be crucial to maintaining 

ETC flow for mitochondrial metabolism, and some respiratory ATP synthesis would 

still occur due to proton pumping via CI activity (Millenaar et al. 2003). As the main 

pathway of cyanide detoxification is via β-CAS, it can be posited that AOX and β-CAS 

work in concert to continue respiratory function in the presence of high cyanide 

concentrations. In this framework, β-CAS enzymatically detoxifies cyanide while AOX 

sustains mitochondrial function despite the presence of cyanide. This links the varietal 

flexibility in AOX abundance (Chapter Two; Appendix Table 6.1.3) with varietal 

flexibility in β-CAS gel position, as different varieties might have varying capacities to 

detoxify and cope with cyanide.   
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The data presented in this thesis shows that the abundance of β-CAS across a range of 

gel positions can differ between wheat varieties (Chapters Two and Three). Detailed 

interrogation of peptide mass spectra produced evidence that the β-CAS spot of higher 

abundance in v. AMP could be derived from the Lophopyrum elongatum genome 

(Chapter Three). These observations are novel contributions to the scientific literature, 

and here I briefly assess their physiological significance. First, it can be stated that β-

CAS is a flexible component of the mitochondrial proteome, which can assume a range 

of abundances and physiochemical properties manifesting in varying pI across 

mitochondria isolated from different varieties. This suggests wheat mitochondria can 

accommodate varying β-CAS characteristics without incurring major consequences 

upon the organism. In this respect, β-CAS contrasts against many of the other proteins 

identified via 2D-PAGE, which have relatively fixed abundance values and static pIs 

between varieties. Second, although β-CAS is not strongly linked to salinity tolerance in 

the literature, these varieties were chosen for their contrasting responses to salinity. 

Thus, the differential abundance of this enzyme across varieties with differing salinity 

tolerance perhaps suggests that the molecular function of β-CAS could be linked to 

varietal salinity tolerance. Alternatively, this may be indicative of differing rates of 

cyanide and ethylene production across varieties. However, it is hard to reduce the 

physiological role of β-CAS to one single function, given that it participates in a 

complex network at the interface of amino acid metabolism, hydrogen sulphide 

production and cyanide detoxification (Machingura et al. 2013). Therefore, future 

investigations into the role of mitochondria in salinity tolerance could perhaps focus 

upon transgenic manipulation of β-CAS and assessment of salinity tolerance, ethylene 

production and cyanide metabolism. This thesis has provided a potential link between β-

CAS properties and salinity where previously none existed, which demonstrates how 

untargeted proteomics investigations between varieties can generate hypotheses for 

future experiments. 

 

5.2.3 The response of VDACs to salinity 

Salinity treatment led to the altered abundance of several spots matching to VDACs in 

two separate proteomic comparisons (Chapters Two and Three). VDACs are localised 

in the outer mitochondrial membrane, forming a β-barrel which channels molecules 

<1000 Da into the intermembrane space. Perhaps because such a wide range of 

molecules that fall within this mass range, research has linked VDAC porin to a wide 

range of cellular functions and stress responses in the literature (Homble et al. 2012). So 



150 

 

although the precise role that VDAC porin plays under salinity stress is unclear, it 

seems evident that VDAC is a flexible component of the mitochondrial proteome which 

alters during the mitochondrial salt stress response. In mammals, there are extensive 

links between porin and the signalling cascades that lead to programmed cell death. 

There are some indications that similar signalling processes involving VDAC occur in 

plants (Godbole et al. 2003). Thus, further investigation into VDACs could focus on 

their role in salinity stress, particularly under ionic stress conditions where the presence 

of charged Na
+
 and Cl

-
 ions might alter the electrophysiological regulation of VDAC 

function. 

 

5.2.4 Lower NDPK3 abundance in shoot tissue under salinity  

NDPK3 catalyses the interconversion of nucleoside phosphates in the mitochondrial 

intermembrane space, and this molecular function can balance the catabolic provision of 

ATP with anabolic demand for GTP, UTP, CTP, and TTP (Sweetlove et al. 2001). 

There are multiple NDPK enzymes distributed across several subcellular compartments 

(Hammargren et al. 2007). Other proteomic experiments comparing control versus 

salinity stress have noted differential abundance of several NDPKs (Zhang et al. 2012). 

Thus, the NDPK family can be positioned as generally stress responsive. The data in 

this thesis measured lower abundance of mitochondrial NDPK3 under salinity stress in 

shoot tissue, whereas abundance was unchanged in root tissue (Chapters Two and 

Three). Given the particular metabolic demands that salinity stress places upon shoot 

mitochondria (section 5.1.4), these data provides a potential mechanism through which 

plants balance the metabolic fluxes of catabolism versus anabolism in shoot tissue under 

salinity stress. The energetics of mitochondrial respiration in saline media was 

investigated in Chapter Four, with results showing that ATP synthase appears to be 

stimulated by saline media. So under a salinity scenario which imposes high ionic 

concentrations on the cytosol of shoot cells, direct stimulation of ATP synthase by NaCl 

can be linked with lower NDPK abundance. Together, these changes ensure that newly 

synthesised ATP is allocated towards ATP-fuelled exclusion and compartmentalisation 

of ions, at the expense of GTP-fuelled anabolic processes. 

 

5.3 What respiratory properties could be targeted to enhance salinity tolerance?  

Although breeding of improved crop varieties is largely based upon empirical 

validations of yield and quality, the use of molecular markers for certain traits is 

becoming increasingly common (Collard et al. 2008). As scientific dissection of the 
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molecular components that mediate key physiological traits becomes more mature, it is 

anticipated that crop improvement techniques will incorporate the rational engineering 

of metabolism in order to maximize biomass and stress tolerance (Bohnert et al. 1996; 

Libourel et al. 2008). Manipulations of mitochondrial properties have been considered 

as potential avenues for crop improvement, as selective breeding for slower respiration 

rates can enhance biomass production (Wilson 1982; Kraus et al. 1993; Hauben et al. 

2009). Analyses of respiratory metabolism across crop varieties have revealed 

correlations between certain mitochondrial properties and yield (Flavell et al. 1977; 

McCullough et al. 1989). Furthermore, RNAi manipulation of transcripts encoding 

respiratory enzymes can enhance yield and affect fruit storage properties (Nunes-Nesi et 

al. 2005; Centeno et al. 2011). This section of the discussion assesses whether the work 

presented in this thesis can be used to target certain respiratory properties in order to 

enhance the salinity tolerance of wheat. However, it must be mentioned that ANOVA 

comparisons of the mitochondrial proteomic response to salinity between a tolerant and 

sensitive variety showed that only a small number of protein exhibit statistically 

significant genotype × treatment interactions (Chapter Three). This suggests that 

tolerant plants do not alter their mitochondrial composition under salinity in a 

fundamentally different manner compared to sensitive plants. Therefore, it is difficult to 

prescribe a broad set of respiratory properties that are always associated with tolerance. 

Perhaps some of the logical targets to focus on are subtle variations in respiratory rate 

responses to salinity, and isoform profiles of key mitochondrial enzymes. 

 

5.3.1 Targeting respiratory rates under salinity stress to enhance tolerance 

The balance between photosynthetic and respiratory rates can exert a major influence 

upon growth, as allocating a lower proportion of fixed carbon to respiration enables a 

greater fraction to be allocated to growth (Poorter et al. 1990). Under salinity stress, the 

situation seems more complicated. The initial onset of salinity stress is generally 

associated with respiratory increases, with some suggestions that tolerant varieties 

exhibit a lower degree of increase compared to sensitive varieties (Chapter Three; see 

also Bloom et al. (1984) and Kasai et al. (1998)). However, it can be asserted that 

salinity tolerance strategies require significant amounts of energy in order to mediate 

ion transport, rebalance metabolite pools, and to turnover damaged cellular components 

(Figure 5.1). Therefore, efforts to increase growth rates by targeting dramatically lower 

respiration rates under salt stress would seem unwise, because lower rates of 

mitochondrial energy production may not meet the energetic costs required to fuel 
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energetically costly cellular defence processes. The isolated mitochondrial experiments 

presented in Chapter Four further complicate the link between respiratory rate increases 

under salt stress and tolerance. These data showed that different pathways of substrate 

oxidation exhibit contrasting respiratory responses to salinity, with the activity of 

certain pathways stimulated whereas others are inhibited by NaCl (Chapter Four). 

Therefore, multiple factors can influence the respiratory rate response to salinity, and it 

can be argued that these factors emerge at different timescales in planta. For instance, 

the concentrations of Na
+
 and Cl

-
 ions present in the cytosol, and the predominant route 

of substrate oxidation, might dictate the instantaneous response of respiration rate to 

salinity. Alterations to mitochondrial composition and mobilisation of respiratory 

substrates would influence respiratory rate responses over longer timescales. Due to the 

complex factors that underpin these diverse respiratory rate responses to salinity, it may 

not be feasible to target one consistent respiratory response to salinity in the hope of 

enhancing tolerance, as subtly different salinity scenarios could elicit significantly 

different respiratory rate responses. However, analyses of respiration rates and their 

balance with photosynthesis can help to assess the energetic costs of different 

physiological strategies that are deployed to cope with salinity. These understandings 

can frame the physiological context of high-throughput ‘omics datasets gathered on 

plants exposed to salinity treatments. 

 

5.3.2 Targeting mitochondrial ROS defences to achieve tolerance 

There is significant interest in enhancing salinity tolerance by targeting components of 

the antioxidant defence network (Gill et al. 2010). There is strong evidence linking 

mitochondrial antioxidant defences to tolerance, such as the repeated observations that 

components of the mitochondrial ROS defence network are induced by salt stress, and 

that tolerant genotypes contain higher abundance of mitochondrial ROS defences 

compared to sensitive lines (Chapters Two and Three; Appendix Table 6.1.3). 

Engineering tolerance to a range of stresses through transgenic MnSOD overexpression 

has been explored over several decades (Gusta et al. 2009), and the utility of this 

strategy in mediating salinity tolerance has been shown in Arabidopsis (Wang et al. 

2004) and poplar (Wang et al. 2010). The properties of AOX have also been 

investigated as a means to achieve tolerance to a range of stresses, with a particular 

emphasis in the literature on identifying specific AOX sequences linked to cold 

tolerance in rice (Abe et al. 2002). Also, overexpression of AOX in Arabidopsis has 

been shown to enhance the salinity tolerance of this sensitive species (Smith et al. 
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2009). The results in this thesis document both of these proteins at higher abundance in 

response to salt treatment, and higher in tolerant varieties (Chapters Two and Three). 

This shows that the links between these proteins and varietal stress tolerance holds true 

across a range of different wheat varieties. However, before embarking upon a breeding 

or transformation program that targets the higher abundance of these proteins to 

enhance tolerance, it would be defined precisely which gene sequence should be 

targeted, and in what organ or cell type higher expression will be most favourable. So in 

terms of guiding future breeding or transgenic efforts, it is important to investigate the 

differences in 2D gel position and isoform expression of MnSOD across tolerant versus 

sensitive varieties. These data could guide the experimental strategy of follow up 

investigations at both the genetic and enzymological levels. For instance, genetic studies 

could determine chromosomal loci of different MnSOD isoforms in wheat, and analyse 

whether they correspond to QTLs for stress tolerance. Also, biochemical experiments 

could investigate whether the heterologous expression of different MnSOD sequences 

can reveal a kinetic or structural difference which manifests in greater resistance to 

NaCl. The data in this thesis could also guide efforts to promote tolerance in sensitive 

species through tissue specific expression of candidate genes. Proteomic comparisons of 

mitochondria isolated from both shoot and root tissue suggest that MnSOD induction is 

a common response to salinity across genotypes and tissues (Chapters Two and Three). 

In contrast, induction of the superoxide-limiting AOX was limited to shoot tissue, 

whereas the induction of the H2O2-detoxifying Prx and MDHAR was limited to root 

tissue (Chapter Three). Therefore, higher expression of MnSOD across both shoots and 

roots appears to be a reasonable strategy to confer tolerance, whereas higher expression 

of AOX, MDHAR and Prx might only be advantageous in specific tissues. 

 

5.3.3 What are the mitochondrial targets for promoting ion exclusion, osmotic tolerance 

or tissue tolerance? 

Figure 5.1 outlines how mitochondrial properties contribute to certain salinity tolerant 

processes. This understanding was employed for discussing how the data this thesis has 

furthered the scientific understanding of the mitochondrial role in salinity tolerance 

(Section 5.1). As this framework of tolerance focuses upon the mitochondrion, it was 

useful for interpreting the data gathered in this thesis. However, this understanding is 

not widely used by other researchers, with the most influential work in the field 

conceptualising three mechanisms of salinity tolerance: ion exclusion, osmotic tolerance 

and tissue tolerance (Munns 2008). There is ongoing interest in measuring these traits in 
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a high throughput manner (Rajendran et al. 2009), and coupling these phenotyping 

technologies to large scale breeding and transgenic programs (Roy et al. 2011). 

Therefore, in order to present the work in this thesis in a manner consistent to this 

understanding of tolerance, I will conclude this chapter by analysing what 

mitochondrial traits present the best targets to enhance the specific tolerance processes 

described by Munns et al. (2008).  

 

5.3.3.1 Ion exclusion 

There are strong links between fast respiratory rates in root tissue under salinity 

treatment and ion exclusion (Drew et al. 1985; Malagoli et al. 2008). This may suggest 

that lines could be screened for respiratory increases in salt treated root tissues as a 

means to determine their exclusion capacity. However, our capacity to rapidly measure 

respiration rates across large numbers of plants lags behind the ability to analyse 

growth, photosynthesis and transpiration rates. Therefore, perhaps technological 

breakthroughs in measuring plant respiration will be necessary before such a strategy is 

feasible. Also, there may be costs associated with solely targeting exclusion as an 

avenue for tolerance, because Na
+
 uptake into leaves can promote transpirational flux 

(Subbarao et al. 2003), while the expenditure of carbon reserves on faster root 

respiration leaves less carbohydrate for synthesis of new tissue (Figure 1.1). 

Nevertheless, ion exclusion is certainly an important component of tolerance in many 

glycophytes (Munns et al. 2008), and the importance of exclusion in promoting 

tolerance has been shown by the higher salt tolerance of a durum line where a gene for 

sodium exclusion had been incorporated via selective breeding (Munns et al. 2012). It is 

anticipated that continued research characterising the transport proteins involved in 

mediating exclusion will likely lead to a number of exclusion genes being identified and 

incorporated into crops (Ashraf et al. 2012). However, it can be asserted that the 

energetic requirements of these transport proteins demand a constant ATP supply to 

mediate ion exclusion. Therefore, the success of any strategy that manipulates these 

transporters in order to promote tolerance will be contingent on sustaining high rates of 

respiration in salt stressed root tissue. This thesis has identified some potential 

mitochondrial mechanisms that promote energy supply for exclusion, with isolated 

mitochondria from salt stressed roots exhibiting higher abundance of CI subunits and a 

lack of AOX induction. So, perhaps future tolerance strategies that target ion exclusion 

would benefit from the simultaneous targeting of respiratory efficiency in root 

mitochondria, through higher expression of CI and lower expression of AOX in root 
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tissue. It is likely that other mitochondrial factors contribute toward higher respiratory 

efficiency in salt treated root cells, and Chapter Three demonstrates the feasibility of 

conducting proteomic studies upon mitochondria isolated from salt treated root tissue in 

wheat. Therefore, future experiments could investigate mitochondrial proteome 

remodelling under salt stress across varieties with high capacity for ion exclusion. This 

would expand the list of mitochondrial proteins associated with energetic support for 

ion exclusion.  

 

5.3.3.2 Osmotic tolerance 

Osmotic tolerance involves maintaining transpirational flux under salinity. 

Mitochondrial metabolism has directly been linked to stomatal opening (Fuentes et al. 

2011), while the links between mitochondrial metabolism and osmolyte synthesis are 

discussed in Section 5.1.2. In terms of targeting mitochondrial properties to promote 

osmotic tolerance, this thesis measured higher abundance of AOX and GDH in 

mitochondria isolated from salt treated plants (Chapters Two and Three). Both proteins 

can be linked to metabolic shifts that promote osmolyte synthesis, as discussed in 

Section 5.1.2. Interestingly, two different isoforms of the GDH enzyme were detected in 

Chapter Three. Both of these isoforms were induced by salinity in shoot tissue, but one 

of those isoforms was of lower abundance in mitochondria isolated from salt treated 

root cells (Chapter Three). This suggests that different GDH isoforms exhibit 

differential responses to salt treatment across root and shoot tissues. There is previous 

work investigating the favourability of different GDH isoforms for promoting nitrogen 

use efficiency in wheat (Fontaine et al. 2009). Therefore, any work targeting GDH 

expression as a means to manipulate salinity tolerance should probably investigate 

which isoform is most favourable, and whether tissue specific expression of the 

different isoforms plays a role in determining tolerance. In the varietal comparison 

presented in Chapter Three, tolerant v. AMP exhibited faster leaf elongation rates and 

stomatal conductance under salinity treatment. These measurements indicate that v. 

AMP exhibited greater osmotic tolerance compared to sensitive v. CS. Interestingly, 

shoot mitochondria isolated from v. AMP exhibited higher abundance of SHMT, β-CAS 

and MDH. Thus, it can be suggested that these proteins may contribute to osmotic 

tolerance, and that they are potential targets for future experiments investigating how 

mitochondrial metabolism can promote water flow and growth under salinity. 
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 5.3.3.3 Tissue tolerance 

Tissue tolerance involves maintaining cellular function despite the accumulation of high 

concentrations of Na
+
 and Cl

-
 ions in leaf tissue (Munns et al. 2008). Although the in 

vivo concentration of these ions in the ‘cytosol’ are not well characterised (Section 4.1), 

it is inevitable that mitochondria in salt stressed plants will be in contact with some 

level of ionic salts in the surrounding cytosol, due to incomplete vacuolar sequestration 

of ions (Section 5.1.4). Therefore, a potential strategy to promote tissue tolerance could 

involve targeting processes that maintain respiratory metabolism despite high Na
+
 and 

Cl
-
 concentrations. Given that mitochondrial catabolic pathways differ in their ability to 

sustain respiration at high NaCl concentrations in vitro (Chapter Four), reshuffling 

metabolism to promote flux through the more resistant enzymes could be one way to 

promote tissue tolerance. For instance, future investigations could investigate whether 

salinity tolerance is enhanced by partitioning respiratory metabolism through the salt-

stimulated external NADH dehydrogenase, or the relatively salt resistant AOX or GDH. 

Alternatively, tissue tolerance could involve investigating mechanisms that protect the 

activity of sensitive enzymes under high NaCl concentrations, such as pyruvate 

dehydrogenase and succinate dehydrogenase (Hamilton et al. 2001).  

 

It is widely asserted that tissue tolerance involves the sequestration of ionic species 

within vacuoles (Munns et al. 2008). It can be asserted that respiratory ATP production 

is involved in fuelling the energetic requirements of sequestering ions in the vacuole 

against concentration gradients (section 5.1.4). This mechanism provides an explanation 

for the respiratory increases sometimes exhibited by salt treated plants (Chapters Two 

and Three; Appendix Table 6.1.1). Therefore, perhaps screening for respiratory 

increases in shoot tissues under salinity stress could be a proxy for vacuolar 

sequestration capacity. However, the framework of carbon balance shows that targeting 

faster respiration rates would impede biomass accumulation, which questions the utility 

of this strategy. The work in this thesis shows that the tolerant v. AMP exhibited a 

smaller increase in shoot respiration rate during the initial stages of NaCl treatment 

compared to the sensitive v. CS, suggesting that faster shoot respiration under salt stress 

is not linked to varietal tolerance. However, the baseline energetic demands of 

sequestration would caution against targeting uniformly lower shoot respiration rates. 

Given the uncertainty over the extent of vacuolar compartmentation (Kronzucker et al. 

2010), it would probably be undesirable to position the respiratory mediation of this 
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trait as a target for enhancing tolerance, unless future experiments define stronger links 

between respiration rates, vacuolar sequestration and varietal tolerance.  

 

The concept of tissue tolerance is the most suitable theoretical framework for 

interpreting the higher abundance of ROS defences in tolerant varieties (Chapters Two 

and Three; Appendix Table 6.1.3). It can be asserted that these antioxidant defences are 

causal in mediating tolerance, as their molecular functions prevent ROS-induced 

damage to cellular components under high NaCl conditions. However, it is notoriously 

difficult to present mechanistic frameworks that explain why ROS defences might be 

higher or lower under a given condition. This is because it is difficult to infer whether 

higher abundance of ROS defences are causative in mediating stress tolerance, whether 

they are markers of cellular damage, or whether they are indicative of altered signalling 

pathways (Potters et al. 2010). Thus, it would be desirable to conduct experiments that 

definitively link ROS defences with tissue tolerance. Such experiments could measure 

whether respiration and other cellular processes can be sustained at higher cellular Na
+
 

concentrations in transgenic plants with higher abundance of mitochondrial antioxidant 

defences. They could also examine whether application of exogenous antioxidants can 

increase metabolic flux through sensitive mitochondrial pathways when assayed in 

highly saline media (Hamilton et al. 2001). The work in this thesis defines specific 

mitochondrial proteins that are logical targets for such investigations, based upon their 

higher expression in tolerant lines and under salt stress. 

 

5.4 Summary and future directions 

Chapter One of this thesis reviewed the literature linking respiratory measurements with 

salt stress and salinity tolerance. Chapters Two, Three and Four measured the salinity 

responses of mitochondrial proteome composition, respiration rate and isolated 

mitochondrial biochemistry in wheat. Chapter Five integrated this data with the 

literature to show how respiratory processes are involved in mediating specific salinity 

tolerance strategies. This thesis concludes by briefly summarising the key findings of 

this thesis, and explaining their contribution to the literature. It is difficult to formulate 

general rules governing the response of respiratory rates to salinity stress, as 

measurements across multiple contexts show that respiration can proceed at faster, 

slower or stable rates under salinity stress (Chapters Two, Three and Four; Appendix 

Table 6.1.1). Each of these responses can potentially be linked to tolerance, as there are 

scenarios where faster rates meet the energetic demands of tolerance, and scenarios 
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where slower or baseline rates enable the plant to allocate more carbohydrates to growth 

(Figure 1.1). So, while the complexity of respiratory rate responses to salinity means 

that targeting respiratory rate alone is probably an unwise strategy to enhance tolerance, 

measurements of respiratory responses to salinity can frame the researcher’s 

understanding of the physiological tolerance mechanism being deployed. Mitochondrial 

antioxidant defences assume increased importance under salt stress, and tolerant 

varieties often exhibit higher abundance of the mitochondrial proteins involved in 

preventing and detoxifying ROS (Chapters Two, Three and Four; Appendix Table 

6.1.3). The established links between salinity tolerance and MnSOD position this 

particular enzyme as a key mediator of tolerance (Appendix Table 6.1.3). The work in 

this thesis shows that different wheat varieties can exhibit varying isoform profiles and 

2D gel positions of MnSOD. This reductionist focus on one protein might be criticised, 

because the complexity of the cellular antioxidant network makes it difficult to define 

one single element as key to tolerance. This complexity is illustrated by the limited 

success of strategies aiming to enhance salinity tolerance through single gene 

manipulations (Reguera et al. 2012). However, future breeding or transgenic strategies 

are likely to involve co-expression of large suites of genes to confer tolerance. Such 

strategies would be most efficient if targeted alleles encode protein isoforms superior 

for eliciting the desired phenotype (Bressan et al. 2012). This rationale justifies future 

experiments that would determine exactly what mixture of MnSOD isoforms will return 

the greatest benefit in terms of salinity tolerance. The data in this thesis identifies 

proteins that are correlated to stress tolerance in tolerant versus sensitive comparisons 

between two varieties (Chapters Two and Three). However, these measurements alone 

have limited power to link the abundance of certain proteins to salinity tolerance. This is 

because the small number of genotypes under comparison is inadequate for determining 

robust statistical links. Therefore, logical follow-up investigations would involve 

profiling the abundance of these particular proteins across a wider set of germplasm. 

Such an approach would be even more powerful if the material was grown under 

relevant field conditions. Finally, at a technical level, this work has demonstrated the 

feasibility of applying proteomics methodologies to analyse isolated mitochondrial 

composition in wheat. There is increasing interest in applying proteomics to non-model 

species (Agrawal et al. 2012), and this thesis could guide future strategies to profile 

organellar composition across a wider range of wheat varieties, or to investigate the 

molecular effects of other stress conditions.  
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Figure 5.1: Mitochondrial involvement in salinity tolerance processes 

The top panel of this figure illustrates that mitochondrial processes can be linked to 

salinity stress and salinity tolerance across a range of physical scales. The lower left 

panel shows the connection between the synthesis of ATP by mitochondria and the 

consumption of ATP by ion transporters. The lower right panel of outlines four 

mitochondrial processes that mediate salinity tolerance. These four processes provide a 

framework for the interpretation of the data in this thesis (Section 5.1). 
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6. Appendices 

 

Appendix Table 6.1.1: Collation of literature reports measuring respiration rates 

of intact tissue from salt treated plants 

 

Species Tissue Respiratory 

Response 

Reference 

Arabidopsis thaliana  Cell culture Variable (Wang et al. 2010) 

Avicennia marina (halophyte) 

 

Shoots 

Roots 

Increase 

Decrease 

(Burchett et al. 1989) 

Avicennia marina (halophyte) Roots Increase (Burchett et al. 1984) 

Beta vulgaris Shoots No change (Papp et al. 1983) 

Beta vulgaris, Spinacea oleracea, 

Lactuca saliva, Brassica oleracea, 

Brassica alba, Raphanus sativus,  

Brassica rapa, Phaseolus vulgaris, 

Pisum sativum, Allium cepa, 

Capsicum frutescens, Lycopersicum 

esculentum  

Shoots 

 

Increase 

 

(Nieman 1962) 

Citrus sinensis Cell culture Decrease (Ferreira et al. 2008) 

Climacoptera crassa, Suaeda 

altissima, Camforosma lessingii, 

Petrosimonia brachiata, (halophytes) 

Shoots Decrease (Ivanova et al. 1994) 

Eucalyptus microcorys Cell culture No change (Keiper et al. 1998) 

Hibiscus cannabinus Shoots Increase (Curtis et al. 1988) 

Hordeum vulgare Shoots Decrease (Jolivet et al. 1990) 

Hordeum vulgare  Roots Increase (Bloom et al. 1984) 

Lactuca Sativa Whole plants Increase (Zapata et al. 2003) 

Lycopersicon esculentum Roots Increase (Cramer et al. 1995) 

Lycopersicon esculentum Shoots 

Roots 

Decrease 

Decrease 

(Taleisnik 1987) 

Medicago sativa Shoots  Increase (Khavari-Nejad et al. 

1998) 

Medicago sativa Shoots 

Roots 

Increase 

Increase 

(Shone et al. 1983) 

Nicotiana tabacum Cell culture Decrease (Andronis et al. 2010) 

Oryza sativa Roots Variable (Malagoli et al. 2008) 

Oryza sativa Shoots No change (Feng et al. 2010) 

Phaseolus vulgaris, Xanthium 

strumarium (halophyte), Zea mays, 

and Atriplex halimus (halophyte)  

Shoots 

 

Increase 

 

(Schwarz et al. 1981) 

Phragmites communis  Cell culture Variable (Cui et al. 2005) 

Pisum sativum  Shoots Increase (Livne et al. 1967) 

Pisum sativum  

Suaeda maritima (halophyte) 

Shoots 

Shoots 

Decrease 

Decrease 

(Flowers 1972) 

Pisum sativum Shoots Decrease (Marti et al. 2011) 

Plantago coronopus (halophyte) Shoots 

Roots 

No change 

No change 

(Blacquiere et al. 

1981) 

Plantago coronopus (halophyte) Shoots Decrease (Koyro 2006) 

Quercus robur Roots Decrease (Epron et al. 1999) 

Solanum muricatum Shoots Increase (Chen et al. 1999) 
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Spartina alterniflora (halophyte) 

 

Shoots 

Roots 

No change 

Decrease 

(Hwang et al. 1994) 

Triticum aestivum  Shoots No change (Kong et al. 2001) 

Triticum aestivum  Shoots Decrease (Kafi 2009) 

Triticum aestivum - Lophopyrum 

elongatum amphiploid 

Triticum aestivum  

Shoots 

Shoots 

No change 

Increase 

(Kasai et al. 1998) 

Triticum aestivum, Hordeum vulgare Shoots Decrease (Rawson 1986) 

Triticum durum  Shoots Variable (Carillo et al. 2008) 

Xanthium strumarium (halophyte) Shoots Increase (Reuveni et al. 1997) 

 

 

 

 

Appendix Table 6.1.1.1: Summary of respiratory responses to salinity according to 

tolerance level of plant (cell culture excluded) 

 

Tolerance level of 

plant 

Decrease Variable/No change Increase 

Tolerant 3 3 3 

Moderate 5 3 3 

Sensitive  2 2 7 

 

 

 

 

Appendix Table 6.1.1.2: Summary of respiratory response to salinity according to organ 

studied 

 

Tissue Decrease Variable/No change Increase 

Shoot 7 6 10 

Root 4 2 4 

Cell culture 2 3 0 

Total 13 11 14 
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Appendix Table 6.1.2: Collation of literature reports documenting respiratory rate 

responses to salinity or NaCl in isolated mitochondria 

 

Species Experimental strategy Substrate Respiratory 

response 

Reference 

Beta vulgaris 

bulbs 

NaCl added to isolated 

mitochondria  

NADH Increase 

 

(Honda et al. 1958) 

Hordeum vulgare 

shoots 

Mitochondria isolated 

from salt treated plants 

Malate Decrease 

 

(Jolivet et al. 1990) 

Nicotiana 

tabacum cell 

culture 

NaCl added to isolated 

mitochondria 

Succinate Decrease  

 

(Schwarz et al. 

1991) 

Pisum sativum 

shoots 

Mitochondria isolated 

from salt treated plants 

Succinate Increase (Livne et al. 1967) 

Pisum sativum 

shoots 

Suaeda maritima 

shoots 

NaCl added to isolated 

mitochondria 

Malate + 

pyruvate 

Malate + 

pyruvate 

Decrease  

 

Decrease  

(Flowers 1974) 

Solanum 

tuberosum tubers 

NaCl added to isolated 

mitochondria 

Succinate Decrease (Campbell et al. 

1976) 

Spinacia 

oleracea shoots 

NaCl added to isolated 

mitochondria 

Proline Decrease  

 

(Huang et al. 1979) 

Triticum durum 

shoots 

Mitochondria isolated 

from salt treated plants 

Succinate 

Proline 

Decrease 

Decrease 

(Flagella et al. 

2006) 

Triticum durum 

shoots 

Mitochondria isolated 

from salt treated plants 

Succinate 

Proline 

Decrease 

Decrease 

(Trono et al. 2004) 
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Appendix Table 6.1.3: Collation of literature reports linking mitochondrial proteins to salt treatment or salinity tolerance 

 

Functional 

category 

Protein Link to salinity Tissue Method Reference 

Electron 

transport chain 

COX6B Lower abundance under 

salt stress  

 

Higher abundance under 

salt stress  

Oryza sativa roots, 

Arabidopsis thaliana roots 

 

Oryza sativa roots 

2D gel-MS, 2D gel-MS 

 

 

2D gel-MS 

(Jiang et al. 2007; Chen 

et al. 2009) 

 

(Yan et al. 2005) 

 NDex Higher expression under 

salt stress 

Arabidopsis thaliana cell 

culture 

Enzyme assay (Smith et al. 2009) 

 AOX Salt tolerant over-

expresser  

 

Expression/activity 

induced by salt stress 

 

 

 

 

 

 

Higher 

expression/activity in 

tolerant variety 

Arabidopsis thaliana shoots 

 

 

Hordeum vulgare shoots, 

Glycine max roots, Citrus 

sinesis cell culture, 

Arabidopsis thaliana shoots, 

Arabidopsis thaliana cell 

culture, Vigna unguiculata 

roots 

 

Vigna unguiculata roots 

Dry weight 

 

 

O2 electrode, Western blot 

 

 

 

 

 

 

 

Western blot, O2 electrode 

(Smith et al. 2009) 

 

 

(Jolivet et al. 1990; 

Hilal et al. 1998; Costa 

et al. 2007; Ferreira et 

al. 2008; Smith et al. 

2009; Wang et al. 2010) 

 

 

 

(Costa et al. 2007) 

 ATP-ε  Higher abundance under 

salt stress 

Oryza sativa shoots 2D gel - MS (Kim et al. 2005) 

 ATP-δ Higher abundance under 

salt stress 

Arabidopsis thaliana roots 2D gel-MS (Jiang et al. 2007) 
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 ATP-α Lower abundance under 

salt stress 

 

Higher abundance under 

salt stress 

Triticum aestivum shoots 

 

 

Arabidopsis thaliana cell 

culture 

2D gel-MS 

 

 

2D gel-MS 

(Caruso et al. 2008) 

 

 

(Ndimba et al. 2005) 

 

 

 ATP-β Lower abundance under 

salt stress 

 

Higher abundance in 

tolerant variety  

 

Higher abundance under 

salt stress 

 

Lower incidence of 

phosphorylation under 

salt stress 

Vitis vinifera shoots, Cucumis 

sativus roots 

 

Vitis vinifera shoots 

 

 

Oryza sativa shoots 

 

 

Oryza sativa roots 

2D gel-MS 

 

 

2D gel-MS 

 

 

2D gel-MS 

 

 

2D gel-ProQ Diamond stain-

MS 

(Vincent et al. 2007; Du 

et al. 2010) 

 

(Vincent et al. 2007) 

 

 

(Kim et al. 2005; Parker 

et al. 2006) 

 

(Chitteti et al. 2007) 

TCA cycle S-CoAL-β  Higher expression under 

salt stress 

Arabidopsis thaliana shoots, 

Triticum aestivum shoots, 

Triticum aestivum roots, 

Arabidopsis thaliana cell 

culture  

2D gel-MS (Ndimba et al. 2005; 

Wang et al. 2008; Peng 

et al. 2009; Pang et al. 

2010) 

 ICDH-NADP Higher expression under 

salt stress 

Nicotiana tabacum shoots Western blot (Skopelitis et al. 2006) 

 PDC-E3 Higher abundance under 

salt stress 

 

Lower abundance under 

salt stress 

Oryza sativa shoots, Oryza 

sativa flowers 

 

Arabidopsis thaliana shoots, 

Oryza sativa roots 

2D gel-MS 

 

 

2D gel-MS 

(Kim et al. 2005; Dooki 

et al. 2006) 

 

(Chitteti et al. 2007; 

Pang et al. 2010) 

 PDC-E1-α Higher abundance under Arabidopsis thaliana shoots  2D gel-MS (Pang et al. 2010) 
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salt stress 

 MDH Higher expression under 

salt stress 

 

 

 

 

Higher activity in 

tolerant variety 

Cucumis sativus roots, 

Arabidopsis thaliana roots, 

Arabidopsis thaliana cell 

culture, Triticum aestivum 

roots, Oryza sativa roots 

 

Oryza sativa roots 

2D gel-MS, Enzyme assay 

 

 

 

 

 

Enzyme assay 

(Kumar et al. 2000; 

Ndimba et al. 2005; 

Jiang et al. 2007; Peng 

et al. 2009; Du et al. 

2010) 

 

(Kumar et al. 2000) 

 PDC-E1-β  Lower abundance under 

salt stress 

 

Higher abundance under 

salt stress 

Cucumis sativus roots 

 

 

Suaeda aegyptiaca shoots 

(halophyte) 

2D gel-MS 

 

 

2D gel-MS 

(Du et al. 2010) 

 

 

(Askari et al. 2006) 

 Aco Lower abundance under 

salt stress 

 

Higher abundance under 

salt stress 

Arabidopsis thaliana roots 

 

 

Arabidopsis thaliana cell 

culture 

2D gel-MS 

 

 

2D gel-MS  

(Jiang et al. 2007) 

 

 

(Ndimba et al. 2005) 

 Fumarase Lower abundance under 

salt stress 

Arabidopsis thaliana roots 2D gel-MS (Jiang et al. 2007) 

C,N,P 

metabolism 

ProDH Overexpresser tolerant of 

combined cold+salinity 

stress 

 

Lower activity under salt 

stress 

Nicotiana tabacum shoots 

 

 

 

Triticum durum shoots 

Visual phenotype 

 

 

 

Enzyme assay 

(Miller et al. 2009) 

 

 

 

(Mattioni et al. 1997; 

Soccio et al. 2010) 

 P5CDH Enhanced salt tolerance 

in knockout 

 

Decreased salt tolerance 

in siRNA mutant that 

Arabidopsis thaliana shoots 

 

 

Arabidopsis thaliana shoots 

 

Fresh weight 

 

 

Fresh weight, % survival 

(Borsani et al. 2005) 
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lacks P5CDH silencing 

 GABA-T KO is sensitive to salt 

stress 

Arabidopsis thaliana shoots Visual phenotype (Renault et al. 2010) 

 GDH  Higher 

expression/activity under 

salt stress 

 

 

 

 

Lower activity under salt 

stress 

Nicotiana tabacum shoots, 

Vitis vinifera shoots, Triticum 

aestivum shoots, Triticum 

aestivum shoots, Moraceae 

morus shoots, Arabidopsis 

thaliana shoots  

 

Triticum durum shoots 

Western blot, enzyme assay, 

2D gel-MS 

 

 

 

 

 

Enzyme assay 

(Skopelitis et al. 2006; 

Jiang et al. 2007; Wang 

et al. 2007; Surabhi et 

al. 2008; Peng et al. 

2009; Daldoul et al. 

2010) 

 

(Carillo et al. 2008) 

 Carbonic 

anhydrase 

Lower abundance under 

salt stress 

Arabidopsis thaliana roots 2D gel-MS (Jiang et al. 2007) 

 Aldehyde 

dehydrogenase 

Higher abundance under 

salt stress 

Arabidopsis thaliana cell 

culture 

2D gel-MS (Ndimba et al. 2005) 

 GDC-P Higher abundance under 

salt stress 

Triticum aestivum shoots, 

Oryza sativa shoots 

2D gel-MS (Kim et al. 2005; Caruso 

et al. 2008) 

 SHMT KO sensitive to salt 

stress 

 

Higher abundance under 

salt stress 

Arabidopsis thaliana shoots 

 

 

Oryza sativa shoots 

Visual phenotype, ROS 

staining 

 

2D gel-MS 

(Moreno et al. 2005) 

 

 

(Kim et al. 2005) 

Stress defence MnSOD Salt tolerant over-

expresser  

 

Higher 

expression/activity under 

salt stress 

 

 

 

Arabidopsis thaliana shoots, 

Populus davidiana shoots 

 

Pisum sativum shoots, Pisum 

sativum roots, Oryza sativa 

shoots, Agrostis stolonifera 

roots, Arabidopsis thaliana 

roots, Arabidopsis thaliana 

cell culture 

Visual phenotype, fresh weight 

 

 

Western blot, 2D gels-MS, 

enzyme assay 

 

 

 

 

(Wang et al. 2004; 

Wang et al. 2010) 

 

(Hernandez et al. 1993; 

Hernandez et al. 2000; 

Kav et al. 2004; Kim et 

al. 2005; Ndimba et al. 

2005; Jiang et al. 2007; 

Peng et al. 2009; Xu et 
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Higher 

expression/activity in 

tolerant variety 

 

 

 

 

Pisum sativum shoots, 

Solanum lycopersicum shoots, 

Agrostis stolonifera roots 

 

 

 

Western blot, enzyme assay, 

2D gels-MS 

 

 

al. 2010; Marti et al. 

2011) 

 

(Hernandez et al. 1993; 

Hernandez et al. 2000; 

Mittova et al. 2003; 

Peng et al. 2009; Xu et 

al. 2010) 

 APX  Higher 

expression/activity in 

tolerant variety 

Solanum lycopersicum shoots Enzyme assay (Mittova et al. 2003) 

 GR Higher 

expression/activity in 

tolerant variety 

Solanum lycopersicum shoots Enzyme assay (Mittova et al. 2003) 

 GPX Higher 

expression/activity in 

tolerant variety 

 

Higher expression under 

salt stress 

Solanum lycopersicum shoots 

 

 

 

Arabidopsis thaliana roots 

Enzyme assay 

 

 

 

2D gel-MS 

(Mittova et al. 2003) 

 

 

 

(Jiang et al. 2007) 

 MDHAR Higher 

expression/activity in 

tolerant variety 

Solanum lycopersicum shoots Enzyme assay (Mittova et al. 2003) 

 Prx Higher expression in 

tolerant variety 

 

Higher abundance under 

salt stress 

Vitis vinifera shoots 

 

 

Vitis vinifera shoots, Cucumis 

sativus roots 

2D gel-MS 

 

 

2D gel-MS 

 

(Vincent et al. 2007) 

 

 

(Vincent et al. 2007; Du 

et al. 2010) 

 GST Higher expression under 

salt stress 

Arabidopsis thaliana shoots, 

Arabidopsis thaliana cell 

culture 

2D gel-MS (Ndimba et al. 2005; 

Jiang et al. 2007) 

 Trx Higher Pisum sativum shoots Western blot, enzyme assay (Marti et al. 2011) 
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expression/activity under 

salt stress 

Chaperones and 

proteases 

Hsp70 Higher expression under 

salt stress 

Oryza sativa roots, 

Arabidopsis thaliana cell 

culture 

2D gel-MS (Ndimba et al. 2005; 

Chen et al. 2009) 

 Hsp22 Protects complex I 

activity from salt stress 

in vitro 

Zea mays shoots 

 

O2 electrode 

 

(Hamilton et al. 2001) 

 MPP-α Higher abundance under 

salt stress 

Thellungiella salsuginea 

shoots  

iTRAQ (Pang et al. 2010) 

 MPP-β Higher abundance under 

salt stress 

Arabidopsis thaliana cell 

culture 

2D gel-MS (Ndimba et al. 2005) 

Membrane 

transport 

VDAC Lower expression under 

salt stress 

 

Higher expression under 

salt stress 

(another isoform) 

 

Salt tolerant over-

expresser 

Aeluropus lagopoides shoots  

 

 

Aeluropus lagopoides shoots  

 

 

 

Oryza sativa shoots 

2D gel-MS 

 

 

2D gel-MS 

 

 

 

Visual phenotype 

(Sobhanian et al. 2010) 

 

 

(Sobhanian et al. 2010) 

 

 

 

(Desai et al. 2006) 

 Mitochondrial 

phosphate 

transporter 

Higher abundance under 

salt stress 

Arabidopsis thaliana shoots iTRAQ (Pang et al. 2010) 

 UCP Salt-tolerant over-

expersser 

Nicotiana tabacum shoots 

 

Shoot dry weight (Begcy et al. 2011) 

Transcription 

and translation 

PPR40 Salt tolerant over-

expresser 

Arabidopsis thaliana roots Root length measurements (Zsigmond et al. 2012) 
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Appendix Table 6.1.3.1: Summary of literature reports documenting salt-induced 

alterations to the abundane/activity of mitochondrial proteins according to functional 

category 

 

Functional category Increased abundance/activity 

under salinity 

Decreased abundance/activity 

under salinity 

Electron transport chain 12 4 

TCA cycle 15 5 

C, N, P metabolism 10 2 

Stress defence 12 0 

Chaperones and proteases 4 0 

Membrane transport 2 1 
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Appendix Table 6.2.1: Wheat mitochondrial proteins confidently identified in the reference map presented in Chapter Two 

Identified proteins are listed by functional class. Spot number refers to the spot(s) in Figure 2.1 where each protein was detected. Accession refers to 

the highest-scoring match in the wheat TC database (TaGI release 11).  Protein descriptions were obtained by BLAST searching the matched TC 

sequence against Arabidopsis and rice, and selecting the most concise description of the closest homologue from either species. Matched peptides is 

the number of peptides with ions score >51 matched to that accession. For single peptide matches, numbers in brackets denotes low scoring peptides 

(ions score between 10-50) from the same gel spot that also matched that accession. Gel MW and gel pI were determined from Figure 2.1, calc MW 

and calc pI were calculated by Mascot. 

 

Funtional category Spot number Accession Protein # Matched 
peptides 

MOWSE 
score 

% Cov. Gel MW Gel pI Calc 
MW 

Calc pI 

Electron Transport 
Chain 

10 TC294283 Succinate dehydrogenase subunit 1 1 (4) 52 2.2 63 5.8 84 6.9 

  17 TC287805 Mitochondrial processing peptidase beta 
subunit 

1 (5) 69 1.7 58 5.5 58 5.5 

  22, 23 TC312825 ATP synthase beta chain 10 917 20.2 51, 51 5, 5.1 75 6.6 

  22, 23 CF554354 ATP synthase beta chain 1 (0) 66 22 51, 51 5, 5.1 6 4.2 

  27, 28, 29, 30 TC277166 ATP synthase alpha subunit 8 444 13.6 51, 51, 51, 
51 

5.7, 5.7, 5.8, 
5.8 

78 9.2 

  34 TC278636 Mitochondrial processing peptidase alpha 
subunit 

2 112 8 51 6.3 41 8.7 

  35 TC282024 Mitochondrial processing peptidase alpha 
subunit 

3 175 14.7 51 6.5 33 9.6 

  94 TC282611 Gamma carbonic anhydrase 1 (1) 84 5.3 30 7 46 8.8 

  78 CA698948 Cytochrome oxidase VIB 3 161 17.4 31 3.5 24 5.1 

  91 CK197437 NADH-cytochrome b5 reductase 1 (0) 53 6 28 6.6 21 9.4 

  106 TC286019 ATP synthase 24 kDa subunit 4 176 15 27 5.4 38 8.4 

  106, 107 TC287957 ATP synthase 24 kDa subunit 4 217 11 27, 27 5.4, 5.7 43 9.1 

  113, 114 CK194120 ATP synthase delta chain 1 123 4.1 24, 24 4.1, 4.4 25 9.2 

  116 CK217579 ATP synthase D chain 1 (4) 70 3.6 24 4.6 33 8.8 

  119 CK213510 Complex 1 subunit B13 1 (0) 74 9.3 20 4 38 8.3 

  138 TC303680 Complex 1 subunit B22 1 (1) 67 4.2 17 6.5 26 7.5 

  139 CK194459 Complex 1 subunit PDSW 1 (0) 62 6.7 16 6.7 19 9.5 

  183 TC280819 Complex 1 carbonic anhydrase 1 (3) 58 2.2 32 6.3 38 6.9 
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  185 TC301455 NADH-ubiquinone oxidoreductase 24 kDa 
subunit 

2 83 6.4 27 6.1 49 8.1 

            

TCA cycle 19 TC290685 Lipoamide dehydrogenase 4 194 14.2 53 6.5 45 5.8 

  20, 156 TC279818 Lipoamide dehydrogenase 7 364 19.7 53, 53 6.9, 6.8 55 8 

  39 TC281405 2-oxoglutarate dehydrogenase E2 subunit 2 157 5.5 47 5.6 63 8 

  40 TC279660 Fumarase 2 153 8.1 47 6.8 41 9.4 

  40 TC284402 Fumarase 2 157 6.2 47 6.8 38 8.8 

  53 TC278426 Succinyl-CoA ligase beta chain 1 (2) 58 2.8 43 5.4 43 9.4 

  62 TC312589 Pyruvate dehydrogenase E1 beta subunit 2 96 5.4 40 4.7 43 8.9 

  63 TC279495 Pyruvate dehydrogenase E1 beta subunit 2 97 4.7 40 5 56 8.8 

  65, 66  CK154109 Succinyl-CoA ligase alpha chain 2 151 13.9 38, 38 6.3, 6.8 17 9.9 

  70, 178 TC278653 Malate dehydrogenase 3 230 9.9 35, 35 6.1, 5.7 37 9.2 

  71, 73 TC278151 Malate dehydrogenase 3 257 10 35, 35 6.2, 6.5 42 8.2 

            

C, N, P metabolism 25, 26, 157 TC296475 Methylmalonate semi-aldehyde 
dehydrogenase 

8 398 11.5 51, 51, 51 5.4, 5.5, 5.9 77 8.6 

  26 TC307553 Methylmalonate semi-aldehyde 
dehydrogenase 

1 (3) 58 4 51, 5.5  42 9.2 

  28, 29, 30 TC284017 Aldehyde dehydrogenase 8 561 16.8 51, 51, 51 5.7, 5.8, 5.8 68 5.6 

  30 TC295031 Aldehyde dehydrogenase 1 (0) 56 3.1 51 5.8 38 10 

  46 TC287863 Formate dehydrogenase 3 136 7.9 43 6.6 51 8.6 

  57 TC289939 Isovaryl-CoA dehydrogenase 3 171 8.4 43 6 60 9.5 

  69, 72 TC282262 Cysteine synthase 2 146 6.2 34, 34 6.1, 6.3 38 9.2 

  89 TC297356 Adenylate kinase 2 161 7.8 30 6.5 41 8.3 

  96 TC283468 Adenylate kinase 1 (0) 166 7.2 30 7.1 42 9.8 

  129 CK195103 Nucleoside diphosphate kinase 1 (0) 74 7.9 17 7.1 15 9.9 

  168 TC289939 Isovaryl-CoA dehydrogenase 2 171 8.4 43 5.7 60 9.5 

  169 TC334873 Aspartate aminotransferase 1 (5) 53 2.2 43 5.2 60 9.1 

            

Photorespiration 2, 3, 4, 147 TC283187 Glycine decarboxylase P subunit 9 651 12.4 97, 97, 97, 
85 

6.2, 6.2, 6.3, 
6.3 

90 6 

  38, 77 TC356717 Serine hydroxymethyltransferase 7 341 15.4 51, 33 6.9, 6.7 64 9 

  50 TC298963 Aminomethyltransferase 2 101 6 43 7.5 43 8.6 

  131 CK215900 Glycine decarboxylase H subunit 1 (0) 133 5.2 16 3.8 35 6.8 

            

Molecular 
Chaperones 

149, 151 TC308079 Heat shock protein 70 3 90 6.5 64, 64 5.1, 5.3 55 8.9 

  149 TC324780 Heat shock protein 70 1 (0) 54 5.2 64 5.1 25 10 

  150, 151 TC292635 Heat shock protein 70 2 77 6.2 64 5.2 41 5.6 

  11 TC302569 Heat shock protein 60 14 561 32.3 58 4.5 66 4.9 

  11 TC279929 Heat shock protein 60 8 341 15.4 58 4.5 32 8.9 
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  13, 14, 15, 16, 
148, 159 

TC338148 Heat shock protein 60 10 1007 18.2 58, 58, 58, 
58, 72, 47 

4.9, 5.1, 5.1, 
5.2, 5.0, 5.4 

74 7.9 

  15 TC282575 Heat shock protein 60 4 407 11 58 5.1 45 8.6 

  155 TC317092 Heat shock protein 60 6 335 17.6 55 4.6 66 6.7 

  81 TC297661 GrpE co-chaperone 3 165 9 30 3.8 45 6.2 

  93 TC283205 Prohibitin 1 (1) 54 4.1 28 6.8 40 8.5 

  102 TC295614 Chaperonin 20 1 (4) 68 4.7 27 4.5 35 9.1 

  105 TC278575 Chaperonin 20 2 106 6.9 26 5.2 36 9.1 

  121 TC308127 Heat shock protein 22 1 (0) 53 3.1 20 5 31 9 

  141 TC277946 Chaperonin 10 1 (3) 78 1 14 7.5 32 9 

  143 TC295456 Heat shock protein 90 1 (2) 65 2.7 93 4.1 58 5 

            

Antioxidant defense 192 TC362013 Mn superoxide dismutase 1 (6) 103 2 25 6.5 59 9.5 

  39 TC314827 Monodehydroascorbate reductase 1 (0) 77 3.4 47 5.6 44 7.7 

            

Metabolite Transport 99, 100 TC277379 Outer mitochondrial membrane porin 2 104 5.7 26, 26 8.0, 8.3 42 9 

            

Unknown 123 CK164007 Uncharacterised CBS domain-containing 
protein 

2 83 5.8 17 7.1 36 9 

  128 TC362955 Ferredoxin 3 135 8.4 17 4.6 38 8.8 

  161 TC282084 Uncharacterised DJ-1 domain-containing 
protein 

2 95 6.2 46 5.5 45 5.8 

  185 TC307909 Uncharacterised fumarylacetoacetate 
hydrolase family protein 

1 (0) 55 4.1 28 6.3 36 8.7 

            

Contaminants 6 TC309836 Transketolase 4 157 9.4 70 5.4 66 7 

 6 TC283917 Transketolase 2 74 9.5 70 5.4 28 8.8 

  31, 33, 76, 86, 87, 
134, 182 

TC356437 RuBisCO large subunit 4 327 5.7 51, 51, 34, 
30, 16, 32 

6.2, 6.3, 6.6, 
6.3, 5.2, 61 

77 8.8 

  51, 53 TC317220 RuBisCO activase 3 152 8.7 43 5.3 60 9 

  68 TC283350 Fructose-bisphosphate aldolase 1 (3) 81 2.6 40 5.3 38 9.1 

  82 TC287942 Inorganic pyrophosphatase 2 103 6.9 31 4.3 35 5.2 

  103, 104 TC298182 Triosephosphate isomerase 1 (2) 169 6.3 27, 27 5.0, 5.2 49 6.9 

  111, 112 TC278554 Peroxiredoxin 2 104 6.5 25, 25 4.3, 4.5 37 8.6 

  126 CK216997 Cu/Zn superoxide dismutase 1 (1) 51 4.3 17 5.1 37 10.6 

  136 TC349826 RuBisCO small subunit 1 (5) 74 10 16 6 37 9.2 

  160 TC310800 6-phosphogluconate dehydrogenase 1 (3) 54 2.7 47 5.7 69 6.3 

  163 TC316257 3-oxoacyl synthase 2 89 5.1 45 6.4 50 5.7 

  163 TC291224 3-oxoacyl synthase 2 102 10.2 45 6.4 28 6.5 

  167 TC334565 Pyruvate dehydrogenase E1 alpha subunit 1 (1) 52 3.4 40 5.6 41 10 

  175 TC281478 Fructose-bisphosphate aldolase 1 (6) 73 2.9 40 5.6 48 7.1 

  176 TC342749 Fructose-bisphosphate aldolase 2 121 7.4 40 5.8 39 9.7 
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  13, 14 TC282663 Heat shock protein 60 5 288 18.6 58, 58 4.9, 5.1 40 9.4 

  14 TC323689 Heat shock protein 60 5 214 8.3 58 5.1 79 8.6 

  5 TC318499 Heat shock protein 70 2 110 4.3 67 4.3 69 5.1 

  145 TC322003 Heat shock protein 90 1 (1) 85 2.3 95 5.5 71 8.2 

  5 TC299996 Heat shock protein 70 6 223 9.1 67 4.3 87 5.2 

  146 TC287865 Heat shock protein 90 1 (2) 72 1.5 85 5.4 81 5.6 

  146 TC331352 Heat shock protein 90 1 (0) 63 4.5 85 5.4 34 9.9 
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Appendix Table 6.2.2 Cross-species comparison of mitochondrial proteins detected in the reference map presented in Chapter Two 

Accession refers to the wheat TC database (TaGI release 11). Arabidopsis homologue is the highest scoring hit returned when the accession was 

BLAST-searched against TAIR 7. Mitochondrial localisation details publications that report the Arabidopsis homologue gene as being mitochondrial-

localised. Rice homologue is the highest scoring hit returned when the accession was BLAST-searched against Osa5. Mitochondrial localisation – 

Huang 2009 details whether that homologue gene was detected in a 2D gel study of FFE-purified rice mitochondrial proteins (Huang 2009). 

 

Accession Description Functional 
category 

Arabidopsis 
homologue 

BLAST score 
(Arabidopsis) 

Mitochondrial 
localisation Arabidopsis 

homologue? 

Rice 
homologue 

BLAST 
score 
(Rice) 

Mitochondrial localisation 
of Rice homologue? 

(Huang 2009) 

TC281405 2-oxoglutarate dehydrogenase E2 
subunit 

TCA At5g55070.1 1396 (Heazlewood et al. 2004) Os04g32330.1 1775 Yes 

TC283468 Adenylate kinase ATP At5g63400.1 896 (Heazlewood et al. 2004) Os12g13380.1 1012 Yes 

TC297356 Adenylate kinase ATP At5g63400.1 1050 (Heazlewood et al. 2004) Os12g13380.1 1164 Yes 

TC284017 Aldehyde dehydrogenase C met At1g23800.1 2062 No Os06g15990.1 2259 Yes 

TC298963 Aminomethyltransferase GDC/SHMT At1g11860.2 1444 (Lee et al. 2008) Os04g53230.1 1666 Yes 

TC334873 Aspartate aminotransferase N met At2g30970.1 1795 (Heazlewood et al. 2004) Os02g14110.1 2037 Yes 

TC286019 ATP synthase 24 kDa subunit ETC At2g21870.1 700 (Heazlewood et al. 2004) Os02g03860.1 941 Yes 

TC287957 ATP synthase 24 kDa subunit ETC At2g21870.1 698 (Heazlewood et al. 2004) Os02g03860.1 931 Yes 

TC277166 ATP synthase alpha subunit ETC AtMg01190.2 2338 (Heazlewood et al. 2004) Osm1g00580.1 2456 Yes 

CF554354 ATP synthase beta chain ETC At5g08690.1 131 (Heazlewood et al. 2004) Os01g49190.1 135 Yes 

TC312825 ATP synthase beta chain ETC At5g08690.1 2135 (Heazlewood et al. 2004) Os01g49190.1 2300 Yes 

CK217579 ATP synthase D chain ETC At3g52300.1 704 (Heazlewood et al. 2004) Os08g37320.1 780 Yes 

CK194120 ATP synthase delta chain ETC At5g47030.1 514 (Heazlewood et al. 2004) Os07g31300.1 588 Yes 

TC277946 Chaperonin 10 HSP At1g14980.1 367 (Heazlewood et al. 2004) Os07g44740.1 423 No 

TC278575 Chaperonin 20 HSP At5g20720.2 818 (Lee et al. 2008) Os06g09679.2 908 No 

TC295614 Chaperonin 20 HSP At5g20720.2 799 (Lee et al. 2008) Os09g26730.1 890 Yes 

CK213510 Complex 1 subunit B13 ETC At5g52840.1 554 (Heazlewood et al. 2004) Os03g19890.1 687 Yes 

TC303680 Complex 1 subunit B22 ETC At4g34700.1 439 (Sunderhaus et al. 2006) Os06g50000.1 529 No 

CK194459 Complex 1 subunit PDSW ETC At3g18410.1 253 (Heazlewood et al. 2004) Os10g42540.1 288 Yes 

TC282262 Cysteine synthase AntiOx At3g61440.1 922 (Heazlewood et al. 2004) Os04g08350.3 1119 Yes 

CA698948 Cytochrome oxidase VIB ETC At1g22450.1 298 (Tan et al. 2010) Os07g42910.1 374 No 

TC362955 Ferredoxin AntiOx At3g07480.1 363 (Heazlewood et al. 2004) Os09g33950.1 444 Yes 
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TC287863 Formate dehydrogenase C met At5g14780.1 1574 (Heazlewood et al. 2004) Os06g29180.1 1839 Yes 

TC279660 Fumarase TCA At2g47510.2 1288 (Heazlewood et al. 2004) Os03g21950.1 1393 Yes 

TC284402 Fumarase TCA At2g47510.2 1040 (Heazlewood et al. 2004) Os03g21950.1 1120 Yes 

TC280819 Gamma carbonic anhydrase ETC At1g19580.1 1006 (Klodmann et al. 2010) Os01g18070.1 1089 Yes 

TC282611 Gamma carbonic anhydrase ETC At1g47260.1 1136 (Heazlewood et al. 2004) Os12g07220.1 1289 Yes 

CK215900 Glycine decarboxylase H subunit GDC/SHMT At1g32470.1 445 (Heazlewood et al. 2004) Os10g37180.1 548 Yes 

TC283187 Glycine decarboxylase P subunit GDC/SHMT At4g33010.1 1337 (Heazlewood et al. 2004) Os01g51410.1 3011 Yes 

TC297661 GrpE co-chaperone HSP At4g26780.1 734 (Tan et al. 2010) Os09g11250.1 1019 No 

TC308127 Heat shock protein 22 HSP At4g25200.1 235 (Van Aken et al. 2009) - 
GFP only 

Os02g52150.2 528 No 

TC279929 Heat shock protein 60 HSP At2g28000.1 753 (Heazlewood et al. 2004) Os12g17910.1 919 Yes 

TC282575 Heat shock protein 60 HSP At3g23990.1 1556 (Heazlewood et al. 2004) Os03g04970.1 1656 Yes 

TC302569 Heat shock protein 60 HSP At2g28000.1 2151 (Heazlewood et al. 2004) Os12g17910.1 2333 Yes 

TC317092 Heat shock protein 60 HSP At2g28000.1 1122 (Heazlewood et al. 2004) Os03g64210.3 1268 No 

TC338148 Heat shock protein 60 HSP At3g23990.1 2404 (Heazlewood et al. 2004) Os10g32550.1 2592 Yes 

TC292635 Heat shock protein 70 HSP At5g09590.1 1167 (Heazlewood et al. 2004) Os03g02260.1 1225 Yes 

TC294781 Heat shock protein 70 HSP At5g09590.1 1815 (Heazlewood et al. 2004) Os03g02260.1 1918 Yes 

TC308079 Heat shock protein 70 HSP At5g09590.1 1943 (Heazlewood et al. 2004) Os03g02260.1 2124 Yes 

TC324780 Heat shock protein 70 HSP At5g09590.1 330 (Heazlewood et al. 2004) Os02g53420.1 375 Yes 

TC295456 Heat shock protein 90 HSP At2g04030.1 1795 (Heazlewood et al. 2004) Os09g29840.1 1974 No 

TC289939 Isovaryl-CoA dehydrogenase branched 
chain AA deg 

At3g45300.1 965 (Heazlewood et al. 2004) Os05g03480.5 1040 Yes 

TC279818 Lipoamide dehydrogenase GDC/SHMT At1g48030.2 1773 (Heazlewood et al. 2004) Os01g22520.1 1957 Yes 

TC290685 Lipoamide dehydrogenase TCA At3g17240.3 1452 (Heazlewood et al. 2004) Os05g06750.1 1612 Yes 

TC278151 Malate dehydrogenase TCA At1g53240.1 944 (Heazlewood et al. 2004) Os05g49880.1 1029 Yes 

TC278653 Malate dehydrogenase TCA At1g53240.1 1090 (Heazlewood et al. 2004) Os01g46070.1 1156 Yes 

TC296475 Methylmalonate semi-aldehyde 
dehydrogenase 

branched 
chain AA deg 

At2g14170.1 1897 (Heazlewood et al. 2004) Os07g09060.1 2300 Yes 

TC307553 Methylmalonate semi-aldehyde 
dehydrogenase 

branched 
chain AA deg 

At2g14170.3 952 (Heazlewood et al. 2004) Os07g09060.2 1213 Yes 

TC278636 Mitochondrial processing peptidase 
alpha subunit 

ETC At1g51980.1 558 (Heazlewood et al. 2004) Os01g09560.1 955 Yes 

TC282024 Mitochondrial processing peptidase 
alpha subunit 

ETC At1g51980.1 432 (Heazlewood et al. 2004) Os01g09560.1 710 Yes 

TC287805 Mitochondrial processing peptidase 
beta subunit 

ETC At3g02090.1 1745 (Heazlewood et al. 2004) Os03g11410.1 2030 Yes 

TC362013 Mn superoxide dismutase AntiOx At3g10920.1 879 (Heazlewood et al. 2004) Os05g25850.1 983 Yes 

TC314827 Monodehydroascorbate reductase AntiOx At1g63940.4 1082 (Heazlewood et al. 2004) Os08g05570.4 1290 No 

CK197437 NADH-cytochrome b5 reductase ETC At5g20080.1 346 (Heazlewood et al. 2004) Os01g07910.1 408 Yes 

TC301455 NADH-ubiquinone oxidoreductase 
24 kDa subunit 

ETC At4g02580.1 1018 (Heazlewood et al. 2004) Os05g43360.1 1165 Yes 

CK195103 Nucleoside diphosphate kinase P met At4g23900.1 137 (Heazlewood et al. 2004) Os05g51700.3 142 No 
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TC277379 Outer mitochondrial membrane 
porin 

Membrane At3g01280.1 879 (Heazlewood et al. 2004) Os09g19734.3 1177 Yes 

TC283205 Prohibitin HSP At5g40770.1 946 (Heazlewood et al. 2004) Os02g37000.1 1140 No 

TC279495 Pyruvate dehydrogenase E1 beta 
subunit 

TCA At5g50850.1 1553 (Heazlewood et al. 2004) Os08g42410.1 1727 Yes 

TC312589 Pyruvate dehydrogenase E1 beta 
subunit 

TCA At5g50850.1 1404 (Heazlewood et al. 2004) Os09g33500.1 1578 Yes 

TC297018 Serine hydroxymethyltransferase GDC/SHMT At4g37930.1 1690 (Heazlewood et al. 2004) Os03g52840.3 1778 Yes 

TC356717 Serine hydroxymethyltransferase GDC/SHMT At4g37930.1 1870 (Heazlewood et al. 2004) Os03g52840.1 1999 Yes 

TC294283 Succinate dehydrogenase subunit 1 TCA At5g66760.1 2797 (Heazlewood et al. 2004) Os07g04240.1 2870 Yes 

CK154109 Succinyl-CoA ligase alpha chain TCA At5g23250.1 296 (Heazlewood et al. 2004) Os07g38970.1 319 Yes 

TC278426 Succinyl-CoA ligase beta chain TCA At2g20420.1 1165 (Heazlewood et al. 2004) Os02g40830.2 1284 Yes 

CK164007 Uncharacterised CBS domain-
containing protein 

Unknown At5g10860.1 792 (Heazlewood et al. 2004) Os03g52690.1 921 Yes 

TC282084 Uncharacterised DJ-1 domain-
containing protein 

Unknown At1g53280.1 993 No Os01g11880.1 345 No 

TC307909 Uncharacterised 
fumarylacetoacetate hydrolase 
family protein 

Unknown At4g15940.1 766 (Heazlewood et al. 2004) Os03g61330.2 935 No 
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Appendix Table 6.2.3: Detailed mass spectral information for the 199 peptides derived from 68 mitochondrial proteins confidently identified 

in the refrence map in Chapter Two  

Spot number refers to Figure 2.1.  Accession refers to the highest-scoring match in the wheat TC database (TaGI release 11).  Protein descriptions were 

obtained by BLAST searching the matched TC sequence against Arabidopsis and rice, and selecting the most concise description of the closest 

homologue. Matched peptides is the number of peptides with ions score >51 matched to that accession. Ions score and predicted masses were 

determined by the Mascot search engine.  Observed masses were extracted from raw peak list files. Table contains m/z values for precursor and the 

three most intense MS/MS fragment ions. 
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Electron 
Transport 
Chain 10 TC294283 

Succinate 
dehydrogenase 
subunit 1 1 TQETLTEGCELISEAQK  52 

1935.90
95 969.48 y10 1134.74 y5 562.45 y12 1364.80 

  17 TC287805 

Mitochondrial 
processing 
peptidase beta 
subunit 1 HDDIVQQAK  69 

1052.52
51 526.73 y7 801.57 y8 916.62 y6 686.51 

  
22, 
23 TC312825 

ATP synthase 
beta chain 10 IGLFGGAGVGK  56 

974.554
9 488.36 y7, y6 545.39 y8 692.48 y9++ 403.41 

      TIAMDGTEGLVR Ox-M 83 
1277.62

86 639.95 y10 1064.67 y8 846.56 y7 731.53 

      EGVQSFQGVLDGK  88 
1362.67

80 682.23 y9 950.64 y6 588.48 y8 863.60 

      VGLTGLTVAEHFR  100 
1398.76

20 700.53 y7 859.57 y5 659.45 y6 758.52 

      VLNTGSPITVPVGR  56 
1408.80

38 705.51 y4, b4 428.40 y8 838.67 
yO10, 
bO10 964.66 

      TVLIMELINNVAK Ox-M 96 
1472.82

72 737.56 y5 545.44 y6 658.48 y9 1047.70 
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      FTQANSEVSALLGR  93 
1491.76

81 747.04 y6 616.47 y11 1116.73 y9 931.66 

      CALVYGQMNEPPGAR  52 
1677.76

03 840.00 y5 497.39 b10 1182.66 y11 1235.72 

      MLSPHVLGVDHYNTAR Ox-M 61 
1824.89

41 913.53 y6 761.51 y9 1032.64 y10 1145.74 

      
IPSAVGYQPTLATDLGGL
QER  129 

2185.13
79 

1093.7
1 y13 1370.91 y7 772.59 y16 1719.09 

  
22, 
23 CF554354 

ATP synthase 
beta chain 1 EGVESFQGVLDGK  52 

1363.66
20 682.49 y9 950.63 y6 588.45 y8 863.63 

  

27, 
28, 
29, 
30 TC277166 

ATP synthase 
alpha subunit 8 VVSVGDGIAR  71 

971.540
0 486.81 y8 774.51 y6 588.43 b2 286.28 

      TGSIVDVPAGK  59 
1042.56

59 522.31 y7 685.48 y6 586.42 y4 372.37 

      AAELTTLLESR  78 
1202.65

06 602.49 y4 504.39 y7 819.57 y6 718.53 

      TAIAIDTILNQK  79 
1299.73

98 650.93 y3 389.32 b9 912.67 y4 502.46 

      AILSTINPELQK  51 
1325.75

54 664.03 y6 728.53 y5 614.45 b*7 696.59 

      VVDALGVPIDGK  76 
1181.66

56 592.00 y7 685.48 y5 529.47 y10 984.66 

      DNGMHALIIYDDLSK Ox-M 73 
1719.81

38 861.03 y8 966.67 y9 1079.75 y6 740.48 

      MTNFYTNFQVDEIGR Ox-M 106 
1849.83

05 926.01 y10 1178.76 

y5, 
y10
++ 589.37 y11 1341.82 

  34 TC278636 

Mitochondrial 
processing 
peptidase alpha 
subunit 2 LNPLVNEFDQIK  68 

1428.76
13 715.54 y10++ 601.97 y7 893.55 y10 1202.82 

      AVDAITLADVSTVAEK  58 
1601.85

12 802.03 y9 919.62 y6 634.40 y8 848.59 

  35 TC282024 

Mitochondrial 
processing 
peptidase alpha 
subunit 3 LNPLVNEFDQIK  68 

1428.76
13 715.50 y10++ 601.95 y7 893.54 y10 1202.82 

      AVDGITLADVSSVAEK  95 
1573.81

99 788.37 y9 905.59 y8 834.54 y11 1119.75 

      ELTSLATPGQVDQTQLDR 52 
197

0.99 986.65 y11 
1256.7

8 y12 
135

7.81 y13 
1428.8

9 
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  94 TC282611 

Gamma 
carbonic 
anhydrase 1 LGSTIQGGLR  84 

1000.56
65 501.20 y5 530.28 y4 402.24 y6 643.32 

  78 CA698948 
Cytochrome 
oxidase VIB 3 FPTTNQTR  51 

963.477
4 482.83 y6 720.34 y5 619.29 y7++ 409.25 

      VPTLAEEYSLPPK  93 
1442.76

57 721.82 y3 341.23 y9 1033.54 y8 962.48 

      DTETSPADETAVAVEEK  94 
1790.80

58 896.22 y12 1258.67 y5 575.30 yO3 387.21 

  91 CK197437 

NADH-
cytochrome b5 
reductase 1 DYSQGEVTGLLK  53 

1308.65
61 655.33 y8 816.43 y10 1031.53 y4 430.27 

  106 TC286019 
ATP synthase 
24 kDa subunit 4 ADLLNDSQR  54 

1030.50
43 516.36 y5 619.29 y6 732.38 y4 505.30 

      TYLDTLQQLR  70 
1249.66

66 625.88 y8 986.59 y7 873.49 y4 544.36 

      NMNLLLAEFDK Ox-M 82 
1322.65

40 662.36 y6 722.41 y7 835.48 y5 609.31 

      IEENLEMELAK Ox-M 57 
1333.64

35 667.85 y9 1092.55 y6 736.37 y8 963.47 

  
106, 
107 TC287957 

ATP synthase 
24 kDa subunit 4 EVVEAMEGQLK  70 

1249.66
66 625.88 y8 986.59 y7 873.49 y4 544.36 

      TYLDTLQQLR  70 
1249.66

66 625.88 y8 986.59 y7 873.49 y4 544.36 

      NMGLLLAEFDK Ox-M 88 
1265.63

26 633.89 y9, b9 1005.57 y7 835.48 y5 609.29 

      IEENLEMELAK Ox-M 57 
1333.64

35 667.85 y9 1092.55 y6 736.37 y8 963.47 

  
113, 
114 CK194120 

ATP synthase 
delta chain 1 LTVNFVLPYK  82 

1192.68
56 597.42 y3 407.27 y4 520.36 y8 979.57 

  116 CK217579 
ATP synthase D 
chain 1 ISTMTADEYFAK Ox-M 70 

1391.62
79 696.79 

y*10+
+, 

yO10+
+ 587.77 y6 772.35 y8 944.48 

  119 CK213510 
Complex 1 
subunit B13 1 ETTGIVGLDVVPEAR  74 

1554.82
53 778.44 y4 472.30 y9 955.55 b11 1084.63 

  138 TC303680 
Complex 1 
subunit B22 1 LIEDAEAQQR  67 

1171.58
33 586.81 y8 946.42 y4 502.31 y5 631.33 

  139 CK194459 
Complex 1 
subunit PDSW 1 HLVDQYLESTR  62 

1359.67
83 680.88 y9 1110.58 y8 1011.46 y7 896.46 

  183 TC280819 
Complex 1 
carbonic 1 TLMNIFDK Ox-M 58 

996.495
0 499.30 y6 783.35 y5 636.33 y3 409.22 
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anhydrase 

  185 TC301455 

NADH-
ubiquinone 
oxidoreductase 
24 kDa subunit 2 VNEILSHYPSNYK  69 

1562.77
29 522.23 y11++ 676.25 

y9+
+ 554.85 

yO11+
+, 

y*11+
+ 666.82 

      GSDGYTYNYYEDLTPK  51 
1884.80

54 943.47 y11 1406.66 y10 1305.60 y9 1142.59 

TCA cycle 19 TC290685 
Lipoamide 
dehydrogenase 4 FPLLANSR  53 

916.513
0 459.44 y5 560.40 y6 673.51 y4 447.32 

      VVGVDTSGSGVK  61 
1103.58

23 552.38 y10 906.56 y8 750.46 y6 534.41 

      NIIVATGSDVK  85 
1115.61

86 558.97 y9 889.63 y8 776.51 y7 677.48 

      IVSSTGALALTEIPK  83 
1498.86

06 750.54 b13 1256.87 y7 771.60 y5 587.46 

  
20, 
156 TC279818 

Lipoamide 
dehydrogenase 7 NIIIATGSDVK  82 

1129.63
43 565.94 y9 903.65 y8 790.55 y7 677.46 

      IVSSTGALCLSGIPK  64 
1501.81

74 752.06 b13 1259.84 

b5+
+, 
y2 244.23 y7 774.54 

      AEEDGVACVEFLAGK 

Carba
midom
ethyl-C 79 

1593.73
45 797.97 y9 994.65 y8 923.58 y6 664.48 

      GTLGGTCLNVGCIPSK 

2 x 
Carba
midom
ethyl-C 81 

1632.79
64 817.53 bO13 1285.75 

y3, 
y6+

+ 331.33 y6 661.45 

      TPYTAGLGLDAIGVEMDK Ox-M 99 
1865.90

81 933.93 y11 1163.72 y8 878.59 y9 993.59 

      VVGVDTSGDGVK  51 
1131.57

72 566.81 y10 934.44 y8 778.34 y7 663.33 

      ISNLEVDLPAMMAQK 2 Ox-M 54 
1690.82

70 846.41 y7 808.36 y9 1036.49 y8 921.45 

  39 TC281405 

2-oxoglutarate 
dehydrogenase 
E2 subunit 2 DADTMNFADIEK Ox-M 86 

1384.58
17 693.41 y7 836.54 y5 575.44 y4 504.45 

      FIASEGDTVTPGTIVAIVSK  87 
2004.07

79 
1003.1

9 y11 1085.83 y10 984.75 bO9 902.55 

  40 TC279660 Fumarase 2 AIMQAAEEVAEGK Ox-M 91 
1362.04

54 682.03 y8 832.52 b10 1030.64 y11++ 589.90 

      
MYQLAQGGTAVGTGLNT
K Ox-M 74 

1824.90
40 913.56 y7 690.44 y12 1075.75 y11 1018.62 

  40 TC284402 Fumarase 2 IGYDNAAAVAK  77 1091.56 546.93 y7 644.47 b*8, 759.51 y10 979.61 
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      LLGDASVSFEK  77 
1164.60

26 583.42 y9 939.53 y6 696.47 y7 767.49 

  53 TC278426 
Succinyl-CoA 
ligase beta chain 1 GAVVGSVQEVK  58 

1071.59
24 536.91 y7 746.51 y8 845.58 y6 689.48 

  62 TC312589 

Pyruvate 
dehydrogenase 
E1 beta subunit 2 EGISAEVINLR  58 

1199.65
10 600.91 y6 743.55 y4 515.46 y5 614.51 

      VLAPYSSEDAR  64 
1206.58

80 604.42 y8 924.51 y9 995.57 y8++ 462.86 

  63 TC279495 

Pyruvate 
dehydrogenase 
E1 beta subunit 2 EGISAEVINLR  54 

1199.65
10 600.98 y4 515.46 y6 743.54 y8 901.63 

      AEVLDSSFSVPIGK  63 
1447.75

59 724.97 y4 414.37 b10 1035.64 bO10 1017.64 

  
65, 
66  CK154109 

Succinyl-CoA 
ligase alpha 
chain 2 DAGVTVVESPAK  90 

1171.60
85 586.96 y8 830.56 y6 630.45 y4 402.34 

      IGSTMFELFK Ox-M 61 
1187.58

96 594.96 y5 683.49 
y8+

+ 500.86 y9 1075.67 

  
70, 
178 TC278653 

Malate 
dehydrogenase 3 LFGVTTLDVVR  70 

1218.69
72 610.45 y7 803.56 y9 959.69 y5 601.47 

      TQEGGTEVVEAK  81 
1246.60

41 624.44 y10 1018.64 y9 889.57 yO10 1000.64 

      DDLFNINAGIVK  78 
1317.69

29 659.99 y8 828.56 y6 601.45 y9 975.69 

  
71, 
73 TC278151 

Malate 
dehydrogenase 3 LFGVTTLDVVR  67 

1218.69
72 610.65 y7 803.56 y9 959.69 y6 702.50 

      TQDGGTEVVEAK  80 
1232.58

85 617.47 y10 1004.62 y9 889.58 yO10 986.62 

      SGVEEVMGLGELSALEK Ox-M 91 
1762.86

59 882.45 y8 846.47 y10 1016.57 y11 1163.64 

C,N,P 
metabolism 

25, 
26, 
157 TC296475 

Methylmalonate 
semi-aldehyde 
dehydrogenase 8 LVQSGADSGAR  83 

1059.53
09 530.96 

yO9++
, 

y*9++ 415.84 y8 720.44 y7 633.38 

      VSLSMPTSQK Ox-M 54 
1092.54

85 547.27 y5 560.39 y7 794.49 y6 707.46 

      LAENITTEQGK  100 
1202.61

43 602.44 y6 663.42 y5 562.37 y8 890.58 

      AGVQFFTQIK  53 
1137.61

83 569.38 y6 783.55 y5 636.47 y4 489.42 

      IPLTTADEFR  69 
1161.60

30 581.89 y7 839.50 y2 322.29 y8 952.59 
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      ASFAGDLNFYGK  79 
1288.60

88 645.43 y8 913.56 y9 984.60 y5 628.41 

      AESLDDAIQIVNR  67 
1442.73

65 722.53 y5 629.48 y4 501.45 y2 289.25 

      YQELIR  51 
820.444

3 411.20 y4 530.34 b2 292.13 y*2++ 136.11 

  26 TC307553 

Methylmalonate 
semi-aldehyde 
dehydrogenase 1 ATEHVDVTNPATQEVVSR  59 

1951.95
99 977.15 y9 986.69 y11 1201.82 y10 1100.70 

  

28, 
29, 
30 TC284017 

Aldehyde 
dehydrogenase 8 FNDLNEVIK  57 

1090.56
59 546.40 y7 830.58 y5 602.46 

y6, 
bO6 715.56 

      VAEGDAEDVDR  122 
1174.51

02 588.43 y8 876.48 y4 504.34 y6 704.42 

      SGVDSGATLVTGGDK  89 
1362.66

27 682.45 y5 477.35 y8 790.55 y10 918.62 

      IAFTGSTDTGK  56 
1096.54

01 549.42 y7 665.38 y9 913.53 y8 766.46 

      GVEQGPQIDDEQFK  56 
1588.73

69 795.45 y6 781.46 y9 1119.69 y10 1176.71 

      IAQEEIFGPVQSIFK  63 
1704.90

87 853.55 y8 875.63 y9 1022.72 y7 818.62 

      GYYIQPTIFSDVQDGMK Ox-M 74 
1976.91

90 989.54 y12 1353.82 y9 1042.62 y*13 1464.78 

      TAEQTPLSALYVSK  65 
1506.79

30 754.99 y9 977.71 y10 1078.83 y4 496.43 

  30 TC295031 
Aldehyde 
dehydrogenase 1 VSEGDAEDVDR  56 

1190.50
51 596.37 y8 876.49 y5 633.38 y4 504.32 

  46 TC287863 
Formate 
dehydrogenase 3 FEEDLDAMLPK Ox-M 76 

1322.60
64 662.49 y9 1047.67 y6 690.46 y8 918.58 

      GEDFPAENYIVK  60 
1380.65

61 691.39 y8 933.63 
bO8

++ 421.29 y7 836.63 

      IVGVFYQAGEYADK  59 
1558.76

68 780.51 y10 1191.72 y9 1044.64 y6 682.43 

  57 TC289939 
Isovaryl-CoA 
dehydrogenase 3 VDGGYVINGNK  53 

1134.56
69 568.36 y6 644.46 y5 545.44 y9 921.56 

      LFEIGAGTSEIR  72 
1291.67

72 646.97 y8 790.49 y6 662.43 y7 733.49 

      MADMYTSLQSSR 
2 x Ox-
M 58 

1420.59
63 711.40 y7 778.50 y6 677.48 y5 590.35 

  168 TC289939 
Isovaryl-CoA 
dehydrogenase 2 LFEIGAGTSEIR  73 

1291.67
72 646.87 y8 790.40 y6 662.34 y9 903.50 

      DCAGVILFAAER Carba 67 1320.64 660.82 y7 819.50 y5 593.33 y6 706.35 



 

 

1
8
3 

midom
ethyl-C 

96 

  
69, 
72 TC282262 

Cysteine 
synthase 2 AFGAQLVLTDPAK  93 

1329.72
92 665.97 y6 644.46 y7 743.52 y3 315.29 

      DTAAHLIGR  52 
952.445

4 477.23 y4 458.36 y5 595.48 y5** 298.28 

  89 TC297356 
Adenylate 
kinase 2 TPGVDDVSGEPLIQR  88 

1581.79
99 791.96 y5 626.35 y8 899.46 y7 812.44 

      VLNFAIDDAILEER  110 
1616.84

10 809.24 y8 960.45 b10 1072.54 y4 546.26 

  96 TC283468 
Adenylate 
kinase 1 TPGVDDVTGEPLIQR  91 

1595.81
55 798.99 y5 626.35 y8 913.47 y11 1242.63 

  129 CK195103 

Nucleoside 
diphosphate 
kinase 1 ELVSYTSNEEK  74 

1297.60
37 649.85 y6 707.32 y8 957.43 y7 870.42 

  169 TC334873 

Aspartate 
aminotransferas
e 1 GLDFAGLMDDIK Ox-M 51 

1309.62
24 655.82 y7 807.38 y8 878.39 y5 637.29 

Photorespir
ation 

2, 3, 
4, 

147 TC283187 

Glycine 
decarboxylase P 
subunit 9 VDNVYGDR  56 

936.430
1 469.38 y4 510.33 y6 723.45 y3 347.29 

      IAILNANYMAK  63 
1220.65

87 611.49 y7 811.51 y8 924.57 y6 697.48 

      ITCADANAIAEEAR 

Carba
midom
ethyl-C 107 

1503.69
87 752.96 y5 575.39 y6 688.46 y10 1059.66 

      LNATVEMMPVTDPK Ox-M 83 
1560.75

28 781.50 y9 1063.66 y6 656.48 b12 1318.77 

      LGTVTVQELPYFDTVK  88 
1808.95

60 905.55 y7 869.59 y8 982.69 y10 1239.84 

      ATAGIEPEDVAK  59 
1199.60

34 600.96 y6 658.42 y7 787.49 
b8, 

yO7 769.49 

      GNINIEELR  62 
1056.55

63 529.02 y4 546.45 y6 773.53 b5 512.35 

      FCDALISIR 

Carba
midom
ethyl-C 70 

1093.55
90 547.92 y7 787.57 y4 488.47 y3 375.34 

      EYAAFPAAWLR  53 
1293.65

06 647.91 y6 713.50 y7 860.63 bO4 417.32 

  
38, 
77 TC356717 

Serine 
hydroxymethyltr
ansferase 7 YSEGYPGAR  60 

998.445
7 500.37 y4 400.39 y7 749.48 y6 620.40 

      GFVEEDFAK  56 1040.48 521.38 y6 738.42 y7 837.53 y5 609.37 



 

 

1
8
4 

15 

      LIVAGASAYAR  85 
1090.61

35 546.46 y7 695.43 y9 865.58 y8 766.48 

      ALEAFNLDPEK  79 
1245.62

41 623.90 y4 488.24 y3 373.22 y6 715.33 

      LDESTGLIDYDQLEK  78 
1737.83

09 870.05 y7 910.53 y8 1023.68 y6 795.51 

      
GYDIVSGGTDNHLVLVNL
K  76 

2013.05
31 

1007.5
7 b14 1428.84 y14 1466.99 b16 1641.00 

      YYGGNEYIDMAETLCQK 

Carba
midom
ethyl-C, 
Ox-M 77 

2069.87
10 

1036.0
9 y9 1111.65 y5 649.44 y11 1387.80 

  50 TC298963 
Aminomethyltran
sferase 2 VGIFSQGPPPR  56 

1153.62
44 577.94 y5 523.43 y4 466.40 y7 738.47 

      DGTGSLTVFTNDK  81 
1353.64

13 678.01 y5 624.41 y7 824.53 y4 477.34 

  131 CK215900 

Glycine 
decarboxylase H 
subunit 1 VKPSSPAELEGLLDSAK  133 

1739.93
05 871.01 y15 1513.81 y12 1242.72 y7 703.45 

Molecular 
Chaperones 

149, 
151 TC308079 

Heat shock 
protein 70 3 NTENIDLSK  52 

1032.50
87 517.31 y7 818.43 y6 689.40 y4 462.29 

      DVDEVLLVGGMTR Ox-M 68 
1418.70

76 709.93 y5 537.27 b8 862.49 b7 749.39 

      VQEIVSEIFGK  54 
1247.67

61 625.34 y9 1021.58 y6 680.37 y7 779.39 

  149 TC324780 
Heat shock 
protein 70 1 SSGGLSEAEIQK  54 

1204.59
35 603.29 y7 804.41 y5 588.32 y6 717.37 

  
150, 
151 TC292635 

Heat shock 
protein 70 2 SSGGLSESEIEK  65 

1221.57
24 611.82 y7 821.38 y6 734.36 y5 605.36 

      NTADTTIYSIEK  54 
1354.66

16 678.35 y5 639.36 y9 1069.53 y10 1140.62 

  11 TC302569 
Heat shock 
protein 60 14 LGADIIQK  54 

856.501
8 429.35 y6 687.50 y7 744.51 y5 616.48 

      AALQAGVEK  53 
885.492

0 443.92 y5 503.36 y6 631.42 y7 744.52 

      GIINVAAIK  52 
897.564

7 449.87 y7 728.55 y6 615.48 y4 402.40 

      VVNDGVTIAR  61 
1042.57

71 522.42 y8 845.56 y4 460.42 y6 616.47 

      SIVEFENAR  63 
1063.52

98 532.97 y7 864.54 y5 636.42 y6 765.46 

      LANAVGVTLGPR  77 1166.67 584.42 y7 699.53 y5 543.43 y8 798.60 



 

 

1
8
5 

72 

      VGATTETELEDR  80 
1319.62

05 660.93 y6 762.50 y8 992.62 y7 891.51 

      GYISPQFVTNLEK  68 
1494.77

18 748.51 y9 1075.70 y10 1162.75 y5 604.46 

      ELSETDSIYDSEK  52 
1514.66

24 758.48 y8 956.53 y5 641.36 y9 1057.64 

      LGILSVTSGANPVSLK  74 
1554.89

81 778.59 y10 973.68 y8 785.60 y9 872.63 

      TNDSAGDGTTTACVLAR 

Carba
midom
ethyl-C 92 

1708.76
86 855.52 y12 1221.81 y8 891.63 y10 1049.72 

      AIELANPMENAGAALIR Ox-M 77 
1768.91

41 885.59 y11 1158.78 y12 1272.80 y6 600.53 

      AVLQDIAIVTGAEYLAK  76 
1773.98

76 887.85 y7 751.51 y8 852.56 y9 951.66 

      DLGLLVENATVDQLGTAR  81 
1883.99

53 943.09 y7 760.49 b11 1125.75 b14 1481.90 

  11 TC279929 
Heat shock 
protein 60 8 AALQAGVEK  53 

885.492
0 443.92 y5 503.36 y6 631.42 y7 744.52 

      VVNDGVTIAR  61 
1042.57

71 522.42 y8 845.56 y4 460.42 y6 616.47 

      SIVEFENAR  63 
1063.52

98 532.97 y7 864.54 y5 636.42 y6 765.46 

      LASAVGVTLGPR  93 
1139.66

63 570.95 b8, y7 699.52 y3 329.32 y5 543.48 

      GYISPQFVTNLEK  68 
1494.77

18 748.51 y9 1075.70 y10 1162.75 y5 604.46 

      LGILSVTSGANPVSLK  74 
1554.89

81 778.59 y10 973.68 y8 785.60 y9 872.63 

      TNDSAGDGTTTACVLAR 

Carba
midom
ethyl-C 92 

1708.76
86 855.52 y12 1221.81 y8 891.63 y10 1049.72 

      AIELANPMENAGAALIR Ox-M 77 
1768.91

41 885.59 y11 1158.78 y12 1272.80 y6 600.53 

  

13, 
14, 
15, 
16, 

148, 
159 TC338148 

Heat shock 
protein 60 10 VTDALNATK  73 

931.497
5 466.85 y7 732.50 y5 546.44 b2 201.14 

      SVAAGMNAMDLR 
2 x Ox-
M 84 

1266.56
96 634.45 y2 288.31 y6 735.48 y8 939.49 



 

 

1
8
6 

      LLEQENTDLGYDAAK  107 
1678.80

50 840.37 y6 624.42 y7 737.50 y10 1067.67 

      GVEELADAVK  77 
1029.53

42 515.90 b9 884.54 y5 503.42 y4 432.42 

      TVIIEQSFGAPK  71 
1288.70

27 645.48 y8 863.55 b9 975.65 y10 1089.76 

      SAIEQSTSDYDK  59 
1342.58

88 672.42 y7 815.51 y9 1072.57 y8 943.51 

      GISMAVDDVVTNLK Ox-M 85 
1476.74

94 739.54 y8 903.64 y4 475.41 y9 1002.65 

      
QVANATNDTAGDGTTCAT
VLTK 

Carba
midom
ethyl-C 117 

2208.03
29 

1105.1
4 y10 1051.72 y12 1223.74 y13 1294.81 

      LSGGVAVLK  55 
842.522

6 422.41 y7 643.49 y*4 413.38 y8 730.56 

      SVAAGMNAMDLR 
2 x Ox-
M 76 

1266.56
96 634.46 y8 939.56 y2 288.30 b10 980.49 

  15 TC282575 
Heat shock 
protein 60 4 VLEFALQK  59 

946.548
8 474.40 y6 735.49 y5 606.49 b2 213.21 

      SVAAGMNAMDLR 
2 x Ox-
M 76 

1266.56
96 634.46 y8 939.56 y2 288.30 b10 980.49 

      TVIIEQSFGAPK  71 
1288.70

27 645.48 y8 863.55 b9 975.65 y10 1089.76 

      
QVANATNDTAGDGTTCAT
VLTK 

Carba
midom
ethyl-C 117 

2208.03
29 

1105.1
4 y10 1051.72 y12 1223.74 y13 1294.81 

  155 TC317092 
Heat shock 
protein 60 6 LGADIIQK  70 

856.501
8 429.28 y6 687.42 y7 744.45 y5 616.39 

      VVNDGVTIAR  79 
1042.57

71 522.30 y8 845.45 y4 460.31 y6 616.43 

      TVQSLVEELEK  59 
1273.67

65 637.83 y6 746.42 y9 1074.55 y5 647.34 

      EILPLLEQTTQLR  54 
1552.88

24 777.39 y10 1198.70 y7 875.44 y8 988.53 

      TNDSAGDGTTTASVLAR  96 
1635.77

00 818.86 y12 1148.64 y10 976.54 y6 616.43 

      AIELADPMENAGAALIR Ox-M 92 
1769.89

81 885.86 y11 1158.62 y12 1273.70 b14 1370.59 

  81 TC297661 
GrpE co-
chaperone 3 SLLDVADNLAR  92 

1185.63
53 593.69 y6 659.33 y8 873.46 y7 758.43 

      SYAEMENVIAR Ox-M 75 
1297.59

72 649.82 y3 359.25 y7 848.44 y9 977.48 

      LDTSEDSSGAVPLLK  71 1530.77 766.36 y4 470.32 b11 1062.47 y10 986.53 



 

 

1
8
7 

77 

  93 TC283205 Prohibitin 1 DYSQGEVTGLLK  53 
1308.65

61 655.33 y8 816.43 y10 1031.53 y4 430.27 

  102 TC295614 Chaperonin 20 1 SLGSNIVEISVPVGAK  68 
1568.87

74 785.41 y10 998.62 y7 657.45 y6 570.38 

  105 TC278575 Chaperonin 20 2 TEAGLILTETTK  58 
1275.69

22 638.89 y6 692.40 y7 805.48 y10 1046.65 

      YAGTEVEYNNSK  87 
1373.60

99 687.89 y6 754.36 y7 853.44 y10 1140.54 

  121 TC308127 
Heat shock 
protein 22 1 LELAGDVYR  53 

1034.53
96 518.33 y7 793.42 y5 609.33 

y6, 
bO7 680.34 

  141 TC277946 Chaperonin 10 1 DDDILGTLHE  78 
1126.51

42 564.34 y6 669.37 y5 556.30 b3 346.11 

  143 TC295456 
Heat shock 
protein 90 1 AQTLGDTSSLEFMR Ox-M 65 

1570.72
97 786.40 y10 1158.53 y12 1372.71 y7 885.43 

Antioxidant 
defense 192 TC362013 

Mn superoxide 
dismutase 1 ALEQLDAAVSK  83 

1143.61
35 572.82 y6 590.32 y9 960.46 y7 703.39 

  39 TC314827 

Monodehydroas
corbate 
reductase 1 DVADADSLVSSLGK  77 

1375.68
31 689.04 y5 491.45 b9 886.55 y11 1091.70 

Metabolite 
Transport 

99, 
100 TC277379 

Outer 
mitochondrial 
membrane porin 2 TILSFAVPDQK  52 

1217.66
56 609.89 y4 487.29 bO7 714.41 y6 657.36 

      SLCTISAEVDTK 

Carba
midom
ethyl 
(C) 68 

1322.63
88 662.30 y7 749.40 

b8, 
y8 862.50 y9 963.53 

Unknown 123 CK164007 

Uncharacterised 
CBS domain-
containing 
protein 2 SIAGIVTER  56 

944.529
1 473.23 y7 745.44 y4 504.30 y6 674.39 

      VGDIMTEENK Ox-M 65 
1150.51

76 576.07 y6 767.34 y5 620.31 b3 272.10 

  128 TC362955 Ferredoxin 3 LGCQVVLGK 

Carba
midom
ethyl 
(C) 64 

972.542
6 487.35 y3 317.23 y6 643.45 y7 803.44 

      MPAASYEER Ox-M 76 
1068.45

46 535.31 y6 754.33 y5 683.32 y7 825.39 

      EVVGLAGQTLLR  84 
1254.72

96 628.37 y6 687.44 y7 758.48 y9 928.54 

  161 TC282084 
Uncharacterised 
DJ-1 domain- 2 VVIDGNLITSR  59 

1185.67
17 593.87 y9 988.53 y8 875.46 y3 363.25 



 

 

1
8
8 

containing 
protein 

      APGTATEFALAIVEK  70 
1516.81

37 759.45 y8 890.49 y10 1120.71 y9 1019.62 

  185 TC307909 

Uncharacterised 
fumarylacetoace
tate hydrolase 
family protein 1 AQDTFTPISAVVPK  55 

1472.78
75 737.89 y9 911.56 y8 810.50 y3 343.29 
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