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Abstract
Respiration is the powerhouse that provides the driving force for biosynthesis, cellular
maintenance and active transport in plants. Coupling the production of ATP, reducing
equivalents and carbon skeletons to the release of large amounts of CO2, between 30-80%
of daily photosynthetic carbon gain is released into the atmosphere through plant
respiration. As weather patterns become increasingly unpredictable as a result of global
climate change, it is expected that even small alterations in environmental temperature
will have a profound effect on the flux of CO2 from terrestrial ecosystems into the
atmosphere. Therefore, quantification of the temperature response of plant respiration is
critical in current estimations and future projections of the global carbon cycle.
Although it is generally assumed that temperature-dependent increases in plant
respiration are exponential, it was recently discovered that the shape of the temperature
response curve of leaf respiration can be better described by a second order logpolynomial model and that this function is remarkably uniform across biomes and plant
functional groups. Such convergence in the temperature sensitivity of leaf respiration
suggests that there are highly conserved controls on the temperature response of plant
energy metabolism; however, an understanding of what these controls are and how they
contribute to temperature tolerance mechanisms has yet to be elucidated, particularly at
low temperatures.
To gain mechanistic insight into the effects of chilling stress on plant mitochondrial
membrane functions, we have performed detailed studies of mitochondrial proteins and
lipids in control, cold-shocked and cold-adapted Arabidopsis plants using a combination
of lipidomic, respiratory and biochemical approaches. Evidence based on respiratory
rates, ADP/O ratios, uncoupling control ratios and ATP synthesis rates suggest that
Complex V (F1Fo ATP synthase) of the electron transport chain (ETC) can act as a
bottleneck in the respiratory process during chilling stress. This finding may indicate a
direct means of temperature perception by plant mitochondria and explain the activation
of non-phosphorylating ETC bypass mechanisms to maintain or even increase respiratory
rates in the cold.
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Chapter 1
General introduction
1.1 Food production in a changing climate
One of the greatest challenges mankind will face in the near future is the ability to feed a
growing global population. To meet the demand of approximately nine billion people by
2050, it has been estimated that current global food production levels must increase
between 60-100% (FAO, 2009; Tilman et al., 2011; OECD and FAO, 2012; Ray et al.,
2013). Although this may be possible by developing higher yielding crop varieties and
better farming practices, current trends indicate that yield improvement rates are already
falling short of those required. In a recent study by Ray et al. (2013), it was found that
yield improvements in four key global crops (maize, rice, wheat and soybean) that
produce approximately two thirds of the world’s calories have only increased between
0.9-1.6% per year (between 1989 to 2008), far slower than the 2.4 % required to double
crop production by 2050 (Figure 1.1). These reduced rates of crop improvement were
largely attributed to slow yield improvements in some of the most important agricultural
regions, where additional stresses such as urbanisation, industrialisation and climate
change are at play (Stamm et al., 2011).
Global climate change is already having a considerable impact on agricultural systems
around the world. In a study by Lobell et al. (2011), models used to predict the impact of
temperature and precipitation changes on global crop production over the last 20 years
found that 65% of all countries experienced significant increases in temperature in key
growing regions. Furthermore, it was shown that several major producers of maize and
wheat were negatively impacted as a result of higher temperatures, leading to global net
losses of 3.8 and 5.5% respectively (equivalent to the annual production of maize in
Mexico and wheat in France). However, warming is not the only temperature-related
threat that crop plants will face in a changing climate. Despite overall increases in average
temperature, it is expected that there will also be an increase in the number of damaging
spring frosts due to the erratic weather patterns predicted by Gu et al. (2008).
1

Figure 1.1: Global yields of maize, rice, wheat and soybean as observed
between 1961 and 2008 (closed circles). Yield projections to 2050 for each
species are displayed using solid lines, while dashed lines indicate the ~2.4%
yield improvement required each year to double crop production by 2050
without the cultivation of additional land, starting in the base year of 2008.
Shaded regions indicate the 90% confidence region derived from 99
bootstrapped samples. Image taken from Ray et al. (2013). PLoS ONE 8:e66428.
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In 2012, large losses were reported in the American fruit industry (50-90% loss of fruit
crops such as grapes, peaches, apples and cherries) due to spring frosts in the Midwest
and North-Eastern parts of the USA (Duman and Wisniewski, 2014). In Australia, cold
events have been estimated to cost the Western Australian wheat industry more than 100
million dollars a year (Rebbeck and Knell, 2007). These losses are not only financially
significant in macroeconomic terms, but are devastating on specific locations and
communities as losses can be near complete in frost affected regions. Frost events are
hard to predict even as the full impact of climate change on our agricultural systems is
becoming increasingly clear. It is essential that crop plants more tolerant to temperature
stresses are developed to increase global productivity and a prerequisite of this is
enhanced understanding of cold perception and response in plants.

1.2 The impact of chilling stress on crop production
Affecting over 95% of the Earth’s surface each year, chilling stress is one of the most
significant abiotic stresses affecting agricultural production (Larcher, 2004; Lang et al.,
2005). Chilling stress strongly influences plant growth, development and yield and is
therefore a major determinant of crop distribution as well as the success and timing of
crop species (Berry and Raison, 1981). Many tropical and subtropical crop plants are
greatly affected by chilling. For example, cold temperatures are responsible for 30-40%
yield reductions in rice in temperate growing regions (Andaya and Mackill, 2003).
Similarly, chilling stress is also a major cause for reduced crop quality and productivity
in temperate and arid environments (Thakur et al., 2010). Many economically important
crop species such as maize, soybean, rice, cotton and tomatoes are chilling sensitive and
thus unable to survive long periods of cold exposure (Berry and Raison, 1981). Therefore,
over recent decades, extensive research has been undertaken to determine cold tolerance
mechanisms, in the hope to improve chilling tolerance in many agriculturally important
crop species.
It has been known for a long time that cold stress affects both the vegetative and
reproductive phases of the plant life cycle, with the latter being more susceptible to
chilling stress (Nishiyama, 1995). During the reproductive phase, chilling stress has been
found to affect all stages of development from flower initiation to seed development,
which collectively results in reduced net yield (Thakur et al., 2010). Although there is
still some disagreement in the literature (Satake and Hayase, 1970; Brooking, 1976;
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Satake, 1976; Takeoka et al., 1992; Larden and Triboi-Blondel, 1994) which reproductive
stage may be most sensitive to chilling, it has been proposed by a number of authors that
pollen production, particularly the young microspore stage is the most sensitive to low
temperatures (Satake and Hayase, 1970; Satake, 1976; Takeoka et al., 1992). According
to Saini and Westgate (1999), the sensitivity of male organ development to stress
increases dramatically after the onset of meiosis, which can negatively impact anthesis,
pollen fertility, pollination, female fertility, early zygote development and ultimately
grain production. Although stresses can induce reproductive failure in both early and late
phases of reproductive development, stresses that occur early in development are often
the most damaging, as failure of these stages is irreversible and lead to a reduction in the
number of grains a plant produces (Boyer and McLaughlin, 2007). While the effects of
low temperature stress on reproductive organ development have provided vital insights
into the impact of cold stress on crop productivity, this is just one part of the bigger
picture. By understanding how other plant processes such as physiology, biochemistry,
growth and development respond to low temperature change, one can determine the
processes limiting plant performance in the cold. Therefore, by modifying these limiting
reactions, it is hoped that crop plants that are more tolerant to chilling stress may be
developed and so help to improve future crop production.

1.3 Low temperatures affect plant anatomy and physiology
1.3.1 The influence of chilling on plant anatomy
Chilling stress is an important disruptive force affecting metabolic processes that
contribute to cellular biosynthesis, cellular maintenance and biomass allocation (Berry
and Raison, 1981). Following long-term exposure to low temperatures, plants often
display a compact growth habit (Roberts, 1984), increased root to shoot ratio (Körner and
Larcher, 1988; Wilson, 1988; Equiza et al., 2001), changes in leaf size and shape (Friend
et al., 1962), increased leaf thickness (Huner et al., 1981; Stefanowska et al., 1999; Equiza
and Tognetti, 2002; Gorsuch et al., 2010a) and altered stomatal frequency (Huner et al.,
1981; Boese and Huner, 1990; Equiza et al., 2001). Although many of the anatomical
changes described have been known for some time, it was recently found that the
conditions surrounding tissue development have a significant influence on the anatomical
changes produced during chilling (Gorsuch et al., 2010a). For example, cold-developed
leaves displayed large increases in leaf thickness, due to palisade and spongy mesophyll
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cell expansion as well as the formation of new mesophyll cell layers. However, for warmdeveloped leaves that were then subjected to prolonged cold periods, tissues displayed
relatively little change in leaf thickness. Although palisade and spongy mesophyll cells
did expand in warm-developed leaves, the number of cell layers remained unchanged,
suggesting that such tissues were incapable of generating new cell layers in the cold
(Gorsuch et al., 2010a). Therefore, as much as warm-developed tissues were affected by
prolonged cold exposure, the impact of chilling stress was most pronounced during early
leaf development. As the changes imposed in developing tissues require time for their
effects to be fully realised, how permanent are the changes imposed during chilling stress?
If tissues are allowed to mature at warm temperatures, can the signals leading to their
altered anatomy be reversed?
Although the majority of research investigating the effects of low temperature on plant
anatomy have focused on the consequences of continuous cold treatment, few studies
have quantified the reversal of anatomical changes associated with chilling stress. In a
study by Gorsuch et al. (2010b), it was found that the effects of low temperature on plant
anatomy were largely irreversible, if tissues were exposed to chilling during early
development. Using the model plant Arabidopsis thaliana, leaf phenotypes from initially
warm grown plants that were exposed to the cold (5 °C) before being transferred back to
the warm, were quantified. It was shown that cold treatment of developing leaves for as
little as five days produced irreversible changes in leaf morphology, with 15 days of cold
being sufficient to produce permanent changes in leaf anatomy even after maturation at
warm temperatures. Furthermore, Arabidopsis leaves that experienced cold for extended
periods during early development also displayed a permanently compromised growth rate
when transferred back to a warm growth environment. These results indicate that during
chilling the biochemical processes affecting cellular biosynthesis, cellular maintenance
and biomass allocation become unequivocally altered, leading to diminished plant
performance at higher growth temperatures. Therefore, to further investigate the
physiological and biochemical changes plants employ to adapt to periods of low
temperature, the impact of chilling on key biochemical processes such as photosynthesis
and respiration will be discussed in detail in the following sections.
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1.3.2 The influence of chilling stress on plant physiology
1.3.2.1 The cold acclimation response
Photosynthesis and respiration are temperature sensitive processes that are modified
during short and long-term cold exposure. Although both processes are greatly inhibited
in the cold, many plants are capable of up-regulating the rate of photosynthesis and
respiration, such that plant performance is improved at the new growth temperature
(Chabot and Billings, 1972; Körner and Larcher, 1988; Lambers et al., 1998). This
compensatory adjustment in physiological activity is referred to as cold acclimation and
over time, can result in physiological homeostasis: plants growing at contrasting
temperatures exhibit near identical rates when measured at their respective growth
temperatures (Körner and Larcher, 1988; Hurry et al., 2001; Stitt and Hurry, 2002; Atkin
and Tjoelker, 2003).
There is a crucial element of timing in the establishment of the cold acclimation response.
In the short-term, acclimation is generally associated with physiological changes at
moderate to high measurement temperatures, with little or no change at low measurement
temperatures. This pattern of physiological change is defined as “Type I acclimation” and
is the more common mode of acclimation in fully developed, mature tissues (Atkin and
Tjoelker, 2003). For example, fully expanded leaves of Eucalyptus pauciflora that
experienced seasonal changes in temperature displayed significantly higher respiration
rates when the surrounding air temperature was increased compared to that of leaves
where the air temperature remained at 10 °C (Atkin et al., 2000b). Furthermore,
respiration rates of Plantago lanceolata roots shifted to a low growth temperature for
several days showed little stimulation of respiration with the addition of the uncoupling
agent CCCP at 5 °C; however, the degree of stimulation was shown to increase
dramatically at 28 °C (Covey-Crump et al., 2002). Type I acclimation is thought to be
driven by changes in substrate availability and/or the degree of adenylate restriction,
which occur relatively rapidly upon the onset of chilling (within 1-2 days of cold
exposure) (Rook, 1969; Billings et al., 1971; Chabot and Billings, 1972; Atkin et al.,
2000b; Covey-Crump et al., 2002; Bolstad et al., 2003).
In contrast to Type I acclimation, increased physiological rates can occur over a wide
range of measurement temperatures (Type II acclimation) and is generally realised
through the growth of new tissues with altered morphology and biochemistry (Hurry et
al., 1995; Strand et al., 1997; Loveys et al., 2003; Talts et al., 2004; Armstrong et al.,
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2006b). Although the mechanisms underlying Type II acclimation are currently not well
understood, it has been proposed that changes in photosynthetic and respiratory capacity
may be responsible for observed physiological differences in cold-developed leaves and
roots at low measurement temperatures (Atkin and Tjoelker, 2003). For example, changes
in the amount of protein invested into mitochondria (Klikoff, 1966), changes in
mitochondrial density as measured by visual counts (Miroslavov and Kravkina, 1991), an
increased ratio of cristae to matrix components in mitochondria from palisade mesophyll
(Armstrong et al., 2006) and increased partitioning to the cytochrome oxidase pathway
(Armstrong et al., 2008) have all been shown to influence respiratory capacity at low
temperatures. However, as such traits can be highly variable between species (see Atkin
et al. 2006a for a comprehensive review) , the contribution of organellar responses to the
development of Type II acclimation still remains unclear.

1.3.2.2 Photosynthesis
Photosynthesis is the process in which CO2 combines with ribulose-1,5-bisphosphate to
form 3-phosphoglycerate which is subsequently reduced to glyceraldehyde-3-phosphate
using NADPH and ATP generated through the light dependent reactions of
photosynthesis. Although most of the glyceraldehyde-3-phosphate produced (5 out of 6
molecules) is used to regenerate ribulose-1,5-bisphosphate, one molecule is importantly
exported into the cytosol, where it is converted to sucrose via cytosolic fructose-1,6bisphosphatase (cFBPase) and sucrose phosphate synthase (SPS) and inorganic
phosphate (Pi) is also released. During low temperature stress, studies of spinach and
barley have indicated that sucrose synthesis becomes greatly inhibited, which leads to an
accumulation of phosphorylated intermediates and Pi-limitation of photosynthesis
(Leegood and Furbank, 1986; Sharkey et al., 1986; Stitt and Grosse, 1988). This
inhibition occurs rapidly (within minutes of a change in growth temperature) and severely
impacts plant productivity (Stitt and Hurry, 2002).

1.3.2.2.1 Cold acclimation of photosynthesis involves stimulation of
carbon metabolism at low temperatures
To cope with low temperature stress, many cold tolerant species display increased
photosynthetic capacity through the upregulation of carbon metabolism during cold
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acclimation (Hurry et al., 1994; Strand et al., 1997; Strand et al., 1999; Hurry et al., 2000;
Hurry et al., 2002). Carbon metabolism is enhanced by increasing the activity of enzymes
associated with the Calvin cycle, which is primarily achieved by greater protein
abundance. For example, Arabidopsis leaf development at 5 °C, involves a 2.5-fold
increase in total leaf protein (accompanied by a 13% reduction in leaf water content and
a 40% increase in specific leaf fresh weight) compared to control leaves grown at 23 °C
(Strand et al., 1999). As the abundance of enzymes involved in the Calvin cycle were
similarly increased in cold developed tissues, it was proposed by Strand et al. (1999) that
an increase in total protein abundance was responsible for greater activity of Calvin cycle
enzymes in the same tissues. Although all seven Calvin cycle enzymes displayed
enhanced activity in cold developed leaves, significant differences in the extent to which
individual enzyme activities increased was also observed. The most pronounced change
in enzyme activity was found for ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO), which increased 2.5-fold following cold acclimation (Strand et al., 1999).
Increased activity of RuBisCO following prolonged cold exposure has been previously
demonstrated in a number of species including arctic and alpine populations of Oxyria
digyna, winter rye, spinach and bean (Treharne and Eagles, 1970; Chabot et al., 1972;
Holaday et al., 1992; Hurry et al., 1994; Hurry et al., 1995), suggesting that an increase
in the enzyme’s activity is an important component in the re-establishment of
photosynthetic capacity at low temperatures.
In addition to the increase in Calvin cycle enzyme activity, it has been found that
increased activity of the sucrose synthesis pathway also plays an important role in the
cold acclimation response. Within 30 minutes of being transferred to 4 °C, warm-grown
Arabidopsis plants display increased activation of SPS via phosphorylation (Huber and
Huber, 1996; Stitt and Hurry, 2002), indicating that modification of the sucrose synthesis
pathway occurs rapidly after the onset of chilling. Furthermore, cFPBase and SPS
transcript and protein abundance is increased in the following days. This increase in
protein abundance has been shown to produce a 2 to 3-fold increase in the activity of
cFPBase and SPS relative to enzymes involved in the Calvin-cycle and starch synthesis
pathway (Strand et al., 1997; Strand et al., 1999; Hurry et al., 2000), which in turn, leads
to a shift in carbon partitioning toward soluble sugar synthesis and a greater soluble sugar
to starch ratio (Hurry et al., 1995; Strand et al., 1997). As the activities of cFPBase and
SPS also generate Pi, it has been suggested that upregulation of the sucrose synthesis
pathway may help to alleviate acute Pi limitation in the cold. Although available Pi
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concentrations have indeed been found to increase in cold acclimated tissues (Strand et
al., 1999), findings by Strand et al. (1999) also indicate that this is primarily achieved
through redistribution of Pi within cells, rather than increased enzyme activity alone.
Following prolonged cold exposure, cytoplasmic volume is increased, which is associated
with a concomitant decrease in the volume of the vacuole. As most free Pi is located in
the vacuole (Gerhardt and Heldt, 1984; Sharkey et al., 1986), it was suggested by Strand
et al. (1999) that Pi held in the vacuole is redistributed to the cytoplasm, such that hexose
phosphates may accumulate without depleting the amount of free Pi. This result helps to
explain why Pi does not become limiting for photophosphorylation and for
photosynthesis, even though phosphorylated intermediates are generally more abundant
in the cold.

1.3.2.2.2 Acclimation of photosynthetic metabolism also involves
the accumulation of osmoregulators, cryoprotectants and
maintenance of membrane fluidity
In addition to the increased abundance and/or activity of enzymes involved in carbon
metabolism, low temperatures induce many other biochemical changes including the
accumulation of osmoregulators and cryoprotectants. It has been shown that a large range
of compatible osmotica accumulate during chilling. For example, proline accumulates to
high concentrations in many cold tolerant species such as barley, rye, winter wheat,
grapevine, chickpea, potato and Arabidopsis thaliana (Verbruggen and Hermans, 2008;
Szabados and Savouré, 2010; Kaur et al., 2011), leading to their enhanced survival at low
temperatures. Proline accumulation has been shown to have multiple roles in plant stress
tolerance including: mediating osmotic adjustment and cellular pH, stabilising
membranes and proteins, inducing stress related genes and scavenging reactive oxygen
species (ROS). However, it was suggested by Kishor et al. (2005) that in addition to these
attributes, proline may also play a critical role in protecting photosynthetic activity during
stress. For example, during salinity stress, the presence of L-proline has been observed to
reduce the damaging effects of singlet oxygen and hydroxyl radicals on photosystem IIcatalysed electron transport activities in thylakoids isolated from Brassica juncea
cotyledons (Alia et al., 1991; Alia et al., 1997). Furthermore, stress-induced accumulation
of proline has also been shown to alleviate enhanced oxygenase activity of RuBisCO in
the presence of sodium chloride (Sivakumar et al., 2000). However, proline is not the
only osmolyte that is linked to enhanced photosynthetic activity.
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Glycine betaine is a cryoprotectant that is widely distributed in higher plants and its
accumulation has also been correlated with improved plant stress tolerance (Theocharis
et al., 2012). Increased concentrations of glycine betaine have been shown to prevent the
selective disassociation of extrinsic polypeptides from the photosystem II complex at high
salt concentrations and has been additionally proposed to stabilise transcriptional and
translational machinery during stress (Sakamoto and Murata, 2002). Accumulation of
osmoregulators and cryoprotectants such as proline and glycine betaine are crucial during
chilling, not only for their ability to maintain adequate levels of cellular hydration, but
also for their ability to protect photosynthetic proteins from damage and disassociation,
thus maintaining photosynthetic capacity in the cold.
Changes in membrane fluidity also have a significant impact on photosynthetic capacity
at low temperatures. During chilling, membrane lipids undergo a phase transition from a
liquid-crystalline state to a gel-like state, which reduces membrane fluidity. As explained
by Berry and Raison (1981), if a membrane consisted of a single lipid species, this phase
transition would occur over a steep temperature gradient. However, as biological
membranes are a complex mixture of lipids, phase transitions are generally observed over
a wide temperature range. Furthermore, co-existing phases in different parts of the
membrane can also occur, as different lipids will phase transition at slightly different
temperatures. Freeze-fracture studies of membranes performed in the late 1970s indicate
that proteins may be excluded from areas of the membrane where lipids have solidified,
which may produce greater concentrations of proteins within the remaining fluid phase
regions or exclusion of proteins from the membrane (Hackenbrock, 1976). Therefore, as
the interactions between proteins and lipids (as well as protein-protein interactions) are
greatly altered at low temperatures, membrane function can become severely
compromised in the cold, leading to reduced physiological activity.
As membrane fluidity decreases with decreasing temperatures, cold acclimated species
often display altered membrane lipid composition and greater levels of unsaturated fatty
acids. Increased lipid desaturation is primarily achieved through the upregulation of
desaturase enzymes that are often in themselves, cold inducible. For example, chilling
induces the cold regulated (COR) gene COR15a which encodes a protein that interacts
with the chloroplast envelope to reduce the occurrence of liquid crystalline to gel phase
transitions, thus preserving the function of chloroplastic membranes during freeze/thaw
cycles (Steponkus et al., 1998). Furthermore, in a study by Hugly and Somerville (1992),
Arabidopsis mutants deficient in fatty acid desaturase 6 (FAD6), which encodes a plastid
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cis-omega 6 desaturase specific to 16:1 and 18:1 at the sn-1 and sn-2 of chloroplast
glycerolipids, displayed reduced levels of highly unsaturated fatty acids within
chloroplasts, leading to reduced fitness at low temperatures. At 5 °C, newly developed
leaves of fad6 mutants were chlorotic, chloroplasts were significantly smaller than those
observed in wild-type plants and a thylakoid membrane content that was reduced by up
to 70% in the mutant line. These results provide strong evidence that maintenance of lipid
unsaturation in chloroplasts is crucial to the establishment of improved cold tolerance in
photosynthetic tissues. Therefore, increased photosynthetic capacity at low temperatures,
is not only dependent on the upregulation and maintenance of photosynthetic proteins,
but the membranes to which these proteins are also associated.

1.3.2.3 Respiration
1.3.2.3.1 An overview of aerobic respiration
Respiration is the fundamental energy conserving process that couples the transfer of
potential energy from the oxidation of reduced organic matter to high-energy
intermediates and heat (Jacoby et al., 2012). The process of aerobic respiration can be
divided into three successive parts. Glycolysis is the first step of respiratory metabolism
and involves the oxidation of monosaccharides to organic acids in a series of reactions in
which electrons are transferred to NAD+, leading to the formation of NADH (Figure 1.2).
The amount of glycolytic end products in the cytosol are determined by the relative
activities of two enzymes: pyruvate kinase, which converts phosphoenolpyruvate (PEP)
to pyruvate and PEP carboxylase, which forms oxaloacetate (OAA). This respiratory
intermediate can then be reduced by cytosolic malate dehydrogenase to malate, which in
addition to pyruvate, can be imported into mitochondria and further metabolised in the
tricarboxylic acid (TCA) cycle. It is interesting to note that during periods of high
respiratory activity, a greater proportion of glycolytic enzymes associate with
mitochondrial surfaces (Giegé et al., 2003). Contrastingly, when respiration is inhibited
experimentally, it has been observed that there is a subsequent decrease in the association
of glycolytic enzymes with mitochondria (Giegé et al., 2003). Thus, it has been proposed
that there is a dynamic relationship between glycolytic enzymes and mitochondria, such
that the use of glycolytic intermediates by competing metabolic pathways is restricted,
while the conditions for aerobic respiration remain favourable (Taylor and Millar, 2010).
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Figure 1.2: The glycolytic pathway in plants. The breakdown of glucose
occurs within the cytosol and involves the oxidation of hexose and hexose
phosphates produced by the breakdown of starch or sucrose to generate ATP,
reductants (NADH, NADPH) and pyruvate. PPi ; pyrophosphate, Pi; inorganic
phosphate, TPI; triose phosphate isomerase, NAD+; nicotinamide adenine
dinucleotide (oxidised), NADH; nicotinamide adenine dinucleotide (reduced),
NADP+; nicotinamide adenine dinucleotide phosphate (oxidised), NADPH;
nicotinamide adenine dinucleotide phosphate (reduced), ADP; adenosine
diphosphate, ATP; adenosine triphosphate, HCO3 -; bicarbonate ion.
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Following glycolysis, malate and pyruvate produced in the cytosol are transported into
mitochondria by specific carrier proteins (Picault et al., 2004; Bricker et al., 2012; Herzig
et al., 2012; Li et al., 2014). Once inside the mitochondrial matrix, malate can either be
oxidised by mitochondrial malate dehydrogenase (MDH), yielding OAA and NADH or
by NAD+ linked malic enzyme, generating pyruvate, NADH and CO2 (Figure 1.3).
Likewise, pyruvate transported from the cytosol or formed by the action of malic enzyme
can be oxidised and decarboxylated by the pyruvate dehydrogenase complex (PDH) to
produce acetyl-CoA, CO2 and NADH (Camp and Randall, 1985). In the TCA cycle,
acetyl-CoA is firstly condensed with OAA to form citrate in a reaction catalysed by citrate
synthase (Unger et al., 1989). Citrate is then converted to isocitrate by aconitase in a twostep reaction (dehydration/hydration), with cis-aconitate produced as an intermediate.
Isocitrate is oxidatively decarboxylated to 2-oxoglutarate by NAD-linked isocitrate
dehydrogenase, releasing NADH and CO2. The 2-oxoglutarate produced is also
oxidatively decarboxylated to succinyl-CoA and is catalysed by the 2-oxoglutarate
dehydrogenase complex, producing NADH and CO2. Succinyl-CoA synthase then
converts succinyl-CoA to succinate, which leads to the concomitant phosphorylation of
ADP to ATP, the only substrate-level phosphorylation step in mitochondria. The
oxidation of succinate to fumarate is catalysed by succinate dehydrogenase (SDH,
Complex II), which is the only membrane-bound enzyme of the TCA cycle and is also
part of the electron transport chain. Malate is then generated from the hydration of
fumarate by fumarase, which is further oxidised by MDH to produce OAA and NADH.
Although the final step of the TCA cycle is highly reversible, the activity of MDH has
been shown to strongly favour the reduction of OAA to malate, rather than in the
oxidation of malate to OAA (Yang and Scandalios, 1974; Walk et al., 1977; Hayes et al.,
1991). It is thought that the rapid turnover of OAA and NADH allows the TCA cycle to
maintain a forward direction, maintaining the production of reduced intermediates for
oxidation by the electron transport chain (Taylor and Millar, 2010). Overall, in one turn
of the TCA cycle, the three carbons of pyruvate are released as CO2, one molecule of
ATP is formed directly and four NADH and one FADH2 is produced. In addition to the
generation of ATP and reduced coenzymes, intermediates of the citric acid cycle also
serve as precursors for the biosynthesis of amino acids, isoprenes, nucleic acids and
porphyrins. Thus maintenance of TCA cycle function at low temperatures is crucial for a
wide range of processes including photosynthetic performance, plant biomass, root
growth, photorespiration, nitrogen assimilation, amino acid metabolism and stomatal
function (Taylor and Millar, 2010).
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Figure 1.3: The tricarboxylic acid (TCA) cycle. Through the process of glycolysis,
pyruvate is generated in the cytosol. Pyruvate (as well as malate) then enter
mitochondria to be oxidatively decarboxylated into acetyl-CoA, which serves as a
substrate for the first enzymatic reaction of the TCA cycle. Eight enzymes and
various organic acid intermediates are involved in the TCA cycle and yield vital
reducing agents such as NADH and FADH2. NAD+; nicotinamide adenine
dinucleotide (oxidised), NADH; nicotinamide adenine dinucleotide (reduced), ADP;
adenosine diphosphate, ATP; adenosine triphosphate, P i; inorganic phosphate,
HCO3-; bicarbonate ion, CO2; carbon dioxide, Q; quinone, QH 2; dihydroquinone,
H2O; water, PDH; pyruvate dehydrogenase, ME; malic enzyme, IMS;
intermembrane space.
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The mitochondrial electron transport chain (ETC) couples the transfer of electrons from
NADH and FADH2 to O2 with the translocation of protons across the inner mitochondrial
membrane to the intermembrane space (IMS; Figure 1.4). The ETC is comprised of four
major multi-subunit complexes: NADH-ubiquinone oxidoreductase (Complex I),
succinate dehydrogenase (Complex II), uiquinone-cytochrome c oxidoreductase
(Complex III) and cytochrome c oxidase (COX; Complex IV). Electron transport within
the respiratory chain is performed by two carriers: the lipid ubiquinone (UQ) and the
hydrophilic 12.5 kDa protein cytochrome c that is located in the IMS. Function of the
ETC occurs as a series of reactions. Firstly, NADH and FADH2 are oxidised by
Complexes I and II respectively, which transfer the electrons liberated to UQ. By varying
its redox state, UQ then transports the acquired electrons to Complex III, which is then
passed to Complex IV via cytochrome c. Complex IV is the final step of the ETC, to
which electrons are accepted from cytochrome c and transferred to O2, which is reduced
to form water. The redox reactions at Complexes I, III and IV are exergonic and serve to
create an electrochemical proton gradient (DµH+) across the inner mitochondrial
membrane. This electrochemical gradient has both an electrical membrane potential (DY)
and a pH (DpH) component. In plant mitochondria, DµH+ exists mostly as a DY of
approximately 150-200 mV, with DpH being just 0.2-0.5 units (Taylor and Millar, 2010).
This proton gradient can be dissipated via the large, multi-subunit ATP synthase complex
(also referred to as Complex V), which utilises the movement of protons to phosphorylate
ADP to ATP. When the exergonic reactions of the ETC are linked to the endergonic
reactions of ATP synthase, the system is said to be coupled; however, when the
interaction between these reactions are disrupted, the system becomes uncoupled.
ATP synthase is made of a hydrophilic catalytic complex (F1) attached to an integral
membrane protein complex (Fo). The F1 complex is composed of at least five different
types of subunits (a,b,g, d and e) that provide sites for ADP binding and ATP synthesis
(Siedow and Day, 2000). The Fo complex serves a proton channel through the inner
mitochondrial membrane and consists of at least three different subunits (a, b and c)
(Siedow and Day, 2000). ATP synthesis is driven by conformational changes of the three
catalytic b sites in the F1 complex and can be described by the three-site alternating
binding site mechanism (Hatefi, 1985; Boyer, 1997; Capaldi and Aggeler, 2002).
According to this model, the three catalytic sites exist in three configurations: one in a
partially opened state with a loosely bound nucleotide, one fully closed with a tightly
bound nucleotide and the third in an open nucleotide-free state. Proton movement through
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the Fo complex causes rotation of F1, which produces a conformational change in the site
with the loosely bound nucleotide. This movement results in ADP and Pi becoming
tightly bound in a hydrophobic pocket, enabling ATP synthesis to occur. With further
rotation of the F1 complex, the closed binding site opens, releasing the newly formed
molecule of ATP. As one catalytic site proceeds through this sequence of conformational
changes, the remaining sites experience similar transitions, such that each site alternates
between the three configurations as ATP synthesis proceeds.
Although the vast majority of proton movement into the mitochondrial matrix occurs via
the ATP synthase complex, the proton gradient generated by the ETC can also be directly
dissipated by uncoupling proteins (UCPs). During periods of adenylate restriction, UCPs
are able to by-pass the activity of ATP synthase and are thus involved in modulating the
tightness of coupling between mitochondrial respiration and ATP synthesis (Echtay et al.,
2002; Vercesi et al., 2006; Jarmuszkiewicz et al., 2010; Begcy et al., 2011). In addition
to UCPs, plant mitochondria also contain an energy-dissipating pathway that does not
contribute to proton translocation across the inner mitochondrial membrane, but allows
electron flow from NADH and NADPH to oxygen. In this pathway, alternative Type II
NAD(P)H dehydrogenases (NDHs) located in the inner membrane facing the
mitochondrial matrix or IMS, catalyse the oxidation of NADPH and NADH, leading to
the reduction of UQ (Rasmusson et al., 2004). These electrons can be passed to
Complexes III and IV via the usual mode of electron transport, or alternatively to the
rotenone-insensitive alternative oxidase (AOX), which transfers the acquired electrons
from UQH2 to O2 to produce water (Vanlerberghe and McIntosh, 1996). AOX activity is
not coupled to proton translocation; however, pyruvate has been shown to specifically
and reversibly stimulate AOX activity (Millar et al., 1993). AOX is insensitive to
chemical inhibitors of Complex III such as antimycin A, stigmatellin and myxothiazol or
inhibitors of Complex IV, which include cyanide, azide and carbon monoxide; however,
AOX is sensitive to salicylhydroxamic acid (SHAM) and n-propyl gallate (nPG) (Siedow
and Day, 2000). Using these inhibitors, great insight on the role of AOX and the alternate
respiratory pathway (Alt pathway) has been achieved over recent decades.

16

Figure 1.4: Components involved in the phosphorylating and non-phosphorylating
reactions of the mitochondrial electron transport chain. I-V are abbreviations for
Complexes I to V: Complex I; NADH-ubiquinone oxidoreductase, Complex II;
succinate dehydrogenase, Complex III; uiquinone-cytochrome c oxidoreductase,
Complex IV; cytochrome c oxidase (COX), Complex V; ATP synthase. Further
abbreviations include AOX; alternative oxidase, C; cytochrome c, eN; external
Type II NAD(P)H dehydrogenase, iN; internal Type II NAD(P)H dehydrogenase,
U; uncoupling protein, UQ; ubiquinone pool, NAD+; nicotinamide adenine
dinucleotide (oxidised), NADH; nicotinamide adenine dinucleotide (reduced),
ADP; adenosine diphosphate, ATP; adenosine triphosphate, Pi; inorganic
phosphate, Q; quinone, QH2; dihydroquinone, H2O; water, O2; oxygen. Image
taken from Plants in Action, http://plantsinaction.science.uq.edu.au, published by
the Australian Society of Plant Scientists.
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1.3.2.3.2 Temperature coefficients provide mechanistic insight into
respiratory acclimation to low temperatures
It has long been recognised that mitochondrial respiration is temperature sensitive
(Wagner, 1941; James, 1953; Forward, 1960). Despite an abundance of information
describing the cold acclimation response of respiration at the physiological level, an
understanding of the biochemical mechanisms underpinning respiratory acclimation
remain limited. Over recent decades, different mathematical approaches have been used
to quantify the effects of temperature change on respiration and in doing so, gain
mechanistic insight into the cold acclimation response of respiration. One approach that
has been widely used to determine the temperature sensitivity of respiration is the
temperature coefficient or Q10 and is defined as the proportional increase in respiration
rate for every 10 °C rise in temperature. Research has shown that Q10 values generally lie
between 1.4 and 4 (Azćon-Bieto, 1992; Larigauderie and Korner, 1995; Atkin et al.,
2000a) and vary between species (Larigauderie and Korner, 1995; Atkin et al., 2005) and
tissue type (Loveys et al., 2003; Atkin et al., 2005). Furthermore, Q10 values are in
themselves temperature dependent, with short-term increases in measurement
temperature producing a linear decline in Q10 values (James, 1953; Forward, 1960;
Tjoelker et al., 2001). Changes in growth temperature over longer time periods can also
impact Q10 values. For example, P. lanceolata root respiration acclimated to 7 days of a
low growth temperature display higher Q10 values compared to their warm grown
counterparts (Covey-Crump et al., 2002). Furthermore, leaf Q10 values are higher in
winter than in summer in several evergreen tree species (Stockfors and Linder, 1998;
Atkin et al., 2000b). Despite greater acceptance of the variability of Q10 values however,
an understanding of the mechanisms underlying this variability remains underexplored.
As respiration rates are controlled by the interplay of substrate availability, adenylate
(ADP and ATP) concentrations and the capacity of respiratory enzymes, a number of
attempts have been made to elucidate the contribution of these components to Q10
variability over recent years. In a study by Covey-Crump et al. (2002), which looked at
the effect of temperature on the regulation of root respiratory O2 uptake by substrate
supply and adenylate restriction in Plantago, it was found that respiration was more likely
to be limited by enzymatic capacity in the cold, while changes in substrate availability
and/or adenylate restriction may play a greater role in maintaining respiratory flux at
moderate temperatures. Using exogenous glucose and the uncoupler CCCP to assess the
effects of substrate supply and adenylates respectively on root respiration, it was shown
that both compounds had little effect on respiration rates at low temperatures, suggesting
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that respiration may be primarily limited by enzymatic capacity in the cold (CoveyCrump et al., 2002). Contrastingly, Q10 values were higher in the presence of CCCP
and/or exogenous glucose than in their absence in warm-grown roots, which indicates
that the Q10 of respiration was partially dependent on the degree of adenylate restriction
and/or substrate availability at moderate temperatures (Covey-Crump et al., 2002).
Similar findings have been also made by Atkin et al. (2002), whom investigated the extent
to which temperature alters the interaction between oxidising pathways in isolated
mitochondria and intact tissues of soybean cotyledons. In this study, it was found that the
Q10 of O2 uptake in substrate saturated mitochondria (2.4) was significantly higher than
O2 uptake in intact tissues (1.9), which also suggests that respiratory control may
transition from extra-mitochondrial reactions (such as the ratio of ATP to ADP) to
enzyme capacity at low temperatures (Atkin et al., 2002). Although there are only a
limited number of studies that have looked at the contribution of substrate
availability/adenylate control and enzyme capacity on Q10 variability directly, findings
from other studies provide further evidence that respiration may be capacity limited at
low temperatures. For example, it has been observed in both wheat and Arabidopsis plants
that glycolytic substrates (soluble sugars), often accumulate when plants are exposed to
low temperatures (Hurry et al., 1994; Hurry et al., 1995; Strand et al., 1997; Strand et al.,
1999). Furthermore, addition of ADP stimulates substrate saturated O2 uptake in isolated
mitochondria at moderate temperatures, but does not affect mitochondrial O2
consumption in the cold (Dufour et al., 1996; Atkin et al., 2002). Lastly, plots of O2 uptake
versus substrate concentration in isolated soybean cotyledon mitochondria indicate that
relatively low concentrations of reduced UQ is required to saturate respiratory flux (Atkin
et al., 2002). Although the impact of substrate availability/adenylate control on Q10
variability cannot be fully discounted, these findings provide strong evidence that
respiratory flux is limited by enzyme capacity in the cold and thus point to a potential
mechanism for respiratory acclimation during chilling.

1.3.2.3.3 The effect of chilling on mitochondrial oxygen reduction
Plant mitochondria possess a branched electron transport chain that contains two
pathways: the cytochrome (Cyt) pathway that terminates at COX and the alternative (Alt)
pathway that terminates at AOX and includes non-phosphorylating bypasses such as
UCPs and alternative NDHs. Although both pathways obtain electrons from reduced
ubiquinone (UQr), electron transport via the Cyt and Alt pathways results in significantly
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different energetic outcomes. In contrast to the Cyt pathway, which generally produces
between 30-36 molecules of ATP (including glycolytic reactions) (Hinkle et al., 1991),
the Alt pathway is generally regarded to be non-proton pumping (as the proton pumping
Complexes III and IV are bypassed), which leads to a considerable reduction in ATP
yield. Although the Alt pathway may still support a reduced ATP yield if electrons arise
as a result of Complex I activity, electron flow can become completely uncoupled from
ATP turnover if Complex I activity is bypassed through the engagement of alternative
NDHs located in the mitochondrial matrix or IMS. While it may seem counterintuitive
for an organism to employ metabolic strategies that effectively limit the rate of energy
production, Alt pathway engagement has many advantages and enables plants to maintain
the metabolic flexibility required under changing environmental conditions.
As the Alt pathway does not involve the translocation of protons into the IMS and is thus
not subject to adenylate control per se, it has been proposed that the Alt pathway may
serve to protect the ETC during abiotic stress. For example, it was suggested by Lambers
and Steingröver (1978) that under anoxia, the Alt pathway maintains carbon-flux through
the TCA cycle, even when ADP supply limits Cyt pathway activity. Similarly, Rychter
and Mikulska (1990) as well as Theodorou and Plaxton (1993) both proposed that
induction of AOX could represent a means to maintain carbon metabolism and electron
flow during phosphate limitation, when adenylates are in short supply. In the case of
chilling stress, it was initially proposed that induction of the Alt pathway may play a local
thermoregulatory role, as heat-emission rates of leaves were shown to increase
significantly in several species following exposure to low temperatures (Ordentlich et al.,
1991; Moynihan et al., 1995). Although AOX activity is known to generate heat in
thermogenic lilies (Miller et al., 2011), studies have argued against a general
thermoregulatory role of the Alt pathway during chilling. In 1997, Breidenbach et al. used
thermodynamic models to show that any temperature increase in tissues where respiration
shifts entirely to the Alt pathway would be too small to serve such a thermoregulatory
role and that the rapid rate of heat dissipation would not allow for significant local heating
of mitochondrial membranes. Further to these conclusions, Gonzàlez-Meler et al. (1999)
showed that in mung bean plants, respiration does not shift entirely to the Alt pathway
and that the amount of heat generated from AOX actually decreases as temperatures
decrease. With an increasing body of evidence against this theory, researchers have turned
away from the thermoregulatory role of the Alt pathway in the cold, instead focusing on
alternate roles the pathway may play during chilling.
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As 95% of the oxygen consumed by mitochondria occurs via the Cyt pathway under
normal circumstances (Rich and Bonner, 1978), inhibition of this pathway during chilling
is thought to result in over-reduction of the UQ pool and increased production of ROS
(Purvis and Shewfelt, 1993; O'Kane et al., 1996; Covey-Crump et al., 2007). Thus at low
temperatures, it has been proposed by a number of authors that the Alt pathway may serve
to maintain respiratory flux through the ETC (Kiener and Bramlage, 1981; Smakman and
Rinie, 1982; McNulty and Cummins, 1987; Rychter et al., 1988; Stewart et al., 1990a;
Stewart et al., 1990b; Vanlerberghe and McIntosh, 1992; Purvis and Shewfelt, 1993;
Ribas-Carbo et al., 2000) and in doing so, reduce the production of ROS (Purvis and
Shewfelt, 1993). Evidence to support this comes primarily from transgenic studies, to
which AOX abundance is directly altered. In a study by Maxwell et al. (1999), it was
found that over-expression of AOX1 in cultured tobacco cells decreased the amount of
ROS by half, as detected by the ROS-sensitive dye 2,7-dichlorofluorescein diacetate
(DCFDA). Moreover, cells with antisense suppression of the gene displayed a five-fold
increase in ROS. Additionally, ROS production was exacerbated by the use of antimycin
A (an inhibitor of Complex III, known to strongly increase H2O2 production in
mitochondria), which is consistent with previous findings that AOX is induced by H2O2
(Wagner, 1995; Vanlerberghe and McIntosh, 1996). Moreover, in a study by Umbach et
al. (2005), Arabidopsis AOX1a overexpressing lines showed no increase in oxidative
damage, whereas antisense lines displayed greater levels of damage than those observed
in untransformed leaves in the presence of potassium cyanide (KCN). Furthermore, ROS
production was significantly higher in antisense and untransformed roots compared to
overexpressing roots with KCN treatment. Taken together, these findings show that there
is a strong correlation between AOX abundance and mitochondrial ROS production in
plant cells and that induction of the Alt pathway can indeed reduce the amount of ROS
present in mitochondria.
Despite this strong correlation between mitochondrial ROS and the abundance of AOX,
such trends at low temperatures would suggest that Alt pathway enzymes are kinetically,
less temperature sensitive than those of the Cyt pathway in the cold and are thus preferred
for use in the cold. It is in this way that the Alt pathway theory falls short, as it is
somewhat unexpected that such proteins would differ so significantly in their ability to
function in the cold. However, there is some evidence, both for and against these claims.
During low temperature stress, AOX transcript abundance (Ito et al., 1997; Takumi et al.,
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2002), protein abundance (Stewart et al., 1990a; Stewart et al., 1990b; Vanlerberghe and
McIntosh, 1992; Gonzàlez-Meler et al., 1999) and capacity (Elthon et al., 1986; McNulty
and Cummins, 1987; Vanlerberghe and McIntosh, 1992) have all been shown to increase.
Additionally, work by Gonzàlez-Meler et al. (1999) and Ribas-Carbo et al. (2000) both
showed that in vivo partitioning of electrons to the Alt pathway increases following cold
exposure. Although temperature sensitivity of the Alt pathway has indeed been shown to
be lower in isolated cells (Yoshida and Tagawa, 1979), mitochondria (Stewart et al.,
1990a) and intact tissues (Kiener and Bramlage, 1981; McNulty and Cummins, 1987;
Collier and Cummins, 1990; Popov et al., 1997; Maxwell et al., 1999), more recent studies
have challenged these findings. Work by both Atkin et al. (2002) and Ribas-Carbo et al.
(2005) showed that there was actually little difference in the temperature sensitivity of
the Alt and Cyt pathways in soybean cotyledons and pea leaves respectively. Moreover,
work by Gonzàlez-Meler et al. (1999) showed that the Alt pathway was actually more
sensitive to low temperature in mung-bean leaves and hypocotyls, as Q10 values were
found to be closer to 3 for the Alt pathway, while values for the Cyt pathway respiration
were closer to 2.
While it remains unclear whether the Alt pathway is truly less sensitive to chilling, work
by Armstrong et al. (2008) provides a slightly different perspective to the role of the Alt
pathway during low temperature stress. Using the
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O discrimination technique to

examine the effects of short- and long-term temperature changes on in vivo Alt and Cyt
pathway activity in Arabidopsis, it was found that the Alt pathway is more sensitive to
short-term changes in temperature than the Cyt pathway, as partitioning to the Alt
pathway decreases at low temperature. However, for Arabidopsis leaves that had been
shifted to the cold (5 °C) for several days, partitioning to the Alt pathway actually
increased. This increase was not associated with higher AOX1a transcript or protein
abundance, but rather with significant increases in the amount of UCP1 (which encodes
an uncoupling protein) and NDB2 (which encodes an alternative NDH protein) transcripts
and protein, suggesting a role for each of these non-phosphorylating bypasses in the cold.
It is also interesting to note that the increase in Alt pathway activity was found to be
transient, as partitioning to the Alt pathway decreased (concomitant with increased
activity of the Cyt pathway) following leaf development in the cold. This result is
consistent with previous findings that the re-establishment of respiratory flux in the cold
is not associated with an increase in Alt pathway activity, but with an increase in the
capacity of the Cyt pathway (Prasad et al., 1994b; Kurimoto et al., 2004; Armstrong et
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al., 2006) and suggest that both the Alt and Cyt pathways play a role in maintaining
respiratory flux in the cold. Although Alt pathway activity is important in the days
following low temperature stress, this activity is transient and in the long-term, reestablishment of the Cyt pathway is required for respiratory acclimation at low
temperatures.

1.3.2.3.4 Alterations in protein function at low temperatures may be
partly due to changing lipid composition and membrane
structure in the cold
As discussed in Section 1.3.2.2.2, low-temperature induced changes in membrane fluidity
have a profound effect on the function of biological membranes. To compensate for
increased membrane rigidity at low temperatures, chilling resistant plants often display a
higher level of fatty acid unsaturation compared to chilling sensitive species (Somerville
and Browse, 1991; Miquel and Browse, 1994; Ohlrogge and Browse, 1995; Murata and
Los, 1997). In a study by Lyons et al. (1964), it was demonstrated that mitochondrial
membranes similarly become increasingly unsaturated in the cold, as mitochondria
isolated from chilling-resistant species such as pea, cauliflower, corn, turnip and bean
were shown to swell to a greater extent than mitochondria isolated from chilling sensitive
species such as sweet potato and tomato. This enhanced swelling indicates greater
flexibility of mitochondrial membranes, which relates to the unsaturation index of lipids
present within the membrane. Furthermore, it has been shown that catalytic properties of
membrane carriers and redox components of the ETC are responsive to the level of
unsaturation of mitochondrial membranes (Daum, 1985; De Santis et al., 1999; Caiveau
et al., 2001), indicating that maintenance of membrane fluidity in the cold may be linked
to respiratory acclimation at low temperatures. Although mitochondrial lipids have
received little attention in comparison to other cellular components such as chloroplasts
and the plasma membrane, there is increasing evidence to suggest that alteration of the
lipid matrix can have important consequences on the chemical, physical and biological
properties of mitochondrial membranes. Therefore, to gain mechanistic insight into the
process of respiratory acclimation and acquired cold tolerance, it is important that the
modification of mitochondrial lipids during chilling is similarly examined.
The activity of membrane bound proteins is intimately linked to the lipid-environment to
which they are situated. Whilst the bulk of the lipid molecules in contact with an integral
membrane protein may act as a solvent for the protein, it has been proposed by a number
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of authors that some lipids will interact with greater specificity to the protein, such that
the absence of these lipids may induce changes in protein conformation and activity
(Simmonds et al., 1982; Lee, 2004). Known as co-factor or non-annular lipids, these lipid
species are often bound between transmembrane a-helices either within a protein or at
protein-protein interfaces within multi-subunit proteins (Lee, 2004). Therefore, as
membranes transition from a liquid-crystalline state to a gel-like state at low
temperatures, it is expected that the conformation of non-annular lipids will similarly
change, thus impacting protein-lipid interactions within the membrane. For example, in
a study by Trivedi et al. (1986), which studied the interactions between COX activity and
mitochondrial membrane phospholipids in the FAI-4C double fatty acid mutant in
Saccharomyces cerevisiae, it was found that increasing the chain length or the degree of
unsaturation of lipids had a profound effect on the specific activity of COX. When studied
under conditions of different ionic strengths and pHs, COX activity showed biphasic
kinetics. Although only marginal effects were noted for the high affinity reaction site,
kinetic parameters for the low affinity reaction were greatly influenced by changes in the
fatty acid composition of the membrane. Moreover, discontinuities in the steady-state
fluorescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene, monitored at increasing
temperatures, suggested that changes in the fatty acid composition of mitochondrial
phospholipids such as cardiolipin (CL) and phosphatidylethanolamine (PE) had a direct
impact on mitochondrial membrane fluidity. Taken together, these findings indicated that
lipid changes affecting the low affinity binding site of COX may be the result of changing
protein-lipid interactions, which may be due to greater changes in membrane fluidity.
The study by Trivedi et al. (1986), was one of the first to document that the activity of
membrane bound proteins such as COX are directly affected by the lipid environment to
which they are situated. Since then, further studies in yeast, mice and bovine heart
mitochondria have confirmed the essential role of phospholipids (particularly PE) in
maintaining mitochondrial morphology and respiratory function (Michel, 1998;
Steenbergen et al., 2005; Shinzawa-Itoh et al., 2007; Böttinger et al., 2012). Furthermore,
it was recently discovered that a similar phenomenon may also occur in plant
mitochondria. Using the PECT1 mutant in Arabidopsis thaliana, which displays reduced
amounts of PE in mitochondrial membranes, it was found that mutants displayed a 20%
reduction in COX activity in comparison to wild-type plants of the same age (Otsuru et
al., 2013). Interestingly, COX II protein levels were not significantly different between
the two lines, indicating that while the abundance of COX II was unaffected in PECT1,
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the reduction in mitochondrial PE levels had a significant effect on COX activity (Otsuru
et al., 2013). As PE and PC constitute approximately 78% of phospholipids present in
plant mitochondria (Douce, 1985), it is expected that alteration of the lipid matrix within
mitochondrial membranes would impact protein-lipid interactions within the membrane,
thus leading to reduced functionality of the Cyt pathway. Although we have yet to fully
comprehend the exact nature of protein-lipid interactions within mitochondrial
membranes, such knowledge could provide mechanistic insight into the cold acclimation
response, as proteins and lipids are both significantly affected by low temperatures.

1.3.2.3.5 Current respiratory acclimation models and the problems
they pose
It has long been observed that chilling stress leads to an immediate reduction in
mitochondrial respiration rates (Lyons and Raison, 1970). Prompted by inhibition of the
Cyt pathway at low temperatures (Purvis and Shewfelt, 1993), many authors have
documented activation of the Alt pathway as a compensatory mechanism for the more
labile Cyt pathway and propose that enhanced engagement of AOX during chilling may
prevent greater reduction of the UQ pool at low temperatures (Figure 1.5) (Kiener and
Bramlage, 1981; Smakman and Rinie, 1982; McNulty and Cummins, 1987; Rychter et
al., 1988; Stewart et al., 1990a; Stewart et al., 1990b; Vanlerberghe and McIntosh, 1992;
Purvis and Shewfelt, 1993; Ribas-Carbo et al., 2000). As COX activity and protein
abundance have been shown to significantly decrease in the cold (Prasad et al., 1994a),
Complex IV has often been considered to be the primary site of chilling injury in
mitochondria, leading to down-stream consequences including induction of Alt pathway
proteins (Stewart et al., 1990a; Stewart et al., 1990b; Vanlerberghe and McIntosh, 1992;
Ito et al., 1997; Gonzàlez-Meler et al., 1999; Takumi et al., 2002), induction of nonphosphorylating bypasses (Laloi et al., 1997; Maia et al., 1998) and greater ROS
production (O'Kane et al., 1996). However, when considering the kinetic and
thermodynamic properties of complexes within the ETC, there appears to be a mismatch
between the way in which such complexes function and the current model. Of the five
respiratory complexes within the ETC, only ATP synthase (Complex V) must physically
rotate to function. Therefore, at low temperatures, it is expected that the rotational
characteristics of ATP synthase would be inhibited to a greater extent than the vibrational
movement exhibited by the other complexes. Indeed, it was suggested by Furuike et al.
(2008) when studying the bacterial ATP synthase that a new unresolved rate-limiting
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process occurs at 4 °C, even when saturating concentrations of ATP were used, indicating
that the kinetic properties of related rotating enzymes are significantly affected by
chilling. To date, it remains unresolved how the process of respiratory acclimation may
be initiated.

Figure 1.5: The current model of respiratory acclimation to low temperatures.
During chilling, Complex IV becomes inhibited leading to the increased reduction
of the ubiquinone pool (UQ) and heightened production of reactive oxygen species
(ROS). ROS then activate components of the alternative (Alt) pathway including
alternative oxidase (AOX) and non-phosphorylating bypasses (U; uncoupling
proteins, eN; external Type II NAD(P) dehydrogenases, iN; internal Type II NAD(P)
dehydrogenases). Further abbreviations include C; cytochrome c, UQ; ubiquinone
pool, NAD+; nicotinamide adenine dinucleotide (oxidised), NADH; nicotinamide
adenine dinucleotide (reduced), ADP; adenosine diphosphate, ATP; adenosine
triphosphate, Pi; inorganic phosphate, Q; quinone, QH 2; dihydroquinone, H2O;
water,
O2;
oxygen.
Image
modified
from
Plants
in
Action,
http://plantsinaction.science.uq.edu.au, published by the Australian Society of
Plant Scientists.
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1.4 Aims and Approaches
1.4.1 Aims of study
In light of global climate change, extensive research has been undertaken to determine
the mechanism of chilling acclimation in plants, in the hope to create crop species more
tolerant to chilling stress. Over recent decades, significant progress has been made in our
understanding of photosynthetic acclimation to low temperatures; however, knowledge
of respiratory acclimation and how this process may be initiated, has received little
attention. Current theories suggest inhibition of Complex IV may be responsible for
engagement of the Alt pathway during chilling. However, considering the kinetic and
thermodynamic properties of the complexes with the ETC, it appears that this theory may
not hold true. Furthermore, the impact of chilling stress on mitochondrial lipids and the
involvement of mitochondrial proteins in ROS perception and signalling at low
temperatures have yet to be elucidated. Therefore, to gain further insight into the
mechanism of respiratory acclimation in the cold, the following aims are proposed:

i.

To examine the dynamics of mitochondrial membrane functions at low
temperatures (Chapter 3).

ii.

To identify respiratory bottlenecks in the cold (Chapter 4).

iii.

To investigate whether such bottlenecks may be overcome using Arabidopsis
mutants and ecotypes (Chapter 5).

1.4.2 Approaches
To address the following aims, the model plant Arabidopsis thaliana (Col-0) was used to
build upon the transcriptomic, proteomic and lipidomic data available for this species.
Plants were grown both hydroponically as well as on soil and were subjected to different
chilling regimes using a BioChambers controlled growth cabinet. Mitochondria were
extracted from warm-grown and cold-treated Arabidopsis shoots using established
techniques. To obtain a global view of the effects of chilling stress on plant mitochondrial
function (Chapter 3), an in-depth analysis of mitochondrial lipids and respiration rates at
low and moderate temperatures was conducted. Changing lipid composition was
measured using a shot-gun lipidomics approach and alterations in mitochondrial
respiration rates were determined using Hansatech Oxytherms. Respiration rates of leaf
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discs were also measured to determine whether the trends observed in isolated
mitochondria corresponded with changes at the tissue level. To gain insight into the role
of ATP synthase (Complex V) in the cold acclimation response (Chapter 4), ATP
synthesis and hydrolysis rates were measured at different temperatures using
spectrophotometric assays, changes in mitochondrial membrane potential were examined
using the Oroboros O2K machine and the abundance of Alt pathway proteins was
ascertained by Western blot analysis. Lastly, the impact of altered ATP synthase activity
or abundance on plant respiratory function in the cold was determined using Arabidopsis
ecotypes and mutants respectively (Chapter 5). In addition to the respiration data
collected, selected reaction monitoring (SRM) assays using a triple quadrupole (QqQ)
mass spectrometer were used to measure the abundance of ATP synthase subunits present
within samples of isolated mitochondria. Overall, this thesis aims to identify respiratory
bottlenecks that arise during chilling stress and in doing so, investigate whether such
bottlenecks may be overcome. These findings will contribute to a greater knowledge of
cold tolerance mechanisms in Arabidopsis thaliana, which in turn will lead to improved
low temperature tolerance in agriculturally important species such as maize, soybean, rice
and wheat.
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Chapter 2
Materials and methods
2.1 Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia (Col-0) were used in all experiments. Anti-atp3
and anti-atp5 lines were obtained from Robison et al. (2009) and Arabidopsis ecotype
T1110 seeds were provided by Professor Justin Borevitz (Australian National
University).

2.1.1 Arabidopsis hydroponic culture
Conditions for the hydroponic culture of A. thaliana were adapted from Lee et al. (2008)
with slight modifications. Approximately 30 mg (150-300 seeds) of Arabidopsis seeds
were surface sterilized in 70% (v/v) ethanol for 2 minutes followed by a 5 minute
incubation in 5% (v/v) bleach, inverting frequently. Seeds were then washed 5 times with
sterilized water and carefully dispersed onto a stainless steel wire mesh platform (mesh
size 1 mm; 70 x 70 x 30 mm) previously layered with 1% (w/v) sterilized agarose in a
round plastic vessel (diameter 110 mm, height 135 mm). Approximately 300 mL liquid
medium (¼ strength Murashige and Skoog medium without vitamins, ½ strength
Gamborg B5 vitamin solution, 2 mM MES, 1% (w/v) sucrose, pH 5.8) was then poured
into the container, making sure not to disrupt the newly planted seeds. Arabidopsis plants
were grown under a 22/18 °C day/night temperature regime 16 h photo-period with a light
intensity of 100 µmol photons m-2 s-1 for 12 days.

2.1.2 Cultivation of Arabidopsis on soil
Arabidopsis seeds were sown on a soil mixture containing compost, perlite and
vermiculite (in the ratio 3:1:1) and incubated at 4 °C for 3 d. Following stratification,
seeds were placed in a controlled growth chamber maintaining a 22/18 °C day/night
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temperature regime, an 8 h photo-period and a light intensity of 100 µmol photons m-2 s1

. After 7 weeks of growth, some of the plants were shifted to a BioChambers controlled

growth cabinet maintaining a 4/4 °C day/night temperature regime, with the same growth
irradiance and photoperiod as the 22/18 °C chamber. The shift to cold took place shortly
after the lights came on in the cabinet.

2.2 Isolation of plant mitochondria
2.2.1 Purification of mitochondria from hydroponic shoot tissue
Mitochondria were isolated from 12 day-old hydroponic shoots using methods adapted
from Day et al. (1985) and Keech et al. (2005) with slight modifications. Intact plants
were removed from the liquid sucrose medium and shoots were separated away from
roots. All subsequent steps were carried out on ice in a 4 °C cold room unless indicated
otherwise. Approximately 45 g of hydroponic shoot tissue was disrupted using a mortar
and pestle in 225 mL cold grinding medium (0.3 M sucrose, 60 mM N[tris(hydroxymethyl)methyl]-2-aminoethanesulphonic

acid

(TES),

10

mM

ethylenediaminetetraacetic acid (EDTA), 10 mM KH2PO4, 25 mM tetrasodium
pyrophosphate, 1 mM glycine, 1% (w/v) polyvinylpyrrolidone-40 (PVP-40), 1% (w/v)
defatted bovine serum albumin (BSA) pH 8.0, with the addition of 50 mM sodium
ascorbate and 20 mM cysteine just prior to grinding) for 2 minutes. The homogenate was
filtered through two layers of miracloth (Merck Millipore, Darmstadt, Germany) and
centrifuged at 2500 x g for 5 minutes. The supernatant was carefully decanted into new
centrifuge tubes and centrifuged at 18000 x g for 20 minutes. The resulting pellet was
resuspended in approximately 100 mL of sucrose wash buffer containing 0.3 M sucrose,
10 mM TES, 10 mM KH2PO4 and 0.2% (w/v) BSA (pH 7.5) and was then centrifuged at
2000 x g for 5 minutes to pellet intact chloroplasts. The resulting supernatant was
centrifuged at 18000 x g for 20 minutes to obtain crude mitochondria. The pellet was
resuspended in approximately 10 mL of sucrose wash buffer and then was carefully
layered onto two 30% (v/v) Percoll continuous gradients with a 0-4% (w/v) PVP-40 linear
gradient and centrifuged at 40000 x g for 40 minutes. Mitochondria formed a yellowish
band close to the bottom of the tube. The upper layers of the density gradient were
removed and the mitochondrial band was collected and transferred into a new centrifuge
tube. The mitochondrial fraction was diluted with sucrose wash buffer (without BSA) to
obtain a 20-fold dilution and then was centrifuged at 31000 x g for 15 minutes. The wash
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was repeated twice and the resulting pellet was resuspended in 1 mL sucrose wash buffer
(without BSA). Isolated mitochondria were stored in sterile microfuge tubes at -80 °C as
200 µg pellets.

2.2.2 Purification of mitochondria from soil grown shoot tissue
Mitochondria were isolated from 8 week-old soil grown plants using methods adapted
from Day et al. (1985) and Keech et al. (2005) with slight modifications. All subsequent
steps were carried out on ice in a 4 °C cold room unless indicated otherwise. Arabidopsis
shoots were removed from pots and cut into 1 cm pieces using scissors. Approximately
75 g shoot tissue was disrupted using a Polytron homogenizer (at a setting between 3-5;
PT10-35GT, Kinematica, Lucerne, Switzerland) in 375 mL cold grinding medium (0.3
M sucrose, 60 mM TES, 10 mM EDTA, 10 mM KH2PO4, 25 mM tetrasodium
pyrophosphate, 1 mM glycine, 1% (w/v) PVP-40, 1% (w/v) defatted BSA pH 8.0, with
the addition of 50 mM sodium ascorbate and 20 mM cysteine just prior to grinding) for 3
seconds thrice with 5-10 s intervals between bursts. The homogenate was filtered through
two layers of miracloth and centrifuged at 2500 x g for 5 minutes. The supernatant was
carefully decanted into new centrifuge tubes and centrifuged at 18000 x g for 20 minutes.
The resulting pellet was resuspended in approximately 100 mL of sucrose wash buffer
containing 0.3 M sucrose, 10 mM TES, 10 mM KH2PO4 and 0.2% (w/v) BSA (pH 7.5)
and was then centrifuged at 2000 x g for 5 minutes to pellet intact chloroplasts. The
resulting supernatant was centrifuged at 18000 x g for 20 minutes to obtain crude
mitochondria. The pellet was resuspended in approximately 10 mL of sucrose wash buffer
and then was carefully layered onto two 30% (v/v) Percoll continuous gradients with a 04% (w/v) PVP-40 linear gradient and centrifuged at 40000 x g for 40 minutes.
Mitochondria formed a yellowish band close to the bottom of the tube. The upper layers
of the density gradient were removed and the mitochondrial band was collected and
transferred into a new centrifuge tube. The mitochondrial fraction was diluted with
sucrose wash buffer (without BSA) to obtain a 20-fold dilution and then was centrifuged
at 31000 x g for 15 minutes. The wash was repeated twice and the resulting pellet was
resuspended in 1 mL sucrose wash buffer (without BSA). Isolated mitochondria were
stored in sterile microfuge tubes at -80 °C as 200 µg pellets.
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2.2.3 Mitochondrial enrichment from small quantities of plant
material
Mitochondria from small amounts of leaf material (2 g) were enriched using similar
methods described by Day et al. (1985) with modifications. Briefly, plant material was
ground in a pre-cooled mortar and pestle in 10 mL cold grinding medium (0.3 M sucrose,
60 mM TES, 10 mM EDTA, 10 mM KH2PO4, 25 mM tetrasodium pyrophosphate, 1 mM
glycine, 1% (w/v) PVP-40, 1% (w/v) defatted BSA pH 8.0, with the addition of 50 mM
sodium ascorbate and 20 mM cysteine just prior to grinding) for 5 minutes. The
homogenate was filtered through two layers of miracloth (Merck Millipore, Darmstadt,
Germany) and centrifuged at 2500 x g for 5 minutes. The supernatant was carefully
decanted into new centrifuge tubes and centrifuged at 18000 x g for 20 minutes. The
resulting pellet was resuspended in approximately 40 mL of sucrose wash buffer
containing 0.3 M sucrose, 10 mM TES, 10 mM KH2PO4 (pH 7.5) and was then
centrifuged at 2500 x g for 5 minutes to pellet intact chloroplasts. The resulting
supernatant was centrifuged at 18000 x g for 20 minutes to obtain mitochondrial enriched
fractions. High-speed pellets were stored in sterile microfuge tubes at -80 °C.

2.3 Protein quantitation, separation and detection
2.3.1 Protein quantitation
Total protein concentration in mitochondrial-enriched fractions was estimated using a
Bradford’s assay (Pierce CoomassieÒ Plus (Bradford) Assay kit; Thermo Scientific,
Scoresby, Australia). 500 µL of CoomassieÒ Plus protein assay reagent was combined
with 500 µL of sterilised water in a plastic cuvette. This mixture was used to zero a
spectrophotometer measuring absorbance at 595 nm. A 1 µL aliquot of resuspended
sample was then added to the cuvette and mixed by pipetting. The absorbance at 595 nm
was measured and recorded on a UVmini-1240 UV-VIS Spectrophotometer (Shimadzu
Scientific Instruments, Sydney, Australia) and the corresponding protein content was
estimated from a standard curve generated using BSA standards.
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2.3.2 One-dimensional SDS polyacrylamide gel electrophoresis
Mitochondrial proteins were isolated by overnight precipitation in 80% (v/v) acetone at
-20 °C. Following centrifugation at 20000 x g for 15 minutes, pelleted proteins were
briefly air dried before being resolubilized in sample buffer (2%, w/v SDS, 125 mM TrisHCl, 10% (v/v) glycerol, 10% (v/v) β-mercaptoethanol and 0.002% (w/v) bromophenol
blue, pH 6.8). Following resolubilization, proteins were heated at 95 °C for 5 minutes and
then were loaded onto 12% Criterion™ TGX™ precast gels (BioRad, Gladesville,
Australia). The upper and lower tank reservoirs were filled with running buffer (200 mM
glycine, 1% (w/v) SDS, 25 mM Tris-HCl, pH 8.6). Gels were run at a constant voltage of
200 V for 30 minutes, or until the dye front reached the bottom of the gel.

2.3.3 Western blotting and immunodetection
Proteins were transferred from polyacrylamide gels onto Hybond™-C extra
nitrocellulose membrane (GE Healthcare, Sydney, Australia) using a Hoefer Semiphor
semi-dry blotting unit (GE healthcare, Sydney, Australia). Following SDS-PAGE, gels
were incubated in cathode buffer (40 mM 6-amino caproic acid, 25 mM Tris, 20% (v/v)
methanol, pH 9.4) for 10 minutes (no shaking). During this incubation period, ten pieces
of Whatman paper and a membrane were cut to the same size as the gel. Two pieces of
Whatman paper were soaked in 10X anode buffer (300 mM Tris, 20% (v/v) methanol,
pH 10.4), three pieces of Whatman paper were soaked in 1X anode buffer (30 mM Tris,
2% (v/v) methanol, pH 10.4) and the remaining five pieces were soaked in cathode buffer.
The membrane was quickly rinsed in deionised water and then soaked in 1X anode buffer
for 10 minutes. The transfer set up consisted of 2 pieces of Whatman paper soaked in 10X
anode buffer stacked onto the anode followed by three pieces of Whatman paper soaked
in 1X anode buffer, the membrane, the gel and then the remaining 5 pieces of Whatman
paper soaked in cathode buffer. Protein transfer was conducted at a constant current of
0.8 mA cm-2 h-1. Transfer efficiency was inspected by Ponceau staining (0.2% (w/v)
Ponceau S, 1% (v/v) acetic acid) and subsequently rinsing with TBS-Tween (0.15 M
NaCl, 10 mM Tris-HCl, pH 7.4, 0.1% (v/v) Tween-20).
Following Western blotting, the membrane was incubated in 1% (w/v) blocking solution
(Roche, Dee Why, Australia) for 1 hour with gentle rocking. After blocking, the
membrane was rinsed once with TBS-Tween for 5 minutes and then was incubated with
the primary antibody at 4 °C with gentle rocking overnight. The membrane was washed
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3 times with TBS-Tween for 5 minutes and then was incubated with a horseradish
peroxidase-conjugated secondary antibody for 45 minutes with gentle rocking. The
membrane was washed as described previously and incubated with Clarity™ Western
Blotting ECL Substrates (BioRad, Gladesville, Australia). Protein signals were detected
using the Image Quant™ RT ECL™ system and intensities of the chemiluminescence
signals were quantified using ImageJ (version 1.47, National Institute of Health, USA).

2.4 Enzyme activity assay and respiratory measurements
2.4.1 ATP hydrolysis measurements
ATP hydrolysis rates were measured spectrophotometrically at 340 nm by coupling the
production of ADP to the oxidation of NADH via the pyruvate kinase-lactate
dehydrogenase assay as described by Catterall and Pedersen (1971). Reactions were
measured at 4 °C, 10 °C, 15 °C, 20 °C and 25 °C using a Shimadzu UV-1800 UV-VIS
spectrophotometer linked to a CPS-240A temperature controlled cell positioner.
Mitochondrial respiration medium (0.3 M sucrose, 5 mM K2H2PO4, 10 mM TES, 10 mM
NaCl, 2 mM MgSO4, 0.1% (w/v) BSA, pH 7.2) was used for all measurements. The
reaction medium for measuring ATP synthase activity contained: 2 units of lactate
dehydrogenase (LDH), 4 units of pyruvate kinase, 1 mM potassium cyanide (KCN), 0.2
mM NADH, 50 µM n-propyl-gallate (nPG), 5 µM carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP), 1.5 mM ATP and 100 µg isolated mitochondria subjected to 3
rounds of freeze/thaw in liquid nitrogen. 1 mM phosphoenol pyruvate was then added to
start the reaction. The reaction medium for measuring NADH consumption by the
electron transport chain contained: 0.2 mM NADH, 5 µM FCCP and 50 µg isolated
mitochondria subjected to 3 rounds of freeze/thaw in liquid nitrogen.

2.4.2 Determining ATP/O ratios
ATP/O ratios were determined at 4 °C, 10 °C, 15 °C, 20 °C and 25 °C using temperature
controlled Clark-type oxygen electrodes (Oxytherm System, Hansatech Instruments,
Norfolk, UK) in combination with a UV/Vis spectrometer (BMG Labtech, Mornington,
Australia). As reaction rates were increasingly impeded at colder temperatures, larger
quantities of mitochondria were used; therefore, for measurements conducted at 4 °C, 10
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°C, 15°C, 20 °C and 25 °C, 500 µg, 200 µg, 200 µg, 100 µg and 100 µg of isolated
mitochondria were used respectively. The production of ATP was stimulated in a 1 mL
reaction volume of aerated respiration medium containing saturating concentrations of
succinate (5 mM) and NADH (1 mM) by adding 800 µM ADP. After 15-20 minutes of
incubation, 200 µL of the reaction medium was extracted from the oxygen electrode
chamber and placed into a sterile 1.5 mL mircrofuge tube containing 45 µL TCA
(producing a final concentration of 2.3% (v/v) TCA) to stop the reaction. Samples were
incubated on ice for 10 minutes and then centrifuged at 20000 x g for 15 minutes at 4 °C.
The resulting supernatant was recovered and neutralized using a few drops of 2.5 M
K2CO3. The amount of oxygen present upon the addition of ADP and when the reaction
was stopped was recorded and used for further calculations.
Adenylates were measured according to Ford and Leach (1998) using an ATP
Bioluminescent Assay Kit (Sigma, Castle Hill, Australia). This involved diluting ATP
extracts down to the pico-molar range with sterile water and then combining an aliquot
of these extracts (100 µL) with 100 µL of the ATP assay mix (containing luciferase and
luciferin). Solutions were mixed by gentle pipetting, before the amount of light produced
was recorded using a POLARstar OPTIMA absorbance spectrometer (BMG Labtech,
Mornington, Australia). The amount of ATP present within samples was determined
using a standard curve generated with ATP standards. As the calculated amount of ATP
was found to be much lower than expected, an ATP recovery rate of 4.911 was applied
to all calculations (Section 4.3.2.2). ATP/O ratios were calculated in the same way as an
ADP/O ratio, such that the amount of ATP generated within the oxygen electrode
chamber was divided by the amount of oxygen consumed between the addition of ADP
and the end of the reaction.

2.4.3 Measurement of oxygen consumption of mitochondrial
fractions
Mitochondrial respiration was measured at 4 °C, 15 °C and 25 °C using temperature
controlled Clark-type oxygen electrodes (Oxytherm System, Hansatech Instruments,
Norfolk, UK) coupled to a computer based data acquisition system (Oxygraph Plus v
1.02, Hansatech Instruments). Calibration of the electrode was carried out by the addition
of sodium dithionite to remove all oxygen from the reaction chamber. The air-saturated
oxygen concentration was assumed to be 253 µM at 25 °C, 305 µM at 15 °C and 396 µM
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at 4 °C. Activity of the cytochrome oxidase pathway was measured (nmol O2 ml-1 min-1
mg mitochondrial protein-1) in a 1 mL reaction volume of aerated respiration medium (pH
7.2) containing saturating concentrations of succinate (5 mM) and NADH (1 mM), ATP
(500 µM), ADP (100 µM) and the uncoupler FCCP (4 µM). In addition to the above
substrates, AOX capacity was measured in the presence of 10 mM pyruvate and 5 mM
dithiothreitol (DTT). Additions of 1 mM KCN served to inhibit the Cyt pathway, while
200 µM nPG was used to inhibit the alternative pathway. Residual respiration rates
(respiration in the presence of both KCN and nPG) were subtracted from single inhibitor
rates to determine AOX and COX capacity.
To determine oxidative phosphorylation efficiency in isolated mitochondria, ADP/O
ratios were calculated by dividing the amount of ADP that was phosphorylated by the
amount of atomic oxygen that was reduced to water during ADP-stimulated respiration.
Respiratory control ratios (RCRs), which indicate the tightness of coupling between oxygen
consumption and ADP phosphorylation were also calculated by dividing the rate of ADP-

stimulated respiration by the rate of ADP-exhausted respiration. Lastly, uncoupling
control ratios (UCRs), which expresses the relationship between maximal rates of
uncoupled and coupled respiration were calculated by dividing the maximum rate when
an uncoupling agent such as FCCP was added, by the maximum endogenous respiration
rate.
As reaction rates were increasingly impeded at colder temperatures, larger quantities of
mitochondria were used; therefore, for each run, 500 µg, 200 µg and 100 µg of
mitochondria were used for measurements at 4 °C, 15 °C and 25 °C respectively. Outer
mitochondrial membrane integrity was measured following oxygen uptake after the
addition of Na-ascorbate (10 mM), Cytochrome c (25 µM) and Triton X-100 (0.05% v/v)
(Sweetlove et al., 2007).

2.4.4 Measurement of oxygen consumption of Arabidopsis leaf
discs
Leaf dark respiration (nmol O2 mL-1 min-1 g fresh weight-1) was measured in mature, fully
expanded warm grown (WG) and cold acclimated (CA) leaves using temperature
controlled Clark-type oxygen electrodes (Oxytherm System, Hansatech Instruments,
Norfolk, UK) coupled to a computer based data acquisition system (Oxygraph Plus v
1.02, Hansatech Instruments). Electrodes were calibrated at the appropriate temperature
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by adding sodium dithionite to 1 mL of aerated autoclaved water to completely deplete
oxygen. Prior to measurement, 5 mm diameter leaf discs totalling 40-60 mg fresh weight
(FW) were immersed in leaf respiration buffer (10 mM HEPES, 10 mM MES and 0.2
mM CaCl2, pH 7.2 (Atkin et al., 1993; Armstrong et al., 2006)) and incubated in the dark
for 30 minutes. Leaf respiration rates were then measured in 2 mL darkened electrode
chambers at 4 °C, 15 °C and 25 °C. To determine the impact of adding an uncoupling
agent to respiring leaf discs, 1 mM sucrose and 2 µM FCCP were added sequentially to
the reaction chamber, allowing leaf discs to equilibrate (20-30 minutes) between
additions.

2.5 Mitochondrial membrane potential measurements
Changes in mitochondrial membrane potential (Δψm) were measured at 4 °C and 25 °C
using the OROBOROS Oxygraph-2K-Fluorescence LED2 module (Oroboros
Instruments GmbH, Innsbruck, Austria), set according to the manufacturer’s instructions.
Isolated mitochondria were incubated in 2 mL aerated respiration medium containing 2
µM tetramethylrhodamine methyl ester (TMRM) and 500 µM ATP in the dark for 15
minutes. Following stabilization of the background signal, activity of the Cyt pathway
was stimulated using succinate (5 mM) and ADP (100 µM). Mitochondrial
hyperpolarization was induced by adding 50 µM oligomycin A, while FCCP (4 µM) was
used to depolarize mitochondria. KCN (1 mM) was used to inhibit respiration. Oroboros
DatLab software was used for analysis and graphical presentation of the experimental
data.

2.6 Quantitation of ATP synthase subunits using selected reaction
monitoring (SRM) mass spectrometry
2.6.1 Optimisation of SRM transitions
SRM transitions were optimised according to protocols devised by Taylor et al. (2014),
with slight modifications. Trypsin-digested isolated mitochondrial extracts run on an
Agilent 6430 triple-quadrupole (QqQ) mass spectrometer with an HPLC Chip Cube
source (Agilent Technologies, Santa Clara, USA). 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) driven by a 1200 series nano/capillary LC
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system (Agilent Technologies, Santa Clara, USA). Both systems were controlled by
MassHunter Workstation data acquisition software for QqQ (B.03.01 (B2065), version
5.1.2600, SP3, build 2600, Agilent Technologies, Santa Clara, USA). Peptides were
loaded onto the trapping column at 3 mL min-1 at 5% (v/v) acetonitrile and 0.1% (v/v)
formic acid with the chip switched to enrichment. The chip was then switched to
separation and the enriched peptides were eluted during a 15.5 minute gradient (3% (v/v)
acetonitrile to 60% (v/v) acetonitrile) directly into the mass spectrometer. The QqQ mass
spectrometer was run in positive ion mode, with a drying gas temperature of 365 °C and
a flow rate of 5 L min-1. For each transition (breakdown of a precursor ion into smaller
fragment ions), the fragmentor was set to 130, with a dwell time of 5 ms.
Based on a historical “in-house” dataset of the Arabidopsis proteome, a theoretically
digested background proteome was generated for each protein of interest. Possible
peptide transitions were determined using Skyline (version 1.1.0.2905) (MacLean et al.,
2010) and transitions were then optimised for collision energy (CE) based on predicted
values generated by Skyline following an algorithm specific for Agilent instruments. For
each transition, a total of five CEs were analysed, including the predicted CE ± 4 and 8
V. having optimised all available SRM transitions, these data were used to select
candidate for quantitative data analysis.

2.6.2 Selection of candidate SRM transitions
Selection of candidate SRM transitions was conducted according to the method described
by Taylor et al. (2014). Peptides were initially assessed for their uniqueness within the
Arabidopsis proteome, the number of missed cleavages and their composition. Based on
preference for uniqueness > number of missed cleavages > presence of methionine,
peptides were then selected for analysis. Optimised SRM transitions of these peptides
were reviewed in Skyline (MacLean et al., 2010) for signal intensity, signal-to-noise ratio,
dot product and y-ion ranking. For each peptide, one quantifier and two qualifiers (three
transitions in total) were selected for its validation. A minimum of 3 peptides per protein
were analysed.
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2.6.3 Protein quantitation using SRM mass spectrometry
Protein extracts from mitochondrial high-speed pellet digests were analysed on an Agilent
6430 QqQ mass spectrometer as described by Taylor et al. (2014). Briefly, peptides were
analysed using the same methods as those described for SRM optimisation, however
heavy labelled standards obtained from JPT Peptide Technologies were also included in
analyses.

2.6.4 MS data analysis
Transitions that had an intensity greater than 1000 and a signal-to-noise ratio greater than
50 were analysed according to the methods described by Taylor et al. (2014) and Jacoby
et al. (2016). Total ion chromatograms were opened in MassHunter Workstation
Qualitative Analysis (version B.01.04, build 1.4.126.0, Agilent Technologies, Santa
Clara, USA) and SRM chromatograms were obtained using the extract chromatogram
feature in the default settings. Each SRM chromatogram was then integrated and the area
under the curve was calculated within 30 seconds of the expected retention time. The area
under the curve was averaged between replicates to obtain an abundance value for each
peptide.
To determine differences in protein abundance between mitochondrial high-speed pellets
obtained from WG and CA Arabidopsis plants, MS spectra were analysed using MSstats
(version 2.1.6, operated on R version 3.1.0) (Chang et al., 2012; Surinova et al., 2013;
Broudy et al., 2014; Choi et al., 2014). The MSstats input file was generated from Skyline.
The peak intensity of the transitions was log2 transformed and normalised across runs
using an equalised median method to remove biases between runs.

2.7 Identification of mitochondrial lipids using a shotgun
lipidomics approach
2.7.1 Isolation of mitochondrial lipids
Lipids were extracted from six replicates of mitochondria obtained from WG and CA
Arabidopsis plants using the method described by Matyash et al. (2008) with slight
modifications. In a 5 mL microfuge tube, a 100 µg (protein equivalent) aliquot of isolated
mitochondria was combined with pre-cooled MS-grade methanol in the ratio 1:7.5 (v/v)
and briefly vortexed. Methyl-tert-butyl ether (MTBE) was then added to the mixture in
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the ratio 1:25 (v/v mitochondria to MTBE) and the solution was incubated for 1 hour at
room temperature with gentle shaking. Phase separation was induced by adding MSgrade water in the ratio 1:6.25 (v/v mitochondria to water). The mixture was allowed to
incubate at room temperature for 10 minutes before being centrifuged at 1000 x g for 10
minutes. The upper organic phase was collected and the lower phase was re-extracted
with solvent mixture whose composition was expected to be similar to that of the organic
phase (obtained by mixing MTBE/methanol/water in the ratio 10:3:2.5 v/v/v) in the ratio
1:10 (mitochondria to solvent mixture). Following re-extraction, the organic phases were
combined and dried in a vacuum centrifuge. Isolated lipids were kept in 2.5 mL amber
vials at -80 °C until further use.

2.7.2 Untargeted lipid profiling
Lipid profiles of individual mitochondrial extracts were analysed using high-performance
liquid chromatography coupled to electrospray ionisation and quadrupole time-of-flight
mass spectrometry (HPLC-ESI-QTOF-MS) as described by Natera et al. (2016). Dried
lipid extracts were resuspended in butanol/methanol (1:1 v/v) containing 1 mM
ammonium formate. One µL aliquots of the resuspended mixture were then loaded into a
150 mm x 2.1 mm x 2.7 µm Poroshell 120 EC-C8 column (Agilent Technologies, Santa
Clara, USA) at 35 °C using an Agilent LC 1290 system. Lipids were eluted at 0.26 mL
min-1 over 30 minutes using a binary gradient system consisting of 40% (v/v) water, 60%
(v/v) acetonitrile to 10% (v/v) acetonitrile, 90% (v/v) ispropanol (Hu et al., 2008) and
analysed by ESI-MS using a QTOF 6550 (Agilent Technologies, Santa Clara, USA). The
separated lipid species were detected in positive ion mode, with a fragmentation voltage
set to 175 V, sheath gas temperature set to 275 °C and sheath gas flow maintained at 12
L min-1. Capillary and nozzle voltages were set to 4000 V and 1000 V respectively. The
temperature of the nitrogen drying gas was set to 250 °C and drying gas flow was
maintained at 13 L min-1.

2.7.3 Targeted lipid analysis
Lipid species present in mitochondrial extracts obtained from warm-grown and cold
acclimated Arabidopsis plants were further analysed and quantified using highperformance liquid chromatography coupled to electrospray ionisation and triple
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quadrupole tandem mass spectrometry (HPLC-ESI-QqQ-MS/MS) as described by Zhou
et al. (2014) and Natera et al. (2016). Extracted lipids were analysed using a 1200 series
HPLC coupled to a ESI-QqQ mass spectrometer (Agilent Technologies, Santa Clara,
USA). An injection of 1-5 µL of each total lipid extract was chromatographically
separated on a Ascentis-Express RP-Amide 50 x 2.1 mm, 2.7 µm HPLC column (SigmaAldrich, Castle Hill, Australia) using an 8 minute gradient from 0% A (10 mM
ammonium formate in water: methanol: tetrahydrofuran (50:20:30 v/v/v)) to 100% B (10
mM ammonium formate in water: methanol: tetrahydrofuran (5:20:75 v/v/v)), which was
held for 2 minutes and then followed by a 4 minute column re-equilibration with a flow
rate of 0.2 L min-1.
The molecular species of the following lipid classes were identified using precursor ion
scanning from 100 to 1200 m/z in positive ion mode: phosphatidylcholine (PC; precursors
of m/z = 184.1), sphingomyelin (SM; m/z = 184.1), ceramide (Cer; m/z = 264.6),
cholesterol esters (m/z = 369.4), phosphatidylglycerol (PG; m/z = 189.0) and in negative
ion mode: phosphatidylinositol (PI; m/z = 241.0). Neutral loss scanning was used to
identify phosphatidylethanolamine (PE; in positive ion mode, neutral loss of m/z = 141.0)
as well as phosphatidylserine (PS; negative ion mode, neutral loss of m/z=87.0).
Quantification of lipid species was conducted using SRM analysis with a dwell time of
10 ms for the simultaneous measurement of up to 100 compounds. Optimised parameters
for capillary (4000 V), fragmentor (60-160 V) and collision voltages (20-40 V) were used.
In all cases, nitrogen was used as the collision gas at a flow rate of 7 L min-1. Lipids were
quantified using external standards (Avanti Polar Lipids, Alabaster, USA) injected in the
same batch.

2.7.4 Statistical analysis of mass spectra and lipid identification
strategies
Following initial visual inspection and data integrity checks using Agilent MassHunter
Workstation Qualitative analysis software (version B.06.00, Agilent Technologies, Santa
Clara, USA), the LC-MS data was converted into an mzData format and processed using
MZmine (version 2.11, http://mzmine.sourceforge.net) (Pluskal et al., 2010), before
being

statistically

analysed

using

MetaboAnalyst

(version

3.0,

http//www.metaboanalyst.ca) (Xia et al., 2015). mzData export was carried out using
default values for centroid data, with the exception of the MS peak filter being set to an
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absolute height and a count threshold of 2000. This threshold was determined by prior
manual inspection of the data and was approximately ten times the noise level in the total
ion chromatograms. Univariate analysis of the data was performed using a one-way
ANOVA with a Tukey’s post-hoc test. Student’s t-tests were further used to compare
mitochondrial lipids isolated from WG and CA plants. MetaboAnalyst was used to
generate a list of molecular features (m/z and retention time) that showed a significant (p
< 0.01) fold change of two or more in peak intensity relative to respective controls. In
addition, a pooled biological replicate made up of all samples was run in a data-dependent
or auto MS/MS mode to facilitate the identification of mass features containing fragments
characteristic of specific lipid classes.
Identification of lipid species was carried out by manually inspecting the resulting mass
spectra using Agilent MassHunter Workstation Qualitative analysis software (version
B.01.04, Agilent Technologies, Santa Clara, USA). In addition, possible lipid
assignments were made for molecular features of interest using Lipid Maps
(http://www.lipidmaps.org) (Fahy et al., 2007b). Molecular features were searched in
positive ion mode using a ± 0.01 Da m/z mass error, considering [M+H]+, [M+Na]+ and
[M+NH4]+ as possible adducts. Detected lipids are annotated as follows: lipid class
designation (total number of carbon atoms in fatty acid chains: total number of double
bonds present in fatty acid chains).

2.8 Statistical Analysis
Unless otherwise stated, all data obtained from experiments are expressed as mean ±
standard error of the mean (SEM). Statistical analyses were conducted in SPSS (version
23, IBM Australia) and graphical representation of the data was performed in Microsoft
Excel for Mac (version 15.24, Microsoft).
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Chapter 3
During chilling, mitochondrial lipids and
respiration rates are altered
3.1 Introduction
Respiration is a temperature sensitive process that is greatly inhibited upon chilling. To
compensate for reduced physiological activity at low temperatures, many plant species
are able to increase their rate of respiration in the cold, thus improving plant performance
at the new growth temperature (Chabot and Billings, 1972; Körner and Larcher, 1988;
Lambers et al., 1998). Despite significant progress toward understanding of the
physiological changes that occur during low temperature stress, large gaps still remain in
our knowledge of the molecular and biochemical mechanisms underlying this altered
physiology. With the development of omic-technologies however, new insights into
respiratory acclimation, including the induction of CBF/DREB1 transcription factors and
cold-responsive protein changes have been made over recent decades.
During initial studies of the transcriptional responses that follow low temperature
treatment, a region of the COR15A gene was found to contain cis-acting elements that
could impart cold-, abscisic acid (ABA)- and drought-regulated gene expression (Baker
et al., 1994). Subsequently named the c-repeat/drought-responsive element (CRT/DRE)
(Yamaguchi-Shinozaki and Shinozaki, 1994), this region was later found in the promoters
of many cold-responsive (COR) genes, which in turn, lead to the identification of the
DREB1 and DREB2 trans-acting factors that bind to this motif (Stockinger et al., 1997;
Liu et al., 1998). In Arabidopsis, the DREB1 family, otherwise known as the c-box
binding factor (CBF) family is comprised of three closely related members, DREB1A, B
and C (CBF3, 1 and 2 respectively) and are rapidly induced in response to low
temperature stress (Gilmour et al., 1998; Shinwari et al., 1998; Medina et al., 1999). CBF
transcripts have been shown to increase within 15 minutes of exposure to the cold, leading
to the accumulation of target CRT/DRE-regulated COR gene transcripts within
approximately 2 h (Mantyla et al., 1995). The mechanism to which CBF genes are
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activated by low temperatures does not involve autoregulation (Gilmour et al., 1998;
Gilmour et al., 2004), but is controlled by a set of redundant interacting transcription
factors (Vogel et al., 2005; Chinnusamy et al., 2007; Chinnusamy et al., 2010).
The CBF regulon is one of the most well studied components of cold acclimation;
however, findings indicating that multiple regulatory pathways may be activated during
chilling suggest that there is much still to be discovered in the cold acclimation response.
Transcriptome-profiling experiments conducted by Fowler and Thomashow (2002),
revealed that as much as 4% of the Arabidopsis genome may be affected by low
temperature stress. Comparing warm grown and cold treated plants, 306 genes were
identified to be cold-responsive, with 218 genes increasing and 88 genes decreasing in
abundance by 3-fold or more during a 7-day time course experiment. Interestingly,
although 12% of the cold responsive genes were certain members of the CBF regulon, at
least 28% of these genes were not regulated by CBF transcription factors, indicating that
such genes may be members of different low temperature regulons. Building on the theory
that multiple regulatory pathways may be involved in the cold acclimation response, it
was demonstrated by Xin and Browse (2000) that the activation of one pathway can result
in considerable chilling tolerance without activation of other pathways. The Arabidopsis
mutant eskimo1, is able to tolerate temperatures as low as -10.6 °C without induction of
the CBF pathway (Xin and Browse, 1998). Although COR gene expression is unaffected
in the mutant, eskimo1 plants contain very high levels of proline and soluble sugars,
indicating that CBF-regulated genes are not required for the development of some aspects
of the cold acclimation response (Xin and Browse, 1998). Thus, it appears that in addition
to the CBF regulon, multiple regulatory pathways may be involved in cold acclimation,
enabling plants greater flexibility in their ability to adapt to their surrounding
environment.
While transcriptomic studies have provided great insight into the molecular mechanisms
underlying respiratory acclimation, transcript levels do not always correlate well with the
level of protein expression (Tian et al., 2004). This poor correlation is primarily due to
the effects of translational efficiency and post-translational regulatory mechanisms
including phosphorylation, ubiquitination, glycosylation and sumoylation, which are
often pivotal for protein function (Mann and Jensen, 2003). Therefore, to obtain a deeper
understanding of the molecular mechanisms involved in the respiratory acclimation, it is
important that changes in protein abundance and biochemistry are also investigated
during chilling stress to detect the protein changes not observed in transcriptional
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responses and the transcriptional responses that can be confirmed to translate into protein
abundances changes.
The effects of low temperature stress on proteins that lead to changes in gene expression
and/or respiratory activity remain unclear. Over the last decade, proteomic studies have
identified cold-responsive proteins in several plant species including rice (Imin et al.,
2004; Cui et al., 2005; Imin et al., 2006; Yan et al., 2006; Hashimoto and Komatsu, 2007;
Lee et al., 2009), poplar (Renaut et al., 2004), Petunia (Zhang et al., 2016) and
Arabidopsis (Bae et al., 2003; Kawamura and Uemura, 2003; Amme et al., 2006; Li et
al., 2011). Initially, proteomic studies focused on the impact of prolonged chilling on
plant metabolism, leading to the identification of cold responsive proteins that were most
likely regulated through transcriptional changes (Bae et al., 2003; Yan et al., 2006).
However, with the development of more sensitive and quantitative proteomic profiling
methods such as two-dimensional difference gel electrophoresis (2D-DIGE) and isobaric
tags for relative and absolute quantification (iTRAQ), studies are now able to identify
early response proteins, including those involved in primary signal transduction.
In many of the proteomic studies conducted on chilling, the abundance of proteins
involved in energy metabolism is often observed to change significantly (Cui et al., 2005;
Imin et al., 2006; Yan et al., 2006; Hashimoto and Komatsu, 2007; Lee et al., 2009; Li et
al., 2011). In a study by Lee et al. (2009), which looked at stress-induced protein changes
in rice roots in response to chilling stress, it was found that the majority of proteins
identified were those involved in energy production, indicating that energy metabolism
is significantly altered under low temperature stress. For example, enolase, one of the key
enzymes that catalyses the conversion of 2-phosphoglycerate to phosphoenolpyruvate in
glycolysis, was found to steadily increase in abundance with increasing cold treatment
(Lee et al., 2009). This result is supported by previous findings by Yan et al. (2006),
which also reported a gradual increase in enolase abundance in rice leaves in response to
chilling. Moreover, mutation of the enolase gene in Arabidopsis has been shown to reduce
cold-responsive gene transcription (Lee et al., 2002). Therefore, as plant respiration rates
increase at low temperatures as a result of respiratory acclimation, it appears that this
increase is supported by increased abundance of glycolytic enzymes, such as enolase.
Glycolytic enzymes are not the only proteins involved in energy metabolism that are
significantly affected by chilling stress. In addition to enolase, the abundance of proteins
involved in the TCA-cycle has also been shown to change in response to low temperatures
(Cui et al., 2005; Yan et al., 2006; Lee et al., 2009; Li et al., 2011). For example, the
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abundance of aconitase (catalyses the isomerisation of citrate to isocitrate) has been
shown to increase significantly in response to short-term chilling stress in rice (Cui et al.,
2005; Lee et al., 2009). More recently however, this finding has been challenged by Li et
al. (2011), whom observed a general decrease in TCA cycle protein abundance. Looking
at proteomic changes in Arabidopsis seedlings, it was found that the abundance of TCA
enzymes including aconitase, isocitrate dehydrogenase, malate dehydrogenase, succinylCoA synthetase and citrate synthase were all significantly reduced in cold-treated
samples, suggesting a co-ordinated down-regulation of TCA enzymes during early
respiratory acclimation (Li et al., 2011). Although the different trends observed may be
due to differences between species (rice and Arabidopsis seedlings) or perhaps the length
of cold treatment utilised (24-72 h in the studies conducted by Cui et al. 2005 and Lee et
al. 2009 and 2 h in the study conducted by Li et al. 2011), reduced aconitase abundance
was also detected by Yan et al. (2006) in 3-week old rice seedlings exposed to 5 °C for
24 h. Due to these contrasting results, it is difficult to conclude whether aconitase and
other TCA cycle enzymes are truly increasing or decreasing in response to chilling.
Taking into account the length of the treatments studied (2-72 h), one possible explanation
may be that TCA cycle enzymes initially decrease in abundance and then increase with
increasing low temperature treatment. This hypothesis makes sense in the context of
respiratory acclimation, as higher respiration rates in the cold would require either
increased activity of existing TCA-cycle proteins or a greater abundance of such enzymes
to compensate for significant reductions in the rate of reactions at low temperatures.
Proteins involved in the mitochondrial ETC have also been shown to change significantly
in response to cold stress in plants. Although the abundance of proteins associated with
Complexes III and V have long been identified to change significantly in cold-treated
samples (Prasad et al., 1994a), proteomic studies of isolated mitochondria have provided
new insights into respiratory acclimation. In 2012, detailed studies of the mitochondrial
proteome in Arabidopsis suspension culture cells subjected to chilling stress revealed that
all of the major respiratory complexes (including Complexes III and V) were likely to
decrease in abundance at low temperatures (Tan et al., 2012). After 48 h of chilling,
representative components of each respiratory complex decreased in abundance; however
surprisingly, components of the TIM17:23 protein import pathway increased significantly
in the cold (Tan et al., 2012). To explain such findings, it was hypothesized that the major
respiratory complexes would decrease as the supply of organic acids used to drive
oxidative phosphorylation would be lowered as a result of the kinetic and thermodynamic
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restrictions placed on the processes that produce them (Tan et al., 2012). To this end,
increased import of new proteins would be required to overcome these restrictions (Tan
et al., 2012). It is interesting to note that alternative protein isoforms that may be better
adapted to low temperatures, were also more abundant in cold-treated Arabidopsis
suspension culture cells. For example, the abundances of QCR7-1 (At4g32470.1) and
CYC1-1 (At3g27240.1) of Complex III, increased significantly in the cold and occurred
concurrently with reductions of their more abundant proteins counterparts, QCR7-2
(At5g25450.1) and CYC1-2 (At5g40810.1) (Tan et al., 2012). These data suggest that
components of the mitochondrial ETC are highly responsive to changes in temperature
and that such changes may be necessary for respiratory acclimation to the cold.
From the studies discussed above, modulating the abundance of respiratory enzymes in
the cold, is just one strategy to overcome the limitations imposed on chemical reactions
at low temperatures. Questions such as how respiratory acclimation is initiated, are
respiratory bottlenecks being formed in the cold and can these bottlenecks be overcome,
have still yet to be elucidated. Furthermore, lipid membranes have long been considered
to be the primary site of chilling injury in plants (Berry and Raison, 1981; Steponkus,
1984; Drobnis et al., 1993). To date, very little is known of the ways in which plant
mitochondrial lipids are altered during chilling, let alone the physical, biochemical and
molecular interactions that occur between lipids and proteins under stress. Therefore, to
gain mechanistic insight into respiratory acclimation, further work on the impact of
chilling stress on protein abundance, activity and their interaction with the changing lipid
environment is required.
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3.2 Aims and strategy
The work described in this chapter attempts to gain insight into the lipid, protein and
respiratory changes that occur in Arabidopsis shoot mitochondria during the early stages
of chilling stress. Specifically, these experiments aimed to:
•

Isolate sufficient amounts of functional mitochondria from hydroponic and soil
grown Arabidopsis plants using differential density centrifugation to undertake
biochemical studies.

•

Compare the lipidomes of mitochondria isolated from Arabidopsis shoots
subjected to different treatment temperatures.

•

Compare mitochondrial respiration rates of plants subjected to different treatment
and measurement temperatures.

•

Identify which mitochondrial protein complexes may be acting as a respiratory
bottleneck in the cold.

•

Identify whether the respiratory changes seen in isolated mitochondria are
reflected at the tissue level by measuring leaf respiration rates

•

Obtain a global view of the effect of chilling stress on plant mitochondrial
function.

Subcellular fractionation of mitochondria has been previously optimised in pea
cotyledons using PVP/Percoll gradients (Day et al., 1985). However, to gain the amounts
of functional mitochondria required for respiratory measurements at low temperatures,
this method was slightly modified (Section 2.2.2). Mitochondria from Arabidopsis plants
grown under different pre-treatment conditions warm grown (WG), cold acclimated (CA)
and cold shocked (CS) were analysed in two ways: (i) lipidomic analysis and (ii)
respiratory analysis measured by oxygen consumption of various substrates. These results
were then followed up at the tissue level, by measuring the oxygen consumption of leaf
discs, to which sucrose and an uncoupler were also added. To provide a high degree of
confidence that the respiratory results seen at different temperatures were an intrinsic
feature of plant mitochondria and not due to other factors such as plant growth conditions,
plant age and mitochondria extraction procedure, respiratory results were conducted in
two independent systems: 8-week old soil-grown plants and 12-day old hydroponic
plants.
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3.3 Results
3.3.1 Purification of mitochondria from hydroponic and soil grown
plants using differential centrifugation and density gradient
purification
To purify mitochondria from Arabidopsis shoots, a method developed by Day et al.
(1985) in which mitochondria were isolated from pea leaves, was used and adapted in
this work. In this method, tissues are gently homogenised, filtered and then subjected to
a number of low- and high-speed centrifugation steps before further separation of
organelles by PVP/Percollä gradient centrifugation (Sections 2.2.1 and 2.2.2). Initially,
mitochondria were isolated from 8-week old soil grown plants that had experienced (i)
continuous 25 °C growth conditions, hereafter referred to as warm grown (WG) plants
(ii) a slow decrease in temperature from 25 °C to 4 °C over 3 days and then were
maintained at 4 °C for 2 days, hereafter referred to as cold acclimated (CA) plants or (iii)
growth at 25 °C followed by direct movement to a 4 °C chamber for 2 days, hereafter
referred to as cold shocked (CS) plants (Figure 3.1). The decision to grow plants on soil
rather than hydroponically, was initially made as soil-grown plants would be most
reflective of the physiological and biochemical changes that occur naturally, such as those
a crop plant may experience in the field. However, growing plants on soil proved highly
problematic for isolating the quantities of intact and functional mitochondria required in
further experiments. From the initial experiments conducted, just 600 µg of isolated
mitochondria was obtained using the method described by Day et al. (1985) – well short
of the amount required for respiratory measurements conducted at low temperatures (500
µg of mitochondria was needed for just one measurement at 4 °C to produce observable
rates of O2 consumption). Therefore to overcome the limitations posed by this method an
alternative was developed, combining the techniques developed by Day et al. (1985) with
those of Keech et al. (2005), which introduced a number of key changes to the grinding
and washing mediums. Changes such as increasing the amount of reducing agents present
in the grinding medium as well as altering the pH, proved crucial to protecting isolated
mitochondria from cellular contaminants such as proteases and phenolic compounds
(Section 2.2.2). With this new method, mitochondrial yield was increased 4-fold, with
yields averaging between 2-3 mg mitochondria from 75 g FW shoot material.
In addition to using soil-grown plants, experiments were later expanded to include
mitochondria isolated from 12-day old hydroponically grown Arabidopsis seedlings.
Compared to soil grown plants that required long growing periods to obtain a large
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amount of biomass, hydroponic plants could be grown in large quantities for significantly
shorter periods of time. Moreover, as hydroponic plants are harvested at a much younger
age than soil grown plants, they generally have much lower concentrations of proteases
and phenolic compounds and contain much higher concentrations of mitochondria as they
are supplemented with sucrose in the growing medium. Lastly, using mitochondria
obtained from two independent systems (hydroponic and soil grown plants), enabled us
to confirm whether temperature responses were an inherent property of plant
mitochondria or due to other factors such as plant age, mitochondrial extraction method
and mitochondrial membrane integrity.
To begin with, hydroponic Arabidopsis shoots were disrupted using a mortar and pestle
as such tissue is quite soft and so homogenises quickly and easily. Although significant
amounts of mitochondria were obtained using this method (between 4-6 mg mitochondria
from approximately 50 g FW tissue), outer membrane integrity was consistently lower (<
90% integrity) than that required for coupled respiratory measurements such as ADP/O
ratios and respiratory control ratios (RCRs). To overcome this, one strategy was to
decrease the time taken to homogenise the tissue from 5 to 2 minutes. As grinding time
is closely linked to the degree of enzymatic degradation of mitochondria, it was hoped
that by decreasing the grinding time, highly coupled mitochondria could be obtained
without significantly decreasing the overall yield. Although this strategy worked such
that mitochondrial yield was not changed significantly, mitochondrial integrity was
highly inconsistent and often resulted in low quality respiratory traces. As hand grinding
proved unreliable, it was decided that further isolations would be conducted using a
powered homogeniser to obtain highly coupled mitochondria. Using a NutriBullet
blender, highly coupled mitochondria (>95% integrity) could be consistently produced,
however mitochondrial yields were lower than those produced by hand-grinding with just
0.5 – 1.5 mg mitochondria from 50 g FW hydroponic shoots (Figure 3.2).
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Figure 3.1: Plant growth regime used to grow Arabidopsis thaliana plants on
soil. Plants were harvested at the end of the 2-day treatment period for
mitochondrial isolation.

Figure 3.2: Isolation of Arabidopsis mitochondria using continuous 0-4.4%
PVP(w/v), 28% Percollä gradients. Arabidopsis shoots were homogenised
using a (A) Polytron homogeniser, (B) mortar and pestle or (C) NutriBullet
blender producing mitochondrial extracts with different levels of
chloroplastic contamination. Plastidial fractions appeared as dark green
bands at the top of the gradient (already removed in C), while mitochondrial
fractions appeared as a yellow-white band toward the bottom of the gradient.
Mitochondria isolated using a mortar and pestle showed the greatest amounts
of chloroplastic contamination followed by the Nutribullet blender, with the
Polytron homogeniser producing the cleanest mitochondrial fractions.
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3.3.2 Using a lipidomics approach to identify mitochondrial lipid
changes in warm grown and cold acclimated plants
In order to study the effect of chilling stress on mitochondrial lipids, a comparison of lipid
species present in mitochondria isolated from WG and CA plants was performed using
an untargeted lipidomics approach. In this approach, lipids were extracted from isolated
mitochondria obtained from WG and CA plants and then analysed using LC-MS. The
resulting mass spectrometry data was processed using MZmine (Pluskal et al., 2010) to
identify molecular features and statistical analysis was performed using MetaboAnalyst
(Xia et al., 2015). To my knowledge, lipidomic analysis of plant mitochondrial lipids has
not been reported before. To produce the most comprehensive view of the lipid changes
taking place, considerable effort was taken to optimise each step of the lipid analysis
pathway. This included a comparison of different lipid extraction methods, optimisation
of the amount of mitochondrial sample used as well as the conditions used for mass
spectrometry analysis and a comparison of different lipid identification methods. The
results found at each of these steps are discussed in detail below.

3.3.2.1 Optimisation of mitochondrial lipid extraction methods
For more than 50 years, the Bligh and Dyer (1959) and Folch (1957) methods have
dominated lipid extraction procedures. For both of these methods, lipids are separated
from other cellular components using a two-phase partitioning system composed of
methanol/chloroform/water. Although most major classes of lipids can be recovered
using this method, due to the higher density of chloroform compared to methanol and
water, lipids are mostly enriched in the lower hydrophobic phase of the two-phase system.
To collect the lower phase, it is common practice to insert a glass pipette or needle through
the upper phase and proteinaceous interface to reach the lipids below. As such, this
method is prone to introducing non-lipid contaminants to lipid extracts and although the
amounts of these contaminants are usually small, they are often still detectable using mass
spectrometry. A new method using methyl-tert-butyl ether (MTBE) instead of chloroform
was developed by Matyash et al. (2008). Due to the low density of MTBE, this organic
compound forms the upper layer during phase separation, simplifying the collection of
the lipid-containing phase.
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To determine which lipid extraction method was most efficient in isolating plant
mitochondrial lipids, an experiment was conducted comparing the Bligh and Dyer and
MTBE methods. In this experiment, both methods were used to extract lipids from
different amounts of mitochondria isolated from the same sample. From the results
obtained, both methods performed equally well, with there being little difference in the
number of detected compounds determined by molecular feature extraction (MFE).
However, when lower amounts of mitochondria were used, it seemed that the MTBE
method slightly outperformed the Bligh and Dyer method (Figure 3.3). When 100 and
200 µg of mitochondria was used, the number of lipids extracted was increased 25% and
12.2% respectively. Therefore, in light of these results the MTBE lipid extraction method
was used for all future lipid extractions.

Figure 3.3: Relationship between the amount of isolated mitochondria used
(measured on a protein basis) and the number of lipid compounds detected by
molecular feature extraction (MFE). Lipids were extracted using two methods: Bligh
and Dyer (1959; BD) and Matyash et al. (2008; MTBE).
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3.3.2.2 Optimisation of sample volume for mass spectrometry
analysis
As mitochondrial lipids are difficult to quantify, mitochondrial protein abundance was
used as a proxy for the amount mitochondria present within samples. To determine the
amount of mitochondria needed to produce mass spectrometry coverage of all lipid
classes, an experiment was conducted using different amounts of mitochondria isolated
from the same sample. Looking at the total ion chromatograms (TICs) produced by mass
spectrometry analysis, there was no significant change in peak intensity between the 100
µg mitochondrial protein sample and the 1 mg protein sample (Figure 3.4). This indicated
that further addition of mitochondria did not lead to a significant increase in peak
intensity, but rather that the major peaks had already reached the saturation point of the
detector at 100 µg of protein equivalent. Despite saturation of the major peaks, closer
inspection of the MS spectra showed different and additional peaks in the 460-560 m/z
and 871.57 m/z regions as well as stronger peaks in the 663.45 m/z that were only present
in the 1 mg mitochondrial protein sample (Figures 3.5, 3.6, 3.7). As these peaks only
occurred when larger amounts of mitochondria were used, this indicated that these
molecular species were lowly abundant and although these may have been interesting to
pursue, analysis of such peaks would have greatly complicated further lipidomic analysis.
Therefore, as the majority of peaks could already be detected in the lowest amount of
mitochondria analysed, 100 µg of mitochondrial protein would be used for lipidomic
analysis.

3.3.2.3 Untargeted lipidomic analysis of isolated mitochondria and
statistical analysis
Using an untargeted lipid profiling approach, 6 biological replicates of lipids isolated
from WG and CA shoot mitochondria were analysed using LC-MS (Section 2.7.2). From
the data obtained, 2181 molecular features (ions with a unique m/z and retention time)
were identified in both WG and CA samples. Following log transformation and filtering,
1310 featured were further analysed using t-tests and from these results, 97 features
changed significantly (p £ 0.05) in abundance by 2-fold or more. Although a small
number of these significantly changing features decreased in abundance (18 out of 97),
visualisation of the data by volcano plot (Figure 3.8) showed that the majority of features
increased in abundance (79 out of 97) between the two sample groups. However, when
these data were analysed using principal component analysis (PCA), no difference could
be seen between WG and CA samples in the top two principal components (Figure 3.9).
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Figure 3.4: Total ion chromatogram (TIC) of lipids isolated from 100 µg and 1 mg of isolated mitochondria (measured on a protein basis)
using two different extraction procedures: Bligh and Dyer (1959; BD) and Matyash et al. (2008; MTBE). Pictures were acquired from
Agilent MassHunter Workstation Qualitative analysis software (version B.06.00, Agilent Technologies).
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Figure 3.5: Extracted ion chromatogram (EIC) of lipids (460-560 m/z) isolated from (A,B) 100 µg and (C,D)
1 mg of isolated mitochondria (measured on a protein basis) using two different extraction procedures: (A,C)
Bligh and Dyer (1959; BD) and (B,D) Matyash et al. (2008; MTBE). Pictures were acquired from Agilent
MassHunter Workstation Qualitative analysis software (version B.06.00, Agilent Technologies).
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Figure 3.6: Extracted ion chromatogram (EIC) of lipids (871.57 m/z) isolated from (A,B) 100 µg and (C,D)
1 mg of isolated mitochondria (measured on a protein basis) using two different extraction procedures: (A,C)
Bligh and Dyer (1959; BD) and (B,D) Matyash et al. (2008; MTBE). Pictures were acquired from Agilent
MassHunter Workstation Qualitative analysis software (version B.06.00, Agilent Technologies).
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Figure 3.7: Extracted ion chromatogram (EIC) of lipids (663.45 m/z) isolated from (A,B) 100 µg and (C,D)
1 mg of isolated mitochondria (measured on a protein basis) using two different extraction procedures:
(A,C) Bligh and Dyer (1959; BD) and (B,D) Matyash et al. (2008; MTBE). Pictures were acquired from
Agilent MassHunter Workstation Qualitative analysis software (version B.06.00, Agilent Technologies).
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Figure 3.8: Volcano plot of the molecular features identified in isolated mitochondria obtained from
WG and CA shoots. The dotted horizontal line on the plot represents the a-level used for the analysis
(0.05). Vertical dotted lines represent the threshold for the log2 fold change (equivalent to a 2 fold
change). Therefore, the purple dots correspond to features that show a significant 2 fold or more
change in abundance between WG and CA mitochondrial samples; n = 6.
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Figure 3.9: Scores plot between principal components 1 and 2, which collectively
explain 84.4% of the total variance between samples. Lipid samples extracted
from WG mitochondria (Control samples; C) are represented by green crosses,
while lipid samples extracted from CA mitochondria (Acclimated samples; ACC)
are represented by red triangles. Sample numbers represent biological replicates;
n = 6.
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Despite PC1 and PC2 accounting for 72.5% and 11.9% of the variability between samples
respectively, separation of the treatment groups could only be observed at PC3, which
accounted for just 4.1% of sample variability (Figure 3.10). Although PC3 accounted for
a relatively small amount of the total variation, it is interesting to note that the variability
explained by PC3 was similar to the percentage of significantly changing features
(97/1310 features = 7.4%). As it was unknown whether PC3 was truly responsible for
dissecting WG and CA samples and that this principle component may be representative
of the molecular features that changed significantly between samples, a second PCA was
conducted using a subset of 97 molecular features that changed significantly between the
two treatment groups. From the results obtained, WG and CA samples now separated
according to the first and second principal components separately as well as in
combination (Figure 3.11). The top two principal components accounted for 93% of the
variability present in the data (Figure 3.12). This result confirms that PC3 depicted
biological differences between the treatment groups and is representative of the molecular
features that changed significantly upon cold treatment.
Statistical analysis of the lipidomic data obtained indicated that a significant amount of
the variation between samples was biological and/or technical variation and that the cold
treatment itself, accounted for just a small proportion of the differences seen between
samples. To further dissect the similarities and differences between samples, hierarchical
clustering was performed. Presented in a heat map (Figure 3.13), CA and WG samples
appeared to cluster together; however, looking at the scale of changes, one CA sample
(Acclimation 10; ACC10) displayed a very different profile to all others. ACC10
appeared to be highly depleted in a number of the molecular features found in both WG
and CA samples and as such, was clustered independently to all of the other samples
(Figure 3.14). Furthermore, as shown in Figure 3.14, ACC10 as well as ACC9 clustered
more closely with WG samples than with the CA samples, indicating that this sample
may be responsible for the large amount of variation present between samples. As ACC10
as well as ACC9 may be possible outliers, both samples were removed from the data set
and the data re-analysed. Following removal of the two CA samples, statistical analysis
of the data showed striking differences between the new and old datasets. Compared to
the 97 significantly changing features found in the whole dataset, this number was almost
doubled in the absence of the outlier samples, with 182 molecular features showing
significant (p £ 0.05) 2-fold or more changes in abundance. Although the number of
significantly changing features was increased in the absence of outliers,
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Figure 3.10: Pairwise scores plots between the first five principal components.
The variance explained by each principal component is shown in the
corresponding diagonal cell. Lipid samples extracted from WG mitochondria
(Control samples; C) are represented by green crosses, while lipid samples
extracted from CA mitochondria (Acclimated samples; ACC) are represented
by red triangles. Sample numbers represent biological replicates; n = 6.
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Figure 3.11: Scores plot between principal components 1 and 2. A subset of
97 molecular features that changed significantly between WG and CA samples
was used for the analysis. Lipid samples extracted from WG mitochondria
(Control samples; C) are represented by red circles, while lipid samples
extracted from CA mitochondria (Acclimated samples; ACC) are represented
by blue circles; n = 6.

63

Figure 3.12: Pairwise scores plots between the first six principal
components, when a subset of 97 molecular features that changed
significantly between WG and CA samples was used for the analysis. Lipid
samples extracted from WG mitochondria (Control samples; C) are
represented by red circles, while lipid samples extracted from CA
mitochondria (Acclimated samples; ACC) are represented by blue circles;
n = 6.
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Figure 3.13: Heatmap resulting from hierarchical clustering analysis of
molecular features that changed significantly between WG (C1-C12) and CA
(ACC1-ACC10) samples. Features that were significantly higher in CA samples
compared to WG samples are shown in red, while features that were
significantly lower are shown in green.
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Figure 3.14: Dendrogram resulting from hierarchical clustering analysis of
molecular features that changed significantly between WG (C1-C12) and CA
(ACC1-ACC10) samples. Euclidean distance and the Ward’s linkage
clustering algorithm were used to construct the dendrogram.
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the pattern of these changes was similar, such that the majority of features increased in
abundance (140 out of 182), while relatively few features (42 out of 182) decreased in
abundance (Figure 3.15). In contrast to previous results however, PCA analysis of the
reduced dataset showed that WG and CA samples now formed two independent
populations that were primarily separated by the first principal component (83.1%)
(Figure 3.16). From the PCA plot, CA samples clustered more tightly, with large
separation still seen between WG samples. It is interesting to note that earlier
mitochondrial preparations (represented by lower numbered samples) tended to group
together, while later mitochondrial isolations (represented by higher numbered samples)
similarly grouped together. Primarily separated by PC2, which accounted for 5.1% of the
variability between samples, it appeared that this principle component may be indicative
of the molecular features that changed as a result of plant growth or mitochondrial
isolation changes that occurred over the time period, which these samples were obtained.
This pattern was similarly displayed when hierarchical clustering was performed (Figure
3.17), as CA samples clustered to a single clade, while WG samples formed two distinct
clades. These results show that even slight changes in the plant growing conditions or
mitochondrial isolation methods used, can have a significant impact on the analysis and
interpretation of lipidomic data.

3.3.2.4 Identification of lipid species present in plant mitochondria
A major difference in the identification of lipid species via mass spectrometry (as opposed
to proteins to other metabolites) is the large chemical diversity found in these molecules.
Compared to genes and proteins that are composed of linear combinations of 4 nucleic
acids and 20 amino acids respectively, lipid structures are generally much more complex
due to the number of different biochemical transformations that can occur during lipid
biosynthesis. Some have estimated that as many as 100 000 distinct chemical entities exist
within the lipidome (Wenk, 2010) and as isomeric species (entities that have the same
chemical formula, but different structures) and isobaric species (entities that have same
mass) abound, identification of lipids is highly complex and time consuming.
Furthermore, lipid identification software is under-developed and for those that do exist,
the databases used to identify lipids from mass spectrometry data often do not include
plant-specific lipids. Therefore, it was a significant challenge to identify the lipid species
that statistically changed in abundance in the above experiment.
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Figure 3.15: Volcano plot of the molecular features identified in isolated mitochondria obtained
from WG and CA shoots, following the removal of ACC9 and ACC10. The dotted horizontal line
on the plot represents the a-level used for the analysis (0.05). Vertical dotted lines represent the
threshold for the log2 fold change (equivalent to a 2 fold change). Therefore, the purple dots
correspond to features that show a significant 2 fold or more change in abundance between WG and
CA mitochondrial samples; n = 4-6.
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Figure 3.16: Scores plot between principal components 1 and 2, following the
removal of ACC9 and ACC10. Lipid samples extracted from WG mitochondria
(Control samples; C) are represented by green crosses, while lipid samples
extracted from CA mitochondria (Acclimated samples; ACC) are represented by
red triangles. Sample numbers represent biological replicates; n = 4-6.
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Figure 3.17: Dendrogram resulting from hierarchical clustering analysis of
molecular features that changed significantly between WG (C1-C12) and
CA (ACC1-ACC8) samples. Euclidean distance and the Ward’s linkage
clustering algorithm were used to construct the dendrogram.

70

As the mass spectra of each molecular feature was manually inspected, only a limited
number of lipid species have been identified so far. Despite these challenges however,
putative identification of a small number of lipids have revealed that cardiolipin (CL)
species may have changed most considerably between WG and CA shoot mitochondria
(Table 3.1; Table I Supplementary data in Appendix). Most strikingly, one CL species
displayed more than a 300-fold increase in abundance between WG and CA samples. As
this CL was also identified in its protonated (H+) form and in a similar trend (increasing
more than 100-fold in abundance between treatment groups), this provided a high degree
of confidence that the abundance of this lipid had greatly increased upon chilling stress.
In addition to CL(16:0/16:0/18:1/20:4), five other CL species as well as lipids belonging
to

the

triacylglycerol

(TG),

monogalactosyldiacylglycerol

(MGDG)

and

glycerophosphoserine (PS) families were similarly shown to increase significantly
between the WG and CA shoot mitochondria (Table 3.1). As many of the lipids identified
are known to localise in organellar membranes, these results provide a first glimpse of
the effects of chilling stress on mitochondrial membrane composition. With continued
identification of the lipid species that changed significantly between WG and CA shoot
mitochondria, it is hoped that these data will provide new insight into the role of lipids in
the optimisation and maintenance of mitochondrial function in the cold.

Table 3.1: Putative identification of mitochondrial lipids showing significant
increases in abundance between WG and CA shoots.
m/z
1445.021647
1428.998433
1397.948669
1426.983928
1511.028558
1443.006663
765.5346375
764.5317037
307.2279246
583.4308553
769.4880005
770.4909688
1419.932931

Putative Identification
+

CL(16:0/16:0/18:1/20:4) +NH4
CL(16:0/16:0/18:1/20:4) +H+
CL(16:0/16:0/16:0/18:1) +H+
CL(16:0/16:0/16:0/20:0) +NH4+
CL(16:0/18:0/20:2/20:0) +NH4+
CL(16:0/16:0/18:2/20:4)+NH4+
MGDG(35.2)
PS(18:0/16:0)
FA(20:3)
DG(16:0/17:0)
MGDG(35.2)
PS(15:0/20:4)
CL(70:9)

1021.541941 TG(20:1/22:1/22:3)

Fold Change

p value

304.23
118.48
103.42
81.83
51.05
16.06
4.29
4.24
3.92
3.78
3.66
3.65
3.51

4.61E-10
4.02E-09
1.29E-05
3.85E-05
6.58E-05
7.11E-06
1.32E-05
9.17E-06
5.18E-06
9.19E-05
1.26E-05
1.23E-05
1.40E-04

2.11

1.06E-05
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3.3.3 Respiratory characteristics of shoot mitochondria from soil
grown plants at different temperatures
To study the effect of chilling stress of mitochondrial respiratory function, isolated
mitochondria were obtained from soil-grown plants cultivated under the conditions
outlined in Section 3.3.1 and respiration rates were determined using temperature
controlled Clark-type oxygen electrodes. As the temperature of the oxygen electrode
chambers could be altered, this enabled direct comparison of both pre-treatment
temperatures and measurement temperatures on mitochondrial function. For each of the
measurements discussed below, mitochondrial samples had an outer membrane integrity
greater than 95% and different amounts of isolated mitochondria were used for
measurements conducted at lower temperatures (500 µg, 200 µg and 100 µg for 4 °C, 15
°C and 25 °C respectively).

3.3.3.1 State 2, 3 and 4 respiration rates
The concept of mitochondrial respiratory states is based upon the changing rates of
oxygen consumption of isolated mitochondria in the absence or presence of different
respiratory substrates. When mitochondria are first added to an iso-osmotic medium,
respiration rates are generally low, due to the lack of respiratory substrates available.
Representing a state of respiratory starvation, this state is often referred to as State 1
respiration (Chance and Williams, 1955b). State 2 respiration occurs when respiratory
substrates such as NADH, succinate, pyruvate and malate are added to the reaction
medium. Under these conditions, complexes within the ETC rapidly oxidise the substrates
supplied and a build membrane potential (Chance and Williams, 1955b). However, in the
absence of ADP, the proton pore of ATP synthase is blocked and mitochondrial
membrane potential builds to the point where it restricts further proton movement across
the IMM. As electron transport is functionally connected to proton translocation, the rate
of respiration seen during State 2 respiration is due to proton leak back across the IMM.
State 3 respiration occurs in the presence of both respiratory substrates and ADP and
represents the maximum rate of respiration (Chance and Williams, 1955b). When all of
the ADP has been consumed, oxygen consumption decreases again. This state is referred
to as State 4 respiration and is determined by the proton leak rate across the IMM (Chance
and Williams, 1955b). Although States 2 and 4 measure the same phenomenon, State 4
is usually faster than State 2, due to the presence of ATP. As ATP synthase is able to
hydrolyse ATP into ADP, the resulting ADP can be re-phosphorylated into ATP by other
72

intact mitochondria within the preparation, thus increasing the rate of oxygen
consumption during State 4 respiration. By analysing the respiratory states of isolated
mitochondria, detailed information can be obtained of each respiratory complex and how
tightly coupled the ETC may be in relation to ATP production.
A comparison of State 2 mitochondrial respiration rates at 4 °C, 15 °C and 25 °C showed
that respiration rates increased significantly with increasing measurement temperature
(F(2,8) = 92.442, p < 0.001) however, no significant difference could be seen between WG,
CA and CS samples (F(2,8) = 1.388, p = 0.304; Figure 3.18). Using a two-way ANOVA
with repeated measures, no significant interaction could be detected between pretreatment conditions and measurement temperature (F(4,16) = 0.843, p = 0.518). Although
NADH and succinate were used to induce both Complexes I and II, State 2 respiration
rates were significantly reduced at 4 °C compared to 15 °C and 25 °C. In all of the
treatment groups studied (WG, CA and CS), mitochondrial respiration rates observed at
4 °C and 15 °C were just 24% and 45% of those seen at 25 °C respectively. These results
show that leak respiration is significantly lower at colder temperatures and that pretreatment of plants at 4 °C in the short-term, does not improve mitochondrial performance
at lower measurement temperatures.
Similar to the results seen in State 2 respiration rates, State 3 or ADP-stimulated
mitochondrial respiration rates increased significantly with increasing measurement
temperatures (F(2,8) = 29.115, p < 0.001) and no significant difference could be seen
between the different treatment groups studied (F(2,8) = 4.063, p = 0.061; Figure 3.18).
Furthermore, no significant interaction between pre-treatment conditions and
measurement temperature (F(4,16) = 1.758, p = 0.187) could be determined using a twoway ANOVA with repeated measures. Compared to the rates seen at 25 °C State 3
respiration rates were on average, reduced by 76% and 45% at 4 °C and 15 °C
respectively, in all of the treatment groups studied. These results indicate that ADPstimulated respiration is greatly reduced at low temperatures and that in the short term,
cold shock or acclimation conditions do not have a significant impact on State 3
respiration rates compared to WG plants.
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Figure 3.18: (A) State 2, (B) State 3 and (C) State 4 respiration rates of
mitochondria isolated from warm grown (WG), cold acclimated (CA) and
cold shocked (CS) shoots, measured at 4 , 15
and 25 . Plants were
grown on soil for approximately 8 weeks. Rates were significantly lower at 4
and 15
compared to those at 25
(a, b, c; two-way ANOVA with
repeated measures p ≤ 0.05). Values represent the mean of 3-5 biological
replicates (± SEM).
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Analysis of State 4 mitochondrial respiration rates using a two-way ANOVA with
repeated measures indicated that there was no significant effect of pre-treatment
conditions on respiration rates (F(2,6) = 0.734, p = 0.519); however, State 4 respiration
rates were significantly affected by temperature (F(2,6) = 121.8, p < 0.001; Figure 3.18).
No significant interaction was detected between pre-treatment conditions and
measurement temperature (F(4,12) = 0.129, p = 0.959). As measurement temperatures
steadily increased, so too did State 4 respiration rates. Compared to the respiration rates
seen at 4 °C, State 4 respiration rates were on average, approximately doubled at 15 °C
(188%) and more than tripled at 25 °C (355%). Therefore, similar to results shown for
State 2 and 3 respiration, State 4 respiration was also greatly inhibited in the cold and that
pre-treatment of plants at lower temperatures does not improve plant respiratory function
at 4 °C and 15 °C.

3.3.3.2 Uncoupled respiration
To determine the effect of different pre-treatment conditions and measurement
temperatures on uncoupled respiration rates, the uncoupling agent carbonyl cyanide 4(trifluoromethoxy) phenylhydrazone (FCCP), was used in respiratory traces. Uncoupling
agents increase the proton permeability of lipid bilayers by facilitating proton transport
across these hydrophobic barriers. As the addition of uncouplers effectively dissipates the
build-up of protons within the intermembrane space, the rate of electron transport within
the ETC becomes “uncoupled” to the rate of ATP production. Therefore, upon the
addition of an uncoupling agent it is normal to see an increase in respiration rate without
a concomitant increase in ATP production.
From the results obtained, FCCP-stimulated respiration rates were significantly affected
by temperature (F(2,4) = 14.65, p = 0.014); however, there was no significant effect of pretreatment conditions on respiration rates (F(2,4) = 3.246, p = 0.145; Figure 3.19).
Additionally, no significant interaction between temperature and pre-treatment group
(F(4,8) = 1.760, p = 0.230) could be determined using a two-way ANOVA with repeated
measures. In all of the treatment groups studied (WG, CA and CS), uncoupled respiration
rates at 4 °C and 15 °C were on average 34% and 72% of those seen at 25 °C, indicating
that low temperatures had a large inhibitory effect on uncoupled respiration rates and that
pre-treatment of plants at 4 °C for short periods of time did not affect mitochondrial
function in the cold. It is interesting to note however, that although the effect of
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Figure 3.19: Uncoupled respiration rates of mitochondria isolated from warm grown
(WG), cold acclimated (CA) and cold shocked (CS) shoots, measured at 4 , 15
and 25
. Plants were grown on soil for approximately 8 weeks. Rates were
significantly lower at 4
compared to those at 15
and 25
(a, b; two-way
ANOVA with repeated measures p ≤ 0.05). Values represent the mean of 3-5
biological replicates (± SEM).

Figure 3.20: Alternative respiration rates of mitochondria isolated from warm
grown (WG), cold acclimated (CA) and cold shocked (CS) shoots, measured at 4 ,
15
and 25 . Plants were grown on soil for approximately 8 weeks. Rates were
not significantly affected by both measurement temperature and treatment group
(two-way ANOVA with repeated measures p ≤ 0.05). Values represent the mean of
3-5 biological replicates (± SEM).
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temperature on uncoupled respiration was found to be significant using an ANOVA,
pairwise comparisons of the data with Bonferroni correction, indicated that the different
measurement temperatures used were not significantly different. The discrepancy in the
results obtained from the different statistical analyses can be explained in the way that
the two tests seeks to answer two very different questions (an ANOVA asks a question
about the whole independent variable and its relation (or lack thereof) with the dependent
variable, while pairwise comparisons ask about the differences between pairs) and as such
have different sensitivities (ANOVA is more sensitive to variability around the mean than
pairwise comparisons). It is not uncommon to obtain contrasting results when analysing
data using different statistical tests. Taking the two statistical analyses of temperature into
account, it appears that uncoupled respiration is significantly reduced at 4 °C; however,
it remains unclear whether the differences seen between 15 °C and 25 °C are significant.

3.3.3.3 Induction of the alternative pathway when the cytochrome
pathway becomes inhibited
To study the response of AOX capacity at different measurement temperatures and under
different pre-treatment conditions, potassium cyanide (KCN) was used to inhibit COX
activity in respiratory traces. Using a two-way ANOVA with repeated measures, no
significant difference could be seen between the different measurement temperatures
used (F(2,4) = 0.745, p = 0.531; see Figure 3.20). Although it appeared that AOX capacity
may have been slightly higher in CA samples (particularly at 25 °C), statistical analysis
of the data also revealed that there was no significant difference between WG, CA and
CS samples (F(2,4) = 2.926, p = 0.165). These results indicate that pre-treatment of plants
at low temperatures in the short-term does not induce Alt pathway respiration and that
AOX capacity remained unchanged at 4 °C, 15 °C and 25 °C.

3.3.3.4 ADP/O ratios
ADP/O ratios express the relationship between ATP synthesis and oxygen consumption
during ADP-stimulated respiration. ADP/O ratios measure the efficiency of oxidative
phosphorylation,

with

higher

values

indicating

greater

efficiency

of

ADP

phosphorylation per unit of oxygen reduced (Chance and Williams, 1955a). Ratios are
calculated by dividing the amount of ADP that was phosphorylated by the amount of
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oxygen that was reduced to water and generally approximate 2.5 for Complex I-linked
substrates and 1.5 when succinate is used as a respiratory substrate. From the respiratory
data obtained, pre-treatment of plants at 4 °C had no effect on ADP/O ratios as all of the
treatment groups were not significantly different from each other (F(2,4) = 0.204, p =
0.824; Figure 3.21). In contrast to this however, temperature did have a significant effect
on oxidative phosphorylation efficiency (F(2,4) = 16.75, p = 0.011). Compared to the rates
seen at 25 °C ADP/O ratios were on average, reduced by 39% and 5% at 4 °C and 15 °C
respectively, in all of the treatment groups studied. As ADP/O ratios remained virtually
unchanged between 15 °C and 25 °C, these data were further analysed using pairwise
comparisons with Bonferroni correction and from the results obtained, no significant
difference could be seen between the three measurement temperatures. As discussed in
Section 3.3.3.2, it is not uncommon to obtain contrasting results when analysing data
using different statistical tests. Therefore, taking the results of both the ANOVA and
pairwise comparisons into account, it appears that ADP/O ratios were significantly
reduced at 4 °C, but not at 15 °C when compared to those at 25 °C. These results suggest
that temperature has a significant impact on ADP/O ratios, such that ratios are notably
reduced as temperatures approach freezing.

3.3.3.5 Respiratory control ratios
The ratio between ADP-stimulated and ADP-exhausted respiration is known as the
respiratory control ratio (RCR) and indicates the tightness of coupling between the
consumption of oxygen and the phosphorylation of ADP (Jacobus et al., 1982). As
determined by two-way ANOVA with repeated measures, RCR values were not
significantly affected by temperature (F(2,6) = 3.346, p = 0.106) or different pre-treatment
conditions (F(2,6) = 3.407, p = 0.103) and there was no significant interaction between the
two variables studied (F(4,12) = 0.973, p = 0.458; Figure 3.22). These results indicate that
pre-treatment of plants at low temperatures in the short-term does not alter the coupling
between oxygen consumption and ADP phosphorylation and that the State 3 and 4 values
that are used to calculate RCRs are each affected by temperature to a similar extent.

78

Figure 3.21: ADP/O ratios of mitochondria isolated from warm grown (WG),
cold acclimated (CA) and cold shocked (CS) shoots, measured at 4 , 15
and 25 . Plants were grown on soil for approximately 8 weeks. Ratios were
significantly lower at 4
compared to those at 15
and 25
(a, b; twoway ANOVA with repeated measures p ≤ 0.05). Values represent the mean of
3-5 biological replicates (± SEM).

Figure 3.22: Respiratory control ratios (RCRs) of mitochondria isolated from
warm grown (WG), cold acclimated (CA) and cold shocked (CS) shoots,
measured at 4 , 15
and 25 . Plants were grown on soil for approximately
8 weeks. RCRs were not significantly affected by both measurement
temperature and treatment group (two-way ANOVA with repeated measures
p ≤ 0.05). Values represent the mean of 3-5 biological replicates (± SEM).
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3.3.3.6 Uncoupling control ratios
The uncoupling control ratio (UCR) expresses the relationship between maximal rates of
coupled and uncoupled respiration and is calculated by dividing the maximum rate when
an uncoupling agent (such as FCCP) is added by the maximum endogenous respiration
rate (State 3). UCRs reflect the respiratory reserve capacity (Kuznetsov et al., 2011) and
can therefore provide insight into the functioning of Complex V relative to activity of the
ETC. From the respiratory data obtained, there was no significant effect of pre-treatment
conditions on respiration rates (F(2,4) = 0.391, p = 0.700); however, UCRs were
significantly affected by temperature (F(2,4) = 15.04, p = 0.014; Figure 3.23). Furthermore,
no significant interaction between pre-treatment conditions and temperature could be
detected (F(4,8) = 1.185, p = 0.387). Compared to the values observed at 25 °C, UCR
values were on average increased by 162% and 157% at 4 °C and 15 °C respectively, in
all pre-treatment conditions. As UCR values appeared to be quite similar at 4 °C and 15
°C, pairwise comparison analysis with Bonferroni correction was used to further dissect
the similarities and differences between the three measurement temperatures used. From
the resulting statistical analyses, there appeared to be no significant difference between
UCRs measured at 4 °C and 15 °C (p = 1.000), however, UCRs measured at 15 °C and
25 °C were significantly different (p = 0.041). Taken together, these data indicate that
temperature has a considerable impact on UCR values and that at lower temperatures
UCRs are generally elevated. This indicates that at 4 °C and 15 °C, rates of FCCPstimulated respiration are greater than State 3 respiration rates, which in turn suggests
that ATP synthase may be partially inhibited at lower temperatures.

3.3.4 Respiratory characteristics of shoot mitochondria from
hydroponically grown plants at different temperatures
3.3.4.1 State 2, 3 and 4 respiration rates
Compared to the rates observed in soil-grown plants (Section 3.3.3.1), State 2, 3 and 4
respiration rates from hydroponic shoot mitochondria were very much alike. Analysis of
these rates at 4 °C and 25 °C, showed that respiration rates increased significantly with
increasing measurement temperature (t(3) = -6.688, p = 0.007; t(3) = -5.297, p = 0.013; t(3)
= -5.823, p = 0.010 for States 2, 3 and 4 respectively; Figure 3.24). Compared to the rates
seen at 25 °C, State 2, 3 and 4 respiration rates were reduced by 79%, 78% and 74% at
4 °C respectively, indicating all three respiratory states were greatly inhibited in the cold.
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Figure 3.23: Uncoupling control ratios (UCRs) of mitochondria isolated from warm
grown (WG), cold acclimated (CA) and cold shocked (CS) shoots, measured at 4 ,
15
and 25 . Plants were grown on soil for approximately 8 weeks. UCRs were
significantly higher at 4
and 15
compared to those at 25
(a, b; two-way
ANOVA with repeated measures p ≤ 0.05). Values represent the mean of 3-5
biological replicates (± SEM).
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Figure 3.24: (A) State 2, (B) State 3 and (C) State 4 respiration rates of
mitochondria isolated from warm grown shoots measured at 4
and 25 .
Plants were grown hydroponically using half Hoagland’s solution for 12 days.
Rates were significantly lower at 4 compared to those at 25 (a, b; student’s
t-test p ≤ 0.05). Values represent the mean of 4 biological replicates (± SEM).
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As this result is similar to that seen in soil-grown plants, this suggests that the impact of
temperature on State 2, 3 and 4 respiration rates is independent of plant growth conditions
(hydroponics versus soil) as well as plant age. Furthermore, as different isolation
procedures were used to extract mitochondria from soil-grown plants and hydroponic
plants (Polytron homogeniser and mortar and pestle respectively), it appears that the
effect of temperature on mitochondrial respiration is the same even when different
extraction methods are used. Therefore, as similar results have been produced in two
independent systems, it seems highly likely that the effects of temperature on respiration
are an inherent property of plant mitochondria and is not due to other factors such as plant
growth conditions, plant age or mitochondrial extraction procedure.

3.3.4.2 Uncoupled respiration
Using the uncoupling agent FCCP, analysis of FCCP-stimulated respiration rates in
mitochondria isolated from hydroponic shoots, indicated that there was a significant
effect of temperature on uncoupled respiration rates (t(3) = -6.246, p = 0.008; Figure 3.25).
Compared to the rates observed at 4 °C, FCCP-stimulated respiration rates approximately
tripled (305%) at 25 °C suggesting that there was a large inhibitory effect on uncoupled
respiration rates at low temperatures. As this result is similar to the trend observed in soilgrown plants (see Section 3.3.3.2), it is highly likely that these findings are true to isolated
plant mitochondria and are not due to other factors such as plant growth conditions, plant
age or mitochondrial extraction procedure, which differed between the two experiments.

3.3.4.3 Induction of the alternative pathway when the cytochrome
pathway becomes inhibited
Comparing AOX capacity at 4 °C and 25 °C, it was shown that different measurement
temperatures did not have a significant effect on Alt respiration rates in hydroponic
mitochondria (t(2) = -2.435, p = 0.135; Figure 3.26). This result was similarly seen in
mitochondria isolated from soil-grown plants, in which no significant difference could be
seen between Alt respiration rates at 4 °C, 15 °C and 25 °C (see Section 3.3.3.3).
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Figure 3.25: Uncoupled respiration rates of mitochondria isolated from warm grown
shoots measured at 4
and 25 . Plants were grown hydroponically using half
Hoagland’s solution for 12 days. Rates were significantly lower at 4
compared to
those at 25
(a, b; student’s t-test p ≤ 0.05). Values represent the mean of 4
biological replicates (± SEM).

Figure 3.26: Alternative respiration rates of mitochondria isolated from warm
grown shoots measured at 4
and 25 . Plants were grown hydroponically using
half Hoagland’s solution for 12 days. Rates were not significantly different at 4
and 25
(student’s t-test p ≤ 0.05). Values represent the mean of 4 biological
replicates (± SEM).
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Although these two experiments differed greatly in terms of the plant system used, both
results show that AOX capacity is unaffected by changing temperatures, perhaps
suggesting that the Alt pathway is less temperature sensitive than other respiratory
components.

3.3.4.4 ADP/O ratios
Stated in Section 3.3.3.4, ADP/O ratios express the relationship between ATP synthesis
and oxygen consumption during ADP-stimulated respiration and are therefore a measure
of oxidative phosphorylation efficiency. Calculating ADP/O ratios at 4 °C and 25 °C in
mitochondria isolated from hydroponic shoots revealed that as temperatures increased,
ADP/O ratios also significantly increased (t(3) = -5.209, p = 0.014; Figure 3.27). On
average, ADP/O values were reduced by 30% at 4 °C compared to the ratios obtained at
25 °C, indicating that oxidative phosphorylation efficiency was greatly reduced in the
cold. As these results are similar to the conclusions made using mitochondria isolated
from soil-grown plants, it is highly likely that the effect of temperature on ADP/O ratios
is an intrinsic property of plant mitochondria and that it is not due to other factors such
as plant growth conditions, plant age or mitochondrial extraction procedure. Furthermore,
as the efficiency of oxidative phosphorylation is affected by changing temperatures, this
would suggest that ATP synthase is itself, temperature sensitive.

3.3.4.5 Respiratory control ratios
As discussed in Section 3.3.3.5, RCRs indicate the tightness of coupling between oxygen
consumption and phosphorylation of ADP. Using a paired student’s t-test, analysis of
RCRs in hydroponic mitochondria, indicated that ratios were not significantly different
at 4 °C and 25 °C (t(3) = -1.400, p = 0.256; Figure 3.28). As this result is similar to the
trend seen in mitochondria extracted from soil-grown plants, this provides a high degree
of confidence that RCR values are generally temperature insensitive. Therefore, as State
3 and 4 rates are both significantly affected at low temperatures (see Section 3.3.4.1),
both rates must be equally affected at 4 °C to produce RCR values that remained
unchanged at this temperature.
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Figure 3.27: ADP/O ratios of mitochondria isolated from warm grown shoots
measured at 4
and 25
. Plants were grown hydroponically using half
Hoagland’s solution for 12 days. Rates were significantly lower at 4
compared to
those at 25
(a, b; student’s t-test p ≤ 0.05). Values represent the mean of 4
biological replicates (± SEM).

Figure 3.28: Respiratory control ratios (RCRs) of mitochondria isolated from warm
grown shoots measured at 4
and 25 . Plants were grown hydroponically using
half Hoagland’s solution for 12 days. RCRs were not significantly different at 4
and 25
(student’s t-test p ≤ 0.05). Values represent the mean of 4 biological
replicates (± SEM).
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3.3.4.6 Uncoupling control ratios
As described in Section 3.3.3.6, UCRs represent the relationship between the maximum
rates of uncoupled and coupled respiration. In mitochondria isolated from soil-grown
plants, UCRs were found to be significantly affected by changing temperatures. Looking
at UCR values calculated from respiratory data of hydroponic mitochondria, a paired
student’s t-test similarly showed that ratios were significantly different at 4 °C and 25 °C
(t(3) = 6.095, p = 0.009; Figure 3.29). At 4 °C, UCRs were increased by 146% compared
to the values at 25 °C, indicating that uncoupled respiration rates were significantly
greater at 4 °C compared to State 3 respiration rates at the same temperature. This result
provides further evidence that oxidative phosphorylation efficiency is significantly
affected by changing temperatures and that ATP synthase is itself temperature sensitive.
As the results in hydroponic and soil-grown mitochondria are similar, this suggests that
temperature dependent responses in UCR values is an intrinsic property of plant
mitochondria and is not due to other factors such as plant growth conditions, plant age or
mitochondrial extraction procedure, which differed between the two experiments.

Figure 3.29: Uncoupling control ratios (UCRs) of mitochondria isolated from warm
grown shoots measured at 4
and 25 . Plants were grown hydroponically using
half Hoagland’s solution for 12 days. UCRs were significantly higher at 4
compared to those at 25
(a, b; student’s t-test p ≤ 0.05). Values represent the
mean of 4 biological replicates (± SEM).
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3.3.5 The effect of temperature on leaf respiration rates in control
and cold acclimated plants
As temperature had a significant impact on key respiratory characteristics, such as State
2, 3 and 4 respiration rates, uncoupled respiration, ADP/O ratios and UCRs, these results
were followed up at the tissue level to identify whether the respiratory changes seen in
isolated mitochondria were similarly reflected in whole tissues. To study the effect of
temperature on respiration at the tissue level, leaf discs from CA and WG plants were
used. Leaf tissue was used rather than root tissue, as leaves were highly abundant, could
be easily analysed and reflected much of the samples used in the literature. As well as
measuring basal rates of respiration, the effect of sucrose and an uncoupler (FCCP) were
also included in this experiment. As it well known that soluble sugars such as sucrose
increase significantly in cold acclimated Arabidopsis leaves (Strand et al., 1997; Strand
et al., 1999), sucrose was added to the respiratory medium, thus enabling accurate
comparison of WG and CA samples. Furthermore, as uncoupled respiration rates and
UCRs were significantly affected at low temperatures, the uncoupler FCCP, was also
added to respiring leaf discs to determine whether the trends seen in isolated mitochondria
also occurs at the tissue level.

3.3.5.1 Basal leaf respiration rates
Analysis of basal leaf respiration rates in WG and CA plants showed that as temperatures
increased, so too did the rate of respiration (Figure 3.30). As the assumption of normality
was violated, as determined by a Shapiro-Wilk’s test (p < 0.001), data were log
transformed to produce normality of the dataset (p = 0.132). Using a two-way ANOVA
with repeated measures, both pre-treatment conditions and temperature had a significant
effect on leaf respiration rates (F(1,10) = 62.853, p <0.001; F(2,20) = 324.107, p < 0.001 for
treatment conditions and temperature respectively); however, no significant interaction
between the two experimental variables could be determined (F(2,20) = 0.760, p = 0.423).
Compared to the respiration rates observed at 25 °C, leaf respiration rates in WG plants
were reduced by 79% and 46% at 4 °C and 15 °C respectively. Similarly in CA plants,
basal leaf respiration rates at 4 °C and 15 °C were just 17% and 50% of those seen at 25
°C. Although leaf respiration was greatly inhibited at low temperatures in both treatment
groups, basal leaf respiration rates were consistently higher in CA leaves compared to
WG leaves at each measurement temperature. As elevated leaf respiration rates are a
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common phenotype of cold acclimated plants, this result confirms that the plants used in
this study were indeed cold acclimated and so had adjusted their rate of respiration to
compensate for the change in temperature.

3.3.5.2 The effect of adding sucrose and FCCP on leaf respiration
rates
3.3.5.2.1 Optimisation of sucrose concentrations used to measure
leaf respiration rates
As soluble sugars are known to accumulate in cold acclimated shoots, sucrose was added
to the respiratory medium so that leaf respiration rates could be accurately compared
between WG and CA samples. By adding sucrose to the respiratory medium, it was hoped
that any respiratory increase resulting from higher substrate availability in CA leaves
would be lessened. However, from the initial experiments conducted, adding 40 mM
sucrose to WG leaf discs lead to reduced leaf respiration rates at 4 °C, 15 °C and 25 °C
(Figure 3.31). Therefore, to determine the amount of sucrose required to equalise internal
sucrose concentrations without significantly affecting basal leaf respiration rates, a
titration experiment was performed at three measurement temperatures using WG plants.
From the results obtained, respiration rates generally decreased with increasing sucrose
concentrations at all measurement temperatures, however rates were most affected at 25
°C (Figure 3.32). Even adding small concentrations of sucrose to WG leaf discs, resulted
in large reductions in leaf respiration. At 25 °C, the addition of 1 mM sucrose lead to a
27% decrease in leaf respiration compared to basal respiration rates, with further
additions resulting in reduced respiration rates of as much as 50%. Although sucrose
additions at lower temperatures did not have as great an effect on leaf respiration as that
seen at 25 °C, successive sucrose additions did produce notable decreases in basal
respiration rates of as much as 41% and 34% at 4 °C and 15 °C respectively. It is
interesting to note that additions of 1 mM and 5 mM sucrose at 15 °C and 25 °C
respectively, produced slight increases in leaf respiration. However, as these increases
were relatively small (< 10%), it is unlikely that the effect of such additions of sucrose is
significant.
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Figure 3.30: Basal respiration rates of Arabidopsis leaf discs obtained
from warm grown (WG) and cold acclimated (CA) plants, measured at 4
, 15
and 25 . Plants were grown on soil for approximately 8
weeks. Basal leaf respiration rates were significantly affected by both
measurement temperature and treatment group (a-f; two-way ANOVA
with repeated measures p ≤ 0.05). Values represent the mean of 5
biological replicates (± SEM).

Figure 3.31: Basal respiration rates of warm grown (WG) Arabidopsis
leaf discs, measured at 4 , 15
and 25
with and without 40 mM
sucrose. Plants were grown on soil for approximately 8 weeks; n = 1.
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Figure 3.32: Basal respiration rates of warm grown (WG) Arabidopsis leaf discs,
measured at 4 , 15
and 25
with different concentrations of sucrose. Plants
were grown on soil for approximately 8 weeks; n = 1.

Figure 3.33: Basal respiration rates of Arabidopsis leaf discs obtained from cold
acclimated (CA) plants, measured at 4
, 15
and 25
with different
concentrations of sucrose. Plants were grown on soil for approximately 8 weeks;
n=1
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As it was unknown whether the addition of sucrose would similarly lead to reduced
respiration rates in CA leaves, the sucrose titration experiment described above was
also conducted using CA leaf discs. Similar to the results seen in WG leaves, CA
leaf discs behaved in much the same way when sucrose was successively added to
respiratory traces. At all of the measurement temperatures (4 °C, 15 °C and 25 °C),
increasing concentrations of sucrose lead to a general reduction in leaf respiration
rates (Figure 3.33). Although similar results were produced using WG and CA
samples, subtle differences could be observed between the two treatment groups.
Compared to WG leaves, the addition of 1 mM sucrose at 25°C had less of an
inhibitory affect in CA leaves (14% compared to 27%) and at 4 °C, rates even
increased by 42%. Despite these trends, further additions of sucrose were shown to
decrease respiration to a greater extent than was observed in WG leaves. At 15 °C
and 25 °C, leaf respiration rates in CA plants were reduced as much as 82% and 72%
respectively, indicating that overall CA leaves were more sensitive to successive
sucrose additions. As the addition of sucrose generally decreased leaf respiration
rates for both WG and CA plants, it was decided that the smallest amount of sucrose
tested (1 mM) would be added to future respiratory traces to minimise the inhibitory
effects seen as well as equalise pre-existing sucrose concentrations that may be
elevated in CA shoots.

3.3.5.2.2 Adding FCCP alone, does not increase leaf respiration rates
at colder temperatures
Using mitochondria isolated from hydroponic and soil-grown plants, UCRs were
significantly affected by changing temperatures and at 4 °C and 15 °C, ratios were
significantly higher than those at 25 °C. These results indicated that at low temperatures,
uncoupled respiration was significantly greater than State 3 rates, which in turn suggests
that ATP synthase may be inhibited to a greater extent than the ETC in the cold. To
determine whether ATP synthase may be limiting at the tissue level, FCCP was added to
WG and CA leaf discs and respiration rates were measured at 4 °C, 15 °C and 25 °C. To
compensate for differences in soluble sugar content between the two treatment groups,
1 mM sucrose was also added to respiratory traces.
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Firstly, looking at the effect of adding 1 mM sucrose on basal leaf respiration rates, a twoway ANOVA with repeated measures revealed that there was no significant effect of
temperature on leaf respiration rates (F(2,14) = 2.126, p = 0.156); however significant
differences could be seen between the two treatment groups used (F(1,7) = 13.223, p =
0.008; Figure 3.34). Furthermore, there appeared to be a significant interaction between
pre-treatment conditions and temperature (F(2,14) = 5.150, p = 0.021). With the exception
of 4 °C, these results showed that leaf respiration was significantly lower in WG plants
at 15 °C and 25 °C compared to CA plants when 1 mM sucrose was added. This result is
not surprising as respiration rates were similarly reduced in WG plants in the sucrose tests
previously conducted (see Section 3.3.5.2.1). It is interesting to note however, that
previously reported decreases in CA leaf respiration rates at 25 °C were not shown here
(see Section 3.3.5.2.1). Rather, further replication of the data indicated that leaf
respiration rates actually remained constant at 25 °C when 1 mM sucrose was added to
CA leaves.
Compared to the results seen above, adding FCCP alone did not produce significant
differences in leaf respiration rates. From the respiratory data obtained, leaf respiration
rates upon FCCP addition did not change significantly between the three measurement
temperatures used (F(2,10) = 2.295, p = 0.151) and were not significantly different between
WG and CA leaves (F(1,5) = 1.054, p = 0.352; Figure 3.35). As the observed changes were
comparatively small, the addition of FCCP alone did not have a significant impact on leaf
respiration rates. Furthermore, looking at the combined effects of FCCP and sucrose on
basal leaf respiration, statistical analysis revealed that both changing temperatures (F(2,10)
= 3.647, p = 0.053) and pre-treatment conditions (F = 2.591, p = 0.151) did not appear to
have a significant effect on leaf respiration (Figure 3.36). These results provide further
evidence that the addition of an uncoupler does not have a significant effect on basal
respiration rates, which suggests that the energetic restrictions seen at the organelle level
do not occur at the tissue level. Although respiratory phenotypes at the organelle level
provide vital insights into the biochemical processes at different temperatures, the
experiments discussed above demonstrate that follow up experiments at the tissue level
are equally important to fully understand the role of these processes in whole cell
responses.
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Figure 3.34: Ratios of sucrose/basal respiration rates of Arabidopsis leaf discs
obtained from warm grown (WG) and cold acclimated (CA) plants, measured at 4
, 15
and 25 . Plants were grown on soil for approximately 8 weeks and 1 mM
sucrose was used for respiration measurements. With the exception of 4 , ratios
were significantly affected by the imposed cold treatment (a, A; two-way ANOVA
with repeated measures p ≤ 0.05). Values represent the mean of 5 biological
replicates (± SEM).
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Figure 3.35: Ratios of FCCP/basal respiration rates of Arabidopsis leaf discs
obtained from warm grown (WG) and cold acclimated (CA) plants, measured at 4
, 15
and 25 . Plants were grown on soil for approximately 8 weeks and 2 µM
FCCP was used for respiration measurements. Ratios were not significantly affected
by both measurement temperature or treatment group (two-way ANOVA with
repeated measures p ≤ 0.05). Values represent the mean of 5 biological replicates (±
SEM).
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Figure 3.36: Ratios of FCCP + sucrose/basal respiration rates of Arabidopsis leaf
discs obtained from warm grown (WG) and cold acclimated (CA) plants, measured
at 4 , 15
and 25 . Plants were grown on soil for approximately 8 weeks. 1
mM sucrose and 2 µM FCCP were used for respiration measurements. Ratios were
not significantly affected by both measurement temperature or treatment group (twoway ANOVA with repeated measures p ≤ 0.05). Values represent the mean of 5
biological replicates (± SEM).
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3.4 Discussion
3.4.1 Lipidomic analysis of isolated mitochondria indicate
cardiolipin species are altered at low temperatures
To our knowledge, the results presented above provide the very first look at mitochondrial
lipid changes in the cold using a mass spectrometry based approach. As the field of
lipidomics is still in its infancy, considerable effort was taken to optimise each step of the
lipid analysis pathway. This included a comparison of different lipid extraction methods,
optimisation of the amount of mitochondrial sample used, as well as conditions used for
mass spectrometry analysis and a comparison of different lipid identification methods.
The Bligh and Dyer method represents the “gold-standard” in lipid extraction protocols
and has been widely used in the lipid community since its publication in 1959. Although
lipids of all major classes can be recovered using the Bligh and Dyer method, collection
of the lower hydrophobic phase can be relatively tricky and may lead to the introduction
of non-lipid contaminants from the upper hydrophilic phase. In contrast, the method
proposed by Matyash et al. (2008) utilises MTBE, which forms the upper layer of the
two-phase extraction system as a result of its low density. As the majority of lipids are
contained within the upper organic phase when MTBE is used, this method is claimed to
be faster and more effective. Therefore, to determine which protocol was more efficient
at extracting lipids from isolated plant mitochondria, an experiment was conducted,
comparing the two lipid extraction protocols. From the results obtained, the MTBE
method had a slightly higher extraction efficiency than the Bligh and Dyer method, with
a greater number of compounds being detected when lower amounts of mitochondrial
protein equivalent were used (100 or 200 µg). The MTBE method may have
outperformed the Bligh and Dyer method as extraction of the upper hydrophobic layer
would have led to reduced contamination of non-lipid species within the sample, resulting
in a reduction of ion-suppression effects during mass spectrometry analysis. Therefore, it
is important to consider the advantages and disadvantages of all prospective procedures
as simple changes such as modifying the organic solvent used, can produce significant
differences in the lipids extracted from the same samples.
Following optimisation of the lipid extraction procedure, lipidomic analysis of WG and
CA shoot mitochondria identified 97 out of 2181 molecular features that changed
significantly between the two treatment groups. As 79 out of the 97 significantly changing
features increased in abundance, this suggests that many lipids are up-regulated during
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short-term cold exposure. Although the impact of chilling on mitochondrial lipid changes
has received little attention in the literature, studies investigating the impact of cold stress
on plant membrane lipids has indicated that the abundance of phospholipids such as
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) generally increase during
cold acclimation (Uemura and Yoshida, 1984; Yoshida and Uemura, 1984; Ishikawa and
Yoshida, 1985; Lynch and Steponkus, 1987; Uemura and Steponkus, 1994; Uemura et
al., 1995; Welti et al., 2002). In a study by Palta et al. (1993), which compared the
changing lipid composition of two Solanum species during chilling, it was found that the
abundance of phospholipids present within the plasma membrane increased significantly
in Solanum commersonii (a species able to cold acclimate), but not in Solanum tuberosum
(a species unable to cold acclimate). Furthermore, in oat and rye, an increased abundance
of phospholipids during cold acclimation, is also associated with higher unsaturation
levels of such lipids (Uemura and Steponkus, 1994). Upon chilling, the proportion of diunsaturated species of PC and PE have been shown to increase dramatically, while
monounsaturated species tend to decrease under such conditions (Uemura and Steponkus,
1994). This trend toward increased lipid unsaturation during low temperature stress has
been observed in a number of plant species and is thought to decrease the propensity for
freeze-induced formation of hexagonal II phase domains within membranes and so
maintain membrane fluidity in the cold (Lynch and Steponkus, 1987; Steponkus et al.,
1988; Uemura and Steponkus, 1994; Uemura et al., 1995; Uemura and Steponkus, 1999).
The results presented above indicate that lipid remodelling is an important aspect of the
cold acclimation response. To maintain membrane fluidity and so functionality at low
temperatures, significant energy is used to alter the composition of membranes. However,
as many of the energy producing systems within plant cells involve membrane bound
components (e.g. the mitochondrial ETC), how are such systems impacted by chilling
and what are the energetic consequences of these changes?
Although only a small number of mitochondrial lipids have been identified in the present
dataset so far, from the results obtained, cardiolipin (CL) species appear to be some of
the most affected during cold acclimation. As CLs make up approximately 20% of the
total lipid component of the inner mitochondrial membrane (Bligny and Douce, 1980), it
is not surprising that such lipids are altered during low temperature stress. However, what
was surprising, was the extent to which some CLs changed in abundance between
mitochondria isolated from WG and CA plants. For example, the ammonium adduct of
CL(16:0, 16:0, 18:1, 20:4) was shown to increase over 300-fold following cold
acclimation. Furthermore, four other CL species were found to increase by 16-fold or
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more in response to low temperature stress. CL species are an integral component in
maintaining mitochondrial membrane integrity and transport function (Paradies et al.,
2014). Due to its unique structure consisting of a glycerol head group esterified to two
phosphatidylglyceride backbone fragments, CLs have a highly specific conical structure
that has been shown to be vital in maintaining enzyme activity (Fry and Green, 1981;
Eble et al., 1990; Robinson, 1993), building membrane potential (Haines and Dencher,
2002) and oxidative phosphorylation (Claypool, 2009). Therefore, as membrane
structures become increasingly altered under low temperatures, it seems highly
appropriate that CL species will be altered at low temperatures and in doing so, contribute
to the process of respiratory acclimation by maintaining the function of ETC complexes,
building membrane potential and ATP synthesis.
Despite progress in identifying mitochondrial lipids that change significantly during
respiratory acclimation to the cold, lipid identification remains to be the bottleneck within
this study. At present, lipids are identified manually by looking at the MS/MS spectra of
features known to change significantly between the two treatment groups. This process
is incredibly time-consuming and thus lipid identification has proved challenging.
Furthermore, of the mitochondrial lipids that have been identified so far, it appears that
there may be some issue in using predominantly mammalian lipid databases to identify
plant derived compounds. For example, the CL species that was shown to change more
than 300-fold between mitochondria isolated from WG and CA plants, was identified as
being CL(16:0, 16:0, 18:1, 20:4) +NH4+. As this lipid was also detected in its protonated
form (CL(16:0, 16:0, 18:1, 20:4) +H+), it seems highly likely that this lipid species does
indeed change between the two treatment groups. However, the issue with this
identification is that one of the acyl chains identified was 20:4, a fatty acid not generally
found within higher plants (Schewe et al., 1998). Fatty acid (20:4), otherwise known as
arachidonic acid, is a polyunsaturated omega-6 fatty acid that is generally found within
phospholipids of mammalian membranes. Although arachidonic acid is present in some
plant species (particularly algae and other non-vascular plants), higher plants often do not
contain the desaturase enzymes required for its synthesis. Therefore, it seems highly
unusual that arachidonic acid should appear within the lipids identified in Arabidopsis
mitochondria. As the majority of lipids within lipidomic databases are derived from
mammalian systems, it is not unexpected that the feature identified would most resemble
a mammalian lipid; however, what this example illustrates is that further evidence (such
as using lipid standards) may be required to confirm the identity of specific lipids of
interest, particularly when using non-mammalian systems.
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3.4.2 Respiratory analysis of isolated mitochondria indicate that
ATP synthase may be inhibited to a greater extent than the
ETC at low temperatures
To gain mechanistic insight into the process of respiratory acclimation at low
temperatures, mitochondrial respiration rates were analysed at 4 °C, 15 °C and 25 °C.
Furthermore, to confirm whether the trends seen were due to the effects of temperature
or to other factors such as plant growth conditions, plant age and mitochondrial extraction
procedure, experiments were replicated in two independent systems (8-week old soilgrown plants and 12-day old hydroponic shoots). From the results obtained, no significant
difference could be seen between the different treatment groups (WG, CA and CS),
indicating that the limitations imposed at low temperatures could not be overcome with
prior short-term cold exposure. As pre-treatment at low temperatures has been shown to
elicit a range of transcriptomic, proteomic and metabolomics responses (Fowler and
Thomashow, 2002; Bae et al., 2003; Kawamura and Uemura, 2003; Amme et al., 2006;
Guy et al., 2008; Li et al., 2011; Tan et al., 2012), thus “priming” the plant for further
cold exposure, the similarities seen between WG, CA and CS plants suggest that the
limitations imposed on mitochondrial respiration rates in the cold are primarily due to
physical constraints on enzymatic activity rather than other biochemical constraints. This
finding is in agreement with previous theories by Covey-Crump et al. (2002), who
proposed that in the cold, respiration rates are predominantly limited by enzyme capacity,
while changes in substrate availability and/or adenylate restriction play a greater role at
moderate temperatures. Although the potential for adenylate restriction is greater at low
temperatures due to reduced rates of ATP consumption as well as decreased proton
leakage through the inner mitochondrial membrane (Atkin and Tjoelker, 2003), substrate
feeding studies (Dufour et al., 1996; Atkin et al., 2002) suggest that adenylates are not
the most limiting factor in the cold. Therefore, in identifying that the physical constraints
of chilling on enzymatic capacity may be responsible for the differing temperature
sensitivities of mitochondrial respiratory states, further work was conducted to determine
which enzymes may be acting as a limiting factor in the cold.
To determine which aspects of the mitochondrial respiratory chain may be more impacted
by chilling than others, detailed analyses of mitochondrial respiratory states were
conducted at three measurement temperatures. Looking at State 2, 3 and 4 mitochondrial
respiration rates, all rates were significantly inhibited at 4 °C and 15 °C, indicative of the
kinetic and thermodynamic restrictions placed on chemical reactions in the cold.
However, reductions in State 2 and 4 respiration rates at low temperatures also indicate
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reduced proton leakage through the inner mitochondrial membrane. Although the
relationship between membrane lipid composition and proton permeability is still largely
debated within the literature, research by Hourton-Cabassa et al. (2009) suggests that
altering the lipid composition of the inner mitochondrial membrane does indeed affect
leak respiration rate. Using Arabidopsis mutants that have contrasting amounts of
polyunsaturated fatty acids in their membranes, it was found that a strong correlation
exists between leak respiration rate and the level of lipid unsaturation in mitochondrial
membranes. For example the fad2 mutant, which is deficient in w-6-oleate desaturase
activity leading to reduced amounts of polyunsaturated species within membranes
(Caiveau et al., 2001), displayed lower proton leak and higher respiratory control ratios
in the cold as a result of increased membrane rigidity (Hourton-Cabassa et al., 2009). In
contrast, the FAD3+ mutant, which accumulates unsaturated fatty acids in extraplastidial
membranes (Matos et al., 2007), displayed significantly higher rates of proton leak in
comparison to isolated mitochondria obtained from fad2 plants (Hourton-Cabassa et al.,
2009). It is interesting to note that despite higher leak rates within the FAD3+ mutant,
State 3 respiration rates were largely unaffected by chilling in FAD3+, leading to
improved cold tolerance in this mutant (Matos et al., 2007). Therefore, as important as it
may be to limit membrane leak at low temperatures, maintaining high State 3 respiration
rates (and high ATP synthesis rates) is equally important for improved cold tolerance.
From the results obtained, State 3 respiration rates were significantly reduced at low
temperatures in isolated mitochondria from both hydroponic and soil grown plants. As
COX activity and protein abundance have been shown to decrease significantly at low
temperatures (Prasad et al., 1994a), it was initially thought that reductions in State 3
respiration rate may be due to COX inhibition in the cold. However, when such findings
were compared to other respiratory characteristics, in particular ADP/O ratios, it became
evident that COX inhibition may not be the only factor at play at low temperatures.
ADP/O ratios are generally thought to be invariant to changing measurement
temperatures (Lyons and Raison, 1970; Pomeroy and Andrews, 1975). However, as
ADP/O ratios were shown to be significantly reduced at 4 °C in this study, this result
provided direct evidence that the efficiency of oxidative phosphorylation could indeed be
altered at low temperatures. Furthermore, low ADP/O ratios at 4 °C indicated that ADP
consumption via ATP synthase is reduced in the cold, which in turn suggests that ATP
synthase may be inhibited to a greater extent than the mitochondrial ETC at low
temperatures. Although such conclusions have not been made previously in the literature,
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numerous studies have shown that ATP subunits decrease in abundance during chilling
(Prasad et al., 1994a; Cui et al., 2005; Yan et al., 2006; Tan et al., 2012) and that the
rotation of the bacterial F1-ATP synthase is impaired at 4 °C (Furuike et al., 2008).
Moreover, in a study by Zhang et al. (2008), which investigated the role of the ATP
synthase associated protein AtMtATP6 in abiotic stress tolerance, found that AtMtATP6
is induced during chilling and overexpression of the gene can improve cold tolerance in
both yeast and Arabidopsis plants. Although it still remains in question, whether the 6
kDa AtMtATP6 is truly associated with the F1Fo ATP synthase complex, it is an
interesting notion that overexpression of ATP synthase subunits may confer enhanced
tolerance to low temperatures, by lessening the restrictions placed on this complex.
ADP/O ratios provide strong evidence that ATP synthase may be inhibited to a greater
extent than the ETC in the cold. However, as ADP/O ratios are lower at 4 °C, this result
may also indicate that the relationship between proton movement across the inner
mitochondria membrane (via the Fo subcomplex of ATP synthase) and ADP consumption
(by the F1 subcomplexes of ATP synthase) is altered at low temperatures. Although it
seems plausible that this relationship may be altered, as ETC function may be
disproportionately compromised at low temperatures in comparison to the availability of
adenylates in the cold, this hypothesis is not supported by RCR values obtained. From
the trends observed, RCR values did not change significantly at the different
measurement temperatures used, indicating that the tightness of coupling between the
ETC and ATP synthase is maintained, even in the cold. Therefore, combining the
information provided by both ADP/O ratios and RCR values, it appears that the
relationship between proton translocation and ADP consumption by ATP synthase is
unchanged during chilling, but rather that there is an imbalance in ETC function (as
measured by the rate of oxygen consumption) and ATP synthase activity.
However, ADP/O ratios were not the only results to suggest that ATP synthase may be
inhibited to a greater extent than the ETC in the cold. In addition to ADP/O ratios, UCRs
were found to be significantly higher at 4 °C and 15 °C compared to those at 25 °C,
indicating that at low temperatures, FCCP-induced respiration rates are higher than those
observed during ADP-stimulated respiration. As protonophores such as FCCP effectively
uncouple the ETC from ATP synthase, this result suggests that Complex V may be acting
as a respiratory “brake pedal”; thus, when this complex is severed from the ETC,
respiration is able to proceed at its true maximum rate. Although this mechanism has not
been formally described in the literature to date, similar results have been reported by
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Creencia and Bramlage (1971), who showed that the addition of the uncoupling agent
2,4-dinitrophenol (DNP) to Zea mays seedlings increased leaf respiration rates
significantly after prolonged cold exposure. Furthermore, it has also been shown by Atkin
et al. (2002) that COX activity is stimulated by the uncoupling agent carbonyl cyanidem-chlorophenylhydrazone (CCCP) at low temperatures, but not at moderate
temperatures. Both of these results indicate that increased respiration rates may be partly
due to the uncoupling of oxidative phosphorylation at low temperatures, which in turn
suggests a greater role for ATP synthase than has been previously thought.
If ATP synthase was indeed inhibited to a greater extent than the ETC at low
temperatures, one would suspect that other components of the respiratory chain may be
induced to relieve this energetic bottleneck. As it has long been proposed that the Alt
pathway serves to maintain respiratory flux through the ETC when the Cyt pathway
becomes inhibited, a prime candidate for this role is AOX. From the respiratory results
obtained however, KCN-insensitive respiration rates were relatively low and were not
affected by changing measurement temperatures, suggesting that AOX may not be
preferentially activated under low temperature stress. This finding is supported by Matos
et al. (2007), who similarly showed that AOX remained relatively inactive in wild-type
cells at 22 °C and was only moderately activated (increased by approximately 25%)
during chilling stress. Furthermore, as wild-type cells were more sensitive to low
temperature stress in comparison to FAD3+ cells that also showed large reductions in the
amount of AOX protein, it was concluded that there was no direct relationship between
the cold resistance of cells and their ability to enhance AOX capacity (Matos et al., 2007).
In addition, using the 18O discrimination technique to examine the effects of short- and
long-term chilling stress on in vivo Alt and Cyt pathway activity in Arabidopsis thaliana,
it was found that Alt pathway activity only increased transiently at low temperatures and
that re-establishment of the Cyt pathway was essential to long-term respiratory
acclimation (Armstrong et al., 2008). Taken together, these studies suggest that the Alt
pathway may indeed be involved in maintaining respiratory flux through the ETC in the
short term and so compensate for Complex V inhibition; however, in the long term,
respiratory acclimation to the cold involves alternative mechanisms to re-establish the
Cyt pathway and thus oxidative phosphorylation.
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3.4.3 Leaf respiration is not uncoupler stimulated at 4 °C
As ATP synthase was shown to be potentially limiting in isolated mitochondria measured
at low temperatures, the idea that ATP synthase may also be inhibited at the tissue level
was also investigated. To do this, leaf discs were obtained from CA and WG Arabidopsis
plants and leaf respiration rates were measured in temperature controlled Clark-type
oxygen electrode chambers following the addition of sucrose and FCCP. When sucrose
was added to the reaction medium however, it was found that there was a marked decrease
in leaf respiration rates. This result was greatly unexpected as cold-treated plants not only
accumulate soluble sugars such as glucose, sucrose and fructose (Strand et al., 1997;
Strand et al., 1999), but also the addition of exogenous sugars has been shown to increase
leaf respiration rates over prolonged periods of time (Goldthwaite, 1974; Tetley and
Thimann, 1974; Saglio and Pradet, 1980; Azcón-Bieto et al., 1983; Day et al., 1985).
Although decreased respiration rates as a result of physical changes to the reaction
chamber (greater input of light leading to enhanced rates of photosynthesis as well as
changes in volume and pressure) cannot be discounted, hypertonic sucrose solutions have
been shown to inhibit mitochondrial respiration rates. In a study by Nicholls et al. (1972),
who investigated the impact of respiratory buffer components on palmitoyl-carnitine
oxidation levels in mitochondria obtained from the brown adipose tissue of cold-adapted
hamsters, it was found that solutions containing very high concentrations of either sucrose
or choline chloride profoundly inhibited mitochondrial respiration. As respiration was
able to occur when media containing sucrose or choline chloride was made sufficiently
hypotonic, it was concluded that a close correlation exists between the degree of
condensation of the mitochondrial matrix and the rate of respiration (Nicholls et al.,
1972). Furthermore, it was found that pyruvate and 2-oxoglutarate oxidation was
sensitive to tonicity of the respiratory medium, indicating that such enzymes may be
preferentially inhibited in hypertonic sucrose solutions. The study by Nicholls et al.
(1972) provides a possible explanation why WG and CA leaf respiration rates decreased
upon the addition of sucrose. However, comparing the conditions used within this study
(1 mM sucrose) to those utilised by Nicholls et al. (1972) (200 mM sucrose), it seems
unlikely that a reduction of the mitochondrial matrix or inhibition of glycolytic enzymes
would have produced the trends observed. It remains unknown why leaf respiration rates
decreased following the addition of sucrose to the reaction medium; however, by
optimising the amount of sucrose used, it can be assured that the results obtained reflect
the metabolic changes occurring within Arabidopsis leaves as accurately as possible.
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Following the optimisation of sucrose added to the reaction medium, the uncoupling
agent, FCCP was also added to leaf discs obtained from WG and CA plants. Upon the
addition of FCCP or a combination of both FCCP and sucrose, leaf respiration rates were
not shown to change significantly between the different measurement temperatures used
or between the treatment groups studied. This result indicates that the energetic
restrictions placed at the organelle level are not necessarily reflected at the tissue level.
This phenomenon is similarly demonstrated in the study by Strand et al. (1997), which
investigated changes in carbohydrate metabolism, photosynthesis and photosynthetic
gene expression in plants that were either shifted to low temperatures or developed in the
cold. It was found that shifting warm developed leaves to 5 °C lead to a severe
suppression of photosynthesis that correlated with the down-regulation of photosynthetic
genes as well as an accumulation of hexose phosphates and soluble sugars. In contrast,
leaves that developed in the cold showed increased rates of photosynthesis and control
levels of photosynthetic gene expression despite maintaining large pools of soluble
sugars, which is known to inhibit photosynthetic gene expression and activity (Foyer et
al., 1990; Goldschmidt and Huber, 1992). Therefore, as much as photosynthesis may be
inhibited at low temperatures, reprogramming of metabolic pathways over time can
overcome this inhibition leading not only to increased temperature tolerance, but also
continued growth and development in the cold. It is suspected that a similar mechanism
may also apply to mitochondrial ATP synthase inhibition in the cold.

3.4.4 Summary and concluding remarks
In summary, the process of respiratory acclimation was investigated by analysing the
effects of chilling stress on mitochondrial lipids, proteins and respiration rates in the
model plant, Arabidopsis thaliana. Lipidomic comparisons of mitochondria isolated from
warm-grown and cold acclimated plants provided great insight into the changing
composition of mitochondrial membranes in the cold and suggest that cardiolipins may
be particularly important in maintaining membrane structure and function at low
temperatures. Respiratory analysis of isolated mitochondria revealed that chilling has a
large inhibitory effect on respiration rates. Although almost all aspects of the
mitochondrial respiratory chain were affected by chilling, ADP/O ratios as well as UCRs
indicated that ATP synthase may be inhibited to a greater extent than the ETC and thus
105

may be acting as an energetic bottleneck in the cold. Despite such findings at the organelle
level however, the addition of an uncoupling agent to leaf discs measured at 4 °C did not
result in altered leaf respiration rates. This result indicates that although ATP synthase
may be inhibited at the organelle level, such inhibition can be overcome at the tissue level.
In Chapter 4, the role of ATP synthase in the cold acclimation response will be
investigated further and in Chapter 5, the consequences of altered ATP synthase activity
and abundance on plant respiratory function at low temperatures will be examined.

106

Chapter 4
ATP synthase acts as a respiratory bottleneck
during chilling stress
4.1 Introduction
Chilling has a considerable effect on plant growth and metabolism. As chemical processes
are greatly reduced at low temperatures, key metabolic activities such as photosynthesis
and respiration can become severely compromised. Therefore, as the risk of cellular
injury increases with prolonged cold exposure, it is essential that metabolic processes are
adjusted to meet the demands of the new growth environment. Studies investigating the
effects of low temperature stress on plant primary metabolism have indicated that cold
acclimation involves considerable remodelling of proteins involved in respiration (Cui et
al., 2005; Imin et al., 2006; Yan et al., 2006; Hashimoto and Komatsu, 2007; Lee et al.,
2009; Li et al., 2011). This knowledge has provided researchers with new insights into
the changing dynamics of respiration rates in the cold and the biochemical processes that
underlie them. Despite such progress however, one key question remains to be answered:
how is respiratory acclimation to low temperature initiated?
As cytochrome oxidase (COX) abundance and activity have been shown to decrease
significantly at low temperatures (Prasad et al., 1994a), Complex IV has often been
considered to be the primary site of chilling injury in mitochondria. However, from the
results obtained in Chapter 3, it would appear that ATP synthase may be inhibited to a
greater extent than the ETC at low temperatures. Although chilling-induced inhibition of
ATP synthase function has yet to be documented in plants, there are subtle hints within
the literature that support this hypothesis. For example, strong evidence that ATP
synthase activity may be limiting at low temperatures comes from Atkin et al. (2002),
who documented the effects of short-term temperature changes on the respiration rate of
intact tissues and isolated mitochondria obtained from soybean cotyledons. Using the
uncoupling agent CCCP to determine maximal COX activity, it was found that uncoupled
respiration rates were significantly higher than ADP-stimulated respiration at low
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temperatures (£10 °C); however, no significant difference between the two respiratory
states could be seen at higher measurement temperatures (15-30 °C). Comparable to
uncoupling control ratios, these data show that the addition of an uncoupling agent can
increase respiration rates above ADP-stimulated respiration, suggesting that ATP
synthase may indeed limit the rate of oxygen consumption in the cold. Additionally, in a
study by Furuike et al. (2008), which looked at the rotational characteristics of a bacterial
ATP synthase at different temperatures, it was found that an unresolved rate-limiting
process occurs at 4 °C. Although the exact mechanism of this new process was never
elucidated, the authors proposed that the activation energy required for ATP release at
the 240° waiting angle, was significantly enhanced at low temperatures. Lastly, it has also
been shown that ATP synthase abundance is often reduced during chilling (Prasad et al.,
1994a; Cui et al., 2005; Yan et al., 2006; Tan et al., 2012). Specifically, the a and b
subunits of the F1 sub-complex appear to be particularly susceptible, which coincide with
reduced rates of ATP synthesis at low temperatures (Stewart and Guinn, 1969). Taken
together, these findings provide strong evidence that ATP synthase abundance and
function are inhibited in the cold. Although analyses of mitochondrial ATP synthase
function at different temperatures are rare within the literature (with most papers focusing
on the efficiency and tightness of coupling between the ETC and Complex V), the studies
mentioned above indicate that ATP synthase could indeed function as a respiratory
bottleneck at low temperatures and so initiate the process of respiratory acclimation.
Therefore, to gain a greater understanding of the role of ATP synthase in the process of
respiratory acclimation to low temperatures, detailed analyses of ATP synthase function
in the cold were conducted. Furthermore, by comparing the activity of ATP synthase with
that of the ETC, it could be concluded whether Complex V may act as a respiratory
bottleneck during chilling or if other respiratory components may be responsible for
reduced respiration rates at low temperatures. Lastly, by investigating some of the
potential consequences of ATP synthase inhibition at low temperatures (such as increased
mitochondrial membrane potential), a mechanistic model of the initiation of respiratory
acclimation could be formed.
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4.2 Aims and strategy
The work described in this chapter aims to gain insight into the role of ATP synthase
(Complex V) in the process of respiratory acclimation to low temperatures. Using
Arabidopsis shoot mitochondria as a model, these experiments specifically aimed to:
•

Measure ATP synthase hydrolysis activity at different temperatures using isolated
mitochondria from hydroponic and soil-grown plants.

•

Measure ATP synthesis rates at different temperatures using isolated
mitochondria from hydroponic plants.

•

Determine whether ATP synthesis and hydrolysis rates coincide at different
temperatures.

•

Determine how changing temperatures affects mitochondrial membrane potential.

•

Compare the relative abundance of alternative pathway proteins in Arabidopsis
shoots subjected to different treatment temperatures.

•

Formulate a mechanistic model of the initiation of respiratory acclimation in cold
tolerant species

Using the mitochondrial extraction methods developed in the previous chapter, isolated
mitochondria obtained from hydroponic and soil-grown plants were used to determine
the temperature sensitivity of ATP synthase. Utilising temperature controlled equipment,
ATP synthase activity was measured using two independent techniques: ATP hydrolysis
measurements and ATP synthesis measurements. In addition to measuring Complex V
activity directly, the influence of ATP synthase on other aspects of the ETC was also
tested. This included measuring mitochondrial membrane potential upon the addition of
different substrates and determining the relative abundance of Alt pathway proteins such
as AOX and uncoupling proteins.

4.3 Results
4.3.1 Measuring ATP hydrolysis rates at different temperatures
using a coupled enzymatic assay
To study the effect of low temperatures on ATP synthase activity, isolated mitochondria
were obtained from WG plants and rates of ATP hydrolysis were determined using a
pyruvate kinase-lactate dehydrogenase assay (Catterall and Pedersen, 1971). In addition
109

to this assay, NADH and FCCP were also added to broken mitochondria to determine
maximal rates of NADH consumption by the ETC. Therefore, by comparing the rates of
the two assays at different temperatures, an in-depth view of the temperature sensitivity
of ATP synthase relative to the rate of the ETC could be gained. It is important to note
that ATP hydrolysis measurements were only conducted on mitochondria isolated from
WG shoots. This decision was made as plants experiencing CA or CS pre-treatment
conditions often displayed reduced mitochondrial yields, which made spectrophotometric
measurements difficult to obtain, and there were no apparent differences between ATPdependent phenotypes in WG, CA and CS mitochondria in the previous chapter. As the
temperature of the spectrophotometer could be fine-tuned, ATP hydrolysis rates were
measured at 4 °C, 10 °C, 15 °C, 20 °C and 25 °C using 100 µg of mitochondria subjected
to 3 freeze/thaw cycles.

4.3.1.1 ATP hydrolysis rates from mitochondria isolated from soilgrown Arabidopsis plants
A comparison of ATP hydrolysis rates at 4 °C, 10 °C, 15 °C, 20 °C and 25 °C in
mitochondria isolated from soil-grown plants showed that as temperatures increased,
ATP hydrolysis rates also increased significantly (F(4,12) = 65.886, P < 0.001; Figure 4.1).
Furthermore, looking at maximal rates of NADH consumption, the function of the ETC
also increased significantly with increasing measurement temperature (F(4,12) = 40.594, p
< 0.001; Figure 4.1). When rates of ATP hydrolysis and uncoupled NADH consumption
were compared, ATP synthase activity was significantly lower at all measurement
temperatures (F(1,3) = 34.729, p = 0.010). This result suggests that Complex V is more
temperature dependent than NADH oxidation of the ETC and so is in agreement with the
ADP/O ratios and UCRs previously obtained (see Chapter 3). It is interesting to note that
when the two datasets were plotted against each other (Figure 4.2), a strong linear
correlation could be seen (r2 = 0.992), however, it was also observed that the line of best
fit did not go through zero. This observation provides further evidence that ATP synthase
is more temperature sensitive than the ETC as it suggests that at very low temperatures
ATP hydrolysis rates would cease, however NADH consumption by the ETC would still
be able to function. As the 4 °C measurements obtained were already bordering on the
physical limits of the temperature control unit used, it was not possible to explore this
phenomenon further. However, if measurements closer to 0 °C could be obtained, such
data would provide vital insight into the function of the ETC and Complex V in the cold.
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Figure 4.1: Comparison of ATP synthase activity and uncoupled NADH oxidation by the
ETC over a range of measurement temperatures. Mitochondria were isolated from 8 week
old soil-grown plants. ATP synthase activity was measured using the pyruvate
kinase/lactate dehydrogenase spectrophotometric assay which couples ATP hydrolysis to
NADH oxidation. ATP synthase activity and rates of NADH oxidation by the ETC were
both significantly affected by measurement temperature (one-way ANOVA with repeated
measures p ≤ 0.05). ATP synthase activity was also significantly lower than uncoupled
NADH consumption by the ETC at all measurement temperatures (a-c, A-C; two-way
ANOVA with repeated measures p ≤ 0.05). Values represent the mean of 3-4 biological
replicates (± SEM).
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Figure 4.2: Comparison of ATP synthase activity and NADH oxidation by the ETC
over a range of measurement temperatures. Mitochondria were isolated from 8 week
old soil-grown plants. ATP synthase activity was measured using the pyruvate
kinase/lactate dehydrogenase spectrophotometric assay which couples ATP
hydrolysis to NADH oxidation. ATP synthase activity was significantly lower than
uncoupled NADH consumption by the ETC at all measurement temperatures (twoway ANOVA with repeated measures p ≤ 0.05). Values represent the mean of 3-4
biological replicates (± SEM).
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4.3.1.2 ATP hydrolysis rates from mitochondria isolated from
hydroponically grown Arabidopsis plants
Similar to the results seen in isolated mitochondria from soil-grown plants, ATP
hydrolysis rates in mitochondria isolated from hydroponically grown plants increased
significantly with increasing measurement temperature (F(4,12) = 38.163, p < 0.001; Figure
4.3). In addition, analysis of uncoupled NADH consumption rates by the ETC similarly
showed that rates rose significantly with increasing temperature (F(4,12) = 22.964, p <
0.001; Figure 4.3). When rates of ATP hydrolysis and uncoupled NADH consumption
were compared, ATP synthase activity was significantly lower at all measurement
temperatures (F(1,3) = 42.896, p = 0.007). Unlike in mitochondria isolated from soil-grown
plants however, maximal NADH consumption rates were considerably lower in
hydroponic mitochondria, such that the rates of ATP hydrolysis and uncoupled NADH
consumption were more alike. Furthermore, when the two datasets were plotted against
each other (Figure 4.4), a strong linear correlation could be observed (r2 = 0.971), to
which the y-intercept was considerably closer to zero than was seen in soil-grown
mitochondria. Despite these differences between the two plant systems used, the overall
trend remained the same such that ATP hydrolysis rates were lower at all temperatures
(with the exception of 25 °C in comparison to 20 °C) and that the line of best fit between
rates of ATP hydrolysis and uncoupled NADH consumption did not go through zero.
These results, along with those seen in mitochondria isolated from soil-grown plants,
provide strong evidence that ATP synthase activity is greatly inhibited at low
temperatures, while functioning of the ETC is affected to a lesser extent.

4.3.2 Measuring ATP/O ratios at different temperatures
As ATP hydrolysis rates indicated that ATP synthase activity was greatly reduced in the
cold, an experiment was devised to test whether chilling temperatures would similarly
affect ATP synthesis. Although ATP hydrolysis rates provide insight into ATP synthase
function, ATP hydrolysis occurs in the opposite direction to which Complex V is thought
to rotate during ATP synthesis. It is possible that physical temperature dependent
constraints on rotation could therefore differ depending on the direction, especially when
in vivo hydrolysis is unlikely to be a trait that would be optimised for in mitochondrial
evolution. To do this, isolated mitochondria were obtained from hydroponically grown
plants and an ATP/O ratio was determined using temperature controlled Clark-type
oxygen electrodes and sampling for ATP measurement (Section 2.4.2).
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Figure 4.3: Comparison of ATP synthase activity and uncoupled NADH oxidation
by the ETC over a range of measurement temperatures. Mitochondria were isolated
from hydroponic plants grown on half Hoagland’s solution for 12 days. ATP
synthase activity was measured using the pyruvate kinase/lactate dehydrogenase
spectrophotometric assay which couples ATP hydrolysis to NADH oxidation. ATP
synthase activity was also significantly lower than uncoupled NADH consumption
by the ETC at all measurement temperatures (a-d, A-D; two-way ANOVA with
repeated measures p ≤ 0.05). Values represent the mean of 3-4 biological replicates
(± SEM).
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Figure 4.4: Comparison of ATP synthase activity and NADH oxidation by the ETC
over a range of measurement temperatures. Mitochondria were isolated from
hydroponic plants grown on half Hoagland’s solution for 12 days. ATP synthase
activity was measured using the pyruvate kinase/lactate dehydrogenase
spectrophotometric assay which couples ATP hydrolysis to NADH oxidation. ATP
synthase activity was significantly lower than uncoupled NADH consumption by the
ETC at all measurement temperatures (two-way ANOVA with repeated measures p
≤ 0.05). Values represent the mean of 3-4 biological replicates (± SEM).
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ATP/O ratios were calculated in much the same way as an ADP/O ratio is determined by
dividing the amount of ATP produced by the amount of oxygen that was concurrently
reduced to water. However, as the amount of ATP produced could not be discerned from
the oxygen electrode trace generated, additional ATP extraction and quantification steps
were performed and were corrected for in the analysis. As the amount of oxygen
consumed was quantified in addition to the amount of ATP produced, determination of
ATP/O ratios enabled ETC function to be directly compared with the function of ATP
synthase in its native state.

4.3.2.1 Optimisation of ATP extraction and quantification
To determine ATP/O ratios, isolated mitochondria obtained from WG hydroponic shoots
were placed in temperature controlled Clark-type oxygen electrodes and ATP production
was stimulated by adding succinate, NADH and ADP. To stop the reaction, an aliquot
from the reaction chamber was extracted and cold acetone was immediately added.
Following the precipitation of proteins, ATP present in the supernatant was separated
from the precipitate via centrifugation and the acetone was removed using vacuum
centrifugation. Following ATP quantification, rates of ATP synthesis and oxygen
consumption were calculated from the results obtained. These revealed that both rates
increased significantly with increasing measurement temperatures (F(4,12) = 111.7, p <
0.001 and F(4,8) = 77.783, p < 0.001 for ATP synthesis and oxygen consumption
respectively; Figure 4.5). However, when ATP/O ratios were calculated, the values
obtained were considerably lower than those expected. At 25 °C, ATP/O ratios were
found to be just 0.23 on average, with ratios at colder temperatures being further reduced
(Figure 4.6). As it was hypothesized that ADP/O and ATP/O ratios would be similar, this
result suggested that the ATP/O ratios obtained were approximately 6-10 times lower
than they perhaps should have been.
As the amount of ATP present in oxygen electrode extracts was significantly lower than
expected, it was crucial that the source of this loss was discovered, such that accurate
ATP/O values could be obtained. Analysing the initial experiments conducted, ATP
quantification using the luciferase bioluminescence assay was shown to produce
consistent results between replicates, which suggested that the issue was not with the
quantification procedure used, but rather with ATP extraction.
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Figure 4.5: (A) ATP production and (B) oxygen consumption rates of
mitochondria isolated from 12 day old hydroponic plants over a range of
measurement temperatures. ATP production was stimulated by the addition of
saturating concentrations of succinate, NADH and 800 nmol ADP. ATP extracts
were obtained by acetone precipitation of proteins, followed by vacuum
centrifugation of the resulting supernatant. The amount of ATP present was
determined using a luciferase bioluminescence assay. Oxygen consumption
rates were determined using Clark-type oxygen electrodes. Rates were
significantly affected by measurement temperature (a-d; one-way ANOVA with
repeated measures p ≤ 0.05). Values represent the mean of 3 biological
replicates (± SEM).
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Figure 4.6: ATP/O ratios of mitochondria isolated from warm grown Arabidopsis
shoots measured at different temperatures. Plants were grown hydroponically using
half Hoagland’s solution for 12 days. ATP extracts were obtained by acetone
precipitation of proteins, followed by vacuum centrifugation of the resulting
supernatant. The amount of ATP present was determined using a luciferase
bioluminescence assay. Oxygen consumption rates were determined using Clarktype oxygen electrodes. Values represent the mean of 3 biological replicates (±
SEM).
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Although ATP is relatively stable in buffered solutions that have a pH between 6.8-7.4, a
reduction in the amount of ATP could still have occurred if extracts were not adequately
protected throughout the protein precipitation process. As acetone precipitation of ATP
extracts were carried out over several days, followed by vacuum centrifugation at 30 °C,
it seemed that long extraction periods and elevated temperatures could have indeed
contributed to the reduced ATP levels observed.
To test whether the acetone precipitation procedure was indeed the cause of reduced ATP
abundance in oxygen electrode extracts obtained, TCA was substituted for acetone. The
use of TCA enabled extraction times to be significantly reduced as complete protein
precipitation could be obtained within 25 minutes. Comparing the two extraction
procedures used, a two-way ANOVA with repeated measures indicated there was a
significant effect of both precipitation reagent (F(1,2) = 58.454, p = 0.017; Figure 4.7) and
temperature (F(4,8) = 138.291, p < 0.001); however, there was no significant interaction
between the two variables (F(4,8) = 1.109, p = 0.357). Furthermore, when a Mann-Whitney
U test was used to determine if there was a significant difference in ATP/O values
between acetone and TCA samples, TCA samples were also found to have significantly
higher ATP/O ratios (U = 300, p < 0.001 using an exact sampling of U; Figure 4.8)
(Dineen and Blakesley, 1973). A Mann-Whitney U test was performed instead of an
independent t-test as the ATP/O values obtained were not normally distributed and so a
non-parametric statistical test was used. Taken together, these results indicate that TCA
extractions produced significantly higher concentrations of ATP, however when ATP/O
ratios were analysed in themselves, such values were still lower than those expected. At
25 °C, ATP/O ratios were on average 0.70, with those at colder temperatures being
increasingly lower (Figure 4.8). Although the use of TCA had significantly increased
ATP concentrations, these results indicated that a significant amount of ATP was still
being lost throughout the extraction procedure. Therefore, to further investigate how
much ATP may be being potentially lost, an ATP recovery rate was determined.
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Figure 4.7: Comparison of ATP production rates at different measurement
temperatures, when cold acetone and TCA are used to precipitate mitochondrial
proteins. Mitochondria were isolated from hydroponic plants grown on half
Hoagland’s solution for 12 days. The amount of ATP present was determined using
a luciferase bioluminescence assay. ATP production rates were significantly higher
when TCA was used in comparison to acetone treated samples (a-c, A-C; two-way
ANOVA with repeated measures p ≤ 0.05). Values represent the mean of 3-4
biological replicates (± SEM).
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Figure 4.8: Comparison of ATP/O ratios at different measurement temperatures,
when cold acetone and TCA are used to precipitate mitochondrial proteins.
Mitochondria were isolated from hydroponic plants grown on half Hoagland’s
solution for 12 days. The amount of ATP present was determined using a luciferase
bioluminescence assay. Oxygen consumption rates were determined using Clarktype oxygen electrodes. ATP/O ratios were significantly higher when TCA was used
in comparison to acetone treated samples (a, b; Mann-Whitney U test p ≤ 0.05).
Values represent the mean of 3-4 biological replicates (± SEM).
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4.3.2.2 Determining an ATP recovery rate
To quantify the amount of ATP that may be potentially recovered from an oxygen
electrode chamber in the presence of isolated mitochondria, an experiment was conducted
in which WG mitochondria were spiked with a known amount of ATP. Using the same
procedure outlined above, mitochondrial proteins were precipitated using TCA and the
ATP present in the resulting extracts were quantified using a luciferase bioluminescence
assay. From the results obtained, ATP extracts contained just 20% of the original amount
of ATP added to the oxygen electrode chamber, indicating that most of the ATP present
became degraded throughout the extraction procedure. Therefore, to account for the ATP
that may be lost, an ATP recovery rate of 4.911 was determined and applied to all ATP
measurements.

4.3.2.3 Comparison of ATP/O ratios in mitochondria isolated from
hydroponic plants at different temperatures
Following the determination of an ATP recovery rate, ATP/O ratios were recalculated for
ATP extracts treated with TCA. From the data obtained, both ATP synthesis and oxygen
consumption rates were shown to be significantly affected by changing temperatures
(F(4,12) = 80.22, p <0.001 for ATP synthesis rates and F(4,12) = 53.42, p <0.001 for oxygen
consumption rates), such that rates increased with increasing measurement temperature
(Figure 4.9). As calculated ATP synthesis rates were now much higher than oxygen
consumption rates, calculated ATP/O ratios were also considerably greater than those
previously obtained. Using a one-way ANOVA with repeated measures, ATP/O ratios
were significantly affected by measurement temperature (F(4,12) = 5.322, p = 0.011), such
that ratios were greatly reduced at colder temperatures (Figure 4.10). At 4 °C, ATP/O
ratios were just 65% of those seen at 25 °C. It is interesting to note that regardless of the
extraction procedure used, calculated ATP/O values were consistently lower at 20 °C
when compared to those obtained at 15 °C. To further dissect the similarities and
differences between ATP/O ratios at the five measurement temperatures used, pairwise
comparison analysis with Bonferroni correction was performed. From the resulting
statistical analyses, there appeared to be no significant difference between ATP/O ratios
at 15 °C and 20 °C. Furthermore, no significant difference could be seen between ratios
at 20 °C and 25 °C and overall, only ATP/O ratios at 4 °C and 25 °C were found to
significantly different.
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Figure 4.9: (A) ATP production and (B) oxygen consumption rates of
mitochondria isolated from 12 day old hydroponic plants over a range of
measurement temperatures. ATP production was stimulated by the addition of
saturating concentrations of succinate, NADH and 800 nmol ADP. ATP extracts
were obtained by TCA precipitation of proteins and the amount of ATP present
was determined using a luciferase bioluminescence assay. ATP amounts were
adjusted by an ATP recovery rate. Oxygen consumption rates were determined
using Clark-type oxygen electrodes. Rates were significantly affected by
measurement temperature (a-d; one-way ANOVA with repeated measures p ≤
0.05). Values represent the mean of 4 biological replicates (± SEM).
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Figure 4.10: ATP/O ratios of mitochondria isolated from warm grown Arabidopsis
shoots measured at different temperatures. Plants were grown hydroponically using
half Hoagland’s solution for 12 days. ATP extracts were obtained by TCA
precipitation of proteins and the amount of ATP present was determined using a
luciferase bioluminescence assay. ATP amounts were adjusted by an ATP recovery
rate. Oxygen consumption rates were determined using Clark-type oxygen
electrodes. Rates were significantly affected by measurement temperature (a, b, oneway ANOVA with repeated measures p ≤ 0.05). Values represent the mean of 4
biological replicates (± SEM).
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Taken together, these results show that ATP synthesis is severely affected by low
temperatures, such that ATP/O ratios are also significantly reduced. By looking at ATP
synthesis rates in addition to ATP hydrolysis rates, these complimentary approaches have
provided important insight into the function of ATP synthase at low temperatures and
from the results obtained, it appears that ATP synthase is greatly inhibited in comparison
to the rest of the ETC.

4.3.3 Measuring mitochondrial membrane potential in isolated
mitochondria
As ATP synthase activity was found to be greatly inhibited at low temperatures, it was
hypothesized that this energetic bottleneck may have significant downstream
consequences, such as increased mitochondrial membrane potential (DYm) in the cold.
Of these potential impacts, increased DYm was thought to be one of the most significant,
as elevated DYm is often associated with increased ROS production, which can further
impact many aspects of cellular metabolism. Therefore, to study the effects of chilling
stress on DYm, a comparison of DYm in isolated mitochondria obtained from WG plants
at 4 °C and 25 °C was performed using the Oroboros Oxygraph-2K-Fluorescence LED2
machine. As this machine is able to monitor both oxygen consumption and fluorescence
at different temperatures, changes in DYm could be analysed upon the addition of different
respiratory substrates and at contrasting measurement temperatures in detail. Alterations
in

DYm,

were

determined

using

the

fluorescent

lipophilic

cationic

dye

tetramethylrhodamine methyl ester (TMRM).

4.3.3.1 Establishing quenching and non-quenching modes of
mitochondrial membrane potential
Typically, potentiometric redistribution fluorescent dyes such as TMRM can be used in
either quenching or non-quenching modes. Briefly, quenching mode utilises higher dye
concentrations (50-100 nM to several micromolar), which accumulate within
mitochondria at concentrations that promote the formation of aggregates (Duchen, 2004;
Perry et al., 2011). As these aggregates may be non-fluorescent, some of the fluorescent
emissions of the dye are therefore quenched. Under these conditions, depolarisation of
mitochondria will result in a release of the dye into the cytosol or surrounding medium,
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thus unquenching the loaded probe and transiently increasing the fluorescent signal.
However, once all of the dye is unquenched, the fluorescent signal will decline as it
continues to leave mitochondria under continued depolarisation. Conversely,
hyperpolarisation of mitochondria will result in more dye entering mitochondria, which
results in increased dye quenching and thus a relative decrease in fluorescent signal (Perry
et al., 2011). In quenching mode, the fluorescent signal is a non-linear function of dye
concentration and as such, absolute intensity of the dye cannot be used to compare
membrane potentials in populations of mitochondria in response to an experimental
treatment. Rather, quenching mode can only be used to approximate the dynamic or acute
effects of treatments on DYm after the dye has been loaded (Duchen, 2004; Perry et al.,
2011). In contrast to quenching mode, non-quenching mode uses lower probe
concentrations (0.5-30 nM), such that dye aggregation and quenching in mitochondria do
not occur (Perry et al., 2011). Under these conditions, depolarised mitochondria will have
lower cationic dye concentrations and thus lower fluorescence, while hyperpolarised
mitochondria will have higher dye concentrations and fluorescence. As the fluorescent
signal is linearly correlated with dye concentration in non-quenching mode, changes in
DYm across multiple populations of mitochondria can be easily quantified.
As discussed above, the establishment of quenching and non-quenching modes is
dependent on the concentration of dye used. However, by altering the amount of
mitochondria used in an assay, one can also change the mitochondria to dye ratio and
therefore modify the mode to which DYm measurements are conducted. To determine the
optimum amount of mitochondria and TMRM required to produce DYm measurements
in non-quenching mode at 4 and 25 °C, an experiment was conducted using mitochondria
isolated from potato tubers. Compared to Arabidopsis shoots that typically yield between
0.5-2 mg mitochondria from 50 g tissue, potato tubers can be readily obtained and yield
hundreds of milligrams of mitochondria from a single preparation. Furthermore, when
prepared appropriately, mitochondria can remain coupled even after freeze/thawing. As
the Oroboros O2K machine requires significantly larger quantities of mitochondria for
each run compared to the Clark-type oxygen electrode system (due to a much larger
reaction chamber present in this machine), potato mitochondria were the ideal material to
optimise the amounts of mitochondria and TMRM required to produce DYm
measurements in non-quenching mode.
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To accurately compare DYm measurements with mitochondrial respiration measurements
previously obtained, the same amount of mitochondria (as determined by the amount of
mitochondrial protein) was used for both oxygen electrode and Oroboros measurements
at 4 °C and 25 °C. However, as an appropriate final concentration of TMRM to be used
in non-quenching experiments was unknown, a survey of the literature was conducted
and indicated that concentrations between 5-20 nM TMRM were most commonly used.
Starting with the highest TMRM concentration used in the literature (20 nM), isolated
mitochondria were placed in the Oroboros chamber and incubated with the dye until
background fluorescence and oxygen consumption levels equalised (Figure 4.11). Upon
reaching a steady state, State 2 or leak respiration was induced by adding succinate,
NADH and ATP. When succinate was added initially, TMRM fluorescence levels fell
dramatically, but then began to slowly rise again over time (Figure 4.11 blue shaded area).
Although it is uncertain why TMRM levels dropped so rapidly when succinate was added,
further transient drops were observed when other respiratory substrates and inhibitors
were added, indicating that the fluctuations seen were probably due to physically adding
the reagents into the reaction chamber rather than their chemical interaction with the ETC.
It is promising however, that upon the addition of succinate and NADH, TMRM
fluorescence slowly increased (Figure 4.11 blue shaded area). This shows that an
increased amount of dye was traversing across mitochondrial membranes as they became
increasingly polarised and as such, fluorescence levels increased. Furthermore, during
State 3 or ADP-stimulated respiration (Figure 4.11 orange shaded area), TMRM
fluorescence slowly decreased, before beginning to increase as the amount of ADP
became exhausted (shown by a State 3 to 4 transition in oxygen consumption rates; Figure
4.11 green shaded area). Both of these trends are consistent with the theory that the
cationic dye should be released as mitochondrial membranes become increasingly
depolarised and that this trend becomes reversed as mitochondria enter State 4. When the
uncoupling agent FCCP was added, TMRM fluorescence peaked transiently before
decreasing rapidly (Figure 4.11 red shaded area). This transient peak (as well as a smaller
peak observed when ATP was added) indicated that the dye was not completely
unquenched during mitochondrial depolarisation. A transient peak would have occurred
upon FCCP addition, as the uncoupling agent would have caused a reduction in the local
concentration of the quenched dye as it was released from mitochondria and as such,
fluorescence levels transiently increased.
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Figure 4.11: Simultaneous measurement of (A) oxygen consumption and (C) DYm in isolated mitochondria using the
Oroboros O2K-Fluorescence LED2 machine. DYm was monitored using the fluorescent lipophilic cationic dye TMRM.
Traces were performed at 25
using 20 nM TMRM with 200 µg of mitochondria in a 2 mL reaction volume. Thick blue
lines (A,B) represent oxygen consumption over time, red lines (A,B) indicate rates of change in oxygen consumption, the
thin blue line (C) represents changes in DYm over time and vertical lines indicate the addition of different substrates and
inhibitors. B is a negative control for A and C containing the TMRM dye, but no mitochondria. The shaded blue area is
representative of changes during State 2 respiration, orange during State 3, green during State 4 and red during the uncoupled
respiration.
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Therefore, as much as the directional changes in mitochondrial fluorescence levels
proved promising, transient peaks upon ATP and FCCP addition indicated that
experiments were not conducted in non-quenching mode. Thus, lower concentrations of
TMRM were investigated.
To determine the optimum amount of TMRM required to produce DYm measurements in
non-quenching mode, the experiment discussed above was repeated using 10 nM, 5 nM,
2 nM and 1 nM TMRM (Figures 4.12 - 4.15). From the results obtained, TMRM
concentrations less than 10 nM produced traces that were absent of transient peaks
indicating that the dye was operating in non-quenching mode (Figures 4.13 - 4.15).
However, when 5 nM TMRM was used, the trace appeared to be quite noisy while lower
dye concentrations produced cleaner mitochondrial fluorescence traces (Figure 4.13). As
2 nM TMRM was shown to produce the clearest traces, which responded well to the
addition of respiratory substrates and inhibitors in the right directions, this dye
concentration was chosen for future experiments (Figure 4.14). It should be noted that a
greater amount of mitochondria was also tested (500 ug at 25 °C), which produced clear
fluorescence measurements in non-quenching mode (Figure 4.16). However, as the
amount of mitochondria obtained from Arabidopsis shoots would be somewhat limited,
it was decided that the lower amount of mitochondria used throughout TMRM
optimisation would be used preferentially.

4.3.3.2 Optimisation of background TMRM fluorescence levels
during mitochondrial membrane potential measurements
Following the optimisation of mitochondrial and TMRM amounts using potato
mitochondria, DYm measurements were conducted using isolated mitochondria from
hydroponic Arabidopsis shoots. From the experiments conducted initially, one striking
difference arose immediately: compared to isolated potato mitochondria, Arabidopsis
mitochondria displayed an increasing background fluorescence rate (Figure 4.17). Even
after long equilibration periods (30 minutes or more), background TMRM fluorescence
levels did not stabilise in Arabidopsis mitochondria and when respiratory substrates and
inhibitors were added, the subtle yet distinctive changes in TMRM fluorescence seen in
potato mitochondria were greatly reduced (Figure 4.17). As mitochondria isolated from
hydroponic plants contained chloroplastic contamination, one explanation for the change
in background fluorescence levels was that the TMRM dye may have interacted with
129

thylakoid membrane remnants, such that TMRM fluorescence became elevated over
time. To overcome this issue, one option was to subtract the positive background rate
from others obtained throughout the trace. However, as many of the rates obtained
throughout the trace were significantly reduced (due to the background rate masking
subsequent rates and perhaps reduced coupling of Arabidopsis mitochondria), this
strategy often resulted in very low or even negative rates that did not accurately reflect
the changes in DYm being observed. Therefore, to overcome the issue of an increasing
background fluorescence rate, it was decided that improving the quality of the trace by
reducing the amount of chloroplastic contamination would provide the most accurate
results. To do this, hydroponic Arabidopsis plants were grown in the dark to reduce the
amount of chlorophyll that was produced.
Using mitochondria isolated from dark-grown hydroponic Arabidopsis plants, DYm
measurements showed that background fluorescence levels equalised after short (5-10
minutes) incubation periods (Figure 4.18). This result confirmed that the increasing
fluorescence levels seen in previous experiments was indeed due to the interaction of the
TMRM dye with chloroplastic contaminants and that removal of these elements is
important if DYm measurements are to be interpreted correctly. Despite this success
however, TMRM traces were considerably noisy and often displayed inconsistent
responses to the addition of respiratory substrates and inhibitors (such as succinate and
FCCP; Figure 4.18). Dark-grown Arabidopsis plants produce smaller amounts of biomass
compared to their light-grown counterparts, thus mitochondrial yields were significantly
reduced from these tissues (0.5-1.2 mg protein from 50 g shoots). As a result, lower
concentrations of mitochondria were often used in experiments, which may have
contained higher concentrations of pro-plastid contaminants, which may have contributed
to the increased noise seen within fluorescence measurements. As the directionality of
TMRM traces were inconsistent and significantly noisier than those previously obtained
in potato, it was decided that potato mitochondria would be used to study DYm changes
at 4 °C and 25 °C, as these samples would confidently provide the most consistent and
accurate results.
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Figure 4.12: Simultaneous measurement of (A) oxygen consumption and (B) DYm in isolated potato mitochondria
using the Oroboros O2K-Fluorescence LED2 machine. DYm was monitored using the fluorescent lipophilic cationic
dye TMRM. Traces were performed at 25
using 10 nM TMRM with 200 µg of mitochondria in a 2 mL reaction
volume. The thick blue line (A) represents oxygen consumption over time, red lines (A,B) indicate rates of change, the
thin blue line (B) represents changes in DYm over time and vertical lines indicate the addition of different substrates
and inhibitors.
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Figure 4.13: Simultaneous measurement of (A) oxygen consumption and (B) DYm in isolated potato mitochondria
using the Oroboros O2K-Fluorescence LED2 machine. DYm was monitored using the fluorescent lipophilic cationic
dye TMRM. Traces were performed at 25
using 5 nM TMRM with 200 µg of mitochondria in a 2 mL reaction
volume. The thick blue line (A) represents oxygen consumption over time, red lines (A,B) indicate rates of change,
the thin blue line (B) represents changes in DYm over time and vertical lines indicate the addition of different substrates
and inhibitors.
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Figure 4.14: Simultaneous measurement of (A) oxygen consumption and (B) DYm in isolated potato mitochondria
using the Oroboros O2K-Fluorescence LED2 machine. DYm was monitored using the fluorescent lipophilic cationic
dye TMRM. Traces were performed at 25
using 2 nM TMRM with 200 µg of mitochondria in a 2 mL reaction
volume. The thick blue line (A) represents oxygen consumption over time, red lines (A,B) indicate rates of change,
the thin blue line (B) represents changes in DYm over time and vertical lines indicate the addition of different substrates
and inhibitors.
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Figure 4.15: Simultaneous measurement of (A) oxygen consumption and (B) DYm in isolated potato mitochondria
using the Oroboros O2K-Fluorescence LED2 machine. DYm was monitored using the fluorescent lipophilic cationic
dye TMRM. Traces were performed at 25
using 1 nM TMRM with 200 µg of mitochondria in a 2 mL reaction
volume. The thick blue line (A) represents oxygen consumption over time, red lines (A,B) indicate rates of change,
the thin blue line (B) represents changes in DYm over time and vertical lines indicate the addition of different substrates
and inhibitors.
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Figure 4.16: Simultaneous measurement of (A) oxygen consumption and (B) DYm in isolated potato mitochondria
using the Oroboros O2K-Fluorescence LED2 machine. DYm was monitored using the fluorescent lipophilic cationic
dye TMRM. Traces were performed at 25
using 10 nM TMRM with 500 µg of mitochondria in a 2 mL reaction
volume. The thick blue line (A) represents oxygen consumption over time, red lines (A,B) indicate rates of change,
the thin blue line (B) represents changes in DYm over time and vertical lines indicate the addition of different substrates
and inhibitors.
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Figure 4.17: Simultaneous measurement of (A) oxygen consumption and (B) DYm in isolated mitochondria from
hydroponic Arabidopsis shoots using the Oroboros O2K-Fluorescence LED2 machine. DYm was monitored using the
fluorescent lipophilic cationic dye TMRM. Traces were performed at 25
using 2 nM TMRM with 200 µg of
mitochondria in a 2 mL reaction volume. The thick blue line (A) represents oxygen consumption over time, red lines
(A,B) indicate rates of change, the thick pink line (B) represents changes in DYm over time and vertical lines indicate
the addition of different substrates and inhibitors. The shaded blue area highlights the increasing background
fluorescence observed, even after 35 minutes of incubation.
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Figure 4.18: Simultaneous measurement of (A) oxygen consumption and (B) DYm in isolated mitochondria from darkgrown Arabidopsis shoots using the Oroboros O2K-Fluorescence LED2 machine. DYm was monitored using the
fluorescent lipophilic cationic dye TMRM. Traces were performed at 25
using 2 nM TMRM with 200 µg of
mitochondria in a 2 mL reaction volume. The thick blue line (A) represents oxygen consumption over time, red lines
(A,B) indicate rates of change, the pink line (B) represents changes in DYm over time and vertical lines indicate the
addition of different substrates and inhibitors. The shaded blue area highlights the background fluorescence level that
stabilised over time.
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4.3.3.3 Membrane potential characteristics of potato mitochondria
at 4 and 25 °C
4.3.3.3.1 Changes in mitochondrial membrane potential during
State 2, 3 and 4 respiration
Comparing changes in DYm during State 2 respiration showed that as temperatures
increased from 4 to 25 °C, no significant difference could be seen in the rate of change in
DYm (t(2) = 2.361, p = 0.142; Figure 4.19). This result indicates that as respiratory
substrates are fed into the ETC, DYm builds at a similar rate at both 4 °C and 25 °C.
However, as State 2 respiration rates were significantly lower at 4 °C, when compared to
25 °C rates (see Sections 3.3.3.1 and 3.3.4.1), the result that DYm remains equally high in
State 2 at 4 °C was somewhat surprising. Although these two results may seem
contradictory, these observations indicate that at low temperatures, DYm is able to build
to an equally high level as that seen at 25 °C and that there is also significantly less leak
occurring across the inner mitochondrial membrane. Reduced proton leak at lower
temperatures is highly plausible, as membrane lipids would phase transition to a more
gel-like state at cold temperatures, making them less permeable. However, such a
phenomenon has not been studied in the literature to date.
In contrast to State 2 DYm changes, State 3 and 4 DYm changes were both greatly affected
by low temperatures. During State 3 respiration, DYm changes at 4 °C were significantly
lower than those at 25 °C (t(3) =6.553, p = 0.007; Figure 4.19), indicating that DYm builds
to a lesser extent during ADP-stimulated respiration in the cold compared to that at
moderate temperatures. It should be noted that State 3 rates in the cold were also negative,
while those observed at 25 °C were positive. As a negative rate indicates that the level of
DYm is decreased, such that the fluorescent dye is dispelled from mitochondria leading to
a reduction in TMRM fluorescence, this suggests that DYm is already high at low
temperatures. Contrastingly at 25 °C, a positive rate indicates that DYm first builds to a
higher level before being dissipated by ATP synthase.
Similarly during State 4 respiration, DYm changes were significantly lower at 4 °C
compared to rates at 25 °C (t(5) = 5.197, p = 0.003; Figure 4.19). This finding indicates
that upon ADP depletion, DYm builds more slowly at low temperatures. This phenomenon
may occur for two reasons. Firstly, DYm may build more slowly because Complexes I, III
and IV are less active at low temperatures and so the translocation of protons into the
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inter membrane space is also slower in the cold. Alternatively, DYm may build more
slowly during State 4 as the DYm may remain at a higher level following the depletion of
ADP and as such, there is less of a requirement to regenerate the DYm that was used during
State 3. Although the first scenario would appear more likely given the strong inhibition
of cold temperatures on enzyme function, DYm changes during State 2 respiration would
suggest otherwise. As shown above, DYm was able to build at a similar rate at both 4 °C
and 25 °C, suggesting that the inhibitory effect of cold on Complex I, III and IV activities
is minimal. Taken together, these results indicate that at 4 °C, DYm remains at a higher
level during State 4 respiration compared to that at 25 °C and this is coupled to a slower
rate of proton leak across the inner mitochondrial membrane. As DYm remains high
during State 4 at low temperatures, this would suggest that less protons are translocated
across the inner mitochondrial membrane during ADP-stimulated respiration, which in
turn suggests that ATP synthase becomes inhibited at low temperatures.

4.3.3.3.2 Changes in mitochondrial membrane potential during
oligomycin A inhibited respiration
Oligomycin A is a macrolide antibiotic that is commonly used to inhibit mitochondrial
ATP synthase activity. This inhibitor binds to c-ring of the Fo sub-complex, blocking
proton translocation across the inner mitochondrial membrane and thus ATP synthesis.
In this experiment, oligomycin was used to confirm that the directional changes in TMRM
fluorescence reflected expected changes in DYm and following ATP synthase inhibition,
DYm was predicted to increase. From the results obtained, DYm was indeed shown to build
following the addition of oligomycin. However, analysis of these changes using a paired
student’s t-test showed that there was no significant difference in DYm rates at 4 °C and
25 °C (t(1) = 1.528, p = 0.369; Figure 4.20). As DYm rates were not significantly different,
this suggests that inhibition of ATP synthase has the same effect on DYm, regardless of
the measurement temperature. This could be explained by the notion that whatever the
rate of ATP synthase at different temperatures, the change to no rate is significant in all
cases and thus there is not difference because in both cases a severe inhibition is recorded.
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Figure 4.19: Changes in DYm during (A) State 2, (B) State 3 and (C) State 4
respiration in potato mitochondria at 4
and 25 . For States 3 and 4, changes
in DYm were significantly lower at 4 compared to those at 25 (a, b; student’s
t-test p ≤ 0.05). Values represent the mean of 3-5 biological replicates (± SEM).
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Figure 4.20: Changes in DYm during oligomycin A inhibited respiration in potato
mitochondria at 4
and 25
. Positive rates indicate increasing DYm . No
significant difference could be seen between 4
25
as determined by a student’s
t-test (p ≤ 0.05). Values represent the mean of 3-5 biological replicates (± SEM).

Figure 4.21: Changes in DYm during uncoupled respiration in potato mitochondria
at 4
and 25 . Negative rates indicate decreasing DYm . No significant difference
could be seen between 4
25
as determined by a student’s t-test (p ≤ 0.05).
Values represent the mean of 3-5 biological replicates (± SEM).
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4.3.3.3.3 Changes in mitochondrial membrane potential during
uncoupled respiration.
The uncoupling agent FCCP was also used to confirm that the directional changes in
TMRM fluorescence reflected expected DYm changes. As FCCP dissipates the proton
motive force by translocating protons across lipid bilayers, it was predicted that DYm
should rapidly decrease upon FCCP addition. From the results obtained, DYm did indeed
decrease upon FCCP addition, however such reductions were not significantly impacted
by changing measurement temperatures (t(2) = -1.257, p = 0.336; Figure 4.21). As
uncoupled DYm rates were similarly reduced at 4 °C and 25 °C, this suggests that
following the addition of an uncoupler, DYm is reduced to the same extent, regardless of
the measurement temperature.

4.3.4 Quantitative analysis of alternative respiratory pathway
proteins during cold acclimation
It has been long recognised that the Alt pathway plays an important role in the cold
acclimation response. Previous research has shown that Alt pathway proteins such as
AOX and UCPs are induced following prolonged cold exposure (Stewart et al., 1990a;
Stewart et al., 1990b; Vanlerberghe and McIntosh, 1992; Maia et al., 1998; GonzàlezMeler et al., 1999). Induction of these proteins has been suggested to prevent oxidative
stress during chilling, by preventing over-reduction of the ubiquinone pool as well as
reducing the proton motive force, which in turn can prevent the generation of ROS. As
DYm was significantly lower at 4 °C compared to 25 °C during ADP stimulated
respiration, it was thought that this increase would also lead to increased ROS production
at low temperatures. Therefore, to compensate for increased DYm at low temperatures, it
was hypothesized that the abundance of Alt pathway proteins such as AOX and UCPs
would be increased following cold treatment. To investigate the effect of chilling stress
on AOX and UCPs abundance, Western blot analyses were conducted using mitochondria
isolated from WG, CA and CS plants.
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4.3.4.1 Alternative oxidase abundance in mitochondria isolated
from plants grown under different temperature regimes
A comparison of AOX abundance in mitochondria isolated from WG, CA and CS plants
showed that protein abundance was significantly affected by the different pre-treatment
conditions used (F(2,6) = 12.361, p = 0.007; Figure 4.22). A Tukey post hoc test revealed
that AOX abundance was significantly higher in CA (4.059 ± 1.170, p = 0.010) and CS
(3.673 ± 1.163, p = 0.016) samples in comparison to WG plants (0.333 ± 0.577).
However, no significant difference could be seen between CA and CS samples (p =
0.889). This result indicates that AOX protein abundance is increased following short
periods of cold treatment (2 and 5 days for CS and CA samples respectively) and thus
may be transiently involved in the cold acclimation response. Although AOX capacity
was not significantly different between mitochondria isolated from WG, CA and CS
plants perhaps due to variation between rate measurements (see Section 3.3.3.3), an
increased abundance of AOX protein was seen and may serve to alleviate a highly
reduced ubiquinone pool at low temperatures in the short-term.

4.3.4.2 UCP abundance in mitochondria isolated from plants grown
under different temperature regimes
In contrast to the AOX results presented above, Western blot analysis of UCP abundance
in mitochondria isolated from WG, CA and CS samples revealed that there was no
significant difference in the abundance of UCPs between the temperature pre-treatment
groups studied (F(2,6) = 0.213, p = 0.814; Figure 4.22). This finding suggests that UCP
abundance is largely insensitive to short term cold exposure. As State 2 and 4 respiration
rates were significantly reduced at 4 °C in mitochondria isolated from WG, CA and CS
plants (see Sections 3.3.3.1), this indicates that there is significantly less proton leak in
the cold, which in turn suggests that UCPs do not have a significant impact on
mitochondrial respiration at low temperatures. Taken together, the results presented
above indicate that UCPs do not play a major role in respiratory acclimation in
mitochondria isolated from soil-grown Arabidopsis shoots.
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Figure 4.22: Western blot analysis of AOX and UCP1 abundance
in mitochondria isolated from warm grown (WG), cold acclimated
(CA) and cold shocked (CS) plants. A one-way ANOVA indicated
that there was a significant effect of pre-treatment condition on
AOX abundance and a Tukey post-hoc test showed that AOX
abundance was significantly greater in CA and CS samples. No
significant difference could be seen in UCP1 abundance between
the different treatment groups studied. Protein abundance was
normalised using total protein content as determined by Ponceau
staining.
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4.4 Discussion
4.4.1 Reductions in enzyme stability may contribute to decreased
ATP synthase activity in the cold
Accountable for the most prevalent chemical reaction in the biological world (Yoshida et
al., 2001), ATP synthase is one of the most unusual, yet important enzymes on Earth.
Using physical rotation of its own subunits to catalyse the production of ATP from ADP
and inorganic phosphate (a mechanism different to that of any other known enzyme),
ATP synthase is arguably the most well characterised protein complex in isolated
mitochondria. Despite such knowledge however, features such as the temperature
sensitivity of the enzyme have been largely overlooked. This is so, as ATP synthase was
first studied in mammals, which maintain a constant body temperature. Although greater
knowledge of the temperature tolerance of ATP synthase has been acquired through
studying poikilothermic animals (fish, frogs and reptiles) over recent decades, the effects
of chilling stress on ATP synthase function remains largely unknown. Therefore, to gain
a greater understanding of the effects of cold stress on ATP synthase activity in plants,
ATP synthesis and hydrolysis rates were measured at a range of temperatures in isolated
mitochondria obtained from Arabidopsis shoots.
Looking at ATP hydrolysis rates in mitochondria isolated from hydroponic and soilgrown plants at different measurement temperatures, ATP synthase activity was found to
be significantly lower than background rates of NADH consumption at all temperatures.
Furthermore, when the corresponding rates were plotted against each other, the line of
best fit did not go through 0, indicating that ATP synthase function would cease well
before that of the ETC. Both of these results provide strong evidence that ATP synthase
activity is inhibited to a greater extent than ETC function at low temperatures. However,
as ATP hydrolysis occurs in the opposite direction to which ATP synthesis is thought to
occur, further experiments were required to determine whether the temperature dependent
constraints on Complex V rotation are conserved in both directions. Using temperature
controlled Clark-type oxygen electrodes and sampling for ATP measurement, an ATP/O
ratio was determined, providing a unique perspective of the relationship between ATP
synthase and COX activity at different temperatures. From the results obtained, ATP/O
ratios were significantly affected by measurement temperature, with ratios obtained at 4
°C being significantly lower to those at 25 °C. These results provide further confirmation
that ATP synthase activity is reduced at low temperatures and suggest that Complex V
inhibition does indeed act as a respiratory bottleneck in the cold.
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Although few studies have looked at kinetic differences between respiratory complexes,
it is highly likely that ATP synthase may be more prone to low temperature stress as a
result of its unique mode of action. Compared to the other complexes within the ETC,
which primarily vibrate, the central stalk of the F1 sub-complex of ATP synthase must
physically rotate in order for ATP synthesis to occur. As the activation energy of a
rotating complex is greater than that of a vibrating complex, it is expected that ATP
synthase would be inhibited to a greater extent than other ETC complexes in the cold.
This hypothesis is supported by findings from Lenaz et al. (1972), who analysed the
activation energy of different mitochondrial enzymes using Arrhenius plots. From the
results obtained, discontinuities in Arrhenius plots were found for a number of
mitochondrial complexes including ATP synthase, cytochrome c oxidoreductase and
succinate dehydrogenase, indicating that a considerable change in activation energy had
occurred for these enzymes over the temperature range used (Lenaz et al., 1972).
Although Complex V had the lowest break temperature (17.7 °C compared to 27 °C and
20 °C for Complexes II and III respectively), it was found that ATP synthase had the
greatest increase in activation energy before and after the break temperature (Lenaz et al.,
1972). Taken together, these results suggest that ATP synthase is able to function at lower
temperatures than Complexes II and III without compromise; however, following its
associated break temperature, the activation energy of ATP synthase is significantly
greater than that of other complexes within the ETC.
Arrhenius plots have provided great insight into the thermodynamic properties of
mitochondrial enzymes; however, an understanding of the factors that contribute to
Arrhenius breaks is still lacking. As inconsistencies in the activation energy of enzymes
were observed more frequently in membranes than in soluble systems, the occurrence of
an Arrhenius break was often attributed to phase transitions within the membrane matrix
(Kumamoto et al., 1971; Raison, 1973; Linden and Fox, 1975). Later known as the
thermotropic membrane lipid phase transition hypothesis (Lyons and Raison, 1970;
Lyons, 1973; Raison, 1974), this theory is still widely accepted in the literature as the
primary explanation of Arrhenius breaks in membrane protein energy activation profiles
today. Although there are clear examples where discontinuities coincide with the phase
transition of lipids as detected by X-ray diffraction or thermal analysis (De Kruyff et al.,
1973; Rottem et al., 1973), disparities between the activity transition temperature and
lipid transition temperature have also been observed, including in isolated mitochondria
(Raison, 1973).
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Therefore, one must remain cautious when attributing the lipid phase transition
hypothesis to changes in enzyme activity, particularly if conclusions are not based upon
solid lipid transition data.
In the case of the transition temperature for ATP synthase, studies using beef heart and
rat liver mitochondria indicate that the complex does indeed experience a discontinuity
in its activation at approximately 20 °C (Lenaz et al., 1972; Feo et al., 1976), however
there is little evidence to suggest that this is due to a phase transition of membrane lipids
at the same temperature. In a study by Feo et al. (1976), it was found that the transition
temperature of ATP synthase and the phase transition temperature of extracted
mitochondrial lipids did not overlap. Using differential thermal analysis, total lipids
extracted from liver mitochondria showed a transition centred at -6 °C, while whole liver
mitochondria transitioned at approximately 70 °C. As the lipid transition temperature of
whole mitochondria was observed at temperatures far from the temperature break of ATP
synthase, it was proposed by Feo et al. (1976), that hydrophobic lipid-protein interactions
within the inner mitochondria membrane may affect its physical properties. Proteins have
been shown to represent approximately 80% (per weight basis) of mitochondrial
membrane constituents (Parsons et al., 1967). Therefore, as the number of phospholipids
participating in the co-operative melting/freezing of bulk lipids would be greatly reduced,
phase transition of mitochondrial membranes would only occur at very high temperatures,
when protein-lipid interactions become denatured (Feo et al., 1976). This finding is
supported by studies by Jost et al. (1973) and Bertoli et al. (1974), who showed that the
molecular motion of acyl-chains next to lipid-protein interfaces are greatly inhibited in
comparison to bulk lipids. Furthermore, it has also been observed that the transition
enthalpy of phospholipids decreases when interacting with several proteins including
cytochrome c (Papahadjopoulos et al., 1975; Bach and Miller, 1976). These results
demonstrate that one must remain cautious when attributing the lipid phase transition
hypothesis to Arrhenius breaks, as the activity of an enzyme will depend greatly on its
surrounding environment. For ATP synthase, it seems unlikely that changes in its
activation energy profile are the result of physical changes in the inner mitochondrial
membrane. However, as Complex V activity is inhibited to a greater extent than other
ETC components at low temperatures, there must be other factors contributing to its
reduced activity in the cold.
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One factor that could lead to reduced ATP synthase activity, whilst maintaining the
physical properties of the inner mitochondrial membrane, is a change in the phospholipid
species present within the membrane. Although it may seem counterintuitive that one
may alter the individual lipid components of a membrane without changing its overall
physical properties, a study by Ramesha and Thompson (1982) reported that the physical
properties of bacterial membranes can indeed remain unchanged, despite significant
alteration of the lipid species present. Using the ciliated protozoan Tetrahymena
pyriformis to investigate changing membrane lipid dynamics under different temperature
regimes, it was found that ciliary membranes isolated from 39 °C and 15 °C grown cells
differed greatly in the abundance of certain phospholipids and ceramides. Although
membrane composition changed significantly, the physical properties of ciliary
membranes isolated from cells grown at the two measurement temperatures remained
largely unchanged (Ramesha and Thompson, 1982). In contrast, microsomal membranes
isolated from the same bacteria displayed fewer changes in the proportion of
phospholipids present; however, greater differences were observed in the physical
properties of such membranes (Ramesha and Thompson, 1982). These results suggest
that under contrasting temperature regimes, the composition of biological membranes
may be changed without significantly affecting the physical properties of the membrane.
Therefore, as the physical properties of the inner mitochondrial membrane are unlikely
to change at the same temperature to which ATP synthase activity is also altered (see
above), lipid composition changes may still contribute to ATP synthase inhibition in the
cold, even though the physical properties of mitochondrial membranes remain relatively
unaltered.
As discussed in Chapter 3, mitochondrial membranes undergo significant alteration
following exposure to low temperatures. Of the lipids that were shown to change
significantly between mitochondria isolated from warm-grown and cold acclimated
plants, cardiolipins (CLs) appeared to be some of the most affected, with one species
displaying more than a 300-fold increase in abundance between the two treatment groups
(Section 3.3.2.4). Although CLs play a number of key roles in mitochondria, one of the
most crucial is in maintaining the function of respiratory complexes. Indeed, CL is
required for optimal activity of Complex I (NADH-ubiquinone oxidoreductase) (Fry and
Green, 1981; Dröse et al., 2002; Paradies et al., 2002), Complex III (ubiquinonecytochrome c oxidoreductase) (Fry and Green, 1981; Gomez and Robinson, 1999; Lange
et al., 2001), Complex IV (cytochrome c oxidase) (Robinson, 1993) and Complex V (Eble
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et al., 1990). Furthermore, crystallographic studies have shown that CL species bind
tightly to the crystal structures of Complexes III and IV as well as the ADP/ATP carrier,
indicating that these lipids may be integral to the folding of such proteins (Ozawa et al.,
1982; Lange et al., 2001; Pebay-Peyroula et al., 2003). In the context of ATP synthase,
NMR studies have demonstrated that Complex V also contains tightly bound CL in the
ratio 2.5:1 (CL: F1Fo ATP synthase) (Beyer and Klingenberg, 1985). When phospholipids
were removed from the F1Fo complex, activity of the enzyme was shown to reduce to
very low levels (Laird et al., 1986). Although ATP synthase function may be restored by
reconstituting the complex with a variety of phospholipids, CL has been shown to have
the greatest influence on the structural and catalytic properties of the enzyme (Laird et
al., 1986). Lastly, in a study by Acehan et al. (2011), which looked at the structural
organisation of Complex V in mitochondria isolated from Drosophila flies possessing
contrasting levels of CL, it was found that CL was critical for the degree of
oligomerisation and order of ATP synthase assemblies, which in turn was likely to affect
cristae morphology and energy efficiency. Taken together, these data show that CLs are
integral for ATP synthase structure and function. As the abundance of CLs has been
shown to change dramatically between warm-grown and cold acclimated shoots, it is
highly likely that these changes may contribute to altered activity of the complex in the
cold. Therefore, further work is required to identify the CL species that bind specifically
to Complex V at different temperatures and in doing so, determine if the abundance of
these lipids may be altered such that ATP synthase activity can be improved in the cold.
Although changes in the lipid composition of mitochondrial membranes are likely to have
a profound effect on enzyme function, another reason why ATP synthase may be acting
as a respiratory bottleneck in the cold is that Complex V may be less stable than the other
ETC complexes at low temperatures. In a study by Matsuura-Endo et al. (1992), which
looked at the mechanisms underlying reduced activity of vacuolar H+-ATP synthase
during chilling, it was found that the abundance of eight ATP synthase subunits decreased
significantly following low temperature treatment. As these subunits are located on the
periphery of the complex, it was concluded that the treatment caused a selective release
of ATP synthase subunits from the vacuolar membrane leading to a decline in ATP
synthase activity in vivo. However, as chaotropic ions have also been shown to release
peripheral subunits of ATP synthase from vacuolar membranes (Rea et al., 1987; Lai et
al., 1988; Bowman et al., 1989; Kane et al., 1989; Moriyama and Nelson, 1989; Adachi
et al., 1990), it was proposed by Parry et al. (1989) that cold inactivation of vacuolar ATP
synthase may also involve the re-distribution of ions within the cell. When vacuolar
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membranes were incubated with Mg-ATP and NaCl at 4°C, it was found that five subunits
of H+-ATP synthase were released from the core complex, which in turn led to significant
reductions in ATP synthase activity in the cold. Therefore, as cells become increasingly
dehydrated at low temperatures (Xin and Browse, 2000), chaotropic ions such as nitrate
may accumulate, leading to reduced stability and function of H+-ATP synthase in plant
vacuoles (Matsuura-Endo et al., 1992). Although chilling induced disassociation of other
ATP synthases has yet to be documented within the literature, high sequence similarity
between these enzymes suggest that a similar phenomenon could occur in other
organelles. Therefore, as important as lipid composition changes may be to the function
of mitochondrial ATP synthase in the cold, other factors such as complex stability, may
also contribute to Complex V inhibition at low temperatures.

4.4.2 Consequences of ATP synthase inhibition in the cold
In addition to the respiratory data presented in Chapter 3, ATP synthesis and hydrolysis
rates provide strong evidence that mitochondrial ATP synthase is inhibited to a greater
extent than the ETC at low temperatures. As Complex V appeared to be particularly
sensitive to chilling stress, further work looking at the role of ATP synthase in initiating
respiratory acclimation was performed. To do this, some of the potential down-stream
consequences of Complex V inhibition were investigated, including changes in
mitochondrial membrane potential (DYm) and induction of alternate pathway proteins.

4.4.2.1 Mitochondrial membrane potential remains at a higher level
at low temperatures
As ATP synthase inhibition would lead to a reduction in the number of protons being
transported back across the inner mitochondrial membrane via the Fo sub-complex, it was
hypothesized that DYm would remain at a higher level in the cold. To study the effects of
temperature on DYm changes in isolated potato mitochondria, the lipophilic, cationic dye
TMRM, was used in conjunction with an Oroboros Oxygraph-2K-Fluorescence LED2
machine. From the results obtained, measurement temperature had a significant effect on
TMRM fluorescence changes during ADP-stimulated (State 3) and ADP-depleted (State
4) respiration; however, TMRM fluorescence was not affected by temperature during
succinate-stimulated (State 2) respiration. These findings suggested that DYm remains at
150

a higher level at low temperatures and following the addition of ADP, fewer protons are
translocated across the inner mitochondrial membrane. This trend was most clearly
illustrated in the contrasting State 3 rates observed, such that TMRM fluorescence
changes were negative at 4 °C and positive at 25 °C. As a negative rate indicates that the
fluorescent dye is being dispelled from the inner mitochondrial membrane, the following
result at 4 °C suggested that DYm is actively dissipated at low temperatures.
Contrastingly, as a positive rate was obtained during ADP-stimulated respiration at 25
°C, this suggested that DYm builds to a slightly higher level before the proton motive force
is dissipated via ATP synthase. In addition, TMRM fluorescence changes observed
during State 4 respiration, showed that DYm builds more slowly at low temperatures. As
these changes were unlikely to be due to inhibition of proton pumping complexes within
the ETC (as DYm was able to build at a similar rate during State 2 respiration), it appeared
that DYm remains at a higher level in the cold, which can impede protons entering the
intermembrane space. The findings presented above support the hypothesis that changing
temperatures can have a profound effect on the level of DYm generated. These results
indicate that DYm remains at a higher level in the cold and provides further evidence that
ATP synthase may initiate respiratory acclimation during chilling.
The electrical potential across the inner mitochondrial membrane is invariably linked to
the proton pumping and dissipating processes of the ETC. Although it may seem
straightforward that reductions in ATP synthase activity would lead to increased DYm at
low temperatures, a comparison of these results with similar experiments in the literature
indicate that the relationship between DYm and chilling may be more complicated than
first thought. In a study by Bravo et al. (2001) that looked at the metabolic changes
induced by cold stress in isolated rat liver mitochondria, it was found that ATP synthesis
rates were strongly reduced in cold exposed rats. Despite such findings however,
measurement of the proton gradient within mitochondria revealed that the level of DYm
generated in the cold was not significantly different to that found in control rats.
Therefore, as the efficiency of oxidative phosphorylation was significantly reduced in the
cold without a significant reduction in the bulk H+ gradient, it was proposed that
decoupling rather than classical uncoupling was responsible for the trends observed. This
hypothesis was supported by a marked reduction in mitochondrial respiration following
the addition of albumin, indicating the presence of free fatty acids (FFA) which have been
shown to induce mitochondrial decoupling at low concentrations (Rottenberg, 1990).
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Taken together, these results suggest that the relationship between chilling and DYm is
far from straightforward, particularly as uncoupling and decoupling agents may exert an
additional level control that can attenuate the effect of ATP synthase inhibition during
cold exposure.
Although uncoupling agents undoubtedly have their own part to play in the process of
respiratory acclimation (see below), it is interesting to note that more recent studies in rat
liver mitochondria have argued against the findings presented above, proposing that
mammalian mitochondria remain predominantly coupled during low temperature stress.
For example, in the study presented by Schaefer and Staples (2006), palmitate was used
to uncouple oxidative phosphorylation in rat liver and skeletal muscle mitochondria.
Although the addition of this fatty acid did indeed increase State 4 respiration rates,
neither the magnitude of this uncoupling nor the contribution of different inner
mitochondrial membrane transporters to uncoupling was altered by cold-acclimation.
Similarly, in a study by Mollica et al. (2005), which also looked at energy efficiency in
liver and skeletal muscle mitochondria in cold exposed rats, it was found that in the
absence of FFA, mitochondrial coupling is only slightly affected by chilling stress in rat
liver and skeletal muscles. Taken together, these results indicate that a higher DYm is
maintained at low temperatures, such that ATP production is prioritised over secondary
challenges such as thermogenesis or mitigating the accumulation of ROS. As the
availability of food can become scarce in cold environments, the ability to maximise
energy production while conserving respiratory substrates, would provide a key
advantage over other species unable to do so (Mollica et al., 2005). However, as much as
this makes sense in a mammalian context, it is unlikely that plants would adopt the same
strategy for the reason that they are autotrophic. Therefore, as the pressure to conserve
respiratory substrates in the cold is potentially reduced in plants, it is possible that other
aspects of mitochondrial metabolism may take precedence, such as minimising oxidative
stress.
As an elevated protonic potential can lead to enhanced ROS formation (Korshunov et al.,
1997), it has been proposed that partial uncoupling of oxidative phosphorylation may
limit increased oxidative damage in mitochondria during low temperature stress.
Although there are multiple mechanisms to which the ETC may become uncoupled in the
cold, one group of proteins that have received considerable attention is the uncoupling
protein (UCP) family. UCPs are membrane proteins that facilitate a controlled leak of
protons across the inner mitochondrial membrane and so are able to dissipate increased
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levels of DYm that may occur. In both Arabidopsis and potato plants, UCP transcripts
have been shown to be strongly induced following chilling stress (Laloi et al., 1997; Maia
et al., 1998; Armstrong et al., 2008) and are able to reduce the generation of mitochondrial
ROS (Kowaltowski et al., 1998; Barreto et al., 2014). Furthermore, as UCPs are also
activated by superoxide (O2-) (Echtay et al., 2002; Considine et al., 2003; Norman et al.,
2004), it is likely that such proteins operate through a negative feedback loop, so reducing
further ROS production. Therefore, as UCPs are upregulated in the cold, it is likely that
oxidative phosphorylation in plant mitochondria becomes partially uncoupled at low
temperatures, such that the impact of oxidative stress is reduced in the cold.

4.4.2.2 Alternative pathway proteins are upregulated during cold
acclimation
As DYm was found to be at a higher level at 4 °C, it was hypothesized that the abundance
of alternative pathway proteins such as AOX and UCPs would be increased to prevent
the generation of mitochondrial ROS. Therefore, to investigate the effects of chilling
stress on AOX and UCP abundance, Western blot analyses were conducted using
mitochondria isolated from WG, CA and CS plants. From the results obtained, AOX
abundance increased significantly with increasing cold exposure, however the abundance
of UCPs remained unaltered between the three treatment groups. In regards to increased
AOX abundance at low temperatures, this result is consistent with a number of studies
that have similarly found that AOX transcripts (Ito et al., 1997; Takumi et al., 2002),
proteins (Stewart et al., 1990a; Stewart et al., 1990b; Vanlerberghe and McIntosh, 1992;
Gonzàlez-Meler et al., 1999) and capacity (Elthon et al., 1986; McNulty and Cummins,
1987; Vanlerberghe and McIntosh, 1992) are increased in the cold, fuelling the hypothesis
that the Alt pathway serves to maintain respiratory flux through the ETC during low
temperature stress (Kiener and Bramlage, 1981; Smakman and Rinie, 1982; McNulty and
Cummins, 1987; Rychter et al., 1988; Stewart et al., 1990a; Stewart et al., 1990b;
Vanlerberghe and McIntosh, 1992; Purvis and Shewfelt, 1993; Ribas-Carbo et al., 2000).
Although it remains controversial whether Alt pathway proteins are less sensitive to
chilling than those of the Cyt pathway (Section 1.3.2.3.3), it was proposed by Armstrong
et al. (2008) that increased partitioning of electrons to the Alt pathway is only transient
and that respiratory acclimation to the cold involves re-establishment of the Cyt pathway
at low temperatures. Therefore, it appears likely that AOX is induced as a means to deal
with the immediate consequences of chilling stress (increased reduction of the UQ pool,
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heightened DYm and increased ROS production); however, with prolonged cold exposure,
the importance of the Alt pathway is lessened as the Cyt pathway is re-established.
In regard to Western blot analysis of UCPs in the cold, the results presented above
indicate that UCPs are consistently expressed within Arabidopsis shoots, however such
abundance is largely insensitive to short-term chilling stress. Although the abundance of
UCPs did not change in the cold, evidence from the literature suggests that UCPs may
become more active at low temperatures. For example, it has long been known that UCPs
are activated by FFA and ROS derivatives (Vercesi et al., 2006). Therefore, as the
abundance of both FFA (Vojnikov et al., 1983) and mitochondrial ROS (O'Kane et al.,
1996) are known to increase during low temperature stress, it is likely that the activity of
UCPs is also increased in the cold. Furthermore, in a study by Mailloux et al. (2011) it
was shown that UCP2 and UCP3 function is modulated by reversible glutathionylation.
Within this study, UCP2 and UCP3 were both found to contain reactive cysteine residues
that could be glutathionylated by glutaredoxin 1 (GRx1). Interestingly, it was also
observed that H2O2 treatment of isolated mitochondria was associated with
deglutationylation

of

UCP3.

Although

ROS

is

commonly

associated

with

glutathionylation (Mailloux et al., 2011), it has been shown that under certain
circumstances ROS can also be involved in the removal of glutathione from proteins such
as actin and succinate dehydrogenase (Wang et al., 2001; Chen et al., 2007). Therefore,
as ROS production increases at low temperatures, mitochondrial respiration is likely to
become increasingly uncoupled as a result of two independent pathways: firstly via direct
activation of UCPs by ROS (Echtay et al., 2002) and secondly via ROS-dependent
deglutationylation of UCPs (Mailloux et al., 2011). These lines of evidence from the
literature indicate that UCPs are likely to play a crucial role in mediating oxidative stress
in the cold. Although UCP abundance did not change under short-term chilling stress,
increased activity of such proteins is likely to have a profound effect on ETC coupling,
which would attenuate ROS production in the cold.

4.4.3 Summary and concluding remarks
In summary, the impact of chilling stress on ATP synthase activity was investigated by
measuring ATP synthesis and hydrolysis rates, changes in DYm and the abundance of Alt
pathway proteins. A comparison of ATP synthesis and hydrolysis rates at different
temperatures indicated that both processes are significantly reduced at low temperatures,
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which further supports the hypothesis that ATP synthase may act as a respiratory
bottleneck in the cold. Furthermore, analysis of DYm changes at contrasting temperature
regimes indicated that DYm remains at a higher level at low temperatures, which similarly
suggests that ATP synthase becomes limiting in the cold. Lastly, analysis of Alt pathway
proteins showed that AOX is quickly induced during chilling stress and thus may be able
to prevent over-reduction of the UQ pool, decrease heightened DYm and limit the
production of ROS in the cold. Although the abundance of UCPs did not change with
increasing cold stress, increased abundance of FFA and ROS derivatives at low
temperatures are likely to increase UCP activity in the cold, which would also reduce
ROS formation through enhanced uncoupling of the ETC. Taken together, the findings
presented within this chapter provide strong evidence that ATP synthase acts as an
energetic bottleneck in the cold. Furthermore, follow-up studies on some of the potential
consequences of ATP synthase inhibition indicate that Complex V may also initiate the
process of respiratory acclimation through modulating the level of DYm generated in the
cold, which would further lead to the activation of AOX and UCPs to prevent greater
ROS production. In Chapter 5, the consequences of altered ATP synthase activity and
abundance on plant respiration rates will be examined at low temperatures to determine
if the respiratory bottleneck identified may be potentially overcome.
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Chapter 5
Can altering ATP synthase abundance and/or
function induce respiratory phenotypes?
5.1 Introduction
Of an ancient origin, the structure and function of ATP synthase has remained largely
unchanged over recent millennia (Koumandou and Kossida, 2014). From simple
prokaryotes to complex multicellular organisms, more than 60% of the amino-acid
residues of the catalytic b-subunits are maintained, making this enzyme one of the most
conserved throughout evolution (Kanazawa et al., 1981; Walker et al., 1985; Hudson et
al., 1987). Although this conservation between species has greatly aided our
understanding of this unique rotary machine, the essential nature of ATP synthase genes
has also been a significant challenge to research. For example, repressing the expression
of ATP synthase genes is often embryo lethal, which in turn limits the development of
genetic mutants for further study. Therefore, to investigate the impacts of altered ATP
synthase abundance and function, a number of different approaches have been devised.
Upon the discovery of an effective and specific inhibitor of the mitochondrial ATP
synthase in yeast and mammals (Wallace and Starkov, 2000), one approach has been the
use of enzyme-specific inhibitors such as oligomycin. Although extensive studies of
oligomycin’s mode of action has identified an oligomycin-sensitive conferring protein
(OSCP) within the peripheral stalk of the ATP synthase complex that mediates this
inhibitory effect (Boyle et al., 2000; Devenish et al., 2000), use of this antibiotic in plants
is complicated by the fact that green leaf cells contain two types of organelles that perform
electron transport-coupled ATP synthesis: chloroplasts and mitochondria. Although it has
been found that oligomycin concentrations below 0.01 µg mL-1 can be used in plants to
inhibit mitochondrial ATP synthase without having a significant impact on ATP synthesis
rates in chloroplasts (Krömer et al., 1988), it was later concluded that the application of
oligomycin to plant cells may still inhibit photorespiration to varying degrees (Krömer,
1995). Therefore, as much as one may aim to target the mitochondrial ATP synthase, the
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use of oligomycin in green tissues may still affect oxidative phosphorylation in
chloroplasts, thus confounding the results achieved.
An alternative approach in modulating the abundance of mitochondrial ATP synthase has
been the development of knock-down rather than knock-out Arabidopsis mutants. In this
approach, plants are able to germinate as they still possess the essential subunits required
for energy production, however as the abundance of such proteins is significantly
reduced, plants often appear sick and are generally small in size. For example, in a study
by Geisler et al. (2012), RNA interference (RNAi) was used to investigate the molecular
function and physiological impact of reduced ATP synthase abundance in Arabidopsis
thaliana. From the mutants developed, decreased steady state levels of ATP synthase
resulted in transcriptional reprogramming leading to heightened induction of the
alternative respiratory pathway. Furthermore, the need to maintain respiratory
homeostasis was shown to bring about long-term metabolic changes that then resulted in
delayed growth. Lastly, decreased fertility as a result of both male and female
gametophyte defects within RNAi lines indicated that the aforementioned adjustments
during vegetative growth may fail during periods of high energy demand, such as that
during flower and pollen development. These results indicate that reductions in ATP
synthase abundance have far-reaching consequences for plant growth and metabolism.
Although plants are generally able to deal with such outcomes in the longer term, the
function of mitochondrial ATP synthase cannot be fully reproduced by alternative means,
particularly when energy demands are high.
However, ATP synthase knock-down lines have also been used to investigate the
potential circumstances in which Complex V inhibition may occur. In a study by Zhang
et al. (2012), it was discovered that the Arabidopsis genome contains two genes with
homology to the mitochondrial protein LETM1 (leucine zipper-EF-hand-containing
transmembrane protein 1). Although inactivation of both Atletm1 and Atletm2 is embryo
lethal, plants that are hemizygous for AtLETM2 and homozygous for AtLETM1 (letm1 (/-), LETM2 (+/-)) displayed a slowed growth phenotype during seedling development that
was associated with reduced ATP synthase abundance. As LETM proteins are required
for efficient translation within plant mitochondria, it was proposed that synthesis of the
mitochondrial encoded subunits of ATP synthase becomes limiting in the mutant, leading
to reduced assembly of the complex. In contrast to this finding however, steady state
levels of the other respiratory complexes remained unchanged in the hemizygous mutant,
indicating that the abundance of such complexes are less affected by the stability or
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insertion of organelle-encoded subunits. Furthermore, as the abundance of Complexes I,
II, III and IV were not reduced in the LETM mutant, this suggested that the rate of
degradation of respiratory complexes may be adjusted, such that the steady-state
abundance of complexes is maintained. For ATP synthase however, even if the rate of
degradation was adjusted, it appeared that this could not compensate for the reduced rate
of protein synthesis. Taken together, these findings provide insights into the complex
regulation of respiratory chain complexes in Arabidopsis and suggests that ATP synthase
mutants in particular, may be more prone to changes in mitochondrial metabolism than
other respiratory complexes. As such findings would not normally be possible due to the
lethality of these mutations, these results become even more important in elucidating the
impact of decreased ATP synthase function and abundance and why such changes may
occur.
Although genetic approaches have provided valuable insight into the potential impacts of
ATP synthase dysfunction, the development of Arabidopsis KD lines is cumbersome and
therefore difficult to obtain. Therefore, another approach that has been gaining attention
in the literature is the study of natural variation in Arabidopsis thaliana. Facilitated by a
decrease in the cost of genomic sequencing, the 1001 Genomes Project for Arabidopsis
was announced by Wiegel and Mott in 2007 and proposed a two-pronged hierarchical
strategy to define the “pangenome” of Arabidopsis thaliana (Weigel, 2012). The first
hierarchical aspect involved capturing the genetic diversity of the species at a number of
levels, such that the information obtained would be able to be analysed at a local, regional
and even global scale (Weigel, 2012). The second hierarchical aspect was to produce
genome sequences at different levels of accuracy and completeness, such that a relatively
small number of highly accurate and complete genomes would inform the analysis of a
much larger number of genomes that had not been completely assembled (Weigel, 2012).
Using these two approaches, the 1001 Genomes Project provides an unparalleled genomic
resource for Arabidopsis study that is already having a tremendous impact on the study
biological questions surrounding development, physiology and evolutionary biology. For
example, use of Arabidopsis accessions has led to the identification of two candidate
genes (myo-inositol-1-phosphate synthase and a Kelch-repeat containing F-box family
protein) that show great potential to increase biomass production in the near future
(Sulpice et al., 2009). Furthermore, comparative analysis of the lipidomes of 15
Arabidopsis accessions has identified lipid species that are highly correlated with freezing
tolerance, allowing the identification of potential metabolic markers that may become
useful for breeding crop plants with enhanced cold tolerance (Degenkolbe et al., 2012).
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With the increased availability of genomic resources, it is hoped that such strategies may
also prove useful in the study of genes otherwise inaccessible by conventional genetics
techniques, such as ATP synthase. In the following chapter Arabidopsis accessions as
well as ATP synthase knock-down lines were used to investigate the role of ATP synthase
in the process of respiratory acclimation to the cold.

5.2 Aims and strategy
The work described in this chapter seeks to understand how changes in ATP synthase
activity and abundance affects plant respiratory function at low temperatures. To
understand the impact of altered ATP synthase abundance on leaf respiration rates,
transgenic Arabidopsis plants containing antisense transcripts of two ATP synthase
subunits (ATP5 (d subunit) and ATP3 (g subunit)) were used (Robison et al., 2009).
Unlike other ATP synthase mutants that constitutively repress the translation of ATP
synthase subunits (one example is an RNAi line of ATP synthase d developed by Geisler
et al. (2012)), the knock-down lines developed by Robison et al. (2009) are controlled by
a dexamethasone-inducible promoter, enabling plants to be grown normally before the
abundance of ATP synthase is reduced. This characteristic proved crucial to the
experiments carried out below, as enough biomass for multiple experiments could be
generated from a single batch of plants. Using ATP synthase knock-down lines, the
following aims were investigated:
•

Implement a dexamethasone induction system that produces consistent
phenotypes across ATP synthase knock-down lines.

•

Comparing leaf respiration rates of Col-0, anti-ATP5 and anti-ATP3 Arabidopsis
plants, determine if plants with altered ATP synthase abundance can acclimate to
low temperatures.

•

Quantify the amount of ATP synthase present in ATP synthase knock-down lines
following dexamethasone induction.

In addition to the experiments described above, the impact of altered ATP synthase
activity on plant respiratory function was also investigated. To do this, natural variation
in ATP synthase subunits were determined using the MASCP 1001 Proteomes database
(Joshi et al., 2011; Joshi et al., 2012). A repository of proteomics data from over a
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thousand Arabidopsis ecotypes, the 1001 Proteomes database enables the identification
of non-synonymous single nucleotide polymorphisms (SNPs) between natural variants of
the model species. Following the identification of Arabidopsis ecotypes containing nonsynonymous SNPs in ATP synthase subunits, the subsequent aims were investigated:
•

Isolate functional mitochondria from Arabidopsis ecotypes grown hydroponically
using differential density centrifugation.

•

Compare mitochondrial respiration rates of Arabidopsis ecotypes at different
measurement temperatures.

•

Determine whether ATP synthase activity is also inhibited at 4 °C in other
Arabidopsis ecotypes.

By understanding how changes in ATP synthase activity and abundance affects plant
respiratory function at low temperatures, it was hoped that this knowledge would provide
further insight into the role of ATP synthase in respiratory acclimation to the cold.
Additionally, if ATP synthase function can be successfully modified through alteration
of its amino acid sequence, such knowledge may be potentially used to improve the cold
tolerance of important plant species.

5.3 Results
5.3.1 Characterisation of ATP synthase knock down lines
5.3.1.1 Implementation of a dexamethasone induction system that
produces consistent phenotypes across ATP synthase
mutants
In order to study the effect of reduced ATP synthase abundance on the cold acclimation
response, Arabidopsis mutants containing antisense copies of ATP5 (d subunit) and
ATP3 (g subunit) were used (Robison et al., 2009). Although these knock-down lines
provided greater experimental flexibility, in the way that plants could be firmly
established before ATP synthase levels were reduced and that plants could be studied at
multiple induction time-points, their use also encouraged the establishment of an
induction system that would produce consistent results. From early experiments, it
became clear that different dexamethasone-delivery systems could vary greatly in their
effectiveness. For example, in the original publication by Robison et al (2009), anti-ATP5
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and anti-ATP3 lines grown on soil were induced by watering with a 100 mM
dexamethasone solution and after 10 days of continuous treatment, plants displayed
slowed growth and development, downward curling leaves and ball-like flowers (cause
by strongly incurved sepals) (Robison et al., 2009). However, when the same approach
was used in my own experiments, little difference could be seen between the knock-down
lines and Col-0 (a negative control). Therefore, to improve induction of the knock-down
lines, an alternative method was used. Rather than watering with a dexamethasone
solution, mature ATP synthase knock-down lines were induced by spraying. As plant
rosettes were in direct contact with the chemical, the induced phenotype developed
significantly faster (5 days in comparison to 10 days) and appeared to be more severe in
the anti-ATP3 lines studied. After 5 days of induction, anti-ATP5 plants became paler in
colour and displayed a slight downward curling of leaf margins, while the outer rosette
of anti-ATP3 plants became increasingly chlorotic (Figure 5.1). With further
dexamethasone treatment, the induced phenotypes seen became increasingly severe: antiATP5 plants showed increased leaf curling and the outer rosette of anti-ATP3 plants
became senescent (the inner rosette was still alive; however, leaves were chlorotic and
significantly curled) (Figure 5.1). Although spraying with a dexamethasone solution was
found to be more effective than the watering method described by Robison et al. (2009),
it should be noted that not all plants became induced upon spraying (Figure 5.2).
Therefore, to ensure that lines were consistently induced upon dexamethasone treatment,
seeds were collected from plants displaying the induced phenotype and were used for all
further experiments.

5.3.1.2 Comparison of leaf respiration rates of ATP synthase knockdown mutants subjected to low temperature treatment
Results from previous chapters show that ATP synthase activity is strongly reduced at
low temperatures and suggest that this inhibition may be linked to initiation of the cold
acclimation response (through elevated DYm and the induction of Alt pathway proteins).
To investigate the role of ATP synthase in the cold acclimation response further, leaf
respiration rates of ATP synthase knock-down lines were studied over a period of
increasing cold treatment. It was hypothesized that plants containing low amounts of ATP
synthase would not be able to generate the appropriate induction signals and so would not
be able to acclimate to the cold. In the following experiments, plants were established on
soil for 8 weeks, antisense transcripts were induced by spraying with dexamethasone and
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Figure 5.1: ATP synthase knock-down lines after (A) 5 days and (B) 12 days of daily spraying
with a 30 µM dexamethasone solution.
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Figure 5.2: Phenotypic differences in dexamethasone induction in (A)
anti-ATP3-3 and (B) anti-ATP3-6 plants after 12 days of treatment
with 30 µM dexamethasone.
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plants were then transferred to a low temperature growth chamber for 5 days. As the antiATP3 lines showed a more severe phenotype upon dexamethasone treatment, induction
of anti-ATP5 and anti-ATP3 lines was staggered, so that lines would be at approximately
the same phenotypic stage when plants were transferred to the low temperature growth
chamber. Furthermore, a subset of the plants was sprayed with a dilute DMSO solution
(used to dissolve the dexamethasone) and also placed in the low temperature growth
chamber for 5 days, as a negative control.
A comparison of leaf respiration rates of ATP synthase knock-down lines using a twoway ANOVA showed that there was a significant effect of both genotype (F(4,55) = 19.228,
p < 0.001) and days of low temperature treatment (F(3,55) = 46.304, p < 0.001, Figure 5.3)
on respiration rates. Furthermore, statistical analysis also indicated that there was a
significant interaction between these two factors (F(12,55) = 2.285, p = 0.019). Compared
to Col-0, which showed a characteristic increase in its leaf respiration rate over time, leaf
respiration rates of all ATP synthase knock-down lines similarly increased after 5 days
of cold treatment. Using a Tukey’s post hoc test for multiple comparisons however, only
anti-ATP3-3 displayed significantly different respiration rates to the other lines tested (p
< 0.001) and this was predominantly seen after 3 days of increasing cold treatment (p
<0.001). Compared to the negative controls, which displayed no obvious induced
phenotype, all ATP synthase knock-down lines showed characteristic features of
dexamethasone induction (Figure 5.4). It was surprising that the leaf respiration rates of
anti-ATP3-3 were so much higher than the other knock-down lines used. However, as all
of the ATP synthase mutants showed increased leaf respiration rates with increasing cold
treatment, this suggested that the knock down lines were still able to cold acclimate.
Therefore, from the results obtained, it appeared that changes in ATP synthase abundance
did not affect initiation of the cold acclimation response in Arabidopsis plants.

5.3.1.3 Comparison of leaf respiration rates of ATP synthase knockdown mutants at warm temperatures
As it was hypothesized that leaf respiration rates would not increase in plants containing
low amounts of ATP synthase, it was unexpected that all of the mutant lines studied
showed higher respiration rates with increasing cold treatment. This was particularly true
for anti-ATP3-3 plants, as leaf respiration rates not only increased after 5 days of cold
treatment, but were significantly higher than all of the other lines measured.
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Figure 5.3: Leaf respiration rates of ATP synthase knock-down lines with increasing low temperature treatment.
Anti-ATP3 and anti-ATP5 lines were sprayed with a 30 µM dexamethasone solution for 3 and 5 days respectively before
being placed in a low temperature growth chamber for a further 5 days with continued dexamethasone treatment. AntiATP3-3 plants were shown to have significantly higher leaf respiration rates after 3 days of increasing low temperature
treatment compared to all other ATP synthase knock-down lines measured (a, b; two-way ANOVA with a Tukey’s posthoc test for multiple comparisons, p ≤ 0.05). Values represent the mean of 3-4 biological replicates (± SEM).
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Figure 5.4: (A) ATP synthase knock-down lines after 3 days (anti-atp3 lines)
and 5 days (anti-atp5 lines) of dexamethasone induction at 25
followed by 5
days of increasing low temperature treatment. As a negative control (B), ATP
synthase knock-down lines were sprayed with a dilute DMSO solution for the
same periods of time as detailed in (A). Plants subjected to the dexamethasone
treatment displayed increasingly curled leaves as well as greater senescence of
older leaves (A).
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To understand if this increase was driven by an effect of the dexamethasone induction or
by the cold treatment imposed, an experiment was conducted in which leaf respiration
rates were measured in warm grown ATP synthase knock-down lines induced with
dexamethasone. As plants remained at 25 °C following dexamethasone induction, the
phenotypes displayed by the induced knock-down lines were more severe compared to
those subjected to increasing cold treatment (as cellular processes are slowed at low
temperatures). Therefore, at the same time points were measured, it was acknowledged
that plants would have been at slightly different phenotypic stages.
Comparing leaf respiration rates of warm-grown ATP synthase knock-down lines with
increasing dexamethasone induction, a two-way ANOVA showed there was a significant
effect of genotype on respiration rates (F(4,39) = 17.821, p < 0.001); however, no
significant difference could be seen between the different time points studied (F(3,39) =
0.554, p = 0.648; Figure 5.5). Additionally, there was no significant interaction between
genotype and days of dexamethasone induction (F(12,39) = 0.927, p = 0.531). Over the
time-course studied, little difference could be seen in the leaf respiration rates of antiATP5-13, anti-ATP5-18 and Col-0, which remained largely unchanged with increasing
dexamethasone treatment. For both anti-ATP3-3 and anti-ATP3-6 lines however, plants
were shown to have significantly higher respiration rates (p < 0.001 and p = 0.001 for
anti-ATP3-3 and anti-ATP3-6 respectively) than the other lines measured. Looking at
anti-ATP3-3 plants independently, leaf respiration rates increased over the first 3 days of
dexamethasone induction and then dropped sharply at day 5 (due to increased leaf
senescence). As anti-ATP3-3 leaf respiration rates were significantly higher at both 4 °C
and 25 °C, this suggested that increased anti-ATP3-3 respiration rates were not due to
changing temperatures, but was rather an effect of the dexamethasone treatment itself. To
validate this observation further, leaf respiration rates at 25 °C were subtracted from those
at 4 °C, to investigate whether significant differences still occurred between knock-down
lines at low temperature or if the observed differences were mainly due to the effect of
dexamethasone. From the results obtained, a two-way ANOVA revealed that there was
no significant difference between the ATP synthase knock-down lines studied (F(4,39) =
2.101, p = 0.099; Figure 5.6). Therefore, as dexamethasone-induced leaf respiration rates
were equally elevated in all of the mutant lines studied at 4 °C, this result further confirms
that the significantly higher respiration rates displayed by anti-ATP3-3 plants at 4 °C
were due to an effect of the dexamethasone treatment and not due to the low temperature
treatment used.
168

Figure 5.5: Leaf respiration rates of ATP synthase knock-down lines with increasing dexamethasone treatment.
Anti-ATP5 lines were sprayed with 30 µM dexamethasone 2 days ahead of anti-ATP3 lines, such that plants were
at approximately the same induction state upon harvest. Harvest time points used in this experiment are the same
as those used in Figure 5.3; however, plants remained at 25
throughout the experiment. Anti-ATP3-3 and
anti-ATP3-6 plants were shown to have significantly higher leaf respiration rates compared to the other ATP
synthase knock-down lines measured (a, b; two-way ANOVA with a Tukey’s post-hoc test for multiple
comparisons, p ≤ 0.05). Values represent the mean of 3-4 biological replicates (± SEM).
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Figure 5.6: Differences between leaf respiration rates of ATP synthase knock-down lines at low temperatures and at
25 ℃. Anti-ATP3 and anti-ATP5 lines were sprayed with a 30 µM dexamethasone solution for 3 and 5 days
respectively before being either transferred to a low temperature growth chamber for 5 days or remaining at 25 ℃.
Respiration rates were not found to be significantly different between knock-down lines as determined by a two-way
ANOVA (p ≤ 0.05). Values represent the mean of 3-4 biological replicates (± SEM).
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5.3.1.4 Quantitative analysis of ATP synthase subunits in knockdown mutants subjected to low temperature treatment
Despite evidence that leaf respiration rates of the ATP synthase knock-down lines were
significantly elevated due to the dexamethasone treatment used, it was somewhat
contradictory that the knock-down lines also displayed increasingly induced phenotypes
(Figures 5.1 and 5.4). As the dexamethasone treatment progressed, one would have
expected a reduction in the abundance of the ATP synthase complex, which would have
led to reduced respiration rates and increased leaf senescence. However, as leaf
respiration rates increased at 4 °C (and at 25 °C in the case of anti-ATP3-3 plants), it was
clear that the dexamethasone treatment was having a very different effect than expected.
Although plants became increasingly senescent, one possible explanation for the higher
leaf respiration rates seen was that ATP synthase abundance was not significantly reduced
following dexamethasone treatment. Therefore, to clarify the effect of the dexamethasone
treatment on the knock-down lines subjected to the low temperature treatment, ATP
synthase abundance was quantified using mass spectrometry. To ensure high coverage of
ATP synthase subunits, mitochondrial proteins were firstly enriched in high-speed
pellets, extracted via acetone precipitation and then analysed using selected reaction
monitoring (SRM) on a triple-quadrupole mass spectrometer. Additionally, it should be
noted that the same tissue used for leaf respiration measurements was also used to
quantify ATP synthase abundance, so that experiments could be compared directly.
From the mass spectrometry data obtained, peptides originating from nine ATP synthase
subunits were consistently detected. These included the three protein isoforms of ATP
synthase b (At5g08670, At5g08680, At5g08690), g subunit (At2g33040), Oligomycinsensitive conferring protein (OSCP; At5g13450), d subunit (At5g47030), FAd subunit
(At2g21870) and two subunits from the Fo sub-complex (subunits d and g; At3g52300
and At4g29480 respectively). Comparing the abundance of these proteins at the
beginning and end of the time course experiment conducted, it was revealed that
increasing dexamethasone and cold treatment caused little change in the abundance of
ATP synthase subunits over time (Figure 5.7). Surprisingly, none of the knock-down lines
displayed a significant decrease in any of the subunits detected between 1 and 5 days of
cold treatment. Only Col-0 (negative control, which did not display any induced
phenotype upon dexamethasone treatment) was shown to have a significant reduction in
the abundance of the FAd, d and OSCP subunits of ATP synthase after 5 days of chilling
stress. It is interesting to note however, that after 3 days of low temperature treatment,
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Figure 5.7: Differences in the abundance of ATP synthase subunits between 1 and 5 days of low temperature
treatment. None of the knock-down lines showed a significant decrease in the abundance of ATP synthase subunits
between the two time points studied (student’s t-test, p ≤ 0.05). Only Col-0 showed significant decreases in the
abundance of the Fad, d and OSCP subunits of ATP synthase between 1 and 5 days of cold (a). Values represent the
mean of 3 biological replicates (± SEM).
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the abundance of subunit d in anti-ATP5-13 plants increased significantly (Figure II
Supplementary data in Appendix), while FAd, d and OSCP subunits were similarly shown
to increase in anti-ATP5-18 plants after 2 days of chilling stress (Figure I Supplementary
data in Appendix). Although these changes suggest that ATP synthase abundance may be
increasing in the case of the two anti-ATP5 lines or decreasing in Col-0, this interpretation
becomes complicated by the unchanging nature of the other ATP synthase subunits
measured. However, as the number of significantly changing subunits is relatively small
compared to the total number of ATP synthase subunits, I believe further evidence is
needed to confirm the trends observed.
As the abundance of ATP synthase subunits was relatively stable over the time course
studied, it appears that ATP synthase abundance was not reduced in the knock-down lines
subjected to low temperatures. It is not surprising then that leaf respiration rates increased
in the ATP synthase mutant lines with increasing cold treatment, as plants would have
behaved in much the same way as Col-0 (a genotype known to respiratory acclimate to
low temperatures). However, from the results obtained, little information can be gained
of the relationship of ATP synthase abundance and a plant’s ability to cold acclimate to
low temperatures. As biochemical processes are slowed considerably in the cold, perhaps
the dexamethasone induction system simply, did not have enough time to reduce ATP
synthase levels to the point that leaf respiration rates were significantly affected. If this
was indeed the case, this would suggest that ATP synthase abundance must be reduced
substantially before respiration rates are affected, which in turn suggests an inherent
durability of the leaf respiratory system, even at cold temperatures.

5.3.2 Arabidopsis ecotypes can be used to investigate natural
variation in ATP synthase subunits
With over 7000 accessions available, the study of natural variation in Arabidopsis
thaliana has provided remarkable biological insight into the underlying genetics of
complex traits (Weigel, 2012). Furthermore, as the species is known to inhabit a large
geographical region, spanning different climatic zones from Mediterranean to subarctic,
Arabidopsis thaliana is an ideal species to study natural variation in respiratory
acclimation to the cold. Therefore, by comparing Arabidopsis ecotypes that occupy
contrasting climatic conditions, it was hoped that further insight may be gained into the
mechanism by which plants deal with ATP synthase inhibition at low temperatures.
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5.3.2.1 Using the 1001 Proteomes database to identify nonsynonymous mutations in ATP synthase subunits
To determine which Arabidopsis ecotypes may be behaving differently at low
temperatures, the MASCP 1001 Proteomes database (Joshi et al., 2011; Joshi et al., 2012)
was used to identify non-synonymous SNPs in ATP synthase subunits. Furthermore, as
most ATP synthase subunits are nuclear encoded and must be imported into
mitochondria, mitochondrial pre-sequences where identified using the MitoFates
database (Fukasawa et al., 2015) and excluded from the analysis. Therefore, looking at
non-synonymous mutations within mature protein sequences, 87 ecotypes were shown to
have one or more SNPs in one ATP synthase subunit and of these, 14 ecotypes possessed
SNPs in multiple ATP synthase subunits (Table 5.1). As previous research from Furuike
et al. (2008) proposed that rotation of the F1 sub-complex of ATP synthase is significantly
affected by ADP binding (and ATP release) at low temperatures, ecotypes possessing
SNPs in the a and b subunits of the F1 sub-complex were focused on. Additionally, SNPs
occurring within or near conserved regions of these proteins were prioritized. In total, 4
ecotypes (Don-1, T1110, Lu-1 and Sim-1) were identified to meet these criteria and of
these, seeds could be obtained from two of them (T1110 and Lu-1). It is interesting to
note that both of these lines are derived from Sweden, where temperatures generally drop
below freezing in the winter months.

5.3.2.2 Purification of mitochondria from hydroponically grown
Arabidopsis ecotypes using differential centrifugation and
density gradient purification
T1110 and Lu-1 seeds were obtained from the Regional Mapping (RegMap) collection,
courtesy of Dr Justin Borevitz (The Australian National University). As large quantities
of seeds are required for mitochondrial isolations, Arabidopsis ecotypes were firstly
bulked. Although plants germinated well on soil, many plants failed to set seed after three
months of continuous growth under long day conditions. As both ecotypes are derived
from Sweden, where temperatures can drop below 0 °C during the winter months, it was
thought that plants may require prolonged periods of cold to initiate flowering. Therefore,
to test this hypothesis, seeds were stratified at 4 °C for 6 weeks before being placed into
a controlled growth chamber set to long days at 25 °C.
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Table 5.1: Non-synonymous SNPs located in ATP synthase subunits, determined using the MASCP 1001 Proteomes database (Joshi et
al., 2011; Joshi et al., 2012). Shaded accessions indicate those used for further study.
Complex V
Subunit

Locus

Cleavage Site
(Processing Enzyme)

Alpha

AT2G07698.1

43(MPP),
44(Icp55*)

SNP
Position

SNP

Arabidopsis
Accession

Country of
Origin

Location
Collected

63

S--> F

Nok-3

Netherlands

Noordwijk

60

A--> T

Ice50 (MPI)

60

A--> T

Ice49 (MPI)

60

A--> T

Don-0

Spain

Donana

60

A--> T

Ped-0

Spain

Pedriza

68

K--> M

Sakata (JGI)

74

G--> R

Kastel-1

Ukraine

Republic of Crimea;
near Alushta

64

A--> P

Ice181(MPI)

385

T--> A

Don-1 (MPI)

Spain

Donana

ATMG01190.1
Beta

AT5G08670.1

AT5G08680.1

51

51

175

Beta

Gamma

176

AT5G08680.1

51

64

A--> P

Tgr-01

Sweden

TGR

64

A--> P

Tbo-01

Sweden

TBO

64

A--> P

Taal-03 (GMI)

167

A--> V

t1110

Sweden

Staff 17

64

A--> P

Puk-2

Sweden

Pukavik Bus

191

Y--> H

Lu-1

Sweden

Lund

64

A--> X

Kor-3

Sweden

Korsvagen

64

A--> P

Had-2

Sweden

Haddetorp

64

A--> P

64

A--> P

64

A--> P

Simrishamn

Groen-5
(GMI)
Groen-14
(GMI)
Fjae2_4
(GMI)

AT5G08690.1

51

413

S--> A

Sim-1

Sweden

AT2G33040.1

42(MPP)

97,151

N-->Y, A-->V

Tnz-1

Tanzania

136

A--> T

Ice127 (MPI)

Gamma

AT2G33040.1

42(MPP)

102

V--> A

Kru-3 (GMI)

Delta

AT5G47030.1

25(MPP),
26(Icp55*)

72,149

K--> N, I--> V

Kondara

Tadjikistan

Khurmatov

54

T--> S

Kas_1

India

Kashmir

120

Jl-3

Czech
Republic

Vranov uBrna

120

Li_2:1

Germany

Limburg

Epsilon

b

AT1G51650.1

ATMG00640.1

30(MPP)

54

T--> S

Ice134 (MPI)

36

S--> Y

Oer_1 (GMI)

36

S--> Y

Kru-3 (GMI)

36

S--> Y

Had-2

Sweden

Haddetorp

68

P--> S

Hs-0

Germany

Hannover/Stroehen

68

P--> S

Ema-1

68

P--> S

Cnt-1

34

E-->*

Tnz-1

Tanzania

5, 190

I--> S, V--> G

Lan-0

United
Kingdom

United
Kingdom
United
Kingdom

East Malling
Canterbury

Lanark
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b
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ATMG00640.1

5, 190

I--> M, V--> G

Zdr-1

Czech
Republic

Zdarec, Czech
Republic (Bruno area)

5, 190

I--> S, V--> G

Sp-0

Germany

Berlin/Spandau

5, 190

I--> S, V--> G

Sei-0

Italy

Seis am Schlern

5, 10,
64, 190

I-->S, G--> A,
S--> R, V--> G

Pu 2_23
(SALK)

5, 190

I--> M, V--> G

Kyoto

Japan

Kyoto

5, 190

I--> M, V--> G

In-0

Austria

Innsbruck

5, 190

I--> M, V--> G

Etna-2

Italy

Sicilia

5, 190

I--> S, V--> G

Bla-1

Spain

Blanes/Gerona

5, 64,
65, 190

I--> S, S--> R,
L--> I, V--> G

Wt-5

Germany

Wietze

5, 190

I--> S, V--> G

Bor-1

Czech
Republic

Borky, Czech Republic
(Bruno area)

5, 190

I--> S, V--> G

Gel-1

Netherlands

Geleen

5, 190

I--> S, V--> G

Kin-0

USA

Kindalville

5, 64,
65, 190
5, 64,
65, 190

I--> S, S--> R,
L--> I, V--> G
I--> S, S--> R,
L--> I, V--> G

La-0

Germany

Landsberg/Warthe

Ts-1

Spain

Tossa del Mar

c

d

ATMG00040.1

AT3G52300.1

36(MPP),
37(Icp55*)

306

R--> H

Tu-0

Italy

Turin

160,184,
204
160,184,
204
160,184,
204, 250
160,184,
204, 250

G--> R, P--> L,
G--> E
G--> R, P--> L,
G--> E
G--> R, P--> L,
G--> E, G-->E
G--> R, P--> L,
G--> E, G-->E

Rrs-7

USA

North Liberty,
Midwest (Indiana)

Germany

Eyach

Walhaesb4
(MPI)

250

G--> E

Ice79 (MPI)

250

G--> E

Del-10

Yugoslavia

42

R--> H

Van-0

Canada

42

R--> H

Cerv-1

Italy

Cerveteri

42

R--> H

Ang-0

Belgium

Angleur, Provence de
Liege

50

Q--> L

Ice60 (MPI)

69, 71

K--> X, I--> X

Tnz-1

Tanzania

159

D--> E

Vie-0

Italy

Viella

37

F--> V

Tv-7

Sweden

TV

Tuesb30-3
(MPI)
Ey15-2

Deliblato Sands,
Serbia
University of British
Columbia
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d

AT3G52300.1

36(MPP),
37(Icp55*)

42

R--> H

Tottarp-2

Sweden

Tottarp

g

AT2G19680.1

59(MPP)

64

G--> R

Qar_8a

Lebanon

Qartaba-A

64

G--> R

Bik_1

Lebanon

Bikfaiya

70

R--> W

Ped-0

Spain

Pedriza

70

R--> W

Don-0

Spain

Donana

93

I--> L

Ice29 (MPI)

60

A--> T

Don-0

Spain

Donana

100, 101

E--> K, C--> Y

Tnz-1

Tanzania

93

I--> X

Faeb-4 (GMI)

113

R--> K

Ang-0

233

V--> G

Groen-5
(GMI)

215, 217

E--> D, Q--> *

Tnz-1

Tanzania

71

T--> P

Kni-1

Sweden

AT4G26210.1

OSCP

FAD

180

59(MPP)

AT4G29480.1

59(MPP)

AT5G13450.1

35(MPP),
36(Icp55*)

AT2G21870.1

31(MPP),
32(Icp55*)

Belgium

Angleur, Provence de
Liege

Kni1

FAD

AT2G21870.1

ATP8

ATMG00480.1

ATP9

AT2G07777.1

31(MPP),
32(Icp55*)

76, 207

D--> X, K--> M

Hov1_10

Sweden

Hov1

57

S--> N

Ice50 (MPI)

182

V--> C

Sp-0

Germany

Berlin/Spandau

174

S--> L

Rou-0

France

Rouen

167

S--> L

Durh-1

United
Kingdom

Durham

124

R--> S

Bl-1

Italy

Bologna

124

R--> S

Ber

Denmark

Copenhagen

30, 64

A--> T, S--> T

Wc-1

Germany

Westercelle

67

K--> Q

Qar-8a

Lebanon

Qartaba-A

30, 64

A--> T, S--> T

Ove-0

Germany

Ovelgoenne

67

K--> Q

Bik-1

Lebanon

Bikfaiya

174

S--> L

Vash-1

Georgia

Vashlovani Reserve.

22(MPP)

ATMG01090.1
ATP12

AT5G40660.1

24(MPP)

181

ATP12

Assembly
factor

182

AT5G40660.1

AT1G08220.1

24(MPP)

30(MPP)

276

I--> V

Ice93 (MPI)

268

G--> C

Ice72 (MPI)

67

K--> E

Ice21 (MPI)

124

R--> S

Ice127 (MPI)

124

R--> S

Ey15-2

Germany

Eyach

174

S--> L

Lerik1-3

Azerbaijan

Road A323 between
Lankaran and Lerik

199

I--> V

Ice63 (MPI)

30, 64

A--> T, S--> T

Tomegap-2

Sweden

Tomegap

45

S--> P

Ice33 (MPI)

34, 125,
157, 207

D--> G, A--> T,
S--> G, N--> S

Qar-8a

Lebanon

Qartaba-A

125, 137

A--> T, V--> F

Ice21 (MPI)

125, 203,
208

A--> T, N--> D,
S--> N

Ice 33 (MPI)

214

V--> G

Tny-04

Sweden

TNY

125, 132

A--> X, D--> B

T850

Sweden

Hoor 6

Assembly
factor

AT1G08220.1

30(MPP)

125, 214

A--> T, V--> G

T1130

Sweden

Staff 15

125, 132

A--> T, D--> B

Ale_stenar_4
4-4

Sweden

Ales Stenar
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Following prolonged cold treatment, plants were shown to initiate flowering
significantly faster than untreated plants and produced greater amounts of seed,
confirming that both T1110 and Lu-1 require prolonged low temperature treatment to
initiate flowering.
To purify mitochondria from Arabidopsis ecotypes, methods outlined in Section 3.3.1
were used. As intact and highly functional mitochondria were required for respiratory
measurements, plants were grown hydroponically for 12 days and extracted using a
NutriBullet blender. Using this method, highly coupled mitochondria (>95% integrity)
could be consistently obtained, however mitochondrial yields were much lower compared
to other homogenisation methods such as hand-grinding (typically 0.5 – 1.5 mg
mitochondria were obtained from 50 g FW hydroponic shoots). Despite attempts to
optimise the following methods, it should be noted that Lu-1 seeds displayed poor
germination rates when grown hydroponically. Therefore, as mitochondrial yields were
subsequently low (<0.7 mg), only mitochondria obtained from T1110 plants were used
for respiratory analysis.

5.3.2.3 Respiratory characteristics of T1110 shoot mitochondria at
different temperatures
5.3.2.3.1 State 2, 3 and 4 respiration rates
A comparison of State 2 mitochondrial respiration rates at 4 °C and 25 °C showed that
rates increased significantly with increasing measurement temperature (t(2) = -11.918, p
= 0.007), however no significant difference could be seen between mitochondria isolated
from T1110 and Col-0 plants at the two measurement temperatures (t(2) = -1.404, p =
0.295 and t(2) = -1.513, p = 0.269 for 4 °C and 25 °C respectively; Figure 5.8). Compared
to the rates seen at 25 °C, State 2 respiration rates were on average, reduced by 81% at 4
°C in both ecotypes studied. These results indicate that leak respiration is significantly
reduced at low temperatures and that this phenomenon occurs similarly in both Col-0 and
T1110 plants.
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Figure 5.8: (A) State 2, (B) State 3 and (C) State 4 respiration rates of
mitochondria isolated from T1110 and Col-0 shoots. Plants were grown
hydroponically on half MS medium for 12 days. Rates were significantly lower at
4
compared to those at 25
for both genotypes (a, b; student’s t-test p ≤ 0.05).
Values represent the mean of 3-4 biological replicates (± SEM).
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Similar to the results seen for State 2 respiration rates, State 3 or ADP-stimulated
respiration rates increased significantly with increasing measurement temperature ( t(5) =
-33.934, p < 0.001), however no significant difference could be seen between ecotypes at
both measurement temperatures (t(3) = 0.781, p = 0.492 and t(3) = 2.763, p = 0.070 for 4
°C and 25 °C respectively; Figure 5.8). Like results previously seen in mitochondria
isolated from hydroponically grown Col-0 shoots, State 3 respiration rates in T1110 were
greatly reduced at 4 °C compared to 25 °C. In both Col-0 and T1110, respiration rates
observed at 4 °C were just 17% and 22% respectively of those seen at 25 °C, indicating
that ADP-stimulated respiration is greatly inhibited at low temperatures in both ecotypes.
Analysis of State 4 respiration rates at 4 °C and 25 °C using a student’s t-test indicated
that that there was no significant difference between the ecotypes studied (t(3) = 1.032, p
= 0.378 and t(3) = 2.317, p = 0.103 for 4 °C and 25 °C respectively); however, State 4
respiration rates were significantly affected by temperature (t(5) = -18.420, p < 0.001;
Figure 5.8). As measurement temperatures steadily increased, State 4 respiration rates
similarly increased. Compared to rates seen at 4 °C, State 4 respiration rates were
approximately four and a half times greater at 25 °C (449%) in mitochondria isolated
from both Col-0 and T1110 plants on average. Therefore, similar to results shown for
States 2 and 3, State 4 respiration rates were also greatly inhibited in the cold and that this
occurred similarly in both ecotypes studied.

5.3.2.3.2 Uncoupled respiration
The uncoupling agent FCCP was used to determine whether uncoupled respiration rates
differ in mitochondria isolated from T1110 plants compared to those from Col-0. From
the results obtained, FCCP-stimulated respiration rates in T1110 shoots were significantly
affected by temperature (t(2) = -23.257, p = 0.002) and significant differences could be
seen between ecotypes at 25 °C (t(2) = 8.770, p = 0.013; Figure 5.9). In contrast,
uncoupled respiration rates of mitochondria isolated from T1110 and Col-0 plants were
not significantly different at 4 °C (t(2) = 3.873, p = 0.061). Taken together, these results
indicate that there is a large inhibitory effect on FCCP-stimulated respiration rates in the
cold and that at 25 °C, T1110 mitochondria display significantly higher uncoupled
respiration rates than Col-0 mitochondria. As FCCP-stimulated respiration is higher in
the Swedish ecotype at moderate temperatures, this result may suggest that ATP synthase
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activity is generally inhibited in T1110 plants compared to Col-0 plants, however UCRs
are needed to confirm this hypothesis.

Figure 5.9: Uncoupled respiration rates of mitochondria isolated from T1110 and
Col-0 shoots. Plants were grown hydroponically on half MS medium for 12 days.
Rates were significantly lower at 4
compared to those at 25
for both genotypes
(a, b, B; student’s t-test p ≤ 0.05). Values represent the mean of 3-4 biological
replicates (± SEM).
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5.3.2.3.3. Induction of the alternative pathway when the cytochrome
pathway becomes inhibited
Comparing Alt respiration rates in ecotypes at 4 °C and 25 °C showed that there was a
significant effect of measurement temperature on AOX capacity in mitochondria isolated
from T1110 plants (t(2) = -9.215, p = 0.012); however, no significant difference could be
seen between the two ecotypes studied (t(2) = 2.461, p = 0.133 and t(2) = -0.089, p = 0.937
for 4 °C and 25 °C respectively; Figure 5.10). As Alt respiration rates were not
significantly different in mitochondria isolated from Col-0 plants at 4 °C and 25 °C
(Sections 3.3.3.3 and 3.3.4.3), it was interesting to find that such rates were significantly
affected by changing temperatures in T1110 plants. At 4 °C, Alt respiration rates were
just 57% of those seen at 25 °C in the Swedish ecotype, indicating that AOX capacity is
significantly reduced at low temperatures. These results indicate that the Alt pathway may
play slightly different roles in the ecotypes studied under cold stress.

5.3.2.3.4 ADP/O ratios
As stated in Section 3.3.3.4, ADP/O ratios express the relationship between ATP
synthesis and oxygen consumption during ADP-stimulated respiration and are therefore
a measure of oxidative phosphorylation efficiency. Calculating ADP/O ratios at 4 °C and
25 °C in mitochondria isolated from T1110 shoots showed that as temperatures increased,
ADP/O ratios also significantly increased (t(5) = -2.572, p = 0.050; Figure 5.11). At 4 °C,
ratios were just 75% of those obtained at 25 °C, indicating a small but significant decrease
in oxidative phosphorylation efficiency at low temperatures. Furthermore, no significant
difference could be seen between the T1110 and Col-0 mitochondria at both measurement
temperatures (t(3) = 0.987, p = 0.396 and t(3) = 0.649, p = 0.562 at 4 °C and 25 °C
respectively). As both ecotypes displayed significant decreases in oxidative
phosphorylation efficiency at low temperature, this suggests that the effect of temperature
on ADP/O ratios is an intrinsic property of plant mitochondria and provides strong
evidence that ATP synthase is temperature sensitive.
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Figure 5.10: Alternative respiration rates of mitochondria isolated from T1110 and
Col-0 shoots. Plants were grown hydroponically on half MS medium for 12 days.
Rates were significantly lower at 4
compared to those at 25
for T1110
(a, b; student’s t-test p ≤ 0.05). Values represent the mean of 3-4 biological
replicates (± SEM).

Figure 5.11: ADP/O ratios of mitochondria isolated from T1110 and Col-0 shoots.
Plants were grown hydroponically on half MS medium for 12 days. Ratios were
significantly lower at 4
compared to those at 25
for both genotypes (a, b;
student’s t-test p ≤ 0.05). Values represent the mean of 3-4 biological replicates (±
SEM).
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5.3.2.3.5 Respiratory control ratios
The ratio between ADP-stimulated and ADP-exhausted respiration is known as the
respiratory control ratio (RCR) and indicates the tightness of coupling between the
consumption of oxygen and the phosphorylation of ADP. As determined by a student’s
t-test, RCRs were found to be significantly affected by temperature in mitochondria
isolated from T1110 plants (t(5) = -5.250, p = 0.003; Figure 5.12). This result was
somewhat surprising as RCRs were not found to be significantly affected by changing
temperatures in mitochondria isolated from Col-0 plants (Sections 3.3.3.5 and 3.3.4.5)
and indicates that at low temperatures, the tightness of coupling between Complex V and
the ETC is lessened, such that oxidative phosphorylation efficiency is also reduced
(Section 5.3.2.3.4). Although RCR values were found to be significantly different in
mitochondria isolated from T1110 shoots at 4 °C and 25 °C, it should be noted that no
significant difference could be observed between ecotypes at these temperatures (t(3) = 1.399, p = 0.256 and t(3) = -0.204, p = 0.851 for 4 °C and 25 °C respectively). This finding
suggests that although small differences may exist in the way in which ecotypes deal with
cold stress, the overall trend remains the same: T1110 and Col-0 mitochondria display
reduced RCR values at low temperature, indicating that ATP synthase function is reduced
in the cold.

5.3.2.3.6 Uncoupling control ratios
As described in Section 3.3.3.6, UCRs represent the relationship between the maximum
rates of coupled and uncoupled respiration. In mitochondria isolated from T1110 plants,
UCRs were found to be significantly higher at 4 °C compared to those at 25 °C (t(5) =
6.598, p = 0.001; Figure 5.13). Furthermore, UCR values were also found to be
significantly different between T1110 and Col-0 mitochondria at both measurement
temperatures (t(3) = 3.588, p = 0.037 and t(3) = 6.625, p = 0.007 for 4 °C and 25 °C
respectively). On average, UCRs increased 146% between the two ecotypes, indicating
that oxidative phosphorylation is greatly inhibited at low temperatures. As mitochondria
obtained from T1110 plants displayed significantly higher UCRs at both measurement
temperatures, this would suggest that ATP synthase is generally inhibited to a greater
extent in the Swedish ecotype than in Col-0.
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Figure 5.12: Respiratory control ratios (RCRs) of mitochondria isolated
from T1110 and Col-0 shoots. Plants were grown hydroponically on half
MS medium for 12 days. Ratios were significantly lower at 4
compared
to those at 25
for T1110 (a, b; student’s t-test p ≤ 0.05). Values represent
the mean of 3-4 biological replicates (± SEM).

Figure 5.13: Uncoupling control ratios (UCRs) of mitochondria isolated
from T1110 and Col-0 shoots. Plants were grown hydroponically on half
MS medium for 12 days. Ratios were significantly higher at 4
compared
to those at 25
and significant differences could also be seen between the
ecotypes studied (a, A, b, B; student’s t-test p ≤ 0.05). Values represent the
mean of 3-4 biological replicates (± SEM).
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5.4 Discussion
5.4.1 ATP synthase knock-down lines are still able to cold acclimate
To investigate the effects of reduced ATP synthase abundance on leaf respiration rates at
low temperatures, Arabidopsis mutants containing antisense copies of ATP5 (d subunit)
and ATP3 (g subunit) were used (Robison et al., 2009). From the initial experiments
conducted, all of the knock-down lines analysed displayed increased leaf respiration rates
after five days of low temperature treatment. Furthermore, as these increased rates were
similar or higher than those displayed by Col-0 (an Arabidopsis accession known to cold
acclimate) these results suggested that changes in ATP synthase abundance do not affect
a plant’s ability to respiratory acclimate to the cold. As this result was highly unexpected,
given that fact that knock-down mutants became increasingly senescent over time, further
experiments were conducted to elucidate the cause of the increased respiration rates
observed. Using SRM mass spectrometry to quantify the amount of ATP synthase present
within the Arabidopsis knock-down lines, it was found that the abundance of ATP
synthase subunits remained unchanged during chilling stress. Moreover, when leaf
respiration rates were measured at 25 °C, respiration rates only declined when leaves were
severely senescent (well beyond the stage observed in the cold-treated samples). Taken
together, these results indicate that the dexamethasone-inducible ATP synthase knockdown lines developed by Robison et al. (2009) cannot be used to effectively reduce the
amount of ATP synthase present at low temperatures. The mere fact that ATP synthase
abundance was not reduced in the mutant lines studied, indicated that the knock-down
lines were likely behaving as wild-type plants and so it is therefore not surprising then
that such plants were able to acclimate to the low temperature treatment imposed.
As much as these trends may explain why leaf respiration rates of the ATP synthase
knock-down lines were not significantly different from that of Col-0, such findings do
not explain other peculiarities within the data, including why leaf respiration rates were
so much higher in anti-ATP3-3 compared to the other lines studied. Looking at the
original publication by Robison et al. (2009) in which the ATP synthase knock-down
lines were first developed, it was noted that the application of dexamethasone to
transgenic lines resulted in strong induction of the antisense transcript, however no
discernible decrease in the amount of the endogenous sense transcript for either atp5 or
atp3 could be seen over the same time period. In addition, total ATP levels were greater
in dexamethasone-induced knock-down lines in comparison to controls when plants were
germinated on MS-medium containing sucrose. Although semi-quantitative analysis of
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ATP5 abundance revealed that there was indeed a significant decrease in the amount of
ATP5 protein in anti-atp5 knock-down lines, one cannot deny that there is a certain level
of disagreement in the findings presented within this paper. Therefore, to try to bring
these opposing points of evidence together, the authors proposed that plants may be
responding to decreased levels of ATP5 and ATP3 abundance by attempting to increase
the overall expression of the ATP synthase complex via increased mitochondrial division.
Analysing the abundance of gene transcripts associated with mitochondrial division, three
dynamin-related proteins (DRP; drp3A, drp3B and drp1C) were shown to be significantly
upregulated within three days of dexamethasone induction in anti-ATP5 lines. Therefore,
as much as the abundance of ATP5 and ATP3 may have decreased in the transgenic lines
studied, it appears that the abundance of ATP synthase as a whole, was not reduced
significantly. In the case of anti-ATP3-3 plants that displayed significantly higher leaf
respiration rates in comparison to the other lines studied, higher rates of mitochondrial
division coupled to an overall increase in the amount of ATP synthase present would
certainly support the results obtained; however, further quantification of ATP synthase
subunits within dexamethasone-induced lines grown at moderate temperatures would be
required to confirm this hypothesis.
However, if ATP synthase abundance was maintained or even increased in response to
the application of dexamethasone, why did plants become increasingly senescent over
time? As negative controls remained healthy at both temperature regimes utilised, such
findings would suggest that the senescent phenotype observed was due to the
dexamethasone treatment itself. Although dexamethasone-inducible systems have been
successfully used to control the expression of a large number of genes, it was reported by
Kang et al. (1999) that glucocorticoid-inducible systems may themselves be responsible
for phenotypic and molecular changes within transgenic lines. Using the dexamethasoneinducible system to control the expression of AtEBP, an Arabidopsis transcription factor
linked to the plant defence response and the ethylene signal transduction pathway, it was
observed that approximately 25% of the lines generated developed severe growth defects
that became more pronounced with continued dexamethasone treatment (Kang et al.,
1999). As growth defects similarly occurred in transgenic lines expressing other
transcription factors associated with ethylene signalling, such growth abnormalities were
first thought to be caused by the genetic mutations studied. However, when a number of
control lines containing only the empty vector were tested in the same way, they too
developed growth defects similar to those exhibited by the AtEBP lines. Although the
molecular mechanisms underlying the documented growth abnormalities remain to be
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elucidated, it has since been proposed that increased activation of the GVG transcription
factor (a central component of the glucocorticoid-induction system) may enable it to bind
at additional, low affinity sites, which then activate genes that may be associated with the
molecular changes observed (Kang et al., 1999). It is interesting to note however, that the
growth defects described by Kang et al. (1999) resemble those observed in the ATP
synthase knock-down lines studied. Therefore, it seems possible that the senescent
phenotype was due to the application of dexamethasone alone and thus explain the
discontinuity seen between the mutant phenotype and ATP synthase abundance.

5.4.2 Mitochondria isolated from T1110 plants have higher
uncoupled respiration rates at 4 °C in comparison to Col-0
isolated mitochondria
To gain mechanistic insight into the impact of altered ATP synthase activity on plant
respiratory function in the cold, Arabidopsis accessions containing non-synonymous
SNPs within ATP synthase subunits were selected using the MASCP 1001 Proteomes
database (Joshi et al., 2011; Joshi et al., 2012). Focussing on the catalytic a and b subunits
of the F1 sub-complex, four accessions were found to contain SNPs within or near
conserved regions of these proteins. However, as sufficient quantities of mitochondria
could only be obtained from one of these lines, only the Swedish ecotype T1110, was
used for respiratory analysis.
To determine if ATP synthase activity also becomes limiting in T1110 at low
temperatures, detailed analyses of mitochondrial respiratory states were conducted in the
Swedish accession at 4 °C and 25 °C. Similar to the findings observed in Col-0,
mitochondria isolated from T1110 plants displayed significant reductions in ADPstimulated respiration rates as well as ADP/O ratios at 4 °C. In addition, UCRs were also
significantly higher in the Swedish ecotype at low temperatures. As these results provide
evidence that ATP synthase is inhibited to a greater extent than the ETC in the cold, it
appears likely that ATP synthase is also restricted in T1110 at low temperatures.
However, as much as ATP synthase may have been affected by chilling in much the same
way, key differences were also observed between the two ecotypes. For example, using
the uncoupling agent FCCP, it was found that uncoupled respiration rates were
significantly higher in T1110 mitochondria at 25 °C in comparison to those obtained from
Col-0 plants. Furthermore, UCRs were significantly higher in the Swedish accession at
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both 4 °C and 25 °C. Taken together, these results suggest that ATP synthase is not only
inhibited at low temperatures, but maybe also limited at moderate temperatures in T1110.
Moreover, as the rate of uncoupled respiration was higher than ADP-stimulated
respiration rates in the Swedish ecotype, it appears that the restrictions placed on Complex
V activity in T1110 may be somewhat greater than those placed on Col-0; however, such
hypotheses will need to be tested by analysing ATP synthase activity in T1110 plants at
different temperatures.
As T1110 originates from Sweden where temperatures often drop below 0 °C in the
winter months, one would expect this accession to be more attuned to the physical
limitations imposed on ATP synthase activity in the cold. However, as respiratory
analyses indicated that ATP synthase function was more restricted in T1110 in
comparison to Col-0 at both 4 °C and 25 °C, such results would contradict the assumed
trend. Therefore, what advantage does possessing a more restricted ATP synthase
complex give plants inhabiting cold climates? As discussed in Chapter 4, one of the
immediate effects of ATP synthase inhibition is an increase in mitochondrial membrane
potential (DYm). Therefore, if Complex V was restricted to a greater extent in T1110
plants at both low and moderate temperatures, this would imply that DYm would also
remain at a higher level under both temperature regimes. To test this hypothesis, DYm
will need to be measured in T1110 mitochondria directly. However, alternative
respiration rates were also significantly higher in T1110 at 4 °C in comparison to 25 °C,
indicating that there may be a need to reduce a potentially heightened abundance of ROS
at moderate temperatures. It is an interesting notion that a hypothetically elevated
protonic potential in T1110 may cause an increase in mitochondrial ROS production,
because as much as the accumulation of ROS is toxic to the cell (due to increased damage
to lipids, proteins and nucleic acids), ROS can also function as signal transduction
molecules that convey important information back to the nucleus as part of retrograde
signalling. Therefore, if ATP synthase is restricted to a greater extent in T1110 plants, the
level of DYm may be elevated, leading to the enhanced ability to convey changes in
mitochondrial metabolism to the nucleus through ROS signalling. Although this
hypothesis needs to be tested by quantifying the abundance of ROS as well as analysing
DYm changes in T1110 mitochondria, such changes may describe a “priming” mechanism
that enables plants to react quickly and efficiently if temperatures suddenly drop. As cold
sensing mechanisms have remained elusive the in the field of chilling stress, the finding
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that mitochondria may be involved in sensing cold temperatures is a new and exciting
prospective for future research.

5.4.3 Summary and concluding remarks
In summary, the impact of altered ATP synthase activity and abundance on plant
respiration rates was investigated using two different approaches. Using Arabidopsis
knock-down lines subjected to increasing low temperature treatment, analysis of leaf
respiration rates indicated that plants containing reduced amounts of ATP5 and ATP3 are
still able to cold acclimate. However, when SRMs were used to quantify the abundance
of ATP synthase subunits present within such samples, it was found that the overall
abundance of ATP synthase remained unchanged during chilling. As the abundance of
gene transcripts associated with mitochondrial division have been previously shown to
increase following dexamethasone induction, it appears that increased leaf respiration
rates in the transgenic lines studied may be due to higher rates of mitochondrial division
coupled with an overall increase in the amount of ATP synthase. Therefore,
dexamethasone-inducible ATP synthase knock-down lines cannot be used effectively to
reduce the amount of Complex V present at low temperatures.
To gain mechanistic insight into the impact of altered ATP synthase activity on plant
respiratory function in the cold, detailed respiratory analyses of T1110 (a Swedish
accession of Arabidopsis thaliana that contains a non-synonymous SNP within the bsubunit of ATP synthase) were conducted at 4 °C and 25 °C. From the results obtained,
State 3 respiration rates, ADP/O ratios and UCRs provided strong evidence that ATP
synthase was similarly inhibited in T1110 plants in the cold. However interestingly, it
was also observed that UCRs were significantly higher in T1110 than in Col-0 plants.
These findings suggest that ATP synthase maybe inhibited to a greater extent in the
Swedish ecotype at both low and moderate temperatures. Alternatively, such results may
also indicate that AOX capacity is significantly increased in T1110, while ATP synthase
activity is lowered. Although further experiments need to be performed to elucidate the
patterns seen here, these results indicate that ATP synthase inhibition is a phenomenon
experienced by a number of Arabidopsis accessions that experience a broad range of
environmental conditions in nature.
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Chapter 6
General discussion
6.1 Introduction
Cold temperatures are one of the most critical environmental conditions that limits the
geographic distribution of plant species and accounts for significant reductions in the
yield of agriculturally important crops each year. Although the effects of chilling stress
are well characterised at an anatomical and physiological level, an understanding of the
biochemical processes underlying these changes, how they may be initiated, and which
components can be truly considered ‘cold receptors’ are currently lacking. In particular,
little is known about the extent to which plasticity occurring in organelles such as
mitochondria contributes to a plant’s ability to adapt or acclimate to the cold. Therefore,
to gain further insight into the process of respiratory acclimation to low temperatures,
detailed analyses of the effects of the chilling stress on mitochondrial lipids, proteins and
respiration rates in the model plant, Arabidopsis thaliana were conducted.
Using lipidomic techniques, cardiolipin species were found to change significantly in
abundance upon chilling and so may be particularly important in maintaining
mitochondrial membrane integrity at low temperatures (Chapter 3). In addition,
respiratory analyses conducted at 4 °C, 15 °C and 25 °C revealed that low temperatures
have a large inhibitory effect on mitochondrial respiration rates (Chapter 3). Although
almost all aspects of the mitochondrial electron transport chain (ETC) were affected by
cold stress to some extent (in, ADP/O ratios as well as UCRs indicated that ATP synthase
is inhibited to a greater extent than the ETC and thus may be acting as an energetic
bottleneck at low temperatures by controlling ATP provision to the cell. As this
phenomenon has not been previously described in the literature, the role of ATP synthase
in the process of respiratory acclimation to low temperatures became the focus of my
research (Chapter 4). By comparing ATP synthesis and hydrolysis rates at different
temperatures, it was found that ATP synthase activity is significantly reduced at low
temperatures, which in turn leads to higher DYm in the cold. Furthermore, analysis of Alt
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pathway proteins showed that increases in the abundance of AOX as well as potential
increases in UCP activity through increased FFA and ROS in the cold (Vojnikov et al.,
1983; O'Kane et al., 1996) may function to prevent over-reduction of the UQ pool,
decreasing heightened DYm and limit further ROS production at low temperatures.
In Chapter 5, the consequences of altered ATP synthase activity and abundance on plant
respiration were examined to determine if the respiratory bottleneck identified at low
temperatures could be potentially overcome by changes in ATP synthase abundance.
Using dexamethasone-inducible ATP synthase knock-down lines subjected to increasing
cold stress, analysis of leaf respiration rates indicated that plants with anti-sense
expression of ATP5 and ATP3 are still able to acclimate respiration to the cold. However,
when ATP synthase subunits were quantified using peptide mass spectrometry, it was
found that the overall abundance of ATP synthase proteins remained unchanged during
chilling. Therefore, it appears that the dexamethasone-inducible ATP synthase knockdown lines cannot be used to effectively reduce the amount of Complex V present at low
temperatures in the time-frames investigated. In parallel, Arabidopsis ecotypes were used
to determine the impact of altered ATP synthase activity on plant respiratory function.
Compared to Col-0, mitochondria isolated from T1110 (a Swedish accession known to
contain a non-synonymous SNP in the b-subunit of ATP synthase) had higher UCRs at
both 4 °C and 25 °C, indicating that ATP synthase maybe inhibited to a greater extent in
T1110 at both low and moderate temperatures. Although further work is needed to
elucidate the consequences of enhanced ATP synthase inhibition in T1110, such findings
show natural variation exists in an uncharacterised priming mechanism through which
plants are able to sense and respond to sudden drops in temperature. As a cold sensor has
yet to be identified in higher plants, the findings presented within this thesis raise the
question of cold sensing mechanisms in plants and the potential role of organelles in these
processes. Therefore, current knowledge of cold sensing mechanisms in both prokaryotic
and eukaryotic species will be discussed in detail in the following sections.

6.2 Cold sensing mechanisms
Membrane lipids have long been considered the primary site of chilling injury in plants
(Steponkus, 1984). During chilling stress, membrane lipids undergo a phase transition
from a liquid-crystalline state to a gel-like state, which reduces membrane fluidity. As the
physical interactions between proteins and lipids are greatly altered in the cold, it has
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been proposed that changes in membrane fluidity may be perceived by membrane
associated proteins, which then transmit these signals to the nucleus via signal
transduction pathways (Los and Murata, 2004). Although the perception and transduction
of low temperature signals has yet to be characterised in higher plants, studies using
prokaryotes such as Synechocystis (a cyanobacterium) and Escherichia coli have
provided strong evidence in support of this proposed mechanism. Like many cold tolerant
species, cyanobacteria modulate the composition of membrane lipids in response to low
temperatures by enhancing the expression of three fatty-acid desaturase genes: desA,
desB and desD, which in turn leads to increased membrane fluidity (Los et al., 1997).
Interestingly however, when the physical properties of membrane lipids are altered by
chemical or genetic modification, such changes have also been shown to lead to enhanced
expression of desaturase genes that are able to reverse membrane rigidification, thus
returning it to its natural fluid state (Vigh et al., 1993; Carratù et al., 1996; Horváth et al.,
1998). Additionally, the physical state of membrane lipids has also been shown to directly
regulate the activity of membrane proteins. For example, KdpD is a membrane bound
protein kinase that is involved in activating the kdpABC operon in E. coli under osmotic
stress (Sugiura et al., 1994). When KdpD mutants were grown in the presence of low
concentrations of ethanol or amphipathic compounds, it was shown that kdp expression
increased dramatically, even though osmolarity of the media was low. Therefore, it was
proposed that such compounds are able to mimic the presumed effects of osmolarity on
the KdpD sensor (Sugiura et al., 1994). Although it remains unknown how ethanol alters
membrane structure, in the case of amphipaths such as chlorpromazine and procaine, such
compounds are well known to intercalate into membrane bilayers and in so doing they
change the surface area of the membrane (Sheetz et al., 1976) Thus under osmotic stress,
KdpD may be able to sense changes in membrane tension directly, which in turn activates
a signalling network leading to the expression of the kdpABC operon (Sugiura et al.,
1994). Therefore, physical alterations of the plasma membrane can be detected by
membrane bound proteins, leading to altered gene expression. However, whether such a
protein sensor exists for chilling stress in plants remains to be elucidated.
A group of proteins that have received increasing attention as putative temperature
sensors are the histidine kinase family. Located on the plasma membrane or in the cytosol
of various prokaryotes (Appleby et al., 1996), yeast (Maeda et al., 1994) and plants
(Chang et al., 1993; Kakimoto, 1996), histidine kinases often form a two-component
signalling system that is able to detect chemical and physical stimuli.
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Moreover, as such stimuli may be generated both intracellularly or extracellularly, it
seems likely that temperature-induced changes in membrane fluidity may be perceived
directly or indirectly by membrane-bound histidine kinases (Suzuki et al., 2000). In a
study by Suzuki et al. (2000), in which almost all genes in the genome of Synechocystis
sp. PCC6803 (hereafter referred to as Synechocystis) were randomly mutagenised, the
histidine kinase Hik33, was highlighted as a potential cold sensor. Looking at the
structure of Hik33, the protein was shown to contain several conserved domains (namely
a putative leucine zipper motif and a Type-P linker) known to be involved in protein
dimerization. Thus it was proposed that cold stress may promote a conformational change
in Hik33, leading to dimerization of the protein and its subsequent activation (Suzuki et
al., 2000). This hypothesis was later supported by the findings that the expression of
Hik33-regulated genes are no longer induced at low temperatures in desA-/desB-/hik33mutants, indicating that Hik33 perceives a decrease in membrane fluidity as the primary
signal of cold stress (Inaba et al., 2003). However, Hik33 is not the only histidine kinase
that has been identified as a putative low temperature sensor; similar studies conducted
in Bacillus subtilis have also revealed a membrane bound protein kinase (DesK) that may
be involved in the perception of chilling stress. In contrast to the findings presented by
Suzuki et al. (2000) however, genetic studies in B. subtilis also identified a secondary
protein DesR that is directly responsible for the transcriptional activation of D5desaturase at low temperatures (Aguilar et al., 2001). Under normal growth conditions
(37 °C), DesK was found to act as a phosphatase inhibiting the activity of DesR; however
after a temperature downshift (25 °C), DesK is able to switch its function to that of a
protein kinase, in which DesR becomes phosphorylated and the transcription of D5desaturase is enhanced (Aguilar et al., 2001). Therefore, DesK is a bifunctional enzyme
possessing both protein kinase and phosphatase activities. It is interesting to note that
transcriptional activity of the D5-desaturase promoter is inhibited by either endogenously
synthesized or exogenously added unsaturated fatty acids (UFAs) (Aguilar et al., 2001).
Therefore, it seems likely that the perception of cold stress not only involves a twocomponent signal transduction system, but may encompass a regulatory loop involving
UFAs as negative regulators of gene expression at low temperatures.
Despite significant progress in the identification of putative cold sensing mechanisms in
prokaryotes, the discovery of similar systems in higher plants remain elusive. In 1993,
the first bacterial-like histidine kinase was identified in Arabidopsis (Chang et al., 1993),
giving rise to the idea that many of the genes involved in two-component systems in
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plants may have originated from those of cyanobacteria during endosymbiosis (Urao et
al., 2000). Analysing the sequence similarity between proteins, histidine kinases have
since been identified in a range of plant species including maize (Yonekura-Sakakibara
et al., 2004), rice (Pareek et al., 2006), poplar (Singh and Kumar, 2012) and Lotus
japonicus (Ishida et al., 2009) and are generally implicated in the perception of plant
growth regulators such as ethylene and cytokinins (Nongpiur et al., 2012). More recently
however, an increasing number of studies have indicated that two-component signal
transduction systems in plants may also be involved in perceiving environmental stress
(Urao et al., 1999; Nongpiur et al., 2012; Wang et al., 2012). For example, it was reported
by Urao et al. (1999) that the Arabidopsis histidine kinase ATHK1 is able to function as
a putative osmosensor in yeast. Containing two hydrophobic transmembrane regions
adjacent to a putative extracellular domain in the N-terminal region, ATHK1 was found
to be functionally similar to the yeast osmoregulator SLN1. This was demonstrated most
convincingly by analysing both the sensing (input) and catalytic (output) activities of
ATHK1 using osmosensing deficient yeast. From the findings presented, ATHK1 was
found to complement SLN1 deficient lines; however, when either of the putative
phosphorylation sites (conserved histidine or aspartate residues) were mutated, such
complementation was lost. This result provides strong evidence that signalling proceeds
through a histidine to aspartate phosphorelay, which is characteristic of two-component
signalling systems in bacteria (Urao et al., 1999). Furthermore, as ATHK1 null mutants
in Arabidopsis show increased sensitivity to osmotic stress and that 35S:ATHK1
overexpressing lines show enhanced tolerance to various types of water stress in
comparison to wild-type plants, these results confirm that ATHK1 acts as an osmosensor
in planta (Tran et al., 2007). As the physical symptoms of osmotic stress are similar to
those experienced at low temperatures, it remains possible that chilling may be perceived
by a two-component histidine kinase system. However, as the stimuli imposed by low
temperature stress are highly complex, an alternative hypothesis is that multiple primary
sensors may be involved in sensing the cold (Xiong et al., 2002).
Due to the multiplicity of information embedded in abiotic stress signals, it has been
suggested that the perception of stresses such as low temperature, drought and salinity
may involve multiple primary sensors (Xiong et al., 2002). In the case of chilling stress,
low temperatures immediately result in mechanical constraints, changes in the activity of
macromolecules and reduced osmotic potential; therefore, as each attribute provides the
cell with different information, it is likely that these data are captured by a number of
primary sensors that in turn, regulate different aspects of the cold signalling cascade.
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Although cold sensing proteins have yet to be identified in higher plants, a number of
protein families have gained increasing interest. For example, the transient influx of
calcium (Ca2+) into the cytoplasm after a decrease in temperature (Plieth et al., 1999) has
suggested that the channels responsible for this influx may represent one type of cold
sensor (Xiong et al., 2002). Similarly, as mitogen activated protein kinase (MAPK)
pathways are involved in the accumulation of antioxidants and compatible osmolytes at
low temperatures (Hasegawa et al., 2000), it has been proposed that receptors involved in
MAPK pathway activation (such as tyrosine kinases, G-protein coupled receptors and
histidine kinases) may also be associated with the perception of cold stress (Xiong et al.,
2002). Despite their unique cellular roles, the way in which the described protein families
may sense a decrease in temperature remains the same: chilling causes structural changes
in the plasma membrane, which leads to a conformational change in membrane-bound
sensors, which in turn leads to their activation and downstream signalling. However, in
contrast to other abiotic stresses, such as salinity and nutrient stresses that are primarily
sensed by the plasma membrane, the physical constraints of chilling stress would be
equally experienced throughout the cell. Therefore, the possibility remains that a low
temperature sensor may exist in subcellular locations other than the plasma membrane.

6.3 Mitochondria as low temperature sensors
The idea that a potential sensor may exist in membranes of subcellular compartments
rather than only in the plasma membrane provides extra focal points for discovering cold
sensing mechanisms in higher plants. Of the possible locations for a temperature sensor,
chloroplasts and mitochondria pose as ideal candidates. This is consistent with findings
that the unique biochemistry of such organelles are particularly sensitive to low
temperatures (Chabot and Billings, 1972; Körner and Larcher, 1988; Lambers et al.,
1998) and that both are involved in the generation of ROS, which can function as
signalling molecules (Buchanan and Balmer, 2005; Møller et al., 2007; Mueller and
Berger, 2009; Møller and Sweetlove, 2010). Over the past two decades, significant
knowledge has been gained on the impact of chilling stress on chloroplasts. However, as
photosynthesis has been the primary focus of that research, knowledge of respiration
changes in the cold and the impact of chilling on mitochondria is comparatively lacking.
To gain insight into the effects of low temperature stress on mitochondrial respiration,
detailed analyses of mitochondrial membrane functions in the cold were conducted. From
the results obtained, ATP synthase activity was found to act as a respiratory bottleneck at
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low temperatures, which in turn suggested that Complex V may initiate the process of
respiratory acclimation in the cold. However, is it also possible that ATP synthase may
itself act as a cold sensor?
For a protein to be considered as a cold sensor, three essential criteria must be met: (1)
the protein’s activity must be directly affected by chilling stress, (2) the protein must be
able to relay the primary stimulus to signal transduction components or initiate secondary
messengers and (3) modulation of protein function must be specific to low temperature
stress. Although the experiments conducted within this project did not seek to prove
whether ATP synthase may be acting a cold sensor specifically, some of the results
presented do indeed support this hypothesis. For example, it was consistently observed
that ATP synthase activity was inhibited to a greater extent than the ETC at low
temperatures and that such inhibition occurred irrespective of experimental factors such
as plant growth conditions and plant age; this suggests that Complex V is affected by
chilling stress directly. Furthermore, as mitochondrial membrane potential levels were
significantly increased in the cold this result indicates that Complex V inhibition may
promote the generation of ROS at low temperatures. In combination, it appears that ATP
synthase may be able to both sense and respond to the cold through complex inhibition
and the production of secondary messengers, respectively.
Although it is clear that chilling stress has a strong inhibitory effect on ATP synthase
function (Discussion sections 3.4.2 and 4.4.1), what remains less certain is whether
Complex V can initiate a cold signal that can produce changes in gene expression. As
ATP synthase possesses neither protein kinase nor phosphatase activities, one does not
naturally think of this complex as a “signalling enzyme.” However, as recent research has
uncovered that Ca2+ channels may be involved in cold sensing, it is possible that the
initiation of a cold signal may stem from changing ion (proton) concentrations, rather
than phosphorylation events. In a study conducted by Ma et al. (2015), COLD1, a
putative Ca2+ channel in the Nipponbare subspecies of rice, was described as a low
temperature sensor. Localised to the plasma membrane and endoplasmic reticulum,
COLD1 was found to influence the resting level of Ca2+ in the cytoplasm as well as the
amplitude of the Ca2+ spike in response to cold shock. From these findings, it was
proposed that changes in COLD1 protein structure may initiate signalling at low
temperatures, leading to an influx of Ca2+ into the cytoplasm, which would then trigger
downstream responses to chilling stress (Ma et al., 2015). Therefore, by modulating the
level of mitochondrial membrane potential and the subsequent generation of ROS, it
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remains plausible that direct changes in ATP synthase function may also be able to
instigate downstream cold responses.
It has long been recognised that a close link exists between the cold stress response and
ROS-signalling (Suzuki and Mittler, 2006). At low temperatures, hydrogen peroxide has
been shown to accumulate within Arabidopsis cells (O'Kane et al., 1996), the activity and
abundance of ROS-scavenging enzymes is enhanced (O'Kane et al., 1996; Fryer et al.,
1998; Zhang et al., 2008) and cold responsive genes are activated (Prasad et al., 1994a).
However, as ROS may be produced in a number of cellular compartments including
chloroplasts and peroxisomes, how can a mitochondrial ROS signal provide specificity
to a cold signalling? ROS are likely to be produced by all three compartments during low
temperature stress, but evidence from the literature supports the tentative link between
mitochondrial metabolism and changes in nuclear gene expression in the cold. In the
study by Lee et al. (2002), in which the Arabidopsis frostbite1 (fro1) mutant was
characterised, it was shown that expression of stress responsive genes such as RD29A,
KIN1, COR15A and COR47 was reduced during chilling stress. In addition, fro1 leaves
displayed reduced capacity for cold acclimation, appeared water soaked, leaked
electrolytes and accumulated ROS constitutively. As FRO1 was found to encode the 18
kD Fe-S subunit of Complex I of the mitochondrial ETC, it was proposed that nuclear
gene expression may be modulated by mitochondrial dysfunction at low temperatures
(Lee et al., 2002). Furthermore it was also demonstrated by Prasad et al. (1994a) that
maize seedlings subjected to seven days of low temperature stress accumulated H2O2 and
induced antioxidant genes localised to mitochondria (catalase 3 and guaiacol peroxidase).
Taken together, these findings provide direct evidence that alterations in mitochondrial
metabolism can indeed result in heightened ROS production in the cold, which may in
turn be able to influence the expression of stress responsive genes (Prasad et al., 1994a;
Lee et al., 2002).
With the premise that mitochondria may be involved in ROS signalling in the cold,
research over the past decade has focused on finding the protein components responsible
for both ROS perception and signal transduction. Instinctively, many in the field have
turned to AOX due to its involvement in both mitochondrial ROS metabolism and
signalling. In the mid-1990s to early 2000s, it was discovered that using respiratory
inhibitors such as antimycin A (AA; inhibits Complex III) and monofluoroacetate (MFA;
inhibits the TCA cycle), AOX expression increases dramatically (Vanlerberghe and
McIntosh, 1992; Vanlerberghe and McIntosh, 1996; Saisho et al., 1997; Djajanegara et
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al., 2002; Karpova et al., 2002; Clifton et al., 2005; Dojcinovic et al., 2005; Zarkovic et
al., 2005). Furthermore, using transgenic tobacco lines with contrasting expression
profiles of AOX, it was shown that changes in the amount of AOX protein could directly
affect the amount of ROS produced in mitochondria (Maxwell et al., 1999). It is
interesting to note that within these systems, ROS production was exacerbated by the use
of AA, indicating the importance of ROS generation in AA-mediated signal transduction
mechanisms (Maxwell et al., 1999). In both Arabidopsis and tobacco plants that lack
AOX expression, it has been shown that the expression of ROS-scavenging genes is
heightened throughout the cell (Amirsadeghi et al., 2006; Giraud et al., 2008). Thus, in
addition to the substantial body of evidence that suggests AOX has an important influence
on ROS generation (Vanlerberghe, 2013), these studies highlight the dual function of
AOX, making it an interesting candidate for ROS perception and signalling during
chilling stress.
AOX is not, however, the only component of Alt pathway that may be involved in ROS
perception at low temperatures. In addition to AOX, plant mitochondria possess
uncoupling proteins (UCPs) that function to reduce the extent to which mitochondrial
electron transport is coupled to the production of ATP (Armstrong et al., 2008). In the
presence of fatty acids, UCPs facilitate a controlled leak of protons across the inner
mitochondrial membrane, dissipating the electrochemical proton gradient (Vercesi et al.,
2006). As uncouplers are able to by-pass the activity of ATP synthase during periods of
adenylate restriction, it has been proposed by a number of authors that UCPs may play a
role in preventing oxidative stress during chilling (Echtay et al., 2002; Armstrong et al.,
2008). UCP transcripts in both Arabidopsis and potato plants have been shown to be
strongly induced following exposure to low temperatures (Laloi et al., 1997; Maia et al.,
1998), UCPs are activated by superoxide (Echtay et al., 2002; Considine et al., 2003;
Norman et al., 2004) and are also able to simultaneously reduce the generation of
mitochondrial ROS (Kowaltowski et al., 1998; Barreto et al., 2014). Furthermore, it was
recently shown by Barreto et al. (2014) that overexpression of UCP1 in tobacco led to
increased transcription and translation of mitochondrial proteins encoded by both nuclear
and mitochondrial genomes, indicating that UCP may be involved in mitochondrial
retrograde signalling. UCP1 overexpressing lines also displayed upregulation of the
antioxidant defence system which may be responsible for the enhanced performance of
mutants under a range of abiotic stresses including chilling (Barreto et al., 2014).
Therefore, by combining the evidence from these reports, UCPs may function to protect
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mitochondria against oxidative stress during periods of low temperature stress and in
doing so, may also be involved in ROS perception and signal transduction.
Findings presented within this thesis thus suggest that ATP synthase may initiate the
process of respiratory acclimation to the cold by acting as a low temperature sensor. As
ATP synthase inhibition is associated with increased mitochondrial membrane potential
in the cold, it is likely that such conditions lead to greater ROS production and the
activation of cold signalling pathways, inducing AOX and UCP that then lower ROS and
restore or elevate ETC rate, albeit at a lower ATP synthesis efficiency (Figure 6.1).
Although further research is required to establish the link between mitochondrial ROS
signalling in the activation of cold responsive genes, work using the FRO1 mutant
provides strong evidence that such a link can exist. Coupled with the findings that Alt
pathway proteins such as AOX and UCPs may have a role to play in the perception of
ROS, it appears we may be closing in on a cold signalling pathway.

6.4 Are ATPases in other cellular compartments also affected by
the cold?
With the premise that the mitochondrial ATP synthase may act as a low temperature
sensor due to its physico-chemical properties of rotation, one of the many exciting
prospects of this finding is that ATP synthases located in other subcellular compartments
may also possess a similar function. Although further evidence is still required to confirm
a general role of ATP synthases in the perception of cold stress, subtle hints in the
literature do indeed suggest that ATP synthases are commonly inhibited at low
temperatures and that such rotation restriction may lead to downstream signalling events.
For example in a study by Janicka-Russak et al. (2012), which looked at the effects of
chilling stress on the activity of plasma membrane H+-ATPases in cucumber plants, it
was found that low temperatures had a strong inhibitory effect on complex activity after
three days. However, when plants were exposed to low temperatures for longer time
periods, H+-ATPase activity increased significantly. As plasma membrane H+-ATPase
activity is known to be dependent on a plasma membrane NAD(P)H oxidoreductase
(Kłobus and Buczek, 1995), activity of this protein was also analysed.
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Although plasma membrane NAD(P)H oxidoreductases does not contribute to proton
transport across the plasma membrane directly, a number of studies have shown that
oxidoreductase activity may lead to acidification of the cytoplasm, which in turn can lead
to the activation of proton pumps (Hager and Moser, 1985; Rubinstein and Stern, 1986;
Kłobus, 1995) Therefore, as oxidoreductase activity was increased in the cold, it is likely
that such increases may have caused the heightened ATPase activity observed (JanickaRussak et al., 2012). However, it is also interesting to note that greater plasma membrane
NAD(P)H oxidoreductase activity was also associated with increased ROS production,
which in turn, led to the induction of H+-ATPase genes in the cold. As a similar
mechanism for the regulation of the plasma membrane H+-ATPase has also been found
in Arabidopsis (Muzi et al., 2016), these results provide strong evidence that ATP
synthase activity is strongly inhibited at low temperatures, but that this inhibition may be
overcome via cold signalling events which may involve greater ROS production in the
cold.
In addition, activity of the chloroplastic CFo-CF1 ATP synthase has also been shown to
decrease in the cold. During low temperature stress, studies from spinach and barley have
indicated that sucrose synthesis becomes greatly inhibited, which leads to decreased Pi
cycling between the cytosol and chloroplasts (Leegood and Furbank, 1986; Sharkey et
al., 1986; Stitt and Grosse, 1988; Hurry et al., 2000). As chloroplasts become increasingly
Pi-limited in the cold, activity of the CFo-CF1 ATP synthase has been shown to decrease,
which in turn reduces electron transport rates and carbon assimilation (Hurry et al., 2000).
Although the chemical constraints of low temperature stress on ATP synthase function
are well defined, it is currently unknown whether ATP synthase is also physically affected
by chilling and if such inhibition may promote the production of ROS in the cold. Despite
a general lack of knowledge in these areas, it was recently reported by Takagi et al. (2017)
that modulation of the H+ efflux activity of the chloroplastic ATP synthase may be key
to improving the robustness of plants to environmental stresses by minimising ROS
production. Using the Arabidopsis hope2 mutant, which carries a missense mutation in
the g-subunit of the chloroplastic ATP synthase, it was found that the movement of
protons across thylakoid membranes was significantly increased. As such movement was
associated with the dissipation of proton gradients (DpH) formed during photosynthesis
as well as a greater reduction of PSI, it was suggested that the chloroplastic ATP synthase
adjusts the redox state of the photosynthetic electron transport chain, by modulating H+
efflux activity across thylakoid membranes (Takagi et al., 2017).
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Figure 6.1: A new model of respiratory acclimation to low temperatures. During chilling, Complex V becomes limiting leading to
increased mitochondrial membrane potential and heightened production of reactive oxygen species (ROS). ROS then activate
components of the alternative (Alt) pathway including alternative oxidase (AOX) and non-phosphorylating bypasses (U; uncoupling
proteins, eN; external Type II NAD(P) dehydrogenases, iN; internal Type II NAD(P) dehydrogenases). Further abbreviations include
C; cytochrome c, UQ; ubiquinone pool, NAD+; nicotinamide adenine dinucleotide (oxidised), NADH; nicotinamide adenine
dinucleotide (reduced), ADP; adenosine diphosphate, ATP; adenosine triphosphate, Pi; inorganic phosphate, Q; quinone, QH2 ;
dihydroquinone, H2O; water, O2; oxygen. Image modified from Plants in Action,http://plantsinaction.science.uq.edu.au, published by
the Australian Society of Plant Scientists.
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Therefore, even under adverse environmental conditions, ROS production may be
carefully managed such that photosynthetic capacity is optimised. Although the study by
Takagi et al. (2017) was conducted at ambient temperatures, such findings highlight the
interconnectedness between ATP synthase and ROS production. Therefore, if ATP
synthase activity can be altered, perhaps key processes such as ATP synthesis and active
transport can be made more resilient to temperature change and thus more tolerant crop
varieties generated.

6.5 Conclusions and future directions
The finding that the mitochondrial ATP synthase acts as a respiratory bottleneck at low
temperatures, likely due to its unusual physico-chemical operation, is an exciting new
discovery in the field of temperature stress responses. In addition to proposing a new
respiratory acclimation model, this finding has the potential to change our understanding
of cold stress signalling. Although further work is required to confirm the hypothesis that
ATP synthase functions as a cold sensor, my findings show a direct means of temperature
perception by plant mitochondria and provide a new explanation for the activation of nonphosphorylating ETC bypass mechanisms to maintain or even increase respiratory rates
and lower ATP synthesis efficiency in the cold. To provide further evidence that ATP
synthase initiates respiratory acclimation to the cold, the following experiments would
need to be undertaken:
•

The link between ATP synthase inhibition and mitochondrial ROS signalling at
low temperatures needs to be confirmed by measuring ROS production in isolated
mitochondria at different temperatures.

•

In-depth analyses of other ATP synthase mutants (LETM and RNAi mutants)
exposed to low temperature stress is required; including measuring leaf
respiration rates, ROS production and changes in the expression of cold
responsive genes.

•

A large-scale screen of Arabidopsis ecotypes is needed to identify SNPs that may
confer tolerance to chilling stress.

•

The activity of the chloroplastic ATP synthase at different temperatures needs to
be analysed to determine if ATP synthase inhibition at low temperatures is
conserved across subcellular compartments.
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Appendix

Figure VI: Differences in the abundance of ATP synthase subunits between 1 and 2 days of low
temperature treatment. None of the knock-down lines showed a significant decrease in the abundance
of ATP synthase subunits between the two-time points studied (student’s t-test, p ≤ 0.05). Only antiATP5-18 showed significant increases in the abundance of the Fad, d and OSCP subunits of ATP
synthase between 1 and 2 days of cold (a). Values represent the mean of 3 biological replicates (±
SEM).
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Figure II: Differences in the abundance of ATP synthase subunits between 1 and 3 days of low
temperature treatment. None of the knock-down lines showed a significant decrease in the abundance
of ATP synthase subunits between the two-time points studied (student’s t-test, p ≤ 0.05). Only antiATP5-13 showed a significant increase in the abundance of subunit d of ATP synthase between 1 and
3 days of cold (a). Values represent the mean of 3 biological replicates (± SEM).
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Table I: Mitochondrial lipids that change significantly in abundance between WG and
CA shoots. Molecular features are ordered from biggest to smallest fold change (FC).
Feature
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
240

m/z
1445.021647
1428.998433
1397.948669
575.2886581
1461.917521
1426.983928
1421.022404
1412.959557
1002.599649
1424.964247
1511.028558
1446.025838
1425.980324
1459.902686
1399.965294
1410.944102
1471.036176
1532.9611
1463.9334
1435.928574
833.4633496
1416.991048
1515.984192
1531.957403
1443.006663
1414.975358
1524.959859
1417.995113
1447.128571
1518.93811
1553.899109
1171.609992
1549.931742
1131.618841
1512.981666
1441.994189
1546.02926
1547.028571
1440.990715
1134.583546
1423.963814

Putative Identification
CL(16:0/16:0/18:1/20:4) +NH4
CL(16:0/16:0/18:1/20:4) +H+
CL(16:0/16:0/16:0/18:1) +H+

+

CL(16:0/16:0/16:0/20:0) +NH4+

CL(16:0/18:0/20:2/20:0) +NH4+

CL(16:0/16:0/18:2/20:4)+NH4+

FC

p value

304.23
118.48
103.42
91.59
86.31
81.83
78.17
64.40
63.69
55.35
51.05
49.26
47.14
45.72
37.68
36.70
34.81
31.96
30.55
28.57
23.38
18.95
18.66
16.95
16.06
15.58
12.79
12.55
11.17
11.14
10.98
10.03
8.51
7.60
7.40
7.36
7.31
7.30
6.87
6.81
6.78

4.61E-10
4.02E-09
1.29E-05
3.66E-06
2.36E-09
3.85E-05
1.06E-08
3.63E-09
6.77E-03
3.13E-09
6.58E-05
9.56E-09
3.98E-04
1.02E-05
9.47E-04
2.44E-06
3.04E-05
3.70E-04
3.43E-07
2.06E-07
4.99E-04
7.63E-07
3.33E-04
3.01E-03
7.11E-06
1.91E-03
7.18E-05
1.76E-06
3.82E-03
1.57E-04
4.73E-06
2.15E-02
9.23E-04
3.71E-03
4.52E-03
8.81E-07
6.72E-03
4.20E-03
1.98E-06
4.38E-03
2.02E-06

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

802.4843933
747.6086814
1572.045154
975.5660324
1528.988775
982.6363498
1596.027028
1484.06694
791.5450134
1528.007596
941.5332703
585.452356
846.5530436
765.5346375
764.5317037
567.4414022
1438.974959
581.4202799
801.4745524
963.5845008
1502.967691
1076.306091
481.1883474
1147.596837
1421.948242
848.9362752
307.2279246
970.6131154
817.4513163
818.4670146
335.2583466
1224.344372
583.4308553
1420.935962
1521.418655
769.4880005
770.4909688
1372.380341
745.4890544
1419.932931
1154.675106
1595.024578
962.5810364
1490.063033
975.5468119

MGDG(35.2)
PS(18:0/16:0)

FA(20:3)

DG(16:0/17:0)

MGDG(35.2)
PS(15:0/20:4)

CL(70:9)

6.29
5.80
5.74
5.57
5.40
5.23
4.95
4.86
4.79
4.74
4.59
4.57
4.36
4.29
4.24
4.22
4.15
4.10
4.07
4.06
4.02
4.00
3.99
3.97
3.96
3.95
3.92
3.88
3.83
3.83
3.81
3.79
3.78
3.78
3.76
3.66
3.65
3.64
3.53
3.51
3.37
3.37
3.35
3.35
3.26

5.34E-03
2.53E-02
5.75E-03
3.12E-02
7.28E-03
2.97E-02
7.92E-03
6.57E-03
8.16E-06
1.54E-02
1.27E-03
1.26E-05
8.51E-03
1.32E-05
9.17E-06
1.06E-05
2.35E-04
4.94E-04
6.40E-06
3.68E-02
3.95E-05
2.28E-02
2.05E-02
2.99E-02
1.62E-04
9.40E-04
5.18E-06
1.46E-02
7.12E-05
4.41E-04
3.66E-05
1.97E-02
9.19E-05
7.57E-04
2.94E-02
1.26E-05
1.23E-05
2.67E-02
3.48E-04
1.40E-04
4.63E-02
1.67E-02
4.12E-04
1.99E-03
1.82E-04
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87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
242

959.5713399
1529.98501
785.461794
957.5633698
831.4593669
1018.596061
1069.681575
790.5063416
1337.626054
1201.651255
853.4442932
1189.642267
827.4469096
1181.555545
954.6160767
993.5114644
991.4768219
899.5389201
1133.590434
1481.052299
1001.354808
797.5243245
980.6121114
1338.629805
1594.691723
1508.008407
1473.97699
742.6135986
886.5658285
730.5396281
986.6073995
939.55
729.5145304
1004.62917
850.2517476
780.6601725
1068.677944
1187.671724
847.0559753
613.4832682
773.5191976
851.5604492
1021.541941
947.5142069
891.5317891

TG(20:1/22:1/22:3)

3.16
3.13
3.10
3.09
3.03
3.02
2.99
2.98
2.93
2.87
2.87
2.86
2.83
2.80
2.80
2.79
2.77
2.75
2.75
2.74
2.65
2.59
2.59
2.59
2.59
2.46
2.43
2.36
2.35
2.35
2.32
2.28
2.27
2.26
2.24
2.20
2.18
2.18
2.16
2.16
2.12
2.11
2.11
2.11
2.09

2.85E-04
2.08E-02
7.62E-06
4.73E-02
2.10E-04
1.90E-03
7.25E-03
2.29E-02
3.09E-02
3.95E-02
6.68E-06
3.82E-02
3.77E-04
4.64E-02
1.80E-04
2.30E-02
3.94E-02
6.06E-03
4.68E-02
9.76E-03
8.70E-04
2.02E-04
1.66E-04
4.66E-02
3.95E-02
8.19E-03
4.98E-02
1.29E-02
5.20E-04
9.61E-03
4.12E-04
2.18E-02
1.57E-02
4.02E-02
3.11E-02
2.09E-02
1.66E-02
6.44E-03
2.67E-05
4.83E-04
7.76E-03
2.95E-02
1.06E-05
1.37E-03
2.46E-02

132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

792.5629862
958.5754659
600.4177124
937.5870443
998.2889689
1471.976644
752.5233419
1518.4868
1221.345805
859.6004069
590.4256571
705.6173096
1579.055703
734.5700114
840.7611654
863.7073893
866.7245178
848.5811991
887.6535482
397.383254
883.545695
441.7980379
861.6605611
877.6330831
710.4751478
858.5209852
1430.943181
411.6169139
441.1951965
1189.738922
424.7948401
388.2906809
334.3155365
888.6570841
642.8515096
397.3828069
875.6186096
410.4467824
447.2735397
643.4344286
1296.885331
1348.825301
668.6332615
660.5753296
1191.674848

2.08
2.08
2.06
2.05
2.03
2.02
2.01
2.00
2.00
0.50
0.50
0.48
0.48
0.46
0.44
0.43
0.43
0.42
0.41
0.41
0.39
0.37
0.33
0.33
0.33
0.31
0.31
0.31
0.30
0.29
0.28
0.26
0.26
0.25
0.25
0.25
0.25
0.20
0.18
0.15
0.15
0.11
0.11
0.11
0.08

4.39E-04
1.81E-02
1.95E-02
7.45E-03
2.05E-02
3.07E-03
4.49E-03
4.37E-02
2.93E-02
5.81E-03
5.94E-03
1.46E-02
2.55E-02
3.18E-04
3.89E-02
2.90E-03
3.18E-03
2.78E-02
5.95E-04
1.75E-02
2.35E-02
3.34E-02
1.78E-02
8.47E-03
4.17E-02
3.89E-02
4.02E-02
4.26E-03
2.71E-02
2.04E-02
1.18E-02
3.08E-02
4.67E-02
7.75E-03
9.02E-03
2.59E-02
9.27E-04
1.30E-02
8.62E-03
1.92E-02
4.78E-03
2.34E-02
6.61E-03
3.44E-04
1.31E-04
243

177
178
179
180
181
182

244

708.6870251
853.7621908
508.3771126
784.541921
584.5133221
860.7352829

0.04
0.03
0.02
0.02
0.02
0.02

1.03E-02
4.34E-02
3.54E-04
4.36E-02
4.90E-02
6.64E-03

