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Abstract 

Low temperature (LT) is one of the most prevalent abiotic factors affecting the growth 

and geographical distribution of plants. In crops, LT alters plant growth rate, flowering 

time, grain filling time, grain number and grain weight. Wheat production is greatly 

affected by exposure to LT, during the growing season. Unseasonal low temperature 

events can cause losses of up to 700,000 tonnes, worth around $90 million, of wheat 

production in Western Australia. Hence, LT tolerance is considered as a significant trait 

in wheat cultivars grown in this region and is receiving more attention in breeding 

programs.  

While some aspects of LT-tolerance have been the focus of many research projects in a 

range of plant species, e.g. gene expression and physio-biochemical traits, the effects of 

LT in perturbations of critical mitochondrial biochemical processes such as respiration 

and ATP production has remained under researched, particularly in crops. The research 

presented in this thesis investigates the effects of LT on respiration and expands 

knowledge of mechanisms underlying LT-tolerance of respiration in wheat. 

To begin with the responses of respiration to short- and long-term LT were studied 

(Study 1). Additionally, the time-scale of the LT-acclimation of respiration was 

investigated. This was followed by close investigation of the responses of respiration 

when LT-acclimated plants were returned to normal warm growth conditions. These 

studies provided a high resolution picture of the changes in respiration responses in 

various stages of LT exposure. Most importantly, it highlighted the way in which wheat 

respiration acclimated to LT over several days of stress exposure. Observations from 

this research raised a set of questions about the underlying mechanism(s) of LT-

acclimation of respiration. One of the possible mechanisms investigated was changes in 

respiration capacity via changes in the abundance of mitochondrial oxidative 

phosphorylation components. For this purpose, a targeted proteomics approach, selected 

reaction monitoring (SRM) mass spectrometry was applied to investigate changes in 

mitochondrial oxidative phosphorylation component abundance in response to LT-

acclimation. Surprisingly, the components did not significantly change in abundance 

relative to each other under LT-acclimation. Changes in mitochondrial number/density 

over time were also investigated but only a minor increase was seen. This led to an 

examination of the changes in mitochondrial respiration capacity through putative 

changes in mitochondrial membranes structure and composition. Although results from
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 this study provided some evidence of an increase in mitochondrial respiration capacity 

via changes in mitochondrial density as well as mitochondrial membrane fluidity in 

response to LT, these observations could not fully explain the degree or the timing of 

LT-acclimation of respiration in wheat plants. 

To further decipher the LT-acclimation of respiration in wheat plants, a metabolite 

profiling approach, was carried to examine the abundance of mitochondria metabolites 

that drive respiration (Study 2). Changes in amino acid, TCA cycle intermediate/organic 

acid and carbohydrate abundance were obtained at similar time-points as in the previous 

study, to maximize the accuracy of correlated changes between substrates and 

respiration. This study highlighted the effect of LT on substrate accumulation and the 

pattern of changes in response to various LT stages. From these experiments it was 

proposed which substrates could putatively be responsible for the respiration 

acclimation observed at LT. To test these proposals, an in vitro stimulation of 

respiration was carried out where selected substrates were applied to non-acclimated 

wheat plants exposed to LT. Only a few substrates showed a statistically significant 

positive effect on respiration rate. Among those, L-Proline (Pro) showed the highest 

degree of stimulation of respiration rate.  

Having identified Pro as the leading candidate for the stimulation of respiration seen 

during LT acclimation the role of Pro in this process was further investigated (Study 3). 

To do this a set of physiological and biochemical approaches were used to further 

dissect the role of Pro as a key substrate for respiration under LT. These studies showed 

that the increases in respiration seen in response to LT exposure involved the use of 

accumulated Pro as a substrate. This Pro was oxidised by Pro dehydrogenase and the 

resulting electrons was used for mitochondrial oxidative phosphorylation. Overall, it 

was also shown that Pro plays an important role in increasing acclimation capacity of 

respiration in response to LT in wheat plants.  
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1. Introduction 

Respiration is the cellular process that uses oxygen releases carbon dioxide and 

provides the driving force for biosynthesis, cellular maintenance and active transport in 

plants.  Respiration consumes 30–80% of daily photosynthetic carbon gain, to generate 

energy (ATP and reducing equivalents) and carbon skeletons (Atkin and Tjoelker 

2003). It is driven by a number of biochemical pathways including glycolysis (located 

in the cytosol), the tricarboxylic cycle (TCA cycle, located in the mitochondrial matrix), 

and the electron transport chain (ETC, located on the inner membrane of mitochondria) 

and is coupled to generation of a proton gradient across the inner mitochondrial 

membrane and the production of ATP by ATP synthase in a process known as oxidative 

phosphorylation (Atkin and Tjoelker 2003). The plant ETC consists of the 

phosphorylating pathway (also known as cytochrome pathway) and non-

phosphorylating pathway (also known as alternative oxidase pathway) and is comprised 

of interacting protein complexes and supercomplexes that are functionally linked by a 

mobile pool of small lipids, ubiquinone (UQ) and the small protein cytochrome c. In the 

phosphorylating pathway electrons flow from to oxidation of organic acids to oxygen 

and is accompanied by proton translocation, which generates a proton electrochemical 

gradient (ΔµH
+
) across the inner membrane that is harnessed by ATP synthase to 

produce ATP. NADH-UQ oxidoreductase (Complex I, Figure 1), contains up to 49 

subunits in plants including a series of γ-carbonic anhydrase–like proteins, 

galactonolactone dehydrogenase, the final enzyme in ascorbate synthesis in plants, and 

several small proteins of unknown function. It oxidises NADH generated in the 

mitochondrial matrix and passes these electrons to the ubiquinone/ubiquinol pool (UQ 

pool). Succinate: ubiquinone oxidoreductase (SDH, Complex II, Figure 1.) is involved 

in both ETC and TCA cycle through the oxidation of succinate to fumarate, which 

produces reducing equivalents that are transferred via FADH2 and a group of iron-

sulphur proteins to the UQ pool. It is composed of four core subunits plus four other 

proteins of unknown function. UQ-cytochrome c oxidoreductase, (Complex III, Figure 

1.) consists of 10 subunits and transfers electrons via an iron-sulphur centre from the 

UQ pool to Complex IV via cytochrome c. Cytochrome c oxidase (COX, Complex IV, 

Figure 1.) is the terminal oxidase of the ETC, it accepts electrons from cytochrome c 

and it reduces O2 to H2O, it is composed of 14 subunits.  Complexes I, II and IV all 

contribute to the electrochemical gradient (ΔµH
+
) by translocating protons from the 

matrix to the intermembrane space. The membrane-bound F1F0-type H
+
-ATP synthase 
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of mitochondria (Complex V. Figure 1.) is a rotary enzyme embedded in the inner 

membrane and catalyses the final step in oxidative phosphorylation, using the ΔµH
+
 to 

catalyse the production of ATP from ADP. F1 is a peripheral membrane complex, 

attached to the matrix side of the inner membrane, is composed of five-subunits 

(ATP1(α), ATP2(β), ATP3(γ), ATP5(δ), and ATP15(ε)) and contains the catalytic site 

for converting ADP and Pi to ATP. The F0 is an integral membrane protein complex and 

contains 4 subunits (von-Balmoos et al. 2008).  

In the non-phosphorylating pathway the alternative oxidase (AOX) transfers electrons 

from the reduced UQ pool to molecular oxygen, bypassing two proton-pumping sites 

(complexes III and IV) and thus reducing the yield of oxidative phosphorylation 

(Vanlerberghe et al 2013). Alternative NAD(P)H dehydrogenases, located on both sides 

of the mitochondrial inner membrane, bypass complex I and its proton pumping, and 

reduce ubiquinone to ubiquinol, which can then be oxidized by the cytochrome pathway 

or by AOX to reduce oxygen to water. They oxidize matrix and cytosolic NAD(P)H and 

like AOX, they do not contribute to proton pumping and the generation of the inner 

membrane ΔµH
+ 

(Rasmusson et al 2004). Another mechanism that decouples the ETC 

from oxidative phosphorylation is mediated by uncoupling proteins (UCPs) which are 

members of the mitochondrial substrate carrier family. They dissipate the ΔµH
+
 

independently of complex V by catalysing a proton conductance across the 

mitochondrial membrane (Considine et al 2003). 

One of the most prevalent environmental challenges encountered by plants is their 

exposure to a broad range of temperatures (Falcone et al. 2004). The consequences for 

plants exposed to low temperature (LT) are numerous and arise through a number of 

diverse mechanisms. These include changes in their structural properties, such as 

membranes, as well as perturbations of various physio-biochemical and metabolic 

processes of plant cells including photosynthesis and respiration. These changes can 

have dramatic implications on plant biosynthesis, cellular maintenance and biomass 

allocation (Atkin et al. 2006a). Variations in genetic material, developmental stage, the 

intensity and duration of LT exposure control the extent of destructive LT-induced 

damage. Plant mitochondria play a fundamental role in cellular responses to varying 

environmental conditions as they are responsible for carrying out respiration, ATP 

production and the synthesis of a vast array of carbon skeletons used for the 

biosynthesis of a number of compounds including amino acids and organic acids. They 

are also a site of production of reactive oxygen species (ROS) and have a sophisticated 
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collection of antioxidant proteins and metabolites to limit their production. During 

exposure to environmental stress a number of mitochondrial processes are disturbed, 

ultimately leading to decreases in ATP production, biosynthesis and the overwhelming 

of antioxidant defences, which results in the accumulation of ROS.  

In recent decades various cutting-edge technologies has come in use in order to 

investigate the induced changes in plants mitochondrial in response to LT. Proteomic 

studies aim to discover the changes in proteome level in response to changes in the 

environment. Recently, this technique has been used to investigate changes in 

mitochondrial proteome in response to salinity and chemicals (Jacoby et al. 2010; Tan 

et al.  2012). Additionally Metabolomics studies have been a centre of attention, 

investigating changes in a metabolome level in the cells in response to various internal 

and external cues (Angelcheva et al. 2014). Metabolome compounds include amino 

acids, fatty acids, organic acids and etc. These data combined with other -omics- data 

will aid in deciphering the mitochondrial signalling, mechanisms and regulation in 

response to LT. This will provide us with deeper understanding of the mechanisms 

underpinning the LT stress/acclimation response in plants with the aim of engaging this 

knowledge to facilitate improvements in crop LT response to ameliorate yield losses 

currently suffered following LT exposure. 

  

2. Changes in Respiration under LT 

Alterations in respiration under LT can be categorized into two district groups, the first 

group include changes that occur following short-term (shock) exposure to LT and the 

second group include changes that occur following long-term exposure to LT known as 

acclimation. Initially LT typically causes a lowering of the rate of respiration as a 

consequence of malfunction and activity and capacity limitations of various respiratory 

apparatus including components of the mitochondrial ETC and TCA cycle (Atkin and 

Tjoelker 2003; Bravo et al. 2007; Covey‐Crump et al. 2002; Matos et al. 2007). 

However, in some species, tissue respiration initially increases upon exposure to LT and 

then as exposure continues, respiration rates decline (Graham and Patterson 1982; 

Mizuno et al. 2008). Longer term exposure to LT leads to LT- acclimation which allows 

plants to develop tolerance to LT exposure through multiple structural and biochemical 

changes in the cell.  Plants, which are acclimated to LT, show dramatic changes in their 
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transcriptional, proteomic and metabolomic profiles suggesting a major reprogramming 

of metabolism (Genga et al. 2011a; Neilson et al. 2010; Taylor et al. 2009; Winfield et 

al. 2010). Respiration is one of the first metabolic processes which is affected in plants 

exposed to LT (Atkin and Tjoelker 2003; Lee et al. 2002). LT-acclimation of respiration 

(where normal respiratory rates are seen at LT) occurs in parallel with whole plant 

acclimation (Armstrong et al. 2008) and results in a decline in the long-term 

temperature sensitivity of respiration (Atkin and Tjoelker 2003). Many different 

physiological aspects of the acclimation of respiration to LT have been 

comprehensively reviewed in Atkin et al. (2005b). They have categorized the thermal 

acclimation of respiration which occurs with or without changes in respiratory flux. The 

latter category takes place by an adjustment of partitioning between electron transfer 

pathways by changes in the regulation of existing enzymes (e.g. activation of AOX) and 

changes in the relative abundance of individual enzymes. The former category is more 

complex and involves two types of acclimation; type I acclimation relies on regulatory 

changes in existing enzymes through changes in activation state and substrate 

availability, whereas type II acclimation modifies overall respiration capacity by 

increases in mitochondrial protein abundance per mass or area and may include 

induction of different enzymes, isoforms or transporters. Type II is most common and it 

is associated with plant development. 

Increases in respiration under LT has been reported in a wide range of Antarctic species, 

grasses, forbs, cereals, evergreen shrubs and trees acclimated to LT in comparison with 

non-acclimated plants (Bravo et al. 2007; Campbell et al. 2007; Edwards and Smith 

1988; McNulty and Cummins 1987) and these higher rates of respiration may indicate 

relatively high metabolic activity (Leviatov et al. 1994). However results from other 

studies, demonstrate decreases in respiration in acclimated plants (Miller et al. 1974), 

which may suggest that different species use different mechanisms to respond to LT. 

Furthermore differential tissue-specific respiration responses have also been observed in 

response to LT. For example Hu et al. (2006) reported declines in total respiration of 

leaves but increases in the roots of cucumber under LT. They suggested this observation 

was related to the different sensitivities of leaves and roots to LT, where sensitivity 

causes a decrease in respiration.  
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3. Respiratory Homeostasis under LT 

Regardless of the origin of the cell, eukaryotic or prokaryotic, respiration is one the first 

cellular processes affected by LT (Atkin and Tjoelker 2003; Lee et al. 2002). The 

tendency of the cell to sustain certain rates of respiration irrespective of the growth 

conditions is known as respiratory homeostasis (RH), and is associated with cell 

survival and performance under unfavourable conditions (Kurimoto et al. 2004a; 

Yamori et al. 2009). Kurimoto et al. (2004b) suggested that homeostasis of root 

respiration could be advantageous for plant growth at LT, as long as these temperatures 

are not extreme. They examined two common wheat cultivars grown at 15
 °
C and 25 

°
C 

and reported that species with greater RH (i.e. they rapidly acclimate respiration to a 

new temperature) showed higher maintenance in growth rate, despite changes in growth 

temperature. Similarly Yamori et al. (2009) studied 11 different species, including 

cucumber, tobacco, tomato, winter rye, potato, spring wheat, winter wheat and broad 

bean, under LT and demonstrated that generally, LT-tolerant species showed higher RH 

than the LT-sensitive species. These observations illustrate a possible linkage between 

phenotypic RH plasticity and LT tolerance. It is worthwhile noting that as RH may be 

an important component of LT tolerance, it is likely that an interacting network of many 

other cellular processes, including, photosynthetic homeostasis, are required for LT 

tolerance (Atkin et al. 2006a; Yamori et al. 2009). 

Contradictory observations prevent generalisations about RH alterations and responses 

amongst plant taxa under LT. For example, Larigauderie and Korner (1995) reported 

higher levels of RH in warm-low altitude plant communities than in LT-high altitude 

communities. RH was calculated as the ratio of respiration of plants grown and 

measured at 20 °C to respiration of plants grown and measured at 10 °C. In contrast, 

Tjoelker et al. (1998) showed that broad-leaved, fast growing, species had a lower RH 

than conifers which are from high altitude communities. Atkin et al. (2006a) also 

observed greater capacity and higher RH in the fast-growing lowland species (Plantago 

major and P. lanceolata) than in the slow-growing alpine species (P. euryphylla) at LT. 

Accordingly it is probable that the extent of variation of RH deviates among species 

regardless of their phylogenetic relations.   

Plants acclimated to LT and then returned to optimum temperatures, show a decrease in 

RH indicating a lower elasticity of respiration (Gorsuch et al. 2010; Miller et al. 1974; 

Ribas-Carbo et al. 2000). Studies of Arabidopsis plants exposed to LT for various time 
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periods showed differential levels of RH when returned to optimum growth 

temperature. In fact the level of LT exposure appears to determine the elasticity of RH, 

as LT-developed plants showed the least elasticity in RH amongst other LT treated 

plants (Armstrong et al. 2008; Armstrong et al. 2006c). Perhaps the elasticity of RH is 

restricted, in this case, by plant metabolism being vastly altered during growth/long 

acclimation at LT, so as acclimation proceeds it is harder to swiftly respond to the 

temperature shift and perturb the concurrent cellular activities to provide high levels of 

RH.  

 

 

4. Changes in Respiration Components under LT 

In this section we discuss the effect of LT on each of the major components of the 

phosphorylating ETC as well as the some other associated components. Data from ETC 

components are summarised in Figure 1 and listed in Supplementary Table 1. 

 

4.1. Phosphorylating Pathway 

 

Complex I 

Studies have shown that components of complex I appear to be responsive to a range of 

different stresses including LT, H2O2 and drought (Tan et al. 2012; Taylor et al. 2005a). 

Lee et al. (2002) identified an Arabidopsis fro1 (frostbite1, At5g67590.1) point 

mutation which exhibits impaired expression of LT responsive genes and 

hypersensitivity to LT and freezing but not to exogenous ABA and salt stress and 

constitutively accumulates high levels of ROS. It encodes the 18-kDa Fe-S containing, 

nuclear encoded, subunit of complex I of the ETC and it is possible that this subunit is 

involved in LT signalling and gene expression in response to LT. In contrast, Dutilleul 

et al. (2003) showed that loss of a mitochondrial-encoded 49-kDa subunit of complex I 

(NAD7) in tobacco not only, did not show high levels of ROS but also resulted in an 

improved tolerance to oxidative stress. A number of proteomic studies have revealed a 

conserved response of a number of complex 1 subunits. For example four studies across 

two species indicate that the NADH dehydrogenase 75-kDa subunit decreases in 

abundance in response to LT (Gammulla et al. 2011a; Neilson et al. 2011a; Taylor et al. 
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2005a; Yan et al. 2006) (Figure 1. & Supplementary Table 1). Conversely the response 

of other complex 1 subunits is less clear, for example NADH dehydrogenase subunit 9 

was shown to increase in abundance in a study of Arabidopsis cell culture responses to 

LT (Tan et al. 2012), but this same protein was shown to decrease in abundance in 

another study of LT in wheat (Herman et al. 2006b) (Figure 1. & Supplementary Table 

1.) and thus its response to LT remains unclear. In other cases it appears certain proteins 

may not change in abundance in response to LT for example the NADH dehydrogenase 

B16 and 20.9 kDa subunits remained stable following LT exposure (Tan et al. 2012) 

(Figure 1. & Supplementary Table 1.). Together these responses suggest that while 

some conserved changes in the abundance of certain subunits of complex 1 in response 

to LT (e.g. 75 kDa subunit) do exist a number of species specific responses also occur 

(eg NADH dehydrogenase subunit 9) and some subunit do not respond to LT exposure. 

 

Complex II 

Succinate dehydrogenase activity and subunit abundance have been shown to be 

differentially regulated in response to LT (Atkin et al. 2002; Tan et al. 2012). SDH 

activity has been shown to be significantly reduced in LT-acclimated plants when 

compared with control plants in cool-season turf-grasses, meanwhile non-acclimated 

plants showed higher SDH activity when exposed to LT (Sarkar et al. 2009). Sarkar et 

al. (2009) suggested that decreases in SDH activity were related to a shift of carbon flux 

from the energy-consuming TCA cycle to the alternative energy-efficient pentose 

phosphate pathway to induce a better LT tolerance mechanism. A number of other 

analyses have sought to uncover subunit-specific LT regulation of the SDH complex. 

For example, transcriptome analysis of SDH subunits in tomato showed transient LT-

induced expression of SDH4 followed by decrease after 7 days (Shi et al. 2013). In 

contrast SDH2 transcript abundance was shown to be unchanged in LT-acclimated 

Arabidopsis plants compared to unacclimated plants (Armstrong et al. 2008).  We are 

only aware of two studies that reveal changes in the protein abundance SDH subunits in 

response to LT (Figure 1. & Supplementary Table 1.). The core subunit SDH1-1 was 

shown to increase in abundance following growth at 4 °C for 48 h in Arabidopsis cell 

cultures (Tan et al. 2012) and the plant specific subunit SDH6 was showing to decrease 

in abundance following long term exposure of poplar leaves to LT at 4 °C for 14 days 

(Zhang et al. 2012). To date, with such limited data, it is difficult to conclude how the 



Chapter 1 

9 
 

individual subunits of SDH respond to LT and further research to uncover this response 

is required. 

 

Ubiquinone/Ubiquinol Pool  

Generally, changes in the ubiquinone (UQ)/ubiquinol (UQH2) pool (UQ pool) have 

been considered in association with AOX activity and ROS formation under different 

internal and external signals (Fiorani et al. 2005; Jacoby et al. 2010; Millar et al. 1998). 

The response of UQH2/total UQ ratio (UQH2/UQt) to short-term changes in temperature 

is highly dynamic, due to variant responses of UQ-reducing and UQH2 oxidizing 

pathway components to LT temperature (Covey-Crump et al. 2007). Hu et al. (2006) 

reported LT induced increases in both UQt and UQH2, with a greater increase of UQH2, 

in roots and leaves of cucumber plants. Increases in UQH2/UQt represent a reduction in 

the level of UQ and imply limited functionality of the coupling pathway of respiratory 

ETC and may indicate the necessity of alternative pathway operation to maintain 

respiration. Therefore, where changes in temperature have slight effects on the rates of 

respiration obtained at LT, it suggests that the ability of each pathway to compete for a 

given amount of reduced UQ, remains unaffected by changes in temperature, however 

levels of other substrates, such as ADP could be the limiting factor for coupling 

pathway activity (Atkin et al. 2002; Hu et al. 2006). SDH activity is regulated by levels 

of ADP/ATP, succinate and UQH2. Enhanced levels of ATP and ADP and thus ΔµH
+
, 

activate SDH whereas high levels of UQH2 caused a decline in its activity (Affourtit et 

al. 2001; Atkin et al. 2002). Elevation of UQH2 under LT exposure could function as 

negative feedback to decrease respiration rates by repressing dehydrogenases that 

reduce the UQ pool. 

 

Complex III 

To date only two studies have directly assessed transcript changes in complex III in 

response to LT. These have revealed no change in transcript abundance for the QCR6 

subunit (also known as UCRH) and its isoform QCR6-1 in LT treated tomato cultivars 

and Arabidopsis plants, respectively, compared to the control plants (Armstrong et al. 

2008; Shi et al. 2013). The protein abundance of the iron-sulphur containing subunit 

UCR1 decreased in abundance in response to LT exposure in two studies in Arabidopsis 

cell cultures and rice leaves (Gammulla et al. 2011; Tan et al. 2012). Interestingly 

http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=12590
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=12590
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Gammulla et al. (2011) showed that if a less severe cold stress regime was applied (20 

°C/12 °C, d/n) this resulted in the opposite response of UCR1 which then increased in 

abundance. Other subunits have also been observed to respond differentially to LT. For 

example Tan et al. (2012) observed increases in the abundance of QCR7−1 and 

CYC1−1 following LT treatment, while their corresponding isoforms QCR7−2 and 

CYC1−2 decreased in abundance. This observation is perhaps the first evidence of 

subunit swapping of ETC components in plants, where LT optimised subunits maybe 

being induced to allow respiration to be maintained. The hypothesis of subunit 

replacement in supercomplexes has been previously characterised in mammalian cells 

(Dieteren et al. 2012). Dieteren et al. (2012) showed that continuous subunit 

replacement by direct exchange or through assembly intermediates is essential for 

supercomplex maintenance for mammalian complex 1, however conclusive evidence of 

this direct subunit replacement in plant complex III is yet to be obtained.  

 

Complex IV 

The expression of COX genes including mitochondrial and nuclear encoded subunits 

are highly responsive to LT. Arabidopsis plants constantly grown at LT showed a 

considerable increase in COX6b transcript abundance (Fiorani et al. 2005). This 

observation has been supported by Sugie et al. (2006) who noted increases in transcript 

levels of this subunit in LT acclimated Arabidopsis plants. The protein abundance of 

COX6b-1 has also been shown to increase in abundance during exposure to LT in 

chickpeas (Heidarvand and Maali-Amiri 2013b). In addition, the protein abundance of 

the COX6b isoform COX6a has been shown to decrease in abundance during exposure 

to LT which may provide evidence of subunit swapping in response to LT in complex 

IV. This is supported by COX5b and COX5c which also respond differentially to LT 

exposure. One apparently conserved response of complex IV is the increase in 

abundance of COX2 in response to LT which has been observed in four species (Bocian 

et al. 2011; Holtzapffel et al. 2002; Kurimoto et al. 2004b; Yang et al. 2012). Also, the 

roots of plants grown at 15 °C have been seen to generally contain higher levels of 

COXII protein content than those grown at 25 °C, and this was also accompanied by 

higher COX activity (Kurimoto et al. 2004b). Similarly, in tomato fruits, acclimation 

caused an increase in the abundance of COXII protein levels (Holtzapffel et al. 2002).  

Together these suggest that COX subunits may play a major role in both short-term and 

long-term LT responses in plants. 
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Complex V 

Previous studies have shown that ATP synthase has a major role in stress response. For 

example, overexpression of an ATP synthase small subunit (ATP 6) conferred tolerance 

to stresses in yeast and Arabidopsis including salt, drought, and LT (Zhang et al. 2008). 

Also, serial analysis of gene expression revealed 1 h LT-induced expression of ATP 2 

(β) subunit in Arabidopsis plants exposed to 0
o 

C (Byun et al. 2009). At a protein level 

the response of complex V subunits to LT is perhaps the least clear of any of the 

respiratory supercomplexes with many conflicting reports. For example for ATP 1 (α), a 

total of nine studies report five increases in abundance and five reports of decreases in 

abundance as well as one report identifying no change is abundance in response to LT 

(Cheng et al. 2010; Cui et al. 2005; Herman et al. 2006b; Huang et al. 2006; Neilson et 

al. 2011a; Nilo et al. 2010; Tan et al. 2012; Taylor et al. 2005a; Xuan et al. 2013). 

Similar observations have been made for ATP 2 (β), ATP 3 (γ), and ATP 5 (δ) where no 

conserved response has been observed. However for both ATP 1 (α) and ATP 2 (β) in 

three rice studies it appears that the severity of the LT treatment affects protein 

abundance. For example when ATP 1 (α) was measured in plants grown at 5 °C for 24 

h, an increase in abundance was observed, whereas when grown on a 14 °C/12 °C 

(day/night) regime for 72 h it resulted in a decrease in abundance of ATP 1(Gammulla 

et al. 2011; Neilson et al. 2011a). The length of time the LT treatment was applied and 

the shock/acclimation transition also complicates this observation. However for ATP 2 

(β) is slightly more clear with an increase in abundance observed under a 12 °C/5 °C 

(day/night) growth regime for 72 h whereas a decrease was observed for both a 14 

°C/12 °C (day/night) and 20 °C/12 °C (day/night) growth regime for 72 h (Gammulla et 

al. 2011; Neilson et al. 2011a). The exception to these observations for complex V 

subunits is the ATP-F(A)d subunit which in three reports in three species showed 

decreases in abundance of the ATP-F(A)d subunit in response to LT. Another 

interesting observation has been made looking at cold sensitive and cold tolerant 

varieties of sunflower which displayed a differential response of ATP 3 (γ) to LT 

(Balbuena et al. 2011a). In the cold sensitive variety Hopi, ATP 3 (γ) was seen to 

increase in abundance however, in the cold tolerant variety PI 543006, ATP 3 (γ) 

decreased in abundance (Balbuena et al. 2011a).  It is likely that LT-tolerance is linked 

with changes in ATP synthase subunit abundance, but the response of subunits 

including ATP 1 (α), ATP 2 (β), ATP 3 (γ), and ATP 5 (δ) is likely dependant on 

species-specific susceptibility to LT. The timing and severity of LT exposure are 

especially important in directing changes in this ETC complex. 
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4.2. Non-Phosphorylating Pathway 

Plant mitochondria have several functional proteins that operate in a non-

phosphorylating respiration pathway that are able to modify the efficiency of ATP 

synthesis per oxygen consumed and also the ATP synthesis rate. These proteins mostly 

act under unfavourable conditions and help to maintain respiration and mitochondrial 

redox status. The effect of LT on the individual non-phosphorylating pathway 

components is discussed below. 

 

 

AOX 

It is generally thought that the alternative respiratory pathway is LT-responsive and 

actively involved in the development of LT tolerance. It is also believed to be induced 

when the cytochrome-respiratory pathway is restricted, to allow the maintenance of RH 

(Atkin and Tjoelker 2003; Hu et al. 2006). AOX is thought to prevent the over-

reduction of ETC components, which can lead to single electron leak, and the 

production of ROS. Sugie et al., (2006) showed that AOX functions in the amelioration 

of ROS using transgenic Arabidopsis overexpressing aox1a. However the regulation of 

AOX is complex as it has been shown to be induced by hydrogen peroxide (H2O2) 

(Davletova 2005), whilst the inhibition of the AOX also stimulates production of H2O2 

(Dutilleul et al. 2003) and is linked to the reduction status of the UQ pool. In fact LT 

induced decreases in UQ redox poise could be positively correlated with the activity of 

AOX (Armstrong et al. 2008). Furthermore, particular AOX family members are 

induced by dysfunction of complex I, complex III and complex IV and disruptions in 

oxidative phosphorylation including inhibition of ATP synthase, uncoupling of the 

ETC, and inhibition of the TCA cycle. This information suggests that AOX expression 

maybe responsive to insufficient cytochrome-respiration pathway capacity (Clifton et al. 

2005; Szal et al. 2009; Vanlerberghe 2013).  

 

LT induces changes in the levels of AOX transcript, protein abundance and capacity 

(Holtzapffel et al. 2002; Kreps 2002; Mizuno et al. 2008; Szal et al. 2009). LT-tolerant 

wheat and tomato cultivars show higher alternative-respiration capacity along with 

significant increases in the abundance of transcript and protein AOX and it has been 

suggested that the mitochondrial alternative pathway might be crucial in LT-acclimation 

and freezing tolerance (Mizuno et al. 2008; Shi et al. 2013). Members of the AOX gene 
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family are differentially expressed under specific stress conditions. AOX1 is 

particularly responsive to biotic and abiotic stresses, while AOX2 appears to be 

important for specific developmental stages and tissues (Vanlerberghe 2013). Also each 

isoform can act differentially in response to similar conditions, hence alterations in 

alternative respiration capacity is not always directly associated with a particular AOX 

isoform. For example, Shi et al., (2013) observed increases in AOX1a transcripts in 

short-term LT in both LT-tolerant and intolerant tomato plants, while AOX1b was only 

induced in tolerant genotype. Also Borecky et al., (2006) reported LT-induced AOX1c 

but not AOX1a in sugarcane and also that AOX1a was induced while AOX1d was 

suppressed by LT in Arabidopsis. Presumably species-dependent regulatory pathways 

determine the level of contribution of each AOX isoform in response to LT. Changes in 

the protein abundance of AOX in response to LT also seem to vary in a species specific 

manner. A number of reports indicate that AOX increases in abundance following LT 

treatment in apple, banana, cucumber and tomato (Duque and Arrabaca 1999; 

Holtzapffel et al. 2002; Lei et al. 2010; Yang et al. 2012). Whilst Taylor et al. (2005a) 

reported increases in the protein abundance of AOX following drought and herbicide 

treatment but not following LT of pea and Tan et al., (2012) observed that protein 

abundance levels of AOX1a and AOX1c were not correlated with LT response in 

Arabidopsis cell cultures. Additionally, Kurimoto (2004b) observed lower protein levels 

of AOX in wheat plants with high RH under LT than control plants, but not in plants 

with low RH. Similarly Ribas-Carbo et al. (2000) observed no significant differences in 

alternative pathway capacity in chilling-tolerant and chilling-sensitive maize lines. 

While the overall response of AOX to LT remains unclear, it appears that in certain 

species it is likely to play a key role in LT response and in others a less important role 

and its influence may be connected to the plasticity of respiration and of the ability of 

some plants to maintain RH at LT. 

 

Alternative NAD(P)H Dehydrogenases 

Alternative NAD(P)H dehydrogenases encompass a number of enzymes that include the  

external, cytosolic-facing isoforms that have a high affinity for calcium and the internal, 

matrix-facing isoforms that have a lower affinity for NADH than CI. External 

NAD(P)H dehydrogenases may have a compensatory effect in case of CI dysfunction 

and could be involved in the regulation of the reduction state of the cytoplasmic pools 

of NADH and NADPH and in maintaining the redox balance of the cell in response to 

variations in calcium concentration (Juszczuk et al. 2007; Millar et al. 2011b; 
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Rasmusson et al. 2004). Fiorani et al. (2005) reported up-regulated of NDA1 and NDB1 

transcripts in Arabidopsis plants under LT. Also Gorsuch et al. (2010) showed an over 

3-fold increase in expression of NDB2 transcript after 6 h of LT treatment in 

Arabidopsis plants. Furthermore, it was shown that LT-intolerant tomato genotypes 

showed higher levels of NDB2 transcripts than in LT-tolerant genotype. Interestingly 

transcript abundance of NDA1 and NDC1 was reduced in LT-intolerant tomato 

cultivars, however it remained stable in a LT-tolerant genotype under LT (Shi et al. 

2013). Only two studies have highlighted changes in the protein abundance of 

alternative NADH dehydrogenase isoforms under LT. The first characterised an 

increase in abundance of NDA1 in Arabidopsis cell cultures (Tan et al. 2012) and the 

second observed decreases in abundance of NDA2 in banana (Yang et al. 2012). Like 

AOX, the response of alternative NADH dehydrogenases to LT remain unclear, 

however is seems plausible that the likely mechanisms plants employ to cope with LT 

may involved the induction/suppression of different isoforms of alternative NAD(P)H 

dehydrogenases.  

 

Uncoupling Proteins 

Like AOXs, UCPs appear to protect cells from oxidative stress (Nogueira et al. 2011) 

and it has been shown that some components involved in stress signalling and response 

pathways, such as, superoxide and the products of lipid peroxidation are able to 

stimulate UCP activity (Considine et al. 2003; Smith et al. 2004). This may indicate that 

UCP-mediated mitochondrial uncoupling limits mitochondrial ROS formation and 

regulates energy production in response to environmental signals through a negative-

feedback mechanism. Recently, data from a transcriptomic analysis of transgenic 

tobacco plants, overexpressing AtUCP, showed that a number of stress-responsive 

genes associated with LT were up-regulated in transgenic plants, indicating that UCP 

overexpression triggers a plant stress response probably through retrograde signalling 

(Maia 2014). Also the overexpression of the wheat uncoupling protein (TaUCP) 

conferred greater LT and oxidative stress tolerance in rice plants (Ozawa et al. 2006). 

Similarly, Shi et al. (2013) also showed markedly increased transcripts levels of UCP1 

and UCP2 in a LT-tolerant tomato genotype accompanied by reduced oxidative stress 

during LT and Borecky et al. (2006) showed differential regulation of UCP members in 

sugarcane and Arabidopsis in response to LT. In sugarcane UCP2 transcript 

accumulation remained unchanged when sugarcane plantlets were submitted to LT for 

up to 48 h and UCP1 and UCP3 were not induced. By contrast, UCP4 and UCP5 were 
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strongly induced. In Arabidopsis, UCP2, 3 and 6 were not induced by LT treatment. 

UCP1 was induced by LT. UCP4 and 5 showed strong  transitory induction in early 

stages (3 h) of LT, and returned to basal levels after 12 h exposure to LT. LT-induced 

UCP expression has been reported from other species such as potato, rice, wheat and 

Arabidopsis (Armstrong et al. 2008; Calegario et al. 2003; Kurimoto et al. 2004b). As 

with other components of the alternative respiratory pathway UCP response to LT 

appears complicated and it may well be that there are species-dependant regulations of 

UCP family members in response to LT. Interestingly a number of physio-biochemical 

and genetic studies have shown cases of the co-expression of AOX with members of the 

non-energy conserving alternative NADH dehydrogenases and UCPs (Clifton et al. 

2005; Vanlerberghe 2013). The coordinated expression of these components implies 

that they may function together, representing an ETC path completely uncoupled from 

ATP generation in response to LT. Changes in protein abundance of OXPHOS 

components are represented in figure 1 and summarised in supplementary table 1.  

 

4.3. Other Proteins 

Interestingly a cold-shock 310-kD protein (CSP310) found in winter rye, has been 

shown to enhance non-phosphorylating respiration and uncoupled oxidative 

phosphorylation in isolated mitochondria under LT (Kolesnichenko et al. 2005; 

Voinikov et al. 2001). It is demonstrated that CSP 310 shunts electrons around the main 

cytochrome pathway of the ETC, i.e. electron flow bypasses ubiquinone and complex 

III via CSP 310 to complex IV. CSP310 protein is proposed as another type of non-

phosphorylating electron flow that exists in cereal mitochondria and operates during LT 

(Kolesnichenko et al. 2005).  

Similarly the inner membrane anion channel (IMAC), which is known to catalyse the 

electrophoretic uniport of a wide range of physiological and non-physiological anions 

including chloride, sulfate, ferricyanide, bicarbonate, Pi, succinate, malate and citrate 

(Beavis and Vercesi 1992) and to be particularly temperature sensitive (Liu et al. 1996), 

may have a role in plant LT response. To date, the existence of the plant inner 

membrane anion channel (PIMAC) has only been shown in few plants species e.g 

potato, maize and durum wheat (Beavis and Vercesi 1992; De Santis et al. 2011; Laus et 

al. 2008) and only one study has assessed it response to LT. De Santis et al. (2011) 

showed that the activity of PIMAC increased in cold tolerant maize plants exposed to 

LT whereas the activity of PIMAC in cold sensitive maize plant decreased.  It is also 
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possible that PIMAC activity induction under LT is related to the mitochondrial role in 

sensing and responding to LT cues. For example, phospholipase activity which is 

known to be involved in the early transduction of LT signalling (Heidarvand and Amiri 

2010) leads to increased fatty acids concentrations (Janská et al. 2010) and inhibits 

PIMAC activity (De Santis et al. 2011). Unravelling the possible role of PIMAC in LT 

sensing or response in plants remains to be fully elucidated. Together these data suggest 

that in addition to the classical and alternative electron transfer chains other protein such 

as CSP310 and PIMAC may have a key role in the plant mitochondria LT response in 

specific species. 

There are a few dehydrogenases that contribute to electron transfer chain and 

mitochondrial oxidative phosphorylation. For example, breakdown of branched chain 

amino acids, Valine, Leucine and Isoleucine, is localized in mitochondria (Binder et al. 

2007). Isovaleryl-CoA dehydrogenase, is a flavoprotein dehydrogenase. It transfers an 

electron from the oxidation of branched amino acid, catalyzed by the enzyme into the 

respiratory chain at the level of ubiquinone via flavine adenine dinucleotide (FAD), the 

electron transfer flavoprotein and an electron transfer flavoprotein:ubiquinone 

oxidoreductase (Binder et al. 2007).  

Pro oxidation/dehydrogenation has also been well established as a mitochondrial 

process. ProDH, a mitochondrial flavoenzyme, is in close association with 

mitochondrial inner membrane and ETC. It oxidises Pro and transfers electrons from 

Pro to ubiquinones pool or to FAD
+
 and NAD

+
 (Szabados and Savoure 2010).  

The glycine decarboxylase (GDC , aminomethyltransferase; EC 2.1.2.10) is a multi-

enzyme complex which catalyses the reversible oxidation of glycine, yielding carbon 

dioxide, NH3
-
 and NADH through the photorespiratory pathway in the mitochondria. 

GDC T subunit has been shown to decrease in cold-tolerant pea species, under cold-

acclimation conditions (Dumont et al. 2011a). Also Taylor et al. (2005b) reported 

decrease in GDC and serine hydroxymethyltransferase (SHMT) subunits in response to 

36 h at 4 °C in pea leaves. On the other hand, GDC H subunit was accumulated in 

chilling-submitted leaves of both cold-tolerant and sensitive pea lines after three days of 

frost (Dumont et al. 2011a). Transcriptome analysis of SHM1 and GDC H protein 1 

showed highly induced expression of these genes in Arabidopsis leaves exposed to 0 °C 

for 1 h (Byun et al. 2009). 
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Enzymes involved in TCA cycle have been reported to be differentially expressed in 

response to cold stress. Proteomic analysis of moss, Physcomitrella patens, incubated at 

0
 o

C C for up to 3 days, showed an increase in abundance of isocitrate dehydrogenase 

(Wang et al. 2009). 

 

5. Substrate Availability and Protein Assembly 

The availably of ADP and Pi can be a limiting factor for ATP production when ATP 

synthase is enhanced. Hence it is possible for the ATP/ADP translocase or the Pi 

transporter to play a significant role in the regulation of respiration under LT. This 

hypothesis has been demonstrated in animal cells, i.e. goldfish and frog (Dos Santos et 

al. 2013; Margesin et al. 2006); however little is known about how these transporters 

respond to LT in plant cells. De Santis et al. (1999) has noted higher activity of 

ATP/ADP translocase in LT-tolerant maize population than LT-intolerant and in a 

recent study Gammulla et al. (2011) observed a dramatic increase in mitochondrial 

ADP/ATP translocase in rice leaves subjected to LT. These increases may occur to 

prevent restrictions of supply of ADP for ATP synthase during LT in plants, however 

this is yet to be conclusively proven and the response of Pi transporters must be further 

examined. In addition to substrate availability, which is regulated via multiple 

transporters, the entry and assembly of newly synthesised, nuclear- and mitochondrial- 

encoded protein precursors, required for maintenance and adjustment of the ETC is 

regulated by a series of import components which may be influenced by LT. Protein 

precursors are imported by the translocase of the outer membrane (TOM) complex and 

inner membrane complex (TIM). TOM recognises mitochondrial precursor proteins and 

passes them to the inner membrane multi-subunit protein complexes, TIM. TIM17:23 is 

responsible for the import of proteins containing N-terminal targeting signals via the 

general import pathway. The Mitochondrial Processing Peptidase (MPP) removes their 

presequences to produce mature proteins. The TIM 22 complex, drives the inner 

membrane proteins insertion of imported proteins in a ΔµH
+
-dependant reaction 

(Murcha et al. 2014; Schmidt et al. 2010). Together with the sorting and assembly 

machinery (SAM) complex on the outer membrane for the insertion of protein in the 

outer membrane and the mitochondrial intermembrane space (IMS) assembly (MIA) for 

the import of cysteine rich into the IMS these complexes are responsible for the import 

of the majority of protein into plant mitochondria (Murcha et al. 2014). We have 
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previously observed that LT leads to a decrease in the import of precursor proteins into 

plant mitochondria and that this decrease was most likely caused by decreased activity 

of import proteins rather than lower protein abundance or reduce processing (Taylor et 

al. 2003). We have also observed increases in abundance of a number of components of 

the TIM17:23 import pathway (TIM23−2, TIM17−2, mtHSP70, MPPα and MPPβ) in 

response to LT in dark grown cell culture of Arabidopsis which may act to counter the 

decreased activity of import components at LT.  Gammulla et al. (2011) and Neilson et 

al. (2011a) also observed a sharp increase in MPPα and slight decrease MPPβ in rice 

leaves under LT. Together these data suggest that any changes in the components of 

oxidative phosphorylation in response to LT may be tempered by the reduced import 

activity of proteins of the mitochondria and increases in the abundance of some import 

components may have a role in countering this drop in activity.  

 

6. Mitochondrial Membranes under LT  

Plant mitochondrial membranes are lipid bilayer membranes, largely composed of 

phosphoglyerolipid, 1,2-diacyl-sn-glycero-3-phosphoryl (phosphatidyl) derivatives. 

They consists mostly of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) 

with these components representing ~75-80% of membranes. The inner membrane 

generally has a majority of PE and the outer membrane has a majority of PC (Caiveau et 

al. 2001; Dorne and Heinz 1989; Douce 1985; Guillot-Salomon et al. 1997; Jouhet et al. 

2004; Yoshida and Uemura 1984). Further components include phosphatidylinositol 

(PI) which is enriched on the outer membrane, phosphatidylglycerol (PG) and 1,3-

diphosphatidyl-sn-glycerol (cardiolipin, CL), a mitochondrial marker in all eukaryotes 

that is enriched on the inner membrane especially at contact sites between the inner and 

outer membrane (Caiveau et al. 2001; Daum and Vance 1997; Dorne and Heinz 1989; 

Douce 1985; Guillot-Salomon et al. 1997; Jouhet et al. 2004; Yoshida and Uemura 

1984). The fatty acid composition of the phosphoglycerolipids is dominated by the fatty 

acids linoleic acid (18:2) and linolenic acid (18:3), with the inner membrane enriched in 

PC and PE with species carrying polyunsaturated acyl groups in both positions (Caiveau 

et al. 2001; Dorne and Heinz 1989; Guillot-Salomon et al. 1997). Mitochondrial PG and 

PI contain high levels of palmitic acid (16:0) and lower amounts of C18 unsaturated acyl 

groups when compared to PC and PE, whereas the CL which is derived from PG almost 

exclusively carries polyunsaturated C18 groups (18:2 and 18:3).  
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Like other lipid bilayer membranes, the plant mitochondrial lipid bilayer membranes 

dynamic characteristics are influenced by environmental cues including LT. LT effects 

fluidity or invert micro-viscosity of membranes including lateral diffusion of molecules, 

molecular wobbling and chain flexing (Murata and Los 1997; Webb and Steponkus 

1993). Membranes undergo a transition from liquid crystalline to a gel phase state, 

when temperatures decrease. Homeoviscous adaptation, the concept of withholding the 

viscosity of the lipid component of the membrane for optimal functioning of the 

membrane, drives plant mitochondria to adjust the lipid compositions of its membranes 

to maintain a constant membrane viscosity (Bohn et al. 2007; Lee 2004). For example 

De Santis et al. (1999) reported a higher ratio of unsaturated C18/saturated C18 in 

mitochondria maize seedling grown at 14
 
ºC when compared to control plants. This 

suggested that under LT conditions higher degrees of unsaturation of lipid chains are 

required to overcome the LT-induced changes in membrane fluidity.  

Integral membrane protein activity is a function of lipid head group, backbone and fatty 

acid chains (Carruthers and Melchior 1986). Hence lipid composition fluctuations play 

a key role in lipid dynamics and the lipid-protein interactions in the lipid matrix of the 

mitochondrial membranes (Caiveau et al. 2001; Duke et al. 1977; Miller et al. 1974). 

Accordingly, the catalytic properties of identical integral membrane proteins including 

ETC respiratory complexes, carriers, transporters, and channels, are likely to be 

different in mitochondrial lipid bilayer membranes with compositions altered by LT 

(Carruthers and Melchior 1986). Studies in both plant and mammalian cells 

mitochondria have proved that bioenergetic properties of mitochondria are altered by 

the fatty acid unsaturation of the membrane phospholipids. The unsaturation index of 

mitochondrial membranes can alter the oxidative phosphorylation status, catalytic 

properties of carriers, the ΔµH
+ 

and proton-selective leaks (Caiveau et al. 2001; Fontaine 

et al. 1996; Goubern et al. 1990).  Caiveau et al. (2001) noted that fluctuations in the 

degree of unsaturation of mitochondrial membranes influence the changes in respiration 

by temperature, as they have modified diffusion properties of the lipid phase. Similarly, 

Miller et al. (1974) observed that wheat varieties grown at 2 ºC showed altered patterns 

of unsaturated fatty acid composition of mitochondrial membranes. These plants also 

had an increase in the total unsaturation of membrane lipids and the abundance of 

linolenic acid and showed a decrease in the efficiency of energy coupling (Miller et al. 

1974). These data suggests that the abundance and composition of membrane lipids of 

the mitochondrial membranes has a powerful influence on respiratory activity. 
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The Arabidopsis mutant lines fad2 (deficient in ω-6-oleate desaturase) and FAD3+ 

(overexpressing ω-6-oleate desaturase cultured cells line affected in extra-chloroplastic 

fatty acid desaturation activity) have been used to investigate the importance of 

polyunsaturated fatty acids (PUFA) in mitochondrial membrane function (Caiveau et al. 

2001; Matos et al. 2007). They showed that membrane lipid dynamics is strongly 

influenced by the composition of the membranes, for example the fad2 mutant showed 

higher microviscosity and temperature-dependence membrane rigidification and 

consequently LT sensitivity comparing to wild type plants. This resulted in a 

pronounced reduction in both whole cell growth and respiratory activity. In contrast the 

FAD3+ line showed altered mitochondrial membrane composition accompanied by 

increased LT tolerance and similar whole cell growth and respiratory activity to 

controls. Although the relative sensitivities of the respiratory supercomplexes to 

changes in lipid composition in plants is yet to be determined, studies have examined 

the effect of mitochondrial membrane composition on Complex IV activity in yeast. 

Trivedi et al. (1986) showed that increasing the chain length or the degree of 

unsaturation of mitochondrial membrane phospholipids altered COX activity and they 

suggested that lipid-protein interactions and enzyme conformational changes lead to this 

altered activity. Similarly, De Santis et al. (1999) demonstrated higher levels of both 

protein content and COX activity in association with higher mitochondrial membrane 

fluidity in LT- tolerant maize seedlings. Matos et al. (2007) also noticed significant 

decrease in transcript levels of COXII in cold-treated wild type and in fad2 mutants 

while the transcript levels in FAD3+ cell culture lines remained stable. Not only do the 

fatty acid chains of membrane phospholipids affect ETC enzyme activity, but the lipid 

head group was also recently shown to play a role. In Arabidopsis pect1-4 mutants, 

which have reduced PE levels due to reduced CTP: phosphorylethanolamine 

cytidylyltransferase (PECT) activity, a decrease in cytochrome pathway respiration 

capacity and lower COX activity was observed (Otsuru et al. 2013). It is noteworthy 

that increased proportion of PE has been attributed to the high levels of LT tolerance 

and acclimation in a number of different species (Bohn et al. 2007; Heidarvand and 

Amiri 2010; Tasseva et al. 2004; Uemura et al. 2006). Similarly in Arabidopsis cls 

mutants which are devoid of cardiolipin due to loss of the single gene encoding 

cardiolipin synthase showed decreased abundance of complex I and complex III (Pineau 

et al. 2013). These findings highlight the possible role of LT-induced mitochondrial 

membrane adjustment in activity and expression of ETC supercomplexes. Collectively, 

LT induces alterations in lipid composition of mitochondrial membranes including 
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changes in phospholipid species, fatty acid length and the degree of unsaturation. 

Bioenergetic properties of mitochondria including respiration capacity and inner 

mitochondrial membrane integral protein activity are likely to be affected by LT-

induced changes in lipid composition and hence the whole plant LT response 

 

7. Mitochondrial Membranes and LT Signalling 

Whether mitochondria receive LT signals transmitted from other parts of the cell or 

perceive LT in parallel with the whole cell is yet to be resolved. The key to determining 

this, is identification of the components of mitochondrial signalling cascades that may 

function as sensors of LT. The role of fluidity in plant membranes in LT signal 

perception and transduction was first proposed by (Murata and Los 1997). They 

speculated that a physical phase transition e.g. the transition of  the physical phase from 

the liquid-crystalline to the gel state, takes place in microdomains  of  the plasma  

membrane upon a decrease in temperature and that a putative sensor, such as a 

mechanosensitive channel,  detects a dramatic conformational change in such 

microdomains. The putative sensor protein may undergo a conformational change or a 

cycle of phosphorylation and dephosphorylation as the primary event in transduction of 

the temperature signal. The presence of a putative sensor mitochondrial membrane, 

which detects physical phase transitions in microdomains, remains to be elucidated. 

However there is accumulating evidence that draws attention to the possible role of 

mitochondria as components in the sensing of LT, which we highlight below. 

Calcium concentration is known to play an important role in LT signalling via Ca
2+ 

signalling in response to LT. It triggers various signalling cascades and results in stress 

specific responses such as alterations in protein phosphorylation and modified gene 

expression patterns (Heidarvand and Amiri 2010; McAinsh and Pittman 2009). Even 

though it was initially thought that mitochondria were important sites of Ca
2+

 storage, 

studies have shown that mitochondrial Ca
2+ 

uptake controls the rate of ATP production, 

forms the amplitude and spatio-temporal patterns of intracellular Ca
2+ 

signals and is 

instrumental to cell death (Kirichok et al. 2004). Also mitochondrial Ca
2+

 concentration 

([Ca
2+

]m) effects respiration and induces formation of the changes in free passage of 

Ca
2+

, other ions and small molecules through inner- and outer mitochondrial membranes 

(Carafoli 2003; Gyorgy et al. 2006). Logan and Knight (2003) demonstrated that 

mitochondrial and cytosolic Ca
2+ 

dynamics are differentially regulated in plants. They 
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noticed the stimulating effect of LT on [Ca
2+

]m, leading to rapid increase in [Ca
2+

]m in 

Arabidopsis plants. Information about the key targets of plant mitochondrial [Ca
2+

]m is 

limited, but research in mammalian mitochondria have identified TCA cycle matrix 

dehydrogenases, α-ketogultarate dehydrogenase, NAD
+
–dependent isocitrate 

dehydrogenase, pyruvate dehydrogenase (Carafoli 2003) and respiratory components 

(ATP synthase and COX (Gellerich et al. 2010; Nakano et al. 2011)) as targets of 

changes in [Ca
2+

]m. The non-proton-pumping, Ca
2+

-dependent NAD(P)H 

dehydrogenases located at the outer surface of inner mitochondrial membrane are also 

well known Ca
2+

 signalling targets (Rasmusson et al. 2004). Cytosolic Ca
2+

 activates 

this enzyme and electrons from these dehydrogenases enter the main electron transport 

chain at the UQ pool. Under normal resting conditions external NADPH 

dehydrogenases are inactive and the stress-induced increase cytosolic Ca
2+

 contributes 

to their activation. Additionally Ca
2+

-dependent mitochondrial carriers such as 

aspartate-glutamate carriers which supply electrons to the ETC by transferring reducing 

power to NADH that can be oxidized in complex I are also targets of Ca
2+ 

signals. 

These transporters are present in all known plant and animal genomes (Satrústegui et al. 

2007). ATP synthase and COX are also Ca
2+

 sensitive and indirectly respond to the 

increased levels of Ca
2+ 

in mammalian mitochondria (Gellerich et al. 2010; Nakano et 

al. 2011), however investigations in plant cells are essential to clarify the role of 

mitochondrial Ca
2+

 in ATP production. 

The outer membrane of mitochondria harbours a number of predominant transport 

proteins, including the voltage-dependent anion channel (VDAC) which is encoded by a 

small gene family, present in all organisms. They are involved in the regulation of 

metabolite transport between mitochondria and the cytoplasm which includes 

metabolites important for respiration. Plants contain more VDAC isoforms than yeast 

and mammals (Li et al. 2013; Robert et al. 2012) and real-time PCR analyses of 

VDAC1 expression in wild-type Arabidopsis during seed germination under normal 

conditions and LT showed that VDAC1 plays a negative role in LT response (Li et al. 

2013). The authors noted that overproduction of VDAC1 increased LT sensitivity 

during both seed germination and seedling growth, on the other hand, vdac1 knockout 

lines exhibited a higher seed germination frequency and enhanced tolerance to freezing 

than vdac1 overexpressing and wild-type lines at 4°C (Li et al. 2013). Interestingly, a 

functional link between VDAC1 and Ca
2+

 was recently revealed using yeast two-hybrid 

system and real-time PCR analyses (Li et al. 2013). It identified the interaction of 
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VDAC1 with AtCBL1, which is a member of Calcineurin-like (CBL) proteins, a family 

of Ca
2+

 sensors. CBL has previously been suggested to be involved in abiotic stresses 

signalling cascades and is specifically a negative regulator of LT tolerance thorough 

inhibition of LT- induction gene expression (Cheong et al. 2003). Overexpression of 

both VDAC1 and CBL1 in Arabidopsis plants causes LT sensitivity and an inhibition of 

the expression of DREB1A, a gene specifically responsive to LT (Li et al. 2013). It is 

likely that VDAC1 is involved in LT signalling and response, through divergent 

pathways including Ca
2+

 flux in both mitochondria and cytoplasm (Li et al. 2013) 

and/or metabolite-flux regulation of respiration of mitochondria; however, whether and 

how, remains to be elucidated. Collectively these data highlights the possible role of 

mitochondria in perception of LT in parallel with the whole cell and also possible 

contribution of mitochondria in LT cell perception, signalling and response, as well. 

8. The importance of Respiration Acclimation in LT-Tolerance in 

Crops 

The fundamental role of plant mitochondria in respiration, signalling, ATP production 

and the synthesis of a vast array of carbon skeletons used for the biosynthesis of a 

number of compounds including amino acids and organic acids was discussed in detail 

in previous sections. In addition, the importance of respiration homeostasis in response 

to changes in temperature was highlighted. In this section, the importance of respiration 

acclimation in LT-tolerance in crops is discussed.  

Previous studies have shown that generally the LT-tolerant species are more competent 

of maintaining respiration homeostasis than the LT-sensitive species, indicating a 

significant variation in phenotypic plasticity for temperature homeostasis depending on 

LT-tolerance (Yamori et al.  2009). Temperature acclimation of respiration occurs in 

relation with total plant acclimation under LT. In other words, LT-tolerance that is 

exhibited by temperate crops is not entirely constitutive, and that at least part of it is 

developed during exposure to LT temperatures and attaining LT-acclimation (Zhu et al. 

2007). In case of crop species, capability of acclimation under LT provides the 

necessary element of tolerating LT events, LT-tolerance, and eventually ameliorating 

the yield losses. 

LT-acclimation is an extensively energy consuming process and the role of 

mitochondrial respiration in energy production and synthesis of carbon skeletons is 
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inevitable. Hence, respiration acclimation under LT plays a key role in the process of 

attaining acclimation of the crops. In WA, frost risk occurs every year across southern 

and eastern agricultural regions. The sequence of weather events that typically generate 

damaging frosts is composed of the passage of a weak cold front, followed by cold 

southerly winds and the establishment of a ridge of high pressure. This results in cool 

daytime temperatures, light winds and clear skies overnight which are important to the 

development of frost events (DAFWA 2015). It is stated that LT-tolerance and the 

ability to acclimate to LT in a relatively short time, could be a key element in 

decreasing the yield losses due to the frost events. Therefore, crops which are capable of 

acclimating in a faster and more efficient manner to LT will be more successful in the 

battle against frost.  

 

9. Conclusion 

Plant mitochondria are a major source of cellular ATP and carbon skeletons for 

biosynthesis and they link the major biochemical pathways of glycolysis and 

respiration. Maintaining mitochondrial function is important for continued plant 

survival, particularly under conditions of stress such as LT. LT induces sharp changes in 

mitochondrial respiration rates and respiratory homeostasis and it appears that the extent 

of variation of RH deviates among species regardless of their phylogenetic relations. 

The timing and intensity of these responses often varies considerably depending on the 

length of exposure to LT and its severity. For example most plants after an initial large 

shock increase/decrease in respiration, gradually readjust to a respiratory rate similar to 

the respiration rate seen prior to application of LT, which implies that a plant response 

to LT is very dynamic. Maintaining the respiratory homeostasis in response to LT 

appears to be complex and requires changes in phosphorylating and non-

phosphorylating respiratory components, as well as changes in substrate availability 

through adjustments in the abundance and activation of transporters and carriers and 

alterations to membrane composition to maintain integrity and function. 
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10. Aims of the Thesis  

Improving LT-tolerance in crops requires the following steps: 

a- Investigating and understanding the mechanism(s) underpinning LT-tolerance. 

b- Targeting the explored possible mechanism(s) contributing to the tolerance. 

c- In vitro examination of the targeted mechanism(s). 

d- Further investigation of the targeted mechanism(s) in a wide range of crop 

varieties/cultivars as well as in the field condition.  

e- Integrating the obtained knowledge into breeding programs.  

Despite the considerable number of studies presented in the literature review, there still 

exist gaps in our knowledge, in identifying the role of respiration in LT-tolerance. 

Firstly, the focus of the most of the studies is mainly on non-crop plants. This has left a 

significant lack of knowledge of the mitochondrial respiratory response under LT in 

crop species. Secondly, the attempted studies do not follow a certain path and therefore 

mostly require complementary features in order to extract more certain conclusions with 

a holistic view from the available knowledge. This thesis aims to address steps "b" and 

"c" above, through:  

1- Investigating changes in respiration, mitochondrial proteome and metabolome in 

response to LT in a major crop, wheat.  

2- Conducting a solid survey investigating the changes in respiration, mitochondrial 

proteome and metabolome in response to LT in a very tight time-point experiment. 

3- Integrating the obtained data from aims 1 and 2 in order to extract the answers for 

the existing gaps in our knowledge.  
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Figure 1. The enzymes and complexes 

involved in cytochrome pathway respiration, 

alternative pathway respiration and 

oxidative phosphorylation located on the 

inner mitochondrial membrane. The 

differential responses of mitochondrial 

oxidative phosphorylation components under 

low temperature stress are indicated below 

complex/enzyme name. Abbreviations, NADH, 

reduced nicotinamide adenine dinucleotide; 

NAD
+
, oxidised nicotinamide adenine 

dinucleotide; UQH2, ubiquinol (reduced); UQ, 

ubiquinone (oxidised); C, cytochrome c; ADP, 

adenosine diphosphate; Pi, inorganic phosphate; 

ATP, adenosine triphosphate; Alt NADH DH, 

Alternative NADH dehydrogenases; Alt 

Oxidase, Alternative Oxidase; UcP, Uncoupling 

Protein. 
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10. Supplementary Table 

Supplementary Table 1. A literature survey of protein abundance changes of enzymes involved in cytochrome pathway respiration, alternative 

pathway respiration and oxidative phosphorylation following low temperature treatments.  

Accession numbera GI numberb Subunit Name/Isoformc Speciesd Tissuee Treatmentf Responseg Referenceh 

Complex I 

At5g52840 gi|18423437| B13 NADH dehydrogenase B13 subunit  Pisum sativum  Leaf 4 °C for 36 h  No change (Taylor et al. 

2005a) 

Ricinus communis gi|255545146| B13 NADH dehydrogenase B13 subunit  Citrus sinensis Fruit Field frost Increase (Perotti et al. 

2014) 

At3g12260  gi|75273261| B14 NADH dehydrogenase B14 subunit Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h No Change (Tan et al. 
2012) 

Os07g0640100 gi|115473643| B14.5b NADH dehydrogenase B14.5b subunit Musa paradisiaca Leaf 8 °C for 6 and 24 h  Increase (Yang et al. 

2012) 

At4g20150  gi|332658880| NADH dehydrogenase plant specific subunit 9kDa  Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h No Change (Tan et al. 

2012) 

At2g27730  gi|25091508| B16 NADH dehydrogenase B16 subunit Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h No Change (Tan et al. 

2012) 

At1g04630  gi|42561697| B16.6-1 NADH dehydrogenase B16.6-1 subunit  Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Increase (Tan et al. 

2012) 

At2g33220 gi|18403216| B16.6-2 NADH dehydrogenase B16.6-2 subunit Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h No Change (Tan et al. 

2012) 

At4g16450  gi|28416547| NADH dehydrogenase 20.9 kDa subunit  Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h No Change (Tan et al. 
2012) 

Os05g0509200 gi|115464801| NADH dehydrogenase 24 kDa subunit  Oryza sativa Leaf 14/12 °C (d/n) for 48 h Increase (Neilson et al. 

2011a) 

At2g20360  gi|75206396| NADH dehydrogenase 39 kDa subunit Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h No Change (Tan et al. 

2012) 

Os02g0816800 gi|115449641| NADH dehydrogenase 39 kDa subunit  Oryza sativa Leaf 12/5 °C (d/n) for 3 days Decrease (Gammulla et 
al. 2011) 

Os02g0816800 gi|115449641| NADH dehydrogenase 39 kDa subunit  Oryza sativa Leaf 20/12 °C (d/n) for 3 days Increase (Gammulla et 

al. 2011) 

Os02g0816800 gi|115449641| NADH dehydrogenase 39 kDa subunit  Musa paradisiaca Leaf 8 °C for  24 h  Increase (Yang et al. 

2012) 

Os03g50540 gi|18071341| NADH dehydrogenase 75 kDa subunit  Oryza sativa Leaf Progressive 15 °C, 10 °C and 5 °C 
for 24 h 

Increase (Cui et al. 
2005) 

At5g37510 gi|222423198| NADH dehydrogenase 75 kDa subunit  Pisum  sativum  Leaf 4 °C for 36 h  Decrease (Taylor et al. 

2005a) 

Os03g0713400 gi|115454943| NADH dehydrogenase 75 kDa subunit  Oryza sativa Leaf 12/5 °C (d/n) for 3 days Decrease (Gammulla et 

al. 2011) 
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Accession numbera GI numberb Subunit Name/Isoformc Speciesd Tissuee Treatmentf Responseg Referenceh 

Os03g0713400 gi|115454943| NADH dehydrogenase 75 kDa subunit  Oryza sativa Leaf 20/12 °C (d/n)t for 3 days Decrease (Gammulla et 

al. 2011) 

Os03g0713400 gi|115454943| NADH dehydrogenase 75 kDa subunit  Oryza sativa Leaf 14/12 °C (d/n) for 48 h Decrease (Neilson et al. 

2011a) 

Os03g50540 gi|18071341| NADH dehydrogenase 75 kDa subunit  Oryza sativa Leaf 6 °C for 6 and 24 h Decrease (Yan et al. 
2006) 

AtMg00516       gi|45477072| ND1 NADH dehydrogenase subunit 1 Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Decrease (Tan et al. 

2012) 

AtMg00285  gi|42559318| ND2 NADH dehydrogenase subunit 2 Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h No Change (Tan et al. 

2012) 

AtMg00070  gi|41019517| ND9 NADH dehydrogenase subunit 9 Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Increase (Tan et al. 
2012) 

OsM1g00590 gi|60498753| ND9 NADH dehydrogenase subunit 9  Triticum aestivum Crown 3 °C for 3 weeks Decrease (Herman et 

al. 2006b) 

At1g79010 gi|15219265| TYKY-1 NADH dehydrogenase TYKY-1 subunit Citrus sinensis Fruit Field frost Increase (Perotti et al. 

2014) 

Complex II 

Os07g04240 gi|75135397| SDH1-1 Succinate Dehydrogenase Subunit 1-1 Populus cathayana Leaf 4 °C for 14 days Increase (Zhang et al. 

2012) 

At1g08480  gi|18390902| SDH6 Succinate Dehydrogenase Subunit 6 Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Decrease (Tan et al. 
2012) 

        

Complex III 

At3g27240  gi|15232125| CYC1-1 Complex III cytochrome c1 Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Increase (Tan et al. 

2012) 

At5g40810   gi|75171315| CYC1-2 Complex III cytochrome c1 Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Decrease (Tan et al. 

2012) 

At4g32470  gi|11692914| QCR7-1 Complex III ubiquinol- cytochrome c 
reductase complex 14 kDa subunit 

Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Increase (Tan et al. 
2012) 

At5g25450  gi|403399498| QCR7-2 Complex III ubiquinol- cytochrome c 

reductase complex 14 kDa subunit 

Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Decrease (Tan et al. 

2012) 

At3g52730  gi|15231675| QCR9 Complex III ubiquinol- cytochrome c 

reductase 9 kDa subunit 

Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Decrease (Tan et al. 

2012) 

At5g13430  gi|18417067| UCR1 Complex III ubiquinol- cytochrome c 
reductase iron-sulfur subunit 

Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Decrease (Tan et al. 
2012) 

Os02g0520800 gi|115446391| UCR1 Complex III ubiquinol- cytochrome c 

reductase iron-sulfur subunit 

Oryza sativa Leaf 20/12 °C (d/n) for 3 days Increase (Gammulla et 

al. 2011) 

Os02g0520800 gi|115446391| UCR1 Complex III ubiquinol- cytochrome c 

reductase iron-sulfur subunit 

Oryza sativa Leaf 12/5 °C (d/n) for 3 days Decrease (Gammulla et 

al. 2011) 

        

Complex IV 

At4g21105  gi|145333558| COX X4 Cytochrome c oxidase X4 subunit Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h No Change (Tan et al. 

2012) 

At2g16460  gi|330251406| COX X6 Cytochrome c oxidase X6 subunit Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h No Change (Tan et al. 
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2012) 

Accession numbera GI numberb Subunit Name/Isoformc Speciesd Tissuee Treatmentf Responseg Referenceh 

Os01g0612200 gi|75100994| COX 5b Cytochrome c oxidase subunit 5b Oryza sativa Microspore 12 °C  for  4 days Increase (Imin et al. 
2006) 

At5g61310  gi|88010838| COX 5c Cytochrome c oxidase subunit 5c Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Decrease (Tan et al. 

2012) 

At4g37830 gi|75213718| COX 6a Cytochrome c oxidase Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Decrease (Tan et al. 

2012) 

Os07g42910 gi|22296419| COX 6b Cytochrome c oxidase Cicer arietinum L. Leaf 4 °C for 8 h Increase (Heidarvand 
and Maali-

Amiri 2013b) 

Antibody  COX2 Cytochrome c oxidase subunit 2 Triticum aestivum Root Grown at 15 °C  Increase (Kurimoto et 
al. 2004b) 

Antibody  COX2 Cytochrome c oxidase subunit 2 Solanum lycopersicum  Fruit 4 °C for 7 days Increase (Holtzapffel 

et al. 2002) 

Pinus sylvestris gi|125327786| COX2 Cytochrome c oxidase subunit 2 Lolium perenne (frost 

sensitive) 

Leaf  4/2 °C (d/n) for 7 days Decrease (Bocian et al. 

2011) 

Pinus sylvestris gi|125327786| COX2 Cytochrome c oxidase subunit 2 Lolium perenne (frost 
tolerant) 

Leaf  4/2 °C (d/n) for 26 h Increase (Bocian et al. 
2011) 

Pinus sylvestris gi|125327786| COX2 Cytochrome c oxidase subunit 2 Lolium perenne (frost 

tolerant) 

Leaf  4/2 °C (d/n) for 7 days Increase (Bocian et al. 

2011) 

OsM1g00330.1 gi|194033234| COX2 Cytochrome c oxidase subunit 2 Musa paradisiaca Leaf 8 °C for 6 and 24 h  Increase (Yang et al. 

2012) 

        

Complex V 

Pisum  sativum  gi|543866| ATP 1 ATP synthase 1 (α) subunit  Pisum  sativum  Leaf 4 °C for 36 h  Increase (Taylor et al. 
2005a) 

AtMg01190  gi|14916970| ATP 1 ATP synthase 1 (α) subunit  Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Decrease (Tan et al. 

2012) 

Glycine max gi|231585| ATP 1 ATP synthase 1 (α) subunit  Glycine max Seed Imbided  4 °C for 24 h Increase (Cheng et al. 

2010) 

Stauntonia 

hexaphylla 

gi|34539443| ATP 1 ATP synthase 1 (α) subunit  Vigna  radiata  Epicotyl 10 °C  for 3 days  Decrease (Huang et al. 
2006) 

Beta vulgaris gi|396760| ATP 1 ATP synthase 1 (α) subunit  Prunus persica Mesocarp 4 °C for 3 weeks No change (Nilo et al. 

2010) 

Maesa tenera gi|20146590| ATP 1 ATP synthase 1 (α) subunit  Zoysia japonica  Stolon 8/2 °C (d/n) for 28 days Increase (Xuan et al. 

2013) 

Maesa tenera gi|20146590| ATP 1 ATP synthase 1 (α) subunit  Zoysia metrella  Stolon 8/2 °C (d/n) for 28 days Increase (Xuan et al. 
2013) 

Triticum aestivum gi|13725| ATP 1 ATP synthase 1 (α) subunit  Oryza sativa Leaf Progressive 15 °C, 10 °C and 5 °C 

for 24 h 

Increase (Cui et al. 

2005) 

OsM1g00580 gi|89280711| ATP 1 ATP synthase 1 (α) subunit  Oryza sativa Leaf 14/12 °C (d/n) for 72 h Decrease (Neilson et al. 

2011a) 

Secale cereale gi|1430900| ATP 1 ATP synthase 1 (α) subunit  Triticum aestivum Crown 3 °C for 21 days Decrease (Herman et 
al. 2006b) 
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Accession numbera GI numberb Subunit Name/Isoformc Speciesd Tissuee Treatmentf Responseg Referenceh 

Triticum aestivum gi|114419| ATP 1 ATP synthase 1 (α) subunit  Triticum aestivum Crown 3 °C for 21 days Decrease (Herman et 

al. 2006b) 

Pisum  sativum  gi|75317803| ATP 2 ATP synthase 2 (β) subunit  Pisum  sativum  Leaf 4 °C for 36 h  Increase (Taylor et al. 

2005a) 

Brachypodium 

distachyon 

gi|357135971| ATP 2 ATP synthase 2 (β) subunit  Triticum aestivum Crown 4 °C for 21 days Increase (Kosová et al. 
2013) 

Os05g47980 gi|218146| ATP 2 ATP synthase 2 (β) subunit  Oryza sativa Leaf 5 °C  for 48 h Decrease (Komatsu et 

al. 2009) 

Hevea brasiliensis gi|231586| ATP 2 ATP synthase 2 (β) subunit  Prunus persica  Bark 5 °C for 3 and 5 weeks Increase (Renaut et al. 

2008) 

Nicotiana 

plumbaginifolia 

gi|114421| ATP 2 ATP synthase 2 (β) subunit  Prunus persica  Bark 5 °C for 3 and 5 weeks Increase (Renaut et al. 
2008) 

At5g08670/At5g0868

0/At5g08690 

gi|15809909| ATP 2 ATP synthase 2 (β) subunit  Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Decrease (Tan et al. 

2012) 

At5g08670/At5g0868

0/At5g08690 

gi|15809909| ATP 2 ATP synthase 2 (β) subunit  Arabidopsis thaliana  Leaf 5 °C for 15 min Decrease (Cerny et al. 

2014) 

Triticum aestivum gi|525291| ATP 2 ATP synthase 2 (β) subunit  Triticum aestivum Crown 6 °C for 3days  12 weeks Increase (Vitamvas et 
al. 2012) 

Os01g0685800 gi|115439241| ATP 2 ATP synthase 2 (β) subunit  Oryza sativa Leaf 12/5 °C (d/n) for 3 days Increase (Gammulla et 

al. 2011) 

Os01g0685800 gi|115439241| ATP 2 ATP synthase 2 (β) subunit  Oryza sativa Leaf 20/12 °C (d/n) for 3 days Decrease (Gammulla et 

al. 2011) 

Os05g0553000 gi|115465323| ATP 2 ATP synthase 2 (β) subunit  Oryza sativa Leaf 14/12 °C (d/n) for 72 h Decrease (Neilson et al. 
2011a) 

Ipomoea batatas gi|303626| ATP 3 ATP synthase 3 (γ) subunit  Pisum  sativum  Leaf 4 °C for 36 h  Increase (Taylor et al. 
2005a) 

At2g33040  gi|15227257| ATP 3 ATP synthase 3 (γ) subunit  Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h No Change (Tan et al. 

2012) 

Os01g0600000 gi|115438228| ATP 3 ATP synthase 3 (γ) subunit  Musa paradisiaca Leaf 8 °C for 6 and 24 h  Increase (Yang et al. 

2012) 

Os10g0320400 gi|115481492| ATP 3 ATP synthase 3 (γ) subunit  Musa paradisiaca Leaf 8 °C for 6 and 24 h  Increase (Yang et al. 
2012) 

Helianthus annuus TA10071_4232 ATP 3 ATP synthase 3 (γ) subunit  Helianthus annuus 

(cold sensitive) 

Leaf  15/5 °C (d/n) for 7 days Increase (Balbuena et 

al. 2011a) 

Pisum  sativum  TA8602_4232 ATP 3 ATP synthase 3 (γ) subunit  Helianthus annuus 

(cold tolerant) 

Leaf  15/5 °C (d/n) for 7 days Decrease (Balbuena et 

al. 2011a) 

Os10g0320400 gi|115481492| ATP 3 ATP synthase 3 (γ) subunit  Oryza sativa Leaf 20/12 °C (d/n) for 3 days Decrease (Gammulla et 
al. 2011) 

At5G13450 gi|79327782| ATP 5 ATP synthase 5 (δ) subunit  Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Decrease (Tan et al. 

2012) 

Os08g0478200 gi|115476908| ATP 5 ATP synthase 5 (δ) subunit  Triticum aestivum Leaf 4 °C for 63 days Decrease (Rinalducci et 

al. 2011a) 

Pisum sativum gi|2493047| ATP 5 ATP synthase 5 (δ) subunit  Pisum sativum Root 19/12 °C (d/n) for 11 days Increase (Dumont et 
al. 2011b) 
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Accession numbera GI numberb Subunit Name/Isoformc Speciesd Tissuee Treatmentf Responseg Referenceh 

Solanum demissum gi|48209968| ATP 5 ATP synthase 5 (δ) subunit  Triticum aestivum Crown 6 °C for 12 weeks Increase (Vitamvas et 

al. 2012) 

Os06g0646500 gi|297606267| ATP 5 ATP synthase 5 (δ) subunit  Musa paradisiaca Leaf 8 °C for 6 and 24 h  Increase (Yang et al. 

2012) 

Os02g0750100 gi|115448701| ATP 5 ATP synthase 5 (δ) subunit  Oryza sativa Leaf 14/12 °C (d/n) for 48 h Decrease (Neilson et al. 
2011a) 

Os08g37320 gi|50946874| ATP 5 ATP synthase 5 (δ) subunit  Triticum aestivum Crown 3 °C for 21 days Decrease (Herman et 

al. 2006b) 

Os02g0750100 gi|115448701| ATP 5 ATP synthase 5 (δ) subunit  Oryza sativa Leaf 20/12 °C (d/n) for 3 days Decrease (Gammulla et 

al. 2011) 

At3g52300 gi|15227257| ATP 7 ATP synthase 7 (δ) subunit  Arabidopsis thaliana  Cell Culture (DG) 4 °C for 48 h Decrease (Tan et al. 
2012) 

At5G47030 gi|15237998| ATP 16 ATP synthase 5 (δ) subunit  Triticum aestivum Crown 6 °C for 3days  12 weeks Increase (Vitamvas et 

al. 2012) 

Glycine max gi|396230| ATP-F(A)d ATP synthase F(A)d subunit  Glycine max Seed Imbided  4 °C for 24 h Decrease (Yin et al. 

2009) 

Triticum aestivum gi|47607439| ATP-F(A)d ATP synthase F(A)d subunit  Triticum aestivum Leaf 4 °C for 63 days Decrease (Rinalducci et 
al. 2011a) 

Os02g0131300 gi|115444021| ATP-F(A)d ATP synthase F(A)d subunit  Oryza sativa Leaf 20/12 °C (d/n) for 3 days Decrease (Gammulla et 

al. 2011) 

        

Alternative Respiratory Enzymes 

Antibody  AOX Alternative oxidase Malus domestica Fruit 4 °C for 4 and 77 days Increase (Duque and 
Arrabaca 

1999) 

Os04g0600200  gi|115460316| AOX 1A Alternative oxidase 1A Musa paradisiaca Leaf 8 °C for  6 and 24 h  Increase (Yang et al. 

2012) 

Antibody  AOX Alternative oxidase Cucumis sativus Leaf 10 °C for 2, 4 and 6 days Increase (Lei et al. 
2010) 

Antibody  AOX Alternative oxidase Solanum lycopersicum  Fruit 4 °C for 7 days Increase (Holtzapffel 

et al. 2002) 

Os01g0830100 gi|115440829| NDA1 Alternative NAD(P)H dehydrogenase Musa paradisiaca Leaf 8 °C for 6 and 24 h  Increase (Yang et al. 

2012) 

At4g21490 gi|240256027| NDA2 Alternative NAD(P)H dehydrogenase Arabidopsis thaliana Cell Culture (DG) 4 °C for 48h Decrease (Tan et al. 
2012) 

Antibody  UCP Uncoupling Protein Solanum lycopersicum  Fruit 4 °C for 7 days Increase (Holtzapffel 

et al. 2002) 

        Key        
aAccession Number Gene Index Number of matched sequence      
bGI Number Genbank Number of matched sequence      
cSubunit 

Name/Isoform 

OXPHOS Component      

dSpecies Species of protein sample      
eTissue Tissue source of extracted protein      
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fTreatment Treatment temperature and timing      
gResponse Change in protein abundance      
hReference Literature reference      

        Abbreviations        

DG, Dark Grown 

(d/n), (day/night) 
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Foreword  

Low temperature (LT) is one of the most important abiotic factors affecting plant 

growth. It causes striking changes in plant molecular physiology and limits a plant’s 

genetic potential, geographical distribution and seed quality. Differences in average 

temperature alter plant growth rate, flowering time, grain filling time, grain number and 

grain weight in a range of crops, including wheat (Wheeler et al. 1996). Mitochondrial 

respiration is the fundamental cellular process that provides the driving force for 

biosynthesis, cellular maintenance and active transport within and between cells in 

plants. Respiration is a temperature-sensitive process and exposure to LT can slow 

down critical metabolic processes in mitochondria (Armstrong et al. 2006b). 

Deciphering respiration regulation in response to LT will provide us with a deeper 

understanding of the mechanisms underpinning the LT stress/acclimation response in 

plants. This knowledge can help to facilitate improvements in crop LT response to 

ameliorate yield losses that are currently suffered following LT exposure. 

This chapter begins by exploring the following questions in wheat plants: 

a) How does respiration rate respond to short-term LT?  

b) Does respiration rate acclimate to long-term LT?  

c) To what extent and in what time-scale does LT acclimation of respiration rate occur?  

d) How does respiration rate respond when LT-acclimated plants are returned to normal 

warm growth conditions?  

Currently, our understanding of the respiration response of pre-existing wheat leaves to 

both short- and long-term LT and the respiratory characteristics of LT-developed wheat 

tissues is very limited. The lack of a solid survey investigating respiratory behaviour at 

different time-points in wheat plants under LT is a significant gap in our knowledge 

which needed to be addressed. The measurements presented in this chapter provide a 

detailed picture of the scale, timing and reversibility of acclimation responses under LT 

in wheat plants. 

Following this initial study a set of experiments was planned based on the results from 

the respiration acclimation experiments. These experiments were designed to answer the 

question: 
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e) Does the overall abundance of the mitochondrial respiratory apparatus, or specific 

parts of it, increase in abundance concomitantly with the LT-respiratory acclimation 

of wheat plants?  

To answer this question, changes in mitochondrial OXPHOS component abundances in 

response to LT-acclimation were studied using the cutting-edge targeted proteomics 

technique, selected reaction monitoring (SRM) mass spectrometry. Furthermore, 

changes in mitochondrial membranes composition and structure as another key 

component of the mitochondrial respiratory apparatus were studied. The data obtained 

was used to determine the mechanisms behind respiration acclimation under LT. 
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1. Introduction 

Low temperature (LT) is one of the most significant abiotic factors limiting growth, 

productivity and geographical distribution of agricultural crops. Every year major losses 

can result from sudden frosts in autumn and winter and from unusually low 

temperatures in late spring (Koo et al. 2008). LT-acclimation is the process that allows 

plants to develop differing degrees of tolerance for LT survival through numerous 

biochemical and biological adjustments in cells that eventually enable the whole plant 

to acclimate (Heidarvand and Maali Amiri 2010; Stitt and Hurry 2002).  

Wheat is one of the world's leading crops, supplying a significant source of protein and 

carbohydrate for many countries. Wheat production is affected by exposure to different 

biotic and abiotic environmental stresses including LT, during the growing season. The 

Western Australian wheatbelt region is often exposed to frosts during the critical spring 

growth period that can lead to significant crop losses every year. For example, frosts 

cause sterility in barley and wheat in the range of 10–60 per cent in Western Australia 

(WA) and South Australia. This can cause 700,000 tonnes, worth around $90 million, 

loss for Western Australia.  Preliminary studies from the Department of Agriculture and 

Food of Western Australia (DAFWA) have indicated that low temperatures which do 

not result in freezing, may be an important components of what is reported 

commercially as ‘frost damage’ in the western and southern environments (DAFWA, 

2015). Hence, LT tolerance is considered as a critical trait in wheat cultivars cultivated 

in this region and is receiving more attention in breeding programs. 

Respiration is the fundamental energy-conserving process common to all living 

organisms, generating ATP, the energy currency molecule, needed for cell maintenance 

and growth. The rate of plant respiration is associated to the rate of metabolism and 

growth, and the production of carbon skeletons during cell maintenance, division, and 

expansion (Kurimoto et al. 2004b; Lambers et al. 1983; Millar et al. 1998; Millar et al. 

2011a). Hence, variable signals, including external and internal signals, which impact 

metabolism rates and growth in the cells, could inevitably lead to changes in the rates of 

respiration. 

Respiration is a temperature-sensitive process and changes in temperature result in a 

direct fluctuation in the rate of respiration (Armstrong et al. 2008; Searle et al. 2011). 

LT acclimation of respiration is most commonly reported as high respiratory rates seen 

at LT (McNulty and Cummins 1987). This occurs through the acclimation process as 
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respiration rates are adjusted to compensate for the change in temperature (Loveys et al. 

2003). Furthermore, LT-acclimation may decline the temperature sensitivity of a plant 

respiration during long-term LT exposure which can be seen by the changes in 

respiration observed when plants experience a sustained change in ambient temperature 

(Searle et al. 2011; Vanderwel et al. 2015). 

It is likely that the degree of LT-acclimation of respiration is a developmentally-

dependent characteristic because it appears to be generally lower in mature, pre-existing 

tissues when they are exposed to LT than it is in tissues that develop under LT (Atkin 

and Tjoelker 2003). However, the acclimation potential of respiration to LT greatly 

varies depending on plant species ecotype and cultivar. This is likely due to variations 

in the optimization of respiration under LT growth conditions in different plants as they 

have different energy demands for functional and structural readjustments of LT-

acclimating cells.  

Deacclimation happens during a recovery stage when exposure to LT has been 

removed. It is defined as a reduction in levels of acclimation that were attained during 

the acclimation process (Kalberer et al. 2006). The existence of divergent energy 

requirements and consequently different cellular reactions kinetics is well noted 

between the acclimation and deaclimation processes where deacclimation demands 

more energy and carry more kinetic reactions due to ambient temperature. In the case of 

crops, a successful deacclimation is intrinsically related to a LT-tolerance since a rapid 

return to normal growth is essential to enable a successful harvest, following a LT event 

(Kalberer et al. 2006).  

LT-acclimation of respiration could be attributed to changes in respiratory apparatus 

components and it has been shown that the components of mitochondrial respiratory 

multi-subunit complexes show a fairly dynamic response to short- and long-term LT 

and LT-development at a protein level. For example, it has been shown that the ATP1 

(α) subunit of ATP synthase increase in abundance when rice plants were grown at 5 °C 

for 24 h, but when these plants were grown on a 14 °C/12 °C (day/night) regime for 72 

h this response was reverse compared to control plants (Gammulla et al. 2011; Neilson 

et al. 2011a). Also the COX2 subunit of cytochrome oxidase showed a conserved 

increase in abundance in response to LT in ryegrass plants, tomato fruits, wheat plants 

and plantain fruits (Bocian et al. 2011; Holtzapffel et al. 2002; Kurimoto et al. 2004b; 

Yang et al. 2012). A number of subunits of complex I have been reported to be static in 
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abundance in response to LT. For example, the NADH dehydrogenase B16 and 20.9 

kDa subunits remained at the same abundance following LT exposure in Arabidopsis 

(Tan et al. 2012), whereas several studies across rice and pea plants indicated that the 

NADH dehydrogenase 75-kDa subunit decreased in abundance in response to LT 

(Gammulla et al. 2011; Neilson et al. 2011a; Taylor et al. 2005a; Yan et al. 2006). 

Consequently, it has been suggested that changes in respiration acclimation under LT 

can be primarily attributed to changes in protein abundance of respiratory components 

(Armstrong et al. 2008). 

In addition, changes in respiration rates could also be associated with the effects of LT 

on mitochondrial number/density in plants. Very few studies have been carried out to 

investigating this possibility. Long-term LT treatment of leaves has been demonstrated 

to result in increased mitochondrial density, i.e. the number of mitochondria per cell 

(Armstrong et al. 2006b; Talts et al. 2004). Armstrong et al. (2006b) reported that 

mitochondrial density was considerably increased in epidermal cells of LT-developed 

Arabidopsis plants. This evidence implies a linkage between mitochondrial density and 

LT-acclimation of respiration, whereby increases in mitochondrial density could have a 

compensatory effect on the decrease in respiration rates due to enzyme kinetics that are 

seen at LT. 

Another possible aspect of LT–acclimation of respiration could be attributed to 

adaptation changes in mitochondrial membranes composition and structure in response 

to LT acclimation. As a key component of mitochondrial respiratory apparatus, this 

would ultimately contribute to increase in the capacity of mitochondrial respiration. The 

bioenergetic activities of mitochondria are affected by the fatty acid unsaturation and 

composition of the inner mitochondrial membrane (Caiveau et al. 2001; Fontaine et al. 

1996; Goubern et al. 1990). Hence, it was hypothesised that an increase in 

mitochondrial membrane fluidity could be associated with LT-acclimation of 

respiration.  

As we currently have a very limited knowledge of the respiration responses of wheat 

plants to LT, the current study pursued to two main objectives: 

(i) To investigate the time-scale and extent of changes in respiratory behaviour 

in pre-existing and LT-developed leaf tissues in wheat plants in response to 

LT. This included investigating changes in respiratory behaviour under LT-

shock, acclimation, recovery stage and LT-development.  
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(ii) To determine the role of mitochondrial OXPHOS components and capacity 

in LT-acclimation of respiration in wheat plants. 

(iii) To determine the role of mitochondrial membranes alterations in LT-

acclimation of respiration in wheat plants. 
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2. Materials and Methods 

2.1. Plant Material  

The aim of this study was to improve the understanding of the respiratory behaviour and 

underpinning mitochondrial proteome adjustments in response to low temperature (LT) 

in wheat. Following discussions with Dr Ben Biddulph from The Department of 

Agriculture and Food in Western Australia (DAFWA), Triticum aestivum L. Calingiri, a 

moderately cold-tolerant Western Australian commercial wheat cultivar, was selected as 

the subject of this study.  

DAFWA has been leading several large scale frost trials, as part of the Grains Research 

and Development Corporation’s National Frost Initiative Management program. The 

project aims to provide the foundations for future research into different wheat and 

barley responses to frost. Calingiri is a spring cultivar and was recommended as a 

moderately-tolerant to frost in a ranking among 72 other cultivars.   

 

2.2. Growth Conditions  

Seeds were surface sterilised with 2% (v/v) sodium hypochlorite and placed on wet 

filter paper (Whatman) in petri dishes for 72 h in dark conditions at 23 °C. An 

appropriate soil mixture for the vigorous plant growth was optimised by determining the 

suitable proportion of different components. The soil mixture was composed of 

compost, soil and perlite, with the ratio of 4:4:1, respectively. Growth conditions were 

optimized in controlled plant growth rooms (Conviron, BDW80) with optimum 

temperature 23 °C, ~350 mol m
-2

 s
-1

 light, photoperiod of 16h light/8h dark and 60% 

relative humidity. Samples grown at 23 °C are referred to as warm grown (WG). 

 

2.3. Stress Treatment Conditions 

Unless it is stated otherwise, all the experimental material was harvested from soil 

grown plants at three-leaf stage (Zadoks Scale 13). Leaf number three was harvested for 

all the experiments purposes, representing the fully developed youngest leaf. Seedlings 

were exposed to temperature stress treatments, using a controlled plant growth room 

(BioChambers Bigfoot, GC-20BDAF-LT), using the same growth conditions except the 

temperature regime, which was shifted to constant 4°C (LT). Recovery was conducted 

in the conditions the same as warm growth, as outlined above. 
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2.4. Experimental Design  

For respiration analyses four experiments were carried out: 

1. Monitoring respiration rate under warm conditions (23 °C). These experiments 

involved harvesting samples during 12 days of growth under warm growth 

conditions. Due to the fast growth rate of the plants at 23 °C, the youngest fully-

developed leaf from top was harvested each day at the same time. Results from this 

experiment are not discussed here, but are presented as supplementary material 

(Supplementary Figure 1) 

2. Monitoring respiration rate in pre-existing leaves under short-term LT (LT-shock). 

This experiment lasted for 12 h and harvesting samples was conducted at 0 h of LT 

(WG 0 d) followed by 2, 4, 8 and 12 h (LT 2 h, LT 4 h, LT 8 h and LT 12 h) 

3. Monitoring respiration rate in pre-existing leaves under long-term LT (LT-

acclimation). This experiment lasted for 12 days and harvesting samples was 

conducted at 0 day of LT (WG 0 d) followed by harvest at day 1, 2, 3, 4, 5, 6, 7, 8, 

9, 10 and 12 (LT 1 d to LT 12 d). This is followed by recovery stage/deacclimation 

where respiration rate was measured in LT-acclimated leaves under recovery 

conditions. This experiment lasted for 2 days, divided into early-recovery as 1, 4 

and 8h of recovery (Rec 1 h, Rec 4 h and Rec 8 h) and late-recovery as day 1 and 2 

(Rec 1 d and Rec 2 d). 

4. Monitoring respiration behaviour in newly LT-developed leaves. Samples were 

harvested from the youngest fully-developed leaf (4
th

 leaf) of seedlings exposed to 

LT for four weeks (LT 4 w). 

 

For mitochondrial proteome analyses two experiments were carried out: 

 1. Mitochondrial OXPHOS proteome analysis of LT-acclimated plants in isolated 

mitochondria, at three time-points, warm grown (WG 0 d), early acclimation (LT 2 

d) and late acclimation (LT 6 d). 

2. Mitochondrial OXPHOS proteome analysis of LT-acclimated plants from whole 

leaf extracts, at three time-points, warm grown (WG 0 d), early acclimation (LT 2 

d) and late acclimation (LT 6 d). 
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2.5. Dark Respiration Measurements  

Respiration measurements were conducted using a Clark-type oxygen electrode 

(Hansatech). Approximately, 100 mg of fresh tissue from leaf three was chopped into ∼ 

5 mm slices, incubated in 10 mL of respiration buffer (10 mM HEPES, 10 mM MES 

and 0.2 mM CaCl2, pH 7.2(KOH)) in the dark, for 30 min (Sew et al. 2013). Leaf 

respiration was performed in a 2mL volume cell, at 23 °C and 4 °C in a darkened 

electrode chamber. The amount of oxygen being consumed by the leaf slices was 

recorded using Oxygraph Plus v1.02 software (Hansatech), and the O2 consumption was 

calculated according to the fresh weight of the leaf samples harvested from each 

treatment and stated as nmol O2 consumed per minute per gram fresh weight (nmolO2 

min
- 1

 g
-1

FW). The degree of acclimation was determined according to Loveys (2003): 

acclimation degree is the ratio of rate of respiration under LT (4°C) to rate of respiration 

under control conditions (25°C). Higher ratios indicate high degree of acclimation. 

 

2.6. Mitochondrial Isolation Gradient Preparation 

Gradients were prepared using a peristaltic gradient pump (Bio-Rad). Firstly the 

gradient chambers and tubing were rinsed thoroughly with distilled water and the lines 

checked for any blockages and leaks. With connection between ‘inner’ and ‘outer’ 

chambers closed, light gradient solution (50% 2X sucrose wash medium (0.6 M sucrose, 

20 mM TES-KOH, pH 7.0, 0.2% (w/v) BSA, 28% (v/v) Percoll) was poured into the 

outer chamber (or chamber without the tubing outlet). Then heavy gradient solution 

(50% 2X sucrose wash medium, 4.4% (w/v) PVP40000, 28% (v/v) Percoll) was poured 

into inner chamber (or chamber with tubing outlet). A small stirrer bar was placed in 

this chamber. Gradient chambers were place on the stirring block. The heavy gradient 

solution was allowed to run down sides of tube (not drip) until a small amount was 

collected in the bottom of tube. Then connection between chambers was opened and the 

solutions were allowed to mix. 

 

2.7. Mitochondrial Isolation 

Freshly harvested wheat shoots (approximately 70 g) were chopped into ~10mm pieces 

and added to grinding buffer (0.3 M sucrose, 25 mM tetra sodium pyrophosphate-HCL, 

pH 7.5, 2 mM EDTA (disodium salt), 10 mM KH2PO4, 1% (w/v) PVP-40, 1% (w/v) 

BSA, freshly added 20 mM Ascorbic acid, 5 mM Cysteine) in a 7:1 ratio (buffer:tissue). 
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The mixture was ground in a POLYTRON® vessel (Kinematica), with 3 x 1 s bursts at 

speed setting 5.5, leaving 2 s intervals between grinds. The homogenate was filtered 

through 2 layers of miracloth (pre-chilled and wet with grinding buffer). The filtered 

homogenate was transferred into 50 mL centrifuge tubes and centrifuged for 5 min at 

1500 x g. This step was followed by pouring supernatant into new tubes and 

centrifuging for 20 min at 18000 x g. Then supernatant was gently discarded and the 

pellet resuspended in 1 x sucrose wash buffer (0.6 M sucrose, 20 mM TES-KOH, pH 

7.0, 0.2% (w/v) BSA) with a fine wet brush. Resuspended homogenates were pooled 

into 2 new centrifuge tubes and spun for 5 min at 1500 x g. This step was followed by 

transferring supernatant into new tubes and repeating the centrifuging for 20 min at 

18000 x g. The pellet was then resuspended in 1 x sucrose wash buffer with Pasteur 

pipette. The crude mitochondrial fraction was gently layered over four 0-4.4% (w/v) 

PVP gradients. Gradients were accurately balanced on a fine scale balance with wash 

buffer and centrifuged for 40 min at 40000 x g, with acceleration slow and the brake off. 

Mitochondria were found as the light yellow band, low down in the tube and the upper 

green layers (broken thylakoids) were aspirated off the top using a vacuum line. The 

mitochondrial band was carefully collected the using a Pasteur pipette. Mitochondrial 

fractions were then transfer to eight tubes and filled with 1X sucrose wash buffer 

without BSA (0.3 M sucrose, 10 mM TES-KOH, pH 7.0) to dilute Percoll. This was 

followed by centrifugation for 15 min at 31000 x g. The supernatant was then aspirated 

off and the mitochondrial pellets were resuspended by swirling. Mitochondria were 

pooled into two new tubes and centrifuged for 15 min at 31000 x g. Finally supernatant 

was aspirated off leaving ~2 mL. The concentrated mitochondrial pellet was disrupted 

by swirling and transferred to microfuge tube. Portions of ~200 µg mitochondria were 

aliquoted and snap frozen in liquid N2 and stored at -80°C. The quantity and quality of 

the obtained mitochondria was measured by Bradford protein assay and mitochondrial 

integrity assay, respectively (see below). 
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2.8. Determining Mitochondrial Integrity Using an Oxygen Electrode 

The quality of each mitochondrial isolation was checked using an integrity assay. The 

intactness of isolated mitochondria was monitored through oxygen consumption in the 

presence of reduced cytochrome c using a Clark-type oxygen electrode (Hansatech). For 

this assay, 100 µg of isolated mitochondria was added to the respiration buffer medium 

(0.3 M Sucrose, 5 mM KH2PO4, 10 mM TES, 2 mM MgSO4, 0.1% (w/v) BSA, pH 7.2 

(HCl)) with final volume of 1mL. The rate of oxygen consumption was monitored after 

adding 10mM ascorbate, 2.5mM cytochrome c and 0.05% Triton X-100. Mitochondrial 

quality then was calculated as the ratio between Complex IV activity in the initial 

preparation (rate of oxygen consumption by ascorbate) and total Complex IV activity 

following the chemical dissociation of membranes with the detergent Triton X-100.  

 

2.9. Bradford Protein Assay 

For Bradford protein assay, approximately 10 mL of Bradford's reagent (Biorad) was 

equilibrated to room temperature. Standard solutions were prepared using a BSA 

Standard (Biorad). Solutions included 0, 250, 500, 1, 2, 3 and 4 µg BSA protein mixed 

with 500 µL of equilibrated Bradford's solution and topped up to 1 mL using ddH2O. 

For each sample, 3 technical replicates were assessed using 1 µL of the isolated 

mitochondria. Measurements were made at 550nm using a UV-VIS Spectrophotometer 

(Shimadzu, Kyoto, Japan). The final protein concentration was quantified based on the 

standard curve obtain from standard solutions. 

 

2.10. Protein Extraction and Digestion from Isolated Mitochondria 

100 µg of isolated mitochondrial proteins from each sample was precipitated with 5X 

volume of chilled 100% (v/v) acetone overnight at -20°C. The next day the precipitated 

proteins were pelleted at 20000 x g for 20 min at 4°C. The precipitated protein was 

dried for few min and resuspended in 10 µL of buffer (7 M urea, 2 M Thiourea, 50 mM 

NH4HCO3 and 5 mM DTT). The mixture was thoroughly vortexed and incubated at 

30°C for 30 min at 300 rpm. The protein pellet was solubilised and then incubated at 

30°C for 45 min with gentle shaking at 300 rpm. The samples were then alkylated with 

25 mM iodoacetamide (IAA) for 30 min at room temperature in the dark prior to adding 

1 M urea with 50 mM NH4HCO3 to the sample. 
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Each protein mixture was then digested by adding 5 µL trypsin (trypsin powder 

dissolved in 0.01% (v/v) trifluoroacetic acid to a concentration of 1 µg µL
-1

). The 

protein to trypsin ratio was 20:1. The mixture was incubated overnight at 37 °C at 500 

rpm. 

The samples were then acidified by adding 1 µL 1% (v/v) with formic acid. Samples 

were solid-phase extracted (SPE) using C18 Macrospin column (The Nest Group). 

Briefly, before loading each sample onto the SPE Silica C18 Macrospin column each 

column was charged with 750 µL of 70% (v/v) acetonitrile and 0.1% (v/v) formic acid 

and spun at 3000 x g for 2 min. The columns were then equilibrated with 750 µL of 5% 

(v/v) acetonitrile and 0.1% (v/v) formic acid at 3000 x g for 3min. The sample was 

loaded onto the column and centrifuged for 3 min at 3000 x g at room temperature and 

followed by two washes with 500 µL of 5% (v/v) acetonitrile and 0.1% (v/v) formic 

acid at 3000 x g for 3 min. The purified protein was eluted twice with 750 µL of 70% 

(v/v) acetonitrile and 0.1% (v/v) formic acid. This step was repeated twice to make sure 

all the protein was collected. The collected elute was then pooled together and dried in 

vacuum centrifuge for 4 h at room temperature before it was resuspended in 5% (v/v) 

acetonitrile and 0.01% (v/v) formic acid to a final concentration of 1 µg µL
-1

. For the 

selected reaction monitoring (SRM) assays, 1 µL of each sample (final concentration of 

1 µg µL
-1

) was injected into an Agilent 6490 QqQ mass spectrometer with an HPLC 

Chip Cube source (Agilent Technologies). Peptide quantification was carried out using 

Pierce™ BCA Protein Assay Kit. 

 

2.11. BCA Protein Assay 

BCA protein assay was carried out according to the manufacturer’s instructions 

using (Pierce™ BCA Protein Assay Kit), a similar method to the Braford assay 

section 2.9 including standard samples and protein samples. BSA (Biorad, California, 

USA) was used as the standard protein. Reagents were prepared according to the 

manufacturer’s guide and standard curve was obtained using standard solutions. Briefly, 

to prepare the master mix reagent named as working reagent, WR, 50 parts BCA 

Reagent A was mixed with 1 part of BCA Reagent B (50:1, Reagent A:B). 3 µL of each 

replicate of standard and unknown sample was pipetted to the centre of the microplate 

well. Then 260 µL of WR was added to each well. Plate was covered placed on shaker 
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for one minute followed by incubation at 37 °C for 30 min. Plate was cooled down at 

room temperature (RT) for 5 min. Samples were read at 562 nm on a plate reader 

(SpectroStar, BMG Labtech). 

 

2.12. Protein extraction and digestion from leaf tissue 

250 mg of leaf tissue was collected from the 3
rd

 leaf of plants at each time point, WG 0 

d, LT 2 d and LT 6 d and ground with a mortar and pestle using liquid N2. The whole-

cell protein extraction was performed using a modified chloroform-methanol protocol 

(Nelson et al. 2014). Briefly,400 mL of extraction buffer (125 mM Tris-HCl, pH 7.0, 

7% (w/v) SDS, and 10% (v/v) ß-mercaptoethanol) was added to ground tissue. Samples 

were then centrifuged at 10,000 x g for 5 min at 4 °C. 200 µL of supernatant was then 

transferred to a new microfugetube. 800 µL of pre-cooled methanol (4 °C)was then 

added and vortexed for 5 min. 200 µL of pre-cooled chloroform (4 °C) was then added 

and vortexed for 5 min. Finally 500 µL of pre-cooled double distilled water (4 °C) was 

added and vortexed for 5 min. In order to form an aqueous/organic phase separation, 

mixtures were then centrifuged at 10,000 x g for 5 min at 4 °C with precipitated protein 

present at the interface. The upper aqueous phase was discarded, and 500 µL of 

methanol was added followed by vortexing. Samples were centrifuged at 9,000 x g for 

10 min at 4°C, with the supernatant removed. Samples were briefly air dried. To the 

pellet, 1 mL of pre-cooled acetone (-20 °C) was added and vigorously vortexed. 

Samples were incubated for 1 h at -20 °C and then centrifuged at 10,000 x g for 10 min 

at 4 °C. The supernatant was discarded, and the resulting protein pellets were left to air 

dry for approximately 15 min at room temperature.  

The resulting pellet was resuspended in 100 μL resuspension buffer (25 mMNH4HCO3, 

2 mM DTT, and 2% (w/v) SDS). At this stage proteins were quantified using Pierce™ 

BCA Protein Assay Kit, as outlined above. Following this an aliquot or with all of the 

protein sample were alkylated by adding iodoacetamide to a final concentration of 5 

mM and incubated in the dark for 45 min at room temperature. This was followed by 

quenching the reaction by adding DTT to a final concentration of 10 mM. Samples were 

diluted to 0.1 % (w/v) SDS (i.e. 20X dilution from 2% (w/v)) with 25 mMNH4HCO3. 

As above the protein to trypsin ratio was 20:1 and the mixture was incubated overnight 

at 37 °C at 500 rpm. 
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Removal of SDS was carried out for each sample using an SDS trapping column (20 x 

4.0mm J4SDS-2, Poly LC) and an offline HPLC. After SDS cleanup, samples were 

dried in a vacuum concentrator and resuspended for MS analysis in 5% (v/v) ACN, 

0.1% (v/v) FA to a concentration of 1 µg/µL. Peptide concentration was performed 

using Pierce™ BCA Protein Assay Kit (as outlined above).For selected reaction 

monitoring (SRM), 2 µL of each sample was injected into an Agilent 6490 QqQ mass 

spectrometer with an HPLC Chip Cube source (Agilent Technologies, Santa Clara,  

USA). 

 

2.13. SRM Experiments 

Based on the results from the first set of experiments in this chapter, three time-points, 

WG 0 d, LT 2 d and LT 6 d, were selected to be studied further in detail at a proteome 

level using SRM mass spectrometry. Proteins were extracted and analysed from isolated 

mitochondria and leaf tissue. 

 

2.13.1. Target Proteins  

A total of 1578 wheat protein entries of interest with unique accession IDs were selected 

to cover the subunits of the OXPHOS supercomplexes. Number of entries for each 

complex was as follows; CI 580, CII 36, CIII 37, CIV 660 and CV 265. These accession 

entries were derived from an in-house created database of wheat predicted proteins at 

the ARC Centre of Excellence in Plant Energy Biology. Further accessions were added 

by examining primary literature and were added to the list from 

http://plants.ensembl.org/Triticum_aestivum/Info/Index to confirm the accession IDs. 

The in-house database contained previous mass spectrometry data for 193 of the 1578 

accessions identified as components of OXPHOS supercomplexes. 

 

2.13.2. Selection of SRM Transitions 

Selected reaction monitoring (SRM) mass spectrometry peptide transitions were 

analysed using trypsin digested isolated mitochondria and total leaf extracts run on an 

Agilent 6490 QqQ mass spectrometer with an HPLC Chip Cube source (Agilent 
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Technologies) by the method described in Taylor et al. (2014). The chip consisted of a 

160-nL enrichment column (Zorbax 300SB-C18; 5-mm pore size) and a 150-mm 

separation column (Zorbax 300SB-C18; 5-mm pore size). The chip was driven by an 

Agilent Technologies 1260 series nano/capillary LC system. Both systems were 

controlled by Mass- Hunter Workstation Data Acquisition for QqQ (B.03.01 [B2065], 

version 5.1.2600, SP3, build 2600; Agilent Technologies). Peptides were loaded onto 

the trapping column at 3 mL min
-1

 in 5% (v/v) acetonitrile and 0.1% (v/v) formic acid 

with the chip switched to enrichment and using the capillary pump. The chip was then 

switched to separation, and peptides were eluted during a 15.5-min gradient (3% [v/v] 

acetonitrile to 60% [v/v] acetonitrile) directly into the mass spectrometer. The mass 

spectrometer was run in positive ion mode, with a drying gas temperature of 365°C and 

flow rate of 5 L min21; for each transition, the fragment or was set to 130 and dwell 

time was 5 ms. 

Selection of transitions was based on a historical ‘in-house’ dataset of the wheat 

proteome, a background proteome was then generated, covering all the proteins of 

interest. This was followed by selection of the possible peptide transitions and 

prediction of collision energies using Skyline software (version 3.1) (MacLean et al. 

2010). Samples of isolated mitochondria and total leaf extracts were then run on the 

QqQ mass spectrometer and SRM transitions of these peptides were then reviewed in 

Skyline for signal intensity, signal-to-noise ratio, dot product, and y-ion ranking. For 

each peptide, three transitions, one quantifier, and two qualifiers were selected to 

validate it. The main target was to analyse a total of three peptides per protein, however 

this was not possible for all the target proteins. Thus, for some of the proteins of interest 

the number of peptides was limited to two or one. 

 

2.13.3. Protein Quantification Using SRM Mass Spectrometry 

Once a candidate transition had been selected these where then used to assess the 

protein abundance of targeted proteins in LT samples using the same method outlined in 

section 2.13.2. 
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2.13.4. Data Analysis 

Raw MS data obtained from an Agilent Technologies 6490 QqQ mass spectrometer 

were imported into Skyline. The peak intensity of the transitions were normalised across 

runs using a MS2 scan to remove biases among MS runs and also normalised to total 

peptide concentration for each sample to avoid bias among digested samples. Three 

transitions, one quantifier and two qualifier, were used for each peptide. The 

chromatogram of the quantifier was then manually checked for possible errors and 

integrated. The relative abundance of each peptide across the samples was used for 

analysis. Further statistical, heat map and hierarchical clustering analysis was conducted 

using MultiExperiment Viewer (MeV, version 4.9). 

 

2.14. Porin Immunoblot Analysis 

Mitochondrial porin (also know as the voltage gated anion channel or VDAC) level was 

used to further confirm the results from SRM analysis of whole leaf extracts. The 

samples were harvested from the same time-points as previous experiments, WG 0 d, 

LT 2 d and LT 6 d. 

 

2.14.1. Protein Extraction from Whole Leaf Extracts 

Approximately 200 mg of fresh leaf tissue (3
rd

 leaf) was ground in liquid nitrogen using 

5 mm steel beads (Qiagen). The fine ground powder from the tissue was homogenised 

in 500 µL of protein extraction buffer (1X Phosphate Buffered Saline (PBS)-HCl, pH 

7.5, 1 mM EDTA and 1X protease inhibitor cocktail (Roche)) and vortexed vigorously, 

while kept on ice. The homogenate was then centrifuged at 2000 x g for 5 min at 4°C. 

The supernatant was collected and aliquoted for further analysis. The concentration of 

the extracted total soluble proteins was quantified using the Bradford assay (as outlined 

in section 2.9). 

 

2.14.2. Western Blotting and Immunodetection 

The protein samples were added to 5X sample loading buffer (250 mM Tris-HCl, pH 

6.8, 10% (w/v) SDS, 50% (v/v) glycerol, 0.01% (w/v) bromophenol blue and 100 mM 

DTT) prior to heating at 65°C for 10 min. The denatured protein samples were then 
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loaded in equal amounts in each lane of Bio-Rad Criterion precast gels (10%–20% 

(w/v) acrylamide, Tris-HCl, 1 mm thick, 18-well comb) and gel electrophoresis was 

performed at 180 V per gel for 1 hour. Polyacrylamide gel, filter paper and Hybond-C 

Extra nitrocellulose membrane (GE Healthcare) were soaked in transfer solutions (40 

mM glycine, 50 mM Tris, 0.04% (w/v) SDS, 20% (v/v) methanol) for 10 min. The 

proteins were then transferred from the gel onto the nitrocellulose membrane using a 

Hoefer SemiPhor (GE Healthcare) blotter according to the manufacturer’s instructions. 

The transferred proteins were visualised on the membrane by staining with Ponceau S 

solution (0.1% Ponceau S (w/v) and 5% (v/v) acetic acid and then destained with 1X 

TBS-Tween (0.15 M NaCl, 10 mM Tris-HCl, pH7.4, 0.1% (v/v) Tween-20). The 

membrane was then blocked with 1% (v/v) blocking solution (Roche Diagnostics) in 1X 

TBS-tween 20 solution for 1 hour at room temperature with gentle shaking. The 

membrane was probed with primary antibody; anti-AtVDAC1 (1:5000) (Agrisera, 

Vännäs, Sweden) for 3h at room temperature. After washing the membrane 4 times with 

1X TBST solution for 5 min each, the secondary anti-rabbit antibody (diluted to 1:5000) 

was applied. The concentration of primary and secondary antibodies, were selected after 

optimisation experiments. The immunodetection was performed using the ECL Plus 

Western Blotting Detection Kit (Amersham Biosciences) based on chemiluminescent 

signals derived from the horseradish peroxidase which is coupled to the secondary 

antibodies. Quantitative light emission was recorded using ImageQuant-RT ECL 

(Amersham Biosciences). Analysis of porin/VDAC signal intensities were performed 

using using the Image Studio Lite version 5-2-5 software (LI-COR) (Damania et al. 

2014). 

 

2.15. Fatty acid analysis of mitochondrial membranes 

Based on the results from the first set of experiments in this chapter, three time-points, 

WG 0 d, LT 2 d and LT 6 d, were selected to be studied further in detail investigating 

changes in fatty acid profile of mitochondrial membranes. Fatty acids were extracted 

and analysed from isolated mitochondria. 
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2.15.1. Fatty acid extraction 

250 μg mitochondrial samples were lyophili ed (Centri-Vap, LABCONO, USA) to 

remove excess water in the samples. A master mix of (n samples + 3) x 300 µL 

extraction buffer (containing 2% H2SO4 (v/v)) with 5 µL (= 50 μg) internal standard 

(solution 10mg mL
-1

 C21 in Heptane) was prepared. 305 µL extraction buffer master 

mix (heat up to 60 °C to dissolve prior to use or after storage in fridge) was added to 

each 2 mL tubes containing mitochondrial sample and one blank for every five). Tubes 

were sealed with microtube cap locks and incubated for 2 h at 80 °C and 750 rpm using 

a Thermomixer. Samples were allowed to cool down for 5 minutes, followed by 

addition of 300 µL 0.9% (w/v) NaCl, then 300 µL Hexane, followed by vortexing for 1 

min. Samples were centrifuged at 3000 x g for 3 min at 20 °C and 100 µL of upper 

Hexane layer was transferred into a 2 mL glass vial with screw lid (Agilent 

Technologies, Santa Clara, USA) containing a 300 µL glass insert for GC-MS analysis.  

GC-MS analytical conditions were: heating samples at 50 °C for 1 min then 25 °C/min 

to 200 °C for 0 min then 3 °C/min to 230 °C for 18 min with run time for 35 min. Inlet 

250 °C, in split mode 10:1, Transfer line 280 °C, Column: DB-Wax, 30 m 250 μm, 0.25 

μm Agilent Technolgies, 1 mL constant flow, MS Source 230 °C, MS Quad 150 °C and 

40-500 m/z. 

 

2.15.2. Peak Identification and quantification 

Peaks are identified based on retention time alignment to Agilent's RTL FAME 

application note (5988-5871EN) (Agilent Technologies, Santa Clara, USA), spectral 

interpretation and pre-run standards 37 FAME mix (Sigma, USA). Quantification was 

performed by comparison of the integral of the TIC of the internal standard (50 µg C21) 

to the TIC integral of each fatty acid methyl ester.  

Double bond index (DBI) is applied to monitor changes in fatty acids and expresses the 

relative amount of unsaturated fatty acid species in comparison to saturated fatty acids. 

In organelles and cellular membranes DBI is used to articulate the relative 

fluidity/viscosity of the membranes. In this study, DBI was calculated according to 

Hourton-Cabassa et al. (2009) as: DBI= (18:1 x 1) + (18:2 x 2) + (18:3 x 3) 
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2.15. Statistical Analysis 

The analysis of variance (ANOVA) or t-tests were performed using SPSS and Microsoft 

Excel, when appropriate. Mean comparisons was perform using LSD test.  
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3. Results 

This study was conducted with the aim to investigate the impacts of temperature shifts 

on respiration in wheat plants. Mitochondrial respiration rates were measured over a 

series of time-points and temperatures to closely monitor respiratory behaviour in 

response to changes in growth temperature in detail. 

 

3.1. Effect of LT on Mitochondrial Respiration 

Figure 1 outlines the experimental procedure of the current study. The first experiment 

explored changes in respiration rates in wheat seedlings at 23 °C. In this experiment 

plants showed the normal growth and development rates and samples were obtained 

from youngest fully developed leaf. Thus, the changes in respiration rates observed 

were associated with the developmental stage at the time of sampling. The second 

experiment looked at changes in pre-existing leaves under short term LT at 4 °C. The 

third experiment explored the acclimation and deacclimation capacity of wheat 

seedlings under long term LT at 4 °C. The last experiment was conducted to investigate 

the changes in respiration rates in leaves which were fully developed under LT at 4 °C.  

 

3.1.1. Shifts in Temperature Rapidly Impact Respiration Rate 

Upon exposure to LT, a dramatic decline was observed in overall respiration rates, 

when compared to warm grown seedlings. The respiratory rates dropped sharply, to 

approximately 90% of the warm grown rate, from a value of 43 nmol O2min
-1

g FW
-1 

in 

warm grown seedlings to 4 nmol O2min
-1

g FW
-1

 after 2h of LT exposure at 4 °C. 

During long term exposure to LT exposure at 4 °C whilst some acclimation did occur 

respiration never exceeded 23 nmol O2min
-1

g FW
-1

, which is half of the rate seen in 

warm grown seedlings. In contrast during recovery when plant that had been under long 

term exposure to LT and then returned to a 23 °C recovery stage, an increased 

respiration rate occurred when compared to both warm grown and LT exposed plants. 

Figure 2 illustrates the respiration rates from the three treatments, highlighting the rapid 

effect of temperature shifts on respiratory rates. 
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Figure 1. Schematic diagram visualising the experimental design of plant treatments. 3
rd

-

leaf stage Warm grown wheat seedlings (23 °C) were used to conduct the following 

experiments. A. Monitoring respiration changes under warm condition (23 °C). B. Monitoring 

respiration changes in pre-existing leaves under LT (shock) (4 °C). C. Monitoring respiration 

changes in pre-existing leaves under LT (acclimation) (4 °C). D. Monitoring respiration changes 

when acclimated plants are followed by recovery stage (23 °C). E. Monitoring respiration 

changes in newly LT-developed leaves (4 °C). 
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Figure 2. Changes in respiration rates under temperature conditions. A. Warm growth 

include plants growing at 23 °C, sampling time-point is 12 days WG 0 d- 12 d. B. LT exposure 

(4 °C) include plants under LT at early phases of 4 °C exposure and acclimation phases 

exposure, sampling time-point is LT  2 h-12 h, 1 d- 12 d and 4 w.  C. Plants acclimated at 4 °C 

exposure and then moved to a 23 °C recovery stage (23 °C), sampling time-point is Rec 1 h- 12 

and 1 d -2 d. n=3 for each time point. WG: warm grown, LT: low temperature, h: hour and d: 

day and w: week. 
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3.1.2. LT-Shock Lowers Respiration Rate 

The respiration rate in pre-existing leaves was measured with biological replication at 2, 

4, 8, and 12 h under LT exposure (Figure 3). LT-shock caused a rapid decline in 

respiration immediately within 2h of exposure to 4 °C, when compared to warm grown 

seedlings (WG 0 d). This was followed by a significant transient increase in respiration 

at 4 and 8 h of LT. Following 12 h exposure to 4 °C an intermediate rate of respiration 

was observed which was between the rate seen at 2 h and rates seen at 4 and 8 h. 

 

Figure 3. Changes in respiration rates in pre-existing leaves under short term 4 °C 

exposure. Respiration rates from warm grown plants (23 °C) and short term LT exposure (4 

°C), LT 2 h- LT 12 h. Letters show significant differences among samples (P-Value = 0.05). 

Error bars represent ± SEM for 6-9 replicates. WG: warm grown, LT: low temperature, h: hour 

and d: day.  

 

3.1.3. Respiration Rate Slowly Increases during Long-term Exposure to LT 

Pre-existing leaves showed an increasing acclimation of respiration when exposed to 

long-term to 4 °C (Figure 4.). The acclimation began on the first day after stress 

exposure, LT d1, and was followed by a progressive increase in the respiration rates 

during the next 5 days of exposure to LT 6 d. LT 6 d showed the maximum increase in 

respiration. A new pattern of response to LT followed this acclimation stage with LT 7 

d showing a significant decrease in respiration rates. This was followed by an unstable 

fluctuating pattern of respiration rates up to 12 days of LT exposure.  
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Figure 4. Changes in respiration rates in pre-existing leaves under long term exposure to 4 

°C. Respiration rates of plants during long term exposure to LT stress (4 °C), LT d1- LT d12. 

Letters show significant differences among samples (P-Value = 0.05). Error bars represent ± 

SEM for 6-9 replicates. LT: low temperature and d: day. 

 

3.1.4. Return to 23 °C of LT-treated Leaves increases Respiration Rates 

Respiratory rates dramatically increased during recovery (Figure 5). Following the 1 h 

in 23 °C, respiration rates were seen to increase by approximately 3.5 fold that observed 

in LT acclimated plants. Interestingly after 4 h of recovery at 23 °C, respiration rates 

increased to a maximum rate of approximately 4.5 times higher than the LT acclimated 

plant rates. As recovery progressed a gradual decrease in respiration rates measured 

over the following 2 days was observed (Figure 5) towards the levels observed in 

control WG leaves (Figure 3). 

 

3.1.5. LT-Developed Leaves Show the Highest Respiration Rates 

This study showed a maximum respiratory rate for leaves exposed to 4 °C was in leaves 

that had fully developed at 4 °C. The respiratory rate in LT-developed leaves reached a 

maximum value of 23 nmol O2 min
-1

g FW
-1

 compared to 16 nmol O2 min
-1

gFW
-1 

seen 

in LT 12 d and 44 nmol O2 min
-1

gFW
-1 

in WG 0 d plants (Figure 6). 
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Figure 5. Respiration rates when 4 °C acclimated plants were transferred to 23 °C. 

Respiration rates from LT-acclimation samples (12 days at 4 °C), named as Rec 0 h, and 

following transfer to 23 °C. Letters show significant differences among samples (P-Value= 

0.05). Error bars represent ± SEM for 6-9 replicates. Rec: recovery, h: hour and d: day. 

 

 

Figure 6. Respiration rate of long term LT-developed compared to warm-grown leaves. 

Respiration rates from warm grown (23 °C), WG d0, and LT-developed (4 °C) leaves, LT w4. 

Letters show significant differences among samples (P-Value = 0.05). Error bars represent ± 

SEM for 6-9 replicates. WG: warm grown, LT: low temperature, d: day and w: week.  
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In conclusion, these studies highlighted the significant impact of temperature shifts have 

on wheat leaf respiration. It was also shown that respiration had a varying response to 

LT depending on the timing of LT exposure. It was also confirmed that short term 

exposure of LT lowered respiration rates and long term exposure imposed a gradual 

increase in acclimation to LT. 

 

3.2. Proteome Analysis Uncovers the Role of Mitochondrial OXPHOS in LT-

Acclimation of Respiration 

In the previous section it was shown that respiration has the capacity to acclimate to LT, 

increasing the respiration rate in wheat plants when measured at the same temperature. 

The simplest explanation for LT-acclimation of respiration could be concomitant 

adjustments in respiratory apparatus components to match temperature constraints. 

These adjustments could involve both an increase in protein abundance of respiratory 

components at a mitochondrial level and/or an increase in mitochondrial 

number/density at the tissue level. To test this, experiments were carried out to 

investigate the effect on the abundance of mitochondrial respiratory OXPHOS 

components in LT-acclimation of respiration in isolated wheat mitochondria and in 

whole wheat leaves. 

 

3.2.1. SRM Analysis Reveals that OXPHOS does not change in abundance during 

LT Exposure 

Selected reaction monitoring (SRM) mass spectrometry (MS) allowed the targeting of 

specific proteins of interest and quantified their abundance. In this study I focussed on a 

set of 263 mitochondrial OXPHOS proteins (Supplementary Table 1) and estimated 

their relative abundance by the quantification of peptides derived from trypsin digestion 

of isolated mitochondrial extracts from WG 0 d, LT 2 d and LT 6 d plants. 

ANOVA analysis of quantitative changes of OXPHOS components from isolated 

mitochondrial samples revealed very few significant changes in peptide abundance 

(LSD mean comparison) (P-Value = 0.05). Overall, 107 peptides from five OXPHOS 

complexes were successfully detected and analysed. Figure 7 illustrates the effects of 

LT on mitochondrial OXPHOS components. Among the detected peptides only six 
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peptides showed significant changes (Supplementary Figure 5). The rest of the studied 

peptides (99 peptides) did not show significant changes (Supplementary Figure 6).  

Examining the individual respiratory complexes, the NADH-UQ oxidoreductase 

(complex I), a total number of 40 unique peptides were successfully detected. These 

peptides represented 21different subunits of complex I, including, 51 KDa, 39 KDa, 

CA2, CA1, 24 KDa, Subunit 7, B13, 18 KDa, B14, B18, 15 KDa, B12, B2, B3, subunit 

8, C1, 1A, B8, TYKY2, PDSW and 13 KDa (Figure 7 and Supplementary Table 2). 

Among the detected peptides, 4 peptides showed significant increase in response to LT-

acclimation. These peptides belonged to 13 KDa, B2 and TYKY2 subunits 

(Supplementary Figure 5). Although insignificant, a variety of responses could be seen 

in other subunits of complex I. In general, it seems that complex I is sensitive to LT and 

may respond to LT-acclimation by increasing protein abundance of some subunits, 

however no overall change in complex I abundance could be detected. 

For complex II, succinate dehydrogenase, a total of 10 unique peptides were detected 

and analysed. These peptides belonged to 4 subunits of complex II (Figure 7 and 

Supplementary Table 2). Only one peptide showed significant increase under LT-

acclimation (LT 6d), which belonged to SDH6 subunit. Although, other detected 

subunits also showed an overall increasing trend under LT, the changes were not 

pronounced enough to indicate a change in Complex II abundance. 

A total number of 9 detected peptides belonged to complex III, UQ-cytochrome c 

oxidoreductase. These peptides were from 5 subunits, 14kDa subunit, UCR1, two 

isoforms of Cytochrome C-1 and UQCRX/QCR9 (Figure 7 and Supplementary Table 

2). There were no significant changes in the detected peptides and also no particular 

trend could be observed. 

For Complex IV, cytochrome oxidase, 7 peptides were detected which belonged to 4 

subunits of this complex, 6B, Cox X2, subunit Vc and Cox X1. None of the peptides 

showed significant changes nor a clear pattern of response to LT-acclimation.  

39 peptides from complex V, ATP synthase, were successfully detected and analysed. 

Among those 16 peptides belonged to ATP synthase alpha/beta family and the rest from 

other subunits including, delta, atp17, 6kD, Fo complex subunit 8 and ATP synthases 

hydrogen ion transporting subunit. Among these peptides, only one peptide showed 

significant difference under LT-acclimation, atp17, under LT 6d. The other detected 



Chapter 2 

70 
 

peptides from this subunit showed similar results, but were less pronounced. The 

general increasing trend under LT-acclimation in most of other subunits was not 

statistically significant. 

In summary, although a slight overall trend of towards increasing abundance could be 

seen in some of the components, there was no statistically significant pattern among the 

samples. Hence the data from this experiment showed that OXPHOS components show 

a constant level of abundance within mitochondria during LT-acclimation.
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Figure 7. The effects of 

LT on mitochondrial 

OXPHOS components in 

isolated mitochondria. 

Changes in detected 

peptides of OXPHOS 

components. Data are 

obtained from isolated 

mitochondria under 

different treatments. 

Warm grown (23 °C), LT 

stress (4 °C), LT 2 d and 

LT 6 d. The heat map 

represents the changes in 

relative abundance of 

peptides detected for each 

component. Blue-Black-

Yellow colour scheme 

denotes for low to high 

abundance for the 

corresponding peptide 

respectively. WG: warm 

grown, LT: low 

temperature, d: day. 
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3.2.2. SRM Analysis Reveals Increases in Number/Density of Mitochondria in 

Response to LT-acclimation 

In previous sections it was seen that respiration has the capacity to acclimate to LT in 

wheat leaves. Following the hypothesized link between changes in protein abundance of 

respiratory components, SRM analysis was carried out to investigative putative 

adjustments in OXPHOS complexes abundance under LT in isolated mitochondria. 

However, the results did not prove any consistent changes in OXPHOS complexes 

abundance throughout the experiment. Hence the next step was to explore the possible 

role of increasing mitochondrial respiratory capacity through increase in the abundance 

of mitochondria per cell.  

For this experiment, a selection of specific proteins of interest similar to the previous 

experiment was used to quantify the abundance of OXPHOS components using SRM 

analysis (Supplementary Table 1). In this study, the relative abundance of OXPHOS 

components was estimated, by quantification of peptides derived from enzymatic 

digestion of protein extraction from whole tissue samples of plants exposed to Warm 

growth (WG 0 d), LT 2 d and LT 6 d. 

Unfortunately, due to the high abundance of other cellular proteins, the number of 

detectable targeted peptides was restricted in whole tissue samples. Among 182 targeted 

unique peptides only 33 were successfully detected above background levels through 

the mass spectrometry (Figure 8). ANOVA analysis showed 33% of the detected 

peptides as being significantly increased in response to LT-acclimation (Supplementary 

Figure 7). This increase was more pronounced in LT 2 d, which is early on in the 

acclimation process, and less pronounced in LT 6 d, late acclimation. The remaining 

detected peptides mostly showed a non-significant but similar trend (Supplementary 

Figure 8). Specifically for complex I, 3 peptides from 3 subunits were identified (B12, 

B13 and CAL2). Although there were no significant changes, it could be seen that in 

early acclimation, LT 2 d, there was a transient increasing trend in response to LT. Two 

peptides were detected for complex II, belonging to single subunit SDH 1-1. These 

peptides also showed a weak increase under LT 6d.Only one peptide was identified 

belonging to complex III. This peptide was from UCR1 subunit and showed a 

significant transient increase during early acclimation, LT 2d. For complex IV, two 

peptides from subunit Vb, were identified with non-significant changes. However, for 

complex V a total number of 24 peptides was identified and 11 peptides showed 
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significant increase in response to LT-acclimation. Increase in relative abundance could 

be seen in both early and late acclimation (Supplementary Figure 7.) 



Chapter 2 

74 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. The effects of 

LT on mitochondrial 

OXPHOS components in 

whole leaves. Changes in 

detected peptides of 

OXPHOS components. 

Data are obtained from 

whole leaf tissue under 

different treatments. 

Warm grown (23 °C),LT 

stress (4 °C), LT 2 d and 

LT 6 d. The heat map 

represents the changes in 

relative abundance of 

peptides detected and for 

each component. Blue-

Black-Yellow colour 

scheme denotes for low to 

high abundance for 

thecorresponding peptide 

respectively. Wg: warm 

grown, LT: low 

temperature, d: day. 
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3.3. VDAC Immunoblot Analysis Reveals Increases in Number/Density of 

Mitochondria in Response to LT-acclimation 

The classic tool for evaluating changes in mitochondrial protein abundance in plants has 

been quantitative western blotting using antibodies designed for the specific polypeptide 

of interest. The outer membrane of mitochondria harbours a number of predominant 

transport proteins, including the voltage-dependent anion channel (VDAC)/porin, which 

can be used as a marker for surveying changes in mitochondrial number/density. Hence, 

following SRM analysis, VDAC immunoblot was conducted to confirm the results from 

SRM analysis. 

Protein extractions from different treatments leaf samples were loaded onto SDS-PAGE 

gel. The total protein abundance of samples was checked using Ponceau S stain and the 

signal from RuBisCO large subunit was used for normalising the signal from blotting. 

Blotting showed that there are two VDAC isoforms in wheat leaf sample (Figure 9).  

 

 

Figure 9. Western blot presentation of VDAC level in response to LT-acclimation. The 

VDAC signal was detected by anti-AtVDAC1 antibodies with a protein molecular weight of 

approximately 29kDa. RuBisCo large subunit from leaf extracts was observed at approximately 

53kDa on nitrocellulose membrane stained with Ponceau S, and used for normalising the 

immunoblot signal. WG: warm grown, LT: low temperature, d: day. Each lane represents one 

replicate under each treatment.  

 

Western blot analysis revealed VDAC/Porin as being increased in response to LT-

acclimation (Figure 10). This increase became statistically significant in LT 2d, which 

is early on in the acclimation process, and less pronounced in LT 6d, late acclimation.  

 

 

 

AtVDAC1, 29kDa

RuBisCo large subunit, 53kDa

LT 2 d LT 6 dWG 0 d
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Figure 10. Changes in VDAC relative abundance in response to LT-acclimation. VDAC 

relative abundance in warm grown (23 °C), WG 0 d, and LT-acclimation (4 °C) seedlings, LT 2 

d and 6 d. Asterisk shows significant difference among warm grown and LT-acclimation 

samples (P-Value=0.05). Error bars represent ± SEM for 3 replicates. WG: warm grown, LT: 

low temperature and d: day. 

It could be interpreted from the obtained results, that mitochondrial number/density 

increased under LT-acclimation. However, only at the early acclimation time point 

could it be confirmed. It appeared that there could be a transient increase in the number 

or size of mitochondria in cells during early acclimation which declined by late 

acclimation. 

 

3.4. Fatty Acid Analysis Revealed Significant Changes in Mitochondrial 

Membranes  

The results from this study showed a trend of increase in all of the detected fatty acid 

species (C18:0, C18:1, C18:2 and C18:3) in the early acclimation time-point (2 days), 

compared to the non-acclimated controls. This increase was shown to be statistically 

significant for C18:3 (P-Value = 0.05) species. On the other hand, a significant decrease 

was observed for C18:0 species in mid-acclimation (6 days), compared to early 

acclimation (2 days). Interestingly, C18:3 showed a significant increase compared to 

non-acclimated samples (Figure 11) (P-Value = 0.05). Additionally, changes in 

unsaturation level were calculated as the double bond index (DBI) for all the time-

points and DBI showed a significant increase in mid-acclimation (6 days) (Figure 12) 

(P-Value = 0.05) compared to, non-acclimated controls and early acclimation (day 2). 
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Figure 11. Changes in mitochondrial membranes fatty acid in response to LT. Changes in 

detected mitochondrial membrane fatty acid species. Data are obtained from isolated 

mitochondria under different treatments. Warm grown (23 °C), LT stress (4°C), LT 2 d and LT 

6 d. Asterisks show significant differences among warm grown and LT-acclimation samples (P-

Value=0.05). Error bars represent ± SEM for 3 replicates. WG: warm grown, LT: low 

temperature, d: day. 

 

Figure 2. Changes in double bond index (DBI) unit in mitochondrial membranes in 

response to LT. Changes in DBI units in mitochondrial membranes in response to LT. Data are 

obtained from isolated mitochondria under different treatments. Warm grown (23 °C), LT stress 

(4 °C), LT 2 d and LT 6 d. Asterisks show significant differences among warm grown and LT-

acclimation samples (P-Value=0.05). Error bars represent ± SEM for 3 replicates. WG: warm 

grown, LT: low temperature, d: day. 
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4. Discussion  

The first objective of this study was to investigate the mitochondrial respiratory 

responses to short- and long-term LT in wheat plants. It also explored changes in LT-

developed tissues. Mitochondrial respiration is temperature sensitive and decline in 

growth temperature results in decreasing respiratory rates. This causes perturbation in 

energy metabolism, decrease in energy production and plant growth and development. 

However, in many species, respiration can adapt to LT through acclimation process, 

which coincides with acclimation in growth rate (Kurimoto et al. 2004b). Thus, 

respiration acclimation plays a critical role in actual plant survival and performance 

during and after stress. Lack of knowledge in LT- induced changes in respiration in 

wheat plants, has provided this study with the opportunity to explore changes in 

respiration under LT in wheat. The results obtained from this study provide a better 

understanding of the capacity, timing and molecular changes driving respiratory 

acclimation under LT.  

 

4.1. Respiration Response to Short-term LT 

The LT-shock experiment showed the immediate impact of LT on respiration rates in 

pre-existing wheat leaves. As soon as plants were exposed to LT treatment, respiration 

rates significantly dropped. These results are supported by previous research which 

showed an immediate reduction in respiration rates by 15–25% in both winter and 

spring non LT-acclimated wheat cultivars when the plants were exposed to 5 °C from 

20 °C (Dahal et al. (2012).  

Although a decrease in respiration rates was observed in all time-points under LT-

shock, it was obvious that the lowest rates occurred at the very beginning of LT 

exposure. The best explanation for higher sensitivity of respiration to LT-shock is the 

LT impacts on enzyme-catalysed reactions via thermodynamic effects and protein 

stability. For example when the temperature decreases enzymatic activity of protein 

complexes in electron transport chain and also TCA cycle slows down and this will 

result in an immediate decline in respiration rate. Additionally, intermolecular forces 

which determine the stability of proteins are influenced by shifts in temperature. This 

implies the possibility of fluctuations in the stability of multi-subunit supercomplexes in 

the respiratory system could also cause rapid changes in respiration rate. Furthermore, 
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LT slows down transport processes across membranes through reduction of membrane 

fluidity which can also affect the respiratory substrate availability status inside 

mitochondria and subsequently respiration rates (Clarke and Fraser 2004; Jaenicke et al. 

1990; Viña 2002). 

During a first few hours of LT exposure, a significant increase in respiratory rates was 

then observed. The mechanism for this increase is unclear as it seems unlikely that 

mitochondrial proteins that drive respiration could acclimate to LT-shock in such a 

short time. A change in source of respiratory substrate could theoretically induce such a 

response. The underpinning reasons for this increase in respiration in the first few hours 

of treatment are unclear at this stage and demand further investigation. 

 

4.2. Respiration Acclimation to Long-term LT  

In this study wheat plants showed the capacity to acclimate to long-term LT and sustain 

a certain respiration rate. Although LT still imposed a severe restriction on respiratory 

rates, acclimation revealed a relatively steady trend of increases in respiratory rates 

during the LT-acclimation. Maximum acclimation of respiration took place after several 

days of LT exposure. Respiratory acclimation in Arabidopsis pre-existing leaves has 

been studied before and similar results have been obtained (Armstrong et al. 2006b; 

Campbell et al. 2007) 

After reaching the highest acclimation status in 6 days, wheat plants showed non-

consistent fluctuations in respiration rate. It seems likely that a new set of responses to 

LT-acclimation were initiated around 6 days after exposure to LT. When considering 

short and long term responses there appeared to be a biphasic response following the 

stress onset, peaking at a certain level and decreasing again and then increasing again. 

Such response could be associated with different types/strategies of respiratory 

acclimation at different stages of LT exposure (Atkin and Tjoelker 2003) but could also 

be confounded by development changes and the fully expanded leaf choices made here 

in the methodology employed. 
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4.3. Respiration Deacclimation in Recovery Stage 

When plants were transferred from 4 °C to a 23 °C recovery stage they showed 

remarkable changes in respiratory rates. As the LT-acclimated plants were returned to 

warm condition, a large increase was observed in the respiration rates during early 

recovery. Armstrong et al. (2008) also reported higher respiratory rates in pre-existing 

LT-acclimated Arabidopsis leaves compared with rates exhibited by the warm grown 

leaves were cold when measured at 21 °C.  

Overall, the deacclimation process resulted in high respiratory rates and returned to 

original rates of warm grown plants in two days after transferring to 23°C. It is noted 

that the response to deacclimation is not immediate, hence, depending on the plant 

species there may be a ‘lag phase’ during which exposure to warm temperatures does 

not result in deacclimation. The lag phase can vary from a few min to hours (Kalberer et 

al. 2006). In the current study, I observed no lag phase in respiratory deacclimation and 

deacclimation occurred almost instantaneously following exposure to warm 

temperature. 

The deacclimation after exposure to LT is reported to occur more rapidly than 

acclimation (Kalberer et al. 2006). In the current study, a very rapid deacclimation was 

also observed versus a slow acclimation to LT in wheat plants. Although there are a 

limited number of studies, investigating respiration deacclimation, a few other reports 

have carried out such experiments. For example Chen and Li (1980) studied 

deacclimation in S.commersonil (potato) plants where they were hardened at 2 °C for 20 

days and then deacclimated at 20 °C. They observed a similar respiratory response to 

what was observed here in wheat. It was discovered that deacclimation was initiated as 

early as 2-3h after temperature shift and it completed within 24 h.  

The speed of this response suggests that deacclimation of respiration may occur along 

with deacclimation of other cellular and molecular features of the plant growth such as 

gene expression (Oono et al. 2006). However since temperature-mediated variations in 

respiration may stem from thermodynamic responses of respiratory components to 

changes in temperature, respiration response to deacclimation may occur in shorter time 

course of than some other cellular activities. For example, changes in gene expression in 

LT-acclimated Arabidopsis seedlings exposed to warm temperature, only peaked after a 

few hours of deacclimation and less changes were detected in very early stages of 

deacclimation (Oono et al. 2006) such as observed here for respiration in wheat leaves. 
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4.5. LT-Development in Wheat Leaves 

In this study, growth and respiratory rates were monitored in LT-developed leaves. The 

results highlighted the significant effect of LT imposed on plant growth rates when 

compared with their normal growth rates (Supplementary Figure 2). LT hindered the 

growth rate and delayed plant development. It also inhibited respiratory rates of LT-

developed tissues. However, combined analysis of obtained data from all LT-shock, -

acclimation and -developed plants showed a significant increase in respiratory rates in 

new leaves that were fully developed under LT conditions. It was also shown that LT-

developed samples had the highest rate of respiration and subsequently acclimation 

capacity when comparing to warm grown samples (Supplementary Figure 3). Specific 

rates of respiration and duration of LT exposure were positively correlated (R
2 

= 

0.6225) (Supplementary Figure 4). 

These observations correlate with Dahal et al. (2012) who investigated the respiration 

response under LT in winter and spring wheat cultivars. They reported that under LT-

development, respiration significantly increased by 17–30% when compared with non-

acclimated rates of respiration at LT. Armstrong et al. (2006b) and Talts et al. (2004) 

also reported maximal increase in respiration rates in LT-developed Arabidopsis plants, 

when compared to acclimated and warm grown plants measured at low temperatures. 

It is reported that LT-developed tissues show the greatest levels of acclimation degree in 

a number of plant species, than either acclimation in pre-existing tissues or warm grown 

tissues (Armstrong et al. 2006b). However unlike the observations of Armstrong et al. 

(2006b) and Talts et al. (2004) in Arabidopsis, the difference between respiratory 

acclimation of pre-existing wheat leaves and LT-developed wheat leaves was not so 

dramatic. This may suggest a higher acclimation potential in a moderately LT-tolerant 

wheat cultivar such as Calingiri, for pre-existing tissue, than in Arabidopsis plants that 

grow in naturally very cold environments. 

Conclusively, these findings confirmed that respiratory apparatus has the capacity to 

acclimate to LT during several days of stress in wheat plants. This resulted in higher 

respiration rates despite the growth temperature.  

4.6. OXPHOS Protein Abundance under LT-acclimation 

The data presented here showed that long term exposure to LT increased the rate and 

acclimation capacity of respiration in wheat plants. This led to the hypothesis that 
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acclimation capacity of respiration could be linked to changes in respiratory apparatus 

protein abundance within mitochondria. One scenario could have been an increase in 

the relative abundance of mitochondrial OXPHOS components which consequently 

would have allowed higher rates of respiration. To examine this hypothesis, SRM 

analysis was conducted for mitochondrial OXPHOS components in early and late stages 

of LT-acclimation.  

The results from proteome analysis showed an overall remarkably stable protein 

abundance of mitochondrial OXPHOS components. Although a very limited number of 

significant changes were observed in a few peptides representing a small number of 

proteins, including increases in the abundance of some complex I subunits, the majority 

of detected peptides reveal no statistically significant changes of OXPHOS proteins 

during LT-acclimation.  

These findings do not fully agree with conclusions from other studies and in other 

species, as presented in Chapter 1. For example, Tan et al. (2012) studied changes in 

proteome level of mitochondrial membrane proteins in Arabidopsis cell culture during 2 

days of LT and reported dynamic responses in OXPHOS components. Some other 

studies have also reported similar findings in rice and a wheat cultivar (Gammulla et al. 

2011; Komatsu and Tanaka 2005; Kosová et al. 2013; Rinalducci et al. 2011b).  

With OXPHOS components showing a stable response to LT-acclimation in wheat, the 

hypothesis of a positive link between increase in acclimation degree of respiration and 

increase in protein abundance of OXPHOS supercomplexes inside mitochondria was 

disproved. Hence increases in respiration seen at low temperatures must be caused by an 

alternative mechanism in wheat. 

 

4.7. Mitochondrial Density in Wheat Leaf Tissues under LT 

In the absence of changes in mitochondrial OXPHOS protein abundance during LT-

acclimation an alternative hypothesis was based on the link between increase in the 

level of respiration acclimation and mitochondrial respiration capacity through increase 

in number of mitochondria or their density in cells. In order to investigate this, a series 

of SRM experiments were carried out to examine the possibility of adjustments in 

mitochondrial density/number in response to LT-acclimation. The analysis showed a 

significant increase in mitochondrial number, most notably in early stages of 
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acclimation. The data showed an overall similar trend of increase for all detected 

proteins, with increase being more pronounced in early acclimation. This data were 

supported by immunoblot analysis of the mitochondrial outer membrane protein 

porin/VDAC. 

Similar to the current study’s findings, it has been shown that long-term LT treatment of 

leaves leads to increase in mitochondrial density, the number of mitochondria per cell 

(Armstrong et al. 2006b; Miroslavov and Kravkina 1991; Talts et al. 2004). It was 

shown that the mitochondrial population dynamics significantly altered within adaxial 

epidermal tissue of Arabidopsis in response to LT, particularly in LT-developed leaves 

(Armstrong et al. 2006b). Miroslavov and Kravkina (1991) also reported that 

mitochondria are more abundant in plants growing at a higher elevation. They argued 

that mitochondrial abundance at high elevations corresponds to the response of plants to 

maintain high respiratory rates, and provide energy necessary for the survival, growth 

and development under such conditions. 

In conclusion, the findings from this study suggest an small increase in mitochondrial 

density in wheat leaves, particularly during early stages of LT-acclimation.  

 

4.8. Mitochondrial membrane composition under LT 

The increasing trend of C18 fatty acid species in early acclimation may suggest higher 

production of these fatty acids which could also imply increase in the actual surface area 

of mitochondrial membranes, such as increasing cristae formation. Increases in cristae 

surface area has been reported in Arabidposis plants in response to LT-development 

(Armstrong et al. 2006b). Armstrong et al (2006b) argued that increase in relative 

surface of cristae to matrix could enhance the capacity for diffusion of ions and 

metabolites from the matrix to the inner mitochondrial membrane, and contribute to an 

increase in the capacity for mitochondrial electron transport.  

Apparently, a new set of responses took place during mid acclimation which caused 

decreases in fatty acid species with less unsaturation/double bonds, e.g. C18:0 and 

C18:2, and increases in C18:3. Increase in unsaturated species of mitochondrial 

membranes fatty acids under LT has been reported for maize and wheat plants (De 

Santis et al. 1999; Miller et al. 1974). This could be due to either increase in C18:3 

production and/or increase in unsaturation processing of the available C18:0, C18:1 and 
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C18:2. This trend eventually induced a higher DBI which is associated with an increase 

in membrane fluidity and mitochondrial electron transport capacity (De Santis et al. 

1999; Miller et al. 1974)  

In summary, these data from wheat showed that LT may induce alterations in 

mitochondrial membrane surface area and fluidity level, and consequently bioenergetic 

properties of mitochondrial electron transport.  
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5. Conclusion 

This chapter explored the respiratory response of wheat plants in response to short- and 

long-term LT, as well as the deacclimation process. It was apparent that LT-shock 

induced sharp decrease in respiratory rates in pre-existing leaves. However, due to the 

acclimation process, respiration was shown to be able to gradually increase and fully 

acclimate in the course of a few days and retrieve a significant level of the rates shown 

under warm growth conditions. The acclimation capacity between LT-acclimated and 

LT-developed leaves did not show a substantial difference. This highlights an important 

feature from an agronomic point of view, since LT conditions during the wheat growing 

season normally occur when plants are already growing. Hence, high respiratory 

acclimation potential in pre-existing tissues in wheat is essential in order to maintain 

certain levels of energy production necessary for growth and development under LT. 

The next part of this study was dedicated to investigate the mechanisms behind the 

respiration acclimation to LT. Although there are many studies on LT-acclimation 

mechanisms, very few of them have focused on the effect of LT on the respiratory 

apparatus and LT-acclimation of respiration. Here, a first hypothesis was tested to 

investigate a linkage between respiratory acclimation and increase in the relative 

abundance of mitochondrial OXPHOS components. The results proved a static status of 

OXPHOS supercomplexes and disproved a clear linkage between LT-acclimation of 

respiration and respiratory apparatus relative abundance under LT in wheat 

mitochondria.  

A second hypothesis was focused on the respiratory acclimation being associated with 

changes in mitochondrial density under LT. The data obtained showed a notable change 

in mitochondrial density in response to LT, predominantly in the early acclimation stage 

2 d after transfer to low temperature, and its possible contribution to LT-acclimation of 

respiration in wheat. It was also seen that increase in mitochondrial respiratory 

apparatus capacity was linked with changes in increase in surface area and fluidity of 

mitochondrial membranes. However these results could not fully explain the 

acclimation of respiratory rates in response to LT in wheat plants that peaked later than 

2 d in the acclimation process. The next chapter is devoted to understanding the possible 

role of changes in respiratory substrates to further explain the LT-acclimation of 

respiration in wheat plants.  
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7. Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1. Changes in respiration rates under warm conditions. Respiration rates under warm conditions. Warm growth (23 °C) includes 12 days 

of growth under warm conditions. The youngest fully developed leaves were sampled at each time-point. WG: warm grown, d: day. 
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Supplementary Figure 2. Effect of LT on plant growth rates. Leaf growth rates from warm grown (23 °C) and LT grown (4 °C) wheat plants. Letters show 

significant differences among samples (P-Value<0.05). Error bars represent ± SEM for 3-6 replicates. 
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Supplementary Figure 3. Changes in respiration rates under temperature conditions. Warm growth (23 °C) include plants prior to LT treatment, WG 0 d, and 

LT exposure (4 °C) include plants under LT at early phases of stress, LT 1 h- LT 12 h, plants under LT at acclimation phases of stress, LT 1d-LT 12 d, and LT-

developed plants, LT 4-5w. WG: warm grown, LT: low temperature. h: hour and d: day. 
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Supplementary Figure 4. Acclimation degree of respiration for LT- treated (4 °C) vs. warm grown (23 °C). A high ratio of respiration would indicate 

higher acclimation degree. Values indicate the proportion of specific respiration rates of plants exposed to LT (4 °C) compared to warm grown plants (23 °C). 
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Supplementary Figure 5. The effects of LT on mitochondrial OXPHOS components. Significant changes in detected peptides of OXPHOS components. Data 

are obtained from isolated mitochondria under different treatments. Warm grown (23 °C), LT stress (4 °C), LT 2d and LT 6d. The heat map represents the changes 

in relative abundance of peptides detected and for each component. Blue-Black-Yellow colour scheme denotes for low to high abundance for the corresponding 

peptide respectively. WG: warm grown, LT: low temperature, d: day. 
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Supplementary Figure 6. 

The effects of LT on 

mitochondrial OXPHOS 

components. Non-significant 

changes in detected peptides 

of OXPHOS components. 

Data are obtained from 

isolated mitochondria under 

different treatments. Warm 

grown (23 °C), LT stress (4 

°C), LT 2 d and LT 6 d. The 

heat map represents the 

changes in relative abundance 

of peptides detected and for 

each component. Blue-Black-

Yellow colour scheme 

denotes for low to high 

abundance for the 

corresponding peptide 

respectively.  WG: warm 

grown, LT: low temperature, 

d: day. 
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Supplementary Figure 7. The effects of LT on mitochondrial OXPHOS components. Significant changes in detected peptides of OXPHOS components. Data 

are obtained from whole leaf tissue under different treatments. Warm grown (23 °C), LT stress (4 °C), LT 2d and LT 6d. The heat map represents the changes in 

relative abundance of peptides detected and for each component. Blue-Black-Yellow colour scheme denotes for low to high abundance for the corresponding peptide 

respectively. WG: warm grown, LT: low temperature, d: day. 
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Supplementary Figure 8. The 

effects of LT on mitochondrial 

OXPHOS components. Non-

significant changes in detected 

peptides of OXPHOS 

components. Data are obtained 

from whole leaf tissue under 

different treatments. Warm grown 

(23 °C), LT stress (4 °C), LT 2 d 

and LT 6 d. The heat map 

represents the changes in relative 

abundance of peptides detected 

and for each component. Blue-

Black-Yellow colour scheme 

denotes for low to high abundance 

for the corresponding peptide 

respectively.  WG: warm grown, 

LT: low temperature, d: day. 
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8. Supplemetary Tables  

Supplementary Table 1. Target protein list used for SRM analysis. List of the target proteins from mitochondrial ETC used for SRM analysis.  

ETC Components   

Accession IDa Ortholge IDb Orthologe describtionc 

Traes_2AL_CF045E2E2.1 ATMG00510.1 NADH dehydrogenase subunit 7 [Source:TAIR;Acc:ATMG00510] 

Traes_3DL_19AC8A40A.1 AT4G21490.1  B15_ NAD(P)H dehydrogenase B3 [Source:TAIR;Acc:AT4G21490] 

Traes_3B_9FA95C4B9.1 AT4G21490.1  B15_ NAD(P)H dehydrogenase B3 [Source:TAIR;Acc:AT4G21490] 

Traes_3AL_599DA5365.3 AT4G21490.1  B15_ NAD(P)H dehydrogenase B3 [Source:TAIR;Acc:AT4G21490] 

Traes_3DL_B28AAA2EE.1 AT5G11770.1 PSST_NADH-ubiquinone oxidoreductase 20 kDa subunit, mitochondrial [Source:TAIR;Acc:AT5G11770] 

Traes_4BS_7C5E57EDB.1 AT2G27730.1 copper ion binding [Source:TAIR;Acc:AT2G27730] 

Traes_4DS_3A6A1733C.1 AT2G27730.1 copper ion binding [Source:TAIR;Acc:AT2G27730] 

Traes_4BS_7C5E57EDB.1 AT2G27730.1 copper ion binding [Source:TAIR;Acc:AT2G27730] 

Traes_4DS_3A6A1733C.1 AT2G27730.1 copper ion binding [Source:TAIR;Acc:AT2G27730] 

Traes_5AL_7158765BC.1 AT1G16700.1 TYKY-2 Alpha-helical ferredoxin [Source:TAIR;Acc:AT1G16700] 

Traes_5BL_3751B3EED.1 AT1G16700.1 TYKY-2 Alpha-helical ferredoxin [Source:TAIR;Acc:AT1G16700] 

Traes_5DL_F5D7767BB.1 AT1G16700.1 TYKY-2 Alpha-helical ferredoxin [Source:TAIR;Acc:AT1G16700] 

Traes_2BL_F9BD2B7C8.1 AT5G47890.1 NADH-ubiquinone oxidoreductase B8 subunit, putative [Source:TAIR;Acc:AT5G47890] 

Traes_2AL_79FAAA6E1.2 AT5G47890.1 NADH-ubiquinone oxidoreductase B8 subunit, putative [Source:TAIR;Acc:AT5G47890] 

Traes_2AS_53250F380.1 AT5G08530.1 51 kDa subunit of complex I [Source:TAIR;Acc:AT5G08530] 

Traes_2AL_FE7DBC113.1 ATMG00510.1 NADH dehydrogenase subunit 7 [Source:TAIR;Acc:ATMG00510] 

Traes_6AS_F60EAE1C6.2 AT3G48680.1 CAL2 gamma carbonic anhydrase-like 2 [Source:TAIR;Acc:AT3G48680] 

Traes_6BS_1AFDF35E5.2 AT3G48680.1 CAL2 gamma carbonic anhydrase-like 2 [Source:TAIR;Acc:AT3G48680] 

Traes_6DS_2FDAB3BA0.2 AT3G48680.1 CAL2 gamma carbonic anhydrase-like 2 [Source:TAIR;Acc:AT3G48680] 

Traes_4DL_1BB54C850.1 AT5G52840.1 B13_NADH-ubiquinone oxidoreductase-related [Source:TAIR;Acc:AT5G52840] 

Traes_4BL_3EFFEDE44.1 AT5G52840.1 B13_NADH-ubiquinone oxidoreductase-related [Source:TAIR;Acc:AT5G52840] 

Traes_2BS_06EB5EB341.3 AT3G12260.1 B14_LYR family of Fe/S cluster biogenesis protein [Source:TAIR;Acc:AT3G12260] 

Traes_2DS_18C7044FA1.1 AT3G12260.1 B14_LYR family of Fe/S cluster biogenesis protein [Source:TAIR;Acc:AT3G12260] 

Traes_6AL_BD395873C.2 AT2G20360.1 39 Kda NAD(P)-binding Rossmann-fold superfamily protein [Source:TAIR;Acc:AT2G20360] 

Traes_2BS_E35529023.1 AT5G08530.1 51 kDa subunit of complex I [Source:TAIR;Acc:AT5G08530] 

Traes_1DL_FD9D52784.2 AT5G11770.1 PSST_NADH-ubiquinone oxidoreductase 20 kDa subunit, mitochondrial [Source:TAIR;Acc:AT5G11770] 

Traes_1AL_178EFD20C.1  AT2G46540.1 B9_6.8KDa 

Traes_1AL_5649DA7B9.2 AT3G18410.1  PDSW-1 Complex I subunit NDUFS6 [Source:TAIR;Acc:AT3G18410] 

Traes_1BL_B60A108BD.2 AT3G18410.1  PDSW-1 Complex I subunit NDUFS6 [Source:TAIR;Acc:AT3G18410] 

Traes_6DL_2674E34D4.1 AT2G20360.1 39 Kda NAD(P)-binding Rossmann-fold superfamily protein [Source:TAIR;Acc:AT2G20360] 

Traes_7BS_A2AD63659.1 AT1G19580.1 CA1 gamma carbonic anhydrase 1 [Source:TAIR;Acc:AT1G19580] 

Traes_2AS_2836AF501.1 AT4G16450.2 MNLL_B20.9 NADH dehydrogenase 20.9 kDa subunit  

Traes_2BS_DD94DCFB7.1 AT4G16450.2 MNLL_B20.9 NADH dehydrogenase 20.9 kDa subunit  

Traes_2DS_DD94DCFB7.1 AT4G16450.2 MNLL_B20.9 NADH dehydrogenase 20.9 kDa subunit  

Traes_2AS_E457DA21E.2 AT3G12260.1 B14_LYR family of Fe/S cluster biogenesis protein [Source:TAIR;Acc:AT3G12260] 

Traes_1BL_C36D905D3.1 AT5G11770.1 PSST_NADH-ubiquinone oxidoreductase 20 kDa subunit, mitochondrial [Source:TAIR;Acc:AT5G11770] 

Traes_1BL_31E5DDE48.1 AT5G11770.1 PSST_NADH-ubiquinone oxidoreductase 20 kDa subunit, mitochondrial [Source:TAIR;Acc:AT5G11770] 
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Accession IDa Ortholge IDb Orthologe describtionc 

Traes_7AS_D744F246D.1 AT3G62790.1 15KDa NADH-ubiquinone oxidoreductase-related [Source:TAIR;Acc:AT3G62790] 

Traes_7BS_BA93A05F0.1 AT3G62790.1 15KDa NADH-ubiquinone oxidoreductase-related [Source:TAIR;Acc:AT3G62790] 

Traes_7DS_163CB79F2.1 AT1G19580.1 CA1 gamma carbonic anhydrase 1 [Source:TAIR;Acc:AT1G19580] 

Traes_1BL_78CEA8ED2.1 AT3G03100.1 B17.2 _ NADH:ubiquinone oxidoreductase, 17.2kDa subunit [Source:TAIR;Acc:AT3G03100] 

Traes_2BS_3425A3A75.1 AT5G67590.1 18KDa_NUYM_NADH-ubiquinone oxidoreductase-related [Source:TAIR;Acc:AT5G67590] 

Traes_2DS_0C2CD237A.1 AT5G67590.1 18KDa_NUYM_NADH-ubiquinone oxidoreductase-related [Source:TAIR;Acc:AT5G67590] 

Traes_2AS_7B0F31404.1 AT5G67590.1 18KDa_NUYM_NADH-ubiquinone oxidoreductase-related [Source:TAIR;Acc:AT5G67590] 

Traes_1AL_59BADC478.1 AT4G02580.1 NADH-ubiquinone oxidoreductase 24 kDa subunit, putative [Source:TAIR;Acc:AT4G02580] 

Traes_4DL_323E0E63C.1 AT2G02050.1 NADH-ubiquinone oxidoreductase B18 subunit, putative [Source:TAIR;Acc:AT2G02050] 

Traes_4BL_13B3CC649.2 AT2G02050.1 NADH-ubiquinone oxidoreductase B18 subunit, putative [Source:TAIR;Acc:AT2G02050] 

Traes_7DL_742035D51.1 AT3G03070.1 13kDa_ NADH-ubiquinone oxidoreductase-related [Source:TAIR;Acc:AT3G03070] 

Traes_5BL_21B64BBBE.1 AT4G00585.1 KFYI 

Traes_5DL_FF887E6F8.1 AT4G00585.1 KFYI 

Traes_6DS_5D692576D.1 AT1G14450.1 B12_NADH dehydrogenase (ubiquinone)s [Source:TAIR;Acc:AT1G14450] 

Traes_6AL_BCFC7E2BE1.1 AT1G14450.1 B12_NADH dehydrogenase (ubiquinone)s [Source:TAIR;Acc:AT1G14450] 

Traes_6BS_3B777AAC7.1 AT1G14450.1 B12_NADH dehydrogenase (ubiquinone)s [Source:TAIR;Acc:AT1G14450] 

Traes_4AL_27864AACE.2 AT2G27730.1 copper ion binding [Source:TAIR;Acc:AT2G27730] 

Traes_4AL_27864AACE.2 AT2G27730.1 copper ion binding [Source:TAIR;Acc:AT2G27730] 

Traes_7AL_DAFFC4DDC.1 ATMG01275.1 NADH dehydrogenase 1A [Source:TAIR;Acc:ATMG01275] 

Traes_4AS_F08302684.1 AT5G52840.1 B13_NADH-ubiquinone oxidoreductase-related [Source:TAIR;Acc:AT5G52840] 

Traes_6BL_308212099.1 AT2G20360.1 39 Kda NAD(P)-binding Rossmann-fold superfamily protein [Source:TAIR;Acc:AT2G20360] 

Traes_1DL_74B79A19A.1 AT4G02580.1 NADH-ubiquinone oxidoreductase 24 kDa subunit, putative [Source:TAIR;Acc:AT4G02580] 

Traes_3AS_5691535B4.1 AT1G19580.1 CA1 gamma carbonic anhydrase 1 [Source:TAIR;Acc:AT1G19580] 

Traes_3B_102BA2897.1 AT1G19580.1 CA1 gamma carbonic anhydrase 1 [Source:TAIR;Acc:AT1G19580] 

Traes_3DS_1E39A812B.1 AT1G19580.1 CA1 gamma carbonic anhydrase 1 [Source:TAIR;Acc:AT1G19580] 

Traes_2AL_068A8ABA6.1 ATMG00070.1 ND9_30KDa_NUOC_NADH dehydrogenase subunit 9 [Source:TAIR;Acc:ATMG00070] 

Traes_6BS_98EC1CC44.1 AT1G14450.1 B12_NADH dehydrogenase (ubiquinone)s [Source:TAIR;Acc:AT1G14450] 

Traes_2DL_8D010DF80.2 AT5G47890.1 NADH-ubiquinone oxidoreductase B8 subunit, putative [Source:TAIR;Acc:AT5G47890] 

Traes_2AS_D90540BD8.2 AT4G20150.1 b14.5B_ NADH dehydrogenase plant specific subunit 9kDa  

Traes_2BL_54966F9D0.1 AT4G20150.1 b14.5B_ NADH dehydrogenase plant specific subunit 9kDa   

Traes_2BS_782C5F9CD.2 AT4G20150.1 b14.5B_ NADH dehydrogenase plant specific subunit 9kDa   

Traes_2DS_B0F45838C.2 AT4G20150.1 b14.5B_ NADH dehydrogenase plant specific subunit 9kDa   

Traes_6AS_0E1CF2A88.2 AT3G48680.1 CAL2 gamma carbonic anhydrase-like 2 [Source:TAIR;Acc:AT3G48680] 

Traes_6AS_0E1CF2A881.2 AT3G48680.1 CAL2 gamma carbonic anhydrase-like 2 [Source:TAIR;Acc:AT3G48680] 

Traes_6DS_10AF3149F.2 AT3G48680.1 CAL2 gamma carbonic anhydrase-like 2 [Source:TAIR;Acc:AT3G48680] 

Traes_6DS_10AF3149F1.2 AT3G48680.1 CAL2 gamma carbonic anhydrase-like 2 [Source:TAIR;Acc:AT3G48680] 

Traes_7AL_AD817EBE6.1 AT4G34700.1      B22 LYR family of Fe/S cluster biogenesis protein [Source:TAIR;Acc:AT4G34700] 

Traes_7BL_7CA58C381.1 AT4G34700.1      B22 LYR family of Fe/S cluster biogenesis protein [Source:TAIR;Acc:AT4G34700] 

Traes_7DL_AD1E0DEAC.1 AT4G34700.1      B22 LYR family of Fe/S cluster biogenesis protein [Source:TAIR;Acc:AT4G34700] 

Traes_2AS_DAD5C5126.1 AT1G47260.1 CA2 gamma carbonic anhydrase 2 [Source:TAIR;Acc:AT1G47260] 

Traes_2BS_F47964983.1 AT1G47260.1 CA2 gamma carbonic anhydrase 2 [Source:TAIR;Acc:AT1G47260] 

Traes_2DS_F7359F7FF.1 AT1G47260.1 CA2 gamma carbonic anhydrase 2 [Source:TAIR;Acc:AT1G47260] 

Traes_2DS_3AC11B9D8.1 AT5G23250.1 Succinyl-CoA ligase, alpha subunit [Source:TAIR;Acc:AT5G23250] 

Traes_2BS_8863D42E7.1 AT5G23250.1 Succinyl-CoA ligase, alpha subunit [Source:TAIR;Acc:AT5G23250] 
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Accession IDa Ortholge IDb Orthologe describtionc 

Traes_2AS_3BA916807.1 AT5G23250.1 Succinyl-CoA ligase, alpha subunit [Source:TAIR;Acc:AT5G23250] 

Traes_5BL_25853B117.1 AT5G66760.1 succinate dehydrogenase 1-1 [Source:TAIR;Acc:AT5G66760] 

Traes_5DL_FB06824E1.1 AT5G66760.1 succinate dehydrogenase 1-1 [Source:TAIR;Acc:AT5G66760] 

Traes_5AL_104BAD095.1 AT5G66760.1 succinate dehydrogenase 1-1 [Source:TAIR;Acc:AT5G66760] 

Traes_7DS_EA4BE82FD.1 AT1G47420.1 succinate dehydrogenase 5 [Source:TAIR;Acc:AT1G47420] 

Traes_7DL_91E866850.1 AT5G40650.1 succinate dehydrogenase 2-2 [Source:TAIR;Acc:AT5G40650] 

Traes_7DL_84AA2A336.2 AT1G08480.1  SDH6 Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:W5HPV9] 

Traes_7AL_0B424865F.2 AT1G08480.1  SDH6 Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:W5HPV9] 

Traes_4AL_47508632A.1 AT1G47420.1 succinate dehydrogenase 5 [Source:TAIR;Acc:AT1G47420] 

Traes_5DL_6F9693CD8.2 AT3G47833.1 SSDH7-1 Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:W5FUJ8] 

Traes_5BL_66F4A12B3.2 AT3G47833.1 SSDH7-1 Uncharacterized protein  [Source:UniProtKB/TrEMBL;Acc:W5FUJ8] 

Traes_7AS_D624D9E4D.1 AT1G47420.1 succinate dehydrogenase 5 [Source:TAIR;Acc:AT1G47420] 

Traes_5DL_885A58CBA.3 AT5G65165.1 succinate dehydrogenase 2-3 [Source:TAIR;Acc:AT5G65165] 

Traes_2DL_8F3A7977E.1 AT5G13430.1 UCR1_Ubiquinol-cytochrome C reductase iron-sulfur subunit [Source:TAIR;Acc:AT5G13430] 

Traes_2AL_6EA83C2B5.1 AT5G13430.1 UCR1_Ubiquinol-cytochrome C reductase iron-sulfur subunit [Source:TAIR;Acc:AT5G13430] 

Traes_2BL_C7BAE105B.1 AT5G13430.1 UCR1_Ubiquinol-cytochrome C reductase iron-sulfur subunit [Source:TAIR;Acc:AT5G13430] 

Traes_1AL_999A02D6C.1 AT3G52730.1 ubiquinol-cytochrome C reductase UQCRX/QCR9-like family protein [Source:TAIR;Acc:AT3G52730] 

Traes_1BL_080DAF2F1.1 AT3G52730.1 ubiquinol-cytochrome C reductase UQCRX/QCR9-like family protein [Source:TAIR;Acc:AT3G52730] 

Traes_7AS_518C8E30A.1 AT3G27240.1 cyc1_1Cytochrome C1 family [Source:TAIR;Acc:AT3G27240] 

Traes_7BS_108EC7F0D.1 AT3G27240.1 cyc1_1Cytochrome C1 family [Source:TAIR;Acc:AT3G27240] 

Traes_7DS_8A1AE30F7.1 AT3G27240.1 cyc1_1Cytochrome C1 family [Source:TAIR;Acc:AT3G27240] 

Traes_5BL_B098BF807.3 AT5G25450.1 Cytochrome bd ubiquinol oxidase, 14kDa subunit [Source:TAIR;Acc:AT5G25450] 

Traes_2DS_93608B31A.1 ATMG00220.1 apocytochrome b [Source:TAIR;Acc:ATMG00220] 

Traes_5DL_795A597CD.1 ATMG00220.1 apocytochrome b [Source:TAIR;Acc:ATMG00220] 

Traes_6DS_8D82C81DB.1 ATMG00220.1 apocytochrome b [Source:TAIR;Acc:ATMG00220] 

Traes_5DL_02DC1BE45.2 AT5G25450.1 Cytochrome bd ubiquinol oxidase, 14kDa subunit [Source:TAIR;Acc:AT5G25450] 

Traes_3AL_EFE75B810.1 AT5G40810.1 cyc1_2Cytochrome C1 family [Source:TAIR;Acc:AT5G40810] 

Traes_3DL_CDEC31960.1 AT5G40810.1 cyc1_2Cytochrome C1 family [Source:TAIR;Acc:AT5G40810] 

Traes_6DL_7C7021B9F.1 AT5G13430.1 UCR1_Ubiquinol-cytochrome C reductase iron-sulfur subunit [Source:TAIR;Acc:AT5G13430] 

Traes_6BL_C8AA0DE94.1 AT5G13430.1 UCR1_Ubiquinol-cytochrome C reductase iron-sulfur subunit [Source:TAIR;Acc:AT5G13430] 

Traes_5AL_51BC20B3D.1 AT5G25450.1 Cytochrome bd ubiquinol oxidase, 14kDa subunit [Source:TAIR;Acc:AT5G25450] 

Traes_1AL_45A9AD1EA.1 AT1G22840.1 CYTOCHROME C-1 [Source:TAIR;Acc:AT1G22840] 

Traes_3B_EB4EF9F7C.1 AT4G10040.1 cytochrome c-2 [Source:TAIR;Acc:AT4G10040] 

Traes_3B_EB4EF9F7C2.1 AT4G10040.1 cytochrome c-2 [Source:TAIR;Acc:AT4G10040] 

Traes_3B_EB4EF9F7C1.1 AT4G10040.1 cytochrome c-2 [Source:TAIR;Acc:AT4G10040] 

Traes_3DL_482E5B84D.1 AT1G22840.1 CYTOCHROME C-1 [Source:TAIR;Acc:AT1G22840] 

Traes_3AL_33F680740.1 AT4G10040.1 cytochrome c-2 [Source:TAIR;Acc:AT4G10040] 

Traes_2BL_EE25FF117.1 AT4G10040.1 cytochrome c-2 [Source:TAIR;Acc:AT4G10040] 

Traes_1DL_6B3479A5F.1 AT1G22840.1 CYTOCHROME C-1 [Source:TAIR;Acc:AT1G22840] 

Traes_2BS_B529429A3.1 AT1G22450.1 cytochrome C oxidase 6B [Source:TAIR;Acc:AT1G22450] 

Traes_7AS_518C8E30A.1 AT3G27240.1 Cytochrome C1 family [Source:TAIR;Acc:AT3G27240] 

Traes_7DS_8A1AE30F7.1 AT3G27240.1 Cytochrome C1 family [Source:TAIR;Acc:AT3G27240] 

Traes_7BS_108EC7F0D.1 AT3G27240.1 Cytochrome C1 family [Source:TAIR;Acc:AT3G27240] 

Traes_3B_B1F78C161.1 AT3G15640.1 Rubredoxin-like superfamily protein [Source:TAIR;Acc:AT3G15640] 
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Traes_5BL_B098BF807.3 AT5G25450.1 Cytochrome bd ubiquinol oxidase, 14kDa subunit [Source:TAIR;Acc:AT5G25450] 

Traes_5DS_3E7B0E92F1.1 AT2G47380.1 Cytochrome c oxidase subunit Vc family protein [Source:TAIR;Acc:AT2G47380] 

Traes_1BS_6799B4072.1 AT2G07727.1 Di-haem cytochrome, transmembrane;Cytochrome b/b6, C-terminal [Source:TAIR;Acc:AT2G07727] 

Traes_6DS_8D82C81DB.1 ATMG00220.1 apocytochrome b [Source:TAIR;Acc:ATMG00220] 

Traes_2DS_93608B31A.1 ATMG00220.1 apocytochrome b [Source:TAIR;Acc:ATMG00220] 

Traes_5DL_795A597CD.1 ATMG00220.1 apocytochrome b [Source:TAIR;Acc:ATMG00220] 

Traes_5DL_02DC1BE45.2 AT5G25450.1 Cytochrome bd ubiquinol oxidase, 14kDa subunit [Source:TAIR;Acc:AT5G25450] 

Traes_5BL_6E7A255A7.2 AT4G39740.1 Thioredoxin superfamily protein [Source:TAIR;Acc:AT4G39740] 

Traes_5AL_534F40911.6 AT4G39740.1 Thioredoxin superfamily protein [Source:TAIR;Acc:AT4G39740] 

Traes_5DL_21529A726.1 AT4G39740.1 Thioredoxin superfamily protein [Source:TAIR;Acc:AT4G39740] 

Traes_3B_BF9DB9895.1 AT5G40382.1 Cytochrome c oxidase subunit Vc family protein [Source:TAIR;Acc:AT5G40382] 

Traes_2BS_7752691A7.1 AT3G05550.1 Cox X1 

Traes_2DS_AFC8B058F.1 AT3G05550.1 Cox X1 

Traes_2BS_C6DD1091B.2 AT4G21105.1 cytochrome-c oxidases;electron carriers [Source:TAIR;Acc:AT4G21105] 

Traes_2DS_606EF19F6.2 AT1G22450.1 cytochrome C oxidase 6B [Source:TAIR;Acc:AT1G22450] 

Traes_3AL_2849F0EF2.2 AT1G80230.1 Rubredoxin-like superfamily protein; FUNCTIONS IN: cytochrome-c oxidase activity; mitochondrial  

Traes_2AS_21A2B9ABD.2 AT1G22450.1 cytochrome C oxidase 6B [Source:TAIR;Acc:AT1G22450] 

Traes_3AL_EFE75B810.1 AT5G40810.1 Cytochrome C1 family [Source:TAIR;Acc:AT5G40810] 

Traes_3DL_CDEC31960.1 AT5G40810.1 Cytochrome C1 family [Source:TAIR;Acc:AT5G40810] 

Traes_5AL_51BC20B3D.1 AT5G25450.1 Cytochrome bd ubiquinol oxidase, 14kDa subunit [Source:TAIR;Acc:AT5G25450] 

Traes_5DL_F586C8ABD.1 AT1G49380.1 cytochrome c biogenesis protein family [Source:TAIR;Acc:AT1G49380] 

Traes_5BL_0684B3A02.1 AT1G49380.1 cytochrome c biogenesis protein family [Source:TAIR;Acc:AT1G49380] 

Traes_4AL_90736C93B.2 AT1G01170.1 Cox X2 

Traes_7DS_A42728FFC.1 AT1G01170.1 Cox X2 

Traes_7DS_F30BDE73D.1 AT1G01170.1 Cox X2 

Traes_3B_EC2EA9E46.1 AT5G08680.1 ATP synthase alpha/beta family protein [Source:TAIR;Acc:AT5G08680] 

Traes_6BL_EA631BFB4.1 ATMG01190.1 ATP synthase subunit 1 [Source:TAIR;Acc:ATMG01190] 

Traes_3AL_599DA5365.3 AT4G21490.1 NAD(P)H dehydrogenase B3 [Source:TAIR;Acc:AT4G21490]  

Traes_3B_9FA95C4B9.1 AT4G21490.1 NAD(P)H dehydrogenase B3 [Source:TAIR;Acc:AT4G21490] 

Traes_3DL_19AC8A40A.1 AT4G21490.1 NAD(P)H dehydrogenase B3 [Source:TAIR;Acc:AT4G21490] 

Traes_2AL_141C6B5E4.1 ATMG01190.1 ATP synthase subunit 1 [Source:TAIR;Acc:ATMG01190] 

Traes_1AL_FBEE851D3.1 AT2G33040.1 delta subunit of Mt ATP synthase  

Traes_1BS_B47CA2FE6.1 AT2G33040.1 gamma subunit of Mt ATP synthase [Source:TAIR;Acc:AT2G33040] 

Traes_1DL_DA9B5CFC6.1 AT5G08670.1 ATP synthase alpha/beta family protein [Source:TAIR;Acc:AT5G08670] 

Traes_1AL_52E56C8D3.1 AT5G08670.1 ATP synthase alpha/beta family protein [Source:TAIR;Acc:AT5G08670] 

Traes_6DL_D4715B586.2 AT5G13450.1 delta subunit of Mt ATP synthase subunit 5 

Traes_2AL_CAE8D9D1C.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_5BS_CAE8D9D1C.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_3DS_3FBA0C935.1 ATMG01190.1 ATP synthase subunit 1 [Source:TAIR;Acc:ATMG01190] 

Traes_2AL_08822A7AE.1 AT5G47030.1 ATPase, F1 complex, delta/epsilon subunit [Source:TAIR;Acc:AT5G47030] 

Traes_6AS_A3A4E4DFC.1 AT4G30010.1 atp17 

Traes_6DS_B3EBAC01A.1 AT4G30010.1 atp17 

Traes_1AS_89C5D2845.1 AT3G46430.1 atp 6kd 

Traes_1BS_D3007A1BA.1 AT3G46430.1 atp 6kd 
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Traes_7AL_4EFFD9BDF.1 AT4G05020.2 NAD(P)H dehydrogenase B2 [Source:TAIR;Acc:AT4G05020] 

Traes_7DL_DB32ADFAE.1 AT4G05020.2 NAD(P)H dehydrogenase B2 [Source:TAIR;Acc:AT4G05020] 

Traes_7BS_19D02C8A4.1 AT5G08740.1 NAD(P)H dehydrogenase C1 [Source:TAIR;Acc:AT5G08740] 

Traes_7DS_B3EB32ED4.2 AT5G08740.1 NAD(P)H dehydrogenase C1 [Source:TAIR;Acc:AT5G08740] 

Traes_7AS_717C80845.1 AT5G08740.1 NAD(P)H dehydrogenase C1 [Source:TAIR;Acc:AT5G08740] 

Traes_6AL_6B6F3FA53.1 AT5G13450.1 delta subunit of Mt ATP synthase subunit 5 

Traes_2BS_DAF63D40E.1 AT5G47030.1 ATPase, F1 complex, delta/epsilon subunit [Source:TAIR;Acc:AT5G47030] 

Traes_3DL_CB9CA6DF6.1 AT5G08670.1 ATP synthase alpha/beta family protein [Source:TAIR;Acc:AT5G08670] 

Traes_5DS_2A84389FB.1 ATMG01190.1 ATP synthase subunit 1 [Source:TAIR;Acc:ATMG01190] 

Traes_2DS_647E76847.1 ATMG01190.1 ATP synthase subunit 1 [Source:TAIR;Acc:ATMG01190] 

Traes_2DS_175B8E8AC.1 AT2G07698.1 ATPase, F1 complex, alpha subunit protein [Source:TAIR;Acc:AT2G07698] 

Traes_2AL_84A07997A.1 AT2G07698.1 ATPase, F1 complex, alpha subunit protein [Source:TAIR;Acc:AT2G07698] 

Traes_7DS_A0EF5AE85.2 AT2G07698.1 ATPase, F1 complex, alpha subunit protein [Source:TAIR;Acc:AT2G07698] 

Traes_3AL_148573198.1 AT2G07698.1 ATPase, F1 complex, alpha subunit protein [Source:TAIR;Acc:AT2G07698] 

Traes_3AL_F067BB20E.1 AT1G07180.1 alternative  NAD(P)H dehydrogenase 1 [Source:TAIR;Acc:AT1G07180] 

Traes_2BL_3EA134280.1 ATMG00640.1 hydrogen ion transporting ATP synthases, rotational mechanism;zinc ion binding 

[Source:TAIR;Acc:ATMG00640] 

Traes_7AS_928423256.1 ATMG00640.1 hydrogen ion transporting ATP synthases, rotational mechanism;zinc ion binding 

[Source:TAIR;Acc:ATMG00640] 

Traes_7AS_87E166E51.1 ATMG00640.1 hydrogen ion transporting ATP synthases, rotational mechanism;zinc ion binding 
[Source:TAIR;Acc:ATMG00640] 

Traes_2DL_CFA5CC895.1 ATMG00640.1 hydrogen ion transporting ATP synthases, rotational mechanism;zinc ion binding 

[Source:TAIR;Acc:ATMG00640] 

Traes_6BL_ABB3BA783.1 AT5G13450.1 delta subunit of Mt ATP synthase subunit 5 

Traes_6BL_259A313161.1 AT2G34050.1 INVOLVED IN: protein complex assembly; LOCATED IN: mitochondrion, chloroplast; EXPRESSED IN: 19 
plant structures; EXPRESSED DURING: 9 growth stages; CONTAINS InterPro DOMAIN/s: ATP11  

Traes_3DL_9DFCC5F37.1 AT1G07180.1 alternative  NAD(P)H dehydrogenase 1 [Source:TAIR;Acc:AT1G07180] 

Traes_3B_C88E0154F.1 AT1G07180.1 alternative  NAD(P)H dehydrogenase 1 [Source:TAIR;Acc:AT1G07180] 

Traes_3DL_7554F8CB6.1 ATMG00640.1 hydrogen ion transporting ATP synthases, rotational mechanism;zinc ion binding 

[Source:TAIR;Acc:ATMG00640] 

Traes_3DL_7554F8CB61.1 ATMG00640.1 hydrogen ion transporting ATP synthases, rotational mechanism;zinc ion binding 
[Source:TAIR;Acc:ATMG00640] 

Traes_2BL_C2483B551.1 ATMG00640.1 hydrogen ion transporting ATP synthases, rotational mechanism;zinc ion binding  

Traes_7AS_6FC84F1CB.1 ATMG00640.1 hydrogen ion transporting ATP synthases, rotational mechanism;zinc ion binding 
[Source:TAIR;Acc:ATMG00640] 

Traes_7BL_0D3422654.1 AT4G05020.2 NAD(P)H dehydrogenase B2 [Source:TAIR;Acc:AT4G05020] 

Traes_7DL_67FC5F6F5.1 ATMG01190.1 ATP synthase subunit 1 [Source:TAIR;Acc:ATMG01190] 

Traes_7DL_67FC5F6F51.1 ATMG01190.1 ATP synthase subunit 1 [Source:TAIR;Acc:ATMG01190] 

Traes_6DL_4B727D3E7.2 AT2G34050.1 INVOLVED IN: protein complex assembly; LOCATED IN: mitochondrion,  

Traes_7BL_B0D4E239A.1 ATMG01190.1 ATP synthase subunit 1 [Source:TAIR;Acc:ATMG01190] 

Traes_3AL_1F6FFB489.1 AT2G07698.1 ATPase, F1 complex, alpha subunit protein [Source:TAIR;Acc:AT2G07698] 

Traes_3DS_75E0846BF.1 ATMG01190.1 ATP synthase subunit 1 [Source:TAIR;Acc:ATMG01190] 

Traes_5DS_1B7095A58.1 ATMG00640.1 hydrogen ion transporting ATP synthases, rotational mechanism;zinc ion binding 
[Source:TAIR;Acc:ATMG00640] 
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Traes_5DS_1980AE948.1 ATMG00640.1 hydrogen ion transporting ATP synthases, rotational mechanism;zinc ion binding  

Traes_6AS_E183743F7.1 AT5G08680.1 ATP synthase alpha/beta family protein [Source:TAIR;Acc:AT5G08680] 

Traes_5BS_EC0763430.2 AT1G51650.1 ATP synthase epsilon chain, mitochondrial [Source:TAIR;Acc:AT1G51650] 

Traes_5AS_7136914F8.2 AT1G51650.1 ATP synthase epsilon chain, mitochondrial [Source:TAIR;Acc:AT1G51650] 

Traes_1DS_2951907E6.2 AT2G33040.1 gamma subunit of Mt ATP synthase [Source:TAIR;Acc:AT2G33040] 

Traes_6AS_F7DBF82C6.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_1DS_C7980E58D.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_2AS_C7980E58D.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_4BL_77998D09E.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_4BL_7E85D3810.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_1DL_B280DF2FC.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_1BL_1ED100A58.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_7DS_97B8B18A2.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_5DS_2D0C35E12.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_6AS_E165AE6C0.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_3B_E165AE6C0.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_2BS_213CE374D.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_7AS_DB9BDFB2A.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_4BL_D1FB25533.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_5AL_99AA6822C1.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_5AL_99AA6822C.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_1DS_362FB7223.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_2AS_362FB7223.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_6AS_362FB7223.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_2DS_2ED356E6B.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_2DS_399FF8FEB.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_4BS_362FB7223.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_3DS_383C767BB.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_6AL_777F611ED.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_1DS_C49F67691.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_1DS_6F8E6B9B6.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_1BS_C49F67691.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_2AS_C49F67691.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_1BS_6F8E6B9B6.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_2AS_EA4CAC33F.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_6AS_C49F67691.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_3AL_6F8E6B9B6.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_3B_68698C668.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_3AL_A526CA5C2.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_7AL_A526CA5C2.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_6DL_A526CA5C2.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_6BS_A526CA5C2.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_1AS_A526CA5C2.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_6AL_A526CA5C2.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 
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Traes_5AS_895D97F6E.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_1BS_A526CA5C2.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_1AL_A8291729B.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_5DL_500B8C2C6.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_1AL_3F845389A.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_5BL_822E93154.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_4AL_FC15AC3B5.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_6DS_F645BCBAF.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_2AL_A313D8886.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_7DL_E300A06A8.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_2AL_F875E3064.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_3DL_3C6983C57.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_4AS_6E64F9249.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_2BL_F7BF55F04.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

Traes_2BL_D2E3F5D0E.1 ATMG00480.1 Plant mitochondrial ATPase, F0 complex, subunit 8 protein [Source:TAIR;Acc:ATMG00480] 

      Key   
a  Accession ID Gene Index Number of matched sequence  
b  Ortholge ID Genbank Number of matched sequence in Arabidopsis thaliana  
c  Orthologe describtion Description of the functional protein matched sequence in Arabidopsis thaliana 
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Supplementary Table 2. Specifications of peptide SRM transitions for wheat mitochondrial proteins in isolated mitochondrial analysis. 

Specifications of obtained peptide SRM transitions for wheat mitochondrial proteins from isolated mitochonsrial samples. 

ETC Components             

Accession IDa Pr nameb Sequencec SRM 

Pre 

m/zd 

SRM 

Pre 

ze 

SRM 

Pro 1 

m/z 

Qnf 

SRM 

Pro 1 

ion 

Qng 

RTh CEi SRM 

Pro 2 

m/z 

Qlj 

SRM 

Pro 

2 

Ion 

Qlk 

SRM 

Pro 

3 

m/z 

Qll 

SRM 

Pro 

3 

ion 

Qlm 

Traes_7DL_742035D51.1 13kDa_ NADH-ubiquinone oxidoreductase- AVGAAAVVGSHTAK 413.57 3 692.36 y7 11.2 16.5 600.31 y6 160.103 y3 

Traes_6AL_BCFC7E2BE1.1 B12_NADH dehydrogenase GLNATGEFFR 556.28 2 941.45 Y8 11.8 19.5 756.37 Y6 655.32 Y5 

Traes_4BL_3EFFEDE44.1 B13_NADH-ubiquinone oxidoreductase-related  ETTGIVGLDVVPEAR 778.42 2 1054.59 y10 13.02 26.2 955.52 y9 785.42 y7 

Traes_4BL_3EFFEDE44.1 B13_NADH-ubiquinone oxidoreductase-related  SDPALQGDSPPQVK 719.86 2 827.43 y8 9.36 24.5 568.35 y5 618.83 y12 

Traes_2BS_F47964983.1 CA2 gamma carbonic anhydrase 2 LGSTIQGGLR 501.29 2 643.39 y6 10.71 17.8 530.30 y5 402.25 y4 

Traes_6AS_F60EAE1C6.2 CAL2 gamma carbonic anhydrase-like 2  IPTGELWAGNPAR 691.36 2 884.47 y8 11.71 23.6 771.39 y7 585.31 y6 

Traes_2AL_CF045E2E2.1 NADH dehydrogenase S 7  LVDIGTVTAQQAK 672.38 2 903.49 y9 10.69 23 646.35 y6 346.21 y3 

Traes_2BL_F9BD2B7C8.1 NADH-ubiquinone oxidoreductase B8 S, putative  NPTLPVLIR 511.82 2 811.54 y7 12.78 18.1 710.49 y6 597.41 y5 

Traes_5AL_7158765BC.1 TYKY-2 Alpha-helical ferredoxin  DWSAVFER 505.24 2 708.37 y6 8.5 17.9 621.34 y5 550.30 y4 

Traes_5AL_7158765BC.1 TYKY-2 Alpha-helical ferredoxin  YDTGEER 435.19 2 591.27 y5 5.78 15.8 490.23 y4 217.11 y3 

Traes_7DS_163CB79F2.1 CA1 gamma carbonic anhydrase 1  AHAVENAKPLEK 436.24 3 799.47 y7 6.52 17.4 486.29 y4 514.29 y9 

Traes_3AS_5691535B4.1 CA1 gamma carbonic anhydrase 1  EVPPELAPPSPTPAQ 765.40 2 794.40 y8 7.41 25.9 513.27 y5 315.17 y3 

Traes_7BS_A2AD63659.1 CA1 gamma carbonic anhydrase 1  GDANNVQVGSGTNIQD 808.40 3 553.35 y5 6.3 33.2 454.28 y4 813.42 y16 

Traes_4BL_13B3CC649.2 NADH-ubiquinone oxidoreductase B18 S, putative  GSVTIGVPLAPSTAK 699.40 2 940.55 y10 7.84 23.8 784.46 y8 503.28 y5 

Traes_6AL_BD395873C.2 39 KD NAD(P)-binding Rossmann-fold superfamily Pr  FQPVYVVDVAAAIVNS 645.03 3 886.54 y9 16.83 26.3 744.46 y7 673.42 y6 

Traes_6BL_308212099.1 39 KD NAD(P)-binding Rossmann-fold superfamily Pr  SNVVINLIGR 542.83 2 784.50 y7 8.4 19.1 685.44 y6 572.35 y5 

Traes_2AS_E457DA21E.2 B14_LYR family of Fe/S cluster biogenesis Pr  ASISQQIR 451.76 2 744.44 y6 6.49 16.3 631.35 y5 544.32 y4 

Traes_2BS_06EB5EB341.3 B14_LYR family of Fe/S cluster biogenesis Pr GLVQDLEK 451.25 2 731.39 y6 6.51 16.3 632.32 y5 504.27 y4 

Traes_2DS_18C7044FA1.1 B14_LYR family of Fe/S cluster biogenesis Pr  HHIIGQYVVGHK 463.26 3 539.33 y5 6.2 18.6 440.26 y4 341.19 y3 

Traes_2AS_E457DA21E.2 B14_LYR family of Fe/S cluster biogenesis Pr  VFDFFR 415.71 2 584.28 y4 9.21 15.2 235.13 y3   

Traes_1AL_5649DA7B9.2  PDSW-1 Complex I S NDUFS6  HLVDQYLESTR 680.85 2 1110.54 y9 6.26 23.3 1011.47 y8 896.45 y7 

Traes_1BL_B60A108BD.2  PDSW-1 Complex I S NDUFS6  IEGVNHHQK 531.28 2 819.42 y7 16.74 18.7 412.23 y3 410.21 y7 

Traes_6AS_0E1CF2A88.2 CAL2 gamma carbonic anhydrase-like 2  QLVPLGQWLPK 639.88 2 1037.61 y9 5.81 22 469.78 y8 1037.61 y9 

Traes_7AS_D744F246D.1 15KDa NADH-ubiquinone oxidoreductase-related  EEAEGAPAVAAHH 430.20 3 534.28 y5 6.94 17.2 435.21 y4 364.17 y3 

Traes_1AL_59BADC478.1 NADH-ubiquinone oxidoreductase 24 kDa S, putative VNEILSHYPSNYK 521.93 3 908.43 y7 5.49 21.1 608.30 y5 498.23 y8 

Traes_7AL_4EFFD9BDF.1 NAD(P)H dehydrogenase B2 ASLPYLNEEER 660.83 2 1049.49 y8 6.97 22.7 789.37 y6 525.25 y8 

Traes_7AL_4EFFD9BDF.1 NAD(P)H dehydrogenase B2  EIQDILEDIYVR 753.40 2 907.49 y7 7.95 25.5 794.40 y6 550.33 y4 

Traes_3AL_599DA5365.3 NAD(P)H dehydrogenase B3  ALAQVDSQVK 529.80 2 874.46 y8 6.94 18.7 675.37 y6 461.27 y4 

Traes_3AL_599DA5365.3 NAD(P)H dehydrogenase B3  ITNFAEDK 469.23 2 723.33 y6 7.73 16.8 609.29 y5 391.18 y3 

Traes_2AS_53250F380.1 51 kDa S of complex I GEYVNER 433.70 2 680.34 y5 5.68 15.7 517.27 y4 418.20 y3 

Traes_2AS_53250F380.1 51 kDa S of complex I GPEWFASFGR 577.27 2 870.43 y7 6.24 20.1 684.35 y6 537.28 y5 

Traes_2BS_E35529023.1 51 kDa S of complex I IFTNLYGLHDPFLK 559.97 3 504.32 y4 8.8 22.7 204.14 y3   

Traes_2AS_53250F380.1 51 kDa S of complex I LSYFYK 410.72 2 620.31 y4 6.23 15 457.24 y3 310.66 y4 

Traes_2BS_E35529023.1 51 kDa S of complex I STDVVDAIAR 523.78 2 858.47 y8 6.27 18.5 644.37 y6 545.30 y5 
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Traes_7AS_717C80845.1 NAD(P)H dehydrogenase C1  GQVETEETLQVK 680.85 2 1076.55 y9 14.84 23.3 947.50 y8 588.37 y5 

             Traes_7BS_19D02C8A4.1 NAD(P)H dehydrogenase C1  LQPPDAPYVIPLNGR 825.45 2 1028.59 y9 8.61 27.7 556.32 y5   

Traes_7AL_DAFFC4DDC.1 NADH dehydrogenase 1A  EPISPSSANFFLFR 806.41 2 1185.61 y10 7.33 27.1 1001.52 y8 593.31 y10 

Traes_7AL_DAFFC4DDC.1 NADH dehydrogenase 1A  GPDVVGSFGLLQPLAD
GLK 

942.02 2 1124.67 y11 12.56 31.2 713.42 y7   

Traes_2AS_7B0F31404.1 18KDa_NUYM_NADH-ubiquinone oxidoreductase-

related  

TYAENFK 436.71 2 608.30 y5 6 15.8 537.27 y4 408.22 y3 

Traes_2BS_3425A3A75.1 18KDa_NUYM_NADH-ubiquinone oxidoreductase-rel VLIYSPAR 459.77 2 706.39 y6 6.07 16.5 593.30 y5 430.24 y4 

Traes_5BL_25853B117.1 Succinate dehydrogenase 1-1  AFGGQSLDFGK 563.78 2 908.45 y9 11.22 19.7 466.23 y4 426.22 y8 

Traes_5BL_25853B117.1 Succinate dehydrogenase 1-1  TIAWLDK 423.74 2 632.34 y5 11.55 15.4 561.30 y4 375.22 y3 

Traes_7AL_0B424865F.2 SDH6 Uncharacterized Pr   FALGGALAGAAHLGG

VAFK 

576.66 3 1098.61 y12 6.78 23.4 578.33 y6   

Traes_7AL_0B424865F.2 SDH6 Uncharacterized Pr   FIYWWEDK 593.78 2 926.40 y6 6.44 20.6 763.34 y5 577.26 y4 

Traes_7DL_84AA2A336.2 SDH6 Uncharacterized Pr   NFAFLDYFK 582.79 2 903.46 y7 6.04 20.3 572.27 y4 457.24 y3 

Traes_7DL_84AA2A336.2 SDH6 Uncharacterized Pr   WSDADVEEFIASDPVY

GPQLK 

789.38 3 901.51 y8 5.5 32.4 705.39 y6 542.33 y5 

Traes_7DS_EA4BE82FD.1 Succinate dehydrogenase 5  AGQEALENVFR 617.31 2 777.43 y6 7.67 21.3 664.34 y5 535.30 y4 

Traes_4AL_47508632A.1 Succinate dehydrogenase 5  HLPAISDPK 489.27 2 727.40 y7 5.88 17.4 559.31 y5 223.62 y4 

Traes_5DL_885A58CBA.3 Succinate dehydrogenase 2-3  DLVVDLTNFYQQYK 873.44 2 1319.63 y10 15.27 29.1 1091.52 y8   

Traes_5DL_885A58CBA.3 Succinate dehydrogenase 2-3  SLDPATAISALK 593.84 2 871.52 y9 6.42 20.6 703.43 y7   

Traes_5AL_51BC20B3D.1 Cytochrome bd ubiquinol oxidase, 14kDa S  ALGALPLYER 551.82 2 918.50 y8 12.18 19.3 790.45 y6 677.36 y5 

Traes_2AL_6EA83C2B5.1 UCR1_Ubiquinol-cytochrome C reductase iron-sulfur S LANSVDVASLR 572.82 2 846.47 y8 10.55 20 660.37 y6 545.34 y5 

Traes_1AL_45A9AD1EA.1 CYTOCHROME C-1  and C-2 ADLIAYLK 453.77 2 607.38 y5 8.5 16.3 494.30 y4 423.26 y3 

Traes_1AL_45A9AD1EA.1 CYTOCHROME C-1  QGPNLHGLFGR 598.32 2 686.37 y6 7.32 20.8 549.31 y5 379.21 y3 

Traes_1AL_999A02D6C.1 ubiquinol-cytochrome C reductase UQCRX/QCR9-like 
family Pr  

LVDYGVNK 454.25 2 695.34 y6 6.1 16.4 580.31 y5 360.22 y3 

Traes_1AL_999A02D6C.1 ubiquinol-cytochrome C reductase UQCRX/QCR9-like 
family Pr  

YQDISVLGQRPVEE 816.92 2 1113.59 y10 7.29 27.4 927.49 y8 814.41 y7 

Traes_6BL_C8AA0DE94.1 UCR1_Ubiquinol-cytochrome C reductase iron-sulfur S AFAYFVLSGGR 594.31 2 969.52 y9 9.39 20.6 898.48 y8 735.41 y7 

Traes_6BL_C8AA0DE94.1 UCR1_Ubiquinol-cytochrome C reductase iron-sulfur S  FVYASLLR 484.78 2 722.42 y6 8.39 17.3 559.36 y5 488.32 y4 

Traes_7AS_518C8E30A.1 cyc1_2Cytochrome C1 family  DLVGVAYTEEETK 727.36 2 1126.53 y10 7.04 24.7 970.44 y8 899.40 y7 

Traes_2AS_21A2B9ABD.2 Cytochrome C oxidase 6B  EVPVEKPAEEK 418.89 3 929.49 y8 10.31 16.7 573.29 y5 465.25 y8 

Traes_2BS_B529429A3.1 Cytochrome C oxidase 6B  VPTLAEEYSLPPK 722.39 2 1146.60 y10 11.73 24.5 833.44 y7 341.22 y3 

Traes_4AL_90736C93B.2 Cox X2 FQAWPR 402.71 2 529.29 y4 6.1 14.8 458.25 y3 265.15 y4 

Traes_7DS_F30BDE73D.1 Cox X2 IFGGTIPGTVSDK 646.35 2 1031.54 y11 7.25 22.2 703.36 y7 349.17 y3 

Traes_7DS_F30BDE73D.1 Cox X2 QNFIVK 374.72 2 506.33 y4 7.08 13.9 359.27 y3 253.67 y4 

Traes_5DS_3E7B0E92F1.1 Cytochrome c oxidase S Vc family Pr VAHATLK 370.23 2 569.34 y5 5.73 13.8 361.24 y3 285.17 y5 

Traes_2BS_7752691A7.1 Cox X1 GWVVDHK 420.72 2 597.34 y5 7.11 15.3 498.27 y4 399.20 y3 
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Traes_1DL_DA9B5CFC6.1 ATP synthase alpha/beta family Pr  AHGGFSVFAGVGER 464.23 3 588.31 y6 11.67 18.6 517.27 y5 361.18 y3 

Traes_1DL_DA9B5CFC6.1 ATP synthase alpha/beta family Pr  DAEGQDVLLFIDNIFR 622.32 3 664.34 y5 19.81 25.3     

Traes_3DL_CB9CA6DF6.1 ATP synthase alpha/beta family Pr  EGNDLYR 433.70 2 451.27 y3 9.66 15.7     

Traes_1DL_DA9B5CFC6.1 ATP synthase alpha/beta family Pr  EGVQSFQGVLDGK 682.35 2 950.49 y9 11.82 23.3 863.46 y8 432.25 y4 

Traes_3B_EC2EA9E46.1 ATP synthase alpha/beta family Pr  IGLFGGAGVGK 488.28 2 692.37 y8 11.93 17.4 545.30 y7 360.22 y4 

Traes_3DL_CB9CA6DF6.1 ATP synthase alpha/beta family Pr  IINVIGEPIDHK 674.39 2 908.48 y8 11.07 23.1 795.40 y7 609.34 y5 

Traes_3DL_CB9CA6DF6.1 ATP synthase alpha/beta family Pr  IPSAVGYQPTLATDLGG

LQER 

729.39 3 988.51 y9 13.32 29.8 772.43 y7 659.35 y6 

Traes_1DL_DA9B5CFC6.1 ATP synthase alpha/beta family Pr  QISELGIYPAVDPLDSTS

R 

1031.0

3 

2 1320.64 y12 14.19 34 1157.58 y11 775.39 y7 

Traes_1AL_52E56C8D3.1 ATP synthase alpha/beta family Pr  THDFLPIHR 379.21 3 522.31 y4 9.98 15 425.26 y3 391.74 y6 

Traes_1AL_52E56C8D3.1 ATP synthase alpha/beta family Pr  VGLTGLTVAEHFR 700.39 2 859.44 y7 12.28 23.9     

Traes_1DL_DA9B5CFC6.1 ATP synthase alpha/beta family Pr  VVDLLAPYQR 587.33 2 975.53 y8 12.44 20.4 634.33 y5 563.29 y4 

Traes_3B_EC2EA9E46.1 ATP synthase alpha/beta family Pr  EAPAFVEQATEQQILVT 724.72 3 630.42 y6 13.95 29.6 418.27 y4 315.71 y6 

Traes_3B_EC2EA9E46.1 ATP synthase alpha/beta family Pr  FDEGLPPILTALEVLDN

SIR 

738.07 3 945.50 y8 9.88 30.2 604.30 y5 489.28 y4 

Traes_3B_EC2EA9E46.1 ATP synthase alpha/beta family Pr  LVLEVAQHLGENVVR 838.48 2 1051.56 y9 12.88 28.1 923.51 y8 673.36 y6 

Traes_3B_EC2EA9E46.1 ATP synthase alpha/beta family Pr  TIAMDGTEGLVR 639.82 2 846.43 y8 9.88 22 731.40 y7 444.29 y4 

Traes_3B_EC2EA9E46.1 ATP synthase alpha/beta family Pr VLNTGSPITVPVGR 705.41 2 982.57 y10 11.68 24 838.51 y8 428.26 y4 

Traes_3DS_3FBA0C935.1 ATP synthase S 1  AAELTTLLESR 602.33 2 819.46 y7 12.65 20.9 718.41 y6 504.28 y4 

Traes_6BL_EA631BFB4.1 ATP synthase S 1  AILSTINPELQK 663.89 2 1029.56 y9 11.79 22.8 728.39 y6 614.35 y5 

Traes_7BL_B0D4E239A.1 ATP synthase S 1  EVAAFAQFGSDLDAAT
QALLNR 

770.06 3 1072.57 y10 18.17 31.5 886.51 y8 515.33 y4 

Traes_7DL_67FC5F6F5.1 ATP synthase S 1  GIRPAINVGLSVSR 480.29 3 618.36 y6 11.38 19.3 561.34 y5 448.25 y4 

Traes_7DS_A0EF5AE85.2 ATP synthase S 1  TAIAIDTILNQK 650.88 2 831.46 y7 13.15 22.4 502.30 y4   

Traes_2AL_141C6B5E4.1 ATP synthase S 1  VVSVGDGIAR 486.78 2 774.41 y8 9.62 17.4 588.31 y6 416.26 y4 

Traes_3AL_148573198.1 ATPase, F1 complex, alpha S Pr  QPQYEPLPIEK 671.36 2 988.53 y8 11.06 23 696.43 y6 486.29 y4 

Traes_5DS_2A84389FB.1 ATPase, F1 complex, alpha S Pr  VVDALGVPIDGK 591.84 2 685.39 y7 11.83 20.6 529.30 y5 319.16 y3 

Traes_1AL_FBEE851D3.1  ATP synthase delta S VGQLDSYEIEGGETK 812.89 2 1227.54 y11 10.32 27.3 620.29 y6 491.25 y5 

Traes_6DL_D4715B586.2  ATP synthase delta S VESEILDVVGAAK 665.37 2 1101.62 y11 12.75 22.8 346.21 y4 330.19 y7 

Traes_6AL_6B6F3FA53.1  ATP synthase delta S VESEILDVVGASK 673.36 2 788.45 y8 12.37 23 675.37 y7 362.20 y4 

Traes_1AL_3F845389A.1 ATPase, F0 complex S 8 ITLISDFGEISGSR 747.89 2 1167.56 y11 13.76 25.3 1054.48 y10 967.45 y9 

Traes_1AS_89C5D2845.1 ATP Synthase S 6KD FVQAHK 365.21 2 483.27 y4 13.29 13.6 355.21 y3 242.14 y4 

Traes_6AS_A3A4E4DFC.1 ATP Synthase S f atp17 ALYNEIR 439.74 2 694.35 y5 5.8 15.9 531.29 y4 347.68 y5 

Traes_6DS_B3EBAC01A.1 ATP Synthase S f atp17 EVPAYLKPR 536.81 2 844.50 y7 5.85 18.9 200.64 y3   

Traes_1AL_A8291729B.1 ATPase, F0 complex S 8 NQLLSHR 434.24 2 625.38 y5 6.52 15.8 512.29 y4 399.21 y3 

Traes_1AL_A8291729B.1 ATPase, F0 complex S 8 QILYLISK 489.31 2 736.46 y6 8.1 17.4 460.31 y4 347.23 y3 

Traes_2BL_3EA134280.1 hydrogen ion transporting ATP synthases, rotational 

mechanism;zinc ion binding  

ASTIDLIR 444.76 2 629.40 y5 6.65 16.1 516.31 y4 401.29 y3 
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Traes_2BL_3EA134280.1 ATP synthases hydrogen ion transporting , zinc ion bi  EGLIVLR 400.26 2 613.44 y5 7.31 14.7 500.36 y4 387.27 y3 

Traes_2DL_CFA5CC895.1 ATP synthases hydrogen ion transporting , zinc ion bin FVSGSTFK 436.73 2 626.31 y6 5.36 15.8 482.26 y4 395.23 y3 

Traes_3DL_7554F8CB6.1 ATP synthases hydrogen ion transporting , zinc ion 

binding  

ICSTVVESLPTAR 716.88 2 872.48 y8 7.04 24.4 773.42 y7 444.26 y4 

Traes_3DL_7554F8CB6.1 ATP synthases hydrogen ion transporting , zinc ion 
binding  

LQDDIVTGFHFSVSER 617.31 3 1166.56 y10 9.36 25.1 577.29 y5 583.78 y10 

Traes_5DS_1980AE948.1 ATP synthases hydrogen ion transporting , zinc ion bin TVQALLCR 480.77 2 760.41 y6 6.2 17.2 632.35 y5 561.32 y4 

                          Key             
a   Accession ID Gene Index Number of matched sequence            
b   Pr name Pr name of matched sequence             
c  Sequence Sequence matched with Pr name and accession ID            
d  SRM Pre m/z SRM  precursor m/z             
e  SRM Pre z SRM  precursor z (charge)            
f  SRM Pro 1 m/z (Qn) SRM product 1 m/z             
g  SRM Pro 1 ion (Qn)  SRM product 1 ion            
h  RT (minutes) Retention time (Minute)            
i  CE Collision Energy            
j  SRM Pro 2 m/z (Ql) SRM product 2 m/z (mass-to-charge ratio)            
k  SRM Pro 2 ion (Ql)  SRM product 2 ion            
l  SRM Pro 3 m/z (Ql) SRM product 3 m/z (mass-to-charge ratio)            
m  SRM Pro 3 ion (Ql)  SRM product 3 ion            

             Abbreviations             

m/z: mass-to-charge ratio             

CE: Collision energy             

Qn: Quantifier             

Ql: Qualifier             

S: subunit             

Pr: protein             
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Supplementary Table 3. Specifications of peptide SRM transitions for wheat mitochondrial proteins in whole leaf tissue analysis. Specifications 

of obtained peptide SRM transitions for wheat mitochondrial proteins from whole leaf tissue samples. 
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Traes_1DL_DA9B5CFC6.1 ATP synthase alpha/beta family Pr EGVQSFQGVLDGK 682.35 2 950.49 y9 11.82 23.3 863.46 y8 432.25 y4 

Traes_3DL_CB9CA6DF6.1 ATP synthase alpha/beta family Pr IPSAVGYQPTLATDLGGLQER 729.39 3 988.51 y9 13.32 29.8 772.43 y7 659.35 y6 

Traes_1DL_DA9B5CFC6.1 ATP synthase alpha/beta family Pr QISELGIYPAVDPLDSTSR 1031.03 2 1320.64 y12 14.19 34 1157.58 y11 775.39 y7 

Traes_1AL_52E56C8D3.1 ATP synthase alpha/beta family Pr THDFLPIHR 379.21 3 522.31 y4 9.98 15 425.26 y3 391.74 y6 

Traes_1DL_DA9B5CFC6.1 ATP synthase alpha/beta family Pr  AHGGFSVFAGVGER 464.23 3 588.31 y6 11.67 18.6 517.27 y5 361.18 y3 

Traes_1DL_DA9B5CFC6.1 ATP synthase alpha/beta family Pr  EGNDLYR 433.70 2 451.27 y3 9.66 15.7 566.22 y2 660.33 y5 

Traes_1DL_DA9B5CFC6.1 ATP synthase alpha/beta family Pr  FTQANSEVSALLGR 746.89 2 1116.60 y11 12.39 25.3 1045.56 y10 616.38 y6 

Traes_3B_EC2EA9E46.1 ATP synthase alpha/beta family Pr  IGLFGGAGVGK 488.28 2 692.37 y8 11.93 17.4 545.30 y7 360.22 y4 

Traes_3DL_CB9CA6DF6.1 ATP synthase alpha/beta family Pr  IINVIGEPIDHK 674.39 2 908.48 y8 11.07 23.1 795.40 y7 609.34 y5 

Traes_1AL_52E56C8D3.1 ATP synthase alpha/beta family Pr  VGLTGLTVAEHFR 700.39 2 859.44 y7 12.28 23.9   
 

 

Traes_3B_EC2EA9E46.1 ATP synthase alpha/beta family Pr  VLNTGSPITVPVGR 705.41 2 982.57 y10 11.68 24 838.51 y8 428.26 y4 

Traes_3B_EC2EA9E46.1 ATP synthase alpha/beta family Pr  VVDLLAPYQR 587.33 2 975.53 y8 12.44 20.4 634.33 y5 563.29 y4 

Traes_3DS_3FBA0C935.1 ATP synthase S 1 AAELTTLLESR 602.33 2 819.46 y7 12.65 20.9 718.41 y6 504.28 y4 

Traes_6BL_EA631BFB4.1 ATP synthase S 1 AILSTINPELQK 663.89 2 1029.56 y9 11.79 22.8 728.39 y6 614.35 y5 

Traes_7DS_A0EF5AE85.2 ATP synthase S 1 TAIAIDTILNQK 650.88 2 831.46 y7 13.15 22.4 502.30 y4 
 

 

Traes_2AL_141C6B5E4.1 ATP synthase S 1  AVDSLVPIGR 513.80 2 856.49 y8 11.56 18.2 541.35 y5 442.28 y4 

Traes_2AL_141C6B5E4.1 ATP synthase S 1  ELIIGDR 408.23 2 573.34 y5 10.09 15 460.25 y4 347.17 y3 

Traes_2AL_141C6B5E4.1 ATP synthase S 1  GIRPAINVGLSVSR 480.29 3 618.36 y6 11.38 19.3 561.34 y5 448.25 y4 

Traes_2AL_84A07997A.1 ATP synthase S 1  TGSIVDVPAGK 522.29 2 885.50 y9 9.76 18.4 685.39 y7 586.32 y6 

Traes_2AL_CAE8D9D1C.1 ATPase, F0 complex, S 8 Pr  ITLISDFGEISGSR 747.89 2 1054.48 y10 13.76 25.3 967.45 y9 1167.56 y11 

Traes_3AL_148573198.1 ATPase, F1 complex, alpha S Pr QPQYEPLPIEK 671.36 2 988.53 y8 11.06 23 696.43 y6 486.29 y4 

Traes_3AL_1F6FFB489.1 ATPase, F1 complex, alpha S Pr  EVAAFAQFGSDLDAATQALLNR 770.06 3 1072.57 y10 18.17 31.5 886.51 y8 515.33 y4 

Traes_5DS_2A84389FB.1 ATPase, F1 complex, alpha S Pr  VVDALGVPIDGK 591.84 2 685.39 y7 11.83 20.6 529.30 y5 319.16 y3 

Traes_2AL_08822A7AE.1 ATPase, F1 complex, delta/epsilon S  LTVNFVLPYK 597.35 2 520.31 y4 12.9 20.7 407.23 y3 260.66 y4 

Traes_6AL_BCFC7E2BE1.1 B12_NADH dehydrogenase (ubiquinone)s GLNATGEFFR 556.28 2 941.45 y8 11.88 19.5 756.37 y6 655.32 y5 

Traes_4AS_F08302684.1 B13_NADH-ubiquinone oxidoreductase-related SDPALQGDSPPQVK 719.86 2 827.43 y8 9.36 24.5 568.35 y5 618.83 y12 

Traes_6AS_F60EAE1C6.2 CAL2 gamma carbonic anhydrase-like 2  IPTGELWAGNPAR 691.36 2 884.47 y8 11.71 23.6 771.39 y7 585.31 y6 

Traes_3AL_2849F0EF2.2 Cytochrome c oxidase, S Vb EAPAVIESYFDK 684.84 2 901.43 y7 12.96 23.4 572.27 y4 584.80 y10 

Traes_3B_B1F78C161.1 Cytochrome c oxidase, S Vb EELEAELQGK 573.29 2 887.48 y8 10.03 20 645.36 y6 332.19 y3 

Traes_2AL_79FAAA6E1.2 NADH-ubiquinone oxidoreductase B8 S,  NPTLPVLIR 511.82 2 811.54 y7 12.78 18.1 710.49 y6 597.41 y5 

Traes_5BL_25853B117.1 Succinate dehydrogenase 1-1 HSLGYWEDEK 632.29 2 1039.47 y8 11.04 21.8 706.30 y5 391.18 y3 

Traes_5DL_FB06824E1.1 succinate dehydrogenase 1-1  TIAWLDK 423.74 2 632.34 y5 11.55 15.4 561.30 y4 375.22 y3 

Traes_2AL_6EA83C2B5.1 UCR1_Ubiquinol-cytochrome C  

reductase iron-sulfur S  

LANSVDVASLR 572.82 2 846.47 y8 10.55 20 660.37 y6 
545.34 

y5 
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Key           
 

 

a   Accession ID Gene Index Number of matched sequence         
 

 

b   Pr name Pr name of matched sequence          
 

 

c  Sequence Sequence matched with Pr name and accession ID        
 

 

d  SRM Pre m/z SRM  precursor m/z           
 

 

e  SRM Pre z SRM  precursor z (charge)         
 

 

f  SRM Pro 1 m/z (Qn) SRM product 1 m/z           
 

 

g  SRM Pro 1 ion (Qn)  SRM product 1 ion          
 

 

h  RT (minutes) Retention time (Minute)         
 

 

i  CE Collision Energy          
 

 

j  SRM Pro 2 m/z (Ql) SRM product 2 m/z (mass-to-charge ratio)         
 

 

k  SRM Pro 2 ion (Ql)  SRM product 2 ion          
 

 

l  SRM Pro 3 m/z (Ql) SRM product 3 m/z (mass-to-charge ratio)         
 

 

m  SRM Pro 3 ion (Ql)  SRM product 3 ion          
 

 

           
 

 
Abbreviations           

 
 

m/z: mass-to-charge ratio           
 

 

CE: Collision energy           
 

 

Qn: Quantifier           
 

 

Ql: Qualifier           
 

 

S: S           
 

 

Pr: Pr           
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Foreword  

Chapter 2 showed that respiration has the capacity to acclimate to LT in pre-existing 

tissues in wheat plants. It took several days for maximal respiratory acclimation to be 

achieved under LT. Through investigating the mechanisms underlying LT-acclimation 

of respiration in wheat plants, it was confirmed that mitochondrial OXPHOS 

components did not significantly change in abundance relative to each other under LT-

acclimation. Further study showed minor changes in mitochondrial density/number over 

time, however this could not fully explain the degree or the timing of LT-acclimation of 

respiration in wheat plants. Hence the question “What drives respiratory acclimation 

under LT?" still remained unresolved. This chapter is focused on investigating the other 

probable driving forces of respiratory acclimation under LT in wheat plants, namely, the 

availability of respiratory substrates.  

The first question explored in this chapter was: which respiratory substrates vary in 

abundance during LT that could contribute to the respiration acclimation observed 

under LT in wheat plants? This was investigated through measurements of various 

respiratory substrates, including amino acids, TCA components/organic acids and 

carbohydrates, using GC-MS analyses. This experiment analysed substrate availability 

in LT-acclimated, non-acclimated, LT-developed and warm grown samples (Chapter 2, 

Figure 1). The experiments were performed in a time series to enable changes in 

respiration rate to be correlated with putative substrate abundances. These data provided 

an in depth insight into changes in respiratory substrates under various LT treatments. 

The latter section of this chapter followed up the correlation between substrates and 

respiratory rate which were raised after analysing the substrate availability dataset. The 

approach was to determine the instantaneous leaf respiration response to exogenous 

substrates in non-acclimated wheat plants that were placed at LT. From this I was able 

to determine if the key substrates that were induced during LT-acclimation could also 

drive respiration in non-acclimated wheat plants.  
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1. Introduction  

Mitochondrial respiration is the terminal catabolic pathway for carbohydrates, amino 

acids, organic acids and fatty acids. These macromolecules are eventually oxidised to 

produce ATP, the universal energy currency, which is indispensable for cellular 

maintenance, active transport, growth and development. These processes take place 

through three main metabolic pathways: glycolysis, the tricarboxylic acid (TCA) cycle 

and mitochondrial electron transport chain (Millar et al. 2011a; Steuer et al. 2007). 

While electron transport and the TCA cycle take place in mitochondria, glycolysis is a 

cytosolic located pathway. Glycolysis and the TCA cycle provide pathways for 

carbohydrates and organic acids to be consumed in mitochondria as respiratory 

substrates. However, there are also multiple entry points for different fatty acids and 

amino acids compounds to be used as respiratory substrates to liberate energy (Millar et 

al. 2011a; Steuer et al. 2007). This highlights the pivotal role of mitochondria in various 

cellular processes associated with carbon metabolism in plants (Jacoby et al. 2012; 

Nunes-Nesi et al. 2011). 

Respiration is a temperature-sensitive process and sub-optimal growth temperatures 

directly lead to changes in respiratory rates. Consequently the existing balance between 

mitochondrially-related anabolic and catabolic processes of the cell is affected 

following fluctuations in respiration rates upon low temperatures (LT) exposure. 

Nevertheless, in many plants, respiration tends to tolerate LT and acclimate, which has 

been observed as increases in respiratory rates in response to long-term LT exposure 

(Atkin and Tjoelker 2003; Ow et al. 2008; Searle et al. 2011).  

The mechanisms that facilitate LT-acclimation of respiration are not fully elucidated, 

however, there is an increasing body of evidence suggesting that changes in substrate 

availability may have an important role in respiratory LT-acclimation (Atkin and 

Tjoelker 2003; Atkin et al. 2005a; O'Grady et al. 2010). Changes in substrate 

availability under LT is thought to occur by two pathways; passive and active (Atkin et 

al. 2005a). The passive pathway occurs where LT restricts respiration rates and 

subsequently an accumulation of respiratory substrates is observed. For instance, it has 

been reported that compared to photosynthesis there is more severe inhibition of 

respiration under LT. This causes imbalances in source-sink relationship between 

photosynthesis and dark respiration (Klimov et al. 1999; Talts et al. 2004). In such 
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conditions, plant source capacity, photosynthesis, becomes prevailing whereas sink 

capacity, mitochondria, limiting, which results in an increase in respiratory substrates.  

On the other hand, the active pathway refers to a response to LT from the cell, and is 

correlated with changes in gene expression of the enzymes contributing to accumulation 

of substrates. For example, Cook et al. (2004) and Maruyama et al. (2009) demonstrated 

that LT induces a re-configuration in metabolic pathways in the cell and cause extensive 

changes in compounds including amino acids, carbohydrates and organic acids. They 

also showed that overexpression of the cold responsive COR genes, CBF3 and 

DREB1A, caused similar changes in metabolic processes in non-LT treated Arabidopsis 

plants. From this, they concluded that the Arabidopsis metabolome is comprehensively 

reconfigured in response to LT, and further studied how the COR gene pathway played 

a key role in this process. Similar results have also been reported in transgenic rice and 

apple (Laura et al. 2010; Mattana et al. 2005; Pasquali et al. 2008). 

Several studies have reported the accumulation of various sugars, amino acids and 

organic acids in plant species in response to LT (Benina et al. 2013; Bocian et al. 2015; 

Hurry et al. 1995; Kaplan 2004; Kaplan and Guy 2004). These changes are known to 

occur during acclimation with the physical properties of the molecules contributing to 

LT-tolerance. Various models have been proposed to describe the function of these 

accumulated metabolites, including their role as compatible solutes, osmolytes, 

antioxidants, protecting membranes and as energy sources (Angelcheva et al. 2014; Guy 

et al. 2008). Although most of these functions have been well investigated, the role of 

energy production during and after stress has not been explored in detail.  

The two main objectives of the current study were:  

(i) To determine the time-scale, extent and the pattern of changes in respiratory 

substrates in pre-existing and LT-developed leaf tissues in response to LT in 

wheat plants. This includes measuring changes in respiratory substrates 

under LT-shock, acclimation, LT recovery and in LT-developed plants.  

(ii) To investigate the putative role of various respiratory substrates in LT-

acclimation of respiration in wheat plants.  
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2. Materials and Methods 

2.1. Plant Material 

The aim of this study was to improve the understanding of putative changes in 

respiratory substrates availability in response to low temperature (LT) in wheat. 

Following discussions with Dr Ben Biddulph from The Department of Agriculture and 

Food in Western Australia (DAFWA), Triticum aestivum L. Calingiri, a moderately 

cold-tolerant Western Australian commercial wheat cultivar, was selected as the subject 

of this study. 

 

1.2. Growth Conditions  

Seeds were surface sterilised with 2% (v/v) sodium hypochlorite and placed on wet 

filter paper (Whatman) in petri dishes for 72 h in dark conditions at 23 °C. An 

appropriate soil mixture for the vigorous plant growth was optimised by determining the 

suitable proportion of different components. The soil mixture was composed of 

compost, soil and perlite, with the ratio of 4:4:1, respectively. Growth conditions were 

optimized in controlled plant growth rooms (Conviron, BDW80) with optimum 

temperature 23 °C, ~350 mol m
-2

 s
-1

 light, photoperiod of 16 h light/8 h dark and 60% 

relative humidity. Samples grown at 23 °C are referred to as warm grown (WG). 

 

2.3. Stress Treatment Conditions 

Unless it is stated otherwise, all the experimental material was harvested from soil 

grown plants at three-leaf stage (Zadoks Scale 13). Leaf number three was harvested for 

all the experiments purposes, representing the fully developed youngest leaf. Seedlings 

were exposed to temperature stress treatments, using a controlled plant growth room 

(BioChambers Bigfoot, GC-20BDAF-LT), using the same growth conditions except the 

temperature regime, which was shifted to constant 4 °C (LT). Recovery was conducted 

in the conditions the same as warm growth, as outlined above. 

 

2.4. Experimental Design 

For metabolome/substrate analyses four experiments were carried out: 

1. Measuring changes in substrate availability under warm conditions (23 °C). These 

experiments involved harvesting samples during 12 days of growth under warm 

growth conditions. Due to the fast growth rate of the plants at 23 °C, the youngest 

fully-developed leaf from top was harvested each day at the same time.  
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2. Measuring changes in substrate availability in pre-existing leaves under short-term 

LT (LT-shock). This experiment lasted for 12 h and harvesting samples was 

conducted at 0h of LT (WG 0 d) followed by 2, 4, 8 and 12 h (LT 2 h, LT 4 h, LT 8 

h and LT 12 h) 

3. Measuring changes in substrate availability in pre-existing leaves under long-term 

LT (LT-acclimation). This experiment lasted for 12 days and harvesting samples 

was conducted at 0 day of LT (WG 0 d) followed by harvest at day 1, 2, 3, 4, 5, 6, 

7, 8, 9, 10 and 12 (LT 1 d to LT 12 d). This is followed by recovery 

stage/deacclimation where respiration rate was measured in LT-acclimated leaves 

under recovery conditions. This experiment lasted for 2 days, divided into early-

recovery as 1, 4 and 8h of recovery (Rec 1 h, Rec 4 h and Rec 8 h) and late-

recovery as day 1 and 2 (Rec 1 d and Rec 2 d). 

4. Measuring changes in substrate availability in newly LT-developed leaves. Samples 

were harvested from the youngest fully-developed leaf (4
th

 leaf) of seedlings 

exposed to LT for four weeks (LT 4 w). 

 

2.5. GC-MS Metabolite Analysis 

In order to study changes in substrate availability, metabolite profiling analysis was 

conducted. Metabolite extraction from leaf tissue was conducted using a procedure 

modified from one that was described previously (Shingaki-Wells et al. 2011). There 

are few reasons that metabolites were not extracted from isolated mitochondria in this 

study. Firstly, the method adopted in the lab results in relatively pure mitochondria, 

which due to the diffusion and/or osmosis occurred during the mitochondrial 

preparation, most of the organic compounds would be discarded from mitochondria 

through mitochondrial membranes. Hence the intact isolated mitochondria rarely 

contain free compounds (metabolites). Secondly, the idea of preparing mitochondria 

from all the time-point experiments is unachievable due to the time and resources 

limitations. Thirdly, the metabolites or in this case, respiratory substrates are in a fluid 

status among the various organelles and cytosol, hence by looking solely into 

mitochondrial extracted metabolome, it is highly likely that we would miss the actual 

changes  in response to the treatment. 

 30 mg fresh weight of leaf tissue was collected from each sample and ground in 2 mL 

microcentrifuge tube with 5 mm steel beads using the Retsch Mixer Mill (Type MM 

300, Qiagen, Hilden, Germany). 500 μL of pre-chilled metabolite extraction medium 
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containing methanol:water:ribitol solution with ratio of 20:2:1, respectively, (ribitol 

solution containing 0.2 mg ribitol/mL water) was added to each tube. The mixture was 

immediately vortexed, and then shaken at 1,200 rpm for 25 minutes at 70 
o
C. Microtube 

Lid Locks™ were used to ensure extra security against inadvertent cap opening during 

the incubation. To pellet cell debris, samples were centrifuged at 3,000 x g for 3 

minutes. Aliquots (60 μL) of extracts were transferred into glass inserts (250 μL inserts, 

Agilent Technologies, Santa Clara, USA) and dried in a vacuum centrifuge (CentriVap, 

LABCONCO, USA) for approximately 4h. The analysis of the samples was performed 

by Metabolomics Australia, briefly, 20 μL of 20 mg/mL methoxyamine-HCl in pyridine 

(MEOX, made fresh) was added to each of the dried samples. Samples were then 

shaken at 1,200 rpm for 90 minutes at 37 
o
C. To each sample, 30 μL of N-methyl-N-

(trimethylsilyl)-trifluoroacetamide (MSTFA, derivatization grade; Sigma-Aldrich, St. 

Louis, USA) was added, followed by shaking again at 1,200 rpm for 30 min at 37
o
C. 

After this, 10 μL of n-alkane standard mix (0.029% (v/v) n-dodecane, 0.029% (v/v) n-

pentadecane, 0.029% (w/v) n-nonadecane, 0.029% (w/v) n-docosane, 0.029% (w/v) n-

octacosane, 0.029% (w/v) n-dotriacontane, and 0.029% (w/v) n-hexatriacontane 

dissolved in anhydrous pyridine) was added and rested at room temperature for 30 

minutes. Samples were transferred to GC-MS amber vials with screw-top seals and low-

volume inserts (250 μL inserts, Agilent Technologies, Santa Clara, USA). 1 μL of the 

sample were splitlessly injected into GC-MS. The analytical machine used was an 

Agilent 7890 GC fitted with an Agilent 5975 MS (Agilent Technologies, Santa Clara, 

USA). Helium was used as the carrier gas at a constant flow of 1 mL/min. Inlet 

temperature was set to 300 
o
C. Oven temperature was initially set at 70 

o
C for 1 minute 

and then ramped at 1 
o
C/minute until 76 

o
C, then ramped at 6 

o
C/minute until 325 

o
C, 

with a final hold of 8 minutes. A Varian Factor 4 capillary column (VF-5ms, 30 m × 

0.25 mm, 0.25 μm plus 10 m EZ-Guard, Varian, Walnut Creek, CA, USA) was used. 

The MSD transfer line heater was kept at 300 
o
C. MS quadrupole temperature was kept 

at 150 
o
C and source temperature at 230 

o
C. Mass detection range was set from 40 to 

600 atomic mass units. 

 

2.5.1. Peak Identification and Quantification 

GC-MS data were analysed using Quantitative Analysis (MS) Software (Agilent 

Technologies, Santa Clara, USA). Peaks were identified and matched using "in house" 
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library dataset (Shingaki-Wells et al. 2011). Relative abundance of each metabolite 

across the samples was normalised against the Ribitol metabolite value, as an internal 

standard. The relative abundance was then named to "normalised signal". This is to 

ensure the fair comparison for all the metabolite compounds and avoid errors caused by 

human or machines.  

 

2.6. Mitochondrial Respiration Following the Addition of Exogenous Substrates 

For this experiment dark respiration rates were measured at LT (4 
o
C) using warm 

grown plants. Each sample was taken from a biological replicate and divided into two 

sub-samples. Sub-samples were then monitored for the control and treatment 

(exogenous substrates) respiratory rates, simultaneously. 1 mM of each exogenous 

substrate was added to the respiration medium and respiration rates were measure. The 

applied concentration was obtained by a series of optimisation experiments. The 

substrates concentration must be minimal and yet effective.  

 For the control sub-sample, the same volume of ddH2O was added to the medium.  

Rates were monitored for minimum of 30 minutes at 4 
o
C. The substrates tested were: 

aspartate, glucose-6-phosphate(Glu6p), γ-aminobutyric acid (GABA), fructose-6-

phosphate (Fru6p), alanine, glycine, fructose, Pro, glutamate, α-ketoglutarate, citrate, 

succinate and glucose. Substrates were selected based on the correlation analysis, see 

page 143 , and the general measurements seen in the meatbolome profiling experiments. 

For example, proline was not well correlated with the changes in respiration however, it 

should massive changes in response to treatments and as an amino acid, is closely 

related to mitochondrial energy metabolism pathways.  

 

2.7. Statistical analysis 

Raw data from metabolite analysis were normalised to relative abundance and analysed 

using Multi-Experiment Viewer (MeV, version 4.9). Correlation and exogenous 

substrate analyses were analysed using SPSS software (version 18.1). 
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3. Results 

3.1. Temperature Shifts Changes Substrate Availability 

This study was conducted with the aim to investigate the impacts of LT on respiratory 

substrate availability in wheat plants. The observed acclimation capacity of respiration 

under LT, seen in chapter 2, has led to the hypothesis of a possible link between 

respiratory substrates availability and LT-acclimation of respiration in wheat. This can 

be tested by defining if certain compounds change in abundance that could fuel 

respiration and increase the acclimated capacity of respiration under LT. Thus, these 

GC-MS experiments were carried out to investigate the changes in substrate availability 

upon LT exposure in wheat plants.  

Temperature shifts had a significant impact on the relative abundance of respiratory 

substrates. Warm grown seedlings showed small changes in relative substrate 

abundance over 12 days (WG 1 d – 12 d). For example, the fold change for amino acids 

from warm grown plants ranged between 0.5 – 10. Similarly, a range of between 0.11 – 

13 fold was observed for carbohydrates and range of 0.2 - 4 for TCA components and 

organic acids (Supplementary Figures 1, 2 and 3). 

LT-shock (LT 2h – 12h) at 4 
o
C changed substrate relative abundance, when compared 

to warm grown plants (WG 0d). The observed fold change for amino acids was 

approximately between 0.2 - 52 under LT-shock. This range was between 0.6 - 14 for 

carbohydrates and 0.4 - 4 for and TCA components and organic acids (Supplementary 

Figures 1, 2 and 3). 

LT-acclimation (LT 1d – 12d) at 4 
o
C, showed a more severe impact on respiratory 

substrate relative abundance. For example in LT-acclimated plants, fold change in 

amino acids were approximately between 0.5 - 430. This range is between 0.5 - 220 for 

changes in carbohydrates and 0.5 - 11 for changes in TCA components and organic 

acids (Supplementary Figures 1, 2 and 3).  

Re-warming acclimated plants (Rec 1 h- 2 d), induced large changes in the relative 

abundance of amino acids, carbohydrates, and TCA cycle components and organic 

acids, in the ranges of approximately, 1.5 - 256, 0.3 – 177 and 0.3 – 11, respectively 

(Supplementary Figures 1, 2 and 3). 
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In addition, LT-developed leaves (LT 4w) at 4 
o
C showed significant fold changes to 

WG 0 d in amino acids (4 – 55), carbohydrates (0.7 – 4) and organic acids (0.4 – 5) 

(Supplementary Figures 1, 2 and 3). 

 

3.1.1. Changes in Respiratory Substrate Availability in Pre-existing Leaves in 

Response to Short Term LT 

Amino Acids 

Upon exposure to LT, most of the amino acids sharply increased in abundance 

(Figure1). Phe showed the quickest response increasing 28 fold following 2h of LT. 

This response reached a maximum of 52 fold after 8h of LT, when compared to warm 

grown samples (Figure 1). Ala showed the next largest increase of 9 fold following 2 h 

of LT. Pro showed a small increase reaching a maximum of 1.69 fold-change after 12h 

of LT exposure (Figure 1). GABA showed a small increase reaching 2 fold the control 

levels after 8h of LT (Figure 1). Ser, on the other hand, showed an unusual response, 

initially a significant increase in abundance to 2 fold was observed which then declined 

to 0.3 fold-change after 12h of LT (Figure 1). The other detected amino acids, including 

Leu, Ile, Val, Thr, Gly, Asp, pyroglutamic acid and Glu showed an increase in relative 

abundance during LT-shock (Figure 1). 

 

Carbohydrates 

LT-shock induced changes in carbohydrate relative abundance, however, in general it 

was of a lesser magnitude than what was seen for the amino acids. For example, the 

highest fold-change was Fru-6-P, Glu-6-P and glycerate-6-P, which increased by 8, 6 

and 4, fold respectively (Figure 2). During the LT-shock Fru-6-P and Glu-6-P showed 

the highest fold-change values after 4- and 8h of LT exposure (Figure 2).  

 

TCA Components and Organic Acids 

TCA components and organic acid relative abundance underwent smallest changes in 

response to LT-shock. TCA cycle components such as isocitric acid and succinic acid 

showed the smallest changes in relative abundance (Figure 3). Fumaric acid and α-

ketoglutaric acid showed a steady increase over 12 h of LT with maximum increases of 
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3 and 4 fold, respectively (Figure 3). Among the other organic acids, ascorbic acid and 

threonic acid showed a significant increase of approximately 2 fold (Figure 3).  

To examine the coordinated response of metabolites in the same metabolic pathways the 

metabolite relative abundance data was visualized using a clustered heat map that 

charted the changes in substrates relative abundance during LT-shock (Figure 4). 

Overall, hierarchical clustering analysis grouped amino acids in two groups, while 

components of TCA and glycolysis pathways were mostly clustered together. 

To further examine the response of total metabolome to LT exposure, the relative 

abundance values were mapped onto a metabolic network (Figure 5). This combined 

analysis of respiratory substrates revealed a biphasic trend in response to LT-shock in 

many of the substrates. For example, Glu6p and Fru6p relative abundance increased 

during the earlier hours of shock, LT 4 h and LT 8 h, and then was followed by a 

decrease by LT 12 h (Figure 5). This indicates that some other factors other than LT 

may impose changes in substrate abundance in the early time points.   

 

In summary, this data highlighted the significant effect of short term exposure to LT on 

the abundance of respiratory metabolites. It also showed that metabolites are more or 

less responsive to short term LT exposure and depending on the class of substrate 

analysed, very different responses could be observed. For example, Phe showed the 

largest change while sucrose and succinic acid had the smallest changes recorded. 

Furthermore, a biphasic response could be seen for a subset of metabolites, mostly 

carbohydrates and TCA cycle intermediates, during short term LT exposure.  

 

 

 

 

 

 

 



Chapter 3 

122 
 

 

 

Figure 1. Changes in amino acid abundance in response to LT-shock. Relative abundance of 

amino acids in warm grown (23 °C), WG 0 d, and LT-shock (4 °C) seedlings, LT 2 h – 12 h. 

Asterisks show significant differences between warm grown and LT-shock samples (P Value = 

0.05). Error bars represent ± SEM for 3 replicates. WG: warm grown, LT: low temperature, h: 

hour and d: day. 

 

 

 

 

Figure 2. Changes in carbohydrate abundance in response to LT-shock. Relative abundance 

of carbohydrates in warm grown (23 °C), WG 0 d, and LT-shock (4 °C) seedlings, LT 2 h – 12 

h. Asterisks show significant differences between warm grown and LT-shock samples (P Value 

= 0.05). Error bars represent ± SEM for 3 replicates. WG: warm grown, LT: low temperature, h: 

hour and d: day. 
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Figure 3. Changes in TCA components and organic acid abundance in response to LT-

shock. Relative abundance of TCA components and organic acids in warm grown (23 °C), WG 

0 d, and LT-shock (4 °C) seedlings, LT 2 h – 12 h. Asterisks show significant differences 

between warm grown and LT-shock samples (P Value = 0.05). Error bars represent ± SEM for 

3 replicates. WG: warm grown, LT: low temperature, h: hour and d: day. 

 

Figure 4. Hierarchical cluster of all 

detected metabolites in response to 

LT-shock. Hierarchical cluster analysis 

of the total identified metabolome under 

LT-shock in wheat seedlings. The heat 

map with blue-black-yellow colour 

coding represents the relative abundance 

of a given metabolite across all 

measurements available in the dataset. 

WG: warm grown, LT: low temperature, 

h: hour and d: day. 
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Figure 5: Effect of LT-shock on carbohydrate, glycolysis, amino acid and TCA cycle 

intermediates in wheat seedlings. Changes in the relative abundance of respiratory substrates 

under LT-shock. Orange-yellow colour scheme indicates low to high relative abundance of the 

corresponding component. The time points follow, from left to right as: WG 0 d, LT 2 h, LT 4 

h, LT 8 h, LT 12 h.  
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3.1.2. Changes in Respiratory Substrate Availability in Pre-existing Leaves in 

Response to Long Term LT 

Amino acids 

Most of the amino acids increased in abundance in response to LT (Figure 6, 

Supplementary Figure 1). Phe showed the largest response increasing by 35 fold after 

the first day of LT when compared to warm grown samples. At the same time, Leu, Ile, 

Ala and Asp showed an increase in abundance of 4, 10, 10 and 11 fold-change, 

respectively. Pro and Ser showed the smallest responses of only 2 and 0.6 fold-change, 

respectively.  

During mid-acclimation (LT 6d) Pro and Gly increased by 268 and 129 fold-change, 

respectively (Figure 6). Glu and Ser showed more modest increases of 6 and 3 fold 

change, respectively. Leu, Ile, Val, Thr, Asp and pyroglutamic acid also showed 

increases in abundance of  59, 47, 45, 8, 10 and 12 fold, respectively.  

During late-acclimation (LT 12 d), Pro and Gly again showed the greatest increase in 

abundance reaching a maximum of approximately 400 and 200 fold, respectively. 

Meanwhile Glu showed a 5 fold-change in LT after 12 d of LT exposure (Figure 6). 

 

Carbohydrates  

Early-acclimation caused changes in the relative abundance of carbohydrates, however, 

in general it was of a lower magnitude than what was seen in amino acids. For example, 

most of hexose and pentose sugars including D-Glu and D- Fru showed a maximum 

increase of 6 and 7 fold. Suc showed a steady increase of 2 fold during LT-acclimation. 

Larger increases in abundance were seen for Fru-6-P, Glu-6-P and glycerate-6-P 

increased by 24, 15 and 11 fold, respectively.  

 

TCA Components and Organic Acids 

TCA components and organic acids relative abundance underwent the smallest degree 

of change in response to LT-acclimation. TCA components such as aconitic acid, 

isocitric acid and succinic acid and oxalic acid had the smallest changes in relative 

abundance (Figure 8). Fumaric and α-ketoglutaric acid, malic acid and citric acid 

showed a steady increase over 6 days of LT with maximum increase of approximately 6 
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fold (Figure 8). These metabolites tended to decline towards late-acclimation. Among 

the organic acids, ascorbic acid and threonic acid showed a significant increase to 

approximately 2 fold the warm grown control (Figure 8).  

 

To examine the coordinated response of metabolites, the metabolite data was visualized 

using a clustered heat map that charted the changes in substrates relative abundance 

during LT-acclimation (Figure 9). Overall the hierarchical clustering analysis showed 

two main categories attributed to respiratory substrates. First were the compounds 

which increased in their relative abundance early in acclimation. This category included 

components from the TCA cycle and glycolysis intermediates which followed their 

initial rise by a decrease during mid-acclimation days and some amino acids, such as 

Asp, Glu and Phe which maintain high abundance toward late acclimation. The second 

category includes compounds which showed a rise in mid-acclimation and endured 

toward the late-acclimation. Most of the other amino acids were categorised in this 

second group. 

To further analyse the response of total metabolome to LT exposure, the relative 

abundance values were mapped to a metabolic network (Figure 10). This revealed a 

similar trend in response to LT-acclimation in many of the substrates. For example, 

glycolysis related substrates including, Glu, Fruc, Glu-6-P and Fru-6-P and glycerate-3-

P showed similar changes in abundance during LT-acclimation.  

In conclusion, analysis of substrate availability during LT-acclimation showed that 

different patterns of response exist for specific substrates under LT-acclimation. These 

patterns of response vary in timing, severity and the category of the substrates. 
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Figure 6. Changes in amino acid abundances in response to LT-acclimation. Amino acid relative abundances in warm grown (23 °C), WG 0 d, and LT-

acclimation (4 °C) seedlings, LT 1 d – 12 d. Asterisks show significant differences between warm grown and LT-acclimation samples (P-Value = 0.05). Error bars 

represent ± SEM for 3 replicates. WG: warm grown, LT: low temperature and d: day. 
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Figure 7. Changes in carbohydrate abundances in response to LT-acclimation. Carbohydrates relative abundance in warm grown (23 °C), WG 0 d, and LT-

acclimation (4 °C) seedlings, LT 1 d – 12 d. Asterisks show significant differences between warm grown and LT-acclimation samples (P-Value = 0.05). Error bars 

represent ± SEM for 3 replicates. WG: warm grown, LT: low temperature and d: day. 
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Figure 8. Changes in TCA components and organic acid abundances in response to LT-acclimation. TCA components and organic acids relative abundance in 

warm grown (23 °C), WG 0 d, and LT-shock (4 °C) seedlings, LT 1 d – 12 d. Asterisks show significant differences between warm grown and LT-acclimation 

samples (P-Value = 0.05). Error bars represent ± SEM for 3 replicates. WG: warm grown, LT: low temperature and d: day. 
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Figure 9. Hierarchical cluster of all detected 

metabolites in response to LT-acclimation. 

Hierarchical cluster analysis of total metabolome under 

LT-acclimation in wheat seedlings using MeV software. 

Heat map with blue-black-yellow colour coding 

represented the relative abundance of a given metabolite 

level across all samples available in the dataset. WG: 

warm grown, LT: low temperature and d: day. 
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Figure 10. Effect of LT-acclimation on carbohydrate metabolism, glycolysis, amino acid 

metabolism and TCA cycle in wheat seedlings. Changes in respiratory substrates relative 

abundance under LT-acclimation. Orange-yellow colour scheme indicates low to high relative 

abundance of the corresponding component. The time points follows, from left to right as: WG 

0 d, LT 1 d, LT 2 d, LT 3d, LT 4d, LT 5 d, LT 6 d, LT 7 d, LT 8 d, LT 9 d, LT 10 d, LT 12 d.  
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3.2.1. Respiratory Substrate Availability in Response to Deacclimation in LT-

Acclimated Leaves. 

Amino Acids 

Returning plants to warm conditions for one hour did not impose significant changes on 

amino acids relative abundance. However, over the course of two days of recovery most 

of the amino acids relative abundance declined significantly, when compared to samples 

immediately prior to recovery (LT 12 d). For example, Pro underwent a very large 

decrease from 264 to 8 fold (relative to WG 0 d) during two days of recovery. These 

values for Gly were from 128 to 24. Although changed in their relative abundance, Asp, 

Phe and Glu did not show significant changes during 2 days of recovery (Figure 11). In 

comparison with warm grown samples, amino acids maintained their high abundance 

after 2 days of deacclimation (Supplementary Figure 1). 

 

Carbohydrates 

Early recovery imposed significant increases in relative abundance for carbohydrates 

such as, D-Fru, Talose, D-Glu, Mannitol and Myo-inositol. However this was not 

observed after 2 days of recovery, when most of the carbohydrates showed significantly 

lower relative abundance, comparing to samples prior to deacclimation (LT 12 d; Figure 

12).  Interestingly, deacclimation showed a large decline in glycolysis components such 

as sucrose, Fru-6-P, Glu-6-P, glyceric acid and glyceric-3 P, when compared to warm 

grown samples (Supplementary Figure 2).  

 

TCA Cycle Components and Organic Acids 

During the recovery stage most of the detected organic acids such as ascorbic acid, 

threonic acid, shikimic acid, malonic acid and itaconic acid did not show significant 

changes in relative abundance. Among TCA cycle components, fumaric acid and malic 

acid underwent significant decrease during recovery stage, when compared to samples 

prior to recovery (LT 12 d) (Figure 12).  Interestingly, after 2 days of recovery, the 

majority of TCA components showed decreases in their relative abundance, comparing 

to warm grown samples (Supplementary Figure 3). Figure 13 shows the changes in 

TCA component and organic acid relative abundances and their significance compared 

to warm grown plants.  
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Cluster analysis revealed that various substrates responded differentially to 

deacclimation. In this case, some of them were extremely sensitive to deacclimation and 

responded rapidly, while others were more inflexible and maintained the levels of 

abundance for longer. For example, 1h of recovery induced most severe changes in 

decreasing relative abundance in Phe, Glu and Asp. However, other substrates such as 

Pro, GABA, Thr and Ser maintained their high abundance after 1 day of recovery. 

Nevertheless, 2 days of recovery was shown to be sufficient time to fully deacclimation 

the metabolome, as the substrate profile is much more similar to warm grown samples 

after this recovery period. 

In summary, this study showed the diverse effects of temperature shifts on substrates 

relative abundance. It also showed that 2 days of recovery was enough to complete the 

deacclimation process. Furthermore, substrates did not show similar responses to the 

deacclimation process, and some LT-induced changes persisted for much longer than 

others. 

 

 

Figure 11. Changes in amino acids abundance in response to recovery stage. Amino acids 

relative abundance in LT-acclimation (4 °C), LT 12 d, and recovery stage (23 °C) seedlings, 

Rec 1 h -Rec 2 d. Asterisks show significant differences between LT-acclimation and recovery 

samples (P-Value = 0.05). Error bars represent ± SEM for 3 replicates. LT: low temperature, h: 

hour and d: day. 
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Figure 12. Changes in carbohydrates abundance in response to recovery stage. 

Carbohydrates relative abundance in LT-acclimation (4 °C), LT 12d, and recovery stage (23 °C) 

seedlings, Rec 1h -Rec 2d. Asterisks show significant differences between LT-acclimation and 

recovery samples (P-Value = 0.05). Error bars represent ± SEM for 3 replicates. LT: low 

temperature, h: hour and d: day. 

 

 

 

Figure 13. Changes in TCA components and organic acids abundance in response to 

recovery stage. TCA components and organic acids relative abundance in LT-acclimation (4 

°C), LT 12 d, and recovery stage (23 °C) seedlings, Rec 1 h -Rec 2 d. Asterisks show significant 

differences between LT-acclimation and recovery samples (P-Value = 0.05). Error bars 

represent ± SEM for 3 replicates. LT: low temperature, h: hour and d: day. 
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Figure 14. Hierarchical cluster of all detected metabolites in response to recovery 

stage/deacclimation. Hierarchical cluster analysis of the total metabolome during 

recovery/deacclimation of wheat seedlings using MeV software. Heat map with blue-

black-yellow colour coding represented the relative abundance of a given compound 

level across all measurements available in the dataset. WG: warm grown, LT: low 

temperature, h: hour and d: day. 
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3.1.4. Substrate availability in LT-developed leaves 

Amino acids 

Development under LT led to distinctive differences in the substrate profile. For 

example, among amino acids, L-Pro, GABA and L-Phe were 55, 38 and 21 fold higher 

in comparison with warm grown plants. Interestingly, GABA showed the highest values 

at LT-developed leaves, higher than in LT-shock and during LT-acclimation. Similar 

result was observed for L-Ser which was 4 fold higher in LT-developed leaves. L-Glu, 

L-Asp and L-Gly were not significantly different in LT-developed leaves when 

compared with warm grown samples (Figure 15).  

 

Carbohydrates 

Interestingly many of the carbohydrates, including Fru-6-P, Glu-6-P, sucrose, glyceric 

acid-3-P, glyceric acid, glycerol, glucunic acid and saccharic acid did not show 

significant differences when compared to warm grown plants. On the other hand, 

hexose and pentose carbohydrates were significantly higher in abundance in LT 

developed leaves (Figure 16).  

 

TCA Components and Organic Acids 

Surprisingly none of the TCA components show significant differences in LT-

developed tissue, when compared to warm grown plants. Among other organic acids 

although ascorbic acid and threonic acid had higher average relative abundance but it 

was non-significant across biological replicates. Only dehydroascorbate showed a 

statistically significant increase in LT-developed tissue (Figure 17).  

Further analysis was carried out to assess the coordinated response of metabolites in the 

same metabolic pathways. The metabolite data was visualized using a clustered heat 

map that charted the differences in substrate relative abundance during LT-development 

(Figure 18). Hierarchical cluster analysis among warm grown, pre-existing acclimated 

and LT-developed samples, highlighted the difference between a LT-acclimated and 

LT-developed tissues substrate profile in comparison with warm grown samples (Figure 

18). Overall, it was apparent that the LT-developed substrate profile was much more 

similar to warm grown profile than acclimated samples.  
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In order to further improve understanding of the response of wheat tissues developed 

under LT, the relative abundance values were mapped onto a metabolic network (Figure 

19). This combined analysis of respiratory substrates showed an overall higher 

abundance trend in all substrate abundances and a much more stable response compared 

to the LT-acclimation period.   

Overall it was apparent that LT had no substantial effect on substrate availability in 

leaves developed under LT in comparison with pre-existing leaves acclimated to LT. It 

was also noted that development under LT led to different pattern of substrate 

availability than LT-acclimation in pre-existing leaves, possibly a much more stable 

pattern of responses.  

 

 

 

Figure 15. Changes in amino acids abundance in response to LT-development. Amino 

acids relative abundance in warm grown (23 °C), WG 0 d, and LT-development (4 °C) 

seedlings, LT 4w. Asterisks show significant differences between warm grown and LT-

development samples (P-Value = 0.05). Error bars represent ± SEM for 3 replicates. WG: warm 

grown, LT: low temperature, d: day and w: week. 
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Figure 16. Changes in carbohydrates abundance in response to LT-development. 
Carbohydrates relative abundance in warm grown (23 °C), WG 0 d, and LT-development (4 °C) 

seedlings, LT 4 w. Asterisks show significant differences between warm grown and LT-

development samples (P-Value = 0.05). Error bars represent ± SEM for 3 replicates. WG: warm 

grown, LT: low temperature, d: day and w: week. 

 

 

Figure 17. Changes in TCA components and organic acids abundance in response to LT-

development. TCA components and organic acids relative abundance in warm grown (23 °C), 

WG 0 d, and LT-development (4 °C) seedlings, LT 4 w. Asterisks show significant differences 

between warm grown and LT-development samples (P-Value = 0.05). Error bars represent ± 

SEM for 3 replicates. WG: warm grown, LT: low temperature, d: day and w: week. 
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Figure 18. Hierarchical cluster analysis of total metabolites in response to LT-development. 

Hierarchical cluster analysis of total metabolites under LT-development in wheat seedlings using 

MeV software. Heat map with blue-black-yellow colour coding represented the relative abundance of 

a given compound level across all samples available in the dataset. WG: warm grown, LT: low 

temperature, d: day and w: week. 
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Figure 19. Effect of LT-development on carbohydrate metabolism, glycolysis, amino acid 

metabolism and TCA cycle in wheat seedlings. Changes in respiratory substrates relative 

abundance under LT-development. Orange-yellow colour scheme indicates low to high relative 

abundance of the corresponding component. The time points follows, from left to right as: WG 

0 d, LT 4 w. 
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3.1.5. Combined Analysis  

In the previous sections, a variety of responses in substrate availability under LT was 

observed. Combined analysis of these results could provide a more informative and 

unifying pattern of responses under LT. To achieve a holistic view of such changes, the 

results from four studies were combined and re-analysed. 

 

Cluster Analysis  

Figure 20 represents the hierarchical cluster analysis of the total metabolome in warm 

grown and LT-treated samples visualised as heat-maps. This provides an overview of 

the changes in the relative abundance of all the identified metabolites. The heat-map 

illustrated several key points in the current experiment. Firstly it shows the overall, 

steady abundance of metabolites across warm grown samples. For example by looking 

at warm grown samples at all the time-points, day 0-12, you can see that they are mostly 

stable in abundance and perhaps the few changes that could be observed could be 

attributed to the varying developmental stages of the samples. Secondly it highlighted 

the overall changes in metabolome profile induced by temperature shifts in the samples. 

Once warm temperatures were again imposed, large changes in metabolome profiles are 

evident. Finally the combination of data showed the synchronized responses and pattern 

of changes in metabolites clustered together in response to temperature shifts. For 

example, the group of amino acids, including, L-Pro, L-Gly, L-Val, L-Ile, L-Leu and L-

Ala followed a similar trend of changes during temperature shifts and clustered 

together. The existence of high similarity between warm grown samples and long 

recovery samples and the similarity of LT-developed samples and warm grown samples 

are also clearly noted in this analysis. 

 

PCA Analysis 

Principle component analysis (PCA) is a popular explorative method, reducing 

multivariate data complexity. PCA differentiates patterns and highlights similarities and 

differences between samples.  In this study, PCA was employed in order to authenticate 

the differences between the total metabolome profiles of the warm grown and LT-

treated samples. It assessed the overall experimental variation and determined the 

individual time-point variations. The PCA showed three principal components 
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explaining 54.75% of the overall variance of the metabolite profiles (29.92%, 15.5% 

and 9.37% for PC1, PC2 and PC3, respectively) (Figure 21). Inspection of these 

components allowed consistent classification of the different treatment/time-point 

samples. In general, the PCA revealed a clear movement of metabolome profile of non-

treated and LT treated samples away from and back to the origin over the course of 

experiment. This was along with different groups of samples responding majorly to the 

different time-points and conditions. 

The first principle component (PC1) explained the greatest variance (29.92%) across the 

dataset, separated the samples across metabolite profiles (Figure 21). It seems that this 

separation is due to the treatment (warm vs LT) with further separation between 

sampling time points under stress and recovery stage. It became clear that each group of 

time points had its own distinct metabolic phenotype. Firstly warm grown non-treated 

plants at all the time point showed similar metabolic profile and grouped separately. 

Evidently, LT-shock samples grouped together along the PC2 axis with a rapid 

influence of stress leading to a series of changes could be attributed to glycolysis and 

TCA cycle components, Fru-6-P and Glu-6-P, fumarate and a-ketoglutarate. Also in the 

early stages of LT-acclimation, on days 2, 3 and 4 were grouped separately from late 

days of acclimation days 5 to 12 days of LT-acclimation (Figure 21). Similar to what 

was observed in the hierarchical clustering the LT-developed samples, these were 

roughly back to the original metabolic profile of warm-grown samples, as were the late 

recovery stage samples. These groupings were along the PC1 axis and appeared to be 

mainly attributable to late-response changes in amino acid such as, L-Pro, L-Gly, L-Val, 

L-Ile, L-Le, L-Ala and GABA and some sugars such as glucopyranose and gentiobiose. 

Early recovery was clustered with LT 12d in the PCA, followed by the rest of recovery 

time points that were clustered in the same group (Figure 21). 

In conclusion, PCA analyses highlighted the overall effects of developmental stages on 

substrates availability under warm conditions. On the other hand LT imposed a drastic 

effect on substrate relative abundances. In addition, it was shown that substrates showed 

a different response to timing under LT and this resulted in each group of samples being 

associated with changes in a different subset of substrates. 
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3.2. Correlation between respiration and respiratory substrates 

In the previous sections, respiratory substrates relative abundance was shown to vary 

during shifts in growth temperature. This led to the hypothesis that there is a correlation 

between the actual respiration rates and these changes in substrates availability. To 

investigate this, Pearson correlation analysis was applied to the respiration rates data 

from chapter 2 and substrates changes in the current chapter. The results revealed a 

significant negative correlation between respiration rates and the abundance of 

respiratory substrates (P-Value =0.01) for  Leu, Ile, Asp, pyrogultamate, Phe, Glu, 

glyceric acid, sacharic acid, Fru-6-p, Glu-6-p, oxalic acid, succinic acid, fumaric acid 

and α-ketoglutaric acid. This analysis also showed significant negative correlation (P-

Value = 0.05) between respiration rates and Val, ribose, myo inositol-p, sucrose, malic 

acid and ascorbic acid (Supplementary Table 1). However, this analysis highlighted a 

very tight correlation between TCA components, some of the amino acids and 

glycolysis/sugar forms with respiration rates.  
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Figure 20. Hierarchical cluster of total metabolome under temperature conditions. Hierarchical cluster analysis of total metabolites under temperature 

conditions in wheat seedlings using MeV software. Heat map with blue-black-yellow colour coding represented the relative abundance of a given compound level 

across all measurements available in the dataset. Warm growth (23 °C) include plants prior to LT treatment, WG 0 d, and plants continuously grown under warm 

condition, WG 1 d -WG 12 d. LT exposure (4 °C) include plants under LT at early phases of stress, LT 2 h- LT 12 h, plants under LT at acclimation phases of stress, 

LT 1 d-LT 12 d, and LT-developed plants, LT 4 w.  Recover stage (23 °C) include early and late phases of recovery, Rec 1 h-Rec 2 d. WG: warm grown, LT: low 

temperature, Rec: recovery, h: hour d: day and w: week. 
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Figure 21. Principal 

component analysis (PCA) of 

the total metabolome under 

temperature conditions. 
Principal component analysis 

of the total metabolome 

profiles of wheat leaves under 

optimal warm growth, LT and 

recovery conditions. Warm 

growth (23 °C) include plants 

prior to LT treatment, WG 0 d, 

and plants continuously grown 

under warm condition, WG 1 d 

-WG 12 d. LT exposure (4 °C) 

include plants under LT at 

early phases of stress, LT 2h- 

LT 12h, plants under LT at 

acclimation phases of stress, 

LT 1 d-LT 12 d, and LT-

developed plants, LT 4 w.  

Recover stage (23 °C) include 

early and late phases of 

recovery, Rec 1 h-Rec 2 d. 

Each point represents an 

individual biological replicate. 

Plotting of the first and second 

component is shown. Tables 

represent the PCA loadings. 

WG: warm grown, LT: low 

temperature, Rec: recovery, h: 

hour d: day and w: week. 
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3.3. Exogenous substrates stimulation of respiration under LT 

In the previous section it was shown that changes in respiratory substrates correlated 

with some of the changes in respiration rates. These data led to the hypothesis that the 

acclimation of respiration under LT could be related to accumulation of specific 

substrates which can fuel respiration under restricting conditions of LT. This may be the 

explanation for why non-acclimated plants showed very limited capacity of respiration 

acclimation. In the other words, whether substrate limitation was restricting respiration 

in non-acclimated plants. To examine this, respiration rates non-acclimated plants were 

measured in the presence of 1 mM of various exogenous substrates at LT (4 
o
C). 

Substrates were selected based on the relative abundance changes during LT treatments 

and correlation analysis. ANOVA analysis (P-Value = 0.05) of the obtained data 

confirmed the stimulatory effect of five exogenous substrates. The highest effect on 

respiration stimulation belonged to Pro with a 289% increase, followed by Asp which 

stimulated respiration by 227% (Figure 22). Similar effect was measured from GABA 

(202%), Fru (185%), and Glu-6-p (189%). Interestingly, other substrates, such as Fruc-

6-P (88%), succinic acid (101%), Gly (88%), Glu (90%) and α-ketoglutaric acid (80%), 

did not show any significant effect on respiration, when compared to control samples. 

Exogenous addition of glutamic acid (68%) however, showed a significant negative 

effect and suppressed the rate of respiration. The values are presented as percentages to 

illustrate the changes in respiratory rates upon adding exogenous substrates (Figure 22). 

In conclusion, this experiment showed that although all applied exogenous substrates 

were shown to accumulate under LT-acclimation, only some of the accumulated 

substrates could exogenously stimulate the respiration rates in non-acclimated plants 

under LT. 
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Figure 22. Stimulatory effect of exogenous substrates on mitochondrial respiration. 
Respiration in the presence of exogenous substrates. 1mM of each substrate were applied to 

warm grown samples, at LT (4 
o
C). Letters show significant differences among samples (P–

Value = 0.05). Error bars represent ± SEM for 3-6 replicates. 
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4. Discussion  

4.1. LT-shock Induced a Biphasic Pattern of Response in Substrates  

In this study LT-shock was shown to impose a biphasic response on the abundance of 

most of the TCA cycle metabolites and glycolysis intermediates as well as some amino 

acids. Substrates showed increase in relative abundance during the first hours of shock 

while a new pattern of response took place in the later hours of stress (Figure. 4). This 

contrasted with Hurry et al. (1995) who observed a constant increase in Fru-6-P and 

Glu-6-P pool size during the early hours of LT-shock in winter rye. In addition, Kaplan 

et al. (2004) and (2007) reported a constant increasing trend for sugars such as Fru, Fru-

6-P, Glu, Glu-6-P and sucrose in the early stages of LT exposure in Arabidopsis.  

It is noteworthy that such biphasic behaviour was also seen in the respiration 

measurements carried out in Chapter 2 (Figure 3). Such transient responses could be 

associated with diurnal effects associated with changes in other cellular activities such 

as photosynthesis or may represent a direct effect of LT on certain enzymes providing 

substrates to the ETC. 

Another observation from this study was the large change in relative abundance of a 

number of amino acids which suggest they are particularly sensitive to changes in 

temperature. This sensitivity was not as pronounced when examining sugars and sugar 

derivatives and TCA metabolites (Supplementary Figures 1, 2 and 3). TCA metabolites 

showed only very small changes in response to LT-shock. These observation correlate 

well with Bocian et al. (2015) who reported sharp increases in Ala, Glu, Pro relative 

abundance, than in sugars and sugar derivatives at very early stages of LT-shock, in 

Lolium perenne. This rapid accumulation of amino acids could be related to decrease in 

respiratory rates. 

Another interesting observation was the minor effect of LT-shock on Pro. Although 

accumulation of this amino acid is known to take place in plants during adaptation to 

various environmental stresses including LT, salinity, heat and drought (Genga et al. 

2011b; Mattana et al. 2005), in this study Pro showed a relatively stable status during 

LT-shock (Supplementary Figure 1). Bocian et al. (2015) demonstrated the association 

between Pro and Ala accumulation with higher LT-tolerance in very early stages of LT-

shock in Lolium perenne genotypes. Although in the current study Ala showed large 

increase in abundance, the proposed hypothesis that increases in Pro abundance in very 
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early stages of LT correlates with high LT-tolerance may not be applicable for the 

studied wheat cultivar. 

 

4.2. LT-acclimation Induced Specific Pattern of Response for Various Substrates  

In this study, LT-acclimation was shown to impose a specific pattern of response among 

respiratory substrates including glycolysis, TCA cycle components and amino acids. 

During acclimation period, metabolites responded in two distinct categories. In the first 

category, the compounds showed an early increase in abundance in response to LT-

acclimation and could be further divided into two groups. The first group involved 

components from TCA cycle and glycolysis and were seen to increase in relative 

abundance in the early days of acclimation and decrease in abundance during mid-

acclimation. The other group included some amino acids, such as Asp, Glu and Phe 

which increased during the early acclimation stages and maintained high abundance 

towards the late stages of acclimation. The second category included compounds which 

showed a significant rise during mid-acclimation and a remained high in abundance 

toward later stages of acclimation. Most of the amino acids were clustered in this group. 

Such pattern could be attributed to changes in respiration rates during the various stages 

of acclimation under LT. For example, increases in TCA components and glycolysis at 

the beginning of the acclimation could imply the impact of highly restricted respiration 

rates and consequent accumulation of immediate respiratory substrates. Subsequently, 

as respiration developed acclimation these accumulated substrates were utilized as a 

source of energy.  

LT-acclimation was shown to have the most severe impact on Pro accumulation. Large 

changes in Pro relative abundance under LT-acclimation has been well noted before 

(Benina et al. 2013; Cook et al. 2004; Kaplan et al. 2004; Korn et al. 2008). In an 

integrated study of metabolome and transcriptome in response to LT, Kaplan et al. 

(2007) failed to explain the very dramatic increase in Pro pool size using transcriptome 

data from Δ
1
-pyrroline-5-carboxylate reductase and Δ

1
-pyrroline-5-carboxylate 

synthase, two enzymes involved in Pro-biosynthesis pathway in Arabidopsis. So they 

proposed a post-translation modification triggered by LT which leads to Pro 

accumulation. Further details about the possible role of Pro in respiration acclimation, is 

discussed in Chapter 4.  
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Another interesting substrate is the non-protein amino acid γ-aminobutyric acid 

(GABA) which is known to accumulate under different environmental/stress conditions. 

It is mostly synthesized by irreversible decarboxylation of glutamate in the cytosol and 

then transported to the mitochondria and converted into succinate that feeds into the 

TCA-cycle (Krasensky and Jonak 2012). Kaplan et al. (2007) suggested that the 

changes in GABA relative abundance were closely linked to the coordinate increase of 

transcript abundance of the GABA shunt and GABA catabolism pathway during LT-

shock and acclimation. In the present study, while GABA did not show accumulation in 

response to LT-shock, it did show significant and sustained increase in abundance 

during acclimation. This could provide an ability for respiration to be fed via the GABA 

shunt and develop acclimation under LT in wheat plants.  

In general increase in amino acid abundance could also be attributed to changes in 

pathways leading to amino acid biosynthesis under LT. For example, Kosová et al. 

(2013) reported increased abundance of two  proteins  involved  in  amino  acid  

biosynthesis,  3-phosphoglycerate dehydrogenase and  methionine  synthase,  under LT 

in wheat cultivars. 3-Phosphoglycerate dehydrogenase catalyzes the first and rate-

limiting step in serine biosynthesis, and methionine synthase catalyzes biosynthesis of 

methionine, which is not only a protein amino acid but also a precursor of S-

Adenosylmethionine.  

Another possible explanation for increase in amino acid abundance could be increase in    

protein  degradation rates under LT. Increase in  abundance of proteins involved in 

protein degradation has been reported extensively before (Gao et al. 2009; Heidarvand 

and Maali-Amiri 2013a; Kosová et al. 2013; Vítámvás et al. 2012) and it indicates 

profound changes in protein metabolism linked with an active LT-acclimation along 

with an increased risk of protein misfolding in plants subjected to LT stress (Kosová et 

al. 2013). 

 

4.3. Deacclimation Imposed Sharp Changes in Substrates 

The return of plants from cold to warm temperatures known as the recovery stage 

rapidly induced deacclimation in LT-acclimated wheat plants. The specific pattern of 

substrate changes, which was gained throughout several days of acclimation, was lost 

during two days of recovery stage (Figure 14). In other words, most of the accumulated 



Chapter 3 

151 
 

metabolites/substrates were significantly decreased in relative abundance and 

metabolome profile highly resembled warm grown samples.  

LT imposes thermodynamic constraints on the cells biochemical reactions such as 

enzymatic activities (Hurry et al. 1995; Nagele et al. 2012). Hence, an enzyme can act 

as a bottleneck, accumulating metabolites/substrates through preventing further 

downstream metabolic processes. Returning to favourable conditions enables cells to 

resume the essential metabolic activities and continue growth and active development. 

Consequently, most of the accumulated metabolites/substrates became engaged in 

various processes such as protein biosynthesis, restoration of cell proliferation, and 

energy-metabolism, and decreased in abundance.  

Therefore, the previously high respiration rates seen during recovery stage (Chapter 2) 

could be critical in order to provide sufficient energy for the vastly energy-demanding 

processes subsequent to deacclimation. In such conditions, accumulated substrates are 

believed to fuel respiration to produce energy for the cell to be used for growth and 

development after deacclimation (Kalberer et al. 2006). 

 

4.4. LT development Showed Specific Pattern of Responses in Substrates 

In this study, most of the substrates showed a decrease in relative abundance in LT-

developed leaves comparing to pre-existing leaves. This caused a relatively similar 

metabolic/substrate profile between warm grown samples and LT-developed leaves 

(Figure 18). For example, TCA components did not show any significant differences 

when compared to warm grown samples. On the contrary, Gray and Heath (2005), 

reported that LT-developed Arabidopsis leaves showed continuous significant increases 

in hexose-phosphate, di-hexose andcitrate/isocitratepools in comparison with 

temperature shifted pre-existing leaves. This difference could be due to the level of 

tolerance between wheat and Arabidopsis and species-specific differences in response to 

LT.  

Growth and development of new leaves under LT is proposed as a prerequisite for 

maximal acclimation, tightly coupled with metabolic acclimation (Atkin et al. 2006b; 

Stitt and Hurry 2002). Such processes under LT is slow and with high biosynthetic and 

energetic demands. Hence high rates of respiration seen in LT-developed tissues have 

been proposed to provide essential energy for growth (Talts et al. 2004). It is argued that 
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energy and material-demanding changes associated with acclimation acquisition have 

already been carried out in LT-developed tissues which allows it to achieve metabolic 

homeostasis under LT (Talts et al. 2004). This seems in agreement with the findings of 

this study, with minimal changes in substrates in LT-developed leaves when compared 

to warm grown plants. Thus, unlike respiration acclimation in pre-existing leaves which 

could partly be due to substrate overflow, the observed high respiration rates in LT-

developed leaves could not be related to substrate accumulation and possibly are instead 

associated with other adjustments such as the mitochondrial density and increased 

enzymes activity (Atkin and Tjoelker 2003; Talts et al. 2004). 

In general, LT was shown to have the most effective impact on changes in amino acids, 

rather than carbohydrates or TCA cycle metabolites. In a study by Benina et al. (2013), 

it was suggested that during LT, different plant species may use contrasting strategies to 

adapt to stress. For example, Arabidopsis (non-tolerant), and Thellungiella (tolerant), 

benefit from amino acids and amino acid derivatives while Haberlea (very tolerant), 

takes advantage of sugars to cope with stress. They have argued that such differences 

are attributed to energetic and/or nutritional costs to accumulate large quantity of 

metabolites belonging to these groups. In this study the observed pattern of 

accumulation of amino acids and sugars may imply the possible alternative role of these 

compounds that is used in wheat plants to fulfil acclimation requirements at each stage 

of LT stress. Recent studies on Picea sitchensis and Fragaria vesca confirmed the 

notion that specific LT acclimation processes exist (Dauwe et al., 2012; Rohloff et al., 

2012). 

 

4.5. Substrate Availability Analysis Revealed a Global Reprogramming of 

Metabolism 

The shift from warm growth to LT conditions triggers transient physiological, 

biochemical and molecular changes (Hurry et al. 1994; Stitt and Hurry 2002). These 

transient adjustments lead to stable, long-term responses that reflect complex 

developmental responses to the new growth temperature (Gray and Heath 2005). 

Combined analysis of the acquired data from four separate experiments showed that 

pre-existing leaves showed unstable, constantly changing profiles during acclimation, 

meanwhile LT-developed leaves presented a stable profile under LT (Figure 20).  
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In addition, the PCA analysis clearly proved the distinctive pattern of responses to shifts 

in temperature as well as in different stages of LT treatment (Figure 21). This study 

confirmed four distinct phases, as pre-acclimation, early acclimation, late acclimation 

and fully acclimated that have been reported elsewhere (Angelcheva et al. 2014). 

Combined analysis also revealed that respiration was highly correlated with respiratory 

substrates accumulation or consumption, during warm or LT conditions. This finding is 

supported by the entire experiment and provided a solid link between respiratory 

fluctuations and substrate availability.  

 

4.6. Exogenous Substrates Could Stimulate Respiration in Non-Acclimated Wheat 

Plants 

In the previous sections, LT was shown to induce accumulation of many respiratory 

substrates in wheat plants. In addition, the existence of the correlation between changes 

in respiratory substrates and changes in respiration rates, seen Chapter 2, led to the 

hypothesis that respiration could be fuelled from accumulated substrates which results 

in acclimation of respiration under LT. Thus, the exogenous substrate availability 

experiment was conducted to address the question, whether the increase in substrate 

availability under LT could contribute to respiration acclimation. Although this 

hypothesis has been proposed before, no extensive investigation has been performed to 

fully elucidate this in wheat. For example, Campbell et al. (2007) argued that soluble 

sugars accumulation in source leaves under few days of LT may be responsible for the 

increase in respiration rates and subsequent acclimation in plants. Also Covey‐Crump et 

al. (2002) reported a limited increase in root respiration rates at LT in the presence of 

exogenous glucose in Plantago lanceolata and Plantago euryphylla. They demonstrated 

limited enzyme capacity to be the main key for respiration restriction under LT, but not 

substrate availability. 

In this study, although the selected exogenous substrates for this experiment were 

closely associated with respiration, the expected stimulation effect on respiration was 

not observed in all cases. The most effective response was observed for Pro and Asp, 

followed by GABA, Fru and Glu-6-p. Glu, Fru-6-p, succinic acid, glucose, α-

ketoglutarate and Gly did not induce changes in respiration rates. This could be the 

reason why previous studies did not observe stimulatory effect from certain exogenous 

substrates (Covey‐Crump et al. 2002).  
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Respiration restriction under LT is due to both substrate availability and limited enzyme 

capacity (Atkin and Tjoelker 2003). During LT-acclimation, increases in enzyme 

capacity could be energy consuming and a long term target, hence accumulation of 

certain substrates could partly compensate this restriction and assist in respiration 

acclimation to LT. 
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5. Conclusion 

This study showed the immediate impact of temperature shifts on respiratory substrate 

abundances. In general, LT imposed a very large increase in substrates abundances, 

while changes in the developmental stage had only minimum effects. Additionally, an 

overall analysis showed the higher sensitivity of amino acids to LT when compared to 

carbohydrates and TCA cycle components.  

The analysis confirmed the unstable and constantly changing substrate profile during 

acclimation and a stable profile under LT-development. Accordingly, this study 

confirmed four distinct phases of response in substrates in wheat plants under LT, as 

pre-acclimation, early acclimation, late acclimation and fully acclimated. 

Among the various substrates, Pro showed the very strong accumulation pattern in 

response to LT. In addition, it showed maximum stimulatory effects on respiration in 

non-acclimated plants under LT. This information led to hypothesis that Pro is at least 

partially feeding the respiratory apparatus and is a key substrate in LT-acclimation of 

respiration in wheat plants. The next chapter is devoted to unravel the possible role of 

Pro in respiratory acclimation in wheat plants under LT. 
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7. Supplementary Figures

 

Supplementary Figure 1. Changes in amino acid abundance (fold change). The values are ratio between each time-point and the WG 0d of the given time-

point. Warm growth (23 °C) include plants prior to LT treatment, WG 0 d, and plants continuously grown under warm condition, WG 1 d-WG 12 d. LT exposure (4 

°C) include plants under LT at early phases of stress, LT 2 h- LT 12 h, plants under LT at acclimation phases of stress, LT 1 d-LT 12 d, and LT-developed plants, LT 

4 w.  Recover stage (23 °C) include early and late phases of recovery, Rec 1 h-Rec 2 d. WG: warm grown, LT: low temperature, Rec: recovery. h: hour and d: day, 

Colour scheme, Red: low abundance, Yellow: high abundance, Blue: Very high abundance. 
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L-Alanine 1 9.4 8.0 5.7 5.7 10.0 27.3 34.4 52.6 59.0 56.6 48.1 59.1 57.0 23.1 24.7 11.6 33.8 15.5 15.7 14.8 8.9 9.1 10.9 7.9 8.2 8.2 7.1 7.7 5.4 6.8 6.1 1.1

L-Leucine 1 6.4 7.0 11.0 15.9 14.0 15.3 19.1 34.1 56.0 59.1 29.0 59.9 33.8 57.1 17.6 7.8 14.8 8.8 6.2 3.4 1.8 1.8 1.3 1.2 1.5 1.4 1.4 1.4 2.0 3.4 4.3 3.9

L-Proline 1 1.3 1.2 1.5 1.7 2.0 7.0 39.4 164 258 268 249 380 310 429 264 55.5 265 225 141 37.7 8.5 0.9 0.8 0.6 0.8 0.6 0.6 0.6 0.7 0.8 8.5 1.1

L-Isoleucine 1 5.7 5.6 6.6 8.9 10.1 11.6 17.8 34.8 51.0 47.1 28.6 52.9 38.2 58.1 22.5 9.0 21.4 14.3 10.8 6.6 2.8 1.4 1.4 1.1 1.0 1.0 1.1 1.1 0.9 2.3 4.2 4.0

L-Valine 1 3.9 4.1 8.9 5.2 8.1 18.9 18.4 27.4 31.5 45.8 49.4 59.1 53.0 31.2 32.8 21.5 27.1 14.4 13.6 8.8 6.6 2.2 2.4 1.6 2.0 1.4 1.9 1.8 1.5 3.1 3.6 4.4

L-Serine 1 2.4 1.1 0.3 0.3 0.6 0.8 0.8 1.2 2.5 3.4 5.7 5.1 6.5 6.9 9.3 14.5 6.8 8.3 9.9 5.0 3.7 2.9 4.1 2.5 3.3 1.5 2.3 2.3 2.2 2.3 1.5 1.8

L-Threonine 1 3.0 2.2 2.6 2.1 2.3 4.0 3.8 5.5 7.5 8.2 7.8 9.7 9.5 10.4 9.5 4.1 8.9 8.2 7.8 5.9 3.7 2.3 3.0 2.0 2.6 1.5 2.0 2.0 2.4 1.9 1.8 1.5

L-Glycine 1 3.0 2.6 10.1 5.5 8.5 35.9 40.7 78.3 109 129 158 192 192 120 125 17.2 100 53.3 67.1 26.0 24.9 3.7 6.0 0.9 1.7 0.6 1.1 0.7 0.3 0.9 0.4 0.5

Pyroglutamic acid 1 3.1 2.7 3.6 4.0 4.7 7.7 7.6 8.9 8.9 12.3 8.0 14.3 11.3 13.4 10.7 14.3 7.8 5.9 5.5 4.9 2.6 2.2 2.6 1.8 2.3 1.3 1.5 1.4 1.7 1.3 1.1 1.1

GABA 1 1.7 1.5 2.0 1.5 6.1 12.4 9.4 9.1 13.1 12.9 17.3 23.6 26.6 19.2 31.2 38.6 30.1 23.5 23.9 15.8 6.7 4.4 4.1 5.3 4.1 5.6 4.1 5.8 2.9 3.7 1.3 1.1

L-Phenylalanine 1 28.2 23.9 52.5 26.9 35.2 50.0 24.7 21.9 29.6 48.9 61.0 55.6 61.1 35.8 28.6 21.9 14.3 8.5 7.4 4.9 4.7 8.0 7.3 4.9 4.0 5.0 4.7 4.5 4.9 5.7 4.3 5.4

L-Aspartic Acid 1 8.2 5.5 6.5 3.2 11.8 18.9 12.6 9.0 7.5 10.9 10.5 7.8 12.6 5.0 5.5 8.6 1.5 1.8 3.4 2.9 4.1 6.9 6.7 6.5 9.5 3.2 4.9 4.3 6.1 2.7 2.8 1.3

L-Glutamic acid 1 3.3 1.6 1.7 2.5 7.2 11.0 8.5 7.9 6.2 6.0 7.9 7.2 8.0 6.0 5.1 4.9 2.6 1.7 3.4 2.4 2.1 3.6 3.4 2.9 4.2 1.9 2.6 2.2 2.0 2.6 1.8 1.9
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Supplementary Figure 2. Changes in carbohydrates abundance (fold change). The values are ratio between each time-point and the WG 0d of the given 

time-point. Warm growth (23 °C) include plants prior to LT treatment, WG 0 d, and plants continuously grown under warm condition, WG d1-WG d12. LT 

exposure (4 °C) include plants under LT at early phases of stress, LT 2 h- LT 12 h, plants under LT at acclimation phases of stress, LT d1-LT d12, and LT-

developed plants, LT w4.  Recover stage (23 °C) include early and late phases of recovery, Rec 1 h-Rec 2 d. WG: warm grown, LT: low temperature, Rec: recovery. 

h: hour and d: day, Colour scheme, Red: low abundance, Yellow: high abundance, Blue: Very high abundance. 

 

Compound
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d
LT 2 h LT 4 h LT 8 h
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h 

LT 1 d LT 2 d LT 3 d LT 4 d LT 5 d LT 6 d LT 7 d LT 8 d LT 9 d
LT 10 

d
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LT 4 
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Rec 1 
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Rec 2 
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WG 1 
d
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d

WG 3 
d

WG 4 
d

WG 5 
d

WG 6 
d

WG 7 
d

WG 8 
d

WG 9 
d

WG 
10 d

WG 
12 d

D-Fructose 1.0 0.8 1.0 1.2 1.4 2.1 3.2 4.4 6.6 3.8 2.3 2.1 1.9 2.2 2.0 2.2 3.5 2.8 2.1 2.6 6.2 2.6 1.1 1.2 1.3 0.7 1.7 2.3 2.4 0.7 1.1 2.9 0.5

D-Fructose-6-Phosphate 1.0 8.3 14.0 11.4 6.2 10.7 16.3 21.2 24.9 11.9 6.7 3.9 7.1 5.3 4.5 4.4 2.1 2.5 1.4 1.2 1.2 0.9 0.3 0.3 0.2 0.3 0.4 0.7 0.2 0.3 0.3 0.4 0.8

D-Gluconic acid 1.0 0.7 1.1 1.5 1.3 1.9 2.3 2.2 2.8 1.7 1.7 1.7 1.6 1.7 1.5 2.1 1.6 2.7 2.9 2.7 1.6 1.6 0.5 0.5 0.5 0.5 0.6 0.8 0.9 0.8 0.8 0.9 2.9

D-Glucose 1.0 1.3 1.7 1.7 1.8 2.5 4.4 5.7 7.2 5.5 3.4 4.2 4.2 5.2 3.3 5.0 3.2 8.9 7.5 3.8 2.5 1.1 1.6 1.3 1.3 0.8 1.7 2.3 2.1 0.9 1.2 2.9 1.0

D-Glucose-6-Phosphate 1.0 6.0 9.7 8.5 5.1 7.6 11.4 14.4 15.7 8.6 5.0 3.0 5.3 4.5 3.5 3.3 2.2 2.1 1.0 0.9 1.1 0.4 0.2 0.3 0.1 0.2 0.2 0.5 0.1 0.2 0.2 0.3 0.4

Glucopyranose 1.0 2.0 5.4 2.6 4.7 12.3 10.1 14.2 114 184 180 155 220 205 130 100 46.3 177 82.0 35.1 74.7 7.6 2.3 1.7 4.4 0.8 4.1 14.0 12.3 1.3 1.8 2.2 1.9

Glyceric acid 1.0 1.5 1.7 1.4 0.9 1.0 1.1 0.9 1.1 1.3 1.4 1.1 1.3 1.4 1.4 1.2 1.2 1.1 0.7 0.7 1.3 0.8 1.5 0.9 0.8 0.7 0.9 1.1 1.0 0.7 1.1 0.7 0.8

Glyceric acid-3-phosphate 1.0 4.4 10.2 7.0 4.6 4.4 9.0 8.7 11.3 5.4 5.2 2.2 3.3 1.7 1.6 0.9 1.3 0.3 1.2 2.0 2.9 1.4 6.9 5.8 11.0 5.9 9.5 12.8 13.1 12.5 7.9 6.3 2.3

Glycerol 1.0 0.8 0.9 0.8 0.9 0.9 1.1 0.9 0.9 1.6 1.5 1.1 1.3 1.2 1.5 1.2 1.4 0.9 0.9 1.2 1.4 1.0 7.5 1.6 1.5 1.4 1.2 1.2 1.3 0.8 0.7 0.8 0.7

Glycerol-3-phosphate 1.0 2.0 2.0 1.9 1.7 1.7 1.9 1.6 1.9 1.9 2.0 1.5 2.4 2.3 2.4 2.5 5.3 2.4 2.3 2.4 1.7 1.5 1.1 0.9 0.8 0.9 1.1 1.2 1.1 1.1 0.9 0.8 1.3

Mannitol/Sorbitol 1.0 1.3 1.7 1.8 1.8 2.7 5.2 7.5 10.6 7.8 3.9 5.0 4.9 6.4 3.6 5.6 3.4 12.1 9.0 3.9 2.6 1.0 1.6 1.3 1.3 0.8 1.6 2.4 2.2 0.8 1.3 3.3 1.0

Myo-Inositol 1.0 0.7 0.8 0.9 0.8 0.8 0.6 0.5 0.7 0.5 0.6 0.5 0.6 0.6 0.7 0.7 0.7 0.8 1.1 1.1 1.0 1.1 0.4 0.3 0.3 0.3 0.4 0.4 0.4 0.6 0.4 0.2 0.4

Myo-Inositol phosphate 1.0 1.2 1.2 1.4 1.2 1.4 1.8 1.7 1.9 1.4 1.3 1.2 1.5 1.9 1.5 2.0 2.9 1.9 1.4 1.5 1.2 0.9 1.0 0.8 0.7 0.8 1.0 1.0 1.1 1.4 0.9 0.6 1.0

Saccharic acid 1.0 1.5 2.3 1.8 1.5 1.1 1.7 1.5 1.9 1.3 1.9 1.0 1.7 1.0 1.4 0.6 0.9 0.8 0.5 0.4 0.4 0.6 0.6 0.4 0.6 0.3 1.2 1.0 1.1 0.6 0.5 0.3 2.5

Sucrose 1.0 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Tallose/Mannose 1.0 1.3 1.7 1.7 1.7 2.5 4.2 5.4 6.6 5.1 3.3 4.0 4.1 5.0 3.3 4.8 3.2 8.4 7.2 3.8 2.5 1.1 1.6 1.3 1.3 0.8 1.7 2.3 2.1 0.9 1.2 2.9 1.0

Xylose/Ribose/Arabi 1.0 1.7 2.5 2.9 2.2 2.8 4.2 3.3 2.9 2.3 1.5 2.6 1.8 2.3 1.4 2.2 2.4 3.0 3.0 2.5 1.6 1.2 1.1 1.2 1.2 1.0 1.1 1.5 0.8 1.9 0.9 0.8 0.9
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Supplementary Figure 3. Changes in organic acids abundance (fold change). The values are ratio between each time-point and the WG 0 d of the given 

time-point. Warm growth (23 °C) include plants prior to LT treatment, WG 0 d, and plants continuously grown under warm condition, WG 1 d-WG 12 d. LT 

exposure (4 °C) include plants under LT at early phases of stress, LT 2 h- LT 12 h, plants under LT at acclimation phases of stress, LT d1-LT d12, and LT-

developed plants, LT 4 w.  Recover stage (23 °C) include early and late phases of recovery, Rec 1 h-Rec 2 d. WG: warm grown, LT: low temperature, Rec: recovery. 

h: hour and d: day, Colour scheme, Red: low abundance, Yellow: high abundance, Blue: Very high abundance.
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WG 5 
d
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WG 8 
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WG 9 
d

WG 
10 d

WG 
12 d

2-Ketoglutaric acid 1.0 2.7 3.5 4.2 4.1 6.3 9.1 6.7 6.7 7.5 4.5 5.5 5.2 4.4 5.5 2.1 1.9 4.2 4.0 5.1 1.4 0.7 4.7 0.9 1.5 0.7 1.6 1.6 1.1 3.0 0.7 0.2 1.3

Aconitic acid 1.0 1.7 2.0 1.4 1.4 1.1 1.4 1.1 1.1 1.5 1.5 1.0 1.6 1.2 1.7 1.2 0.8 1.1 1.2 1.1 1.5 0.9 1.0 1.0 1.3 0.5 1.7 1.6 1.7 1.7 1.3 1.4 1.9

Ascorbic acid 1.0 2.0 1.7 1.9 2.5 2.2 2.4 1.9 3.4 4.3 6.6 3.7 4.5 4.7 4.9 3.1 5.7 3.4 2.8 3.1 2.8 2.6 1.1 1.4 1.4 1.6 0.9 2.4 1.0 1.5 1.4 1.7 1.4

Citric Acid 1.0 1.4 1.6 2.2 2.5 2.3 3.0 3.6 5.5 4.2 3.7 7.9 5.1 5.5 5.2 6.4 1.8 4.2 4.2 5.4 4.1 1.8 0.9 1.0 1.9 1.2 1.5 1.3 1.8 1.8 1.9 0.9 1.0

Dehydroascorbate 1.0 1.3 2.4 1.7 1.8 2.7 5.0 7.1 10.2 7.5 3.8 5.1 4.7 6.1 3.5 5.5 3.4 11.7 8.7 3.6 2.5 1.1 1.5 1.3 1.3 0.8 1.6 2.2 2.2 0.8 1.4 3.4 1.1

Fumaric acid 1.0 1.6 1.9 3.3 3.0 3.9 6.8 6.4 6.4 5.2 4.7 5.6 4.4 4.8 3.4 3.3 1.3 2.9 1.8 2.1 1.8 0.7 1.5 0.9 1.5 1.0 1.6 1.3 1.7 1.5 1.1 1.0 0.8

Isocitric Acid 1.0 1.0 1.0 1.0 1.0 1.0 1.1 0.9 1.0 0.8 0.8 1.0 0.9 1.1 1.2 1.5 1.5 0.9 0.6 0.8 0.7 0.6 0.8 1.0 1.4 1.1 1.6 1.0 2.1 1.2 1.6 0.8 1.2

Itaconic acid 1.0 1.6 1.0 1.7 1.4 1.2 1.5 1.2 1.7 1.6 2.3 1.8 1.7 3.3 3.3 2.0 1.4 1.2 1.1 1.3 2.0 0.8 0.9 0.7 0.8 0.8 1.3 1.2 1.8 1.2 1.5 1.3 1.7

Malic Acid 1.0 1.7 2.3 3.5 3.0 1.9 3.7 4.0 5.8 5.8 6.3 5.8 7.0 6.3 6.1 5.4 0.7 6.2 3.5 4.1 2.6 1.0 1.3 0.7 1.7 0.7 1.7 1.5 2.2 1.8 1.2 1.1 0.7

Malonic acid 1.0 1.7 2.4 1.7 1.6 1.6 1.9 1.9 2.6 2.9 3.0 2.0 3.1 2.6 3.4 2.0 0.8 2.3 2.7 2.1 1.9 1.8 0.8 0.7 1.0 0.6 1.3 1.4 1.7 1.5 1.3 1.2 1.5

Nicotinic acid 1.0 0.5 0.5 0.8 1.1 1.0 0.7 0.7 0.7 0.7 0.7 0.8 0.7 0.9 1.0 1.2 1.2 1.0 0.9 0.9 0.6 1.1 0.3 0.3 0.3 0.4 0.4 0.4 0.5 0.5 0.5 0.6 1.6

Oxalic acid 1.0 1.6 1.6 1.6 1.3 1.6 1.7 1.3 0.8 0.6 0.9 0.7 1.1 0.9 0.7 0.7 0.7 0.6 0.4 0.9 0.6 0.6 0.8 0.6 0.5 0.7 0.9 0.7 0.8 0.8 0.5 0.4 1.0

Ribonic acid  1.0 1.9 2.4 2.2 1.9 2.3 2.4 2.0 2.5 2.5 2.6 2.5 2.7 2.3 2.6 2.6 2.8 2.4 2.3 2.2 2.3 1.6 1.3 1.0 1.3 0.9 1.4 1.5 1.6 1.4 1.6 1.4 2.6

Shikimic acid 1.0 1.0 1.3 0.8 0.6 0.6 0.4 0.4 0.8 1.0 1.1 0.7 1.0 0.8 0.7 0.4 0.4 0.4 0.3 0.4 1.7 0.4 1.1 0.9 1.7 0.9 1.5 2.0 2.0 1.9 1.2 1.0 0.9

Succinic acid 1.0 0.9 0.8 0.8 1.0 1.0 1.5 1.5 2.0 1.5 1.3 1.6 1.3 1.2 1.4 1.2 1.4 1.6 1.5 1.6 2.5 1.4 2.5 1.6 2.3 1.4 1.7 1.6 1.8 2.1 2.0 1.0 1.3
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8. Supplementary Tables 

Table 1. Pearson correlation coefficient matrix of respiration rates and substrates relative abundance. The correlations are deemed to be 

significant at P-Value  = 0.05 and P-Value = 0.01 marked by one asterisk (*) and two asterisks (**) respectively by two-tailed tests 

 

Due to the size constraint of this table, it is presented as an excel file in the attached CD to the thesis. 
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Foreword  

In the previous chapters I investigated possible key components of respiration 

acclimation under LT in wheat plants. I studied the abundance of the respiratory 

OXPHOS apparatus, and the abundance of different types of respiratory substrates. 

Unlike the respiratory apparatus which was stable in response to LT, a number of 

respiratory substrates showed a series of dynamic changes in abundance. In vitro 

stimulated respiration by the addition of the exogenous substrates under LT conditions 

showed the potential of a direct contribution of some of the respiratory substrates to the 

in planta LT-acclimation of respiration in wheat plants. 

Among the respiratory substrates with a positive effect on LT-respiration stimulation in 

non LT-acclimated tissues, proline (Pro) showed the maximum and most consistent 

effect. In addition, an examination of previous literature showed evidence for Pro 

catabolism via Pro dehydrogenase which is located in mitochondria and is connected to 

respiration and energy production (Szabados and Savoure 2010, Schertlet al. 2014). 

In this chapter, the following question was addressed: Is Pro a key respiratory substrate 

in LT-acclimation of respiration in wheat plants? To answer this question, I designed a 

series of experiments which included investigating the rate of Pro dehydrogenase 

catalysis under LT, the abundance of the enzyme during LT-acclimation and the 

importance of Pro catabolism in LT-acclimation through chemical inhibition of Pro 

dehydrogenase. The results from these experiments supported the hypothesis of a key 

role of Pro in respiration acclimation under LT. 
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1. Introduction 

Plants are often exposed to a broad range of temperature during their life cycle. Most of 

the cellular activities, i.e. photosynthesis and respiration, are temperature sensitive and 

changes in temperature result in variations in these activities. Low temperature (LT) 

stress has striking effects on plant respiration. Respiratory rates typically undergo a 

drastic decline in response to a short-term decrease in ambient temperature. However, 

longer term responses to LT often vary from predictions based on short-term responses, 

since respiration has the capacity to acclimate to LT and increase the rates of respiration 

despite the effects of LT (Armstrong et al. 2008; Atkin and Tjoelker 2003; Campbell et 

al. 2007; Ow et al. 2008). 

It is well known that Pro accumulates in plants in response to various environmental 

stresses including, salinity, water deficit, and high and low temperatures (Liang et al. 

2013; Sells and Koeppe 1981; Sharma et al. 2011; Verbruggen and Hermans 2008). 

This proteinogenic amino acid has peculiar properties allowing it to play many 

important metabolic roles in stressed plants. A widely accepted function of Pro is as a 

compatible osmolyte or osmoprotectant, a property first identified in bacteria, where a 

relationship between Pro accumulation and salt tolerance was found (Liang et al. 2013; 

Szabados and Savoure 2010). Osmolytes assist in balancing turgor pressure during 

stress. In addition, Pro can serve as a stabilising agent for macromolecules (chemical 

chaperoning), a ROS scavenger, and as a nitrogen and carbon source during recovery 

from stress (Charest and Ton Phan 1990; Liang et al. 2013)  Furthermore, there are 

other proposed hypotheses attributed to Pro accumulation which highlight the 

advantageous functions of Pro metabolism including, a signalling function, a source of 

energy during recovery from stress exposure and the regeneration of the electron carrier, 

NADP
+
 (Funck et al. 2010; Hare and Cress 1997; Verbruggen and Hermans 2008).  

Sarkar et al. (2009) investigated LT responses in creeping bentgrass clonal lines and the 

association of Pro metabolism and stress tolerance. This study was based on the 

hypothesis that Pro-associated pentose phosphate pathway could stimulate both the 

shikimate and phenylpropanoid pathways. When modulated, these pathways could 

trigger the stimulation of phenolic phytochemicals, which are involved in minimizing 

the oxidation induced damage and LT tolerance. Pro metabolic cycling increases 

oxidation of NADPH, thus enhancing the oxidative pentose phosphate pathway. Pro is 

also 
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involved in cell redox status via induced changes in NADP
+
/NADPH levels (Sarkar et 

al. 2009; Verbruggen and Hermans 2008). 

The biochemistry of Pro biosynthesis and degradation has been extensively studied and 

most of the participating proteins and the genes encoding for these enzymes are 

characterised. In plants, Pro biosynthesis takes place in the cytosol and most probably 

also in chloroplasts. The first step of Pro biosynthesis is the reduction of glutamate to 

pyrroline-5-carboxylate (P5C) by thepyrroline-5-carboxylate synthetase (P5CS) 

enzyme. P5CS uses glutamate, NADPH and ATP to generate glutamate-γ-semialdehyde 

(GSA) which is spontaneously converted to pyrroline-5-carboxylate (P5C). P5C is then 

converted to Pro by P5C reductase (P5CR), again consuming NADPH (Funck et al. 

2010; Schertl et al. 2014; Szabados and Savoure 2010). 

Pro degradation takes place in mitochondria. Compartmentalization of Pro metabolism 

implies that extensive intracellular Pro transport must occur from cytosol and 

chloroplasts to mitochondria. In 2006, Di Martino et al. reported the existence of two 

separate transporters for Pro, a uniporter, which facilitates Pro transport into the 

mitochondrial matrix and a Pro/glutamate antiporter, using isolated mitochondria from 

durum wheat seedlings. Pro/glutamate antiporter appears to have a significant function 

in the Pro/Glu shuttle between the mitochondrial matrix and the cytosol (Di Martino et 

al. 2006; Szabados and Savoure 2010). 

Pro oxidation/dehydrogenation has been well established as a mitochondrial process in 

plants. Elthon and Stewart (1981) reported that Pro oxidase and A'-pyrroline-5-

carboxylic acid dehydrogenase activities to be associated only with the inner 

mitochondrial membrane in isolated maize mitochondria. They also noted that the 

oxidation of Pro and P5C was inhibited by rotenone which could indicate that electrons 

from these substrates enter the respiratory chain prior to at least one of the rotenone 

sensitive iron-sulfur proteins in the ETC. 

Pro is then converted to glutamate by the coupled activities of Pro dehydrogenase 

(ProDH) and P5C dehydrogenase (P5CDH). ProDH, a mitochondrial flavoenzyme, 

converts Pro to P5C. It is in close association with mitochondrial inner membrane and 

ETC. Electrons from Pro are transferred either directly to ubiquinones or indirectly to 

FAD
+
 and NAD

+
 to be reduced to FADH and NADH, contributing to mitochondrial 

oxidative phosphorylation. Subsequently, P5CDH catalyses the oxidation of P5C to 

glutamate, using either NAD
+
 or NADP

+
 as an electron acceptor. Glutamate could be 
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converted to α-ketoglutarate catalyzed by glutamate dehydrogenase within 

mitochondrial matrix. α-ketoglutarate can be oxidised via TCA cycle and contribute to 

mitochondrial respiration (Schertl et al. 2014; Szabados and Savoure 2010). 

Various developmental and environmental stimuli can affect ProDH activity and ProDH 

gene expression. Enhanced ProDH activity has been reported in tissues supporting cell 

growth, such as meristems, pollen and flowers (Funck et al. 2010). Environmental 

stresses including, dehydration, osmotic stress and extreme temperatures, repress 

ProDH and stimulate P5CS, thus leading to Pro accumulation (Cecchini et al. 2011; 

Szabados and Savoure 2010). 

Recently, an additional isoform of ProDH, namely ProDH2, has been characterised in 

Arabidopsis. This isoform possesses partially overlapping, yet non-redundant 

physiological functions. The regulation of expression of these two ProDH isoforms 

diverged regarding spatial, developmental and environmental stimuli. Apparently, 

ProDH1 is the dominant isoform in most conditions and tissues, however, ProDH2 is 

upregulated during stress, when ProDH1 is repressed. It has been hypothesised that 

ProDH2 plays an important role in Pro homeostasis in the vasculature, especially under 

stress conditions that support Pro accumulation (Funck et al. 2010). 

This study investigates the role of Pro as a key substrate in respiration acclimation 

under LT in wheat. The study hypothesised that Pro as a highly available substrate 

under LT, is involved in respiration acclimation through two pathways, as an electron 

donor to ETC and as a substrate generating TCA cycle intermediates. This chapter 

explored this novel idea by studying changes in Pro levels, ProDH activity and 

abundance under LT. It also looked at the effect of the inhibition of Pro catabolic 

pathway on the respiration and the abundance of TCA cycle components, to further 

investigate the proposed hypothesis.  
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2. Materials and Methods 

2.1. Soil grown samples 

2.1.1. Plant Material  

The aim of this study was to improve the understanding of the role of L-Pro in 

acclimation of respiration in response to low temperature (LT) in wheat. Following 

discussions with Dr Ben Biddulph from The Department of Agriculture and Food in 

Western Australia (DAFWA), Triticum aestivum L. Calingiri, a moderately cold-

tolerant Western Australian commercial wheat cultivar, was selected as the subject of 

this study. 

 

2.1.2. Growth Conditions  

Seeds were surface sterilised with 2% (v/v) sodium hypochlorite and placed on wet 

filter paper (Whatman) in petri dishes for 72 h in dark conditions at 23 °C. An 

appropriate soil mixture for the vigorous plant growth was optimised by determining the 

suitable proportion of different components. The soil mixture was composed of 

compost, soil and perlite, with the ratio of 4:4:1, respectively. Growth conditions were 

optimized in controlled plant growth rooms (Conviron, BDW80) with optimum 

temperature 23 °C, ~350 mol m
-2

 s
-1

 light, photoperiod of 16h light/8h dark and 60% 

relative humidity. Samples grown at 23 °C are referred to as warm grown (WG). 

 

2.1.3. Stress Treatment Conditions 

Unless it is stated otherwise, all the experimental material was harvested from soil 

grown plants at three-leaf stage (Zadoks Scale 13). Leaf number three was harvested for 

all experiments, representing the fully developed youngest leaf. Seedlings were exposed 

to temperature stress treatments, using a controlled plant growth room (BioChambers 

Bigfoot, GC-20BDAF-LT), using the same growth conditions except the temperature 

regime, which was shifted to constant 4°C (LT). Recovery was conducted in the 

conditions the same as warm growth, as outlined above. 

 

2.1.4. Experimental Design  

For this set of experiments three time points were selected to be monitored for various 

measurements. These time-points were warm grown (WG) early LT-acclimation (LT 2 

d) and mid acclimation (LT 6 d).  
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2.1.5. ProDH Enzyme Activity Assays 

2.1.5.1. NADH  

ProDH activity was assayed according to Kant et al. (2006). 100 mg of frozen plant 

tissue was homogenized in a pre-chilled at 4°C mortar and pestle and 2 mL pre-chilled 

extraction  buffer (50 mM Tris–HCl, pH 7.4, 7 mM MgCl2, 0.6 M KCl, 3 mM EDTA, 1 

mM DTT, 1 mM phenylmethylsulphonyl fluoride (PMSF) and 5% (w/v) 

polyvinylpolypyrrolidone (PVP)). Extracts were centrifuged at 16,000 x g for 10 

minutes, at 4°C. Supernatants were used to determine protein concentration and ProDH 

activity in vitro. The ProDH activity was assayed using assay buffer (0.15 M Na2CO3, 

HCl buffer, pH 10.3, 1.5 mM NAD
+
 and 20 mM L-Pro). The reduction of NAD

+ 
was 

monitored at 340 nm. The ProDH activity was expressed as nmol NADH min
-1

mg
-

1
protein (E= 6220 M

-1
cm

-1
). The protein content was measured using Bradford assay 

using BSA as a standard (See Chapter 2). 

 

2.1.5.2. 2, 6-Dichloroindophenol (DCPIP) 

The DCPIP method was performed according to Schertl et al. (2014). 20 μg of isolated 

mitochondria were frozen and thawed to disrupt membranes. ProDH was measured in a 

reaction mixture containing 250 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 1mM KCN, 0.06 

mM DCPIP, 0.25 mM flavinadenine dinucleotide (FAD
+
), 0.5 mM 

phenazinemethosulfate (PMFS) and isolated mitochondrial protein. The reaction was 

initiated with 100 mM L-Pro. The reduction of DCPIP was monitored at 600 nm (ɛ = 

19.1 mM
-1

. cm
-1

). The protein content was measured using Bradford assay using BSA 

as a standard (See Chapter 2). 

 

2.1.6. ProDH Immunoblot Analysis 

The mitochondrial ProDH level was used to further investigate the putative role of Pro 

in respiration acclimation under LT. Mitochondrial isolation was performed at the same 

time-points as previous experiments, WG, LT 2 d and LT 6 d. 
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2.1.6.1. Protein Extraction from Isolated Mitochondria 

30 µg of isolated mitochondrial proteins from each sample was precipitated with 5X 

volume of chilled 100% (v/v) acetone overnight at -20 °C. The next day the precipitated 

proteins were pelleted at 20,000 x g for 20 minutes at 4 °C. The precipitated protein was 

used for western blotting and immunodetection. 

 

2.1.6.2. Western Blotting and Immunodetection 

The protein samples were added to 2X sample loading buffer (250 mM Tris-HCl, pH 

6.8, 10% (w/v) SDS, 50% (v/v) glycerol, 0.01% (w/v) bromophenol blue and 100 mM 

DTT) prior to heating at 65°C for 10 minutes. The denatured protein samples were then 

loaded in equal amounts in each lane of Bio-Rad Criterion precast gels (10%–20% 

(w/v) acrylamide, Tris-HCl, 1 mm thick, 18-well comb) and gel electrophoresis was 

performed at 180 V per gel for 1 hour. Polyacrylamide gel, filter paper and Hybond-C 

Extra nitrocellulose membrane (GE Healthcare) were soaked in transfer solutions (40 

mM glycine, 50 mM Tris, 0.04% (w/v) SDS, 20% (v/v) methanol) for 10 minutes. The 

proteins were then transferred from the gel onto the nitrocellulose membrane using a 

HoeferSemiPhor (GE Healthcare) blotter according to the manufacturer’s instructions. 

The transferred proteins were visualised on the membrane by staining with Ponceau S 

solution (0.1% Ponceau S (w/v) and 5% (v/v) acetic acid and then destained with 1X 

TBS-Tween (0.15 M NaCl, 10 mM Tris-HCl, pH7.4, 0.1% (v/v) Tween-20). The 

AtProDH1 polyclonal antibodies were provided by Arnould Savoure (Pierre and Marie 

Curie University, France) and were raised against Arabidopsis ProDH1 (Schertl et al. 

2014). The membrane was then blocked with TBS with 5% (w/v) nonfat dry milk 

powder and 0.05% (v/v) Tween 20 for 1 h at room temperature. The membrane was the 

incubated in TBS with primary antibody, 1:1000 AtProDH1 (aminoacids 1–522) 

antibody for 2 h at room temperature. Subsequently the membrane was incubated for 1 

h with a 1:5000 diluted secondary anti-rabbit antibody. ProDH was detected based on 

chemiluminescent signals derived from the horseradish peroxidase which is coupled to 

the secondary antibodies using the ECL prime chemiluminescence detection kit from 

GE Healthcare (Munich, Germany). Analysis of ProDH signals intensities were 

performed using the Image Studio Lite version 5-2-5 software (LI-COR) (Damania et 

al. 2014). 
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2.1.7. Response to Temperature Shift  

The response to instantaneous temperature shift was assayed for ProDH and SDH at 5, 

15 and 25 °C. Mitochondrial samples were prepared from warm grown plants.  

 

2.1.7.1. ProDH Assay  

This assay was performed using the DCPIP method, as described in section 2.1.5. 

 

2.1.7.2. SDH Assay 

The SDH activity was determined according to Huang et al. (2010). 30 μg of the 

isolated mitochondrial samples was assayed by the reduction of 

Dichlorophenolindophenol (DCPIP) spectrophotometrically at 600 nm at different 

temperatures. The reaction medium contained 50 mMKH2PO4-HCl, pH 7.4, 10 mM 

sodium succinate, 0.1 mM EDTA, 0.1% (w/v) BSA,10 mM potassium cyanide, 

0.12mM DCPIP, 1.6 mM PMFS. 

 

2.1.8. Respiration when ProDH was inhibited by infiltration method 

Respiration measurements were conducted using a Clark-type oxygen electrode 

(Hansatech). Approximately, 100 mg of fresh tissue from the leaf three was chopped 

into ∼ 5 mm slices and incubated in 10 mL of respiration buffer (10 mM HEPES-KOH, 

pH 7.2, 10 mM MES and 0.2 mM CaCl2) in the dark, for 30 minutes (Sew et al. 2013). 

For this experiment samples were divided into two sub-samples, inhibition and mock 

treated.  For inhibition treatment 10 mM L-thiazolidine-4-carboxylic acid (T4C), which 

is a Pro analog inhibitor was added to the respiration buffer and infiltrated. The 

specificity of T4C inhibition function on ProDH was confirmed by monitoring blockage 

of the Pro oxidisation in ProDH activity assay (section 2.1.5). Mock samples were 

similarly treated with the same volume of ddH2O. Leaf respiration was measured in a 

2mL cell, at 23°C and 4 °C in a darkened electrode chamber. The amount of oxygen 

being consumed by the leaf slices was recorded using Oxygraph Plus v1.02 software 

(Hansatech), and the O2 consumption was calculated according to the fresh weight of 

the leaf samples harvested from each treatment and stated as nmol O2 consumed per min 

per gram fresh weight (nmolO2 min
- 1

 g
-1

FW).  
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2.2. Hydroponic experiments  

Hydroponic experiments were conducted in order to further confirm the effect of ProDH 

inhibition in LT-acclimation of respiration. 

 

2.2.1. Plant Growth 

Hydroponic experiments were conducted according to Jacoby et al. (2015). Seeds were 

surface sterilised with 2% (v/v) sodium hypochlorite and placed on a metal mesh on the 

top of 4 liter containers containing 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 7 days 

at 16/8 photoperiod, light intensity 300 µmol m
-2

 s
-1

, 23 °C and 60% humidity. Nutrient 

solution was changed every 3 days. After 7 days, 2 mM T4C was added to the solution. 

Mock samples were treated with the same volume of ddH2O. Following T4C treatment, 

samples were divided into two sub-groups, warm and LT-treated. Warm condition 

samples remained in conditions mentioned above (23 °C). LT treatment seedlings were 

exposed to LT stress treatments, using a controlled plant growth room (BioChambers 

Bigfoot , GC-20BDAF-LT), using the same growth conditions except the temperature 

regime, which was shifted down to a constant 4 °C. Samples were harvested at certain 

time points, as warm grown, WG, early acclimation, LT 2d and mid acclimation, LT 6d. 

   

2.2.2. Dark Respiration Measurements 

See section 2.1.8. 

 

2.2.3. Metabolome Profiling  

In order to study changes in substrate availability upon Pro catabolism inhibition, 

metabolite profiling analysis was conducted. Metabolite extraction from leaf tissue was 

conducted using a procedure modified from one that was described previously 

(Shingaki-Wells et al. 2011). 30 mg fresh weight of leaf tissue was collected from each 

sample and ground in 2 mL microcentrifuge tube with 5 mm steel beads using the 
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Retsch Mixer Mill (Type MM 300, Qiagen, Hilden, Germany). 500 μL of pre-chilled 

metabolite extraction medium containing methanol:water:ribitol solution with ratio of 

20:2:1, respectively, (ribitol solution containing 0.2 mg ribitol/ml water) was added to 

each tube. The mixture was immediately vortexed, and then shaken at 1,200 rpm for 25 

minutes at 70
o
C. Microtube Lid Locks™ were used to ensure extra security against 

inadvertent cap opening during the incubation. To pellet cell debris, samples were 

centrifuged at 3,000 x g for 3 minutes. Aliquots (60 μL) of extracts were transferred into 

glass inserts (250 μL inserts, Agilent Technologies, Santa Clara, USA) and dried in a 

vacuum centrifuge (CentriVap, LABCONCO, USA) for approximately 4h. The analysis 

of the samples was performed by Metabolomics Australia, briefly, 20 μL of 20 mg/mL 

methoxyamine-HCl in pyridine (MEOX, made fresh) was added to each of the dried 

samples. Samples were then shaken at 1,200 rpm for 90 minutes at 37 
o
C. To each 

sample, 30 μL of N-methyl-N-(trimethylsilyl)- trifluoroacetamide (MSTFA, 

derivatization grade; Sigma-Aldrich, St. Louis, MO USA) was added, followed by 

shaking again at 1,200 rpm for 30 min at 37
o
C. After this, 10 μL of n-alkane standard 

mix (0.029% (v/v) n-dodecane, 0.029% (v/v) n-pentadecane, 0.029% (w/v) n-

nonadecane, 0.029% (w/v) n-docosane, 0.029% (w/v) n-octacosane, 0.029% (w/v) n-

dotriacontane, and 0.029% (w/v) n-hexatriacontane dissolved in anhydrous pyridine) 

was added and rested at room temperature for 30 minutes. Samples were transferred to 

GC-MS amber vials with screw-top seals and low-volume inserts (250 μL inserts, 

Agilent Technologies, Santa Clara, USA). 1 μL of the sample were splitlessly injected 

into GC-MS. The analytical machine used was an Agilent 7890 GC fitted with an 

Agilent 5975 MS (Agilent Technologies, Santa Clara, USA). Helium was used as the 

carrier gas at a constant flow of 1 mL/min. Inlet temperature was set to 300 
o
C. Oven 

temperature was initially set at 70
o
C for 1 minute and then ramped at 1 

o
C/minute until 

76 
o
C, then ramped at 6 

o
C/minute until 325 

o
C, with a final hold of 8 minutes. A Varian 

Factor 4 capillary column (VF-5ms, 30 m × 0.25 mm, 0.25 μm plus 10 m EZ-Guard, 

Varian, Walnut Creek, CA, USA) was used. The MSD transfer line heater was kept at 

300 
o
C. MS quadrupole temperature was kept at 150 

o
C and source temperature at 230 

o
C. Mass detection range was set from 40 to 600 atomic mass units.  
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2.2.4. Peak Identification and Quantification 

GC-MS data were analysed using Quantitative Analysis (MS) Software (Agilent 

Technologies, Santa Clara, USA). Peaks were identified and matched using "in house" 

library dataset (Shingaki-Wells et al. 2011). Relative abundance of each metabolite 

across the samples was normalised against the Ribitol metabolite value, as an internal 

standard. The relative abundance was then named to "normalised signal". This is to 

ensure the fair comparison for all the metabolite compounds and avoid errors caused by 

human or machines.  

 

 

2.3. Statistical analysis 

The analysis of variance (ANOVA) or t-test were performed using SPSS and Microsoft 

Excel, when appropriate.  
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3. Results 

This study was conducted with the aim to investigate the role of Pro catabolism in 

acclimation of respiration under LT in wheat plants. The observed accumulation of Pro 

during LT acclimation in addition to the stimulatory effect of exogenous Pro on 

respiration rates in non-acclimated plants (Chapter 3) led to the hypothesis that Pro 

catabolism plays a key role during LT-acclimation of respiration in wheat. Under LT 

Pro could function as substrate to fuel the respiration and increase acclimation capacity 

of respiration. For this series of experiments, based on the changes observed in 

respiratory acclimation capacity in chapter 2, three time-points; non-acclimation, early-

acclimation and mid-acclimation were selected. Samples were collected from warm 

grown conditions (WG 0 d), 2 days of LT (LT 2 d) and 6 days of LT (LT 6 d) were used 

to conduct the experiments included in this chapter.  

 

3.1. LT Induced a Large Increase in Pro Abundance 

In chapter 3, it was shown that LT had a significant effect on Pro accumulation during 

LT acclimation in wheat plants. Interestingly, at 2 days of acclimation a relatively small 

but significant increase in abundance (7 fold) was observed, whereas at 6 days of LT 

acclimation a large Pro accumulation was observed (268 fold) (Figure 1). 

 

3.2. LT Induced Changes in ProDH Activity 

Previous experiments in chapter 3 showed the effect of exogenous application of Pro in 

stimulating respiration in non-LT acclimated wheat plants under LT. This led me to the 

hypothesis that ProDH activity might be induced during LT-acclimation in order to 

facilitate the Pro degradation under LT. ProDH activity was initially measured in whole 

tissue extracts. The method was based on an established assay which tests the Pro-

dependent reduction of the electron accepter, NAD
+
 at 340nm (Cecchini et al. 2011). LT 

induced a significant increase in ProDH activity in a tissue level (Figure 2). ProDH 

activity showed a constant increase in activity in response to increasing LT exposure. At 

6 days of LT a statistically significant increase in ProDH was detected. 

In isolated mitochondrial samples, ProDH activity was assayed using the artificial 

electron acceptor 2, 6-dichloroindophenol (DCPIP) measured at 600 nm (Schertl et al. 

2014). This method showed a significant increase in ProDH activity on a mitochondrial 
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protein basis. ProDH activity increased from 11.7 in warm grown mitochondrial 

samples to 17 and 14.8 unit of activity in LT 2 d and LT 6 d, respectively (Figure 3). 

 

                    

 

 

Figure 1. Changes in Pro relative abundance 

in response to LT-acclimation. L-Pro relative 

abundance in warm grown (23 °C), WG 0 d, 

and LT-acclimation (4 °C) seedlings, LT 2 d 

and 6 d. Asterisks show significant differences 

between warm grown and LT-acclimation 

samples (P-Value = 0.05). Error bars represent 

± SEM for 3 replicates. WG: warm grown, LT: 

low temperature and d: day. 

 

 

 

 

 

 

   

Figure 2. Changes in whole tissue 

ProDH activity in response to LT-

acclimation. ProDH activity in warm 

grown (23 °C), WG 0d, and LT-

acclimation (4 °C) seedlings, LT 2 d  

and 6 d. Samples are obtained from 

whole leaf extracts (NADH method). 

Asterisks show statistically significant 

differences between warm grown and 

LT-acclimation samples (P-Value = 

0.05). Error bars represent ± SEM for 3 

replicates. WG: warm grown, LT: low 

temperature and d: day. 
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Figure 3. Changes in mitochondrial ProDH 

activity in response to LT-acclimation. 

ProDH activity in warm grown (23 °C), WG0d, 

and LT-acclimation (4 °C) seedlings, LT 2d 

and 6d. Samples are obtained from isolated 

mitochondria (DCPIP method) of separate 

experiment. Asterisks show significant 

differences among warm grown and LT-

acclimation samples (P-Value = 0.05). Error 

bars represent ± SEM for 3 replicates. WG: 

warm grown, LT: low temperature and d: day. 

 

 

 

3.4. Changes in ProDH Abundance in Response to LT-acclimation. 

The increases in ProDH activity observed could be caused by enzyme activation and/or 

de novo synthesis of ProDH. An immunoblotting experiment was carried out to 

investigate ProDH protein abundance in response to LT-acclimation. Mitochondrial 

samples from different treatments were separated by SDS/PAGE, blotted onto 

nitrocellulose membrane and probed using an antibody directed against ProDH (Figure 

4). Western blot analysis revealed the ProDH protein did not increase (Figure 5). 

 

Figure 4.Western blot presentation of ProDH level in response to LT-acclimation. The 

ProDH signal was detected by anti-AtProDH antibodies with a protein molecular weight of 

approximately 57 kDa. RuBisCo large subunit from leaf extracts was observed at approximately 

53kDa on nitrocellulose membrane stained with Ponceau S, and used for normalising the 

immunoblot signal. WG: warm grown, LT: low temperature, d: day. Each lane represents a 

replicate for each treatment.  

 

RuBisCo large subunit, 53kDa

LT 2 d LT 6 dWG 0 d

anti-ProDH, 57kDa
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Figure 5. Changes in ProDH relative abundance in response to LT-acclimation. ProDH 

relative abundance in warm grown (23 °C), WG d0, and LT-acclimation (4 °C) seedlings, LT 2d 

and 6d. Error bars represent ± SEM for 3 replicates. WG: warm grown, LT: low temperature 

and d: day. 

 

3.5. ProDH Response to Changes in Temperature 

The important role of ProDH in respiration acclimation could be due to a lower 

sensitivity of ProDH activity to declining temperature compared to the other enzymes 

involved in supplying substrates to the ETC. To investigate this hypothesis, isolated 

mitochondrial fractions from non-acclimated warm grown samples were studied for 

changes in ProDH and succinate dehydrogenase (SDH) activity at different 

measurement temperatures. Similar to ProDH, SDH is bound to the inner mitochondrial 

membrane and performs a comparable activity of ProDH, contributes to mitochondrial 

oxidative phosphorylation.   

This revealed that both SDH and ProDH showed similar temperature sensitivity when 

the temperature declined from 25 °C to 15 or 5 °C. Hence, ProDH did not show any 

distinct response to changes in temperature (Figure 6). 
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Figure 6. Impact of temperature on ProDH and SDH activity. Mitochondrial samples were 

used to assess the sensitivity of these two mitochondrial membrane bound dehydrogenases, 

ProDH and SDH activity.  

 

3.6. Inhibition of Pro Degradation Decreased Respiration Acclimation under LT 

In previous sections, accumulation of Pro as well as changes in ProDH activity provided 

evidence for the role of Pro catabolism in increasing acclimation capacity of respiration 

under LT. This data led to the hypothesis that inhibition of Pro catabolism would thus 

cause a decline in the capacity for respiration acclimation. To test the Pro analog, L-

Thiazolidine-4-carboxylic Acid (T4C) was used to inhibit ProDH activity and 

investigate the effect of Pro catabolism inhibition on respiratory rates under warm and 

LT conditions. T4C has been shown to inhibit Pro degradation by over 67% (Elthon and 

Stewart 1984). 

Inhibition of ProDH activity did not induce significant changes in respiration of warm 

grown samples (23 °C) where it caused a decline or less than 8% of the original rates 

(Figure 7). However, in LT acclimation samples, ProDH inhibition caused a significant 

decline in respiration of 29% and 25% in LT 2d and LT 6d, respectively (Figure 7). 
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Figure 7. Changes in respiration rates in response to inhibition of Pro catabolism. Leaf 

respiration rates in response to ProDH inhibitor (T4C) in warm grown (23 °C), WG 0 d, and 

LT-acclimation (4 °C) seedlings, LT 2 d and LT 6 d. Measurements were performed at 

corresponding temperatures for the treatments using infiltration method. Inhibition 

measurements were performed using 10mM T4C. Mock measurements were conducted using 

ddH2O with the same volume. Asterisks show significant differences among warm grown and 

LT-acclimation samples (P-Value = 0.05). Error bars represent ± SEM for 3 replicates. WG: 

warm grown, LT: low temperature and d: day. 

 

3.7. Hydroponic Inhibition Studies Provided Suggestive Evidence for the Role of 

Pro in Respiration Acclimation under LT 

Access to wheat mutants carrying ProDH gene(s) knock-out or knock-down would be 

one of the most efficient tools to further investigate the role of Pro catabolism in 

respiratory acclimation and plant growth under LT. However, to my knowledge, such 

mutants are not yet available and have only been studied to date in Arabidopsis. Hence, 

I used a physiological knock-out methodology for these studies. In this set of 

experiments, seven-day old seedlings, grown in hydroponic media, were treated with 

2mM of the ProDH inhibitor T4C in order to chemically inhibit the enzyme in wheat 

plants. Following this, seedlings were subjected to temperature shifts and responses in 

respiration and the metabolome were measured.  
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3.7.1. ProDH Physiological Knock-Down Imposed Significant Decline in 

Respiration Acclimation under LT in Hydroponic Wheat Seedlings 

The first trait measured in T4C-treated plants was changes in respiration rates and 

acclimation capacity. Results showed no significant (8%) decline in respiration rates in 

warm grown seedling (WG). However, under LT respiration rates decreased at early 

acclimation, LT 2d, by 18% and at mid-acclimation, LT 6d, by 27% (Figure 8). The 

latter was a statistically significant difference induced by inhibitor treatment. 

 

 

Figure 8. Changes in respiration rates in response to inhibition of Pro catabolism in 

hydroponic wheat seedlings. Leaf respiration rates in response to ProDH inhibitor (T4C) in 

warm grown (23 °C), (WG), and LT-acclimation (4 °C) (LT) seedlings. Inhibition 

measurements were performed using 2mM T4C. Mock measurements were conducted using 

ddH2O with the same volume. Asterisks show significant differences between mock and 

inhibitor treatments (P-Value = 0.05). Error bars represent ± SEM for 3 replicates. WG: warm 

grown, LT: low temperature, d: day. 

 

3.7.1. ProDH Physiological Knock-out Imposed Significant Changes to the 

Metabolome Profile under LT in Hydroponic Wheat Seedlings 

Inhibition of Pro catabolism is likely to cause changes in Pro levels as well as other 

respiratory substrates, including other amino acids, TCA cycle components and 

carbohydrates. To address this hypothesis total metabolome was profiled in both control 

and treated samples in warm grown and LT treated samples, LT 2d and LT 6d. 
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Amino acids 

Pro catabolism inhibition did not cause significant changes in Pro relative abundance in 

warm grown plants (Figure 9) and in mid acclimation plants (Figure 11). However, it 

caused a significant increase in Pro relative abundance by more than 4 fold in mid stage 

of LT acclimation (Figure 10). LT treatment also caused significant decrease in Asp, 

Glu and GABA in early acclimation and warm grown samples. In mid-acclimation only 

Gly showed significant changes.  

 

 

Figure 9. Changes in amino acids relative abundance in warm conditions in response to 

ProDH inhibition. Amino acids abundance in warm grown plants (23 °C) in response to 

ProDH inhibitor. Inhibition measurements were performed using 2mM T4C. Mock 

measurements were conducted using ddH2O with the same volume. Asterisks show significant 

differences among warm grown and LT-acclimation samples (P-Value = 0.05). Error bars 

represent ± SEM for 3 replicates. 
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Figure 10. Changes in amino acids relative abundance in early acclimation in response to 

ProDH inhibition. Amino acids relative abundance in LT 2 d (4 °C) in response to ProDH 

inhibitor. Inhibition measurements were performed using 2 mM T4C. Mock measurements were 

conducted using ddH2O with the same volume. Asterisks show significant differences among 

warm grown and LT-acclimation samples (P-Value = 0.05). Error bars represent ± SEM for 3 

replicates. LT: low temperature and d: day. 

 

 

Figure 11. Changes in amino acids relative abundance in mid acclimationin response to 

ProDH inhibition. Amino acids relative abundance in LT 6d (4 °C) in response to ProDH 

inhibitor. Inhibition measurements were performed using 2mM T4C. Mock measurements were 

conducted using ddH2O with the same volume. Asterisks show significant differences among 

warm grown and LT-acclimation samples (P-Value = 0.05). Error bars represent ± SEM for 3 

replicates.LT: low temperature and d: day. 
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TCA Components 

TCA components did not show significant changes in warm grown samples (Figure 12). 

On the contrary, LT treated samples showed significantly decreased TCA components 

including, succinic acid, fumaric acid, malic acid, -ketolglutaric acid and aconitic acid 

in LT-acclimation (Figures 13 and 14). 

 

 

Figure 12. Changes in TCA components and organic acids relative abundance in warm 

conditions in response to ProDH inhibition. TCA components and organic acids relative 

abundance in warm grown plants (23 °C) in response to ProDH inhibitor. Inhibition 

measurements were performed using 2 mM T4C. Mock measurements were conducted using 

ddH2O with the same volume. Error bars represent ± SEM for 3 replicates. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

N
o

rm
a

li
se

d
 s

ig
n

a
l

TCA components and organic acids

Mock Inhibition



Chapter 4 

186 
 

Figure 13. Changes in TCA components and organic acids relative abundance in early 

acclimation in response to ProDH inhibition. TCA components and organic acids relative 

abundance in LT 2d (4 °C) in response to ProDH inhibitor. Inhibition measurements were 

performed using 2mM T4C. Mock measurements were conducted using ddH2O with the same 

volume. Asterisks show significant differences between mock and inhibitor treated samples (P-

Value = 0.05). Error bars represent ± SEM for 3 replicates.LT: low temperature and d: day. 

 

Figure 14. Changes in TCA components and organic acids relative abundance in mid 

acclimation in response to ProDH inhibition. TCA components and organic acids relative 

abundance in LT 6d (4 °C) in response to ProDH inhibitor. Inhibition measurements were 

performed using 2mM T4C. Mock measurements were conducted using ddH2O with the same 

volume. Asterisks show significant differences between mock and inhibitor treated samples (P-

Value = 0.05). Error bars represent ± SEM for 3 replicates.LT: low temperature and d: day. 
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Carbohydrates 

ProDH inhibition did not cause significant changes in carbohydrates in any of the 

samples (Figures 15-17).  

 

 

 

Figure 15. Changes in carbohydrates relative abundance in warm conditions in response 

to ProDH inhibition. Carbohydrates relative abundance in warm grown plants (23 °C) in 

response to ProDH inhibitor. Inhibition measurements were performed using 2mM T4C. Mock 

measurements were conducted using ddH2O with the same volume.  Error bars represent ± SEM 

for 3 replicates. 
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Figure 16. Changes in carbohydrates relative abundance in early acclimation in response 

to ProDH inhibition. Carbohydrates relative abundance in LT 2 d (4 °C) in response to ProDH 

inhibitor. Inhibition measurements were performed using 2mM T4C. Mock measurements were 

conducted using ddH2O with the same volume.  Error bars represent ± SEM for 3 replicates. LT: 

low temperature and d: day. 

 

 

Figure 17. Changes in carbohydrates relative abundance in mid acclimation in response to 

ProDH inhibition. Carbohydrates relative abundance in LT 6 d (4 °C) in response to ProDH 

inhibitor. Inhibition measurements were performed using 2mM T4C. Mock measurements were 

conducted using ddH2O with the same volume.  Error bars represent ± SEM for 3 replicates.LT: 

low temperature and d: day. 
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4. Discussion  

The main objective of this chapter was to investigate the role of Pro catabolism in 

respiration acclimation under LT in wheat plants. The significant in vitro stimulatory 

effect of Pro on respiratory rates in non-acclimated plants (Chapter 3) led me to 

hypothesise Pro is a key new substrate for mitochondrial respiration under LT by 

donating electron to the ETC as well as being a source for recycling TCA cycle 

components. In this way Pro contributes to cell bioenergetics and acclimation capacity 

of respiration under LT in wheat plants. 

 

4.1. Changes in Pro Levels in Response to LT-Acclimation 

LT induced significant changes in Pro levels. Interestingly, early acclimation induced 

only slight increase in Pro abundance while mid acclimation caused a large 

accumulation of Pro. This observation is not in full agreement with some other studies 

in other plant species. For instance, Kaplan et al. (2007) reported large changes in Pro 

levels, starting from the early hours of LT stress in Arabidopsis. Similar results were 

reported by Bocian et al. (2015) who demonstrated the association between Pro 

accumulation with higher LT-tolerance at very early stages of LT-shock in Lolium 

perenne genotypes.  

One explanation could be attributed to the biosynthesis Pro under LT in different 

species. The biosynthesis of Pro during LT stress has been shown to be an ABA-

induced pathway (Savouré et al. 1997). Hence, it could be argued that there are 

differential LT-induced ABA responses at different stages of acclimation, and this has 

led to a difference between these two time-points. Further investigations are essential to 

test this hypothesis. The other possible explanation for this observation, could be based 

on the Pro degradation rates under LT. If Pro synthesis is restricted under LT, however 

its degradation pathways are more affected during early stages of acclimation than later, 

lower levels of Pro would be at least partially explained. 

 

4.2. Changes in ProDH Activity and Abundance in Response to LT Acclimation 

In this study, LT induced significant changes in ProDH activity during acclimation. The 

two methods used in this study, whole leaf and isolated mitochondria, both showed the 
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significant increased activity of ProDH in response to LT-acclimation. This activity 

change is not likely to be attributed to ProDH abundance since results from 

immunoblotting showed only slight increases in ProDH abundance in early acclimation 

while mid-acclimation did not induced changes in ProDH abundance. 

An alternative explanation could be the stimulatory effect of Pro on ProDH activity. Pro 

has been shown to induce ProDH activity (Schertl et al. 2014) in this study it seems 

likely that the increase in ProDH activity and abundance could be attributed to high Pro 

levels in LT. However further investigations are essential to clarify this hypothesis and 

to understand the molecular basis of this stimulation. 

ProDH is also known to play an important role beyond Pro degradation, in controlling 

Pro levels (Kavi Kishor and Sreenivasulu 2014). However, results from this study, 

showed that this concept does not seem applicable under stress conditions. For example, 

high ProDH activity and abundance in early acclimation, could partially explain the 

lower levels of Pro in this time-point but not the data obtained in mid acclimation. 

Apparently the very high levels of Pro in mid acclimation have overwhelmed the 

degradation rate and changes in ProDH activity do not match to the very large changes 

in Pro levels. Kaplan et al. (2007) studied transcript abundance of ProDH and P5CDH; 

two enzymes involved in Pro degradation, in response to LT acclimation in Arabidopsis 

and argued that the modulation of transcript abundance is not sufficient to explain the 

dynamics in Pro levels. Similar results were also reported by Charest and Ton Phan 

(1990) in wheat cultivars. 

 

4.3. ProDH Sensitivity to Changes in Temperature 

In this study, based on the dynamic changes in Pro abundance and ProDH activity and 

abundance under LT, it was hypothesised that ProDH, as a key enzyme in the Pro 

catabolic pathway, had a higher tolerance to LT than other components of mitochondrial 

OXPHOS components and it subsequently drove Pro degradation as a key respiration 

substrate during LT acclimation. The results, however, showed SDH and ProDH had a 

similar sensitivity to decline in temperature which does not support the hypothesis of a 

special ProDH tolerance to LT. 
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4.4. The Effect of ProDH Inhibition on Respiration Acclimation under LT  

In this study it was shown that chemical inhibition of ProDH which led to inhibition of 

the Pro catabolism pathway, caused significant decrease in respiration rates and 

consequently, lower LT-acclimation of respiration. When comparing these results to 

minor changes in respiratory rates of warm grown plants, it is becoming increasingly 

clear that under LT Pro is a key new substrate for respiration. The non-significant minor 

changes in respiration rates of warm grown plants indicated that despite the relatively 

high activity and abundance of ProDH in warm grown plants, its role could be replaced 

when Pro oxidation is inhibited. It is known that Pro is constantly being oxidised 

through mitochondria and can contribute to respiration rates in non-stressed conditions 

(Elthon and Stewart 1981; 1984; Schertl et al. 2014) 

 

4.5. Hydroponic Studies Provides Further Evidence; Respiration changes in 

Response to Pro catabolism  

Hydroponic experiments provided the opportunity to study the ProDH chemical 

inhibition with more accuracy, since the chemical inhibition occurred via plant uptake 

and not infiltration. Using this technique showed that respiration in T4C treated plants 

significantly decreased under LT so that plants showed less acclimation capacity in 

respiration under LT. These results further confirmed the results from the respiration 

inhibition in mature plants using T4C infiltration discussed above. 

 

4.6. Hydroponic Studies Provides Further Evidence; Changes in Respiratory 

Substrates in ProDH Physiological Knock-out Seedlings 

Initially, it was hypothesised that inhibition of the Pro catabolic pathway, would cause a 

disturbance in Pro balance and eventually an accumulation of Pro. In this study, it was 

shown that warm grown plants did not accumulate Pro when treated with T4C. It 

seemed that warm grown plants had applied some metabolic pathways to avoid 

accumulation of Pro. It is possible that increase in Pro in warm grown plants has caused 

a negative feedback response prevent further Pro to be produced. However this is only a 

hypothetical explanation.   
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Although not significant, it was plausible that the increase in Phe and Pyroglutamic acid 

are related to the Pro catabolism inhibition. However, there were a few amino acids, 

including GABA and Asp, which significantly decreased in relative abundance in 

treated seedlings. This showed an effect of ProDH inhibition on some other amino acid 

abundances as well. It is possible that the warm plants used a generic strategy to reduce 

the synthesis of various amino acids, not only Pro, but also some other amino acids.  

In early LT acclimation, Pro was shown to accumulate markedly, perhaps due to the 

ProDH inhibition. This observation highlighted the importance of Pro as a respiratory 

substrate under LT. GABA, Glu and Asp were also shown to decline in relative 

abundance after inhibitor treatment. The reason behind these changes remain unclear 

and requires further examination. 

During mid LT acclimation, Pro accumulated to some degree, perhaps in response to 

ProDH inhibition. This may have occurred due to two different reasons. Firstly, in mid 

acclimation Pro concentration is very high, hence changes in its abundance due to the 

inhibition of degradation may not be easily distinguished. Secondly, mid acclimation, 

LT 6d, was a relatively long time for the plants to adapt to the changes in Pro catabolic 

pathway and avoid Pro accumulation by inducing other metabolic pathways. 

Apart from the role of Pro as an electron donor to mitochondrial OXPHOS, when 

catabolised, Pro is converted to Glu which could be converted to α-ketoglutarate and 

recycled into TCA cycle, contributing to mitochondrial respiration (Schertl et al. 2014; 

Szabados and Savoure 2010). This highlighted the importance of investigating changes 

in TCA cycle components in plants when the Pro catabolic pathway was inhibited. The 

metabolite profiling showed that under T4C treatment, warm grown samples did not 

have any significant changes in TCA cycle metabolites, which support the results 

showing that respiration did not change with the same treatment. This finding also 

agrees with the observation that no further accumulation of Pro occurs under treatment 

conditions in warm gown plants. These results imply that Pro is not essential as a 

respiratory substrate in warm condition. On the contrary, LT acclimation was shown to 

significantly cause decreased abundance of TCA metabolites, both at early and mid and 

acclimation. This is an important finding since it highlights the role of Pro in respiration 

acclimation as a substrate for TCA cycle under LT stress.  
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Interestingly, T4C treatment did not induce any changes in carbohydrates levels under 

any of the temperature conditions. Apparently, balance in Pro levels is not associated 

with changes in carbohydrates levels. 

 

5. Conclusion 

This chapter explored the role of Pro in acclimation of respiration as a key substrate 

under LT in wheat plants. It was apparent that LT-acclimation induced an increase in 

Pro levels. It was also shown that ProDH activity and abundance were slightly induced 

due to LT-acclimation, however it could not explain the dynamic and large changes of 

Pro levels. Further investigations, using ProDH chemical inhibition, clearly highlighted 

the role of Pro degradation/oxidization in respiratory rates and acclimation capacity 

under LT. The other major finding of this study was the role of Pro in providing 

substrates for the TCA cycle and eventually feeding oxidative respiration. It was shown 

that disturbance in Pro catabolic pathway caused marked decrease in TCA cycle 

components under LT. Overall, the results from this study highlighted that although Pro 

is constantly oxidised and consumed in mitochondria of warm grown plants, it does not 

play a vital role in respiration at these temperatures. On the contrary, LT acclimation of 

respiration was found to be significantly dependant on Pro oxidation for supplying 

electron to the ETC and recycling substrates for the TCA cycle. 
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Mitochondrial respiration is a fundamental process in plant cells providing the driving 

energy for growth and development. It is associated with a number of biochemical 

pathways including glycolysis, the tricarboxylic cycle (TCA cycle) and the electron 

transport chain (ETC). The electron transfer chain is coupled to generation of a proton 

gradient across the inner mitochondrial membrane and the production of ATP by ATP 

synthase in a process known as oxidative phosphorylation (Atkin and Tjoelker 2003). 

To generate this gradient components of the oxidative phosphorylation (OXPHOS) 

electron transport chain couples oxidation of NADH and FADH2 and the reduction of 

oxygen, to proton translocation (Millar et al. 2011a). Mitochondrial respiration has a 

pivotal role in maintaining the balance of various cellular processes associated with 

carbon metabolism in plants, since it is the terminal catabolic pathway for 

carbohydrates, amino acids, organic acids and fatty acids. These macromolecules are 

eventually oxidised to generate ATP. There are multiple entry points for different 

carbohydrates and amino acids compounds to be used as respiratory substrates to 

liberate energy (Millar et al. 2011a).  

Low temperature (LT) imposes significant effects on plant respiration. Changes in plant 

respiratory rates will consequently affect energy production, growth and development 

under LT (Armstrong et al. 2008; Armstrong et al. 2006b). However, it is well accepted 

that plant respiration has the capacity to acclimate to LT. LT-acclimation of respiration 

takes place when high respiratory rates, similar to those observed at ambient 

temperatures, are observed at LT. This occurs in parallel with whole plant acclimation 

(Armstrong et al. 2008) and results in a decline in the long-term temperature sensitivity 

of respiration (Atkin and Tjoelker 2003). 

There have been a number of studies investigating respiration responses to LT in plants, 

mostly in model species. However, so far, there has been limited investigation of 

respiration responses to LT in major crop plants. This thesis was dedicated to 

investigate several fundamental questions about the effect of LT on the plant respiratory 

system and the mechanism behind LT-acclimation of respiration in wheat plants.  

 

1. How Does Respiration Respond to LT? 

a LT-shock 

LT-shock causes a decline in rates of plant respiration.  This is likely caused by changes 

in thermodynamic properties of enzymes as well as malfunction in activity and capacity 
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limitations of enzyme-catalysed reactions. This results in limitations of the activity of 

respiratory apparatus including components of the mitochondrial ETC and TCA cycle 

(Aledo et al. 2010; Atkin and Tjoelker 2003; Bravo et al. 2007; Covey‐Crump et al. 

2002; Matos et al. 2007; Pack and Yoo 2004). However, our knowledge of the effect of 

LT shock in crop plants is limited as most of this research cited has been carried out in 

model plants. In addition, there is lack of information in any plant species on the 

dynamics of the respiration response to LT-shock, as most of the previous research has 

not examined changes through a series of time-points, but have only focused on single 

time-points which may limit interpretations of their results. 

This study showed that LT-shock had an immediate impact on respiration rates in pre-

existing wheat leaves. Respiration rates significantly dropped as soon as plants were 

exposed to LT (Chapter 2, Figure 3). These results were supported by previous research 

(Dahal et al. 2012) who showed immediate decline in wheat cultivars in response to LT 

in non-acclimated plants. However, Dahal et al. (2012) missed the dynamics of the 

respiration response observed in this study which highlighted a biphasic response in 

respiration rates under LT-shock (Chapter 2, Figure 3).  

A few explanations have been proposed for the high sensitivity of respiration to LT-

shock. This includes, LT impacts on enzyme-catalysed reactions via thermodynamic 

effects and protein stability, intermolecular forces and also a slowing down of transport 

processes across membranes due to a reduction of membrane fluidity (Clarke and Fraser 

2004; Jaenicke et al. 1990; Viña 2002). However, there is still no clear explanation for 

the biphasic response we observed. It may be related to differing sensitivity of some of 

the possible mechanisms discussed above. For example, initially the inhibition of 

respiration may be caused by impacts on enzyme-catalysed reactions, which is then 

further exacerbated by a slowing down of transport processes across membranes due to 

the reduction of membrane fluidity, resulting in a biphasic response. Additionally, this 

response may be complicated by diurnal effects on respiration rate or changes in 

respiratory substrate availability.  

In general, a successful LT-shock response in wheat is essential due to the fact that so 

many LT events in WA, occur suddenly without time for acclimation in such important 

crops like wheat. Hence understanding the response underpinning the LT-shock 

response provides improved knowledge in breeding programs in such climate 

conditions. 
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b LT-acclimation 

Long-term respiration responses under LT-acclimation have received much more 

attention than LT-shock (Armstrong et al. 2008; Hu et al. 2006; Talts et al. 2004; Zhu et 

al. 2007). However, as mentioned above, most of the studies have focused on non-crop 

species or do not provide a comprehensive view of the dynamic changes in response to 

LT-acclimation.  

In this study wheat plants showed the capacity to acclimate to long-term LT with a 

relatively steady trend of increasing respiratory rates across the LT-acclimation period. 

Interestingly, maximum acclimation of respiration took place over several days of LT 

exposure (Chapter 2, Figure 4). Monitoring a series of time-points provided a fine 

picture of the dynamic changes in respiration response under LT-acclimation. It seemed 

likely that a new set of responses to LT-acclimation were initiated after reaching 

maximum acclimation of respiration after a few days of LT exposure. Just like in LT-

shock, there appeared to be a biphasic response involving the stress onset, a peak at a 

certain level and a decrease again before the rate continued to increase. Such a response 

could be associated with different types/strategies of respiratory acclimation at different 

stages of LT exposure (Atkin and Tjoelker 2003). This study also highlighted the 

importance of time series studies in order to make sure what we are observing is a fair 

reflection of the response and not a single piece of information on LT-acclimation taken 

in a narrow time window. 

This study also provided new information on respiratory responses during the 

deacclimation process of wheat plants (Chapter 2, Figure 5). This is perhaps the most 

understudied area in both crop and non-crop species compared to other LT-acclimation 

research. In the field, the deacclimation process is as important as the acclimation 

process, in returning a plant to normal growth and development once the LT period is 

terminated. Being able to deacclimate in a short term could be a significant advantage to 

plants by turning metabolism, growth and development to the steady-state seen before 

LT. 

In this study when plants were returned from LT to normal temperature the respiration 

rate quickly increased in 1 h, this highlights the highly sensitive nature of respiration 

rates to shifts in temperature. It is likely that the main reason behind this increase was 

the thermodynamic properties of enzymes as they are shifted into ambient temperatures. 

However, a further increase above the pre-LT rates may be observed due to the higher 
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capacity of respiratory system due to LT-acclimation, or accumulated stocks of certain 

substrates during LT. It also was shown that two days was all that was needed for the 

wheat plants to re-gain the respiratory rate that they had in warm growth conditions.   

The respiratory responses of plants developed under LT is another area of research that 

has not been a focus of studies in crop plants. A few reports have focused on the LT 

development of Arabidopsis (Armstrong et al. 2006a; Armstrong et al. 2006b; Talts et 

al. 2004) and have shown very high respiratory rates in LT-developed tissues. The 

monitoring of growth and development of wheat leaves under LT revealed a significant 

effect of LT on growth rates when compared with growth at ambient temperatures 

(Chapter 2, Supplementary Figure 2). It also became increasingly clear that LT-

developed wheat tissues show the greatest level of respiratory acclimation of all the 

leaves examined (Chapter 2, Supplementary Figure 4). This is qualitatively consistent 

with what was previously observed in Arabidopsis, where the respiratory acclimation of 

LT developed leaves was greater than either acclimation in pre-existing tissues or warm 

grown tissues (Armstrong et al. 2006b). However, the difference between the 

respiratory rates in LT developed wheat and long term LT exposure was not as great as 

that reported by Armstrong et al. (2006b) and Talts et al. (2004) in Arabidopsis. This 

may suggest a higher acclimation potential in a moderately LT-tolerant wheat cultivar, 

Calingiri, for pre-existing tissue, than in Arabidopsis plants. It may also highlight the 

agronomic value of acclimation, as wheat cultivation is often exposed to LT but not 

developed under LT conditions. Hence, the capacity of respiration to acclimate to LT in 

a relatively short time in pre-existing tissue is considered an advantageous trait for this 

species.  

Overall, these findings confirmed that respiratory apparatus has the capacity to 

acclimate to LT during several days of LT stress in wheat plants. These observations led 

to further investigations to investigate mechanisms underlying LT-acclimation of 

respiration in wheat. To investigate this, the following questions were asked and 

answered: 
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2. What are the Mechanisms Underpinning LT-Acclimation of 

Respiration in Wheat? 

a. Mitochondrial OXPHOS Components Changes in Abundance in Response 

to LT Exposure 

A variety of responses in OXPHOS components under LT have been reported. For 

example, a few studies have indicated that the Complex I, 75-kDa subunit shows a 

decrease in abundance in response to LT in a variety of species (Gammulla et al. 2011; 

Neilson et al. 2011; Taylor et al. 2005a; Yan et al. 2006) . In contrast, subunit 9 of 

Complex I was shown to have responses that varied between species, increasing in 

abundance in wheat and decreasing in abundance in Arabidopsis (Herman et al. 2006a; 

Tan et al. 2012). For Complex II, it was shown that subunit SDH1-1 increased during 2 

days of exposure to LT (Tan et al. 2012) while subunit SDH6 decreased in abundance 

during 14 days of acclimation (Zhang et al. 2012). Some Complex III subunits did not 

change in abundance (QCR6 / QCR6-1) (Armstrong et al. 2008; Shi et al. 2013) while 

others decreased in abundance, such as UCR1 (Gammulla et al. 2011; Tan et al. 2012). 

The COX2 subunit of complex IV increase in abundance in Lolium perenne, tomato, 

wheat, and plantain (Bocian et al. 2011; Holtzapffel et al. 2002; Kurimoto et al. 2004b; 

Yang et al. 2012). For complex V, ATP synthase subunit abundance was shown to be 

very variable, with subunits including ATP 1 (α), ATP 2 (β), ATP 3 (γ), and ATP 5 (δ) 

having species specific responses to LT. The responses of Complex V subunits were 

also shown to be dependent on the timing and severity of LT exposure (Balbuena et al. 

2011b; Gammulla et al. 2011; Neilson et al. 2011). 

Whilst these studies provide some insights in the responses of OXPHOS components to 

LT, they have not been examined in enough detail to make overall statements about 

whole respiratory complexes in plants and none have been carried out in wheat. The aim 

of this study was to characterise the response of OXPHOS components to LT-

acclimation in wheat plants. To do this I examined three time-points, based on the 

observations made in Chapter 2. The time-points selected were ones that span non-

acclimation (day 0), early acclimation (day 2) and mid acclimation (day 6). It was 

hypothesised that the higher rates of respiration seen during acclimation were caused by 

increases in the relative abundance of mitochondrial OXPHOS components. To explore 

this hypothesis, a set of targeted SRM mass spectrometry transitions were performed at 

the various time points. The analysis of these SRMs showed a relatively static protein 
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abundance of mitochondrial OXPHOS components on a mitochondrial basis (Chapter 2, 

Figure 7). These findings suggest changes in mitochondrial OXPHOS components 

abundance in response to LT are not a direct means of LT-acclimation of respiration. 

b. Mitochondrial Density Changes in Response to LT-acclimation 

In chapter 2 it was shown that the respiration acclimation wasn’t directly attributed to 

changes in mitochondrial OXPHOS components abundance under LT on a 

mitochondrial. This led to another hypothesis based on the link between increases in the 

LT-acclimation of respiration and mitochondrial respiration capacity through increases 

in mitochondrial number/density in cells during LT exposure.  

Several studies provide some insights in the changes of mitochondrial density under LT. 

For example, studies in Arabidopsis under LT and also species from high altitude 

regions have shown increase in mitochondrial number in response to LT (Armstrong et 

al. 2006b; Miroslavov and Kravkina 1991; Talts et al. 2004). This study specifically 

explored changes in mitochondrial density in wheat and its correlation to LT-

acclimation of respiration using targeted SRM analysis.  

The SRM analysis of protein on a per leaf area basis showed an overall trend of an 

increase in abundance for all the detected mitochondrial proteins, with increases being 

more pronounced in early acclimation (Chapter 2, Figure 8). These findings suggest that 

increasing mitochondria number or density may be a component of the increase in 

respiration rate seen during long-term LT exposure. However, the observed degree of 

increase and the effect in early and late acclimation in mitochondrial number/density 

could not be well correlated with the respiration changes in acclimation under LT. For 

example, if figure 4, chapter 2 and figure 8, chapter 2 are compared, the timing of the 

increase in protein abundance and respiratory rate are very different. It is likely that this 

increasing number/density strategy provides plant cells with higher capacity of 

respiration and acclimation under exposure to LT. In summary, it seems likely that 

increase in respiration capacity is not fully attributed to changes in OXPHOS 

components abundance or mitochondrial number/density in the experimented wheat 

cultivar. 

 

c. Mitochondrial Membrane Fluidity Changes in Response to LT-Acclimation 

Plant mitochondrial membranes composition and structure is influenced by various 

stresses including LT. LT influences membranes fluidity by transitioning membranes 
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from liquid crystalline to a gel phase state (Murata and Los 1997; Webb and Steponkus 

1993). Hence, under LT conditions higher degrees of unsaturation of lipid chains are 

required to overcome the LT-induced changes in membrane fluidity and attain high 

levels of homeoviscosity. The bioenergetic activities of mitochondria are affected by the 

fatty acid unsaturation and composition of the inner mitochondrial membrane (Caiveau 

et al. 2001; Fontaine et al. 1996; Goubern et al. 1990). The unsaturation index of 

mitochondrial membranes phospholipids can alter the oxidative phosphorylation status, 

catalytic properties of carriers, the ΔµH
+ 

and proton-selective leaks and substrates 

transporters (Caiveau et al. 2001; Fontaine et al. 1996; Goubern et al. 1990).  

From this prior knowledge, it was hypothesised that an increase in mitochondrial 

membrane fluidity could be associated with LT-acclimation of respiration. In order to 

explore this hypothesis, three time-points, based on observations from Chapter 2 were 

selected, non-acclimation (day 0), early acclimation (day 2) and mid acclimation (day 

6). Samples were analysed for changes in fatty acids composition, in response to LT 

using GC-MS analysis.  

The results from this study showed a trend of increase in all of the detected fatty acid 

species (C18:0, C18:1, C18:2 and C18:3) in the early acclimation time-point, compared 

to the non-acclimated controls (Chapter 2 Figure 11). During mid-acclimation for C18:0 

and C18:3 showed a significant decrease and increase, respectively (Chapter 2 Figure 

11). Additionally, changes in unsaturation level showed a significant increase in mid-

acclimation (Chapter 2 Figure 12). 

It seemed likely that there exists an increase in the surface area of mitochondrial 

membranes, such as increasing cristae formation during early acclimation. Increase in 

surface could imply increase in relative cristae surface which could provide an increase 

in the capacity for mitochondrial electron transport (Armstrong et al 2006b). This could 

to some extent explain the increase in respiration rates seen at early acclimation 

(Chapter 2 Figure 4). Additionally, induced levels of C18:3 and total unsaturation level 

(DBI) during mid acclimation could be associated with increase in membrane fluidity 

and consequently bioenergetic properties of mitochondrial electron transport (Caiveau 

et al. 2001; De Santis et al. 1999; Miller et al. 1974). When figure 4 and figure 12, 

chapter 2, are compared, it is apparent that the timing of the increase in DBI level and 

respiratory rate are synchronized. 
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Increases in mitochondrial membrane fluidity are likely lead to increases in various 

substrates transporters activity, both in and out of the matrix, via protein-lipid 

interactions. This may lead to changes in the function of the mitochondrial respiratory 

apparatus and LT-acclimation response. 

 

 

d. Substrates Availability Change in Response to LT-Acclimation 

In order to further investigate the mechanisms underlying LT-acclimation of respiration, 

changes in respiratory substrate availability was measured. This was carried out based 

on the hypothesis that there was a relationship between increase respiratory substrate 

availability and the increases in respiration seen during long term LT exposure. 

LT imposes a large effect on the total metabolome profile of plants, among which, 

respiratory substrates predominate (Cook et al. 2004; Guy et al. 2008; Kaplan et al. 

2007). For example, the accumulation of various sugars, amino acids and organic acids 

in plant species have been reported in response to LT (Angelcheva et al. 2014; Benina et 

al. 2013; Bocian et al. 2015; Hurry et al. 1995; Kaplan 2004; Kaplan and Guy 2004). 

However, such studies in crop species including wheat are still very limited. 

Additionally, very few studies have attempted to study the proposed hypothesis in a 

time-series experiment to be able to provide a better understanding of changes in 

substrate availability before, during and after LT exposure and their relationship to 

changes in respiratory rate. This study investigated the hypothesis using a GC-MS 

analysis technique to examine changes in respiratory substrate availability in wheat 

plant in response to various stages of LT. 

Results from this study showed that LT-shock resulted in large increases in 2 h of 

certain amino acids such as, Phe and Ala, but not carbohydrates and TCA cycle 

components. It was also shown that a biphasic response of metabolite abundances 

similar to what was seen in respiration rates at corresponding time points. The biphasic 

response contrasted with previous studies reporting constant increases in those 

substrates (Hurry et al. 1995; Kaplan et al. 2004; Kaplan et al. 2007). The biphasic 

response could strongly correlate changes in respiration rates to TCA and glycolysis 

metabolite abundance (Chapter 3, Figure 5).  
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An overarching analysis of metabolite abundances during LT-acclimation showed 

substantial changes in amino acids followed by carbohydrates and TCA components, 

respectively (Chapter 3, Figures 6-9). It was also shown that substrate abundances vary 

in the pattern and timing of their response to LT-acclimation (Chapter 3, Figure 9).  

A rapid response of substrates was also observed during the deacclimation process 

(Chapter 3, Figure 14). Most of the substrates declined sharply in abundance when 

plants returned to warm conditions. This would appear to be related to the previously 

high respiration rates seen during the recovery stage (Chapter 2), where accumulated 

substrates are believed to fuel respiration to produce energy for the cell to be used for 

growth and development after LT (Kalberer et al. 2006). This is thought to be related to 

the restored thermodynamic properties of many enzyme-catalysed reactions when plants 

are returned to ambient conditions. 

Interestingly, in leaves developed under LT, the metabolome profile and substrate 

availability resembled warm grown plants. This finding is likely to suggest that high 

respiration rates seen in these plants could be attributed to other acclimation pathways 

rather than substrate availability (Chapter 3, Figure 18).  

Collectively, this metabolite study confirmed the existence of four distinct stages of 

respiratory substrates abundance under LT in pre-acclimation, early acclimation, late 

acclimation and full acclimation (Chapter 3, Figures 20 and 21). 

This study showed the potential for many respiratory substrates to be directly involved 

in LT-acclimation of respiration through their accumulation in response to LT. Thus, 

another experiment was conducted to observe the in vitro stimulation of respiration in 

non-acclimated plants using exogenous substrates under LT. Although this hypothesis 

has been proposed before (Campbell et al. 2007; Covey‐ Crump et al. 2002), no 

extensive investigation has been carried out to fully elucidate the proposed hypothesis. 

In the current study, L-Pro showed maximum stimulatory effects on respiration in non-

acclimated plants under LT. However, substrates such as GABA and Asp also showed 

significant stimulatory effects and merit further investigation to reveal their role in LT 

acclimation (Chapter 3, Figure 22).  

This information led to the next set of experiments to further investigate and confirm 

the role of L-Pro in LT-acclimation of respiration in wheat plants. 
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e.  L-Pro is a Key Substrate In Respiration Acclimation Under LT 

Pro has received significant attention for its various properties and features especially 

during and after stress exposure in plant tissues (Funck et al. 2010; Nishimura et al. 

2012; Sarkar et al. 2009; Szabados and Savoure 2010; Verbruggen and Hermans 2008; 

Zuther et al. 2012). Additionally, Pro degradation has been shown to contribute to the 

respiratory system by providing electrons for the ETC and as compound providing 

substrates for the TCA cycle (Szabados and Savoure 2010). However, there is no solid 

evidence for mitochondrial respiration being fuelled by Pro during LT exposure. My 

previous experiments have shown large increases in Pro abundance in response to LT as 

well as significant in vitro stimulatory effect on respiration. Hence, this study 

hypothesised that Pro is a highly available substrate under LT, and it is involved in 

respiration acclimation through two pathways, as an electron donor to ETC and as a 

substrate generating TCA cycle intermediates. 

This study showed that during LT-acclimation a slight induction in Pro dehydrogenase 

activity and abundance (Chapter 4, Figures 2-4) could be observed. Although this was 

supported by previous research (Kaplan et al. 2007; Sarkar et al. 2009) it is unlikely that 

this slight increase explained the large increase in respiration seen during LT exposure. 

To further investigate the role of Pro, chemical inhibition of Pro catabolism by Pro 

dehydrogenase was undertaken by infiltration and uptake of specific inhibitors.  

This set of studies, showed that once Pro degradation is inhibited, respiration rates 

significantly decreased during LT-acclimation, but not in warm conditions (Chapter 4, 

Figures 7 and 8). It also showed that inhibition of Pro catabolism during LT-acclimation 

increased Pro levels (Chapter 4, Figures 9-11) and caused a decline in TCA cycle 

intermediates (Chapter 4, Figures 12-14). This further suggests a key role of Pro as a 

respiratory substrate during LT-acclimation. 
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3. Conclusion 

An overview of the results from this research, suggests that the mechanism 

underpinning LT-acclimation of respiration in wheat plants is not a single process, but a 

combination of molecular processes. The first mechanism was the increase in 

mitochondrial respiratory capacity during early acclimation by increasing the 

number/density of mitochondria in wheat leaves. The second mechanism was the 

increase in mitochondrial membrane surface during early acclimation. The third was the 

increase in mitochondrial membrane surface and fluidity during acclimation which 

suggested an increase in respiratory capacity. The forth mechanism was the availability 

of particular substrates during different stages of LT-acclimation of respiration.  Further 

investigations proved that Pro degradation via mitochondrial Pro dehydrogenase could 

be a major contributor to LT-acclimation of respiration. It is likely that all of the 

mentioned mechanisms may function in parallel and provide wheat respiratory system 

with the maximum capacity for respiratory acclimation to LT. 
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Figure 1. Schematic figure of proposed cooperative 

mechanism underpinning LT-acclimation of respiration in 

wheat plants. Figure represents the overall proposed 

mechanisms underlying LT-acclimation of respiration in wheat 

plants. Such acclimation occurs in pre-existing tissue and over 

several days. Proposed mechanisms include changes in: a- 

mitochondrial density, b- mitochondrial membrane fluidity, c- 

L-Pro availability as a key respiratory substrate. A combination 

of these mechanisms could help explain the LT-acclimation of 

respiration in wheat plants. TCA Cycle: tricarboxylic acid 

cycle, ProDH: Pro dehydrogenase, P5C: pyrroline-5-

carboxylate. 
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