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Abstract

Soil salinity is one of the largest problems that causes agriculture loss around the world
and affects food availability for the growing world population. Previous studies
indicated that the salinity tolerance in crops can be improved by sodium exclusion and
the production of osmoprotectants and antioxidants. All these processes require
reallocation of energy and carbon sources which normally would be used for plant
growth. Mitochondrial respiration is the main process for energy production in
eukaryotic cells. However, respiration level changes differentially in various plant
species under salinity stress, reflecting distinct responses of respiration metabolism in
various plants to salinity stress.

The tricarboxylic acid (TCA) cycle is an important component of mitochondrial
respiration that provides reducing equivalents to the electron transport chain to produce
ATP. It also acts as the centre of carbon metabolism as it utilises carbon sources fixed in
photosynthesis and provides carbon skeleton for nitrogen assimilation and amino acid
synthesis. The TCA cycle is highly flexible as it may still be functioning even if the
upstream part of the cycle is impaired. This is possible through the activation of its
alternative pathways. The responses of TCA cycle components to salt stress in crop
plants, especially wheat, have been studied before but the cause of these changes and
the influences of these changes to the TCA cycle activity and respiration are still not
fully understood nor are the mechanisms known. It is also not clear whether these
changes are the effect of salinity stress or tolerance mechanisms.

The research of this thesis was aimed to answer those questions by analysing the
changes in the abundance on metabolites and proteins that related to the TCA cycle
activity and determine how these changes influence the changes in respiration and
wheat performance under salt stress. Gas chromatography mass spectrometry was used
to measure the abundance of metabolites including sugar, organic acids and amino
acids, while multiplexed selected reaction monitoring was used to measure the
abundance of targeted proteins that are involved in central carbon metabolism and also
proteins that are involved in substrate transport across the mitochondrial membrane.

Experiments were carried out to look at these changes at the whole leaf tissue level at
different time points in wheat plants of the variety called Wyalkatchem. This showed
X

that the rate of photosynthesis was lower while the respiration rate was higher in salttreated plants compared to controls. Most of the amino acids and sugars measured were
increased in abundance while most of the organic acids measured were decreased in
abundance under saline conditions. At the protein level, there were increases in the
abundance of proteins involved in glycolysis. However, the targeted TCA cycle proteins
was not detected, probably due to the extremely low abundance of these proteins in
whole leaf tissue protein extracts.

A more focused analysis of the third leaf of wheat from the variety called Westonia
after 8 days of salt treatment was then completed. Targeted mitochondrial proteins were
measured using isolated mitochondrial samples to increase the coverage of
mitochondrial proteins. Physiology and metabolites data showed changes similar to
those observed in Wyalkatchem, while many more mitochondrial proteins were
identified and their abundances were quantitatively measured in more detail. The
analysis showed that the abundance of pyruvate dehydrogenase complex (PDC) and 2oxoglutarate dehydrogenase complex (OGDC) components were decreased in wheat
leaves under salt stress. The abundance of mitochondrial pyruvate carriers also
decreased, potentially affecting the pyruvate uptake rate by the mitochondria under salt
stress. Further studies showed that PDC and OGDC were directly inhibited by salt.
Interestingly, proteins involved in GABA shunt were found to increase in abundance
during salt stress.

GABA shunt induction in wheat under salinity stress was further studied showing invivo activity of glutamate decarboxylase was increased while there were no significant
changes in protein and transcript abundance after salinity treatment, indicating that this
activity was regulated at the protein level during salt stress. The respiration rate of salt
treated wheat was more inhibited when GABA shunt activity was inhibited, suggesting
that wheat respiration is more dependent on GABA shunt activity under salt stress than
control conditions.
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Salinity Induced Changes in Mitochondrial Metabolism: The
Responses of the TCA Cycle and Mitochondrial Membrane Carriers
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Abstract
Salinity exerts a severe detrimental effect on the yield of agriculture globally. Growth of
plants in saline soils result in physiological stress, which disrupts the essential
biochemical processes of respiration, photosynthesis and transpiration. Understanding
the molecular responses of plants exposed to salinity stress could inform future
strategies to reduce agricultural losses due to salinity. Previous research has revealed the
crucial role that plant mitochondria play in the salinity response of plants. It has been
shown that two biochemical processes required for respiratory function are affected
under salinity stress: the TCA cycle and the transport of metabolites across the inner
mitochondrial membrane. However, the mechanisms by which the components of these
processes are affected or react to salinity stress are still far from understood. In this
review we will examine recent findings on the signal transduction pathways that lead to
the adaptive responses of plants that involve energy metabolism with the attention on
the role of TCA cycle components and mitochondria membrane transporters.

Keywords: mitochondria, salinity stress, signalling, TCA cycle, mitochondrial
membrane transport.

3

Introduction
Soil salinity is a major abiotic stress that can affect plant growth and development. Rock
weathering, salt deposited from saline wind and rain near the coast and soil evaporation
are all natural processes which causes the salt concentration in soil to increase
(Hasegawa 2013). Saline landscapes occur naturally and many halophytes (salt tolerant
plants) survive and complete their life cycle in these environments. Human activity
including intense irrigation and land clearing can also cause soil salinity, as these
activities lead to changes in the soil water table which can contain high salt
concentrations (Mahajan & Tuteja 2005). These agricultural practices result in a rising
water table which liberates soil solutes bringing them to the surface, creating salinised
areas in previously productive land. This severely limits crop production in these areas
as typically elite high yielding crop varieties cannot tolerate these high salt
concentrations.

Although salinisation of soils has, and is increasingly limiting crop production in many
areas of the world (Sha Valli Khan et al. 2014), reliable measures of salt affected land
are very difficult to obtain because salinity varies both spatially and temporally.
Nevertheless, a number of studies have attempted to estimate the extent of soil salinity.
According to a Food and Agriculture Organisation of the United Nations (FAO) it is
estimated that approximately 20% of all global irrigated land has become salt affected
and this percentage is expected to continue to increase over time (FAO 2009; Parihar et
al. 2014). It was further estimated that this salinisation of irrigated soil resulted in an
approximate annual loss in global income of US$12 billion (Ghassemi et al. 1995;
Gupta & Huang 2014; Tang et al. 2014). This is a major threat to food security as it is
estimated that an increase of ~50% in crop production is needed to nourish the growing
world population by 2050 (Rengasamy 2006).

Generally, salinity stress in plants can be characterised by a slowing of shoot and root
growth, reduced photosynthesis and the reallocation of respiration from growth to
maintenance (Moud & Maghsoudi 2008; Tammam et al. 2008; Jacoby et al. 2010; Hsiao
2012; Yang et al. 2013). These decreases in growth and photosynthesis are thought to be
caused by a reduction of stomatal conductance which decreases CO 2 availability (Flexas
et al. 2007) or by alterations of photosynthetic metabolism (Lawlor & Cornic 2002).
The respiratory responses to salinity are complex, since there are many inconsistencies
in observations between various plant species regarding the rates of respiration in salt
4

tolerant and salt sensitive plants (Jacoby et al. 2011). These variable observations are
believed to be due to the differing strategies plants may adopt to modulate carbon
balance and energy allocation for tissue and osmotic tolerance when it is exposed to salt.
Plant salinity tolerance greatly depends on the signalling processes, adaptation
mechanisms and efficiency of energy consumption of the plant species expose to salt.

Signalling and adaptive mechanisms during salinity stress
Salinity stress signalling pathways in plants are complex and involve multiple signalling
components. One of the earliest signalling pathways induced during salinity stress
responses in plants is the Ca2+/SOS cascade (Roy et al. 2014). Ca2+ is an important
signalling element in plant abiotic stresses and the concentration of Ca2+ in the cytosol
has been shown to increase rapidly after plants are exposed to salt as a result of Ca2+
uptake from the apoplast and other intracellular compartments (Knight et al. 1997;
Hasegawa 2013). This increase in cytosolic Ca2+ activates salt overly sensitive 3
(SOS3), a Ca2+ binding protein to interact with a protein kinase salt overly sensitive 2
(SOS2). The SOS2/3 complex then activates several downstream processes, such as
vacuolar sequestration of Ca2+ and Na+ by the calcium exchanger (CAX), vacuolar
Na+/H+ antiporter (NHX1) and transporting sodium out of cytosol through the activity
of salt overly sensitive 1 (SOS1) (Qiu et al. 2003; Qiu et al. 2004). SOS1 and NHX1
seem to be important in controlling ion homeostasis in the cytosol during salinity stress.
Recent studies show that enhanced activity of SOS1 in Arabidopsis increases salt
tolerance (Feki et al. 2014) and overexpression of wheat NHX in tobacco also increases
plant performance under salinity stress (Lu et al. 2014). Another target of the SOS2/3
complex is the vacuolar H+-ATPase (V-ATPase), a common H+ pump in plant cells
(Dietz et al. 2001; Batelli et al. 2007). During salinity stress, V-ATPase facilitates the
sequestration of sodium into the vacuole by establishing an electrochemical proton
gradient across the tonoplast (Hasegawa 2013) and its abundance and activity have
usually been seen to increase during salinity stress and in salt tolerant plants (Golldack
& Dietz 2001; Mostek et al. 2015).

Another major signalling pathway involved in the salinity response is mediated by
reactive oxygen species (ROS) such as the hydroxyl radical (OH•), hydrogen peroxide
(H 2 O 2 ), singlet oxygen (1O 2 ) and superoxide (O 2 -). These are also important signalling
molecules during other abiotic stresses in plants. Salinity stress has long been known to
cause the accumulation of ROS in plant cells (Miller et al. 2010; Jiang et al. 2012;
5

Suzuki et al. 2012). Under normal conditions, ROS are produced at low levels as byproducts of O 2 metabolism via the oxidative activities in organelles including the
peroxisome, chloroplast and mitochondria. When normal cell homeostasis is perturbed
by salt exposure, due to osmotic and ionic imbalance, a number of electron transport
pathways are disrupted, and electrons are transferred directly to O 2 enhancing ROS
production which is sometimes referred to as an oxidative burst (Takahashi & Asada
1988; Miller et al. 2010). The oxidative burst can also result from an increase in the
activity of NADPH oxidases (NOX) which are thought to be induced by Ca2+ and
mediated through the phosphorylation of the respiratory burst oxidase homolog (Rboh)
proteins (Mittler et al. 2011; Drerup et al. 2013; Dubiella et al. 2013; Kurusu et al.
2015). During exposure to salinity, the elevation of cellular ROS in turn activates the
MAPK signalling cascade and downstream responses including plant hormones
synthesis and activation of specific stress related genes (Xiong & Zhu 2003; Ismail et al.
2014). However ROS are also toxic to plant cells as they can oxidise DNA, protein and
lipids. To prevent the accumulation of ROS, plant cells contain a number of
mechanisms to control the concentration of ROS in the cells under salinity stress
involving both enzymatic and non-enzymatic processes. Enzymatically, plants control
ROS level in the cell through the activity of superoxide dismutase (SOD), catalase
(CAT),

ascorbate

peroxidase

(APX),

glutathione

reductase

(GR),

monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR),
glutathione peroxidase (GPX), guaicol peroxidase (GOPX), and glutathione Stransferase (GST). Non-enzymatic processes involve the scavenging of ROS by
antioxidants comprising ascorbic acid (ASH), glutathione (GSH), phenolic compounds,
alkaloids, non-proteinogenic amino acids, and α-tocopherols (reviewed by Gill and
Tuteja 2010). Ultimately intracellular ROS concentration depends on the rate of ROS
scavenging over the rate of ROS production. The timing of the elevation of Ca2+ and
ROS is believed to be the key determinant of whether the outcome will be adaptive or
result in cell death (Ismail et al. 2014).

Exposure to salt also leads to the enhanced production of plant hormones especially
abscisic acid (ABA) and jasmonate (JA) (Wang et al. 2001; Zhang et al. 2006;
Hamayun et al. 2010; Kumar et al. 2013). ABA is often referred to as stress hormone as
it usually accumulates in plant tissue immediately after a plant exposed to stresses and it
is known to induce a number of biochemical pathways that relate to stress tolerance
(Zhang et al. 2006). ABA can be synthesized through the terpenoid pathway from
6

isopentenyl pyrophosphate. Some genes involved in this pathway are found to be
rapidly induced after drought or salinity stress is imposed are correlated with the
accumulation of ABA and its intermediates (Welsch et al. 2008; Ruiz-Sola et al. 2014).
However, the mechanism of how osmotic and salinity stresses are perceived leading to
the induction of ABA biosynthesis remains to be elucidated. ABA biosynthesis and
signalling is thought to be induced through a Ca2+ dependent protein phosphorylation
cascade and it may also be mediated by ROS (Xiong & Zhu 2003; Zhang et al. 2006;
Ismail et al. 2014).

ABA regulated gene expression is thought to be important to confer tolerance during
dehydration. It is responsible for mediating stomatal closure to prevent water loss
(Imber & Tal 1970; Jones & Mansfield 1970) and maintaining root growth (Sharp et al.
2004). ABA has been known to be involved in maintaining cellular osmotic potential by
inducing genes that encode enzymes for compatible solute biosynthesis such as proline
(Fujii et al. 2011; Krasensky & Jonak 2012), betaine (Gao et al. 2004b), and also genes
that encode dehydrins (Godoy et al. 1994; Brini et al. 2007). Dehydrins are hydrophilic
proteins which are important in retaining water in the cell under stresses that lead to
cellular dehydration induced by low temperature, drought and salinity (Ingram &
Bartels 1996). The accumulation of dehydrins and its transcript have been found to be
correlated with drought tolerance in different plant species (Reviewed in Hanin et al.
2011). In relation to salinity stress tolerance, ABA is also associated with the induction
of genes encoding enzymes involved in ROS detoxification (Ding et al. 2012; Zhang et
al. 2014) and regulatory proteins including transcription factors (Meng et al. 2009; Qin
et al. 2010; Peng et al. 2014; Yan et al. 2014), protein kinases and phosphatases (Luo et
al. 2011; Peng et al. 2014; Singh et al. 2015), and proteins that are involved in
phospholipid signalling (Darwish et al. 2009; Zhao et al. 2012).

ABA cross talk with JA has also been shown to be important in salinity tolerance
(Kumar et al. 2013). Analysis of salt and drought stressed plants show that ABA and JA
induce the accumulation of common transcription factors including NAC (Fujita et al.
2004) and MYC2 (Abe et al. 2003). Fujita et al. (2004) found that Arabidopsis
overexpressing RD26, an NAC encoding gene was hypersensitive to ABA while
Arabidopsis with repressed RD26 was insensitive to ABA. Many ABA and JA inducible
genes were also up-regulated in RD26 overexpressing plants indicating the major role of
RD26 in mediating ABA and JA cross-talk during salt and drought stress. The activity
7

of the MYC2 transcription factor during salinity stress is tightly regulated by a
repressor, JAZ, and a JA-dependent ubiquitin mediated protein degradation system
(UPS) which degrades JAZ through Coronatine-Insensitive 1 (COI1) activity (Ismail et
al. 2014). Under normal conditions the activity of MYC2 remains constitutive due to
JAZ binding. During salinity stress the elevation of JA induces the degradation of JAZ
by UPS and derepresses MYC2. MYC2 is then free to activate JA and ABA dependent
genes which involved in stress tolerance and also genes encoding JAZ itself (Chini et al.
2007; Shinozaki & Yamaguchi-Shinozaki 2007). Interestingly, many of JAZ protein
genes in rice such as OsTIFY1, 6, 9, 10 and 11 were found to be salt and ABA inducible
(Ye et al. 2009). The accumulation of JAZ through the activation of these genes will
repress MYC2 as a negative feedback loop exists to avoid detrimental effect of the
overshooting of JA signalling (Ismail et al. 2014).
Together, Ca2+, ROS and hormone responses to salinity induce common and distinct
pathways of biochemical process disruption, protein phosphorylation and altered gene
expression. These events can lead to a new homeostasis for cells that re-enables
biochemical and biophysical processes in a higher salt environment and promotes plant
tolerance, or they can fail to enable plants to reach homeostasis and instead lead to
cellular decline, cell death or the triggering of early senescence of salt-laden tissues.
Partial success of these adaptations can lead to longer durations of cell survival under
salt-load, prolonging the lifetime and the function of specific plant tissues, thus enabling
maturation, flowering and limited seed set. Some studies have emphasized the role of
these signalling components in salinity tolerance in plants through the differences of
salinity responses in signalling components between salt tolerant and salt sensitive
plants. While salt tolerant plants usually have better ability to exclude sodium to avoid
toxic sodium concentration in the cell (Kosová et al. 2013; Bose et al. 2014), Ca2+
elevation and proper ROS regulation with higher antioxidant capacity are believed to be
the key component in salinity tolerance response in plants (Kader & Lindberg
2010; Bose et al. 2014). Recently Solis et al. (2016) found that genes encoding
calcineurin B-like (CBL)-interacting protein kinases (CIPKs) were induced in halophyte
relative of sweet potato Ipomoea imperati, suggesting the role of Ca2+ signalling
pathway in salinity tolerance. The crosstalk between ROS production with other
signalling molecules such as ABA, JA, and their downstream signalling components,
have been shown to play essential roles in salinity tolerance responses (Fahad et al.
2015; Kurusu et al. 2015; Zhang et al. 2016).
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Mitochondrial functions in salinity stress adaptations
Mitochondrial function is one such set of processes that show adaptation to salinity
stress in plants. The mitochondrial adaptation response includes a wide range of
processes and is likely a mixture of direct salt limitation of functions, responses to high
salt conditions and these limitations, and adaptations that re-enable efficient respiratory
processes that is sustainable or prolongs the biochemical function of salt-laden tissues.
Specific examples include; i) mitochondrial activity directly contributing to transducing
a salinity signal to the nucleus to activate the expression of stress related genes via so
called retrograde responses, ii) mitochondrial responses that influence the level of ROS
by adaptations to its electron transport chain (ETC) that alter its potential for ROS
production, iii) modifications to the activity of the tricarboxylic acid (TCA) cycle that
can influence the carbon balance between growth, supplying reductants to the ETC and
directly synthesizing compatible solutes such as sugars and amino acids, iv). The
maintenance of ATP and reductant supply to processes in the rest of the cell such as ion
transport, compatible solutes biosynthesis and ROS detoxification to stabilise cell
function in higher salt conditions and prevent or slow the rate of salt toxicity of cells.

Mitochondrial retrograde signalling
Both chloroplast and mitochondria are able to transduce signals to the nucleus to trigger
the expression of specific set of nuclear genes in response to specific changes or
perturbation exerted by the organelles. This signal transduction process is known as
retrograde signalling (Li et al. 2013; Ng et al. 2014). Retrograde signalling between
mitochondrial and nucleus during salinity stress is very important as it may determine
the fate of the cell, whether it leads to adaptive responses or cell death depending on the
severity of the stresses. Some findings suggested that the mitochondrial retrograde
signalling involve the TCA cycle intermediates such as citrate and isocitrate
(Vanlerberghe & McLntosh 1996). Vanlerberghe and McIntosh (1996) showed that
citrate accumulation that due to aconitase inhibition by monofluroacetate caused a
relatively mild transcriptional induction of AOX1, and other retrograde signalling
markers such as AOX1a, SAM-MT, and NDA2 (Finkemeier et al. 2013).

Our current knowledge about the adaptive mechanisms of mitochondria retrograde
regulation (MRR) under abiotic stress in plants is also contributed by the analysis of the
influence of mitochondrially generated ROS through the application of ETC complex III
inhibitor antimycin A (AA) towards the induction of nuclear encoded-mitochondrial
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antioxidant protein, Alternative Oxidase 1 (AOX1) (Suzuki et al. 2012; Feng et al.
2013; Li et al. 2013). AOX is part of the ETC in plant mitochondria and usually
increases in abundance at a transcript and protein levels when plants are under stress
(Cramer et al. 2007; Lehmann et al. 2009; Van Aken et al. 2009; Jacoby et al. 2013).
Together with the action of uncoupling proteins (UCPs) and type II NAD(P)H
dehydrogenases, AOX plays an important role in optimizing the electron flow through
the ETC, preventing over-reduction of the mtETC and the generation of excess ROS in
mitochondria (Pastore et al. 2007; Suzuki et al. 2012; Liu et al. 2014).

It has been suggested that the induction of AOX by various signalling molecules such as
salicylic acid (SA), nitric oxide (NO), jasmonate (JA) and ethylene (ET) is also through
the accumulation of mitochondrial ROS (Feng et al. 2013). Furthermore, Li et al. (2013)
and Liu et al. (2014) indicate that the superoxide ion (O 2· -) is responsible for this
induction and AOX1 is specifically induced by mitochondrial generated O 2· -. Previous
studies also found some transcriptional factors that may be involved in mediating
mitochondrial retrograde signalling including ABA INSENSITIVE 4 (ABI4) as a
repressor of AOX1a gene (Giraud et al. 2009; Wind et al. 2012), and members of the
WRKY transcriptional factor family which were found to be negatively regulating MRR
(Van Aken et al. 2009; Vanderauwera et al. 2012). However, the mechanisms of these
transcriptional factors in MRR are still under investigation. Vanderauwera et al. (2012)
proposed that the overexpression of ROS-inducible WRKY15 leads to the activation of
unfolded protein response (UPR) which disrupts the calcium-flux sensing in the inner
mitochondrial membranes that is responsible for MRR. Another layer of MRR involves
the action of NAM, ATAF, and CUC (NAC) transcription factors, two of those,
ANAC013 and ANAC017 were characterised and known to be the positive regulators of
AOX1a (De Clercq et al. 2013; Ng et al. 2013). Upon stress, they are thought to be
released from the endoplasmic reticulum (ER) and relocate to the nucleus to exert
transcriptional regulation (De Clercq et al. 2013; Ng et al. 2013). Overexpressing
ANAC013 conferred enhanced tolerance to oxidative stress (De Clercq et al. 2013)
while mutated ANAC017 conferred enhanced sensitivity to oxidative stress (Ng et al.
2013).

Severe stress may lead to excessive ROS production in mitochondria and loss of
mitochondrial outer membrane potential caused by oxidative modification of the
permeability transition pore of mitochondria (PTPm) (Zoratti & Szabò 1995; Lin et al.
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2006), a signature of the early stage of the programmed cell death pathway (Yao et al.
2004). This phenomenon is also accompanied with the oxidation of cardiolipin in the
inner membrane which leads to the diffusion of cytochrome c (cyt c) into the
intermembrane space (Reviewed by Petrov et al. 2015). Impaired outer membrane
permeability regulation caused by oxidation of PTPm allows cyt c to pass through the
membrane into the cytosol (Ott et al. 2007), and this leads to even more ROS production
by mitochondria amplifying the initial signal (Lin et al. 2006). It has been suggested that
cyt c along with ROS are essential for MRR in programmed cell death (Petrov et al.
2015).

Mitochondrial roles in energy allocation
Energy is supplied to drive biochemical reactions in the cell in the form of ATP, which
is produced from energy stored in glucose. Under normal conditions, this involves
glycolysis in cytosol, and the TCA cycle and ETC in mitochondria (Fernie et al. 2004).
Salinity stress leads to enhanced ATP demand to operate a number of energy consuming
adaptive mechanisms, including ion homeostasis, ROS defence and osmotic adjustment
by accumulating inorganic ions and compatible solutes. Ionic toxicity in the cell is a
signature of salinity stress which may affect membrane function and enzyme activities
(Flagella et al. 2006; Hasegawa 2013; Flowers et al. 2014). However, the reported
ability to gain tissue tolerance (Roy et al. 2014), means that some salt tolerant plants can
still grow normally with high salt concentration in tissues and cells. Tissue tolerance is
achieved by regulating the cellular and intracellular ion homeostasis through ion
exclusion and compartmentation, respectively. These processes require ATP to drive
active ion transport through the membrane against the ionic potential by specific ion
transporters. A number of critical ion transporters have been identified such as Salt
Overly Sensitive 1 (SOS1), Na+/H+ antiporter (NHX), H+ and Ca2+ pumps (H+-ATPase,
H+-PPase, V-ATPase), and high-affinity potassium transporter (HKT) (Wu et al. 2014).
Osmotic adjustment by reducing cellular osmotic potential is also crucial for the
survival of salt-tolerant plants under high salinity conditions as it maintains water
uptake and cell turgor which is important for normal physiological processes. This
reduction in osmotic potential is achieved by over-accumulating the saline ions (Na+ and
Cl-) in the vacuole and synthesizing compatible solutes such as soluble sugars, amino
acids, proline and betaines (Azevedo Neto et al. 2004). Osmotic adjustment through
accumulating ions in the vacuole is less energy consuming compared to synthesizing
compatible solutes (Greenway et al. 1983). Salt tolerant plants thus seem to favour
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vacuolar ion compartmentalization under lower saline conditions and synthesizing
compatible solutes under higher saline conditions (Munns 2002; Zhu et al. 2012b).
Salinity stress also leads to the excessive accumulation of ROS which can cause the
breakdown of lipid membranes causing organelle and cell leakage, protein modification
affecting protein activities and DNA damage leading to mutations (Møller 2001). ROS
defence mechanisms are also energy consuming processes including ROS detoxification
via the production of antioxidants (Smirnoff & Pallanca 1996; Wieser & Matyssek
2007) and oxidative macromolecule damage repair (Osborne et al. 2002; Donà &
Mittelsten Scheid 2015).

It has been proposed that more tolerant species are able to fulfil this energy demand as
they have more efficient ATP production mechanisms under salinity stress (Jacoby et al.
2013). A number of studies have found that several subunits of ATP synthase are
increased in abundance under salinity stress in tolerant plants while some sensitive
plants show decreases in the relative abundance of ATP synthase subunits under salinity
stress (reviewed by Kosová et al. 2013). Jacoby et al. (2015) also found that the activity
of ATP synthase from wheat is stimulated under lower salt concentrations. By
comparing the response of ETC activity to salinity stress between sensitive wheat
cultivar and its tolerant relative, Jacoby et al. (2013) also found that in sensitive wheat
cultivar, while there were not many changes in protein abundance, the activity of the
ETC is increased under lower ionic strength while it decreases under higher ionic
strength. That study also found that the abundance of AOX was significantly increased
in the sensitive plants suggesting the activation of alternative respiratory pathways
under salinity stress in shoots. This pathway is less efficient in ATP production
compared to oxidative phosphorylation pathways where the oxidation of substrates is
coupled to the proton pumping across the inner mitochondrial membrane in order to
drive ATP generation by ATP synthase. While the increase of AOX abundance did not
occur in the tolerant plants, there was increase in the abundance of complex I subunits,
indicating a focus on energy production in a more tolerant plant to support growth and
defence mechanisms.

Mitochondrial roles in the regulation of carbon balance
While some portion of fixed carbon from photosynthesis is utilised for respiration and
the synthesis of osmolytes under salinity stress, the other portion is used for plant
growth. The amount of carbon that is used for plant growth is known as carbon balance
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(Lambers et al. 2013). Thus, the rate of carbon fixation in photosynthesis and rate of
respiration in utilizing carbon for producing energy for maintenance are the key
determinants of whole plant carbon balance during salinity stress, that is how much
carbon is available for plant growth under salinity stress (Jacoby et al. 2013). Salt
tolerant species tend to have more positive carbon balance under salinity compared to
sensitive species. This could be achieved either by the reduction of respiration due to
low energy demand when Na+ level is low in the cell (Munns et al. 2006), or by
increased respiration to support maintenance as well as increased photosynthetic
performance contributing to positive carbon balance (Flexas et al. 2006; Jacoby et al.
2011).

Carbon enters the mitochondrial respiratory machinery as pyruvate and is flexibly
utilised through multiple strict sites of regulation and modes of TCA cycle operation
depending on environmental inputs (Sweetlove et al. 2010). Besides supplying
reductants to the ETC, the TCA cycle also supplies carbon skeletons for nitrogen
assimilation in amino acid biosynthesis which is vital for proper cellular maintenance
under salinity stress (Nunes-Nesi et al. 2013). To achieve this, the TCA cycle is able to
operate in number of noncyclic modes depending on substrate availability and the
demand for carbon skeletons modulating nitrogen/carbon balance (Sweetlove et al.
2010). Changes in TCA cycle activity influence the carbon balance of the whole plant
making the TCA cycle a component of interest when studying the role of respiration in
salinity stress.

The TCA cycle responses to salinity stress
The TCA cycle (Figure 1) is a central component of respiratory ATP synthesis by
supplying reductant for the ETC. The proteins that constitute the TCA cycle have been
characterised many decades ago (Wiskich & Dry 1985; Barnes & Weitzman 1986) and
the regulation of these proteins has been extensively studied (Nunes-Nesi et al. 2013;
Broz et al. 2014). Even so, the role and regulation of these proteins under plant salinity
stress are still far from understood. The TCA cycle requires the presence of pyruvate
which is transported across the inner membrane or synthesized in the matrix from
malate through the action of malic enzyme (ME). The pyruvate is then oxidised to form
acetyl-CoA and carbon dioxide by the action of pyruvate dehydrogenase complex
(PDC) which consists of three subunits, E1 (oxoacid dehydrogenase), E2
(acyltransferase) and E3 (lipoamide dehydrogenase) (Lin et al. 2003; Jacoby et al.
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2012). The cycle begins with the transfer of the acetyl group from acetyl-CoA onto
oxaloacetate. This condensation reaction forms citrate through the activity of citrate
synthase (CS) (Remington 1992). Aconitase (ACO) converts the citrate to isocitrate
through reversible isomerization (Moeder et al. 2007). Isocitrate is then transformed to
2-oxoglutarate by isocitrate dehydrogenase (IDH) yielding one molecule of NADH
(Gálvez et al. 1999). The subsequent transformation of the 2-oxoglutarate to
oxaloacetate requires the sequential actions of 2-oxoglutarate dehydrogenase (OGDC),
succinyl CoA synthetase (S-CoAS), succinate dehydrogenase (SDH), fumarase and
malate dehydrogenase (MDH). Together, these reactions yield two more molecules of
NADH, which act as the electron donors for the production of ATP through ETC
(Nunes-Nesi et al. 2013).

Changes in the abundance of the TCA cycle enzymes in plant tissues under salinity
stress depends on many factors including growth conditions, developmental stage, the
genotype and the tissue examined (summarized in Table 1). Interestingly, previous
studies on changes of TCA cycle protein abundance under salinity stress involving 138
observations did not show any overall salt tolerance specific pattern of total TCA cycle
proteins abundance changes to salinity stress. Approximately 50% of the observed TCA
cycle proteins have been reported to be increased in abundance in salt sensitive plants
and approximately 50% of the observed TCA cycle proteins also decreased in
abundance in salt tolerant plants (Table 1).

PDC is the largest known protein complex in the mitochondrial matrix with a molecular
mass of about 9.5 MDa (Zhou et al. 2001; Klodmann et al. 2011). This complex is
important in controlling the entry of carbon into the TCA cycle (Randall et al. 1996).
Mutation of the gene encoding subunit E2 of this complex leads to the reduction of PDC
activity, ATP production and over-accumulation of most TCA cycle intermediates (Yu
et al. 2012). The response of this complex to salinity in plants is rather complex as 2D
gel-MS analyses of the abundance of PDC subunit proteins showed that the response is
dependent on species, tissue and isoform specificity (Table 1). Based on 39 protein
abundance observations from previous studies that were analysed in this review, PDC
shows a salt tolerance specific pattern with 58% of PDC subunits in salt sensitive plants
increasing in abundance under salinity stress while 68% of PDC subunits in salt tolerant
plants decreased in abundance under salinity stress. This pattern is also conserved
within monocot and dicot plants and within roots and shoots. The apparent reduction of
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PDC activity under salinity stress may cause reduction in carbon supply to the TCA
cycle through pyruvate metabolism leading to the favouring of alternative sources of
carbon to the TCA cycle in salt tolerant plants to maintain the electron supplying
capacity of the TCA cycle to the ETC under salinity stress. Other TCA cycle enzymes
that show salt tolerance-specific responses include S-CoAS and IDH. Under salt stress,
more S-CoAS proteins decreased in abundance in salt tolerant plants while more SCoAS proteins increased in abundance in salt sensitive plants. In contrary, IDH proteins
showed more increases in abundance in salt tolerant plants while more decreases in
abundance in salt sensitive plants.

The remaining TCA cycle proteins show differential changes in abundance under
salinity stress probably because of the influence of salt concentration, duration of
exposure to salinity stress, different developmental stage of different organs and
different protein isoforms. The abundance of ACO for example, was reduced in the
roots of 18 day-old Arabidopsis thaliana after exposed to salinity environment for 6 to
48 hours (Jiang et al. 2007), while there were increases in aconitase abundance observed
in the root and embryo of salt tolerant wheat that was treated with salt from the
beginning of growth (Jacoby et al. 2013; Fercha et al. 2014). The abundance of SDH1
was also found to differentially change between male and female leaves of Populus
cathayana under salinity stress (Chen et al. 2011) and changes of abundance of MDH
under salinity stress in Amaranthus cruentus show isoform dependent responses in
Heurta-Ocampo et al. (Huerta-Ocampo et al. 2014). These observations might indicate
that different plant species adopt different strategies in utilising carbon sources for
energy metabolism through the TCA cycle in different salt environments. These might
involve the increased activity of alternative TCA cycle pathways under salinity stress as
has been previously proposed (Kinnersley & Turano 2000; Kazachkova et al. 2013).

Alternative pathways of the TCA cycle
Given that the TCA cycle is not just a component of the energy metabolism pathway but
also plays a key role in linking cellular carbon and nitrogen metabolism, its activity is
strictly regulated by changes in energy demand, the demand for carbon skeletons for
amino acid synthesis and substrate availability (Fernie et al. 2004). The normal cyclic
form of the TCA cycle is the most efficient way of utilizing carbon sources to produce
energy (Sweetlove et al. 2010; Cavalcanti et al. 2014). However, this normal cyclic
mode is not always in operation, even when the energy demand is increased under
15

salinity stress as its activity is dependent on the activity of all its enzymes exposed to
salt and each of their substrate availabilities. Thus the TCA network is flexible to enable
it to fulfill cellular energy demands and to maintain optimal carbon and nitrogen
balance. Through genetic, metabolite and proteomics studies, alternative configurations
of the TCA network have been reported in plants under salinity stress including the
induction of the malate/pyruvate pathway (Kazachkova et al. 2013), and the GABA
shunt (Renault et al. 2010; Al-Quraan et al. 2013; Zhao et al. 2013).

Malate to pyruvate pathway
Multiomic studies have indicated the activation of the malate/pyruvate pathway (Figure
1) under salinity stress. For example a metabolite profiling study showed that there was
reduction in fumarate levels under salinity stress in the salt tolerant Arabidopsis relative,
Eutrema salsugineum suggesting deficiencies in TCA cycle intermediates, due to
oxaloacetate being continuously exported for amino acid synthesis (Kazachkova et al.
2013). However, a higher accumulation of malate was observed, which might be
produced from glucose and fructose via phosphoenolpyruvate and is believed to have
the anaplerotic role to replenish TCA cycle intermediates through the action of ME
decarboxylating malate into pyruvate. Similarly in rice, it was found that the abundance
of ME was proportional to increasing salinity exposure (Lima et al. 2012) and time
course studies in wheat also showed that the activity ME was increased after salt
treatment (Fu et al. 2011). These observations support the argument that during salinity
stress, ME may function within mitochondria as an alternative pathway for the
metabolism of glycolysis-derived phosphoenolpyruvate, providing metabolic flexibility
to the plant (Theodorou & Plaxton 1993). Furthermore, a salt responsive NADP
dependent ME gene has been isolated from Oryza sativa named NADP-ME2 and
Arabidopsis plants overexpressing this gene showed improved salt tolerance (Liu et al.
2007). This observation suggests that this alternative route of TCA cycle function driven
by ME activity might contribute to better salinity stress tolerance.

Gamma aminobutyric acid (GABA) shunt pathway
The GABA shunt (Figure 1) is a well-known alternative route for the TCA cycle that
bypasses the OGDC and S-CoaS steps in the TCA cycle converting 2-oxoglutarate into
succinate. The GABA shunt contains the activities of four enzymes, catalysing four
steps in the shunt. The first step is the ammonium assimilation into 2-oxoglutarate
producing glutamate by glutamate dehydrogenase (GDH). The second step is the
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irreversible decarboxylation reaction of glutamate into GABA catalysed by glutamate
decarboxylase (GAD). This step is followed by the transamination of GABA by GABA
transaminase (GABA-T) forming succinate semialdehyde (SSA). The final step of this
pathway is the oxidation of SSA into succinate by succinate semialdehyde
dehydrogenase (SSADH) in the mitochondria which then can be used as substrate in the
TCA cycle. GAD, GABA-T and SSADH are exclusive to GABA shunt pathway. While
the main source of GABA is from GAD activity, it also can be produced from
putrescine which is involved in glycine betaine biosynthesis (Trossat et al. 1997; Shelp
et al. 2012) and possibly from proline under oxidative stress conditions (Signorelli et al.
2015).

GABA is a non-proteinogenic amino acid and usually increases in abundance during
stress in plants (Kinnersley & Turano 2000). Early studies of the roles of GABA in
plant stress adaptation usually related to pH regulation, nitrogen storage, carbon
metabolism and its role as an osmolyte during osmotic stress (Shelp et al. 1999;
Kinnersley & Turano 2000). Accumulation of GABA in other stresses including heat,
cold, mechanical damage and oxygen deficiency lead to speculation of other roles of
GABA in plant stress adaptation. Later studies have indicated that GABA also acts as
signalling molecule during stress that interacts and modifies protein activities directly
and alters plant physiology during stress (Bouché & Fromm 2004; Ramesh et al. 2015).
These studies on the role of GABA in energy metabolism began in 2007 when StudartGuimarães et al. (2007) and Araújo et al. (2008) found that the GABA shunt is
functionally associated with TCA cycle in tomato with reduced activity of SCoAS and
OGDC respectively. In both studies, the fluxes through GABA shunt were increased in
illuminated leaves bypassing and compensating the reduced activity of OGDC and
SCoAS. More recent studies also suggest the role of GABA shunt pathway in salinity
stress adaptation through the study of GABA-T mutant in Arabidopsis (Renault et al.
2010; Renault et al. 2013) which showed a hypersensitive response to salinity exposure.
Physiological and metabolite studies indicate that the catabolism of sugar and starch
increases under salinity stress when GABA catabolism into the TCA cycle is halted,
affecting root development and cell wall composition (Renault et al. 2013).
GABA shunt activity is determined by GAD activity which dependent on Ca2+
concentrations and an acidic pH (Snedden et al. 1995; Snedden et al. 1996). While the
accumulation of Ca2+ and acidification of the cytosol usually occurs during a number of
17

stresses including salinity stress (Kader et al. 2007), the regulation of cytosolic Ca2+ and
pH homeostasis are closely linked (Gao et al. 2004a) and dependent on the nature of the
stress and the level of tolerance of a plant species to the stresses (Kader & Lindberg
2010). The role of Ca2+ in activating GABA shunt and its contribution to respiration
under salinity stress also supported by recent study by Yin et al. (2015) who found that
the application of additional CaCl 2 in salinity stress plants increased the activity GAD
and GABA shunt with increased salt tolerant respiration in soybean. Other than Ca2+
and pH, GABA shunt activity also depends on the energy status in the cell, that is, the
reducing potential and energy charge in the mitochondria (Busch et al. 2000). This
regulation is modulated by the activity of the last enzyme in the GABA shunt, SSADH,
as its activity is inhibited by NADH and ATP (Busch & Fromm 1999; Busch et al.
2000). The activity of SSADH is also important in limiting the accumulation of ROS
during stress (Bouché et al. 2003; Bao et al. 2014), probably by producing succinate for
proper function of mitochondrial ETC (Bao et al. 2014).

Mitochondrial membrane transport proteins
The major functions of plant mitochondria are facilitated by the dynamic permeability
of its outer and inner membranes which is determined by several types of mitochondrial
carrier and pores. Solutes up to ~5000 Da can cross the outer membrane in relatively
non-specific manner mainly through voltage dependant anion channels (VDACs) which
are members of the porin family of ion channels (Mannella & Tedeschi 1987).
Mitochondrial precursor proteins that are synthesized in the cytosol and directed to the
mitochondria are transported across the outer membrane by the translocase of the outer
membrane (TOM) complex and inner membrane by the translocase of the inner
membrane (TIM) (Hoogenraad & Ryan 2001). There are four different TIM complexes
have been identified so far known as TIM22, TIM23, TIM9/10, and TIM9/13
complexes which are named based on their protein components (Carrie et al. 2010;
Klodmann et al. 2011). Unlike the outer membrane, the inner membrane is relatively
impermeable except for small and uncharged molecules like O 2 and CO 2 . The
permeability of the inner membrane towards small metabolites is largely modulated by
the activities of mitochondrial carrier family (MCF) proteins (Palmieri et al. 2011).
MCFs consist of several types of carrier proteins including the ADP/ATP translocase,
the dicarboxylate and tricarboxylate carriers, amino acid carrier proteins and the
phosphate translocase (Klodmann et al. 2011; Palmieri et al. 2011).
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Previous research has found that the abundance of plant mitochondrial porins and
carrier proteins responded differentially under salinity stress both at the transcript and
the protein levels (Table 2). Transcript studies in Mesembryanthemum crystallinum L.
and Setaria italica have found that MCF transcripts increased under salinity stress
(Kore-eda et al. 2005; Puranik et al. 2011). Cramer et al. (2007) and Hashimoto et al.
(1993) also found that the expression of genes encoding ADP/ATP translocases were
also increased under salinity stress in grapevines and rice respectively. Also in a recent
study, the expression of a mitochondrial phosphate transporter was found increased
under salinity stress (Zhu et al. 2012a) and in a study by Jacoby et al. (2010) it was
shown that there were reductions in the abundance of VDACs in wheat under salinity
stress. The abundance of VDACs in the outer membrane of mitochondrial may
influence the mitochondrial respiration rate as they are known to be responsible for
ATP/ADP exchange and for the fluxes of other metabolites across the mitochondrial
outer membrane (Rostovtseva & Bezrukov 2008). The mitochondrial precursor protein
transport machinery is also affected by salinity as it has been shown that increasing the
ionic strength in the cell inhibits the translocation of the precursor proteins into the
mitochondria (Zara et al. 2005). ITRAQ study by Li (Li et al. 2015) also found that a
component of precursor protein import machinery, SAM50 has decreased in abundance
under salt stress in Ricinus communis.

Given that the mitochondrial porins and carrier proteins differentially regulated during
salinity stress in different plant species, it is important to see how these responses
influence the function of mitochondria as a whole in salinity stress adaptation. Since the
activities of alternative pathways of TCA cycle were seen to increase in many studies
during salinity stress, it is interesting to look at how mitochondrial carrier proteins that
involve in these processes might responses to salinity stress. This involves
mitochondrial carrier proteins that transport GABA, malate and pyruvate. While
information regarding to the responses of these carrier proteins to salinity stress are still
limited, recent discoveries on new carrier proteins and their responses to other stresses
might be really helpful in making ways to gain some information on the role of these
proteins in salinity stress adaptation (Michaeli et al. 2011; Regalado et al. 2013; Li et al.
2014).
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Summary
Plant salinity tolerance greatly depends on the signalling processes, adaptation
mechanisms and efficiency in energy consumption of the plant expose to salt.
Considerable understanding about the signalling pathway in salinity stress and the role
of mitochondrial respiration has been obtained in recent years. Even though proteomic
studies on the abundance changes of TCA cycle protein upon salinity stress show some
tolerance specific responses, the importance of these changes to the role of TCA cycle
during salinity stress remains elusive. Therefore, more research needs to be done to gain
mechanistic information about the relation between TCA cycle and its alternative
pathways with dynamic function of mitochondrial membrane in modulating adaptation
responses during salinity stress. Improvements in proteomics approaches also increase
the number of mitochondrial proteins that can be observed and will add more
information on the role of mitochondrial energy and carbon metabolism through TCA
cycle activities and dynamic mitochondrial permeability.
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Figures

Figure 1. The tricarboxylic acid cycle with the alternative pathways malate to pyruvate
and the GABA shunt.
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Figure 1. The tricarboxylic acid cycle with the alternative pathways malate to pyruvate and
the GABA shunt. NAD+, nicotinamide adenine dinucleotide (oxidised); NADH, nicotinamide
adenine dinucleotide (reduced); ATP, adenosine triphosphate; ADP, adenosine diphosphate;
Pi, inorganic phosphate; GTP, guanosine triphosphate; GDP, guanosine diphosphate; Q,
Quinone; QH 2, dihydroquinone. Text in italics indicates an enzyme, text in bold indicates a
metabolite and text in bold and italic indicates an alternative pathway.
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Tables

Table 1. Responses of TCA Cycle proteins to Salinity Stress
Table 2. Responses of Mitochondrial Membrane Transporters to Salinity Stress
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Table 1: Summary of Publications on the Responses of TCA Cycle proteins to Salinity Stress
Accession /
GI number

Protein Match
Species

Pyruvate dehydrogenase E1
α subunit

TC375936

Triticum aestivum

Pyruvate dehydrogenase E1
α subunit
Pyruvate dehydrogenase E1
α-1 subunit
Pyruvate dehydrogenase E1
α subunit
Pyruvate dehydrogenase E1
α-2 subunit

gi|474166845

Triticum urartu

Q6Z5N4

Oryza sativa

SGNU315305
AT1G24180

Solanum
lycopersicum
Arabidopsis thaliana

Pyruvate dehydrogenase E1
β subunit

AAA52225

Pyruvate dehydrogenase E1
β subunit
Pyruvate dehydrogenase E1
β subunit
Pyruvate dehydrogenase E1
β subunit
Pyruvate dehydrogenase E1
β subunit
Pyruvate dehydrogenase E1
β subunit
Pyruvate dehydrogenase E1
β subunit
Pyruvate dehydrogenase E1
β subunit

Triticum aestivum var
Chinese spring and
Lophopyrum
elongatum
Hordeum vulgare
DH14
Oryza sativa SA0604
(salt sensitive)
Solanum lycopersicum

Yes

Change

2D gel - MS

0 hour

4 days

Down

[1]

Root

2D gel - MS

1 hour

6 days

Up

[2]

250 mM

Root

2D gel - MS

19 days

Down

[3]

No

100 mM

Root

2D gel - MS

Up

[4]

Arabidopsis thaliana

No

50 mM

2D gel - MS

5 days

Up

[5]

Arabidopsis thaliana

Suaeda aegyptiaca

Yes

300 mM

Leaf
microsomal
membrane
Shoot

Three leaf
stage
4 weeks

30
minutes
14 days

2D gel - MS

7 days

72 hours

Up

[6]

AAA52225

Arabidopsis thaliana

Suaeda aegyptiaca

Yes

450 mM

Shoot

2D gel - MS

7 days

72 hours

Up

[6]

357501349

Medicago truncatula

Medicago sativa

Yes

100 mM

Root

2D gel - MS

2 weeks

3 days

Up

[7]

gi|449445580

Cucumis sativus

Yes

150 mM

Root

2D gel - MS

30 days

1 hour

Down

[8]

gi|449445580

Cucumis sativus

Yes

150 mM

Root

2D gel - MS

30 days

24 hours

Down

[8]

gi|449445580

Cucumis sativus

Yes

150 mM

Root

2D gel - MS

30 days

12 days

Down

[8]

P52904

Pisum sativum

No

50 mM

Root

2D gel - MS

72 hours

72 hours

Down

[9]

Glyma02g463
80.2

Arabidopsis thaliana

Amaranthus cruentus
L. cv. Amaranteca
Amaranthus cruentus
L. cv. Amaranteca
Amaranthus cruentus
L. cv. Amaranteca
Cucumis sativus cv.
Jinchun No. 2
Glycine max cultivar
Union85140

No

150 mM

Root

2D gel - MS

48 hours

Up

[10]

Pyruvate dehydrogenase E1
β subunit
Pyruvate dehydrogenase E1
β subunit
Pyruvate dehydrogenase E1
β subunit
Pyruvate dehydrogenase E1
β subunit
Pyruvate dehydrogenase E1
β subunit
Pyruvate dehydrogenase E1
β subunit
Dihydrolipoamide
acetyltransferase

gi|223548594

Ricinus communis

Yes

250 mM

Leaf

2D gel - MS

7 days

Down

[11]

gi|223548594

Ricinus communis

Yes

250 mM

Leaf

2D gel - MS

2 years

7 days

Down

[11]

At5g50850

Arabidopsis thaliana

Robinia
pseudoacacia
Robinia
pseudoacacia
Arabidopsis thaliana

threetrifoliate
stage
2 years

No

100 mM

Leaf

2D gel - MS

18 days

24 hours

ND

[12]

gi|255557267

Ricinus communis

Yes

240 mM

Leaf

iTRAQ

10 days

1 week

Down

[13]

gi|255543140

Ricinus communis

Yes

240 mM

Leaf

iTRAQ

10 days

1 week

Up

[13]

15241286

Arabidopsis thaliana

Yes

200 mM

Leaf

2D gel - MS

6 weeks

72 hours

Up

[14]

gi|118573090

Arabidopsis thaliana

Gossypium hirsutum
cv. CCRI-79
Gossypium hirsutum
cv. CCRI-79
Brassica napus var.
Nannongyou No.3
Lupine luteus

No

250 mM

Embryo axes
mitochondria

2D gel - MS

0 hour

12 hours

Up

[15]

Dihydrolipoamide
acetyltransferase
Dihydrolipoamide
acetyltransferase

gi|118573090

Arabidopsis thaliana

Lupine luteus

No

500 mM

2D gel - MS

0 hour

12 hours

Up

[15]

gi|117940179

Arabidopsis thaliana

Gossypium hirsutum

Yes

200 mM

Embryo axes
mitochondria
Root

Trefoil stage

24 hours

Up

[16]

Protein

Pyruvate
Dehydrogenase

2-Oxoacid
dehydrogenase aSubunit (E1-α)

Dihydrolipoamide
succinyltransferas
e (E2)

NaCl
Treatment

Treatment
time

Subunit

2-Oxoacid
dehydrogenase βSubunit (E1-β)

Salt
tolera
nt?

Age of plant

Enzyme

Experimental Species
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Sample

Method

200 mM

Root
mitochondria

No

100 mM

No

iTRAQ

Ref

Enzyme

Subunit

Dihydrolipoamide
dehydrogenase
(E3)

Aconitase

Aconitase

Accession /
GI number

Protein Match
Species

Dihydrolipoamide
acetyltransferase
Dihydrolipoamide
acetyltransferase
Dihydrolipoamide
dehydrogenase

AT3G13930.1

Arabidopsis thaliana

gi|449434630

Cucumis sativus

SGNU314200

Solanum
lycopersicum

Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase

gi|34894800

Oryza sativa

gi|115436320

Salt
tolera
nt?
No

Sample

Method

Age of plant

Treatment
time

Change

150, 300 mM

Leaf

LC-MS

2 weeks

3 weeks

Up

[17]

Yes

240 mM

Leaf

iTRAQ

10 days

1 week

Up

[13]

No

100 mM

Root

2D gel - MS

Three true
leaf stage

14 days

Up

[4]

Oryza sativa IR651

Yes

75 mM

Young panicle

2D gel - MS

30 days

12 days

Up

[18]

Oryza sativa

Agrostis stolonifera

No

10 dS m-1

Root

2D gel - MS

45 days

28 days

Up

[19]

DLDH1_ARA
TH
TC382178

Arabidopsis thaliana

Yes

250 nM

Embryo

0 hour

42 hours

Down

[20]

Yes

200 mM

Root
mitochondria

NanoHPLCMS
2D gel - MS

0 hour

4 days

Down

[1]

Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase

AAO55717

Pseudomonas
syringae
Brachypodium
distachyon
Brachypodium
distachyon
Brachypodium
distachyon
Brachypodium
distachyon
Glycinemax

Triticum durum Desf.
var. Waha
Triticum aestivum var
Chinese spring and
Lophopyrum
elongatum
Dunaliella salina

Yes

3M

2D gel - MS

0 hour

[21]

Yes

200 mM

2D gel - MS

14 days

Several
weeks
2 days

Up

Hordeum spontaneum
CM72
Hordeum vulgare XZ16

Plasma
membrane
Root

Down

[22]

No

200 mM

Root

2D gel - MS

14 days

2 days

Down

[22]

Hordeum spontaneum
CM72
Hordeum vulgare XZ16

Yes

200 mM

Root

2D gel - MS

14 days

2 days

Down

[22]

No

200 mM

Root

2D gel - MS

14 days

2 days

Down

[22]

Gossypium hirsutum

Yes

200 mM

Root

iTRAQ

Trefoil stage

24 hours

Down

[16]

Glyma17g042
10.1

Zea mays

Glycine max cultivar
Union85140

No

150 mM

Root

2D-PAGE

48 hours

Down

[10]

Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase

gi|225431914

Vitis vinifera

Yes

240 mM

Root

iTRAQ

1 week

Down

[13]

gi|211906492

Gossypium hirsutum

Yes

240 mM

Leaf

iTRAQ

10 days

1 week

Up

[13]

UniRef100_I1
KMS9

Glycine max

Gossypium hirsutum
cv. CCRI-79
Gossypium hirsutum
cv. CCRI-79
Glycine mas cv
Dongnong 50

threetrifoliate
stage
10 days

Yes

200 mM

Leaf

iTRAQ

Twotrifoliate
stage

24 hours

Down

[23]

Aconitase 3

At2g05710

Arabidopsis thaliana

Arabidopsis thaliana

No

150 mM

Root

2D gel - MS

18 days

6 hours

Down

[24]

Aconitase 3

At2g05710

Arabidopsis thaliana

Arabidopsis thaliana

No

150 mM

Root

2D gel - MS

18 days

48 hours

Down

[24]

Aconitase 3

TC373025

Triticum aestivum

Yes

200 mM

Root
mitochondria

2D gel - MS

0 hour

4 days

Up

[1]

Aconitase 2

Arabidopsis thaliana

Yes

250 nM

Embryo

42 hours

Up

[20]

Yes

240 mM

Root

NanoHPLCMS
iTRAQ

0 hour

Aconitase 2

ACO2M_ARA
TH
gi|255566397

10 days

1 week

Down

[13]

Aconitase

gi|473887274

Triticum urartu

Triticum aestivum var
Chinese spring and
Lophopyrum
elongatum
Triticum durum Desf.
var. Waha
Gossypium hirsutum
cv. CCRI-79
Hordeum vulgare
DH14

No

100 mM

Root

2D gel - MS

0 hour

6 days

Up

[25]

Protein

gi|326517553
gi|326517553
gi|242087007
gi|242087007
gi|356532527

Triticum aestivum

Ricinus communis

Experimental Species
Brassica napus L.
cultivars Sarigol
Gossypium hirsutum
cv. CCRI-79
Solanum lycopersicum
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NaCl
Treatment

Ref

Enzyme

Subunit

Protein

Accession /
GI number

Protein Match
Species

Citrate synthase

Citrate synthase

Citrate synthase

TC378665

Triticum aestivum

Citrate synthase

gi|474326909

Triticum urartu

Citrate synthase

gi|75262456

Arabidopsis thaliana

Citrate synthase

AT2G44350.1

Arabidopsis thaliana

Citrate synthase

UniRef100_I1
JR22

Glycine max

Citrate synthase

UniRef100_I1
KTQ4

Glycine max

Citrate synthase

UniRef100_I1
MGE7

Glycine max

Citrate synthase

UniRef100_K
7LBM2

Isocitrate dehydrogenase
[NADP+]

Isocitrate
dehydrogenase

NADP+

Salt
tolera
nt?
Yes

Age of plant

Treatment
time

Change

2D gel - MS

0 hour

4 days

Up

[1]

Root

2D gel - MS

0 hour

6 days

Up

[2]

200 mM

Root

iTRAQ

Trefoil stage

24 hours

Down

[16]

No

150, 300 mM

Leaf

LC-MS

2 weeks

3 weeks

Up

[17]

Yes

200 mM

Leaf

iTRAQ

Twotrifoliate
stage

24 hours

Down

[23]

Yes

200 mM

Leaf

iTRAQ

24 hours

Up

[23]

Glycine mas cv
Dongnong 50

Yes

200 mM

Leaf

iTRAQ

24 hours

Up

[23]

Glycine max

Glycine mas cv
Dongnong 50

Yes

200 mM

Leaf

iTRAQ

Twotrifoliate
stage
Twotrifoliate
stage
Twotrifoliate
stage

24 hours

Up

[23]

X75638,
X75639

Solanum tuberosum

Solanum lycopersicum

No

40.8 mM

Pericarp

2D gel - MS

Plant
irrigated with
saline water

Down

[4]

Isocitrate dehydrogenase
[NADP+]
Isocitrate dehydrogenase
[NADP+]
Isocitrate dehydrogenase
[NADP+]
Isocitrate dehydrogenase
[NADP+]
Isocitrate dehydrogenase
[NADP+]
Isocitrate dehydrogenase
[NADP+]
Isocitrate dehydrogenase
(NADP+)
Isocitrate dehydrogenase
(NADP+)
Isocitrate dehydrogenase
(NADP+)

Solyc01g005
560.2.1
AT1G65930

Solanum
lycopersicum
Arabidopsis thaliana

Solanum lycopersicum

No

50 mM

Root

ITRAQ

15 days

Fruit
harvested
at red ripe
stage
72 hours

Up

[26]

Arabidopsis thaliana

No

150 mM

ITRAQ

7 weeks

ND

[27]

AT1G65930

Arabidopsis thaliana

Yes

150 mM

ITRAQ

7 weeks

ND

[27]

X77944

Nicotiana tabacum

No

250 mM

Western blot

4 weeks

36 hours

Up

[28]

X77944

Nicotiana tabacum

No

250 mM

Shoot

Western blot

4 weeks

48 hours

Up

[28]

AAC64182.1

Glycine max

Thellungiella
salsuginea
Nicotiana tabacum cv
Xanthi
Nicotiana tabacum cv
Xanthi
Glycine max

Leaf
microsome
Leaf
microsome
Shoot

Yes

50 mM

Cotyledon

2d gel-MS

0 hour

4 days

Up

[29]

At1g65930

Arabidopsis thaliana

Arabidopsis thaliana

No

150 mM

Root

18 days

6 hours

Down

[24]

At1g65930

Arabidopsis thaliana

Arabidopsis thaliana

No

150 mM

Root

18 days

48 hours

Down

[24]

Glyma02g408
20.1

Glycine max

Glycine max cultivar
Union85140

No

150 mM

Root

2-DE, LCMS/MS
2-DE, LCMS/MS
2D-PAGE

48 hours

Down

[10]

Isocitrate dehydrogenase
(NADP+)
Isocitrate dehydrogenase
(NADP+)
Isocitrate dehydrogenase
(NADP+)

gi|462411476

Prunus persica

Yes

240 mM

Leaf

iTRAQ

1 week

Down

[13]

gi|211906502

Gossypium hirsutum

Yes

240 mM

Leaf

iTRAQ

10 days

1 week

Down

[13]

UniRef100_C
6T857

Glycine max

Gossypium hirsutum
cv. CCRI-79
Gossypium hirsutum
cv. CCRI-79
Glycine mas cv
Dongnong 50
overexpressing
GsCBRLK

threetrifoliate
stage
10 days

Yes

200 mM

Leaf

iTRAQ

Twotrifoliate
stage

24 hours

Up

[23]

Experimental Species
Triticum aestivum var
Chinese spring and
Lophopyrum
elongatum
Hordeum vulgare
DH14
Gossypium hirsutum
Brassica napus L.
cultivars Sarigol
Glycine mas cv
Dongnong 50
overexpressing
GsCBRLK
Glycine mas cv
Dongnong 50
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NaCl
Treatment

Sample

Method

200 mM

Root
mitochondria

No

100 mM

Yes

Ref

Enzyme

Subunit

NAD+

2-Oxoglutarate
dehydrogenase

2-Oxoacid
dehydrogenase
Subunit (E1)

Dihydrolipoamide
acetyltransferase
(E2)

Dihydrolipoamide
dehydrogenase
(E3)

Protein

Accession /
GI number

Protein Match
Species

Isocitrate dehydrogenase
(NADP+)

UniRef100_I1
LZ93

Glycine max

Glycine mas cv
Dongnong 50

Isocitrate dehydrogenase
[NAD+]
Isocitrate dehydrogenase
[NAD+]
Isocitrate dehydrogenase
[NAD+]

gi|75100413

Arabidopsis thaliana

Lupine luteus

gi|75100413

Arabidopsis thaliana

Glyma11g089
20.1

Isocitrate dehydrogenase
[NAD+]
Isocitrate dehydrogenase
[NAD+]
Isocitrate dehydrogenase
[NAD+]

Salt
tolera
nt?
Yes

Treatment
time

Change

24 hours

Up

[23]

2d gel-MS

Twotrifoliate
stage
0 hour

12 hours

Down

[15]

2d gel-MS

0 hour

12 hours

Down

[15]

2D-PAGE

48 hours

Down

[10]

iTRAQ

threetrifoliate
stage
10 days

1 week

Up

[13]

Leaf

iTRAQ

10 days

1 week

Up

[13]

200 mM

Leaf

iTRAQ

Twotrifoliate
stage

24 hours

Up

[23]

Yes

200 mM

Seed

2d DIGE ms

30 hours
after
heading

Seed
harvested
at mature
stage

Down

[30]

Yes

240 mM

Root

iTRAQ

10 days

1 week

Down

[13]

NaCl
Treatment

No

150 mM

Root

2D-PAGE

48 hours

Down

[10]

Gossypium hirsutum
cv. CCRI-79
Solanum lycopersicum

Yes

240 mM

Root

iTRAQ

threetrifoliate
stage
10 days

1 week

Up

[13]

No

100 mM

Root

2D gel - MS

Three true
leaf stage

14 days

Up

[4]

Oryza sativa

Oryza sativa IR651

Yes

75 mM

Young panicle

2D gel - MS

30 days

12 days

Up

[18]

gi|115436320

Oryza sativa

Agrostis stolonifera

No

10 dS m-1

Root

2D gel - MS

45 days

28 days

Up

[19]

DLDH1_ARA
TH
TC382178

Arabidopsis thaliana

Yes

250 nM

Embryo

0 hour

42 hours

Down

[20]

Yes

200 mM

Root
mitochondria

NanoHPLCMS
2D gel - MS

0 hour

4 days

Down

[1]

AAO55717

Pseudomonas
syringae
Brachypodium
distachyon
Brachypodium
distachyon
Brachypodium
distachyon
Brachypodium
distachyon

Triticum durum Desf.
var. Waha
Triticum aestivum var
Chinese spring and
Lophopyrum
elongatum
Dunaliella salina

Yes

3M

2D gel - MS

0 hour

[21]

Yes

200 mM

2D gel - MS

14 days

Several
weeks
2 days

Up

Hordeum spontaneum
CM72
Hordeum vulgare XZ16

Plasma
membrane
Root

Down

[22]

No

200 mM

Root

2D gel - MS

14 days

2 days

Down

[22]

Hordeum spontaneum
CM72
Hordeum vulgare XZ16

Yes

200 mM

Root

2D gel - MS

14 days

2 days

Down

[22]

No

200 mM

Root

2D gel - MS

14 days

2 days

Down

[22]

Sample

Method

Age of plant

200 mM

Leaf

iTRAQ

No

250 mM

Lupine luteus

No

500 mM

Ricinus communis

Glycine max cultivar
Union85140

No

150 mM

Embryo axes
mitochondria
Embryo axes
mitochondria
Root

gi|462395307

Arabidopsis thaliana

Yes

240 mM

Leaf

gi|462400997

Arabidopsis thaliana

Yes

240 mM

UniRef100_C
6TLS1

Glycine soja

Gossypium hirsutum
cv. CCRI-79
Gossypium hirsutum
cv. CCRI-79
Glycine mas cv
Dongnong 50
overexpressing
GsCBRLK

Yes

2-Oxoglutarate
dehydrogenase E1 subunit

gi|115474297

Oryza sativa

2-Oxoglutarate
dehydrogenase E1 subunit
2-Oxoglutarate
dehydrogenase E2 subunit

gi|255575120

Dictyostelium
discoideum
Zea mays

Oryza sativa
overexpressing RNAbinding protein (RBP)
from
Mesembryanthemum
crystallinum
Gossypium hirsutum
cv. CCRI-79
Glycine max cultivar
Union85140

2-Oxoglutarate
dehydrogenase E2 subunit
Dihydrolipoamide
dehydrogenase

gi|460412152

Arabidopsis thaliana

SGNU314200

Solanum
lycopersicum

Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase

gi|34894800

Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase

Glyma14g025
30.3

gi|326517553
gi|326517553
gi|242087007
gi|242087007

Triticum aestivum

Experimental Species
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Ref

Enzyme

Succinyl-CoA
synthetase

Subunit

GDP-forming

ADP-forming

Succinate
dehydrogenase

SDH1

Accession /
GI number

Protein Match
Species

Experimental Species

Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase

gi|356532527

Glycinemax

Gossypium hirsutum

Glyma17g042
10.1

Zea mays

Glycine max cultivar
Union85140

Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase
Dihydrolipoamide
dehydrogenase

gi|225431914

Vitis vinifera

gi|211906492

Gossypium hirsutum

UniRef100_I1
KMS9

Glycine max

Succinyl-CoA ligase [GDPforming] β subunit
Succinyl-CoA ligase [GDPforming] β subunit
Succinyl-CoA ligase [GDPforming] β subunit

gi|226500228

Zea mays

gi|226500228

Salt
tolera
nt?
Yes

Sample

Method

Age of plant

Treatment
time

Change

200 mM

Root

iTRAQ

Trefoil stage

24 hours

Down

[16]

No

150 mM

Root

2D-PAGE

48 hours

Down

[10]

Gossypium hirsutum
cv. CCRI-79
Gossypium hirsutum
cv. CCRI-79
Glycine mas cv
Dongnong 50

Yes

240 mM

Root

iTRAQ

threetrifoliate
stage
10 days

1 week

Down

[13]

Yes

240 mM

Leaf

iTRAQ

10 days

1 week

Up

[13]

Yes

200 mM

Leaf

iTRAQ

Twotrifoliate
stage

24 hours

Down

[23]

Yes

200 mM

Root

2D gel - MS

14 days

2 days

Down

[22]

Zea mays

Hordeum spontaneum
CM72
Hordeum vulgare XZ16

No

200 mM

Root

2D gel - MS

14 days

2 days

Up

[22]

gi15225353

Arabidopsis thaliana

Arabidopsis thaliana

No

150 mM

2D gel - MS

4 weeks

5 days

Up

[5]

Succinyl-CoA ligase [GDPforming] β subunit
Succinyl-CoA ligase [GDPforming] β subunit
Succinyl-CoA ligase (ADPforming) α subunit

SUCB_ORYS
A
At2g20420

Oryza sativa

Yes

200 mM

2D gel - MS

Up

[31]

No

200 mM

Cell culture

2D gel - MS

7 hours

Down

[32]

Triticum aestivum

Yes

200 mM

Shoot and
root
mitochondria

2D gel - MS

3 leaves
stage
4 days post
subculture
0 hour

24 hours

TC377226

4 days

Down

[1]

Succinyl-CoA ligase (ADPforming) α subunit
Succinyl-CoA ligase [ADPforming] β subunit

AAN69766

Yes

3M

0 hour

[21]

Yes

200 mM

2D gel - MS

0 hour

Several
weeks
4 days

Up
Down

[1]

Succinyl-CoA ligase [ADPforming] β subunit

gi|449445622

Cucumis sativus

Triticum aestivum var
Chinese spring and
Lophopyrum
elongatum
Gossypium hirsutum
cv. CCRI-79

Plasma
membrane
Root
mitochondria

2D gel - MS

TC378070

Pseudomonas
putida
Triticum aestivum

Triticum aestivum SR3
and JN177
Arabidopsis thaliana
var. Erecta
Triticum aestivum var
Chinese spring and
Lophopyrum
elongatum
Dunaliella salina

Leaf
microsomal
membrane
Root

Yes

240 mM

Root

iTRAQ

10 days

1 week

Down

[13]

Succinate dehydrogenase
[ubiquinone] flavoprotein
subunit, mitochondrial
Succinate dehydrogenase
[ubiquinone] flavoprotein
subunit, mitochondrial
Succinate dehydrogenase
[ubiquinone] flavoprotein
subunit, mitochondrial
Succinate dehydrogenase
[ubiquinone] flavoprotein
subunit, mitochondrial

DHSA_ORYS
J

Oryza sativa

Populus cathayana

No

75 mM

Female leaf

2D gel - MS

28 days

28 days

Down

[33]

DHSA1_ARA
TH

Arabidopsis thaliana

Triticum durum Desf.
var. Waha

Yes

250 nM

embryo

NanoHPLCMS

0 hour

42 hours

Down

[20]

DHSA_ORYS
J

Oryza sativa

Populus cathayana

No

75 mM

Male leaf

2D gel - MS

28 days

28 days

Up

[33]

TC385839

Triticum aestivum

Yes

200 mM

Root
mitochondria

2D gel - MS

0 hour

4 days

Up

[1]

Succinate dehydrogenase
[ubiquinone] flavoprotein
subunit, mitochondrial

AT5G66760

Arabidopsis thaliana

Triticum aestivum var
Chinese spring and
Lophopyrum
elongatum
Triticum aestivum

Yes

150 mM

Shoot
mitochondria

MRM - MS

13 days

10 days

ND

[34]

Protein

Arabidopsis thaliana

40

NaCl
Treatment

Ref

Enzyme

Subunit

SDH2
SDH3
SDH4
SDH5

Salt
tolera
nt?
Yes

Gossypium hirsutum
cv. CCRI-79

Arabidopsis thaliana

AT1G47420

Fumarate hydratase 1,
mitochondrial
Fumarate hydratase 1,
mitochondrial
Fumarate hydratase 1,
mitochondrial
Fumarate hydratase 1,
mitochondrial
Fumarate hydratase 1,
mitochondrial

Accession /
GI number

Protein Match
Species

Sample

Method

Age of plant

Treatment
time

Change

Succinate dehydrogenase
[ubiquinone] flavoprotein
subunit, mitochondrial
Succinate dehydrogenase
[ubiquinone] flavoprotein
subunit, mitochondrial
Succinate dehydrogenase
subunit 2

AT2G18450.1

Arabidopsis thaliana

Brassica napus L.
cultivars Hyola308

150, 300 mM

Leaf

LC-MS

2 weeks

3 weeks

Up

[17]

gi|224094759

Arabidopsis thaliana

Yes

240 mM

Leaf

iTRAQ

10 days

1 week

Down

[13]

AT5G40650

Triticum aestivum

Yes

150 mM

Shoot
mitochondria

MRM - MS

13 days

10 days

Up

[34]

Succinate dehydrogenase
subunit 5

Arabidopsis thaliana

Triticum aestivum

Yes

150 mM

Shoot
mitochondria

MRM - MS

13 days

10 days

ND

[34]

At2g47510

Arabidopsis thaliana

Arabidopsis thaliana

No

150 mM

Root

2D gel - MS

18 days

6 hours

Down

[24]

At2g47510

Arabidopsis thaliana

Arabidopsis thaliana

No

150 mM

Root

2D gel - MS

18 days

48 hours

Down

[24]

FUM1_ARAT
H
Q10LR5

Arabidopsis thaliana

Triticum durum Desf.
var. Waha
Oryza sativa TNG68

Yes

250 nM

embryo

0 hour

42 hours

Down

[20]

No

250 mM

Root

NanoHPLCMS
2D gel - MS

19 days

Up

[3]

gi|462396383

Arabidopsis thaliana

Gossypium hirsutum
cv. CCRI-79

Yes

240 mM

Leaf

iTRAQ

10 days

30
minutes
1 week

Up

[13]

Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial

gi|115465579

Oryza sativa

Yes

120 mM

Leaves

2D gel - MS

13 days

6 days

Down

[35]

gi|115465579

Oryza sativa

Yes

120 mM

Leaves

2D gel - MS

13 days

6 days

Down

[35]

Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial

gi|356517066

Glycine max

Yes

150 mM

Root

2D gel - MS

30 days

24 hours

Up

[8]

TC370105

Triticum aestivum

Yes

200 mM

Root
mitochondria

2D gel - MS

0 hour

4 days

Down

[1]

Malate dehydrogenase
[NAD+] mitochondrial

TC375673

Triticum aestivum

Yes

200 mM

Root
mitochondria

2D gel - MS

0 hour

4 days

Down

[1]

Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial

gi|21388544

Solanum tuberosum

Yes

150 mM

Root

2D gel - MS

30 days

1 hour

Down

[8]

gi|21388544

Solanum tuberosum

Yes

150 mM

Root

2D gel - MS

30 days

24 hours

Down

[8]

gi|21388544

Solanum tuberosum

Yes

150 mM

Root

2D gel - MS

30 days

12 days

Down

[8]

TC417735

Triticum aestivum

Triticum durum Desf.
var. Waha
Oryza sativa IR64
mutant 167-1-3
(tolerant)
Amaranthus cruentus
L. cv. Amaranteca
Triticum aestivum var
Chinese spring and
Lophopyrum
elongatum
Triticum aestivum var
Chinese spring and
Lophopyrum
elongatum
Amaranthus cruentus
L. cv. Amaranteca
Amaranthus cruentus
L. cv. Amaranteca
Amaranthus cruentus
L. cv. Amaranteca
Triticum aestivum var
Chinese spring and
Lophopyrum
elongatum

Yes

200 mM

Root
mitochondria

2D gel - MS

0 hour

4 days

Up

[1]

Protein

Experimental Species

NaCl
Treatment

Ref

SDH6
SDH7
SDH8
Fumarase

Malate
dehydrogenase

Oryza sativa

41

Enzyme

Subunit

Protein
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial
Malate dehydrogenase
[NAD+] mitochondrial

Accession /
GI number

Protein Match
Species

Experimental Species

B9SKH7

Ricinus communis

Citrus deliciosa

B9SKH8

Ricinus communis

Citrus reshni

P17783

Citrullus lanatus

gi|48375044

Salt
tolera
nt?
No

NaCl
Treatment

Sample

Method

Age of plant

Treatment
time

Change

50 mM

Leaves

2D gel - MS

1 year

8 weeks

Up

[36]

Yes

50 mM

Leaves

2D gel - MS

1 year

8 weeks

Down

[36]

Cucumis sativus

No

50 mM

Root

2D gel - MS

72 hours

72 hours

Up

[9]

Nicotiana tabacum

Agrostis stolonifera

No

10 dS m-1

Leaves

2D gel - MS

45 days

28 days

Down

[19]

Q6F361

Oryza sativa

No

At1g53240

Arabidopsis thaliana

2827084

Medicago sativa

Oryza sativa SA0604
(salt sensitive)
Arabidopsis thaliana
var. Erecta
Medicago sativa

254 mM

Root

2D gel - MS

19 days

Down

[3]

No

200 mM

Cell culture

2D gel - MS

Up

[32]

Yes

100 mM

Root

2D gel - MS

6 days post
subculture
2 weeks

30
minutes
9 hours
3 days

Up

[7]

2827080

Medicago sativa

Medicago sativa

Yes

100 mM

Root

2D gel - MS

2 weeks

3 days

Up

[7]

gi|211906490

Gossypium hirsutum

Gossypium hirsutum

Yes

200 mM

Root

iTRAQ

Trefoil stage

24 hours

Down

[16]

gi|255563084

Ricinus communis

Yes

240 mM

Leaf

iTRAQ

10 days

1 week

Up

[13]

gi|255566555

Ricinus communis

Yes

240 mM

Leaf

iTRAQ

10 days

1 week

Up

[13]

gi|255563084

Ricinus communis

Yes

240 mM

Root

iTRAQ

10 days

1 week

Up

[13]

gi|255566555

Ricinus communis

Yes

240 mM

Root

iTRAQ

10 days

1 week

Up

[13]

433335660

Brassica oleracea

Gossypium hirsutum
cv. CCRI-79
Gossypium hirsutum
cv. CCRI-79
Gossypium hirsutum
cv. CCRI-79
Gossypium hirsutum
cv. CCRI-79
Brassica napus var.
Nannongyou No.3

Yes

200 mM

Leaf

2D gel - MS

6 weeks

72 hours

Up

[14]
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Table 2: Summary of Publications on the Responses of Mitochondrial Membrane Transporters to Salinity Stress
Protein name

Accession number

Match species

Experiment species

Salt
tolerant?

NaCl
treatment

Sample

Method used

Age of
plant

Treatment
duration

Changes

Reference

Adenine nucleotide
translocator (ANT)

O82049

Ribus nigrum

Vitis vinifera

Yes

250 mM

Shoot tips

2 years

16 days

Up

[1]

Solyc01g014210.1.1

Solanum
lycopersicum
Zea mays

Solanum lycopersicum

No

50 mM

Roots

Northern blot
hybridization
iTRAQ

15 days

72 hours

Down

[2]

Oryza sativa

No

2% NaCl

Norther blot
hybridization

5 days

24 hours

Up

[3]

Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Oryza sativa

Mesembryanthemum
crystallinum
Arabidopsis thaliana

Yes

300 mM

Suspension
culture
cells
Leaves

RT-PCR

6 weeks

10 days

No
change
Down

[4]

Arabidopsis thaliana

No

Up

[6]

Arabidopsis thaliana

No

Up

[6]

Arabidopsis thaliana

No

Up

[5]

Arabidopsis thaliana

No

200 mM

Mesembryanthemum
crystallinum
Oryza sativa cv.
IAPAR9

Yes

R0129E03

Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Oryza sativa

NM_001156328

Zea mays

At3g62650

McANT2
ADP/ATP carrier (AAC2)

AT5G13490
AT4G28390

ATP-Mg/Pi transporter

AT5G61810

Basic amino acid carrier
(BAC2)

AT1G79900

Dicarboxylate carrier protein
(DIC)

GU967412,
GU967413
McDCT2
AK058489

AT5G19760
AT5G19760
AT2G22500
AT2G22500
AT4G24570
AT4G24570
AT5G09470
Mitochondrial carrier protein
putative

Mitochondrial substrate
carrier family protein
AtMTM1
NAD+ transporter (NDT1)

AT4G27940

Phosphate carrier protein
(PiC)

BAA31583

AT2G47490

No

Aerial parts

AtGenExpress
analysis
Microarray
analysis
Microarray
analysis
AtGenExpress
analysis
RT-PCR

12 days

3 hours

Up

[7]

300 mM

Leaves

RT-PCR

6 weeks

10 days

[4]

Yes

150 mM

Roots

2 weeks

2 days

Arabidopsis thaliana

No

150 mM

7 weeks

ND

[9]

Thellungiella
salsuginea
Arabidopsis thaliana

Yes

150 mM

Leaf
microsome
Leaf
microsome

Subtractive
suppression
hybridization
iTRAQ

No
change
Up

iTRAQ

7 weeks

ND

[9]

Up

[5]

Arabidopsis thaliana

No

Up

[6]

Arabidopsis thaliana

No

Up

[5]

Arabidopsis thaliana

No

Up

[6]

Arabidopsis thaliana

No

Down

[5]

Oryza sativa Indica
Nona Bokra
Setaria italica

Yes

140 mM

Shoot

Yes

250 mM

Seedling

Arabidopsis
thaliana
Arabidopsis
thaliana

Arabidopsis thaliana
expressing MYB4
Arabidopsis thaliana

Yes

300 mM

Whole
plant

No

Arabidopsis
thaliana
Zea mays

Arabidopsis thaliana

No

No

Lolium temulentum

500 mM

45

AtGenExpress
analysis
Microarray
analysis
AtGenExpress
analysis
Microarray
analysis
AtGenExpress
analysis
Microarray
hybridization
Real time PCR

[5]

[8]

12 days

24 hours

Up

[10]

21 days

6 hours

Down

[11]

3 weeks

2 weeks

Up

[12]

Microarray
analysis

Up

[6]

AtGenExpress
analysis
Northern blot
hybridization

Down

[5]

Up

[13]

RT-PCR

6 weeks

20 hours

Protein name

Accession number

Match species

Experiment species

Salt
tolerant?

NaCl
treatment

Sample

Method used

Age of
plant

Treatment
duration

Changes

Reference

Solyc02g094470.2.1

Solanum
lycopersicum
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana

Solanum lycopersicum

No

50 mM

Roots

iTRAQ

15 days

72 hours

[2]

Arabidopsis thaliana

No

150 mM

Leaf

iTRAQ LC-MS

4 weeks

5 days

No
change
Up

Arabidopsis thaliana

No

Up

[6]

Arabidopsis thaliana

No

150 mM

Arabidopsis thaliana

No

150 mM

Arabidopsis thaliana

No

150 mM

Arabidopsis thaliana

No

Arabidopsis thaliana

No

100 mM

Arabidopsis thaliana

No

100 mM

400 mM

gi|15241291
AT3G48850
AT2G17270
AT3G48850
AT5G14040
AT3G48850

Whole
plant
Whole
plant
Whole
plant

Uncoupling protein

At3g54110

Uncoupling protein

At2g22500

SAM50

gi|255544822

Ricinus
communis

Beta vulgaris X Beta
corolliflora

Yes

TIM17-1

AT1G20350

Arabidopsis thaliana

No

TOM40-1

AT3G20000

Arabidopsis thaliana

No

150 mM

Thellungiella
salsuginea
Oryza sativa Indica

Yes

150 mM

Y18104

Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Oryza sativa

No

200 mM

AJ251562

Oryza sativa

Oryza sativa Indica

No

200 mM

AT3G01280

Arabidopsis
thaliana
Arabidopsis
thaliana
Oryza sativa

Arabidopsis thaliana

No

150 mM

Thellungiella
salsuginea
Oryza sativa Indica

Yes

150 mM

No

200 mM

Arabidopsis
thaliana
Solanum
lycopersicum
Arabidopsis
thaliana
Arabidopsis
thaliana
Vitis vinifera

Pennisetum glaucum

No

250 mM

Leaf
microsome
Leaf
microsome
Shoot and
roots
Shoot and
roots
Leaf
microsome
Leaf
microsome
Shoot and
roots
Shoot

Solanum lycopersicum

No

50 mM

Triticum aestivum

No

Triticum aestivum

Arabidopsis
thaliana

AT3G20000
VDAC

AT3G01280
AJ251563
AY823551
Solyc02g092440.2.1
TC277580
TC307500
gi|359480551

Porin

Glyma08g40800.1

Leaves and
roots
Leaves and
roots
Leaf
microsomal
membrane

[14]

Microarray
analysis
Real time PCR

10 days

24 hours

Up

[15]

Real time PCR

11 days

25 hours

Up

[15]

Real time PCR

12 days

26 hours

Up

[15]

Up

[5]

AtGenExpress
analysis
Microarray
experiment
Microarray
experiment
iTRAQ

5 weeks

27 hours

Up

[16]

5 weeks

3 hours

Up

[16]

5 weeks

7 days

Down

[17]

Up

[6]

Microarray
analysis
iTRAQ

7 weeks

ND

[9]

iTRAQ

7 weeks

Up

[9]

Northern blot
hybridization
Northern blot
hybridization
iTRAQ

10 days

72 hours

Up

[18]

10 days

72 hours

Up

[18]

7 weeks

ND

[9]

iTRAQ

7 weeks

ND

[9]

Northern blot
hybridization
Q RT-PCR

10 days

72 hours

Up

[18]

7 days

24 houra

Up

[19]

Roots

iTRAQ

15 days

72 hours

Up

[2]

200 mM

Shoots

2D-PAGE

10 days

4 days

Down

[20]

No

200 mM

Shoots

2D-PAGE

10 days

4 days

Down

[20]

Beta vulgaris X Beta
corolliflora

Yes

400 mM

iTRAQ

5 weeks

7days

Up

[17]

Glycine max cultivar
Union85140

No

150 mM

Leaf
microsomal
membrane
Root

2D-PAGE

threetrifoliate
stage

48 hours

Down

[21]
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Protein name

Accession number

Match species

Experiment species

Salt
tolerant?

NaCl
treatment

Sample

Method used

Age of
plant

Treatment
duration

Changes

Reference

Glyma13g01040.2

Arabidopsis
thaliana

Glycine max cultivar
Union85140

No

150 mM

Root

2D-PAGE

48 hours

Down

[21]

Glyma18g16260.1

Arabidopsis
thaliana

Glycine max cultivar
Union85140

No

150 mM

Root

2D-PAGE

threetrifoliate
stage
threetrifoliate
stage

48 hours

Down

[21]
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The effects of sodium chloride on plant physiology and central carbon metabolism
in wheat

Abstract
Plant metabolic responses towards salinity stress are different among different species
depending on the various adaptation strategies adopted by each species. These strategies
are determined by the activity of energy metabolism which is influenced by substrate
availability, the demand for ATP and the production of metabolites that are essential for
plant maintenance under salt stress. To understand these responses in wheat,
comparative physiological, metabolomic and proteomic analyses were performed
between control and plants treated with 150 mM NaCl. Time-course analyses showed
that the photosynthetic capacity was significantly lower in salt-stressed plants from the
second day after salt addition (SA). Stomatal conductance and transpiration rates began
to reduce as early as the first day after SA. The respiration level was increased from the
first day after SA up to a maximum at day 8 after SA, indicating an increase in energy
metabolism. Metabolomic analyses in the whole shoots and leaf 3 showed that the
abundance of sugars and amino acids were increased under salt stress. However,
glucose levels were decreased in both whole shoots and leaf 3. The abundance of
organic acids including aspartic acid, citrate, and malic acid were decreased under salt
stress in shoots while citrate and malate were also found to decrease in leaf 3. There was
a significant increase in 2-oxoglutarate levels in shoots at day 8 after SA. To quantify
the abundance of a number of specific enzymes and transporters, Multiple Reaction
Monitoring (MRM) mass spectrometry was used. MRM analyses of leaf three at day 8
after SA showed that there were significant increases in the abundance of
phosphoglucomutase, glyceraldehyde-3-phosphate dehydrogenase, NADP-dependent
glyceraldehyde-3-phosphate

dehydrogenase,

and

UTP

glucose-1-phosphate

uridylyltransferase. There were significant reductions in the abundance of malate
dehydrogenase and ornithine carbamoyltransferase. The increases in sugars and amino
acids abundances are consistent with an adaptive strategy to maintain osmotic potential
in the cell under salinity stress. The increases seen in respiration rate and glycolysis
protein abundances and the decreases in glucose abundance suggested that energy
metabolism is adapted in wheat under salinity stress.
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Introduction
Soil salinity is one of the major environmental degradation problems affecting the
sustainability of crop production around the world (Munns & Tester 2008; Hasegawa
2013). It has been estimated that approximately 20% of all global irrigated land has
become salt affected with an annual global income loss of about USD$12 billion
(Ghassemi et al. 1995; FAO 2009; Parihar et al. 2014). These numbers are expected to
continue to increase over time as more and more land becomes compromised. Most
cereal species are sensitive to high concentrations of salts in the soil and wheat is one of
the major crop plants that is most adversely affected by soil salinity (Munns et al. 2006).
Soil salinity is a major threat to food security as it is estimated that an increase of ~50%
of world food production is needed to nourish the growing world population by 2050
(Rengasamy 2006). Therefore, developing salt tolerant varieties is one of the essential
developments needed to overcome this future food security crisis.

To find the molecular mechanisms that could be involved in salinity tolerance, a
number of previous studies have attempted to gain information on how wheat responds
in a saline environment. Attention has been given to the roles of signalling pathways
(Yan et al. 2015), ion homeostasis (Xu et al. 2013; Zhang et al. 2015), reactive oxygen
species (ROS) detoxification (Gill & Tuteja 2010; Fan et al. 2014) and osmoprotectant
biosynthesis (Puniran-Hartley et al. 2014; Slama et al. 2015) in conferring salt
tolerance. Many of the processes mentioned above are intertwined with the central
metabolism network through carbohydrate metabolism, glycolysis, and the TCA cycle
activities in energy metabolism and amino acid metabolism. Even though a considerable
number of observations have been obtained regarding how these components respond to
salinity stress, there is still very little known regarding the sites of impact of rising
salinity on central carbon metabolism and how these impacts is important in influencing
salinity tolerance in plants. This is probably due to the complexity of metabolism
networks and limitations in available analysis technologies to define cause and effect.

Under normal conditions, plants use light energy through photosynthesis to synthesise
storage carbohydrates such as starch and fructans (Krasensky & Jonak 2012). Starch is
composed of glucose polymers and it is osmotically inert. It can be rapidly mobilised to
provide water-soluble carbohydrates that are mainly composed of sucrose, glucose and
fructose (Xue et al. 2008). Starch mobilisation is important during conditions of
dehydration, reduced carbon supply from photosynthesis and limited energy supply or
51

enhanced energetic demands (Xue et al. 2008; Krasensky & Jonak 2012). Starch
mobilisation is also considered as a general adaptation mechanism of tolerant plants to
salinity stress (Kosová et al. 2013). The protective roles of water-soluble carbohydrates
during salt stress include maintaining cell turgor and stabilizing proteins and
membranes (Kaplan & Guy 2004). Thus, starch content in the leaf is usually decreased
during salt and drought stress while water-soluble carbohydrates often increase (Todaka
et al. 2000; Basu et al. 2007; Wang et al. 2013). However, water-soluble carbohydrates
accumulated differently between different plant genotypes during salinity stress due to
various factors including photosynthesis capacity, carbon use efficiency, and carbon
partitioning between growth and maintenance respiration (Xue et al. 2008).

Energy metabolism is a critical component of interest when investigating plant salinity
responses as it plays a significant role in salt stress adaptation as a number of salt stress
adaptation mechanisms are energy consuming processes including ion homeostasis,
ROS defence mechanisms, and osmotic adjustment by accumulating inorganic ions and
compatible solutes (Azevedo Neto et al. 2004; Wu et al. 2014; Donà & Mittelsten
Scheid 2015). Energy metabolism beyond photosynthesis, consists of three main
components that are glycolysis, tricarboxylic acid (TCA) cycle and mitochondrial
electron transport chain (ETC) (Fernie et al. 2004). The structural organization of
glycolysis has been well characterised. In glycolysis, glucose that derived from starch
and sucrose is degraded to produce pyruvate (Fernie et al. 2004). The TCA cycle utilises
pyruvate to produce reducing equivalents such as NADH and FADH 2 to be used by the
ETC. The ETC builds a proton gradient across the inner mitochondrial membrane
(Fernie et al. 2004). The flow of the protons back to the matrix through ATP synthase
produces adenosine triphosphate (ATP), an energy-rich compound that can be utilised
by a range of cellular energy consuming processes. Besides its role in energy
metabolism, the TCA cycle is also important in linking energy metabolism with other
metabolic pathways as TCA cycle intermediates can be used as sources of carbon
skeletons for the biosynthesis of amino acids and compatible solutes (Jacoby et al.
2011).

Proteins that are involved in energy metabolism have been shown to differentially
change in abundance under salinity stress. Previous proteomics studies have shown that
enzymes involved in the glycolytic pathway were increased in abundance under salt
stress in rice (Chitteti & Peng 2007; Li et al. 2010b), wheat (Wang et al. 2008; Peng et
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al. 2009), maize (Zörb et al. 2010), tomato (Manaa et al. 2013), pea (Kav et al. 2004),
cucumber (Du et al. 2010), and in Thellungiella sp. (Wang et al. 2013) plants. Increases
in the abundance of enzymes of the glycolytic pathway might indicate that more
pyruvate is produced, which could be used by the TCA cycle, as pyruvate is the primary
carbon source for TCA cycle in most circumstances (Wiskich & Dry 1985). However,
there is no consistency in the changes in abundance in components of the TCA cycle to
salinity stress between different plant species, genotypes or tissues (see Table 1 in
Chapter 1). There is also considerable variations in respiratory rates observed in
different plant species under salt stress (Jacoby et al. 2011). Since energy metabolism
interacts with carbohydrate metabolism, amino acid metabolism, and compatible solute
biosynthesis that in turn is influenced by the environmental conditions, the variations in
respiration rates could be due to the different strategies adopted by each plant to adapt
to salinity stress.

The discoveries in plant stress adaptation mechanisms have been significantly enhanced
by the advancement in omics technologies such as genomics, metabolomics, and
proteomics as they can give a bird’s-eye view of the process as a whole. Metabolomics
is defined as the identification and quantitation of all small molecular weight
metabolites in a particular organism, at a particular developmental stage or in a
particular organ, tissue or cell type (Fiehn 2001). Time-course metabolomics offers
information on successive snapshots of metabolic status that is useful in investigating
the complex interacting mechanisms of cellular metabolic pathways in response to
salinity stress (Kim et al. 2007). However, application of metabolomics alone in
examining the response of a complex network upon a perturbation, such as salinity
stress, does not provide a clear picture of the actual responses (Arbona et al. 2013).
Integrated physiology, metabolomics, and proteomics approaches provide a powerful
tool for understanding the complex molecular interactions in biological systems
associated with stress adaptation and tolerance (Jorge et al. 2015). There are very few
studies applying multiple omics approaches to study salinity stress responses in plants.
One example is the study of Sobhanian et al. (2010) which combined capillary
electrophoresis–mass spectrometry (CE-MS) based metabolomics and conventional 2Dgel-based proteomics approaches. This study found an up-regulation of proteins and
metabolites involved in energy formation, amino acid biosynthesis, C4 photosynthesis,
and detoxification and conferred salt tolerance in Aeluropus lagopoides (Poaceae).
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Conventional 2D-gel-based proteomic approaches have traditionally been used as the
primary tool to visualise the differences between proteomes derived from different
tissues or following different treatments of plants (Righetti et al. 2008). Even though
this technique has been advanced through the application of fluorescent dyes (Unlu et
al. 1997), two significant limitations still constrain the depth and sensitivity of this
technique. First is the inability to measure the entire breadth of the proteome under
study due to physicochemical cut-offs of 2D gels (Shevchenko et al. 1996; Santoni et al.
2000). The second limitation is in the quantitation approaches used, due to the
differential staining properties between different proteins and its low resolution for
accurate quantification even when using fluorescent dyes (Beranova-Giorgianni 2003).
The emergence of mass-spectrometry-base protein quantification approaches such as
multiplexed selective reaction monitoring (MRM) have proven to be able to accurately
quantitate even small changes in protein abundance within the proteome (Jacoby et al.
2013b; Taylor et al. 2014).

MRM offers significant advantages due to its capability to specifically measure the
abundance of selected proteins in a highly sensitive and reliable manner and is
sometimes known as targeted proteomics (Lange et al. 2008). MRM uses prior
knowledge of a peptide’s mass, charge, and fragmentation behaviour to enhance peptide
detection via filtered selection through a triple quadrupole mass spectrometer (Taylor et
al. 2013). In an MRM assay, the first quadrupole of a mass spectrometer is set to
transmit only the mass of the targeted peptide precursor ion into the second quadrupole
which acts as the collision cell that fragments the targeted precursor ion. The third
quadrupole then filters only one fragment ion from the collision cell to the detector. The
mass of the precursor and product ion is known as the transition. The intensity of the
signal received by the detector over time is used to calculate the abundance of the
precursor ion, and the abundance of the protein origin of that precursor ion in the
sample (Picotti & Aebersold 2012). This technology has been successfully applied in
recent studies to analyse the phosphorylation state of targeted proteins in stress
responses (Dubiella et al. 2013; E. Stecker et al. 2014) and to measure the abundance of
targeted proteins in Arabidopsis mutants (Su et al. 2013; Taylor et al. 2014).

In the present study, systematic physiology, metabolomics, and proteomics analyses
were each conducted to explore the response of central carbon metabolism to salinity
stress in wheat. Changes in physiological attributes such as photosynthesis, respiration,
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stomatal conductance and transpiration were measured from control and salt-treated
wheat in a time course. Specific proteins involved in carbohydrate metabolism, central
carbon metabolism and amino acid metabolism were quantified through MRM mass
spectrometry and the abundance of these proteins between control and salt-treated plant
were compared. Differences in sugars, organic acids and amino acid abundances under
salinity stress were determined through GC-MS. The integrated responses of
physiology, metabolomics and proteomics component of central carbon metabolism to
salinity stress in wheat are discussed.

Methods
Plant growth
Wheat plants (Triticum aestivum v. Wyalkatchem) were grown in a supported
hydroponic system according to (Munns & James 2003) with some modifications.
Seeds were imbibed in water for two hours then swirled in a fungicide solution
containing 1.4 g/L dimethylcarbamothioylsulfanyl N,N- dimethylcarbamodithioate
(Thiram). For seed germination, the seeds were placed on two layers of filter papers
dampened with the Thiram solution in a petri dish. The seeds were covered with one
layer of Thiram-dampened filter paper. The petri dish containing the seeds was wrapped
in aluminium foil to keep the seeds in the dark. The seeds were incubated at 4 °C for 2
days. After 2 days, the seeds were incubated at 28 °C for 2 days. The germinated wheat
seedlings were transferred into hydroponic pots filled with gravel to support the roots.
The seedlings were grown in a laboratory growth chamber with 16/8 light/dark cycle,
light intensity 500 μmolm-2s-1, 28/22 °C day/night temperature and constant 65%
humidity. For salt treatment plants, the salt treatment was commenced immediately after
the emergence of leaf 3. NaCl was added to the nutrient solution at 25 mM increment at
around 9 am and 4 pm every day for three consecutive days to reach a final NaCl
concentration of 150 mM. NaCl concentration remained 150 mM until harvest. Nutrient
solutions were replaced once weekly. For the physiological experiment, GC-MS
analysis, sodium content analysis, the shoots were harvested from the control and salttreated plants at days 1, 2, 8 and 15 after NaCl addition completed. For proteomic
analysis, the third fully emerged leaf was harvested from the control and salt-treated
plants at day 8 after SA. The samples were harvested in the middle of the light period.
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Measurements of photosynthesis and respiration
CO 2 fluxes of the leaves were measured using a portable infrared gas analyser (IRGA)
systems (LI-COR 6400; LI-COR Inc., Lincoln, NE, USA) using a 6cm2 leaf chamber.
The measurement was commenced after at least two hours into the light period of the
growth cabinet. The system was checked for air leaks before use. For measuring
photosynthesis, transpiration and stomatal conductance in light, the middle part of L3
was clamped in the leaf chamber. The flow rate through the leaf chamber was set to 300
μmol s−1 and the light-emitting diode (LED) light source in the leaf chamber were set to
photosynthetically active radiation (PAR) of 500 µmol m-2 s-1. For measuring dark
respiration, multiple green leaves with fresh weight from 400 to 600 mg were folded and
inserted into the dark leaf chamber to get a measurable CO 2 flux. The flow rate through
the leaf chamber was set to 150 μmol s−1. For both light and dark measurements, the
chamber block temperature (T Blc ) was configured to be the same as the air temperature
(T Air ) at the time which was approximately 23°C; the relative humidity was
approximately 55 to 65% and the ambient CO 2 concentration was set to 400 µmol mol-1.
The rate of CO 2 flux was logged every minute for 30 minutes. CO 2 efflux rate was
calculated as the average rate of the last ten minutes of the measurement when CO 2
efflux had reached a steady state. Chlorophyll content was measured using a leaf
chlorophyll meter (SPAD-502 meter, Minolta, Osaka, Japan) before harvesting for L3 at
day 8 after SA completed. The chlorophyll contents of leaves were calculated from the
average of three reading taken at the base, middle and the tip of leaf 3.

Biomass, water content and elemental sodium and potassium content
Root, shoots and leaf 1, 2 and 3 (the first, second and third emerging leaves) were
separated upon harvested. The fresh weight of all harvested tissues was recorded. The
tissues were dried at 65 °C for 3 days, and the dry weights recorded. Water content was
determined by the differences between fresh weight and dry weight of the tissues. The
dried tissues were then used for elemental sodium and potassium measurements.
Sodium content and potassium content in leaf 1, 2 and 3 were carried out using flame
photometry. The dried leaf tissues were ground into fine powder in liquid nitrogen. The
leaf powders were transferred into 10 mL 0.5 M HCl and shaken for 2 days using a
rotating shaker. The mixtures were then filtered through 0.45 µM syringe-driven filter
units into 20 mL glass vials. The filtrates were used for measuring sodium and
potassium content using the Flame Photometer Model 410. The flame photometer
measures the light at a specific wavelength emitted when a solution of a particular
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element is burnt (Chen et al. 2003). Standard solutions of sodium were prepared by
diluting 1000 ppm sodium solution in 0.5 M HCl to a concentration of 5, 10, 15, 20 and
25 ppm. Standard solutions of potassium were prepared by diluting 1000 ppm
potassium solution in 0.5 M HCl to a concentration of 2.5, 5, 7.5, and 10 ppm. The
concentration of sodium and potassium in the samples were determined by comparing
the flame photometer’s reads to the standard curves. The contents of sodium and
potassium in the tissue were normalised to the weight of the tissue in the solution.

Global metabolite analysis
Metabolites were extracted according to a modified procedure based on Howell et al.
(2009) and developed by Shingaki-Wells et al. (2011). The harvested shoots and leaf 3
were homogenised in liquid nitrogen. Approximately 25 mg of ground tissues was
mixed with 500 µL ice-cold metabolite extraction buffer containing 85% [w/v] HPLCgrade methanol, 15% [w/v] untreated MilliQ water, and 100 ng µL-1 ribitol. The samples
were shaken in 65°C for 15 minutes at 1400 rpm speed. The sample was then
centrifuged at 20,000 x g for 3 minutes at room temperature to pellet down the debris.
60 µL of the supernatant was dried in a vacuum centrifuge for approximately 2 hours.
20 µL of 20 mg mL-1 methoxylamine-HCl (98% purity; Sigma) was added to each of
the dried samples. Samples were then shaken at 1,400 rpm for 90 minutes at 30 °C. To
each sample, 30 mL of N-methyl-N-(trimethylsilyl)- trifluoroacetamide (derivatization
grade; Sigma) was added, followed by shaking again at 1,400 rpm for 30 minutes at 37
°C. Then, 10 mL of n-alkane standard mix (0.029% [v/v] n-dodecane, 0.029% [v/v] npentadecane, 0.029% [w/v] n-nonadecane, 0.029% [w/v] n-docosane, 0.029% [w/v] noctacosane, 0.029% [w/v] n-dotriacontane, and 0.029% [w/v] n-hexatriacontane
dissolved in anhydrous pyridine) was added and vortexed. Samples were transferred to
GC-MS amber vials with screw-top seals and low-volume inserts (Agilent
Technologies). These were then incubated for 4 hours at room temperature for
equilibration. Analysis of samples on the GC-MS followed the procedure described
previously by Howell et al. (2009). Raw GC-MS data preprocessing and statistical
analysis

was

performed

using Metabolome

Express

software (version

1.0;

http://www.metabolome-express.org). Detailed methods have been reported by Carroll
et al. (2010). Only metabolites of known structures that have been automatically
identified in Metabolome Express and present in all replicates were considered in
comparisons.
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Targeted protein analysis
a. Protein extraction from leaves
Leaf 3 was harvested from control and salt-treated plants and ground with a mortar and
pestle in liquid nitrogen. Approximately 200 µg of the ground tissue was mixed with
400 µL of extraction buffer (125 mM Tris-HCl, pH 7.5, 7% (w/v) SDS, 10% (v/v) ßmercaptoethanol (freshly added), 0.5% (w/v) PVP-40) on ice. The mixture was vortexed
thoroughly every 3 minutes for 15 minutes. Then the mixture was centrifuged at 20,000
x g for 20 minutes at 4 °C. 200 µL of the supernatant was transferred into new 2 mL
microfuge tubes. The pellets were discarded. 800 µL methanol was added to the
supernatants and vortexed. Then, 200 µL chloroform was added to the mixture and
vortexed. 500 µL of H 2 O was added to the mixture and vortexed. The mixture was
centrifuged for 5 min at 10,000 x g at 4 °C. The large upper aqueous phase was
carefully discarded, to avoid removing the protein layer. 800 µL methanol was added to
the mixture and thoroughly vortexed. The mixture was centrifuged for 10 minutes at
20,000 x g at 4 °C. The resulting supernatant was discarded while the pellets were airdried for 5 minutes in a fume hood. The pellets were washed by acetone precipitation.
To do this, 1 mL of pre-cooled (-20 °C) 100% (v/v) acetone was added to the pellet and
vigorously vortexed. Then, the mixture was incubated at -20 ˚ C for 30 minutes. After
30 minutes, the mixture was centrifuged for 20 minutes at 20,000 x g at 4˚ C. The
supernatant was discarded. After the acetone precipitation process has been repeated for
a second time, the resulting pellets were air-dried for 15 minutes. The protein pellet was
resuspended in 50 µL resuspension buffer containing 1% (w/v) SDS, 50 mM Ambic
(NH 4 HCO 3 ) and 5 mM DTT (from freshly prepared 1 M solution). The mixture was
incubated in a thermomixer for 30 minutes at 40 °C with 350 rpm shaking.
Iodoacetamide was added to 10 mM to the mixture and incubated for further 15
minutes. The SDS concentration was diluted to 0.1% by adding 9 volumes of 50 mM
Ambic solution. The mixture was then centrifuged at 20,000 x g for 10 minutes. The
supernatant was transferred to a new microcentrifuge tube. The protein concentration
was quantified using the Pierce™ BCA Protein Assay Kit. 100 µg of protein was
aliquoted into a new tube for trypsin digestion.

b. Protein digestion with trypsin
Trypsin solution was prepared by adding 20 µL digestion buffer (50 mM Ambic, 10
mM CaCl 2 ) to the vial of 20 µg lyophilised trypsin powder and vortexed thoroughly. 5
µg of trypsin was added to the sample containing 100 µg proteins. The mixture was
58

vortexed and incubated at 37 °C overnight. The reaction was stopped by acidification of
the mixture with formic acid to a final concentration of 2% (v/v).

c. Peptide preparation for multiple reaction monitoring (MRM) mass spectrometry
The peptide samples were cleaned up using a solid phase extraction (SPE) C-18
macrospin column. The columns were charged by adding 750 µL of a solution
containing 70% (v/v) acetonitrile and 0.1% (v/v) formic acid. The columns were
centrifuged at 150 x g for 2 minutes. The flow-through of the columns was discarded.
The columns were then equilibrated by adding 750 µL of a solution containing 2% (v/v)
acetonitrile and 0.1% (v/v) formic acid. The columns were centrifuged at 150 x g for 3
minutes. The flow-through was discarded. The columns were then loaded by adding the
peptide samples onto the equilibrated columns. The columns then centrifuged at 150 x g
for 3 minutes. The columns were washed twice by adding 400 µL of a solution
containing 2% (v/v) acetonitrile and 0.1% (v/v) formic acid and centrifuged at 150 x g
for 3 minutes. The flow-throughs were pooled together with the loading flow-through
and kept in -20 °C until the SPE was confirmed as successful. The columns were eluted
twice by adding 750 µL of a solution containing 70% (v/v) acetonitrile and 0.1% (v/v)
formic acid, and centrifuged at 150 x g for 3 minutes. The flow-through containing the
peptides were pooled together. The eluates were dried in a vacuum centrifuge overnight.
The dried peptides was resuspended in 100 µL resuspend solution containing 5% (v/v)
acetonitrile, 0.1% (v/v) formic acid and 100 fmol HSA. The peptides were quantified
using Pierce™ BCA Protein Assay Kit.

d. MRM optimisation and targeted protein quantification
Proteins involved in primary carbon metabolism and amino acid biosynthesis were
targeted for quantification. Multiplexed selected reaction monitoring (MRM) mass
spectrometry of targeted protein peptide transitions was optimized using trypsin
digested isolated mitochondrial extracts. Samples were run on an Agilent 6430 triple
quadrupole (QqQ) mass spectrometer with an HPLC Chip Cube source (Agilent
Technologies) by the method described in Taylor et al. (2014). A theoretically digested
background proteome for each of the proteins of interest was generated based on a
historical ‘in-house’ dataset of the wheat mitochondrial proteome, and the possible
peptide transitions were defined using Skyline (version 1.1.0.2905) (MacLean et al.
2010). The transitions were then optimized for collision energy (CE) based on predicted
values by Skyline following an algorithm specific to Agilent instruments. For each
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transition, a total of five CEs were analysed, including the predicted CE ± 4V and 8V.
Protein extracts from isolated mitochondrial and whole leaf digests were analysed on an
Agilent 6430 QqQ mass spectrometer as described in Taylor et al. (2014).

e. MRM data analysis
Raw MS data obtained from an Agilent Technologies 6430 QqQ mass spectrometer
were imported into Skyline and peptides with fewer than three reliable transitions were
removed. Differences in protein abundance between mitochondria isolated from control
versus salt treated plants were analysed using MSstats version 2.1.6 operated on R
version 3.1.0 (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
normalized across runs using equalized median method to remove biases between MS
runs. Three transitions were used for each peptide, and at least one unique peptide were
used for each protein.

Integration of proteomic and metabolomics data using VANTED
The proteomic and metabolomics data were integrated into a pathway map using
VANTED V2.2.1 (Junker et al. 2006; Rohn et al. 2012). Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway maps were downloaded from KEGG website
(http://www.genome.jp/kegg/pathway.html) in the format of KGML (KEGG markup
language file). The pathway maps included starch and sucrose metabolism pathways,
glycolysis, the TCA cycle, arginine and proline metabolism and alanine, aspartate and
glutamate metabolism. Then the pathway maps were imported into VANTED V2.2.1.
Metabolomics and proteomics data were imported into VANTED using the provided
template excel files. The pathway maps were combined into one pathway map while the
protein and metabolite nodes were clustered and shaded according to the initial
pathways. The structure of the pathway map was organised using Force Directed option
in the Layout menu.

Result and Discussion
Sodium content and potassium/sodium ratio
One of the main components of salt tolerance in glycophyte bread wheat is the ability of
the plant to regulate the concentration of ions in the leaf tissue through the exclusion of
sodium from the shoots and the roots, compartmentation of toxic ions and potassium
homeostasis (Genc et al. 2007; Wu et al. 2013b; Chen et al. 2014; Lu et al. 2014). To
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study the effect of salinity on the accumulation of sodium and potassium homeostasis in
different leaves at different developmental stages, the sodium and potassium content
was measured. This was done in the first, the second and the third emerged leaf (named
leaf 1, 2 and 3) in control and salt-treated plants from day 1 to day 15 after growth in
nutrient solutions supplemented with 150 mM NaCl (Figure 1). This experiment
showed that the sodium concentrations in salt-treated plants were higher compared to
control plants from day 1 to day 15 after SA indicating that sodium accumulation
occurred in the leaves of salt-treated plants. While there were no significant changes in
the sodium content over 15 days after SA in the leaves of control plants, there were
marked increases in sodium contents in salt-treated plants from day 1 to day 15 after
SA, reach up to a fold change of 7.7 in leaf 1 after 15 days. This observation is
consistent with previous studies which also found that sodium accumulates in bread and
durum wheat leaves after growth in salt supplemented growth media (Genc et al. 2007;
James et al. 2012).

The mechanisms of sodium uptake by the root and sodium accumulation in the shoot in
wheat have been extensively studied (Munns 2002; Munns & Tester 2008; Hasegawa
2013). Sodium accumulation in the shoots begins with passive sodium uptake into the
outer root cells due to high NaCl concentration in the nutrient solution mediated by ion
channel translocation (Hasegawa 2013). Some of the sodium ions efflux back to the
nutrient solution while some efflux into the root xylem vessels possibly through the
activities of uniporters, H+-coupled antiporters and symporters (Munns 2002; Munns &
Tester 2008). Some of the effluxed Na+ in the xylem vessel is retrieved back into the
root cells as highlighted in a recent study by Byrt et al. (2014) that showed a Na+selective transporter in bread wheat, named TaHKT1;5-D, is responsible for this
transport. The activity of TaHKT1;5-D restricts the transport of Na+ from the root to the
leaves. Sodium that remains in the xylem vessels is transported to the shoot through the
transpirational stream and accumulated in the shoots (Munns 2002). Most of the
accumulated sodium remains in the shoot as only a small proportion of sodium can be
recirculated from the shoot to the root through phloem (Munns & Tester 2008). Thus,
Na+ accumulation in the leaves is inevitable, and Na+ concentration in the leaf tissue is
primarily influenced by the efficiency of sodium exclusion mechanisms in the root.

The sodium content was found to be higher in older leaves from day 8 to day 15 after
SA in both control and salt-treated plants, indicating that salt accumulates differently as
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leaves age even though they are exposed to the salt treatment for the same duration
(Figure 1). These differences are likely due to changes in the anatomical and
physiological properties of the leaves across maturity stages (Puniran-Hartley et al.
2014). Younger leaves have less developed transpiration streams that might limit the
transpiration rate and the accumulation of sodium in younger leaves (Busby & O'Brien
1979; Greenway & Munns 1980). The larger cumulative duration of transpiration leads
to higher sodium accumulation in older leaves (Greenway & Munns 1980). This
postulation is also consistent with the observed time course patterns of sodium
accumulation in leaf 1, leaf 2 and leaf 3 of salt-treated plants. There was a significant
increase in sodium content from day 1 to day 2 in leaf 1 of the salt-treated plants but
this was not observed in leaf 2 and leaf 3 of the salt-treated plants, which might be due
to the better-developed transpiration apparatus in leaf 1 compared to leaf 2 and leaf 3
during the first 2 days after SA (Figure 1).
Older leaves also have much bigger vacuoles and more efficient vacuolar Na+
sequestration compared to younger leaves to cope with the higher sodium accumulation
(Dvorak et al. 1994; Wu et al. 2013b). Thus, salt tolerance mechanisms are different
between younger and older leaves at a given time. A study done by Colmer et al. (1995)
looked at solute regulation in the leaf blades of wheat at different ages. Through that
study, they found that vacuolar Na+ sequestration and proline accumulation were the
major solutes contributing to the decline in cell sap to facilitate water uptake. Proteins
that are involved in vacuolar Na+ sequestration include vacuolar Na+/H+ antiporter
(NHX) together with vacuolar H+ pyrophosphatase (V-PPase) and vacuolar H+-ATPase
(Roy et al. 2014). Electrochemical H+ gradients generated by the H+ pumps provide the
energy used by the Na+/H+ antiporters to couple the passive movement of H+ to the
active movement of Na+ into the vacuole, respectively. To date, there are three vacuolar
Na+/H+ antiporter genes, namely, TaNHX1, TaNHX2 and TaNHX3, and a vacuolar H+
pyrophosphatase gene, named TVP1 from wheat have been functionally characterized
(Brini et al. 2007; Lu et al. 2014). Overexpression of TaNHX1, TaNHX2 and TVP1
enhanced salinity tolerance in Arabidopsis (Brini et al. 2007), while overexpression of
TaNHX3 enhanced salinity tolerance in tobacco (Lu et al. 2014). As the efficiency of
vacuolar Na+ sequestration is low in younger leaves, it was found that the maintenance
of high K+/Na+ ratio and the accumulation of glycine betaine and asparagine were the
main mechanisms contributing to NaCl tolerance in younger leaves (Colmer et al. 1995;
Nakamura et al. 1996).
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There was a significant change in Na+ content from day 8 to day 15 after SA in leaf 3
but not in leaf 1 and leaf 2 of the salt-treated plants as shown in Figure 1. Also, at day 8
after SA, leaf 1 and leaf 2 already showed senescence symptoms the majority of leaf 1
and some parts of leaf 2 appearing yellow, while there were no senescence symptoms
on leaf 1 and leaf 2 of control plants (Figure 2). These observations indicated that at this
stage, Na+ sodium continued to accumulate in leaf 3 while the Na+ concentration in leaf
1 and leaf 2 were high enough to cause the leaf premature senescence and death.
Continued transport of salt into the leaf blades of leaf 1 and leaf 2 of the salt-treated
plants will ultimately lead to the very high Na+ concentration in the cells exceeding the
ability of the cells to compartmentalise Na+ in the vacuole (Munns et al. 2006). Excess
Na+ leads to ionic toxicity in the cytosol that represses enzyme activities and affects
biochemical processes by disturbing the cytosolic ionic balance, increasing oxidative
damage in the cells and triggering senescence processes (Munns & Tester 2008; Zhang
et al. 2011; Allu et al. 2014). From these observations, leaf 3 appears to be the best
candidate tissue to study in more detail to decipher the salinity responses of a single leaf
in wheat.
Another important salt tolerance mechanism is the ability of the plant to maintain K+
uptake and a high K+/Na+ ratio under salinity stress (Chen et al. 2007). It has been
shown in several studies that the K+/Na+ ratio is positively correlated with salinity
tolerance and yield under salinity stress (Chhipa & Lal 1995; Poustini & Siosemardeh
2004; Sathee et al. 2015). A high K+/Na ratio is critical for cellular function as it plays a
significant role in the adjustment of cell osmoregulation, turgor maintenance, stomatal
function, activation of enzymes, protein synthesis, oxidants metabolism and
photosynthesis (Shabala et al. 2003). In the present study, K+ accumulation in leaf 1,
leaf 2 and leaf 3 of control and salt-treated plants was measured from day 1 to day 15
after SA. The results showed that there were differences in K+ uptake between leaf 1,
leaf 2 and leaf 3 when comparing between control and salt-treated plants (Table 1).
There was no significant difference in K+ uptake in leaf 1 between salt treated and
control plants from day 1 to day 15 after SA. However, compared to control plants, leaf
2 of salt treated plants showed a significantly higher K+ uptake at day 8 after SA while
leaf 3 showed higher K+ uptake from day 2 to day 15 after SA, showing that the K+
uptake was higher in younger leaves compared to the older leaves under salt stress.
These result are also consistent with the findings of Colmer et al. (1995) and Nakamura
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et al. (1996) showing that younger leaves maintained high K+ concentration in the
leaves as one of the primary adaptation processes in a saline environment. It has been
suggested that salt tolerance in plants is also related to the ability of the plant to
selectively partition K+ into growing leaf tissue (Gorham et al. 1990; Perez-Alfocea et
al. 1996). However, information on the molecular mechanism of this process is still
lacking.
Differences in K+ uptake also influence the K+/Na+ ratio in leaves. K+/Na+ ratios are
calculated and presented in Figure 3. Generally, K+/Na+ ratio was lower in all leaves 1,
2 and 3 in salt-treated plants compared to control plants primarily due to the
accumulation of Na+ in the leaves. In leaf 1, the K+/Na+ ratios were found significantly
lower in salt-treated plants from day 1 after SA. However, there were no significant
differences in the K+/Na+ ratio in leaf 2 and leaf 3 between salt treated and control
plants at day 1 and day 2 after SA suggesting that leaf 2 and leaf 3 still maintain high
K+/Na+ ratio during the first two days after SA. As there were no significant changes in
the K+ uptake in leaf 2 at day 1 and day 2, and leaf 3 at day 1 after SA, the maintained
K+/Na+ ratio during this period in leaf 2 and leaf 3 might due to the low transpirational
Na+ accumulation in the younger leaves (Busby & O'Brien 1979; Greenway & Munns
1980). Also, higher K+ uptake in leaf 3 at day 2 might also contribute in keeping the
K+/Na+ ratio high at this time point. However, there were marked decreases in K+/Na+
ratios in leaves 2 and 3 of the salt-treated plants at day 8 after SA and remained low
until day 15 after SA. This observation might be due to the enhanced Na+ accumulation
by transpiration in the leaves. As Na+ and K+ have the same ionic features, a portion of
Na+ could be taken up through K+ uptake systems thus gave adverse effects to the K+
nutrition and K+/Na+ ratio (Craig Plett & Møller 2010; Sathee et al. 2015).
For control plants, there were no significant changes in the K+/Na+ ratios in leaves 1, 2
and 3 from day 1 to day 8 after SA. However, there were significant increases in K+/Na+
in leaves 2 and 3 from day 8 to day 15 after SA. These observations might be due to the
significant increases in K+ uptake in the leaves of control plants from day 8 to day 15
after SA of salt-treated plants. It is well established that K+ uptake is not influenced by
transpiration rates under normal conditions (Smith 1991). The accumulation of K+ in the
leaves of the control plant might be caused by an increase in K+ uptake by the root to
facilitate nutrient translocation throughout the plant (Lebaudy et al. 2007), and also
important for other physiological processes (Shabala et al. 2003).
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Biomass and water content
Salinity stress affects wheat growth. In this study, the differences in biomass between
control and salt-treated plants from day 1 to day 15 after SA are shown in Figure 4. In
general, the biomass of the whole plants of salt treated plants were lower than control
plants. At day 15 after SA salt treated plants were around 40 % of the average control
plant biomass. The total biomass of control and salt-treated plants initially began to be
significantly different at day 2 after SA. Plant growth under salinity environment is
reduced due to the complex interaction of osmotic effect, hormonal imbalance, specific
ion toxicity and mineral imbalance in plants (Gorham et al. 1985; Ashraf & Wu 1994;
Arbona et al. 2005). Munns and Tester (2008) proposed that the effects of salinity on
plant growth can be divided into two major phases that are the osmotic phase and ionic
phase. The osmotic phase is characterised by the decrease of the osmotic potential of the
soil or nutrient solution due to the high salt concentration. This leads to osmotic stress
that limits the ability of the plant to absorb water that is necessary for growth as cell
division and enlargement in the growing point of the plant are inhibited (Munns 1993;
Byrt et al. 2014). The decrease in water uptake is also accompanied by a decrease in leaf
osmotic potential to maintain the leaf turgor pressure of the plant (Tattini et al. 1995).
Reduced osmotic potential outside the root also induces a reduction in the stomatal
aperture that is also regulated by a rapid increase in abscisic acid level in the leaves
(Munns & Tester 2008). The reduction in stomatal aperture is advantageous to the plant
as it leads to a decrease in transpiration rate thus it maintains the water content in the
plant. However, previous studies have also shown that the reduction of the stomatal
aperture was the primary factor that limits photosynthesis in a saline environment (Brini
et al. 2007; Kafi 2009; Allu et al. 2014). Since there is a positive relationship between
photosynthesis and growth, reduction in photosynthesis to capture carbon source for
energy metabolism and growth is believed to be one of the main factors that reduce
plant growth rate (El-Hendawy et al. 2005; Driever et al. 2014). The accumulation of
salt in the cell to very high concentrations leads to the second phase of salinity stress,
referred to as the ionic phase (Munns & Tester 2008). At this stage, ion toxicity affects
enzyme activity, membrane structure and metabolic processes including photosynthesis
and exerts a detrimental effect on plant growth. Growth inhibition by salt stress is also
related to the diversion of energy consumption from growth to maintenance (Nieman
1962; Jacoby et al. 2011).
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Roots and shoots biomass are both considered as important salt stress parameters as
they provide information on plant growth, carbon balance status and distribution
between shoot and root of the plant. In this study, while there were increments in root
and shoot biomasses in salt treated plants, the total biomass of salt treated plants were
significantly lower than the total biomass of the control plants starting from the second
day after SA. The biomass of roots of salt treated plants were more than 70% lower than
the roots biomass of the control plants, while the biomass of shoots of salt treated plants
were more than 50% lower compared to shoot biomass of control plants at day 15 after
SA. These data also show that root growth was more inhibited compared to the shoot
growth under salt stress in wheat. This observation is contrary to previous studies that
showed that shoot growth rate is more sensitive to a salinity environment compared to
root growth, which leads to a higher root/shoot biomass ratio in wheat under salt stress
(Munns 2002; Moud & Maghsoudi 2008; Bahrani & Joo 2012). This difference may be
due to time of stress exposure, the different growth conditions and development stage of
the plants when exposed to salt stress. Interestingly, the relative growth rate (RGR) of
the salt treated plants were very low compared to the control plants from day 1 to day 2
at around 21 %, but increased from day 2 to day 8 at around 45 % (Figure 5). This
indicates that the growth of wheat was delayed by the salt treatment and recovered from
day 2 until day 8, before it reduced again afterward. This is important in the context of
salinity adaptation as between day 2 and day 8 wheat plants able to improve the positive
carbon balance under salinity conditions. The water content per gram of dry weight of
the whole plant in both control and salt-treated plants decreased over the time course
studied and is shown in Figure 6. The water content in salt-treated plants were
significantly lower compared to control plants from as soon as day 1 after SA and
continuously lowered until day 15 after SA probably due to the lower amounts of water
absorbed by the roots of the salt-stressed plants.

Physiological performance of wheat under salinity
Productive growth and survival of plants under salinity environment is greatly
dependent on the regulation of photosynthesis and respiration to promote biomass
production and to maintain processes such as ROS detoxification, osmolyte production
and ion homeostasis (Abideen et al. 2014). Photosynthesis is the most important process
in plants as it captures light energy and stores it as chemical energy in the forms of
organic compounds such as starch and hexoses that are synthesized through the
assimilation of atmospheric carbon dioxides (Krasensky & Jonak 2012; Farooq et al.
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2015). Starch can be rapidly mobilised to provide water-soluble carbohydrates that are
mainly composed of fructans, sucrose, glucose and fructose that can be used for other
processes (Xue et al. 2008). A portion of the carbohydrates is used for respiration and
compatible solute biosynthesis while the balance is used for plant growth (Flexas et al.
2006; Jacoby et al. 2013a).

In the present study, the rates of photosynthesis, dark respiration, stomatal conductance
and transpiration were measured in control and salt-treated plants at day 1, 2, 8 and 15
after SA and are shown in Figure 7. The rate of photosynthesis, stomatal conductance
and transpiration were measured on leaf 3 while the respiration rate was measured using
several green leaves to get sufficient material for the measurement. Overall, the result
showed that the photosynthesis rates of salt treated plants were lower compared to
control plants, which is consistent with the general response of the salt sensitive plants
to salt stress by affecting positive carbon balance that is crucial for plant growth
(Chaves et al. 2009). Therefore, the reduction in photosynthesis could be one of the
factors that lead to the reduction in growth rate of salt-treated plants. The key factors
that could limit photosynthesis rate under salt stress include reduced stomatal
conductance, impaired activity of carbon fixation enzyme, reduced photosynthetic
pigments, and destruction of the photosynthetic apparatus (Farooq et al. 2015). These
factors might occur at different time points during salt stress as it also depends on the
duration, and the intensity of the exposure to salt, plant development, and the activation
of tolerance mechanisms by the plant (Chaves et al. 2009).

The rates of photosynthesis of salt treated plants were slightly lower than control plants
from day 2 to day 8 after the SA. Interestingly, from day 8 to day 15 after SA, while
photosynthetic levels in control plants were maintained, the photosynthetic levels of salt
treated plants were markedly decreased. The slight reduction in the photosynthesis rate
of salt treated plants from day 2 to day 8 could be due to the early osmotic stress phase
of salt stress. At this stage, the water content in the leaves is decreased which could lead
to the reduction in turgor pressure of the cell and causing stomatal closure (Chaves et al.
2009; Abideen et al. 2014). Shortly afterwards, stomatal closure is mediated by the
synthesis of abscisic acid (Mahajan & Tuteja 2005; Kempa et al. 2008).

This stomatal closure might explain the reduction in stomatal conductance from day 1
after the SA as shown in Figure 7. Stomatal conductance levels of salt treated plants
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were always lower than that of the control plants and almost entirely depleted at day 15
after SA. Reduced stomatal conductance reduces carbon dioxide availability that is
essential for photosynthesis (Flexas et al. 2007; Chaves et al. 2009). The dependence of
photosynthesis on stomatal conductance might also explain the observation in this study
that both photosynthesis and stomatal conductance of control and the salt-treated plants
was consistently decreased from day 2 to day 8 after the SA. These observations also
suggest that stomatal conductance and photosynthesis are influenced by the
developmental stage of the leaves. The level photosynthesis is known to be dependent
on the chlorophyll content of leaves (Delfine et al. 1999; Farooq et al. 2015). This might
be the case for wheat as in this study, the chlorophyll contents in salt-treated plants were
~10% lower compared to control plants as shown in Figure 8. The reduction in the
levels of photosynthetic pigments may be attributed to the inhibition of chlorophyll
biosynthesis caused by nutrient imbalance due to the over-accumulated sodium content
during salt stress (Khan 2003; Li et al. 2010a).

The depletion in photosynthesis rate on day 15 after SA in salt-treated plants might be
due to the toxic level of sodium ions in the chloroplast which was detrimental to the
photosynthetic machinery (Figure 7). The toxic level of sodium ions in the leaf was also
indicated by premature senescence (Munns & Tester 2008), that occurred to leaf 3 of
salt treated plants at day 15 after SA. Toxic levels of sodium ions in the cytosol could
damage biological membranes and subcellular organelles (Farooq et al. 2015) and
reduce the carboxylation efficiency of RuBP carboxylase and other enzymes that are
involved in photosynthesis activities (Seemann & Critchley 1985). Photosynthesis could
also be affected by the oxidative stress that arises from the generation of ROS burst
during the exposure to the salt stress (Chaves et al. 2009). When the antioxidative
mechanisms have low activity, ROS can seriously disrupt normal metabolism including
photosynthesis through oxidative damage to lipids and protein (Price & Hendry 1991;
Rout & Shaw 2001). Based on the observations in this study and previous findings, it
can be concluded that the reduction of photosynthesis during salt stress could be due to
the combination of several factors including reduced osmotic potential in the leaf during
the early stage of salt stress, and toxic concentration of sodium ion in the leaf and ROSinduced oxidative damage of the photosynthetic components in the later stage of the salt
stress. Munns and Tester (2008) also suggested that salinity tolerance mechanisms
include improving the photosynthesis performance through the activation of candidate
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genes that confer decreased stomatal closure, avoidance and delay of ion toxicity in
chloroplast through Na+ exclusion and tissue tolerance.

In combination with photosynthesis, transpiration has a direct link to plant growth.
Transpiration rate modulates water content in the plant and is important for maintaining
turgor pressure of the cell which in turn is necessary for cell enlargement and cell
division at the growing parts of the plant (Munns 1993; Byrt et al. 2014). The data
presented in Figure 7 reveal that the transpiration rates of salt-treated plants were
slightly lower but not significantly different compared to control plants from day 1 to
day 8 after the SA. However, there was a significant difference between control and
salt-treated plants at day 15 after SA. Transpiration rates are usually decreased in plants
under salt stress and this has been observed in a number of other plant species (Azevedo
Neto et al. 2004; Li et al. 2010a; Abideen et al. 2014; Farooq et al. 2015). The reduction
in transpiration rate under salt stress might be due to the partial closure of stomata that
reduces the stomatal conductance. Previous studies on barley (Jiang et al. 2006) and
tomatoes (Maggio et al. 2007) suggested that the reduced stomatal conductance under
salinity conditions typically promotes a considerable reduction in the transpiration rate.
It is well known that salt stress reduces root hydraulic conductivity resulting in
decreased water uptake into the roots and water flow from roots to shoot, even in
osmotically adjusted plants (Azevedo Neto et al. 2004; Rodríguez-Gamir et al. 2012;
Kaneko et al. 2015). Tolerant plants are more tolerant to the salt-induced reduction in
root hydraulic conductivity retaining water content in the plant through the reduction in
transpiration rate (Azevedo Neto et al. 2004; Radi et al. 2013). Reduced transpiration
rate could also delay the accumulation of sodium in the leaf tissue as sodium
accumulation in the leaf is also dependent on transpiration rate (Greenway et al. 1983;
Munns 2002).

Mitochondrial respiration is vital during salinity stress as it provides energy to fuel
salinity tolerance mechanisms including ion homeostasis, ROS defence mechanisms,
and osmotic adjustment by accumulating inorganic ions and compatible solutes
(Azevedo Neto et al. 2004; Wu et al. 2014; Donà & Mittelsten Scheid 2015).
Respiration level can be measured through the rate of CO 2 emission in the dark. Dark
respiration is the aerobic respiration of a plant in the absence of light and represents the
activity of leaf mitochondrial respiration (Li et al. 2013). It is a redox process by which
the plant absorbs oxygen and releases carbon dioxide. By measuring respiration as CO 2
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release in the dark, the influence of photosynthesis, photorespiration, and light
inhibition of respiration can be avoided (Sharp et al. 1984; Villar et al. 1995). In this
study, the rate of CO 2 release in the dark from the leaves of control and salt-treated
plants on day 1, 2, 8 and 15 after SA was measured. The result shows that there were
incremental changes in the dark respiration levels in both control and salt-treated plants
from day 1 to day 15 after the SA, suggesting that the respiration rate is dependent on
the developmental stage of the leaf. More interestingly, the dark respiration levels of
salt treated plants were significantly higher compared to control plants from day 1 to
day 8 after SA (Figure 7).

Previous findings showed that the respiration rates under salt treatment were
inconsistent between different plant species (Jacoby et al. 2011). Increased respiration
level in salt sensitive plants might indicate that more energy is produced to support
maintenance processes in the plant during salt stress. However, increased respiration
level could also lead to the higher oxidation rate of fixed carbon that could affect plant
growth under salt stress. Thus, plant salinity tolerance greatly relies on the efficiency of
energy metabolism and the salinity tolerance mechanisms of each plant (Munns &
Tester 2008; Jacoby et al. 2011). Salt tolerant plants are usually able to utilise energy
efficiently and maintain a positive carbon balance to support growth under salt stress. In
this study, the increased respiration level in salt treated plant might be due to the
increased energy demand for maintenance processes. However, the reduction in the
growth rate might indicate that more carbon was utilised for energy metabolism which
in turn, affected the carbon balance of the plants.

These observations also raise the question of what mechanisms contribute to the
increase in respiration. One possible mechanism is the increased activity of respiratory
energy metabolism components which include the glycolysis, the TCA cycle and the
mitochondrial ETC. However, in the context of the TCA cycle, there is no consistency
in observations of the responses to salinity stress between different plant species,
genotypes or tissues (see Table 1 in Chapter One). Therefore, data obtained from the
targeted metabolomics and proteomic analysis from this study might provide important
information at the molecular level leading to a better understanding of the changes
observed on the physiology of wheat under salinity stress.
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Metabolites responses to salinity in wheat
The physiological changes seen in wheat plants exposed to salinity may be due to
changes in biochemistry at the molecular level. To study these molecular responses,
changes in metabolites and proteins that are involve in central carbon metabolism,
including respiratory energy metabolism were investigated. In a metabolomics screen,
the shoots and leaf 3 from control and salt-treated plants were harvested at day 1, 2, 8
and 15 after SA and the metabolites were extracted and analysed by GC-MS. The
identification and quantification of metabolites peaks was carried out using analysis
tools in Metabolome Express website (https://www.metabolome-express.org/). The
abundance of the identified targeted metabolites that were involved in starch and
sucrose metabolism, the TCA cycle and amino acids metabolism in control and salttreated plants are shown in Figure 9, 10 and 11 respectively.

Metabolites that are involved in starch and sucrose metabolism that were identified and
considered for comparison between control and salt-treated plants include fructose,
sucrose, trehalose, glucose, and maltose. Previous studies suggested that these watersoluble sugars are formed through the starch mobilization (Xue et al. 2008). Starch
mobilization was considered as one of the general adaptation processes of tolerant
plants to salinity stress by maintaining cell turgor and stabilizing proteins and
membranes during stress conditions (Kaplan & Guy 2004; Kosová et al. 2013). Besides
acting as molecular signals regulating different genes, especially those involved in
photosynthesis, sucrose metabolism and osmolyte synthesis (Li et al. 2010a), the
soluble sugars are also important in protecting the plant during limited energy supply or
enhanced energetic demands (Xue et al. 2008; Krasensky & Jonak 2012). In this study,
these water-soluble carbohydrates were found to accumulate differentially during
salinity stress, probably due to the various factors including photosynthetic capacity,
carbon use efficiency, and carbon partitioning between growth and maintenance
respiration (Xue et al. 2008).

In shoots, the abundance of sucrose in salt-treated plants was significantly higher at day
8 after SA compared to control plants (Figure 9A). However, glucose levels were lower
in salt treated plants, and were significantly different at day 15 after SA, suggesting that
this sugar was utilised differently in wheat leaves under salt stress. Sucrose is a
disaccharide combination of the monosaccharides glucose and fructose and the
accumulation of sucrose under salt stress is consistent with the well-established role of
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this sugar as an osmoprotectant that stabilizes cellular membranes and maintains turgor
(Radi et al. 2013; Jorge et al. 2015). Monosaccharides are less effective in protecting
membranes and protein stability compared to disaccharides and polysaccharides
(Leprince et al. 1993). The roles of monosaccharides during abiotic stresses have been
shown to be related to the respiratory substrates in energy metabolism (Leprince et al.
1993; Kerepesi & Galiba 2000). Thus, the lower glucose level in salt-treated plants
might be due to the utilization of glucose by energy metabolism (Figure 9A,B). These
observations are also consistent with the increases in respiration levels in the saltstressed plants.

There were more significant observations obtained in leaf 3 than whole shoots, with,
fructose and sucrose being significantly higher in salt treated plants at day 8 after SA
and reduced afterward to levels similar to the control at day 15 after SA (Figure 9B).
Trehalose and maltose levels in salt treated plant were increased from day 1 to day 15
after SA and became significantly higher with about twice the levels of the metabolites
in control plants at day 15 after SA. Similar to sucrose, trehalose and also maltose are
disaccharides and important protective components in plant cell during osmotic and salt
stress (Jorge et al. 2015). The difference between trehalose and maltose is that trehalose
is formed by a α-1,1-glucoside bond between two α-glucose units while maltose is
formed from two units of glucose joined with an α(1→4) bond, formed from the
breakdown of starch by amylase (El-Bashiti et al. 2005; Kötting et al. 2010). The
accumulation of trehalose and maltose were also observed in a number of previous
studies in wheat (El-Bashiti et al. 2005), rice (Garg et al. 2002) and Arabidopsis
(Kempa et al. 2008). Interestingly, glucose levels remained 6-7 fold lower in salt-treated
plants lower compared to control plants at day 8 and 15 after SA. The low glucose
levels in leaf 3 of the salt-stressed plants was consistent with the observation in the
shoots, suggesting that glucose might also have been used as the respiratory substrate in
leaf 3. It may also have been used for the synthesis of disaccharides such as sucrose and
trehalose as these metabolites were increased in abundance in salt stressed plants.
Furthermore, El-Bashiti et al. (2005) also found that the activity of Trehalose-6phosphate synthase, the enzyme that is responsible for synthesizing trehalose from
glucose, was increased under salt stress in wheat.

Metabolites that are involved in the TCA cycle or are direct products from it that have
been identified and considered in this comparative analysis include the organic acids,
72

aconitate, citrate, 2-oxoglutarate, succinate, fumarate, and malate. In the shoots, the
concentrations of citrate were significantly lower in salt treated plants from day 1 to day
15 after SA. The concentrations of 2-oxoglutarate in the shoots of salt treated plants
increased from day 1 to day 8 after SA and led to a significantly higher concentration at
day 8 compared to the control plants. It then decreased to the same level as the control
plant at day 15 after SA. The abundance of fumarate and malate were significantly
lower in the shoots of salt treated plants compared to control plants at day 15 after SA.
Most of the organic acids showed consistent changes in leaf 3. Citrate showed similar
abundance to the shoots where it was present only at very low levels in leaf 3 of salt
treated plants compared to control from day 1 to day 15 after SA. The abundance of
aconitate, 2-oxoglutarate, succinate and aspartate showed a decreasing abundance in
leaf 3 of both control and salt-treated plants from day 1 to day 15 after SA. However,
the concentration of aconitate in the leaf 3 of salt treated plants was significantly lower
than that of the control plants from day 2 to day 15 after SA, while the concentration of
2-oxoglutarate and aspartate was higher in leaf 3 of salt treated plants from day 1 to day
8 after SA. The concentration of fumarate was lower in salt-treated plants at day 2 and
day 8 after SA while the concentrations of malate was lower in salt-treated plants from
day 8 to day 15 after SA.

These findings are consistent with most previous studies that showed that organic acids
including TCA cycle intermediates were decreased in abundance during salinity stress
in glycophytes (Gong et al. 2005; Cramer et al. 2007; Zuther et al. 2007; Sanchez et al.
2008). Interestingly, the reduction of organic acids during salinity stress has also been
related to salinity tolerance in the more salinity tolerant Lotus japonicas (Sanchez et al.
2011), rice (Zuther et al. 2007) and barley (Widodo et al. 2009; Wu et al. 2013a).
However, Widodo et al. (2009) proposed that the reduction in TCA cycle intermediates
may correlate with a decrease in energy metabolism and respiration rate. This is
contrary to the findings of this study as the leaf respiration rate of wheat was increased
even though most of the TCA cycle intermediates were decreased in the leaves during
salinity treatment, suggesting that respiration rate in wheat is not fully dependent on the
overall abundance of TCA cycle intermediates. Also, it has been proposed that
alternative non-cyclic activities of TCA cycle could explain the maintenance of
respiration when part of the cycle was inactive or degraded (Lemaitre et al. 2007;
Studart-Guimarães et al. 2007).
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Organic acids and TCA cycle intermediates are also well known sources of carbon
skeletons for the biosynthesis of many molecules such as amino acids and compatible
solutes (Carillo et al. 2008; Sienkiewicz-Porzucek et al. 2008). The reduction of organic
acids and TCA cycle intermediates could be correlated with an increased demand for
the carbon skeletons to be used in nitrogen assimilation producing amino acids and
compatible solutes as an adaptive mechanism during salt stress. This postulation is also
consistent with the increases in 2-oxoglutarate and aspartate abundance in both shoot
and leaf 3. 2-oxoglutarate represent metabolic branch points connecting the TCA cycle
with nitrogen assimilation. 2-oxoglutarate is mainly produced from isocitrate by
isocitrate dehydrogenase (IDH) (Gálvez et al. 1999; Nunes-Nesi et al. 2013). Besides
being transformed into succinyl-CoA through the actions of 2-oxoglutarate
dehydrogenase (OGDC), 2-oxoglutarate also acts as an ammonium acceptor in nitrogen
assimilation through the activity of glutamine synthetase, glutamate synthase and
glutamate dehydrogenase producing glutamate (Carillo et al. 2008; Nunes-Nesi et al.
2013). Glutamate will subsequently be used as ammonium donor to produce amino
acids including proline, arginine, and ornithine (Sweetlove et al. 2010). Glutamate is
also involved in aspartate biosynthesis by donating ammonium to oxaloacetate through
the activity of aspartate aminotransferase (Sweetlove et al. 2010). Aspartate will then be
used as the precursor for the biosynthesis of other amino acids such as asparagine,
lysine, methionine, threonine and isoleucine (Azevedo et al. 2006).

Increased amino acid content in the leaves of salt-stressed plants has been reported in
many plant species including maize (Farooq et al. 2015), wheat (Carillo et al. 2008),
rice (Zuther et al. 2007), Arabidopsis (Kim et al. 2007) and grapevine (Cramer et al.
2007). Sanchez et al. (2008) proposed that the accumulation of amino acids and other
nitrogen-containing compounds is a response to a decreased nitrogen requirement due to
stress-induced growth retardation while there is also a postulation that the amino acids
may come from the breakdown of protein that occurs during necrosis in salt sensitive
plants (Widodo et al. 2009). However, it is widely agreed that the increase in amino
acids is an adaptive response, as previous studies have found that some of the observed
accumulation of amino acids was due to de novo synthesis and not simply the result of
protein degradation in response to salt stress (Seemann & Critchley 1985; Mattioni et al.
1997; Gilbert et al. 1998; Delfine et al. 1999). In addition, a comparison between some
salt tolerant and salt sensitive plant species showed that a more tolerant plant
accumulates more amino acid and carbohydrates indicating that amino acid
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accumulation correlates not with salt stress but with salt tolerance (Colmer et al. 1995;
Zuther et al. 2007; Farooq et al. 2015).

In this study, changes in abundance of amino acids in the shoot and leaf 3 are shown in
Figure 11 (A) and (B) respectively. In general, the levels of quantified amino acids were
higher in the shoots and the leaf 3 of the salt-treated plants at all time points. In shoots,
the concentrations of glutamine, arginine, proline and ornithine were significantly
higher compared to control plants from day 1 to day 15 after SA. There were also
marked increases in aspartate abundance from day 1 to day 2 after SA in salt-treated
plants leading to the higher aspartate concentrations in the shoots of salt treated plants
compared to control plants at day 2 and day 8 after SA. Aspartate is directly
transaminated from oxaloacetate (OAA) in a mitochondrial matrix located aspartate
transaminase reaction (Azevedo et al. 2006). Alanine, glutamate, and serine were
significantly higher in salt-treated plants at day 2 and day 8 after SA, while tyrosine and
gamma-aminobutyric acid (GABA) were higher in salt treated plants at day 8 after SA.
Proline showed the largest difference between control and salt-treated plants among all
analysed amino acids with the highest fold difference at day 8 after SA with an average
of 71.5 fold higher compared to the control plants. In leaf 3, consistent with the
observations in whole shoots, the concentrations of glutamine, arginine, proline, and
ornithine were also significantly higher compared to control plants from day 1 to day 15
after SA. Interestingly, the average of proline content in salt-treated plants was more
than 160 fold higher compared to control plants at day 15 after SA. Alanine
concentrations were higher in salt-treated plants on day 8 and day 15 after SA.
Glutamate concentration in leaf 3 was higher in salt-treated plants at the early stages of
the salt treatment until day 8 after SA. Serine and tyrosine show higher concentrations
in leaf 3 of salt treated plants at day 8 after SA. The abundance of GABA in leaf 3 of
salt treated plants was significantly higher compared to that of the control plants at day
2 and day 8 after SA with the average 1.9 fold and 2.4 fold respectively. The GABA
level was further increased from day 8 to day 15 in leaf 3 of salt treated plants and was
3.6 fold greater in control plants.

The high accumulation of proline in the shoot and leaf 3 might be one of the adaptive
mechanisms employed by plants during salt stress. Proline accumulation is known to
occur widely in plants under abiotic stresses and has been reported in soybean (Yin et
al. 2015), maize (Farooq et al. 2015), barley and wheat (Puniran-Hartley et al. 2014).
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Like other osmolytes, besides having a role in osmotic adjustment, proline is believed to
contribute to salt tolerance by stabilizing membranes and protein structure and function.
Proline also plays an important role in scavenging free radicals and buffering cellular
redox potential under stress conditions (Ashraf & Foolad 2007). Previous studies have
shown that the application of exogenous proline can improve salt stress tolerance in
plants (Ehsanpour & Fatahian; Anamul Hoque et al. 2007; Ashraf & Foolad 2007).
Proline is also part of the signalling pathway during salt stress as it is known to induce
expression of salt stress-responsive genes including gene encoding proline
dehydrogenase (ProDH) in Arabidopsis, which possess proline responsive elements
such as Pro- or hypoosmolarity-responsive element (PRE) in their promoters (Satoh et
al. 2002). The breakdown of proline upon relief of stress may provide reducing agents
that support mitochondrial electron transport chain and generating ATP for stress
recovery and the repair of stress-induced damage (Szabados & Savouré 2010).

Besides proline, GABA is also commonly accumulated during salt stress in plants
(Cramer et al. 2007; Widodo et al. 2009; Yin et al. 2014; Boonburapong et al. 2015).
Previous studies found that exogenous application of GABA enhanced the tolerance of
the plants to salt stress (Song et al. 2010; Li et al. 2015). Plant with a perturbed GABA
metabolism pathway exerted a higher sensitivity to salt stress (Renault et al. 2010;
Renault et al. 2013). GABA is mainly synthesized from glutamate in the cytosol by
glutamate decarboxylase (GAD). Once transported into the mitochondria, GABA is
converted by a transaminase (GABA-T) into succinic semialdehyde, which
subsequently is converted into succinate by succinic semialdehyde dehydrogenase
(SSADH) (Shelp et al. 1999; Fait et al. 2008). The roles of GABA in plants under
abiotic stress has been related to signalling (Planamente et al. 2010; Ramesh et al.
2015), osmoregulation (Shelp et al. 1999), regulation of cytosolic pH (Crawford et al.
1994), and protection against oxidative stress (Liu et al. 2011). Interestingly, there is
increasing attention being given to GABA in energy metabolism due to its role in
feeding succinate into the TCA cycle and linking the TCA cycle with nitrogen
metabolism (Akçay et al. 2012; Renault et al. 2013). The increase in GABA content
indicates that more GABA can be used as carbon source to support TCA cycle activity
under salt stress in wheat. Since the evidence of this mechanism under salt stress in
plants is still lacking, especially in wheat, further study needs to be done to prove the
anaplerotic role of GABA in the TCA cycle in supporting respiration during salt stress.
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Protein abundance changes in response to salt.
The physiology and metabolite data from this study shows that most of the differences
between control and salt-stressed plants occurred on day 8 in leaf 3. These findings are
also consistent with the study by Munns and James (2003). Through the screening of
salt tolerance in wheat, Munns and James (2003) suggested that leaf 3 is the most
suitable leaf to be used to see the response of plants to salt stress as it is the first leaf
that fully developed under the imposed salinity. Furthermore, there were no signs of
senescence on leaf 3 at day 8 after SA indicating that the leaves are still functioning due
to active adaptation processes. Thus, in this study, the response of proteins that are
involved in central carbon metabolism, including respiratory energy metabolism to salt
stress were investigated in leaf 3 at day 8 after SA.

The abundance of targeted proteins was measured in leaf 3 of control and salt-treated
plants at day 8 after SA. Initially, 74 proteins that are involved in starch and sucrose
metabolism, glycolysis, the TCA cycle and amino acid metabolism were targeted to be
quantified by MRM mass spectrometry. Among these proteins, 47 proteins contained
peptides for which optimum collision energies and at least 3 transitions were possible to
enable their analysis. These proteins were considered for the comparison experiments
between control and salt-treated plants. After MRM analyses had been performed, 18
proteins showed at least 3 reliable transitions that can be used for comparative analyses
through MSstats (www.msstats.org/). Detailed information on protein names, accession
numbers and MSstats results of these proteins are shown in Table 2. Among these
proteins, 3 proteins are involved in starch and sucrose metabolism, 8 proteins from
glycolysis, 2 proteins from the TCA cycle and 5 proteins from amino acid metabolism.
MSstats also has been used to determine the statistical power to determine the suitable
False Discovery Rate (FDR) and fold-changes of protein abundance. With the FDR was
set to 0.01 and the fold change cut-off was set to 1.2, the statistical power was greater
than 0.99 (Figure 12). Thus, proteins that have fold changes more than 1.2 with MSstats
adjusted P value less than 0.01 were considered significantly changed in abundance
under salt stress. The results of the analyses are shown in Figure 13. From MSstats
analyses, the abundance of 4 proteins were found to be significantly higher in leaf 3 of
salt treated plants compared to control plants. These proteins were glyceraldehyde-3phosphate
dehydrogenase,

dehydrogenase,

NADP-dependent

UTP-glucose-1-phosphate

glyceraldehyde-3-phosphate
uridylyltransferase,

and

phosphoglucomutase. Malate dehydrogenase and ornithine carbamoyltransferase were
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found to be significantly lower in abundance in leaf 3 of salt treated plants compared to
control plants.

UTP-glucose-1-phosphate uridylyltransferase (UGPase), is a key enzyme in sugar
metabolism as it transforms UTP and α-D-glucose 1-phosphate to produce UDPglucose, the precursor for the trehalose synthesis pathway through the activity of
trehalose-6-phosphate synthase (TPS) trehalose-6-phosphate phosphatase (TPP) (Cytryn
et al. 2007), and glycogen biosynthesis (Liu et al. 2013). UDP-glucose is also a
precursor in sucrose biosynthesis through the sucrose-6-phosphate synthase and
sucrose-6-phosphate phosphatase pathway (Strand et al. 2000). Previous studies have
also found that UGPase abundance was increased under salinity stress in rice roots (Yan
et al. 2005), in Thellungiella halophile leaves (Wang et al. 2013), and in alfalfa roots
(Rahman et al. 2015). Wang et al. (2013) also found that the expression of a gene
encoding UGPase was induced under salt stress in Thellungiella halophile leaves. The
upregulated of UGPase in wheat has been related to drought tolerance in wheat
suggesting the role of UGPase in dehydration conditions during salinity stress (Budak et
al. 2013). The increase in UGPase abundance in the present study is also consistent with
the observed increase in trehalose and sucrose level which may act as an osmoprotectant
in wheat leaves under salt stress. The increased in sucrose and trehalose also can be
related to the significant increase in the cytosolic phosphoglucomutase that is
responsible for converting glucose 6-phosphate into glucose 1-phosphate, which is the
substrate for the UDP-glucose pyrophosphorylase (Malinova et al. 2014). It was also
found that the formation of sucrose is dependent on cytosolic phosphoglucomutase
activity when the photosynthetically driven export of carbon from the chloroplast is
limited (Fettke et al. 2009), which may be related to the reduced photosynthesis rate
under salt stress. Additionally, cytosolic phosphoglucomutase was found to be
upregulated in Arabidopsis, the salt tolerant Thellungiella salsuginea (Vera-Estrella et
al. 2014), Salix matsudana (Qiao et al. 2013) and wheat (Fercha et al. 2014).

Two

key

glycolysis

enzymes,

phosphorylating

glyceraldehyde-3-phosphate

dehydrogenases (GAPC) (EC 1.2.1.12) and NADP-dependent non-phosphorylating
glyceraldehyde-3-phosphate dehydrogenases (GAPN) (EC 1.2.1.9) significantly
increased in abundance, suggesting an increased activity of glycolysis pathway in wheat
under salt stress. This is also consistent with the lower glucose content in the saltstressed plant as glucose is consumed by glycolysis to provide carbon source in the
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form of pyruvate into the TCA cycle (Fernie et al. 2004). GAPC reversibly
catalyses the oxidation of glyceraldehyde-3-phosphate with coupled phosphorolysis to
generate NADH and 1,3-bisphosphoglycerate. 1,3-bisphosphoglycerate is a highenergy compound that allows phosphorylation of adenosine diphosphate (ADP)
producing ATP at the substrate level through the phosphoglycerate kinase activity
(Piattoni et al. 2013). GAPN is considered as a shunt in the glycolytic pathway which
bypasses the GAPC step and the production of NADH and ATP (Dghim et al. 2013)
while it irreversibly oxidises glyceraldehyde-3-phosphate with coupled hydrolysis to
generate NADPH (Piattoni et al. 2013). The increased activities of both routes
suggest an important change for cell energetics, as the activity of GAPC and GAPN
in the oxidation of glyceraldehyde-3-phosphate will lead to an increased amount of
energy (ATP) and reducing power (NADPH) in the cytosol (Piattoni et al. 2013). The
increase in GAPC activity was also related to the sustained synthesis of ATP in
transgenic Arabidopsis (Cabello et al. 2016) while the increase in GAPN was related to
its protecting role against oxidative stress (Piattoni et al. 2013). The induction of
GAPC under salinity stress has also been observed in Nicotiana tabacum (Wawer et
al. 2010) and Agrostis stolonifera (Xu et al. 2010) while the induction of both GAPC
and GAPN under salinity stress has been observed in Arabidopsis (Pang et al. 2010).

A mitochondrial malate dehydrogenase protein was found decreased under salt stress. It
catalyses the oxidation of malate into oxaloacetate in the TCA cycle (Tomaz et al.
2010). Decreased malate dehydrogenase abundance might indicate that there were
changes in TCA cycle activity under salinity stress in wheat. However, due to the lack
of TCA cycle proteins identified and quantified, not much information on whole TCA
cycle activity and its function under salt stress can be obtained. It is known that proteins
that are involve in the TCA cycle show different responses to salinity stress including
malate dehydrogenase (Chapter One). It has also been demonstrated that alternative
pathways of the TCA cycle are important for salinity tolerance (Renault et al. 2010;
Akçay et al. 2012). The decreased in abundance of proteins might also be replaced by
other salt-tolerant isomers or proteins that have the same function but might not be
identified in this study due to the low mitochondrial protein abundance. Highly
abundant cytosolic proteins in a sample such as leaf tissue might limit our ability to
identify low abundance mitochondrial proteins through MRM mass spectrometry.
Mitochondrial protein enrichment steps are necessary to minimise cytosolic protein
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contamination and to obtain better coverage of mitochondrial proteins and proteins
involve in TCA cycle. This will be experimentally considered in Chapter Three.

Ornithine carbamoyltransferase (OCT) catalyses the reaction between carbamoyl
phosphate and ornithine producing citrulline and phosphate in the plant (Patil et al.
1970). The reduced OCT abundance might contribute to the higher ornithine levels as
observed in the salt-treated plants. Besides, Patil et al. (1970) found that the inhibition
of OCT by phaseolotoxin, a specific inhibitor of OCT produced by Pseudomonas
syringae pv. phaseolicola resulted in extremely high levels of ornithine in bean leaves.
Furthermore, Kalamaki et al. (2009) found that Arabidopsis overexpressing gene
encoding N-acetyl-L-glutamate synthase accumulated ornithine at high levels possibly
through reduced OCT activity and exhibited increased tolerance to salt. Together, these
data indicate that ornithine accumulation through the reduction in OCT abundance may
have a role in the salinity tolerance mechanism in wheat.

Integration of physiological, metabolite, and proteomic data
The metabolite and protein abundance data were aligned to pathways maps obtained
from the KEGG pathway database with Arabidopsis as the reference species and were
visualised using VANTED v2.1.0. The visualisation of the integrated metabolites and
protein data provides information on the interaction among multiple components of
central carbon metabolism in the salinity stress condition. In this study, the metabolite
and protein data for leaf 3 at day 8 after SA were mapped into the starch and sucrose,
glycolysis, The TCA cycle, and amino acid metabolism pathways. The pathway maps
were combined forming a big pathway map including the different components of
central carbon metabolism as shown in Figure 14. Based on this pathway map, the
starch and sucrose metabolism is linked to the glycolysis through phosphoglucomutase
(PGM) (Figure 13B and 13C). Interestingly, the abundance of PGM was increased
under salt stress indicating higher carbon flux into glycolysis during salinity stress. This
is also consistent with the increase in abundance of two glycolytic enzymes, GAPC and
GAPN. The end product of glycolysis is pyruvate that is used as a carbon source by the
TCA cycle (Fernie et al. 2004). However, this study lacks the metabolite and protein
information on pyruvate uptake by the TCA cycle. The big depletion in aconitate level
under salinity stress might indicate a reduction of reduced pyruvate uptake. Pyruvate
uptake into the TCA cycle involves the activity of mitochondrial pyruvate carrier and
pyruvate dehydrogenase complex (PDC) (Fernie et al. 2004). Again, mitochondrial
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protein enrichment might help to identify and quantify the abundance of PDC and its
role on pyruvate uptake into the TCA cycle under salinity stress.

The TCA cycle is linked to the amino acid metabolism through several of its
intermediates. α-ketoglutarate is the primary source of carbon skeleton for nitrogen
assimilation as it combines with ammonium producing glutamate, mainly through the
action of the glutamine synthetase/glutamate synthase (GS/GOGAT) cycle (Foyer et al.
2011). Glutamate can donate its fixed nitrogen to another TCA cycle intermediate,
oxaloacetate, to produce aspartate (Gálvez et al. 1999). Glutamate is the precursor of
GABA, arginine, ornithine and proline (Wang et al. 2007; Liu et al. 2011) while
aspartate is the precursor for asparagine, lysine, methionine, threonine and isoleucine
(Azevedo et al. 2006). During stress condition, the TCA cycle might not operate in its
normal circular form while requiring the anaplerotic role of amino acid (Sweetlove et al.
2010; Akçay et al. 2012). Also, there is an increased role of GABA as the alternative
carbon source for TCA cycle as it can be converted into succinate through the activity
of GABA transaminase and succinyl semialdehyde dehydrogenase (Akçay et al. 2012;
Renault et al. 2013).

Data from this study only covers around 40% of the pathway map which suggests that
more investigation is needed to obtain the remaining data to get more information on
the response of the central carbon metabolism to salt stress. Targeting specific sets of
proteins involving in a particular pathway, coupled with protein enrichment step during
the sample preparation is a good approach to improve protein coverage for MRM
analysis (Lange et al. 2008; Finnie et al. 2011; Picotti & Aebersold 2012). The TCA
cycle shows an interesting result as there are decreases in protein and metabolites
content despite an increase in respiration rate. It also may provide vital information
about TCA cycle activity under salt stress in wheat and how it influences the overall
carbon metabolism in the plant. Further study is also required to get additional
information on the occurrence of anaplerotic activity between amino acid metabolisms
into the TCA cycle during salinity stress in wheat. Since the TCA cycle process is
located in mitochondria, mitochondrial isolation should be useful for protein enrichment
to get a better coverage of proteins in the TCA cycle and associated metabolism through
MRM.
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Conclusion
Salinity stress in wheat is characterised by a decrease in growth, reduction in
photosynthetic rate, which is related to osmotic and ionic stress responses. Increases in
CO 2 release in the dark might indicate an increase in respiration rate and thus an
adaptation in energy metabolism. Increased respiration and decreased photosynthesis
lead to reduced carbon balance and growth rate. Integration of metabolite and
proteomics data indicate that the TCA cycle might operate through alternative routes in
favour of consuming glucose for energy metabolism while enhancing soluble sugar and
amino acid accumulation during salt stress in wheat. However, further study of TCA
cycle activity involving mitochondrial protein enrichment step is necessary to gain more
information on the operation of the TCA cycle under salt stress.
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Figures
Figure 1.

Sodium content of wheat leaf 1, 2 and 3 at day(s) 1, 2, 8 and 15 after 150
mM NaCl addition.

Figure 2.

Senescence appearance of leaf 1 and leaf 2 of salt treated plants at day 8
after of salt addition.

Figure 3.

K+/Na+ ratio in wheat leaf 1, 2 and 3 at day 1, 2, 8 and 15 after 150 mM
NaCl addition.

Figure 4.

Average biomass of control and salt treated wheat seedlings.

Figure 5.

Percentage of the relative growth rate (RGR) of salt treated plants
compared to control plants at different time range.

Figure 6.

Average water content in the control plants and in the salt plants.

Figure 7.

Average of the photosynthesis rate, respiration rate, stomatal
conductance, transpiration and intercellular CO 2 concentration of control
and salt treated wheat seedlings.

Figure 8.

Average chlorophyll content of the control and salt treated wheat plants.

Figure 9.

Abundance of metabolites that are involved in starch and sucrose
metabolism in the shoots and leaf 3.

Figure 10.

Abundance of metabolites that are involved in the TCA cycle in the
shoots and leaf 3.

Figure 11.

Abundance of metabolites that are involved in amino acid metabolism in
the shoots and leaf 3.

Figure 12.

The power plot generated from MSstats.
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Figure 13.

Log2 fold differences of protein abundance in leaf 3 of salt treated wheat
plants compared to the control plants at day 8 after salt addition.

Figure 14.

Pathway maps with integrated metabolite and protein abundance graphs
generated using VANTED.
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Figure 1. Sodium content of wheat leaf 1, 2 and 3 at day(s) 1, 2, 8 and 15 after 150 mM
NaCl addition. Error bars represent standard error of the mean. A t-test was used for
pairwise comparison analysis. Star indicates significant differences between control and
salt treated plants with P<0.05, n=6. Different upper letters indicate significant
difference between different leaves with P<0.05, n=6. Different lower letters indicate
significant difference within a leaf between different days since NaCl treatment,
P<0.05, n=6.
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Salt treated plants

Control plants

Figure 2. Senescence appearance of leaf 1 and leaf 2 of salt treated plants at day 8 after
of salt addition.

4

b
b

3.5

K+/Na+ ratio

3

a
b

2.5
2
1.5

a
a

a
a a,b
a,b

a,b
b
a
a,b
a,b
a
a
a

a
a,b a
b a,b
a
b
a
a
a
a
a
* a,b a b,c
c
* *

1
0.5

b b
a a

b
a

a,b
b
b b
* *

1 DAS
c
b b
* b
*

2 DAS
8 DAS
15 DAS

0
Leaf 1

Leaf 2

Leaf 3

Leaf 1

Control

Leaf 2

Leaf 3

150 mM NaCl

Figure 3 K+/Na+ ratio in wheat leaf 1, 2 and 3 at day 1, 2, 8 and 15 after 150 mM NaCl
addition. Error bars represent standard error of the mean. A t-test was used for pairwise
comparison analysis. Star indicates significant differences between control and salt
treated plants with P<0.05, n=4. Different upper letters indicate significant difference
between different leaves with P<0.05, n=4. Different lower letters indicate significant
difference between different days with P<0.05, n=4.
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Figure 4. Average biomass of control (blue line) and salt treated (red line) wheat
seedlings. Error bars represent standard error of the mean. A t-test was used for pairwise
comparison analysis. Star indicates significant differences between control and salt
treated plants with P<0.05, n=3.
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(red line). Error bars represent standard error of the mean. A t-test was used for pairwise
comparison analysis. Star indicates significant differences between control and salt
treated plants with P<0.05, n=3.
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line). Error bars represent standard error of the mean. A t-test was used for pairwise
comparison analysis. Star indicates significant differences between control and salt
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analysis. Star indicates significant differences between control and salt treated plants
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Figure 11. Abundance of metabolites that are involved in amino acid metabolism in the
shoots (A) and leaf 3 (B) of control (blue line) and salt treated plants (red line). Error
bars represent standard error of the mean. A t-test was used for pairwise comparison
analysis. Star indicates significant differences between control and salt treated plants
with P<0.05, n=4.

Figure 12. The power plot generated from MSstats (www.msstats.org/)
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Figure 14. Pathway maps with integrated metabolite and protein abundance graphs
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Table 1. The averages of potassium contents in wheat leaf 1, 2 and 3 at day 1, 2, 8 and
15 after 150 mM NaCl addition of the control and salt treated plants. A t-test was used
for pairwise comparison analysis. * indicates significant differences between control
and salt treated plants with P<0.05, n=6. SEM stands for standard error of the mean
(n=3).
SEM

NaCl

SEM

Leaf

Day

Control

Leaf 1

1

0.701

0.291

0.825

0.297

2

0.263

0.124

0.508

0.119

8

0.472

0.137

0.522

0.088

15

0.953

0.281

0.812

0.147

1

0.426

0.050

0.530

0.090

2

0.323

0.112

0.625

0.126

8

0.301

0.137

0.555*

0.088

15

0.673

0.045

0.736

0.082

1

0.562

0.071

0.688

0.091

2

0.358

0.102

0.729*

0.126

8

0.298

0.066

0.582*

0.053

15

0.252

0.055

0.714*

0.056

Leaf 2

Leaf 3

control
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NaCl

Table 2. MSstats comparison analysis results of identified and measured targeted proteins.
Protein ID
BE418430_3
CA693416_3
CA744836_1
CJ603955_5
CV770961_1
TC370585_2
TC370734_3
TC387520_2
TC392505_1
TC392831_4
TC393055_2
TC397255_3
TC405186_1
TC406933_2
TC418625_2
TC424496_1
TC425224_1
TC439001_3

Protein ID
SE
Tvalue
pvalue
Adjusted pvalue (<0.01)
log2Fold change
DF

Protein description
Fructose-bisphosphate aldolase
Phosphoglucomutase
Ferredoxin-dependent glutamate synthase
UTP--glucose-1-phosphate uridylyltransferase
Phosphoglycerate kinase, chloroplast
Glutamine synthetase
Fructose-1,6-bisphosphatase, cytosolic
Argininosuccinate synthase
Triosephosphate isomerase, chloroplast
2-oxoglutarate dehydrogenase E1 component, mitochondrial
Glyceraldehyde-3-phosphate dehydrogenase, cytosolic
Malate dehydrogenase 2, mitochondrial
Alanine aminotransferase
2,3-bisphosphoglycerate-independent phosphoglycerate mutase
Sucrose synthase
Ornithine carbamoyltransferase
Glucose-6-phosphate isomerase
NADP-dependent glyceraldehyde-3-phosphate dehydrogenase

SE
Tvalue
DF pvalue
adj.pvalue log2FC
0.019
1.806 12 9.60E-02
9.74E-02
0.034
0.043
8.025 12 3.64E-06
8.65E-06
0.343
0.039
-4.155
12 1.33E-03
1.81E-03 -0.163
0.032
9.179 12 8.97E-07
2.43E-06
0.295
0.025
2.726 30 1.06E-02
1.34E-02
0.069
0.055
1.736 297 8.35E-02
9.33E-02
0.096
0.031
5.502 84 3.99E-07
1.26E-06
0.172
0.038
-5.230
12 2.11E-04
3.35E-04 -0.199
0.032
3.845 66 2.74E-04
4.00E-04
0.121
0.021
10.276 12 2.67E-07
1.01E-06
0.221
0.019
27.958 12 2.71E-12
2.58E-11
0.529
0.057
-6.922
12 1.60E-05
3.38E-05 -0.395
0.031
-1.856 102 6.63E-02
7.87E-02 -0.058
0.031
6.054 12 5.72E-05
1.09E-04
0.186
0.021
-5.256
12 2.02E-04
3.35E-04 -0.113
0.038 -14.586
48 0.00E+00 0.00E+00 -0.560
0.070
1.798 12 9.74E-02
9.74E-02
0.126
0.017
24.326 12 1.40E-11
8.88E-11
0.421

Wheat TC accession number - TAGI 12 (DFCI)
Standard error of log 2 fold change
t-value of the hypothesis test for each protein in the comparison
Raw p-value of the hypothesis test for each protein in the comparison
Adjusted p-values based on Benjamini and Hochberg method to control false discovery rate across multiple tests.
Fold change of the Log2-transformed normalized peak intensities. Data are expressed as Salt/Control, ie: positive values
indicates higher abundance and the negative values indicates lower abundance under salt treatment
Degrees of freedom
115

Chapter Three
Wheat Mitochondrial Respiration Shifts Carbon Sources Under Salt
Stress

116

Wheat mitochondrial respiration shifts carbon sources under salt stress
M. Hafiz Che-Othman1,2,3, Richard P. Jacoby4, A. Harvey Millar1 and Nicolas L.
Taylor1,3*
1

ARC Centre of Excellence in Plant Energy Biology, The Bayliss Building, M316, The
University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia.

2

School of Bioscience and Biotechnology, Faculty of Science and Technology,
National University of Malaysia, Bangi, Selangor 43600, Malaysia.

3

School of Chemistry and Biochemistry, The University of Western Australia,
Crawley, WA, Australia.

4

Botanical Institute and Cluster of Excellence on Plant Sciences (CEPLAS) University
of Cologne, Cologne, 50674, Germany.

Running title: Mitochondrial respiration under salinity stress

*Corresponding author: Nicolas L. Taylor
ARC Centre of Excellence in Plant Energy Biology
4th Floor MCS Building M316
University of Western Australia
35 Stirling Highway
Crawley 6009 WA
Australia
Tel: +61 8 6488 7245
Fax: +61 8 6488 4401
e-mail: nicolas.taylor@uwa.edu.au

117

Abstract
Previous studies have shown that mitochondrial respiration is required during salt stress
in plants as it provides ATP and reductants to a number of energy-consuming adaptive
processes such as ion exclusion, compatible solute synthesis, and ROS detoxification.
However, the response of respiration rate in plants under salt stress can vary
significantly between different species indicating that plants adapt to salt stress by
adopting different strategies. These strategies include altering carbon balance between
growth, compatible solutes biosynthesis, and energy production. As the TCA cycle is an
important supplier of reductants to the mitochondrial electron transport chain and is also
able to mediate the carbon balance by controlling carbon utilization and prioritising its
carbon sources, understanding how the TCA cycle operates under salt stress is crucial.
Additionally, mitochondrial membrane transporters are an important component of
mitochondrial function as they mediate protein import and substrate translocation
between the cytosol and mitochondria. To determine the roles of these components in
salt stress tolerance in wheat, this study investigates the abundance of proteins involved
in the TCA cycle and mitochondrial membrane transport under salt stress in wheat
(Triticum aestivum L.) var. Westonia and compares these changes with variation in
metabolite content and respiration rate.

The respiration rate measured as CO 2 release and O 2 consumption of leaves increased
significantly under salt stress. Metabolite analysis showed that there were large
increases in the abundance of amino acids and sugars that might be important in
maintaining the osmotic balance in the cytosol. There were decreases in organic acid
abundance that may indicate that organic acids may be being catabolised for amino acid
synthesis. Interestingly, quantitation of specific proteins using MRM mass spectrometry
shows that proteins that are involve in pyruvate uptake and use were decreased in
abundance. Activity assays revealed the mitochondria pyruvate dehydrogenase complex
(mtPDC) and 2-oxoglutarate complex (mtOGDC) are directly salt sensitive, and this
inhibition is likely due to the dissociation of the component subunits and changes to
active site coupling and substrate chanelling in mtOGDC and mtPDC. This study
provides evidence that pyruvate uptake into the TCA cycle is reduced during salt
exposure in response to a direct effect of salt on its ability to be used by mitochondria,
and that as an alternative for respiration rate to be maintained, the GABA shunt is
providing a carbon source into the TCA cycle while also regulating carbon/nitrogen
balance in the cell.
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Introduction
Soil salinity is one of the major agricultural issues that affects crop yield around the
world (Munns & Tester 2008). Soil salinity leads to salinity stress in plants that is
characterized by the reduction of photosynthesis and growth of affected plants (Sudhir
& Murthy 2004; Chaves et al. 2009; Kafi 2009). The reduction of photosynthesis is due
to the toxic effects of high salt concentrations on the photosynthetic machinery that
limits carbon assimilation that is necessary for plant growth (Chen et al. 2015). Salinity
stressed plant are also characterized by a reallocation of assimilated carbon from growth
to respiration and maintenance (Jacoby et al. 2011; Flowers et al. 2014). Previous
studies have shown that mitochondrial respiration is required during salt stress in plants
as it provides ATP and reductants needed for adaptive processes including ion
exclusion, compatible solute synthesis, and ROS detoxification (Munns & Tester 2008).
However, the response of respiration rate based on the CO 2 released or O 2 consumption
in plants under salt stress can vary significantly between different species indicating that
plants may adapt to salt stress with varing strategies, dependent on many factors (Jacoby
et al. 2011). A change in the ratio of CO 2 released over O 2 consumption (respiration
quotient) between different plants may indicate changes in the substrates being respired
under salinity stress (Cramer et al. 1995; Lambers et al. 1998; Jacoby et al. 2013).
Ultimately, the nature of the substrates respired will influence the overall plant
metabolic homeostasis especially in modulating the balance between growth,
compatible solutes biosynthesis, and energy production.

Mitochondrial respiration is often referred to as being at the centre of plant metabolic
networks as the TCA cycle links energy metabolism with both carbon and nitrogen
metabolism (Jacoby et al. 2013; Nunes-Nesi et al. 2013). Some portion of assimilated
carbon that is stored in the form of carbohydrates such as starch and sucrose

is

degraded producing glucose that is further degraded into a 3-carbon organic acid,
pyruvate through glycolysis in the cytosol (Tcherkez et al. 2012). Pyruvate is
transported into the mitochondria through a mitochondrial pyruvate carrier (Fernie et al.
2004; Lee & Millar 2016). Under normal conditions, pyruvate is oxidised in energy
metabolism through the full activity of the tricarboxylic acid (TCA) cycle and the
reducing agent NADH is produced (Nunes-Nesi et al. 2013). Before entering the TCA
cycle, the pyruvate is first oxidised to form 2-carbon acetyl-CoA and carbon dioxide
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which allows reduction of one NADH molecule through the action of the mitochondrial
pyruvate dehydrogenase (mtPDC) (Lin et al. 2003).

The TCA cycle begins when acetyl-CoA is condensed with the cycle’s final
intermediate, the 4-carbon oxaloacetate through the activity of citrate synthase forming
the 6-carbon compound citrate (Remington 1992). Aconitase (ACO) converts the citrate
to isocitrate through a reversible isomerization (Moeder et al. 2007). Isocitrate is then
transformed to 2-oxoglutarate by isocitrate dehydrogenase (IDH) yielding one molecule
of NADH (Gálvez et al. 1999). Subsequent transformation of the 2-oxoglutarate to
oxaloacetate requires the actions of the 2-oxoglutarate dehydrogenase complex
(OGDC), succinyl-CoA synthetase (S-CoAS), succinate dehydrogenase (SDH),
fumarase and malate dehydrogenase (MDH). Together, these reactions yield two more
molecules of NADH (Nunes-Nesi et al. 2013). NADH produced by TCA cycle acts as
reducing agent used by the mitochondrial electron transfer chain to build the proton
gradient across the inner mitochondrial membrane. Potential energy produced by this
gradient drives ATP synthase to synthesise ATP while allowing the protons to flow
back to the matrix space (Fernie et al. 2004).

Some TCA cycle intermediates are also used as carbon skeletons for amino acid
biosynthesis, which links the TCA cycle with the nitrogen assimilation pathway. 2oxoglutarate is a precursor for glutamate synthesis through glutamine synthetase (GS)
and glutamate synthase (GOGAT) activities, which are the primary ammonium
assimilation pathway (Carillo et al. 2008). Glutamate is used in various biosynthetic
pathways including as the ammonia donor to synthesise proline, glutamine, and
ornithine (Wang et al. 2007; Carillo et al. 2008). Glutamate also donates its ammonia
group to oxaloacetate through the activity of aspartate aminotransferase producing
aspartate (Gálvez et al. 1999; Petrov et al. 2015), the precursor for the biosynthesis of
other amino acids including asparagine, lysine, methionine and isoleucine (Petrov et al.
2015). It has been proposed that higher provision of TCA cycle intermediate for
nitrogen assimilation may couple with higher TCA cycle activity and a higher rate of
electron transfer into the mitochondrial electron transport chain (Fernie et al. 2004).

IDH is believed to play a significant role in maintaining the levels of 2-oxoglutarate and
thus the regulation of nitrogen assimilation (Lemaitre et al. 2007; Foyer et al. 2011).
However, even though the increases in amino acids and other nitrogen containing
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compound seen during salinity stress is common across a wide variety of plant species
(Jorge et al. 2015), there are differences in the abundance of IDH in response to salt
stress. Proteomic analysis found that IDH abundance were increased in Solanum
lycopersicum roots (Gong et al. 2014) and Nicotiana tabacum shoots (Skopelitis et al.
2006), while decreased in Solanum lycopersicum pericarp tissue (Manaa et al. 2013),
Arabidopsis thaliana roots (Jiang et al. 2007) and Lupine luteus embryos (Wojtyla et al.
2013). These observations suggest that the roles of IDH in the TCA cycle and nitrogen
assimilation under salt stress are dependent on genotype and tissue type. These
observations also indicate that under some circumstances, TCA cycle-linked nitrogen
assimilation is not always dependent on citrate derived 2-oxoglutarate. Additionally, 2oxoglutarate can be produced from the reversible oxidative deamination of glutamate by
the stress-inducible glutamate dehydrogenase (Masclaux-Daubresse et al. 2006; Foyer et
al. 2011).

The perturbation of the TCA cycle under salt stress may also activate alternative
metabolic routes of the TCA cycle, which are usually dependent on protein activity,
substrate availability and energy demand (Foyer et al. 2011; Krasensky & Jonak 2012;
Nunes-Nesi et al. 2013). There are multiple alternative routes of TCA cycle metabolism
that have been reported in the plants including the malate-pyruvate pathway and the
GABA shunt pathway (Theodorou & Plaxton 1993; Studart-Guimarães et al. 2007;
Kazachkova et al. 2013). In the case of oxaloacetate deficiencies in the TCA cycle due
to it utilisation as a carbon skeleton for amino acid synthesis, malate can be produced
from glucose-derived phosphoenolpyruvate and converted by malic enzyme (ME) into
pyruvate to be used in TCA cycle (Kazachkova et al. 2013). Similarly the GABA shunt
is a pathway that bypasses the OGDC step in the TCA cycle (Studart-Guimarães et al.
2007). In the GABA shunt pathway, glutamate that may be produced from 2oxoglutarate is decarboxylated into GABA by glutamate decarboxylase (GAD). GABA
then enters the mitochondria and catabolized by GABA-transaminase forming succinyl
semialdehyde (SSA). The final step is the conversion of SSA into succinate by succinyl
semialdehyde dehydrogenase (SSADH) (Michaeli & Fromm 2015). It has been
proposed that the GABA shunt activity is important in stress adaptation in plants by
regulating cytosolic pH, limiting ROS production, regulating nitrogen metabolism and
bypassing steps in the TCA cycle (Renault et al. 2010; Akçay et al. 2012).
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Mitochondrial function is finely assisted by the dynamic permeability of its inner
membrane that is regulated by the abundance and activities of the mitochondrial
substrate carrier proteins. These include adenine nucleotide translocator (ANT),
ADP/ATP carrier (AAC), basic amino acid carrier (BAC2), dicarboxylate carrier protein
(DIC), phosphate carrier protein (PiC), 2-oxoglutarate/malate translocator, NAD+
transporter (NDT), pyruvate carrier (mPC) and GABA permease (GABP) (Fernie et al.
2004; Michaeli et al. 2011; Li et al. 2014). Some proteins are responsible for the
translocation of substrates related to the TCA cycle activity across the inner
mitochondrial membrane. However, information on how these proteins respond to salt
stress in wheat is still limited.

The present study aimed to investigate the role of the TCA cycle and mitochondrial
membrane transporters in salt stress response in wheat and assessment of these changes
as potential tolerance mechanisms. This involved determining the abundance and the
activity of the targeted proteins involved in the TCA cycle, GABA shunt and
mitochondrial membrane transport under salt stress using multiple reaction monitoring
(MRM) approaches. These data were then compared with metabolite content and
respiration rate.

Methods
Plant growth
Wheat plants (v. Westonia) were grown in a supported hydroponic system according to
(Munns & James 2003) with some modifications. Seeds were imbibed in water for two
hours

then

swirled

in

a

fungicide

solution

containing

1.4

g/L

dimethylcarbamothioylsulfanyl N,N- dimethylcarbamodithioate (Thiram). The seeds
were germinated in Petrie dishes containing filter paper dampened with the Thiram
solution for four days then transferred into hydroponic pots filled with gravel to support
the roots. Seedlings were grown in a laboratory growth chamber with 16/8 light/dark
cycle, light intensity 500 μmolm-2s-1, 28/22 °C day/night temperature and constant 65%
humidity. Salt treatments were commenced at day eight after emergence. NaCl was
added to the nutrient solution with 25 mM increment at 9 am and 4 pm every day for
three days to reach NaCl concentration of 150 mM. NaCl concentration was maintained
at 150 mM until harvest. Nutrient solutions were replaced weekly. For the physiological
experiments, GC-MS analysis, sodium content analysis and GABA shunt inhibition
experiments, the third leaf emerged was harvested at day 8 after NaCl addition. The
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third leaf was chosen for analysis because it is the first leaf that fully developed under
salt stress. The whole shoots were harvested for mitochondrial isolation.

Respiration measurements
CO 2 efflux from the leaves was measured using a portable infrared gas analyser (IRGA)
system (LiCor 6400; LiCor Inc., Lincoln, NE, USA) using a 6cm2 leaf chamber. The
measurement was taken after at least two hours of the light period in the growth cabinet.
The whole leaf with a fresh weight from 400 to 600 mg was folded and inserted into the
dark leaf chamber to get measurable CO 2 flux. Flow rate through the leaf chamber was
150 μmol s−1. The chamber block temperature (T Blc ) was set to be the same as the air
temperature (T Air ) at the time which was around 23°C and relative humidity was around
55 to 65%. CO 2 efflux was logged every minute for 30 min. The CO 2 efflux rate was
calculated as the average rate of the last ten minutes of the measurements, after CO 2
efflux reached its steady state.

Leaf O 2 consumption was measured using a liquid-phase Oxygraph system with a
Clark-type oxygen electrode (Hansatech Instruments, Pentney, Norfolk, UK). The
electrode was calibrated by adding sodium dithionite into 1 mL of aerated MilliQ water
at 25°C until the dissolved oxygen was completely depleted by the oxidation of sodium
dithionite. Wheat leaves with the fresh weight of 90 mg to 100 mg was cut into pieces
around 1 cm in length and equilibrated with respiration buffer containing 10 mM 4-(2hydroxyethyl)-1-piperazineethanesulfonic

acid

(HEPES),

10

mM,

2-(N-

morpholino)ethanesulfonic acid (MES) and 2 mM CaCl 2 , pH 7.2 in the dark for 30 min.
The O 2 consumption rate by the leaf was measured by immersing the leaf into 2 mL of
respiration buffer in a darken electrode chamber for at least 15 min at 25°C in a darken
electrode chamber while monitoring the depletion of dissolved O 2 over time using
Oxygraph Plus v1.02 software (Hansatech Instruments).

The values obtained in the O 2 consumption measurements were corrected due to the
differences in the temperature and instrument used. For temperature difference, the
values were corrected based on the temperature coefficient (Q 10 ) calculation at
http://www.physiologyweb.com/calculators/q10_calculator.html (Atkin et al. 2002),
with the Q 10 value was set to 2 based on Heskel et al. (2016). For instrumental
difference, the values were further corrected with a correction factor of 2.07, which
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estimated from a new data obtained by comparing respiration measurement between
different instruments for wheat, presented in Scafaro et al. (2017).

Mitochondria preparation
Mitochondria were isolated from whole shoots based on the method of Jacoby et al.
(2013) and Day et al. (1985). Density gradients were prepared using peristaltic gradient
pump (Bio-Rad). Firstly the gradient chambers and tubing were rinsed thoroughly with
distilled water and the lines checked for any blockages and leaks. With connection
between ‘inner’ and ‘outer’ chambers closed, 17.5 mL light gradient solution (50% 2X
sucrose wash medium (0.6 M sucrose, 20 mM 2-[Tris(hydroxymethyl)-methylamino]ethanesulfonic acid (TES)-KOH, pH 7.0, 0.2% (w/v) bovine serum albumin (BSA),
28% (v/v) Percoll) was poured into outer chamber that is furtherest from the tubing
outlet. Then 17.5 mL heavy gradient solution (50% 2X sucrose wash medium, 4.4%
(w/v) PVP40, 28% (v/v) Percoll) was poured into the inner chamber linked to the tubing
outlet. A small stirrer bar was placed in the inner chamber. The gradient chambers were
placed on stirring block. The heavy gradient solution was allowed to run down sides of
the tube (not drip) until a small amount was collected in the bottom of the tube. Then
connection between chambers was opened, and the solutions were allowed to mix in the
inner chamber. The mixed gradient solution was pumped into an ice-chilled 50 mL
centrifuge tube.

Mitochondria were isolated from the whole shoots according to (Day et al. 1985) by
differential centrifugation followed by a 0-4.4% (w/v) PVP and self-forming Percoll
gradient using the prepared gradient solution. Around 80g of fresh wheat shoots were
chopped into small pieces (~10 mm) and placed into the grinding vessel containing 5X
volume (buffer to tissue) of grinding buffer (0.3 M sucrose, 25 mM tetrasodium
pyrophosphate-HCL, pH 7.5, 2 mM EDTA, 10 mM KH 2 PO 4 , 1% (w/v) PVP-40, 1%
(w/v) BSA, freshly added 20 mM Ascorbic acid and 5 mM Cysteine). The mixture was
ground using Polytron homogenizer (Kinematica) for 10, 3-second bursts. The
homogenate was filtered through two layers of Miracloth (Calbiochem) into a conical
flask. The filtrate was transferred into 50 mL centrifuge tubes and centrifuged at 1500 x
g for 5 min. At this point, the centrifuge was set with fast acceleration and slow
deceleration. The supernatants were then further centrifuged at 18000 x g for 20 min.
The resulted pallet in each tube was re-suspended in ~45 mL of 2x wash buffer (0.6 M
sucrose, 20 mM TES-KOH, pH 7.0, 0.2% (w/v) BSA) using a wash buffer wetted
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paintbrush until the solution becomes homogenous. The resulted homogenate was
centrifuge at 1500 g for 5 min. The supernatant was further centrifuged at 18000 x g for
20 min. The resulted pellets were re-suspended in 3 mL of 1x wash buffer using a wash
buffer wetted paintbrush until the solution was homogenous. The resulted homogenate
was carefully poured into a tilted centrifuge tube containing the gradient solution so that
the homogenate forms a layer on top of the gradient solution. The gradient solution with
the homogenate layer was centrifuged at 40000 x g for 40 min. At this point, the
centrifuge was set with slow acceleration while the deceleration was turned off. After
the centrifugation, the mitochondria formed a yellowish fraction in the the 3.5 to 4 %
PVP portion. The upper portion (0 to 3% PVP) was aspirated out, and the remaining
fraction was collected into a new tube. The collected fraction containing mitochondria
was mixed with 1x was buffer without BSA (0.3 M sucrose, 10 mM TES-KOH, pH 7.0)
to dilute the percoll. The mixture was centrifuged at 31000 x g for 15 min. The
supernatant was aspirated out while the mitochondrial pellet was resuspended by
swirling with 1x wash buffer without BSA. The mixture was centrifuged at 31000 x g
for 15 min. The supernatant was aspirated out while the mitochondrial pellet was
resuspended by swirling in 2 mL of 1x wash buffer without BSA. The concentrated
mitochondria were transferred to a microcentrifuge tube. The protein concentration of
the isolated mitochondria was quantified using Bradford assays and BSA as the
standard. The mitochondria were aliquoted into 200 µg and stored in -80 °C until used
for analyses.

Protein extraction from mitochondria
To precipitate the mitochondrial proteins, the samples were vortexed with 4 volumes of
acetone that was pre-chilled to -20 °C and incubated at -20 °C overnight. On the next
day, the proteins were pelleted by centrifugation at 20000 x g for 20 min at 4 °C. The
resulting pellet was re-suspended in 1 mL pre-chilled 100% acetone and centrifuged at
20000 x g for 20 min at 4 °C. The pellet was again re-suspended in 1 mL pre-chilled
100% acetone and centrifuged at 20000 x g for 20 min at 4 °C. The acetone was
removed by placing the samples in a vacuum centrifuge for 10 min. The protein pellet
was resuspended in resuspension buffer containing 7 M urea, 2 M thiourea, 50 mM
Ambic (NH 4 HCO 3 ) and 5 mM DTT (from freshly prepared 1 M solution) with a final
protein concentration around 20 µg/µL. The mixture was incubated for 90 min at 28 °C
with 350 rpm shaking. Iodoacetamide was added to a final concentration of 10 mM and
the mixture incubated for further 15 min. The urea/thiourea concentration was diluted to
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less than 1 M by adding 8 volumes of 50 mM NH 4 HCO 3 solution. The mixture was
then centrifuged at 20000 x g for 10 min. The supernatant was transferred to a new
microcentrifuge tube. The protein concentration was quantified using Pierce™ BCA
Protein Assay Kit. 100 µg protein aliquoted into a new tube for trypsin digestion.

Protein digestion with trypsin
Trypsin solution was prepared by adding 20 µL digestion buffer (50 mM NH 4 HCO 3 , 10
mM CaCl 2 ) to the vial of 20 µg lyophilised trypsin powder and vortexed thoroughly. 5
µg trypsin were added to the sample containing 100 µg proteins. The mixture was
vortexed and incubated at 37 °C overnight. The reaction was stopped by acidification of
the mixture with formic acid to a final concentration of 2%.

Peptide preparation for MRM mass spectrometry
The peptide samples extracted using solid phase extraction (SPE) C-18 macrospin
columns. The columns were charged by adding 750 µL solution containing 70%
acetonitrile and 0.1% formic acid. The columns were then centrifuged at 150 x g for 2
min. The flow-through of all columns were discarded. The columns were then
equilibrated by adding 750 µL solution containing 2% acetonitrile and 0.1% formic
acid. The columns were centrifuged at 150 x g for 3 min. The flow-through were
discarded. The columns were loaded by adding the peptide samples onto the
equilibrated columns. The columns then centrifuged at 150 x g for 3 min. The columns
were washed twice by adding 400 µL solution containing 2% acetonitrile and 0.1%
formic acid and centrifuged at 150 x g for 3 min. The flow-through was pooled together
with the loading flow-through. This flow-through was kept at -20 °C until the SPE was
confirmed as being successful. The columns were eluted twice by adding 750 µL
solution containing 70% acetonitrile and 0.1% formic acid, and centrifuged at 150 x g
for 3 min. The flow-through containing the peptides were pooled together. The eluates
were dried in a vacuum centrifuge overnight. Dried peptides was resuspended in 100 µL
resuspension solution containing 5% acetonitrile, 0.1% formic acid and 100 fmol HSA.
The peptides were quantified using Pierce™ BCA Protein Assay Kit using BSA as a
standard.

MRM optimisation and targeted proteins quantification
Selected reaction monitoring (SRM) mass spectrometry of peptide transitions was
optimized using trypsin digested isolated mitochondrial extracts run on an Agilent 6430
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triple quadrupole (QqQ) mass spectrometer with an HPLC Chip Cube source (Agilent
Technologies) by the method described in Taylor et al. (2014). A theoretically digested
background proteome for each of the proteins of interest was generated based on a
historical ‘in-house’ dataset of the wheat mitochondrial proteome, and the possible
peptide transitions were defined using Skyline (version 1.1.0.2905) (MacLean et al.
2010). The transitions were then optimized for collision energy (CE) based on predicted
values by Skyline following an algorithm specific for Agilent instruments. For each
transition, a total of five CEs were analysed, including the predicted CE ± 4V and 8V.
Protein extracts from isolated mitochondrial and whole leaf digests were analysed on an
Agilent 6430 QqQ mass spectrometer as described by Taylor et al. (2014).

MRM data analysis
Raw MS data obtained from an Agilent Technologies 6430 QqQ mass spectrometer
were imported into Skyline and peptides with fewer than three reliable transitions were
removed. Differences in protein abundance between mitochondria isolated from control
versus salt treated plants were analysed using MSstats version 2.1.6 operated on R
version 3.1.0 (Broudy et al. 2014; Chang et al. 2012; Choi et al. 2014; Surinova et al.
2013). The MSstats input file was generated from Skyline software. The peak intensity
of the transitions was log2 transformed and normalized across runs using equalized
median method to remove biases between MS runs. Three transitions were used for each
peptide, and unique peptides were used for each protein.

Gas Chromatography – Mass Spectrometry (GC-MS)
The metabolites were extracted according to the modified procedure of Shingaki-Wells
et al. (2011). The harvested third leaves were homogenised in liquid nitrogen.
Approximately 25 mg of ground tissue was mixed with 500 µL ice-cold metabolite
extraction buffer containing 85% [w/v] HPLC-grade methanol, 15% [w/v] untreated
MilliQ water, and 100 ng µL-1 ribitol. The samples were shaken at 65°C for 15 minutes
at 1400 rpm speed. The sample was then centrifuged at 20,000 g for 3 minutes at room
temperature to pellet the debris. 60 µL of the supernatant was dried in a vacuum
centrifuge for approximately 2 hours. Twenty microliters of 20 mg mL-1
methoxylamine-HCl (98% purity; Sigma) was added to each of the dried samples. The
samples were then shaken at 1,400 rpm for 90 min at 30°C. To each sample, 30 mL of
N-methyl-N-(trimethylsilyl)- trifluoroacetamide (derivatization grade; Sigma) was
127

added, followed by shaking again at 1,400 rpm for 30 min at 37°C. After this, 10 mL of
n-alkane standard mix (0.029% [v/v] n-dodecane, 0.029% [v/v] n-pentadecane, 0.029%
[w/v] n-nonadecane, 0.029% [w/v] n-docosane, 0.029% [w/v] n-octacosane, 0.029%
[w/v] n-dotriacontane, and 0.029% [w/v] n-hexatriacontane dissolved in anhydrous
pyridine) was added and vortexed. Samples were transferred to GC-MS amber vials
with screw-top seals and low-volume inserts (Agilent Technologies). These were then
incubated for 4 hours at room temperature for equilibration. Analysis of samples on the
GC-MS device followed the procedure described previously (Howell et al. 2009). Raw
GC-MS

data

preprocessing

and

statistical

analysis

was

performed

using

MetabolomeExpress software (version 1.0; http://www.metabolome-express.org).
Detailed methods have been reported (Carroll et al. 2010).

mtPDC, OGDC and MDH activity assays
The activity assays of mtPDC, OGDC and malate dehydrogenase (MDH) were carried
out according to the method of Huang et al. (2015). All assays were carried out at 25 °C
in a final volume of 1 mL using a Shimadzu UV-1800 Spectrophotometer.
In principle, mtPDC catalyses the conversion of pyruvate, NAD+ and CoA to acetylCoA, carbon dioxide and NADH. mtPDC activity assay were initiated by adding 100 µg
mitochondrial proteins into mtPDC activity assay buffer (50 mM TES-NaOH (pH 7.6),
0.2% (v/v) Triton X-100, 1 mM MgCl 2

,

2 mM β-NAD+, 0.2 mM thiamine

pyrophosphate, 0.12 mM lithium-CoA, 2 mM L-cysteine, 1 mM sodium pyruvate), and
was supplemented with NaCl at different concentrations (0-300 mM). mtPDC activity
was assayed spectrophotometrically by measuring the rate of NADH formation at 340
nm. The extinction coefficient of NADH at 340 nm (ε340) is 6220 M-1cm-1 (Budde &
Randall 1990; Moore et al. 1993; Millar et al. 1998).
OGDC catalyses the conversion of 2-oxoglutarate, NAD+ and CoA-SH forming
succinyl-CoA, NADH and CO 2 . The OGDC activity assay was initiated by adding 100
µg mitochondrial proteins into OGDC activity assay buffer (70 mM TES-KOH (pH
7.0), 2 mM MgCl 2 0.2 mM thiamine pyrophosphate (TPP), 2 mM NAD+ (2 mM), 0.12
mM CoA, 20 mM cysteine, 0.5 mM AMP, 1 mM 2-oxoglutarate, 2 U ml-1 commercial
porcine lipoamide dehydrogenase), and was supplemented with NaCl at different
concentrations (0-300 mM). OGDC activity was assayed spectrophotometrically by
measuring the rate of NADH formation at 340 nm.
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MDH catalyses the interconversion of L-malate and NAD+ to oxaloacetate and NADH.
MDH reverse activity assay were initiated by adding 100 µg mitochondrial proteins into
MDH activity assay buffer (100 mM potassium phosphate buffer (pH 7.4), 0.05% (v/v)
Triton X-100, 5 mM MgCl 2 , 0.25 mM NADH, 0.2 mM oxaloacetate), and was
supplemented with NaCl at different concentrations (0-300 mM). The MDH reverse
activity was assayed spectrophotometrically by measuring the rate of NADH oxidation
into NAD+ at 340 nm.

mtPDC and OGDC activity assays with and without E3 addition
The mtPDC and OGDC activity assays were carried out in the same way as described
above. For E3 supplemented assays, 2 U ml-1 commercial porcine lipoamide
dehydrogenase were included in the assay reaction buffers while there were no
exogenous E3 included in E3 non-supplemented assays. The assays were carried out
with and without 150 mM NaCl in the assay reaction buffer. The percentage of
reduction of mtPDC and OGDC activity in 150 mM NaCl buffer for E3 supplemented
and E3 non-supplemented samples were determined.

mtPDC E1, E2 and E3 activity assays
In principal, E1 catalyses the following reaction:
pyruvate + 2 Fe(CN) 6 -3 + H 2 O  acetate + CO 2 + 2 Fe(CN) 6 -4 + 2H+,
E2 catalyses the following reaction:
AcetylCoA + dihydrolipoamide ↔ CoA + acetyllipoamide
and E3 catalyses the following reaction:
NAD+ + dihydrolipoamide ↔ NADH + H+ + lipoamide.
The E1 activity assay reaction was initiated by adding 100 µg mitochondrial proteins
into the assay medium consisting of 50 mM TES-NaOH pH 7.5, 5 mM pyruvate, 0.2
mM

TPP,

1.5

mM

Fe(CN) 6 -3

and

10

mM

MgCl 2 .

E1

activity

was

spectrophotometrically assayed based on the reduction rate of FeCN at 420 nm. The
backward activity of E2 was initiated by adding 100 µg mitochondrial proteins into the
assay medium containing 50 mM TES-KOH pH 7.2, 10 mM acetyl phosphate, 1.5 mM
dihydrolipoamide, 75 µM Coenzyme A, and 2 U ml-1 phosphoacetyltransferase. E2
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activity was measure based on the ester formed in acetyl-lipoamide at 232 nm. The E3
forward activity was monitored by the rate of NADH formation at 340 nm in 1 ml of
assay medium consisting in 50 mM TES-KOH (pH 8.5), 2 mM NADH, and 1 mM
lipoamide.

mtPDC partial purification
Wheat was lawn germinated and grown in the dark on soil medium (4 part compost, 4
part native soil, 1 part perlite and 1 part vermiculite) for ten days in a growth chamber
with the humidity set to 65 % and the temperature to 23 °C. The lawn was watered
every two days. 500 g of the dark grown wheat shoot were harvested for mitochondria
isolation to get at least 20 mg mitochondrial protein for each replicate. mtPDC were
partially purified using the method used in (Millar et al. 1998) with some modifications.
In each replicate, 20 mg mitochondrial protein were resuspended in 10 mL PDC buffer
containing 25 mM K 2 PO 4 -KOH pH 7.0, 1 mM NAD, 0.1 mM TPP, 5 mM DTT. The
sample was quickly frozen in liquid nitrogen and thawed to break the mitochondrial
membrane, and then stirred at 4°C for 15 minutes. The sample was then centrifuged at
40,000g for 30 minute at 4 °C to precipitate the membrane. The pellet was discarded
while the supernatant was further centrifuged at 200,000g for 3 hours at 4°C to sediment
the large protein complexes. The resulting pellet was resuspended in 500 µL PDC buffer
and incubated at 25°C for 5 minutes. 0.01 volume of 1M MgCl were added into the
solution to solubilise protein before the solution was then centrifuged at 20,000 for 15
minutes at 4°C. The resulting supernatant containing PDC activity was used for E2
activity assay. To see the effect of 150 mM NaCl on the binding of E1 and E3 subunits
to the E2 core of mtPDC, 150 mM NaCl was supplemented in the PDC buffer right after
the freeze/thaw step to the 200,000g centrifugation step in a set of the samples. The
activity of PDC and its E1, E2 and E3 subunits were measured as described above and
their activity were compared with that of the control that is the partial purified mtPDC
that was obtained without the addition of 150 mM NaCl in the mtPDC purification
steps. The activity of purified mtPDC in assay medium with and without 150 mM NaCl
was also compared.

Results
Respiratory and metabolites changes under salt stress
To examine the effect of salt stress on respiration, we measured the respiration rate by
measuring both CO 2 production and O 2 consumption whilst comparing salt-stressed
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plants and control plants. The average rate of CO 2 production and O 2 consumption in
salt-stressed plants was significantly higher compared to control plants as shown in
Figure 1. The increase in O 2 consumption rate was larger (around 1.9 fold) when
compared to CO 2 released (around 1.3 fold). The respiratory quotient (CO 2 released
over O 2 consumption) was thus decreased to 90 %. To examine changes in metabolites
abundance in wheat leaves under salt stress, leaf 3 was harvested from control and saltstressed plants and the metabolites identified and quantified by GC-MS. The abundance
of targeted metabolites in the salt-stressed plants were compared to those of control
plants. This study aimed to analyse the abundance of metabolites that are involved in
carbon metabolism mainly sugars, TCA cycle intermeaidates and amino acids. As
shown in Figure 2, there were marked increases in the abundance of most amino acids,
for example proline was accumulated more than 180 fold and lysine was 85 fold higher
in abundance in salt compared to control. There were also increases in the abundance of
alanine, glutamate and GABA while there is no significant change in aspartate level. All
sugars analysed in this study showed significant increases in abundance except glucose
that was significantly decreased by about 4 fold. Analysis of organic acids level
revealed that there was a large depletion in aconitate abundance in salt-stressed plants
(more than 155 fold) compared to control plants. Citrate also showed a marked decrease
in abundance in salt treated plants, around 10 fold lower than the control plants. There
were also significant decreases in malate and fumarate abundance. Interestingly, there
are significant increases in both succinate and 2-oxoglutarate abundance.

Changes in abundance of proteins involved in the TCA cycle and mitochondrial
membrane transport
One hundred proteins that are involved in the TCA cycle and mitochondrial membrane
transport were selected for MRM analysis. From this protein list, 74 proteins were able
to be quantified as they had an optimised collision energy for at least one peptide
transition. Among these proteins, 62 proteins showed good signals for 3 transitions for
each peptide examined. The compilation of these proteins according to their function is
shown in Figure 3. The changes in abundance of these proteins was compared between
control and salt-stressed plants using the MSstats software package. The result of the
analysis is shown in Table 1. From the 62 proteins analysed, 37 proteins changed in
abundance, based on an adjusted P value less than 0.01 and these were included in
Figure 4. Among these proteins, 16 proteins were found to have change in abundance
based on log 2 fold change that are larger than 0.26 or less than -0.26. For proteins that
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are involved in the TCA cycle, there were significant increases in abundance of succinyl
semialdehyde dehydrogenase, glutamate dehydrogenase, and succinate dehydrogenase.
At the same time there were significant reductions in abundance of mtPDC and OGDC
subunits. For mitochondrial substrate carriers, there were significant increases in the
basic amino acid transporter, phosphate carrier, and 2-oxoglutarate/malate translocator
while there were reductions in the acyl and pyruvate carriers. Some components of
precursor protein import and porins also decreased in abundance under salt stress in
wheat shoots.

Investigation of mtPDC and OGDC activity in the presence of salt
To determine if the observed reduction in the protein abundance of mtPDC and OGDC
components in vivo could be explained by the direct effect of salt on these protein
complexes, the activity of mtPDC and OGDC in isolated mitochondria samples was
measured in assay media supplemented with different concentrations of NaCl. The
effect of salinity on the activity of the single subunit dehydrogenase enzyme, malate
dehydrogenase (MDH), was also measured as a control. The activities of both the
mtPDC and OGDC from isolated mitochondria were decreased, inversely proportional
to the NaCl concentration in the assay media while the activity of a single subunit
dehydrogenase, malate dehydrogenase (MDH) was not affected by NaCl up to 300 mM
(Figure 6).

To investigate whether the reduced mtOGDC and mtPDC activity was due to the
dissociation of the E3 subunit, excess commercial porcine lipoamide dehydrogenase
were added to the mtPDC and OGDC assay media to 2 U mL-1. This approach has
previously been adopted to circumvent the negative effect of E3 detachment on the
activity level of these complexes (Poulsen & Wedding 1970; Karam & Bishop 1989;
Millar et al. 1998). The inhibition percentage of mtPDC and OGDC in 150 mM NaCl
with and without the additional E3 was compared (Figure 7). The results show that
excess E3 increased the relative OGDC activity in 150 mM NaCl from 15% to 33%
representing a two-fold higher relative activity of OGDC in the presence of 150 mM
NaCl compared to control. However, the additional E3 did not affect the inhibition of
mtPDC activity in 150 mM NaCl.

To determine whether the reduced mtPDC activity seen in vitro during salt addition to
the assay is due to the reduced activity of the complex’s individual subunits, activity
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assays for individual subunits were conducted in assay media with or without 150 mM
NaCl supplement (Figure 8). Isolated mitochondria samples were used in these assays.
The results show that the activity of both E1 and E3 increased in 150 mM NaCl. E2
activity was measured in the reverse direction to its normal function and is typically
only measured in purified PDC where E1 and E3 have been removed from the complex
(Millar et al. 1999b; Mooney et al. 1999; Broz et al. 2014). E2 activity assays using
isolated mitochondrial extracts were unable to provide an appreciable E2 activity and
thus were unable to be used to measure its salt sensitivity (data not shown). However,
this limitation was overcome by using partial purified mtPDC samples based on the
method described in Millar et al. (1998). This showed that E2 reverse activity was also
increased in assay medium supplemented with 150 mM NaCl.

To study whether the subunits dissociation occurs in PDC in high salt conditions, the
activity of PDC and its E1, E2 and E3 subunits were measured in the purified mtPDC
samples that were obtained from mtPDC purification process with and without the
addition of 150 mM NaCl up to the 200,000g centrifugation and concentration step. The
principle behind this experiment is that the dissociated E1 and E3 subunits will stay in
the supernatant in the high speed centrifuge step while the large E2 core will sediment
into pellet. Results shown in Figure 9A shows that there is no difference in mtPDC
activity between control and salt supplemented purified PDC. While there is also no
significant difference in E1 and E2 activity, E3 show a significant decrease in activity in
salt supplemented purified compared to control. When the purified PDC were assayed in
assay medium with different salt concentration, the activity was significantly lower in
150 mM NaCl compared to control as shown in Figure 9B.

Discussion
Wheat leaf respiration increased in salt treated plants
Based on the measurement of O 2 consumption and CO 2 production rate, we found that
overall respiration rate is increased under salt stress in wheat. This increase in
respiration could provide chemical energy to increase multiple processes such as ion
exclusion, compatible solute biosynthesis, or growth. The increased O 2 consumption
rate represents increases in the mitochondrial electron transport chain activity. The
increased CO 2 production rate in the plants might be contributed to by increased
reactions that produce CO 2 or/and decreased reactions that utilise CO 2 . Glycolysis,
decarboxylation of phosphoenolpyruvate carboxylase (PEPC)-derived malate by NAD133

dependent malic enzyme (NAD-ME), pyruvate decarboxylation by mtPDC and
oxidative decarboxylation of isocitrate by isocitrate dehydrogenase in the TCA cycle are
among the major reactions that produce CO 2 , while some other irreversible
carboxylases use CO 2 (Gessler et al. 2009; Raven & Beardall 2016). The ratio of CO 2
released over O 2 consumed (respiratory quotient) provides information on the
respiratory substrates of the cell. Interestingly, the results showed that the increase of O 2
consumption rate was larger than the CO 2 released rate. This led to a reduction in the
respiratory quotient to 90%. Lowered respiration quotient is consistent with changes in
respiratory substrates favouring amino acid and lowering carbohydrate consumption
(Araújo et al. 2011).

Amino acids and sugar abundance increased while organic acids abundance decreased
in salt treated plants.
The abundance of metabolites in the cell depends on the balance between the rate of
biosynthesis and the rate of catabolism. It is also influenced by the demands for growth,
maintenance, and energy under the particular developmental stage, tissue type and
environment condition being studied. Metabolite analysis of salt-stressed and control
plant in this study shows some significant changes in the abundance of amino acids,
sugars, and organic acids content. There was a large accumulation of amino acids and
sugars that can act as osmoprotectants in the cell. Proline showed the largest increase
under salt stress among all metabolites analysed in this study; it was about180 fold
higher compared to control plants. Proline is an important osmoprotectant and usually
accumulates during stress and confers tolerance to salt stress in plants (Szekely et al.
2008; Mattioli et al. 2009). Besides reducing cytosolic osmotic potential, proline is also
important in stabilizing protein structures (Rajendrakumar et al. 1994; Russo et al.
2003), scavenging free radicals in the cell (Alia et al. 2001; Signorelli et al. 2015) and
influencing intracellular ion homeostasis (Cuin & Shabala 2005). Thus, the increase in
proline abundance is one of the adaptive mechanisms adopted by wheat during salinity
stress.

It has been reported that proline accumulates under stress conditions in plant cells
through de novo synthesis (Chiang & Dandekar 1995). While the primary source of
proline is glutamate, proline also can be synthesised from ornithine and arginine
(Chiang & Dandekar 1995; Liu et al. 2011). Proline produced from glutamate through
the action of 1-pyrroline-5-carboxylate synthetase (P5CS) that convert glutamate into
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glutamic-γ-semialdehyde (GSA). GSA spontaneously cyclizes into pyrroline-5carboxylate that is then reduced to proline through the action of δ-1-pyrroline-5carboxylate reductase (P5CR) (Zhang et al. 1995; Krasensky & Jonak 2012). The
expression of genes encoding P5CS, the rate-limiting enzyme in proline biosynthesis,
were increased under salt stress in Arabidopsis (Liu & Zhu 1997; Strizhov et al. 1997),
cactus pear (Opuntia streptacantha) (Silva-Ortega et al. 2008), alfalfa (Ginzberg et al.
1998) and wheat (Ruan et al. 2004; Wang et al. 2007). Thus, the increase of proline
abundance observed in this study is likely to be caused by the increase in P5CS activity
during salt stress. Overexpression of P5CS in rice and wheat led to proline accumulation
during drought and salt stress and increased tolerance of the plants to both stresses (Su
& Wu 2004; Vendruscolo et al. 2007).

Proline abundance is also regulated by the abundance and the activity of proline
dehydrogenase (ProDH) that oxidises proline into δ-1-pyrroline-5-carboxylate (Servet et
al. 2012), and 1-pyrroline-5-carboxylate dehydrogenase (P5CDH) that converts GSA
into glutamate (Krasensky & Jonak 2012). Both of these enzymes are located in the
mitochondrial matrix, highlighting the role of mitochondria in regulating proline
concentration and the role of proline in energy metabolism (Miller et al. 2009; Jacoby et
al. 2012). While proline accumulation usually occurs in stressed plants and correlates
with the increases in its synthesis and decreases in its catabolism (Sudhakar et al. 1993;
Peng et al. 1996; Mattioni et al. 1997; Flagella et al. 2006), there are inconsistencies in
the observations regarding the response of ProDH to salt stress and how these responses
contribute to salt tolerance. Downregulation of ProDH under salt stress in plants has
been observed (Sudhakar et al. 1993; Peng et al. 1996; Mattioni et al. 1997; Flagella et
al. 2006) and might contribute to proline accumulation and thus confer salt tolerance
through proline protective mechanisms. However, increases in ProDH activity under salt
stress have also been found (Misra & Gupta 2005; Cramer et al. 2007) and they might
also contribute to salt tolerance by preventing the overproduction of proline and also in
providing an alternative source of NADH for the mitochondrial electron transport chain
(Miller et al. 2009; Jacoby et al. 2011).

Other amino acids also show large increases under salt stress including lysine with a
nearly 90 fold increase in abundance and arginine, ornithine, glutamine, methionine,
serine, asparagine and tyrosine which also increased in abundance (around 10 to 40 fold
increases). These amino acids may come from multiple sources including protein
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degradation and de novo synthesis through nitrogen assimilation into carbon skeletons
derived from glycolysis and TCA cycle intermediates (Gilbert et al. 1998). Proteins can
be degraded by a number of proteolysis pathways including the ubiquitin-mediated
proteasome pathway, autophagy and other protease activities (Vierstra 1993; Gilbert et
al. 1998; Liu et al. 2009). These processes are highly regulated, depending on
developmental stage, tissue type and environmental condition. Besides controlling
protein abundance, protein degradation allows re-utilization of amino acids in
maintaining cellular homeostasis and growth, to adapt to the prevailing environmental
condition (Vierstra 1993). It has also been proposed that proteins involved in autophagy
play important roles during salt and osmotic stress in plants (Slavikova et al. 2008; JunHye et al. 2009) while an Arabidopsis mutant with an RNAi-silenced autophagy gene
showed higher sensitivity to salt stress compared to control plants (Liu et al. 2009).
Furthermore, Avin-Wittenberg et al. (2015) found that the autophagy-impaired
Arabidopsis atg mutants had lower free amino acids content while higher protein
content compared to wild type when grown in the dark on agar plate without additional
sucrose. The impaired protein degradation also caused energy deprivation in the mutants
that responsible for the delayed growth phenotype in the mutant seedlings.

De novo amino acid synthesis requires the uptake of nitrogen from the environment
through the roots mainly in the form of nitrate (NO 3 -), ammonia (NH 4 +) and also other
nitrogenous compounds (Mokhele et al. 2012; Nacry et al. 2013). Ammonia that enters
the cell is used directly for amino acid synthesis while nitrate will be reduced by nitrate
reductase (NR) to nitrite and further reduced to ammonia by nitrite reductase (NIR)
(Carillo et al. 2005). Ammonia is incorporated into 2-oxoglutarate to form glutamate
primarily through the glutamine synthetase-glutamate synthase (GS-GOGAT) pathway
(Masclaux-Daubresse et al. 2006). Carillo et al. (2008) also found that there are positive
correlations between ammonia incorporation into glutamate and the activity of
glutamate dehydrogenase (GDH). However, the roles of GDH in salt stress are still
unclear. Some studies also show that GDH plays a significant role in glutamate
production under salt stress (Kumar et al. 2000; Wang et al. 2007; Wang et al. 2012). In
contrast, some studies also suggest that GDH has no significant role in glutamate
production and the activity of GDH during stress is more toward deamination of
glutamate producing 2-oxoglutarate (Lea & Miflin 2003; Foyer et al. 2011; TerceLaforgue et al. 2015). This mechanism is believed to be important in protecting
mitochondrial function by avoiding depletion of 2-oxoglutarate under conditions of high
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nitrogen metabolism while facilitating nitrogen remobilization (Lea & Miflin 2003).
Glutamate acts as ammonia donor to carbon skeletons that are obtained from glycolysis
and TCA cycle intermediates to produce amino acids through the activity of respective
transaminases (Gilbert et al. 1998; Lea & Miflin 2003; Raymond 2005).

There were only small increases in the abundance of alanine, glutamate, and GABA
compared to the other amino acids, suggesting that the biosynthesis of these amino acids
was not as high as the other amino acids, or they have been used up for downstream
reactions. Other than being used as a nitrogen donor for increasing amino acid
biosynthesis, glutamate could also be decarboxylated by glutamate decarboxylase to
produce GABA in the GABA shunt pathway (Akçay et al. 2012). GABA is a nonprotein amino acid that usually accumulates during salt stress in different plant species
and may provide an important adaptive mechanisms (Akçay et al. 2012). GABA is
believed to have significant roles in restricting ROS production, cellular osmotic
balance, and pH regulation. Recent findings suggest that GABA also plays important
roles in signal transduction during abiotic stresses and the GABA shunt activity is also
important in restricting the production reactive oxygen species in the plant during stress
conditions (Bouché et al. 2003; Akçay et al. 2012; Ramesh et al. 2015). The presence of
the GABA shunt enzymes in mitochondria, the GABA transaminase and succinyl
semialdehyde dehydrogenase, that catabolize GABA into succinate, indicates that
GABA could be used as the alternative substrate for respiratory metabolism (Bouché et
al. 2003; Jacoby et al. 2011). Thus, GABA concentration is tightly regulated by the
activity of GAD, GABA-T, and SSADH.

This study also revealed that pools of organic acids including fumarate and malate were
decreased in abundance under salt stress in wheat. This observation indicates that these
TCA cycle intermediates have probably been used for the biosynthesis of aspartatederived amino acids such as asparagine, lysine, and methionine (Petrov et al. 2015).
However, there were significant increases in 2-oxoglutarate and succinate levels. In the
TCA cycle, 2-oxoglutarate is produced from oxidative decarboxylation of isocitrate via
IDH (Foyer et al. 2011) and it can also be produced from deamination of glutamate via
glutamate dehydrogenase (Masclaux-Daubresse et al. 2006). The increased 2oxoglutarate abundance might be the result of increased activity of one or both of these
enzymes. This observation is also consistent with the depletions in citrate, and aconitate.
137

The increases in abundance of 2-oxoglutarate and succinate might also relate to the
activation of GABA shunt pathway that bypasses the 2-oxoglutarate dehydrogenase step
in the TCA cycle and produces succinate as its end product (Fait et al. 2008), linking
respiration with nitrogen assimilation and the total carbon balance in plants. The TCA
cycle is flexible and highly regulated in modulating mitochondrial roles in adaptation
strategies to survive under different kinds of stresses including salinity stress (Foyer et
al. 2011). Given that wheat respiration was increased under salt stress, the substantial
depletion of aconitate and citrate abundance also suggests that changes in TCA cycle
activity under salt stress in wheat might involve a non-cyclic form of TCA cycle
pathway (Sweetlove et al. 2010).

Proteomic data suggests reduced pyruvate uptake by the TCA cycle under salt stress
and activation of an alternative pathway
The pyruvate carrier is responsible for transporting pyruvate from the cytosol into the
mitochondria (Li et al. 2014). Once in mitochondria, pyruvate is converted by mtPDC
into acetyl-CoA to be used as the primary carbon source in the TCA cycle (Lin et al.
2003). The decreases in the abundance of pyruvate carriers and mtPDC components
observed in this study suggest that pyruvate uptake into mitochondria is reduced under
salt stress in wheat shoots. This postulation is also consistent with the depletion of
citrate and aconitate that was observed. Also the E2 subunit of the OGDC has been
shown to decreased in abundance under salt stress. OGDC catalyses the oxidative
decarboxylation of 2-oxoglutarate forming succinyl-CoA, a rate limiting step in the
TCA cycle (Araújo et al. 2008). However, the increases in respiration rate seen indicate
that part of TCA cycle increases activity despite the reduced potential for pyruvate
uptake and decreased OGDC abundance. It is likely that there is an alternative carbon
source that supports TCA cycle activity, and increases respiration rate during salt stress
in wheat.

Interestingly, we also found that the abundance of succinyl semialdehyde
dehydrogenase (SSADH) and glutamate dehydrogenase (GDH) were increased in
abundance. Both GDH and SSADH are part of GABA shunt pathway that could provide
an alternative carbon source for the TCA cycle and might explain the increased
succinate and 2-oxoglutarate levels and the increased respiration level despite reduced
potential for pyruvate uptake by TCA cycle under salt stress (Bouché & Fromm 2004).
Glutamate dehydrogenase is involved in the interchange of 2-oxoglutarate and
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glutamate (Sweetlove et al. 2010). Stress-induced glutamate dehydrogenase is believed
to be related to the conversion of glutamate into 2-oxoglutarate to maintain the 2oxoglutarate level in the cell while the production of glutamate is primarily through the
GS/GOGAT pathway (Lea & Miflin 2003; Foyer et al. 2011; Terce-Laforgue et al.
2015). However, previous salinity stress studies suggested that GDH might be
responsible for glutamate synthesis from 2-oxoglutarate (Kumar et al. 2000; Wang et al.
2007; Wang et al. 2012). Also, lower abundance of OGDC and higher abundance of 2oxoglutarate/malate translocator indicates that 2-oxoglutarate may be transported across
the mitochondrial membrane and be utilized by an alternative pathway. SSADH is
responsible for providing succinate into TCA cycle through the oxidation of succinate
semialdehyde (SSA). In-vitro assays have shown that SSADH specifically oxidises SSA
and uses nicotinamide adenine dinucleotide (NAD+) to produce NADH (Bouché &
Fromm 2004). The NADH could then be utilised by the mitochondrial electron transport
chain. SSADH is negatively regulated by NADH and ATP which suggests a feedback
control of GABA shunt activity and linking of GABA shunt activity to the redox and
energy status in the cell (Shelp et al. 1999; Bouché & Fromm 2004).

Previous studies have investigated the responses of GABA shunt components to salinity
stress. A microarray study of the temporal response of gene expression in young
seedlings of Arabidopsis to various stresses by Kilian et al. (2007) revealed that GAD3/4
and GABA-T were upregulated under salt stress in Arabidopsis seedlings. Renault et al.
(2010) also found that the expression of genes encoding GAD, GABA-T and SSADH
are up-regulated under salt stress in tissue culture-grown Arabidopsis cells. By
analysing GAD gene expression and GAD enzyme activity under salt stress in Nicotiana
sylvestris, Akçay et al. (2012) found that GAD activity was increased, and the activity
profile was correlated with GAD gene expression. A schematic diagram of the proposed
alternative pathway for the wheat TCA cycle activity under salinity stress based on the
metabolomics and proteomic data from this study is shown in Figure 5.

What caused the reduction of mtPDC and OGDC abundance in vivo and activity in
vitro?
The reduced abundance of both mtPDC and OGDC components under salt stress
indicated that these protein complexes are affected by salt in terms of assembly,
synthesis, stability or degradation. The activity assays of mtPDC and OGDC in vitro
showed that mtPDC and OGDC activity was significantly decreased by the direct
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addition of salt as low as 50 mM NaCl. The similar responses of mtPDC and OGDC to
the salt stress in vivo and in vitro might relate to the similarities in the structures of these
two protein complexes. PDC and OGDC consist of three subunits, E1 (2-oxo acid
dehydrogenase),

E2

(acetyltransferase)

and

share

the

same

E3

(lipoamide

dehydrogenase) (Guan et al. 1995; Luethy et al. 1995; Chen et al. 2014).

The

stoichiometry of E1, E2 and E3 subunits in the plant mtPDC and OGDC complexes are
still unknown (Raven & Beardall 2016). Based on sequence similarities of characterised
plant mtPDC subunits, it is assumed that the structure of plant mtPDC is similar to that
of mammalian mtPDC (Yu et al. 2012; Broz et al. 2014). In mammals and yeast, these
complexes consist of 20–30 E1 heterotetramers (E1α and E1β subunits) and 12 E3
dimers arranged along the edges and faces respectively of a 60mer E2 core (Gessler et
al. 2009). The core subunit of mtPDC also contains 5 to 24 copies of the E3 binding
protein (E3BP) in mammals (Sanderson et al. 1996; Broz et al. 2014). OGDC is
significantly smaller than mtPDC as assessed by gel-filtration chromatography (Millar
et al. 1999a). It was also proposed that plant OGDC has a 24mers E2 structure similar to
the mammalian form based on the similar molecular mass of plant OGDC with the
mammalian OGDC (Mooney et al. 2002).

The reduced mtPDC and OGDC activities on addition of salt in vitro might be due to the
instability of the protein complexes under high salt conditions that leads to a
dissociation of the subunits (Behal et al. 1994; De Marcucci et al. 1995; Millar et al.
1999b; Katz et al. 2007). This instability might lead to protein degradation and reduced
protein abundance in vivo as observed in this study. This postulation is supported by the
observation that the addition of excess E3 into the assay solution did improve OGDC
activity in a salt dependent manner indicating that OGDC E3 subunit might dissociate
from the core subunits under salt conditions. However, external E3 addition did not
affect the reduction of mtPDC activity under salt exposure. This observation might be
due to the different affinity of the external E3 to the E2 subunits of mtPDC and OGDC
as observed in mammals and plants (Sanderson et al. 1996; Millar et al. 1998; Millar et
al. 1999b). In mammals, the E2 subunit of mtPDC contains a subunit binding domain
where E1 and E3 are mutually exclusively attached through a weak noncovalent bond
involving salt bridges interaction (Mande et al. 1996; Jung et al. 2003; Patel et al. 2014),
while E3 also binds to the E3 binding protein (E3BP) that is present in 5 to 24 copies in
the mtPDC E2 core (Sanderson et al. 1996; Broz et al. 2014). To date, however, there is
no evidence that plant mtPDCs also contain an E3BP (Yu et al. 2012; Broz et al. 2014).
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While there is still a lack of detailed information about the OGDC E2-E3 interaction, it
was postulated that the E3 subunit linked to the OGDC E2 core by physically binding to
a single E1 subunit even though OGDC E2 has a similar domain structure to mtPDC E2
(Rice et al. 1992; McCartney et al. 1998).

The stability and activity of single subunit proteins can also be affected by salt.
Monovalent salts, including sodium chloride, may affect protein stability by modifying
the ionic strength of the solution, which in turn slightly stabilize or destabilize the
protein structure, depending on the nature of the specific charge distribution within the
protein (Dominy et al. 2002; Chi et al. 2003; Date & Dominy 2013). In this regard, the
activities of individual mtPDC subunits in salt solutions were measured to see whether
the reduced overall mtPDC activity was due to the reduction of a specific protein
subunit in the complex. Interestingly, the data from this study show that this was not the
case as the activity of E1, E2 and E3 subunits were all increased when NaCl
concentrations were increased from 0 mM to 150 mM. A similar finding was also
observed in Bacillus stearothermophilus by Hiromasa et al. (2003), where the E3
activity reached the highest level at 200 mM NaCl. A previous study also showed that
mammalian E2/E3BP native core was still intact up to 1.5 M of the chaotropic salt
guanidinium chloride (GdnHCl) while the inclusion of 200 mM NaCl in the gel
permeation buffer appeared to stabilize the core structure (McCartney et al. 1997).

Previous studies have also shown that salt could lead to the dissociation mtPDC
subunits in mammals (Pawelczyk et al. 1992) and plants (Behal et al. 1994; De
Marcucci et al. 1995; Millar et al. 1999b; Katz et al. 2007). The native plant mtPDC has
a molecular mass of 4-7 MDa (Mooney et al. 2002) while the molecular mass of E2
core is estimated around 2.7-3.6 MDa (Thelen et al. 1998; Millar et al. 1999b). The
mtPDC E1 is a heterotetramer consists of E1α and E1β subunits with a total molecular
mass of approximately 170 kD monomer (Szurmak et al. 2003), while E3 is a
homodimer of 120-140 kDa (Laine et al. 2015). Millar et al. (1999a) found that small
TCA cycle non-membrane bound enzymes like ACO, IDH, and MDH with molecular
mass of single subunit ranging between 40 to 100 kDa (Chen et al. 1988; Verniquet et
al. 1991; Yudina 2012) remained in the 200,000g supernatant, while intact mtPDC
sedimented in the pellet. Therefore, it is predicted in this study that if dissociation of
mtPDC complex into subunits occurred in 150 mM NaCl, the small E1 and E3 subunit
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that are not attached to the E2 core would remain in the 200,000g supernatant while
intact mtPDC and large E2 core would sediment in the pellet.

Interestingly, there were no different in mtPDC activity between the partially purified
mtPDC samples that were obtained from mtPDC purification process with and without
the addition of 150 mM NaCl in to the 200,000g centrifugation step, indicating that
most mtPDC complexes were still intact in 150 mM NaCl. Some dissociation of E3
subunit did occurr in the salt added purified PDC complex based on the ~45% loss of
E3 activity, but this did not affect the overall mtPDC activity. These results also
indicates that the inhibition of mtPDC in 150 mM NaCl is reversible as mtPDC fully
regained its specific activity when salt was diluted in the PDC purification step. The
purified mtPDC still showed a significant reduction in activity if assayed in the presence
of 150 mM NaCl. Overall, these findings suggest that the inhibition of mtPDC activity
in 150 mM NaCl might be due to the changes in protein conformation that might affect
the active-site coupling and substrate channelling mechanisms in the protein complex
which are highly dependent on the specific conformation of the lipoate-bound lipoyl
domain in the E2 subunit (Perham et al. 2002; Taylor et al. 2004). The swinging action
of the E2 lipoyl domain enables active site coupling between the E2-bound E1 and E3
components of the PDC (Thelen et al. 1998; Perham et al. 2002). This might affect the
normal forward reaction of the E2 subunit which is coupled with the activity of E1
subunit in E2 acetylation. Measuring this specific reaction may be possible by using [214

C] pyruvate in the E2 acetylation reaction and monitoring the incorporated [14C] in

PDC as outlined in Millar et al. (1999b). Measuring this specific reaction will be useful
to uncover the possible effect of salt on the substrate channelling mechanism in PDC.

Conclusion
From this study, we postulate that wheat mitochondrial respiration shifted its carbon
source under salt stress. The reduction in the abundance of the pyruvate carrier and
pyruvate dehydrogenase subunits reduces the capacity for the uptake of pyruvate and
pyruvate usage as an important carbon source for respiration. The reduction in pyruvate
uptake was accompanied by the reduction in aconitate and citrate concentration. It is
likely that the reduced mtPDC and OGDC activities and abundances were partly due to
the dissociation of the subunits and the salt-dependent changes in the conformation that
could inhibit their activities under salinity stress. Increased respiration level indicates
that there was an alternative carbon source being used to keep TCA cycle active.
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Increases in the abundance of the 2-oxoglutarate/malate carrier, GDH, SSADH, and
GABA, accompanied by the reduction of OGDC abundance are all strong evidence of
activation of the GABA shunt. The increases in GABA shunt activity would provide
alternative carbon supply into the TCA cycle through succinate production and bypass
both PDC and OGDC steps in the TCA cycle. Together, this study provides new
information on the role of mitochondria in salt stress response through TCA cycle and
mitochondrial membrane transport functions by shifting the carbon source from
pyruvate to GABA for primary energy metabolism. It will be interesting to know how
GABA shunt is induced under salt stress in wheat and how dependent wheat respiration
is on GABA shunt under salt stress and this is the focus of experiments in Chapter Four.
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Figure 1. The rate of O 2 consumption and CO 2 production of wheat leave in control and
salt-treated wheat plants. Error bars represent SEM. A t-test was used for pairwise
comparison analysis. Stars indicate significant differences with P<0.05, n=3.
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with P<0.05, n=3.
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Figure 5. A proposed model for the changes in TCA cycle activity with relation to the reduction in pyruvate uptake and the increase GABA
shunt activity. Reduced pyruvate uptake led to the depletion of citrate and aconitate and reduced NADH production in the TCA cycle up to 2oxoglutarate. A decrease in OGDC abundance also slows the conversion of 2-oxoglutarate into succinate and reduces the production of
NADH. Increased GABA shunt activity an increase in abundance of the malate/2-oxoglutarate carrier, SSADH and GABA provide succinate
as an alternative carbon source into the TCA cycle. The non-cyclic form of the TCA cycle is also consistent with increased amino acids
biosynthesis that use 2-oxoglutarate and oxaloacetate as carbon skeletons.
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Table 1. MSstats comparison analysis results of identified and measured targeted proteins
Protein

Arabidopsis
homolog

Description

SE

Tvalue

BG274851_2

AT2G05710

0.033994

-8.64342

8

2.49E-05

7.85E-05

-0.29382

BQ841619_1
CA608669_2
CA628978_1

AT3G46560
AT5G20090
AT1G65290

0.027963 -10.7776
0.037404 -7.75198
0.029704 2.759701

8
32
8

4.84E-06
7.71E-09
2.47E-02

1.91E-05
4.41E-08
3.99E-02

-0.30138
-0.28996
0.081975

CD454467_6
CJ579309_4
CK195164_5
TC369790_3

AT3G13930
AT1G65290
AT4G22310
AT5G67500

0.029246 1.251557
0.037324 -3.68482
0.054887 -10.4157
0.024571 -10.8069

8
20
20
68

2.46E-01
1.47E-03
1.59E-09
2.22E-16

2.98E-01
3.08E-03
1.00E-08
2.80E-15

0.036603
-0.13753
-0.57168
-0.26554

TC370079_2
TC370105_1
TC370319_3
TC370872_3
TC371099_1
TC371204_3
TC371259_3
TC371833_3

AT1G27390
AT1G53240
AT5G50850
AT1G79440
AT2G47510

32 2.13E-10
20 3.07E-01
56 2.75E-10
20 0.00E+00
56 0.00E+00
8 8.77E-07
140 1.03E-11
8 3.45E-01

1.68E-09
3.59E-01
1.92E-09
0.00E+00
0.00E+00
2.19E-06
9.24E-11
3.82E-01

-0.22542
-0.06724
-0.17024
0.729275
-0.22326
-0.48456
-0.12719
-0.04633

TC372555_1

AT3G13930

TC372845_3
TC373002_1
TC373247_1
TC374591_3

AT5G55070
AT5G15090
AT4G00570
AT5G19760

Aconitate hydratase 2, mitochondrial precursor
Mitochondrial import inner membrane translocase
subunit Tim9
mitochondrial pyruvate carrier 1
Acyl carrier protein
Dihydrolipoyllysine-residue acetyltransferase component
3 of pyruvate dehydrogenase complex, mitochondrial
Acyl carrier protein
mitochondrial pyruvate carrier 2
mitochondrial outer membrane protein porin 5
Mitochondrial import receptor subunit tom20; n=1; Oryza
sativa Indica Group
Malate dehydrogenase 1, mitochondrial precursor
Pyruvate dehydrogenase E1 beta subunit isoform 1
Aldehyde dehydrogenase; n=1
fumarate hydratase 1, mitochondrial-like
Pyruvate dehydrogenase complex E2 subunit
Mitochondrial lipoamide dehydrogenase; n=1
Mitochondrial uncoupling protein
component 3 of pyruvate dehydrogenase complex,
mitochondrial-like
component of 2-oxoglutarate dehydrogenase complex 1,
mitochondrial-like
Voltage dependent anion channel; n=1
Malic enzyme; n=1
Cluster: 2-oxoglutarate/malate translocator

AT3G13930
AT1G48030
AT3G54110
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0.024757 -9.10522
0.064208 -1.04723
0.022207 -7.66583
0.028227 25.83605
0.012726 -17.5442
0.035932 -13.4854
0.01714
-7.4207
0.046194 -1.00284
0.034074

DF

pvalue

adj.pvalue

log2FC

-4.48897

44

5.11E-05

1.46E-04

-0.15296

0.060374 -5.12892
0.040599
-8.6973
0.039486 0.401482
0.027052 4.874234

20
8
8
8

5.11E-05
2.38E-05
6.99E-01
1.23E-03

1.46E-04
7.85E-05
7.10E-01
2.68E-03

-0.30965
-0.3531
0.015853
0.131856

Protein

Arabidopsis
homolog

Description

SE

Tvalue

TC375548_2
TC375844_1
TC375883_2
TC375936_1
TC376568_3
TC376788_3
TC377941_3
TC378665_2
TC378936_1
TC379475_2
TC380003_3
TC381877_1
TC383543_3
TC383576_3
TC385590_1
TC385590_3

AT5G14040
AT2G47510

0.048779
0.058778
0.050269
0.023733
0.099684
0.035689
0.029115
0.027176
0.039729
0.025069
0.059081
0.047267
0.115678
0.031645
0.029715
0.044418

1.532854
-1.25764
3.640143
-7.70744
-1.78691
-0.41412
-12.0508
-3.08036
-5.37828
2.308362
2.646352
17.53361
-1.05609
-16.5493
4.701412
-2.81409

TC385839_3
TC387074_2
TC387523_1
TC389108_1
TC389991_1
TC390427_3

AT5G66760
AT3G01280
AT5G05520
AT2G05710
AT5G40650

0.036825
0.053495
0.196158
0.050581
0.034662
0.057023

4.066077
-1.98074
-2.37254
2.960954
10.54597
14.25898

TC392133_3

AT5G55070

Mitochondrial phosphate transporter
fumarate hydratase 1, mitochondrial-like
Malate dehydrogenase
Pyruvate dehydrogenase E1 alpha subunit
Malic enzyme; n=1; Oryza sativa Japonica Group
aconitate hydratase
Pyruvate dechydrogenase complex E2 subunit
Citrate synthase; n=1; Oryza sativa Japonica Group
Voltage dependent anion channel
Mitochondrial phosphate transporter
Succinate dehydrogenase 5
Aldehyde dehydrogenase; n=1
Citrate synthase; n=1; Oryza sativa Indica Group
Succinate dehydrogenase subunit 2
Dihydrolipoamide S-acetyltransferase
Dihydrolipoamide S-acetyltransferase
Succinate dehydrogenase [ubiquinone] flavoprotein
subunit, mitochondrial [
Voltage dependent anion channel
sorting and assembly machinery component 50 homolog
aconitate hydratase, cytoplasmic-like
Succinate dehydrogenase
Glutamate dehydrogenase
dihydrolipoyllysine-residue succinyltransferase
component of 2-oxoglutarate dehydrogenase complex 1,
mitochondrial-like

0.03721

-3.67529

AT1G53240
AT1G24180
AT2G13560
AT2G05710

AT3G52200
AT2G44350
AT5G15090
AT5G14040
AT1G47420
AT1G79440
AT2G42790

AT5G40650
AT3G13930
AT3G13930

AT5G07440
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DF

pvalue

20
32
32
128
20
8
20
20
8
8
8
8
8
8
8
6

adj.pvalue

log2FC

1.41E-01
2.18E-01
9.51E-04
3.12E-12
8.91E-02
6.90E-01
1.26E-10
5.90E-03
6.63E-04
4.98E-02
2.94E-02
1.14E-07
3.22E-01
1.79E-07
1.54E-03
3.06E-02

1.81E-01
2.74E-01
1.65E-03
3.27E-11
1.19E-01
7.10E-01
1.68E-09
1.06E-02
1.55E-03
7.13E-02
4.63E-02
6.00E-07
3.62E-01
7.32E-07
3.13E-03
4.70E-02

0.074771
-0.07392
0.182986
-0.18292
-0.17813
-0.01478
-0.35085
-0.08371
-0.21367
0.057869
0.156349
0.828768
-0.12217
-0.5237
0.139701
-0.125

68 1.27E-04
8 8.30E-02
8 4.51E-02
56 4.49E-03
8 5.70E-06
56 0.00E+00

3.32E-04
1.16E-01
6.60E-02
8.57E-03
2.11E-05
0.00E+00

0.149734
-0.10596
-0.46539
0.149768
0.365547
0.813088

1.07E-02

-0.13676

8

6.26E-03

Protein

Arabidopsis
homolog

TC392831_2
TC394835_1
TC396379_1
TC397255_3
TC398230_2

AT5G65750
AT3G01280
AT3G01280
AT1G53240
AT5G23250

TC399318_2

AT5G23250

TC403049_1
TC404605_2

AT3G20000
AT5G50850

TC407232_3
TC409325_1
TC409925_2
TC414039_1

AT1G61570
AT2G05710
AT5G46800
AT2G05710

TC417735_2
TC418079_2

AT4G00570
AT4G28390

TC423271_1
TC431521_1

AT4G35260
AT5G14040

TC445616_1
TC447801_3
TC449177_2

AT5G55070
AT5G65750
AT2G20420

Description

SE

2-oxoglutarate dehydrogenase E1 component,
mitochondrial
Outer mitochondrial membrane protein porin
Voltage dependent anion channel
Malate dehydrogenase
Succinyl-CoA ligase alpha 2 subunit
succinyl-CoA ligase (GDP-forming) subunit alpha,
mitochondrial
Mitochondrial import receptor subunit TOM40-like
protein 1
Pyruvate dehydrogenase E1 beta subunit isoform 3
Mitochondrial import inner membrane translocase
subunit Tim13
Aconitate hydratase 2, mitochondrial precursor
Mitochondrial carnitine/acylcarnitine carrier-like protein
Putative aconitate hydratase, cytoplasmic
NAD-dependent malic enzyme 59 kDa isoform,
mitochondrial-like
ADP,ATP carrier-like protein
isocitrate dehydrogenase [NAD] regulatory subunit 1,
mitochondrial-like isoform 1
Mitochondrial phosphate transporter
Dihydrolipoyllysine-residue succinyltransferase
component of 2-oxoglutarate dehydrogenase complex 1,
mitochondrial
2-oxoglutarate dehydrogenase, mitochondrial-like
Succinyl CoA ligase beta subunit-like protein
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Tvalue

DF

pvalue

adj.pvalue

log2FC

0.061246 -0.46651
0.037411
-5.9291
0.04823 6.356928
0.034708 1.566313
0.02968 2.935603

20
56
32
44
32

6.46E-01
1.98E-07
3.88E-07
1.24E-01
6.12E-03

6.90E-01
8.92E-07
1.63E-06
1.63E-01
1.07E-02

-0.02857
-0.22181
0.306597
0.054363
0.087129

0.037528 1.205074

8

2.63E-01

3.12E-01

0.045224

0.042617 -0.44707
0.031768 5.265538

8
8

6.67E-01
7.59E-04

7.00E-01
1.71E-03

-0.01905
0.167278

0.037791 -3.12583
0.030678 -4.32617
0.024023 20.52107
0.046877 4.215621

20 5.32E-03
20 3.28E-04
44 0.00E+00
44 1.22E-04

9.86E-03
7.95E-04
0.00E+00
3.32E-04

-0.11813
-0.13272
0.492982
0.197618

0.021677 3.457967
0.064384 -2.19925

20
20

2.49E-03
3.98E-02

4.89E-03
5.97E-02

0.074958
-0.1416

0.048078 -1.27762
0.028653 16.55569

8
8

2.37E-01
1.79E-07

2.93E-01
8.67E-07

-0.06143
0.474367

0.02283 -4.70967
0.043609 1.74371
0.017172 1.013179

20
56
104

1.34E-04
8.67E-02
3.13E-01

3.39E-04
1.19E-01
3.59E-01

-0.10752
0.076042
0.017398

Protein ID
SE
Tvalue
pvalue
Adjusted
pvalue (<0.01)
log2Fold
change
DF

Wheat TC accession number - TAGI 12 (DFCI)
Standard error of log 2 fold change
t-value of the hypothesis test for each protein in the comparison
Raw p-value of the hypothesis test for each protein in the comparison
Adjusted p-values based on Benjamini and Hochberg method to control false discovery rate across multiple tests.
Fold change of the Log2-transformed normalized peak intensities. Data are expressed as Salt/Control, ie: positive values
indicates higher abundance and the negative values indicates lower abundance under salt treatment
Degrees of freedom
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Chapter Four
GABA Shunt Induction During Salinity Stress In Wheat And Its Role
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GABA shunt induction during salinity stress in wheat and its role in respiration

Abstract
γ-Aminobutyric acid (GABA) is one of the metabolites that significantly accumulates
during salinity stress in plants. GABA metabolism through activity of the GABA shunt
is closely linked to tricarboxylic acid (TCA) cycle function. Previous reports in the
literature have shown that no significant changes in respiration rate were observed when
TCA cycle is perturbed due to the activation of the GABA shunt providing succinate as
an alternative carbon source for the TCA cycle. The results in Chapter 3 also showed an
increase in GABA shunt components under salt stress in wheat. The present study is
aimed to look at how the GABA shunt is activated under salinity stress in wheat, and to
determine the role of GABA shunt in influencing respiration under salt stress in wheat.
Metabolite, transcript, and proteomic analysis showed an increase in GABA shunt
activity under salt stress in wheat. GAD activity was significantly higher in salt-treated
plants after day 5 to day 11 of salt treatment. GABA levels were significantly higher in
salt-treated plants after day 3 of salt treatment. The transcript abundance of SSADH was
significantly higher in salt treated plants compared to control at day 7 and 11 following
treatment. This was consistent with the significant increase in abundance of SSADH
protein in the same time course. Other proteins that related to GABA shunt, including
GABA-T, GDH and NADH-GOGAT also showed significantly higher abundances in
salt-treated plants. However, there were no significant changes in the abundance of
GAD transcript and protein levels between salt treated plants and control plants,
indicating that the increases in GAD activity were independent of transcript and protein
levels. When GAD and GABA-T were inhibited, the respiration rate of salt treated
plants was more inhibited compared to control plants, suggesting that wheat respiration
becomes more dependent on GABA shunt activity under salt stress. The increased
GABA shunt activity does not lead to a complete depletion of GABA, allowing other
functions of GABA to be maintained under salt stress.
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Introduction
Soil salinity is one of the biggest problems faced by the crop growth and agricultural
productivity worldwide (FAO 2009). Most crop plants are salt sensitive and cannot
tolerate salt concentrations higher than 50 mM (Munns & Tester 2008). Crop plants
grown in saline soil accumulate sodium ions in leaf tissues causing ionic toxicity. Toxic
salt concentration in the cell cytoplasm inhibits enzyme activity and leads to the
premature senescence of the leaves, which ultimately reduces the yield (Munns 2005;
Parihar et al. 2014). It has been estimated that agricultural losses caused by soil salinity
could be around USD $12 billion annually (Ghassemi et al. 1995) and it also negatively
impacts food security for the growing world population (Fita et al. 2015). Thus, the
mechanisms of plant salinity tolerance are being studied extensively to develop crop
plants with higher tolerance to soil salinity. It is well agreed that salinity tolerance in
plants is the result of the intertwined capacity of osmotic tolerance, sodium exclusion,
and tissue tolerance to sodium accumulation (Munns et al. 2006; Munns & Tester
2008).

Several genes responsible for sodium exclusion named HKT (high-affinity potassium
transporter) genes have been found in ancestral wheat varieties and proven to enhance
salinity tolerance in commercial wheat (James et al. 2011; Munns et al. 2012). Tissue
tolerance involves the sequestration of sodium and chloride into the vacuole and the
accumulation of compatible solutes in the cytosol to maintain osmotic potential in the
cytoplasm and keep physiological processes active (Slama et al. 2015). Lu et al. (2014)
found that overexpression of a wheat vacuolar Na+/H+ antiporter in tobacco increased its
tolerance to salinity stress.

Most of the salt tolerance mechanisms are energy

consuming processes (Munns & Tester 2008). For this reason, a strict regulation of
energy metabolism is required to maintained energy production without affecting
positive carbon balance to support plant growth (Jacoby et al. 2011). Maintenance of
energy production is highly dependent on varying enzyme sensitivity to salt and
substrate availability of key physiological functions especially photosynthesis and
respiration (Widodo et al. 2009; Krasensky & Jonak 2012; Jacoby et al. 2015). Thus,
changes in the protein abundance and composition of a metabolite pool under salt
exposure provides vital information to understand the cellular state and the adaptation
mechanisms of the cell to salinity stress.
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γ-Aminobutyric acid (GABA) is one of the metabolites that accumulates during salinity
stress in plants (Cramer et al. 2007; Widodo et al. 2009; Krasensky & Jonak 2012).
GABA is a four carbon, non-protein amino acid, and it constitutes a significant portion
of the free amino acid pool in both eukaryotes and bacteria (Shelp et al. 1999). GABA is
conserved and widely distributed among bacteria, plants, and vertebrates (Bouché &
Fromm 2004). It was first discovered in potato (Solanum tuberosum) tuber more than
half a century ago (Dent et al. 1947; Steward et al. 1949). Soon after its discovery,
GABA was found in the mammalian brain (Roberts & Frankel 1950). Since then,
GABA has become a popular research topic in animals as it has been found to be a
critical component in neurotransmission (Roberts & Eidelberg 1960; Owens &
Kriegstein 2002). In plants, GABA has gain attention mainly due to its rapid production
in response to wide range of environmental cues including mechanical damage, heat,
drought, and salinity (Ramputh & Bown 1996; Kinnersley & Turano 2000; Renault et
al. 2010; Krasensky & Jonak 2012). However, the role of GABA in plants under these
environmental conditions is still not fully known. It has been postulated that GABA
itself is important in plant stress adaptation as it may be involved in general nitrogen
metabolism, storage and/or transport (Breitkreuz et al. 1999). GABA in plants also may
act as an osmoregulator (Bouché & Fromm 2004; Slama et al. 2015), reactive oxygen
species (ROS) scavenger (Liu et al. 2011; Sharma et al. 2012), and signalling molecule
(Michaeli & Fromm 2015; Ramesh et al. 2015).

GABA metabolism involves two different cellular compartments, the cytosol and the
mitochondria. GABA is produced in the cytosol mainly through the irreversible
decarboxylation of glutamate via the activity of glutamate decarboxylase (GAD) (Baum
et al. 1993; Fait et al. 2008). GABA also can be produced from the degradation of
polyamine through the activity of diamine oxidase and polyamine oxidase (Xing et al.
2007), and possibly be derived non-enzymatically from proline (Signorelli et al. 2015).
GABA can be catabolised into succinate through two consecutive reactions, and both
occur in mitochondria. Before the catabolism reactions occur, GABA is transported
across the mitochondrial membrane through the mitochondrial GABA permease, which
has been identified in Arabidopsis (Michaeli et al. 2011). Once in the mitochondrial
matrix, the first catabolism reaction takes place which is GABA deamination, forming
succinyl semialdehyde (SSA). SSA can be catalysed by two types of GABA
transaminases (GABA-T), that are pyruvate-dependent (GABA-TP) or 2-oxoglutarate
dependent (GABA-TO) (Bouché & Fromm 2004; Shelp et al. 2012). Pyruvate or 2168

oxoglutarate act as the amino acceptors in the transamination reaction producing alanine
and glutamate respectively (Van Cauwenberghe et al. 2002). The second reaction is the
reduction of SSA into succinate which is catalysed by SSA dehydrogenase (SSADH)
(Bouché & Fromm 2004). Alternatively, SSA can be transported to the cytosol and
reduced to gamma-hydroxybutyric acid (GHB) by succinic semialdehyde reductase
(SSR) (Breitkreuz et al. 2003). In vitro assays have revealed that SSADH specifically
reduces SSA and exclusively uses NAD+ to produce NADH (Hoffman et al. 1980; Hearl
& Churchich 1985). Both products of the reaction catalysed by SSADH, succinate and
NADH, act as electron donors to the mitochondrial electron transport chain (ETC),
while succinate is also an intermediate of the TCA cycle (Bouché et al. 2003; Shelp et
al. 2012).

The consecutive action of GAD, GABA-T and SSADH is known as the GABA shunt as
it bypasses two steps in the TCA cycle that catalysed by 2-oxoglutarate dehydrogenase
and succinyl-CoA ligase, converting 2-oxoglutarate to succinate (Bouché & Fromm
2004). GABA shunt activity provides an important role in plant stress adaptation.
During abiotic stresses, ROS such as superoxide anion (O 2 −•) and hydrogen peroxide
(H 2 O 2 ) are usually produced by mitochondria due to the leakage of electrons from
NADH dehydrogenase (complex I) and ubiquinol-cytochrome bc 1 reductase (complex
III), which leads to the partial reduction of oxygen (Gill & Tuteja 2010; Sharma et al.
2012; Petrov et al. 2015). At low and moderate concentration, ROS may act as
signalling molecules to regulate stress responses, while at high concentration, ROS may
cause unrepaired oxidative damage and may lead to programmed cell death (Suzuki et
al. 2012; Petrov et al. 2015). It has been postulated that the ability of GABA shunt to
supply succinate and NADH as the electron donor to the ETC could minimise the ROS
production by the mitochondrial ETC during stress conditions that inhibit TCA cycle
activity (Bouché et al. 2003). Also it was recently shown that the provision of NADH
and succinate to the mitochondrial ETC can maintain the efficiency of oxidative
phosphorylation under salinity conditions (Jacoby et al. 2015). Studies on Arabidopsis
ssadh mutants showed that the loss of SSADH caused extensive accumulation of
GABA, GHB, and ROS and the mutant plants appeared dwarfed with necrotic lesions
when exposed to environmental stresses (Bouché et al. 2003; Fait et al. 2005). GABA
shunt activity is also dependent on cytosolic pH regulation as it was found that GAD is
activated by acidic pH and GABA accumulates in response to cytosolic acidification
(Snedden et al. 1995; Shelp et al. 1999; Boonburapong et al. 2015).
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The provision of GABA-derived succinate to the TCA cycle reflects the close link
between the GABA shunt and the TCA cycle in primary carbon metabolism (Fait et al.
2008; Michaeli et al. 2011). The GABA shunt has also been proposed as a protection
against abiotic stresses as it supports respiration and assures the production of ATP to
meet the energy demands during stress conditions (Bouché & Fromm 2004). Previous
studies also show that both TCA cycle enzymes that are bypassed by GABA shunt,
succinyl-CoA ligase, and the 2-oxoglutarate dehydrogenase were found among the
enzymes that are degraded under oxidative conditions caused by abiotic stress (Millar &
Leaver 2000; Sweetlove et al. 2002; Taylor et al. 2002; Gill & Tuteja 2010).
Interestingly, Sweetlove et al. (2002) found that mitochondrial respiration rate was
sustained despite the reduced abundance of these enzymes. Two other studies also found
that there were no significant changes in respiration level when enzymes of the TCA
cycle involved in the steps up to the production of succinate were compromised,
suggesting an anaplerotic role of GABA shunt compensating the reduced succinate
production in the TCA cycle (Lemaitre et al. 2007; Studart-Guimarães et al. 2007). This
postulation was strengthened by the findings of Studart-Guimarães et al. (2007) and
Araújo et al. (2008) that indicated an increased activity of GABA shunt under the
conditions where the activity of 2-oxoglutarate dehydrogenase and succinyl-coenzyme
A ligase were reduced. Reciprocally, TCA cycle activity was increased when GABA
uptake into the mitochondria was shut down in a GABA permease mutant (Michaeli et
al. 2011).

GABA shunt activity also facilitates the role of the TCA cycle in controlling the
carbon/nitrogen balance in the cell (Renault et al. 2010). It contributes to the generation
of carbon/nitrogen flux through the TCA cycle by assimilating carbon from glutamate
into the TCA cycle during suboptimal conditions that cause a cellular carbon deficiency
or reduced pyruvate consumption by the TCA cycle (Studart-Guimarães et al. 2007;
Tcherkez et al. 2012; Cavalcanti et al. 2014). The imbalance between pyruvate synthesis
and pyruvate consumption due to the reduced pyruvate uptake by the TCA cycle may
also be relieved by the conversion of pyruvate into alanine by pyruvate-dependent
GABA-T (Tcherkez et al. 2012). Deficiency of GABA-T leads to impairment of central
carbon metabolism and causes cell wall defects during salt stress in Arabidopsis
(Renault et al. 2013).
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GABA shunt activity is finely regulated by two regulatory control points, depending on
the stress condition imposed and the energy status of the cells (Bouché et al. 2003;
Bouché & Fromm 2004). The first regulatory point is through GAD activity. GAD is a
Ca2+-dependent calmodulin-regulated enzyme and has optimum activity at acidic pH
(pH 5 to pH 6) (Snedden et al. 1995; Snedden et al. 1996; Trobacher et al. 2013b). Plant
GAD uniquely possesses a calmodulin binding site (CaMBD) at the C-terminal which
makes it responsive to the increases in cytosolic calcium concentrations that usually
occur in response to different types of stresses including salinity stress (Knight et al.
1997; Astegno et al. 2015). Both the calmodulin binding and the acidic environment
could promote the formation of an hexamer structure which is the active form of GAD
(Astegno et al. 2015). This is also consistent with the finding of Crawford et al. (1994)
that found that cell acidification induced GABA accumulation in Asparagus sprengeri.
The second regulatory point is through the regulation of SSADH activity. SSADH
activity is inhibited by both ATP and NADH (Busch & Fromm 1999; Busch et al.
2000). NADH is the products of SSADH reaction in addition to succinate, while both
NADH and succinate are the substrates for ETC to produce ATP (Bouché et al. 2003).
This feedback regulation suggests the important roles of SSADH activity in fulfilling
the energy demand of the cell that usually increases under salt stress and during the
conditions where TCA cycle activity is reduced. It is also important in maintaining the
steady state of GABA abundance for other functions.

Previous studies have gained some information on the roles of the GABA shunt in
plants under salinity stress. Increased GABA shunt activity based on GAD activity,
GAD gene expression, and GABA content has been associated with the better
performance of Arabidopsis with mutant Complex I under salinity stress (Akçay et al.
2012). Renault et al. (2010) found that deficiency in GABA-T in Arabidopsis resulted in
plants oversensitive to ionic stress, but not to osmotic stress, suggesting a specific role
of GABA shunt in salinity stress tolerance. In a further study, Renault et al. (2013)
found that a GABA-T deficient mutant had a defect in root and hypocotyl development
and altered cell wall composition, indicating an important role of GABA shunt in central
carbon adjustment during salinity stress. Al-Quraan et al. (2013) germinated different
wheat genotypes at different salt concentrations and showed that wheat variety Hurani
75 showed the highest GABA content at moderate salinity (200 mM NaCl) and better
performance regarding chlorophyll pigment content and the least ROS level compared
to the other varieties.

In another study, by using virus-induced gene silencing
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approaches, Bao et al. (2015) found that GABA shunt deficiency increased ROS
production and salt sensitivity in tomato. In Chapter Three, it was also found that there
were increases in GABA content and SSADH abundance in wheat under salinity stress,
indicated an enhanced GABA shunt activity. However, there is limited information on
how the GABA shunt is induced under salinity stress especially in wheat and how
dependent the respiration rate is on GABA shunt activity under salinity stress.
Therefore, in this study, I aimed to examine in detail GABA shunt induction in wheat
during salinity stress. This was achieved by measuring GABA abundance, GAD
activity, protein abundance of the key enzymes and the expression of genes encoding
the key enzymes in time dependant manner. The effect of GABA shunt induction on
GABA content was also considered.

Methods
Plant growth and salinity treatment
Plant growth and salt treatments are the same as outlined in Chapter Two. The third
leaves of the plants were harvested for all analysis at six time points: day 2, 3, 4, 5, 7, 11
starting from the first day of 25 mM NaCl addition to the medium solution of salt
treated plants as shown in Figure 1.

GABA and sodium extraction and quantification
GABA and sodium extractions and quantifications were carried out using GCMS and
flame spectrophotometry respectively as described in Chapter Two.

Protein extraction
GABA shunt enzymes GAD, GABA-T, and SSADH are located in different locations in
the cell which require differing protein extraction methods. GAD is located in the
cytosol while GABA-T and SSADH are located in the mitochondria. GAD was obtained
from protein extraction from leaf tissue while GABA-T and SSADH were obtained by
organelle enrichment through high-speed centrifugal pelleting. Extraction of total
proteins from leaf tissue was the same as described in Chapter Two. For high speed
centrifugal pelleting, around seven grams of the third leaf were cut into small pieces
(~10 mm) and placed the grinding vessel containing 100 mL of grinding buffer (0.3 M
sucrose, 25 mM tetrasodium pyrophosphate-HCl, pH 7.5, 2 mM EDTA (disodium salt),
10 mM KH 2 PO 4 , 1% (w/v) PVP-40, 1% (w/v) BSA, freshly added 20 mM Ascorbic
acid , 5 mM Cysteine). The mixture was ground using Polytron homogenizer
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(Kinematica) for 10, 3-second bursts. The homogenate was filtered through two layers
of Miracloth (Calbiochem) into a conical flask. The filtrate was transferred into 50 mL
centrifuge tubes and centrifuged at 1500 x g for 5 minutes. The centrifuge was set with
fast acceleration and slow deceleration. The supernatants were then further centrifuged
at 18000 x g for 20 minutes. The resulted pellet in each tube was resuspended in ~45 mL
of wash buffer (0.3 M sucrose, 10 mM TES-KOH, pH 7.0) using a wash buffer wetted
paintbrush until the solution became homogenous. The resulting homogenate was
centrifuge at 1500 g for 5 minutes. The supernatant was further centrifuged at 18000 x g
for 20 minutes. The resulting pellets were re-suspended in ~45 mL of wash buffer using
a paintbrush wet it wash buffer until the solution homogenised. The solution was
transferred into 50 mL centrifuge tubes and centrifuged at 1500 x g for 5 min. The
resulted supernatants were then further centrifuged at 18000 x g for 20 min. The
supernatant was then discarded while the pellet was resuspended in ~1 mL wash buffer
and stored in -80°C until use. In addition to key GABA shunt enzymes, the abundance
of enzymes involved in nitrogen assimilation such as glutamate dehydrogenase (GDH)
and NADH-dependent glutamate synthase (NADH-GOGAT) were also measured.

Protein digestion, sample preparation for MRM and MRM analysis
Protein digestion with trypsin, sample preparation for MRM mass spectrometry and
MRM data analysis were conducted as described in Chapter Two. Peptide sequences of
targeted wheat proteins were obtained from an in-house wheat protein database that
contains references to closest Arabidopsis gene orthologs. Arabidopsis genes encoding
proteins related to GABA shunt pathway were obtained from KEGG pathway database
(http://www.kegg.jp/kegg/pathway.html). Multiple wheat protein ID were obtained for
each Arabidopsis gene from the ortholog search. These sequences were further grouped
based on sequence similarities. Sequences with higher than 90% similarity were
grouped together. In the Skyline software, peptides that appeared in multiple proteins
were removed during method development. Transitions that produced multiple peaks
were also excluded from statistical analysis. Protein abundance comparison analyses
between control and salt-treated plants were carried out using MSstats package in R
version 3.1.1 (Broudy et al. 2014; Choi et al. 2014).

Total RNA extraction for qRT-PCR analysis
Total RNA was extracted from the third leaf using Spectrum™ Plant Total RNA Kit
(Sigma-Aldrich). 500 µL of lysis buffer containing 1% (v/v) freshly added β173

mercaptoethanol was mixed with 50 mg of ground leaf tissue. The mixture was vortexed
thoroughly before being incubated at 56 °C for 5 minutes. After the incubation, the
mixture was centrifuged at 20,000 g for 5 minutes to pellet the cellular debris. Then the
resulted supernatant was applied to a filtration column seated in a 2 mL tube. The
column was centrifuged at 20,000 g for 1 minute. 500 µL of the binding solution was
added to the clarified lysate and mixed immediately and thoroughly by vortexing. 700
µL of the mixture was applied onto a binding column seated in a 2 mL collection tube.
The column was then centrifuged at 20,000 g for 1 minute, and the flow-through was
discarded. 300 µL of wash solution 1 was applied to the binding column and centrifuged
at 20,000 g for 1 minute, and the flow-through was discarded. The DNA in the sample
was digested using On-Column Deoxyribonuclease 1(DNase 1) Digestion Set (SigmaAldrich). The DNase master mix was prepared by gently mixed 70 µL of DNase
digestion buffer with 10 µL of DNase I in a laminar flow. 80 µL of the mixture was then
pipetted directly onto the binding column and incubated for 15 minutes at room
temperature. 500 µL of wash solution 1 was applied to the binding column, and then the
column was centrifuged at 20,000 g for 1 minute to remove the digested DNA. 500 µL
of wash solution 2 was added to the binding column, and then the column was
centrifuged at 20,000 g for 30 seconds, and the flow-through was discarded. The column
was centrifuged another 1 minute at 20,000 g to remove residual wash buffer. The
column was transferred to a new 1.5 mL collection tube. 50 µL of elution solution was
pipetted directly onto the binding column membrane, and then the column was
incubated for 2 minutes at room temperature. The column was the centrifuged at 20,000
g for 1 minute to elute the RNA. The RNA concentration and quality were determined
using NanoDrop 1000 Spectrophotometer and through agarose gel electrophoresis. The
total RNA agarose gel appeared with two discrete, thick 28S and 18S ribosomal RNA
(rRNA) gel bands indicating good RNA integrity.

Real-time PCR of GABA shunt genes
cDNA synthesis from the RNA sample was carried out using the iScript cDNA
synthesis kit (Bio-Rad). The reverse transcription reaction contained 4 µL of iScript
reaction mix stock, 1 µL of iScript Reverse transcriptase and 500 ng RNA. The total
volume of the reaction was topped up to 20 µL with nuclease free water. The mixture
was then incubated in a thermocycler with a program that started with 5 minutes at 25
°C, followed with 30 minutes at 42 °C, followed by 5 minutes at 85 °C and ended with a
hold at 4 °C. The synthesised cDNA was purified from the samples using QIAquick
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PCR Purification Kit (QIAGEN). Equal concentration of cDNA has been used across all
samples in the quantitative RT-PCR. Quantitative RT-PCR analysis was carried out
using a LightCycler 480 instrument (Roche) and LightCycler 480 SYBR Green I Master
(Roche) under conditions optimized to maximize the amplification efficiency and
minimize primer-dimer formation. Gene encoding Regulatory particle triple-A ATPase
5A (RPT5A) was used as the reference gene in the qRT-PCR experiment. For the
expression of every transcript, each cDNA sample was analysed in duplicate, and
relative expression of the target genes was calculated by normalizing to the expression
level of the targeted genes at the first day measured of the control plant. RPT5A primer
sequences were RPT5A-fwd (5’-CCTGCTTTACTCCGTTCTGG-3’) and RPT5A-rev
(5’-TCCACACAAACAGCCTTCAG-3’).

GAD,

GABA-T,

and

SSADH

primer

sequences were as follows: GAD-fwd, 5’-TGCCGGAGAACTCGATCCCCAAG-3',
GAD-rev,

5'-CGGTTCTGGAGCTCGGTGGTGAC-3’,

GABAT-fwd,

5’-

TATGATGTCACCGCCTTTGA-3’,

GABAT-rev,

5’-

CTGACAGCGAGGGGTTATTC-3’,

SSADH-fwd,

5'-

CTACGACGGGAAGACCATCGAG-3',

and

SSADH-rev,

5'-

ATGCTGGTCCAACCTTTCTGG-3’.

GAD activity assay
The third leaf was homogenised with mortar and pestle in liquid nitrogen. 200 mg of the
ground tissue were put into 1 mL protein extraction buffer (150 mM potassium
phosphate, 5 mM EDTA, 1 mM MgCl 2 , 0.5% (w/v) PVP, 3 mM β-mercaptoethanol, 0.2
mM pyridoxal phosphate (PLP), 10 % w/v glycerol, 1 mM phenylmethylsulfonyl
fluoride (PMSF) pH 5.8) at 4 °C and vortexed thoroughly. The mixture was centrifuged
at 500 g for 30 minutes at 4 °C. The supernatant was used in GAD activity assay, and
protein concentration in the supernatant was determined through Bradford assays. 50 µg
of protein from the supernatant was mixed with a carboxylation reaction buffer
containing 150 mM potassium phosphate (pH 5.8), 0.1 mM PLP and 20 mM Lglutamate in a final volume of 200 μL. The mixture was incubated at 30 °C for 60
minutes and then heated at 97 °C for 7 minutes to stop the reaction. In the experiment
where GAD assay was carried out under salt conditions, 150 mM NaCl was included in
the carboxylation reaction buffer. GAD activity was measured by quantifying the
amount of GABA produced in the carboxylation reaction through enzymatic assay using
GABase (Sigma). 65 µL of the GAD assay mixed with 135 µL assay mix containing 75
mM potassium pyrophosphate (pH 8.6), 3.3 mM 2-mercaptoethanol, 1.25 mM β175

NADP+, 5 mM 2-oxoglutarate and 0.02 units of Pseudomonas fluorescence GABase
(Sigma, #G7509).

In the experiment where GAD activity in 150 mM NaCl was

examined, the GABase assay of the control GAD assay (0 mM NaCl) was supplemented
with 48.75 mM NaCl to mimic the GABase assay of the salt treated GAD assay. The
increase of OD340 nm was recorded using POLARstar Omega Plate Reader
Spectrophotometer (BMG Labtech). The amount of GABA was calculated according to
an external calibration curve of GABA. GABA standards with concentrations of 0, 12.5,
25, 50, 100 µM were prepared by dissolving GABA in GAD assay buffer.

GABA shunt inhibition
3-mercaptopropionic acid (3-MP) was used to inhibit GAD activity while Vigabatrin
(gamma-vinyl-GABA) was used to inhibit GABA-T activity. 3-MP and Vigabatrin were
added separately into the respiration buffer in the O 2 electrode chambers after 15
minutes and the leaf discs were immersed in the respiration buffer at a final
concentration of 10 mM and 0.5 mM, respectively. O 2 consumption rate was measured
for control and salt-treated wheat leaves as described in Chapter Three. The incubation
then proceeded for the next 15 minutes. The rate of O 2 consumption of the leaves before
and after the addition of the inhibitors was recorded and the percentage of reduction in
respiration was calculated.

Results
Sodium accumulation
To evaluate the sodium accumulation in the leaves, the sodium content in the third leaf
of control and salt-treated plants was measured. Figure 2 shows the time course of
sodium content in the third leaves of control and salt-treated plants. The sodium content
was significantly higher in salt treated plants even before the concentration of sodium in
the media solution reached 150 mM starting at day 3 after the salt treatment
commenced. Sodium content in the third leaves of salt treated plants accumulated to
around 4 fold by day 11 compared to day 2 after salt treatment. At day 11 after salt
treatment commenced, the sodium content in the third leaves of salt treated plants were
around 10 fold higher than in the matched control plants.

GABA shunt gene expression
To determine whether GABA shunt activity was activated at the transcript level, the
time course expression of GAD, GABA-T and SSADH were analysed as shown in Figure
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3. The transcript abundances of each gene were measured relative to the transcript
abundance of that gene in the first replicate of the control plants at day 2 after the salt
treatment commenced. GAD expression was significantly higher in salt treated plants
compared to control plants at day 3 after salt treatment commenced. However, there
were no significant differences later in the time course. A similar observation was made
with respect to GABA-T expression that was only significantly different at day 2 after
salt treatment commenced and showed no significant difference afterward. Interestingly,
there was a clear induction of SSADH expression, which led to significant differences
from day 7 after salt treatment commenced. SSADH expression was 8 fold higher
compared to control after day 11 of the salt treatment.

GABA shunt protein abundance
The abundance of proteins that related to the GABA shunt were quantified to see
whether GABA shunt activity was induced by increases in enzyme abundance. Only
proteins with unique peptides and reliable transitions were considered for analysis.
Figure 4 shows the log 2 fold change of GABA shunt related proteins in salt treated
plants compared to control at day 11 after salt treatment commenced. These proteins
include two isoforms of NADP-GDH and SSADH and one isoform of NADH-GOGAT,
GAD, and GABA-T. This showed that the abundance of GDH isoform 1, GS, GABA-T
and SSADH isoform 2 were significantly higher in salt-treated plants compared to
control. However, there was no significant difference in GAD abundance between salt
treated and control plants. Detailed information about these proteins and the MSstats
result are shown in Table 1.

GAD activity
To determine whether GABA shunt activation is due to the increased GAD activity, a
time course of GAD activity in the third leaves was measured as shown in Figure 5.
GAD activity in both control and salt-treated plants increased from day 2 to day 11 after
salt treatment commenced. Interestingly, GAD activity in salt-treated plants was
significantly higher compared to control plants starting from day 5 after salt treatment
commenced. To determine whether GAD is a salt sensitive enzyme, GAD assays were
carried out with the addition of 150 mM NaCl and the result was compared to the
control (0 mM NaCl). As shown in Figure 6, GAD activity in 150 mM NaCl is
significantly lower compared to control.
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GABA content
To determine the effect of changes in GABA shunt activity on GABA abundance, a time
course study of GABA content in the third leaves was carried out as shown in Figure 7.
GABA content was maintained at a significantly higher level in salt-treated plants
compared to control plants from day 3 up to day 11 after salt treatment commenced.

Respiration dependence on GABA shunt
To investigate whether wheat respiration is more dependent on GABA shunt under salt
stress, GABA shunt activity was inhibited using Vigabatrin and 3-MP that inhibit
GABA-T activity and GAD activity, respectively. Then the respiration level of control
and salt-stressed wheat leaves were compared before and after the addition of GABA
shunt inhibitors. This experiment showed that the application of 0.5 mM Vigabatrin and
10 mM 3-MP reduced respiration level in salt-stressed wheat leaves by around 20%
compared to control leaves (Figure 8). There was no apparent inhibition of respiration in
control plants following the addition of either inhibitor.

Discussion
The GABA shunt is activated under salt stress in wheat
The significant increases in GAD activity, GABA abundance, expression of GAD,
GABA-T and SSADH genes, together with the increased protein abundances of NADP GDH isoform 1, NADH-GOGAT, GABA-T and SSADH isoform 2 indicated the
activation of GABA shunt activity under salinity stress in wheat. Increases in the
abundance of NADP-GDH and NADH-GOGAT indicated that nitrogen assimilation
into glutamate was also up-regulated under salinity stress in wheat. As glutamate is the
precursor of many stress-related metabolites including GABA (Forde & Lea 2007), upregulation of NADP-GDH and NADH-GOGAT might be important in maintaining
glutamate abundance during the activation of GABA shunt under salinity stress. This is
particularly important as it has been shown that glutamate level can be drastically
affected when GAD is overexpressed or compromised (Baum et al. 1996; Takayama et
al. 2015).

GAD is the main contributor to GABA production in plants (Baum et al. 1993; Fait et
al. 2008). In this study, GAD activity was increased even though there were no
significant differences between control and salt-treated plants when examining transcript
and protein abundance, suggesting that GAD activity was not dependent on gene
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expression and translation. This has previously been observed in plants during other
studies looking at both transcript level and protein activity of GAD. For example, Yin et
al. (2014b) found that there were no significant changes at transcript level while there
were significant differences in GAD activity and GABA abundance in soybean when
the plant supplemented with CaCl 2 under salinity stress. Similarly, Liu et al. (2011)
found that there was no correlation between GAD activity with expression of its gene in
Nicotiana tabacum under water stress. These observations may also indicate that GAD
activity is partly regulated at the protein level under salinity stress in plants. However,
Al-Quraan et al. (2013) and Akçay et al. (2012) showed that salinity stress leads to
increases in both the expression level and GAD activity in some wheat varieties and
Nicotiana sylvestris respectively, suggesting that this response is also dependent on
genotype and how the plants were exposed to salinity stress.

At the activity level, GAD activity can be activated through the increases in cytosolic
Ca2+ concentration and cytosolic acidification, depending on plant genotype, organ
specificity, cell type, developmental status and the intensity of the stresses (Kinnersley
& Turano 2000). Other than salinity stress, rapid increases in cellular Ca2+ level have
also been observed in other stresses, including cold, heat, and mild or transient
environmental factors, such as touch, wind, and rain (Sanders et al. 1999; Kinnersley &
Turano 2000). Ca2+ binds and activates the Ca2+ sensor calmodulin. Activated
calmodulin stimulates GAD activity and GABA synthesis by binding to the CaMBD at
the C-terminal of most plant GADs (Trobacher et al. 2013b; Takayama et al. 2015).
There are also plant GADs that are not dependent on Ca2+/CaM binding, suggesting
multiple regulatory levels of total GAD activity in plants (Trobacher et al. 2013b;
Takayama et al. 2015). These findings demonstrate an additional role of Ca2+ signalling
during salinity stress in addition to its roles in the Salt Overly Sensitive (SOS)
signalling pathway as proposed by Zhu (2002) and Mahajan et al. (2008).

Increased GAD activity under abiotic stresses is also associated with cytosolic
acidification (Kinnersley & Turano 2000). Under ionic stress, salinity sensitive plants
usually show a transient cytosolic acidification which is coupled with a rise in vacuolar
pH (Okazaki et al. 1996; Gruwel et al. 2001; Kader et al. 2007). Cytoplasmic
acidification also has been observed in plants under oxidative burst (Janzen et al. 2001),
anoxia (Shingaki-Wells et al. 2011), and aluminium stress (Lindberg & Strid 1997).
Both Ca2+/CaM binding and acidic pH have been proposed to be responsible for
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stabilizing the hexamer structure of GAD which is important for GAD activity (Astegno
et al. 2015). Interestingly, even though GAD activity was increased under salt stress, the
data shown in Figure 6 also showed that GAD activity was slightly reduced in an assay
solution supplemented with 150 mM NaCl indicating that GAD is slightly sensitive to
salt in-vitro.

GABA-T abundance also significantly increased under salt stress in wheat. GABA-T is
encoded by a single gene in Arabidopsis named POP2 (Renault et al. 2010) and three
postulated genes in rice (Sequencing ProjectInternational Rice 2005). All of these genes
encode a pyruvate-dependent GABA-T, which transfers amino group from GABA to
pyruvate producing alanine. The wheat GABA-T protein that has been investigated in
this study by MRM and RTPCR is an orthologue to POP2. Upregulation of GABA-T as
observed in this study may thus indicate an increased use of pyruvate as the amino
group acceptor, producing alanine. This is considered to be a mechanism to control
pyruvate abundance and prevent pyruvate accumulation under the conditions that lead to
the reduced pyruvate uptake by the TCA cycle (Clark et al. 2009). GABA-T activity is
also important in preventing the accumulation of toxic SSA and SSA derived GHB
which may contribute to oxidative stress (Ludewig et al. 2008).

The transcript level of SSADH was highly induced under salinity stress in wheat. The
increases at the transcript levels were also consistent with the increases at the protein
level, indicating that SSADH was a least partly regulated at the transcript level in wheat
under salinity stress. The data shown in Figure 3 and Figure 4 indicates that SSADH
was the most responsive GABA shunt component to salinity stress in wheat, unlike
Renault et al. (2010) who found that GABA-T is the most responsive to salt stress in
Arabidopsis. However, the regulatory mechanism of the SSADH gene expression is still
not known. It is proposed that SSADH is encoded by a single gene in Arabidopsis and
rice annotated as ALDH5F1 and OsALDH5 respectively (Bouché et al. 2003; Kikuchi et
al. 2003; Gao & Han 2009). ALDH5F1 belongs to the aldehyde dehydrogenase (ALDH)
genes family which are usually induced during stress conditions including high salinity
and drought (Gao & Han 2009).

At the protein level, SSADH activity is tightly regulated by the energy charge and
reducing potential in the cell as it is competitively inhibited by NADH and
noncompetitively inhibited by ATP (Busch & Fromm 1999; Busch et al. 2000). The
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upregulation of SSADH might indicate an increase in energy demand of the cell and a
possible reduction in TCA cycle activity that is characterized by low NADH and ATP
levels in the cell. SSADH might provide succinate to the TCA cycle and both succinate
and NADH to the mitochondrial ETC to support ATP production and fulfil this energy
demand during stress conditions (Bouché et al. 2003; Shelp et al. 2012). Since plants
with impaired SSADH showed excessive ROS production under stresses (Fait et al.
2005), increased SSADH activity might act as one of the adaptation strategies to
minimise ROS production under salinity stress in wheat by maintaining the efficiency of
oxidative phosphorylation (Jacoby et al. 2015).

Wheat respiration is more dependent on GABA shunt under salt stress
3-MP and Vigabatrin were used to inhibit the activity of GAD and GABA-T in this
study. Application of 3-MP, to inhibit GAD, is widely used in animals studies but rarely
used in plants studies. Since GABA is an inhibitory neurotransmitter in mammals, 3MP is usually used in neuron studies in animals to impair GABA functions by blocking
the GABA synthesis through competitive inhibition of GAD with glutamate
(Netopilová et al. 1995; Ding et al. 2004; Saravana Babu et al. 2011). A few studies in
plants have used 3-MP to specifically inhibit GAD activity to study the role of GAD
and GABA homeostasis in pollen germination and polarized growth (Ling et al. 2013;
Yu et al. 2014). Vigabatrin, a GABA analog, is one of the effective competitive
inhibitors of GABA-T studied in plants (Clark et al. 2009; Trobacher et al. 2013a).
Inhibition of GABA-T through Vigabatrin treatment of the plant by Fait et al. (2005)
was shown to prevent accumulation of toxic SSA, GHB, ROS, prevent cell death and
improve growth in ssadh mutants. A similar observation obtained through disrupting the
GABA-T gene (Ludewig et al. 2008), indicated the specific action of Vigabatrin on
GABA-T in plants.

Figure 8 shows that there was a significant reduction in the respiration rate only in saltstressed wheat when the GABA shunt pathway was inhibited at either the GAD or the
GABA-T step, indicating that wheat respiration becomes more dependent on GABA
shunt activity under salt stress. These observations are also consistent with a recent
study by Bao et al. (2015) on the roles of each of the GABA shunt enzymes in salt
tolerance in tomato via gene silencing. In this study, the silencing of SlGADs and
SlGABA-Ts led to increased ROS accumulation and salt sensitivity. In another study,
Yin et al. (2014a) found that the respiratory rate increased consistently with the
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increases in GAD activity under salt stress supplemented with CaCl 2 . These findings
are evidence that GABA shunt provides an alternative carbon source for the TCA cycle
and supports mitochondrial respiration during salinity stress in wheat. This also
constitutes a protein consuming respiration pathway, or at least for glutamate utilization,
upon photosynthesis inhibition as proposed by (Renault et al. 2013).

GABA shunt activation did not appear to affect other GABA functions
GABA accumulation occurred even before NaCl concentration in the medium reached
150 mM, reaching almost twice the GABA abundance of control plants after 3 days of
salt treatment. GABA accumulation was rapid compared to the slow increases in GAD
activity. GAD activity only showed a significant difference to control plants at day 5
after salt addition. One possible explanation for this observation is that small changes in
GAD activity may results in larger cumulate effects on GABA abundance.
Alternatively, other sources of GABA possibly contribute to GABA accumulation under
salinity stress as GABA can be derived from polyamines and proline (Xing et al. 2007;
Signorelli et al. 2015). In addition, Xing et al. (2007) found that diamine oxidase was
upregulated and played an important role in degrading polyamine into GABA under
salinity stress in soybean. Here it was found that GABA abundance remained around
twice that of control plants after 11 days of salt treatment, even when GABA
degradation proteins were upregulated under salt stress. This suggests that increased
GABA shunt activity did not limit other possible roles of GABA during salinity stress
such as an osmoprotectant, antioxidant or signal (Bouché & Fromm 2004; Liu et al.
2011; Sharma et al. 2012; Ramesh et al. 2015; Slama et al. 2015). The high GABA
abundance under saline conditions might also be achieved through increased nitrogen
assimilation into glutamate by GDH and GOGAT activity and increased GAD activity
observed in this study.

Conclusion
The anaplerotic role of the GABA shunt is elevated under salt stress in wheat, which
provides a reduced carbon substrate in the form of GABA to generate reductant for the
mitochondrial ETC and to generate succinate for the TCA cycle. The application of
GABA shunt inhibitors showed that wheat respiration is more dependent on GABA
shunt activity under salt stress. The increased GABA shunt activity, especially GABA-T
and SSADH, did not appear to affect the other roles of GABA during salinity stress in
wheat based on our measurements. Together, these finds shows that mitochondria
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respond to salinity stress effects on TCA cycle and mitochondrial membrane transport
functions by utilizing protein and amino acid as substrates for primary energy
metabolism via the GABA shunt activity.
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Figures
Figure 1.

Experimental design for the salt treated plants

Figure 2.

Sodium content in the third leaf

Figure 3.

Transcript abundance of GAD, GABA-T and SSADH in the third leaf

Figure 4.

Log 2 fold changes of proteins related to the GABA shunt in the third
leaf of salt treated plants compared to control

Figure 5.

GAD activity in the total protein samples extracted from the third leaf

Figure 6.

GAD activity in the total protein extracts from the third leaf of control
plants assayed under control (0 mM NaCl) and salt conditions (150 mM
NaCl)

Figure 7.

Relative GABA content in the third leaf of control and salt treated plants

Figure 9.

Percentage of respiration rate of leaves harvested from control and saltstressed plants after the addition of the inhibitors
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Figure 1. Salt treatment design for the salt treated plants. Stars indicate the addition of
25 mM NaCl into the medium solution
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Figure 2. Sodium content in the third leaf of control (blue line) and salt treated (red
line) plants. Black line represents salt concentration in the growth medium of salt
treated plants. Error bars represent standard error of the means. A t-test was used in
pairwise comparison analysis. Stars indicates significant differences between control
and salt treated plant with P<0.05, n=4.
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Figure 3. Transcript abundance of GAD, GABA-T and SSADH in the third leaf of
control (blue line) and salt treated (red line) plants, relative to the first replicate of the
control plants at day 2 after salt treatment commenced. Error bars represent standard
error of the means. A t-test was used in pairwise comparison analysis. Stars indicates
significant differences between control and salt treated plant with P<0.05, n=4.
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Figure 4. Pairwise comparison analysis of protein abundance was carried out using
MSstats. Log 2 fold changes of proteins related to the GABA shunt in the third leaf of
salt treated plants compared to control. Error bars represent standard error of the
means. Stars indicate significant fold changes with fold change cut off 1.2, P<0.01,
n=4.
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Figure 5. GAD activity in the total protein samples extracted from the third leaf of
control (blue line) and salt treated (red line) plants. Error bars represent standard error
of the means. A t-test was used in pairwise comparison analysis. Stars indicates
significant differences between control and salt treated plant with P<0.05, n=4.
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Figure 6. GAD activity in the total protein extracts from the third leaf of control plants
assayed under control (0 mM NaCl) and salt conditions (150 mM NaCl). Error bars
represent standard error of the means. A t-test was used in pairwise comparison
analysis. Stars indicates significant differences between control and salt treated plant
with P<0.05, n=4.
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Figure 7. Relative GABA content in the third leaf of control (blue line) and salt treated
(red line) plants. Error bars represent standard error of the means. A t-test was used in
pairwise comparison analysis. Stars indicates significant differences between control
and salt treated plant with P<0.05, n=4.
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Figure 8. Percentage of respiration rate of leaves harvested from control and saltstressed plants after the addition of the inhibitors. Error bars represent SEM (n = 6). A
t-test was used in pairwise comparison analysis. Stars indicates significant differences
between control and salt treated supplemented assay with P<0.05, n = 6.
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Table 1. MSstats comparison analysis results of identified and measured targeted GABA shunt related proteins
Protein name
Succinate semialdehyde
dehydrogenasse 2
Glutamate dehydrogenase 1

TC370872_3

Arabidopsis
homolog
AT1G79440

TC390427_3

AT5G07440

GABA transaminase

Traes_2AL_0BD6646BA.1

AT3G22200

Succinate semialdehyde
dehydrogenase 1
Glutamate decarboxylase 5
Glutamate dehydrogenase 2
Glutamate synthase

TC381877_1

AT1G79440

Traes_3B_B96A4CFA6.2
Traes_2BL_309ED7C81.1
Traes_3B_C43B6F786.1

AT3G17760
AT5G07440
AT5G53460

Protein ID
SE
Tvalue
pvalue
Adjusted
pvalue (<0.01)
log2Fold
change
DF

Protein ID

Sample source

SE

Tvalue

DF

pvalue

adj.pvalue

log2FC

High speed
pallet
High speed
pallet
High speed
pallet
High speed
pallet
Leaf tissue
Leaf tissue
Leaf tissue

0.107

8.248

12

2.75E-06

1.68E-05

0.879

0.091

13.882

48

0.00E+00

0.00E+00

1.268

0.079

5.123

40

7.99E-06

4.39E-05

0.404

0.287

1.206

12

2.51E-01

3.47E-01

0.346

0.049
0.103
0.111

-1.998
2.450
6.183

104
44
80

4.83E-02
1.83E-02
2.50E-08

4.83E-02
2.75E-02
7.51E-08

-0.097
0.253
0.689

Wheat accession number
Standard error of log 2 fold change
t-value of the hypotheis test for each protein in the comparison
Raw p-value of the hypotheis test for each protein in the comparison
Adjusted p-values based on Benjamini and Hochberg method to control false discovery rate across multiple tests.
Fold change of the Log2-transformed normalized peak intensities. Data are expressed as Salt/Control, ie: positive values
indicates higher abundance and the negative values indicates lower abundance under salt treatment
Degrees of freedom

197

Chapter Five
General discussion

198

General discussion

Introduction
Wheat is one of the most important crops grown in the world. However, wheat
production is facing a significant challenge due to the increasing prevalence of soil
salinity that is spreading around the world especially in irrigated areas (FAO 2009;
Parihar et al. 2014). Many studies have been carried out in an attempt to find the salinity
tolerance mechanisms used by some plants. These mechanisms include, sodium
exclusion (James et al. 2012), sodium compartmentation (Wu et al. 2014), reactive
oxygen species (ROS) detoxification (Ding et al. 2012; Zhang et al. 2014), and
compatible solutes production (Azevedo Neto et al. 2004). These processes consume a
significant amount of energy during salinity stress which requires the reallocation of
respiratory energy and carbon supply that was previously prioritised for growth and
shifts it towards maintenance (Jacoby et al. 2011; Flowers et al. 2014). The TCA cycle
is one of the main components in central carbon metabolism that is involved in carbon
balance regulation and it also influences changes in carbon allocation for energy
production and compatible solute production when normal conditions are perturbed
(Jacoby et al. 2011). Thus, the aim of this thesis was to determine if the respiratory
components themselves, especially the TCA cycle, and the mitochondria membrane
transport machinery is modulating carbon balance to provide energy during salinity
stress exposure in wheat.

In Chapter Two, the rate of a range of physiology processes including growth,
photosynthesis, and respiration was measured in a time-dependant manner and
correlated with changes in the abundance of metabolites and proteins related to carbon
metabolism in plants. Using wheat plants of the Wyalkatchem variety, this study shows
that both the shoot and root growth rates were reduced upon exposure to salt. It also
revealed that the photosynthetic rate was reduced and the respiratory rate was increased
under salinity stress. At the whole tissue level, there was an accumulation of most
sugars and amino acids which may play a role in maintaining the osmotic potential in
the cell. There were also significant reductions in the abundance of most of the organic
acids, which may have been utilised for amino acid biosynthesis. At the protein level,
there were increases in the abundance of many proteins that are involved in glycolysis
indicating a possible increase of the glycolysis pathway under salinity stress. This is
also consistent with the observed reduction in the abundance of glucose and the
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increased respiratory rate seen during salinity stress. Due to the low abundance of
mitochondrial proteins in the leaf tissue samples, it was not possible to broadly quantify
proteins that are involved in the TCA cycle and mitochondrial membrane transporters
which are responsible for transporting respiratory substrate across the inner
mitochondrial membrane.

Findings from Chapter Two suggested that the best time point to look at the differences
between control and salt-stressed wheat was at day 8 after the salt addition as this time
point exhibited most differences between control and salt-treated plants. This was
considered for further study in Chapter Three where the physiology and metabolite
changes in another wheat variety, Westonia, under salinity stress were investigated. This
section focused specifically on leaf 3 at day 8 after salt addition. Westonia is also
considered as one of the more stress tolerant commercial wheat varieties and has been
extensively studied in previous salinity studies (El-Hendawy et al. 2005; Genc et al.
2007; James et al. 2011; Jacoby et al. 2015). Leaf 3 was chosen as it is the first leaf that
is fully developed under the salt exposure and it has also has been widely used for the
studies of salinity responses in wheat (Munns & James 2003; Munns et al. 2012; Fan et
al. 2014; Jia et al. 2015). Focussing on a specific sample source is also useful to avoid
variations that may occur due to differential responses of different organs, tissue types
and developmental stages. The limitations of the proteomic approach in Chapter Two is
also overcome by using mitochondrial enriched protein samples to get a good coverage
of a larger number of mitochondrial proteins. Physiology and metabolite responses of
Westonia to salinity stress were similar to those of Wyalkatchem suggesting a common
response to salinity stress across these two wheat varieties. The key result in Chapter
Three was the observed decrease in the abundances of the components of pyruvate
dehydrogenase complex (PDC) and 2-oxoglutarate dehydrogenase complex (OGDC).
The activities of these protein complexes were found to be highly sensitive to salt and
data suggested possible dissociation of the complexes releasing the E3 subunit
(dihydrolipoamide dehydrogenase) of these enzyme complexes under salt exposure
could be occurring. While subunit dissociation might occur to some extent in PDC, the
reduced activity of this complex under salt conditions might also occur due to the
changes in its structure that perturbed the substrate channeling between the active sites
of the subunits. It has been suggested that sustaining substrate channeling in intact PDC
is essential for PDC activity in mammals (Smolle & Lindsay 2006). The observed
reduction in the abundances of PDC components as well as the pyruvate carrier proteins
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suggested that the pyruvate uptake and use in the TCA cycle may be limiting under salt
stress. This would lead to the accumulation of pyruvate given that the glycolysis activity
may be increased under salinity stress due to the increases in abundance of some of its
components as observed in Chapter Two. To overcome this bottleneck, there must be a
mechanism that allows the TCA cycle to gain carbon from an alternative source while
preventing pyruvate accumulation.

Changes in the abundance in proteins observed in Chapter Three also suggest an
increase of components required for the gamma-aminobutyric acid (GABA) shunt,
namely the increase in the abundance of succinate semialdehyde dehydrogenase
(SSADH). GABA shunt activity could be important in providing an alternative carbon
source into the TCA cycle and preventing pyruvate over-accumulation by converting
pyruvate into alanine through pyruvate-dependent GABA transaminase (GABA-T)
activity (Bouché & Fromm 2004). Therefore, studies in Chapter Four were conducted to
measure different aspects of GABA shunt activation which included GABA abundance,
the transcript levels of GABA shunt related genes, and the abundance of proteins that
are related to GABA shunt. The data shown in Chapter Four clearly demonstrate the
activation of the GABA shunt with the increased glutamate decarboxylase (GAD)
activity, increased GABA content and increases of the abundances of GABA shuntrelated proteins. Interestingly, the use of inhibitors also showed that wheat respiration
was more dependent on GABA shunt activity under salinity stress, consistent with the
GABA shunt’s role in providing an alternative carbon source for the TCA cycle and
subsequent substrates for the mitochondrial electron transport chain.

This thesis provides new information on changes in mitochondrial function during
salinity stress adaptation in wheat and focuses attention on processes not previously
considered in explaining the response of respiration to salinity. The results of this
research also lead to further questions that need future attention to gain more
information on the mechanism of mitochondrial respiration during salinity stress
adaptation. The key findings in this research project will be discussed in this chapter
which will include the salinity stress responses of different wheat genotypes, the effect
of salinity on protein complexes in plants, the factors that influence the CO 2 production
and O 2 consumption by plants under salinity stress, and the role of mitochondrial
components in inducing salinity stress responses in wheat.
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How different wheat varieties response to salinity stress?
Two Western Australia commercial wheat varieties were used in this research
project;Wyalkatchem and Westonia. These bread wheat varieties belong to the high
performing Australia Premium White (APW) varieties group and produce comparable
yield under normal conditions. Wyalkatchem and Westonia wheat are well adapted to
low rainfall regions and considered as drought tolerant varieties according to the Grains
Research and Development Corporation (GRDC) in Australia. Both these wheat
varieties also show salinity tolerance to some extent (Genc et al. 2007; Jacoby et al.
2010). From this study, we found that the responses of Westonia to salinity stress are
similar to those of Wyalkatchem. Evidence for this is presented in Chapter Two,
Chapter Three, and Chapter Four and shows the similarity at physiological, metabolite
and protein levels. The respiration rates were increased after saline treatment in both
varieties. Metabolite abundance changes in both varieties showed increases in amino
acids and sugars while decreases in most of the organic acids. Moreover, glucose
abundance was decreased while 2-oxoglutarate and succinate were increased in
abundance in both genotypes. At the protein level, both varieties showed increases in
SSADH abundance based on the data in Chapter Three and Chapter Four. Overall, these
results suggest that both Westonia and Wyalkatchen may have a comparable level of
salinity tolerance and might use the same strategy to adapt to salinity stress. It would be
interesting to study further if this hold true in all Australian wheat varieties and other
varieties from around the world and how this mechanism contributes towards conferring
the component of salinity tolerance in wheat attributed as tissue tolerance. In a recent
study, by examining the responses of 150 wheat genotypes, (Oyiga et al. 2016)
proposed that this concept is applicable to wheat within the same salinity tolerance
level.

Previous studies comparing salinity tolerance between different wheat varieties clearly
show differences in salinity tolerance between different wheat genotypes with regards to
the rates of photosynthesis and respiration, biomass production, grain yield, sodium
accumulation and tolerance of internal sodium (Munns & James 2003; El-Hendawy et
al. 2005; Genc et al. 2007; Kafi 2009; Jacoby et al. 2013). Sensitive wheat genotypes
usually show higher increases in respiration rate compared to more tolerant wheat plants
(El-Hendawy et al. 2005; Kafi 2009; Jacoby et al. 2013) which decreases with the
increased salinity level (Moud & Maghsoudi 2008; Kafi 2009). This suggests that
increasing respiration in wheat per se is not an indication of salinity tolerance.
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Furthermore, Kong et al. (2001) proposed that the cytochrome pathway is maintained in
salt tolerance wheat leading to the production of more ATP compared to salt sensitive
wheat, contributing to higher K+ maintenance, lower Na+ accumulation and promoting
synthesis of compatible solutes. At the metabolite level, both sensitive and tolerant
genotypes show increases in proline and soluble sugar contents, while the production of
these metabolites in wheat leaves were usually higher in sensitive genotypes (Colmer et
al. 1995; Kafi et al. 2003; Dadkhah & Rassam 2016), with exceptions as noted in Kong
et al. (2001). Upregulating proline production conferred more salinity tolerance in
wheat while this tolerance was believed to be due to reduced oxidative damage
(Vendruscolo et al. 2007), suggesting the role of proline in reducing oxidative damage
in salt sensitive wheat. Unlike proline, GABA abundance was found to be higher in
more tolerant wheat genotypes based on the measures of high germination rate and low
oxidative damage under salinity conditions (Al-Quraan et al. 2013).

At the protein level, Jacoby et al. (2010) found that the abundance of an alternative
oxidase (AOX) protein was specifically higher in more salinity tolerant Wyalkatchem
compared to the salinity sensitive wheat variety Janz. Succinate accumulation as
observed in both Wyalkatchem and Westonia in Chapter Two and Chapter Three might
be responsible for inducing the respiration through the alternative pathway as previously
shown by Millar et al. (1993) and Millar et al. (1996). In a further study, by comparing
salinity responses between Chinese Spring (CS) to a salt-tolerant amphiploid (AMP),
Jacoby et al. (2013) found a higher abundance of manganese superoxide dismutase
(MnSOD) in the AMP line. These findings indicate that more tolerant wheat may be
able to better regulate ROS production. Interestingly, both sensitive and tolerant
varieties have been showed to have decreased abundance of the PDC components under
salinity stress (Jacoby et al. 2013) and also in another wheat variety exposed to salt
(Waha) (Fercha et al. 2014), suggesting that the reduced abundance of PDC under salt is
common across different wheat genotypes. This is also consistent with the data from
this thesis’s study which shows that wheat PDC abundance was reduced even at low salt
concentration (50 mM). This leads to reduced PDC activity and may explain the
demand for an alternative carbon source such as the role of the GABA shunt as
observed in the present study. Thus, both tolerant and sensitive wheat appear to shift
carbon source for the TCA cycle to some extend due to the sensitivity of PDC to the salt
exposure. Increases in GABA shunt activity might help confer variance of salinity
tolerance in wheat since this pathway is more salt tolerant compared to the cyclic TCA
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cycle pathway. Furthermore, it has proven in this study that the TCA cycle in wheat
leaves is more dependent of GABA derived succinate as an alternative carbon source
under salinity stress. It can also help maintain an efficient respiration pathway by
providing NADH and succinate to the ETC as explained in Chapter Four.

Dark O 2 consumption and CO 2 release in wheat under salinity stress
Dark respiration rates were measured in the present study based on CO 2 production and
O 2 consumption. Chapter Two and Chapter Three shows that CO 2 production was
increased in wheat under salinity stress while the results in Chapter Three show that the
O 2 consumption was also increased but to a higher level. These rates may be influenced
by several factors. The reactions of the key TCA cycle reactions including those
catalysed by PDC, OGDC and isocitrate dehydrogenase (IDH) are the main CO 2
producing reactions by irreversible decarboxylases. A reduction in pyruvate uptake as
postulated in Chapter Three might thus cause a reduction in CO 2 production from the
TCA cycle, suggesting that increased CO 2 production might be the result of the
increased decarboxylase activities and reduced CO 2 consuming activities.
Another irreversible decarboxylase is glutamate decarboxylase (GAD), which was
found to have increased in activity under salinity stress in wheat as shown in Chapter
Four. Another unidirectional decarboxylase is the mitochondrial glycine decarboxylase
complex (GDC) which is important in glycine and serine metabolism as part of
photorespiration (Wingler et al. 2000; Raven & Beardall 2016). Interestingly, the
components of multisubunit GDC were found to increase under salt stress in a salt
tolerant wheat variety (Wang et al. 2008). Other enzymes that also catalyse
decarboxylation reactions include NAD+ and NADP-dependent malic enzyme (Raven &
Beardall 2016). Both can convert malate into pyruvate and produce CO 2 (Fu et al. 2011;
Raven & Beardall 2016). The NAD-dependent malic enzyme showed to change in
abundance under salt stress in wheat as shown in Chapter Three. However, the activity
and the direction of the reaction in vivo in wheat under salt stress are not known. The
forward activity of NADP-dependent malic enzyme was found to be increased in wheat
under salt stress (Fu et al. 2011). Enhanced CO 2 production under salinity stress may
also be due to the reduction in CO 2 consuming activities (Raven & Beardall 2016). One
of the main CO 2 consumers in plants is pyruvate carboxylase which catalyses the
conversion of pyruvate to oxaloacetate, the first key step in the gluconeogenesis
pathway (Eastmond et al. 2015). Information on the responses of the gluconeogenesis
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pathway in wheat under salt stress is lacking. However, the low glucose level as
observed in Chapter Two and Chapter Three might indicate that this broader
gluconeogenesis pathway is downregulated under salt stress in wheat.

Another factor that may influence the rate of CO 2 production and O 2 consumption is the
mechanism of nitrogen assimilation. It has been suggested by Turpin et al. (1988) that
the higher uptake of nitrogen in the form of NO 3 - compared to the uptake of NH 4 +
causes higher CO 2 release while no change in O 2 uptake. This postulation relies on the
fact that more reducing agent is needed from the TCA cycle to reduce NO 3 - as both
reactions of nitrate reductase and nitrite reductase require NADH to reduce nitrate and
nitrite respectively. NO 3 - uptake is accompanied by increased TCA cycle activity that is
believed to be supported by anaplerotic reactions (Turpin et al. 1988). Bloom et al.
(1992) also found that the CO 2 evolution is stimulated when barley plants transferred
from ammonium to nitrate nutrition and the increased energy needed to reduce NO 3 affected energy allocation for root growth. Salinity stress has been shown to be the
main factor influencing nitrogen assimilation in plants. Nitrate reductase activity in
leaves is highly dependent on nitrate flux from roots, while the loading of nitrate into
the root xylem and the nitrate flux from root to shoot are thought to be highly saltsensitive (Botella et al. 1993; Tischner 2000; Carillo et al. 2005). Nitrate reductase
activity was found to be decreased under salinity stress in wheat (Botella et al. 1993;
Maighany & Ebrahimzadeh 2004), while its abundance was shown to be low despite
increases at the transcript level in wheat shoots under salinity stress (Carillo et al. 2005).
Both nitrate reductase and nitrite reductase activities were also found to be inhibited
under salinity in tomato (Debouba et al. 2006) and Sorghum vulgare (Krishna Rao &
Gnanam 1990).

The downregulation of PDC and OGDC proteins with the activation of the GABA shunt
observed in the present study is evidence of alternative TCA cycle activity. Previous
studies have shown that during salinity stress in plants an alternative respiration
pathway is utlilised involving both the TCA cycle and the mitochondrial electron
transport chain (ETC) (Kong et al. 2001; Akçay et al. 2012; Jacoby et al. 2013). The
alternative activity of the TCA cycle has been discussed in Chapter One and has been
reviewed extensively elsewhere (Sweetlove et al. 2010; Steinhauser et al. 2012; NunesNesi et al. 2013). These reports indicate that the alternative activities of TCA cycle
utilise a different set of carbon sources for respiration which contain different carbon
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and oxygen compositions that influence the rates of respiratory CO 2 production and O 2
consumption (Araújo et al. 2011; Tcherkez et al. 2012). Carbohydrate is the main
respiratory carbon source in plants and it has the highest carbon composition (Araújo et
al. 2011). A smaller increase in CO 2 production compared to O 2 consumption rate
under salinity stress in wheat as observed in Chapter Three indicated less carbohydrate
was being used for respiration and more alternative carbon sources like amino acids and
lipids were used instead.

Oxygen is mainly consumed by the mitochondrial ETC during oxidative
phosphorylation to produce ATP. In plants however, oxygen consumption and ATP
phosphorylation are not always coupled in a defined stoichiometry as plants possess an
alternative oxidase (AOX) in addition to the cytochrome oxidase (complex IV)
(Vanlerberghe 2013; Jacoby et al. 2015). Under normal conditions, oxidation of NADH,
NADPH and

succinate by NADH dehydrogenase

(complex

I),

alternative

dehydrogenases and succinate dehydrogenase (complex II) respectively are coupled to
the reduction of the ubiquinone pool (Vanlerberghe 2013). Electrons in the ubiquinol
pool are then transferred to complex III, cytochrome c (cyt c) and finally complex IV,
which catalyses the reduction of O 2 to H 2 O. Electron transport at complexes I, III and
IV is coupled with the transfer of protons across the inner mitochondrial membrane to
the intermembrane space building a proton gradient across the inner membrane.
Potential energy resulted from this gradient is used by the ATP synthase (complex V) to
generate ATP from ADP and Pi (Millar et al. 2011). AOX introduces an alternative
electron flow in the ETC that directly diverts the electron flow from ubiquinol to the
reduction of O 2 to H 2 O, bypassing the cyt pathway (complex III, cyt c, complex IV).
Thus, mitochondrial ETC activity through AOX consumes oxygen without contributing
to the proton gradient across the mitochondrial inner membrane, and decouples oxygen
consumption from ATP synthesis, unless NADH oxidation still occurs at complex I
(Vanlerberghe 2013; Jacoby et al. 2015).
AOX abundance increased in wheat under salinity stress (Jacoby et al. 2010; Jacoby et
al. 2013; Jacoby et al. 2015), which may be due to a lower sensitivity of the AOX active
site to ionic salt interference compared to complex IV (Sweetlove et al. 2010; Jacoby et
al. 2015). Kong et al. (2001) studied the activity of the cyt pathway and AOX in two
wheat cultivars differing in salinity tolerance. This study found that the cyt pathway
remained the main electron transport pathway in both cultivars. While there was no
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change in O 2 consumption rate in both cultivars between 0% and 20% NaCl, the
sensitive cultivar showed higher AOX activity with less ATP production compared to
the tolerant cultivar. AOX is important during salinity stress in plants as it plays a role
in ROS regulation (Jacoby et al. 2010; Hossain & Dietz 2016). AOX activity could
provide a means for respiration to consume carbon without this process being impeded
by the rate of ATP turnover (Vanlerberghe 2013). Interestingly, Jacoby 2015 showed
that, when NADH and succinate supplied to wheat mitochondria under the salt
exposure, electron flow was coupled with the generation of a proton gradient across the
inner membrane. Increases in the abundance of succinate semialdehyde dehydrogenase
as observed in Chapter Three and Chapter Four may increase the provision of succinate
and NADH to the ETC and support the coupled oxidative phosphorylation pathway in
wheat under salinity stress.

Salinity and mitochondrial enzyme complex functions
Multiplexed reaction monitoring (MRM) mass spectrometry analysis in Chapter Three
revealed that components of PDC and OGDC were decreased in abundance under salt
stress in wheat. Further enzymatic analysis of PDC and OGDC showed that the
activities both protein complexes are very sensitive to salt in vitro which might lead to
their downregulation or instability during salinity stress in wheat. The salt-induced
dissociation of the lipoamide dehydrogenase (E3) subunit was demonstrated in both
PDC and OGDC. The addition of exogenous E3 did improve OGDC activity during salt
exposure but did not improve PDC activity. Further investigation has indicated that
reduced PDC activity during salt exposure was also not due to the reduced activity of its
individual subunits. Full recovery of PDC activity in the pellet of high speed centrifuge
in 150 mM NaCl indicated that the reduced PDC activity during salt exposure is not due
to the subunit dissociation, opening the possibility that it is affecting active site coupling
and substrate channelling of PDC that is highly dependent on the PDC complex
structure (Williamson 2012). Active site coupling and substrate channeling are made
possible by the ability of the “swinging arm” lipoyl binding domain of E2 subunit to
move (Jones et al. 2000; Perham et al. 2002). This movement, in turn is made possible
by the specific cage-like structure formed through the binding of the E2 trimers to the
E1 heterotetramers (Zhou et al. 2001). It is well known that ionic strength introduced by
salt in a solution may affect protein structure (Collins 2012; Rembert et al. 2012). This
may be due to the presence of charged amino acids residues that may change the
solubility and stability of the whole protein structure and protein complex in the
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presence of ion effects from added salts which may disturb specific protein function
(Collins 2012).
PDC structure has been extensively studied in mammals and yeast but not in plants
(Smolle & Lindsay 2006; Brautigam et al. 2009; Park & Patel 2010). However, earlier
studies have shown that plant PDC is very similar to other reported eukaryote PDCs
(Luethy et al. 1996; Millar et al. 1999). Thus, information gained in other eukaryotic
PDCs is useful in understanding plant PDC. PDC and OGDC share the same E3 with
two other protein complexes, which are the branched-chain 2-oxo-acid dehydrogenase
complex (BCOADC) and GDC (Taylor et al. 2004; Timm et al. 2015). BCOADC
catalyses the irreversible oxidative decarboxylation of branched-chain 2-oxo-acids
derived from branched-chain amino acids valine, leucine, and isoleucine (Mooney et al.
2002). Activity assays and tandem mass spectrometry analysis of the mitochondrial
proteome in Arabidopsis indicated that BCOADC is located in mitochondria (Taylor et
al. 2004). BCOADC activity provides electrons into the mitochondrial electron transport
chain through the activity of an acyl-CoA dehydrogenase that oxidises the CoA esters
generated by BCOADC and delivers electrons to the electron transfer flavoprotein
(ETF) that directly donates electrons into the respiratory chain at ubiquinone (Taylor et
al. 2004). It has been shown in Chapter Three that PDC and OGDC responded
differentially when exogenous E3 is added to the assay solution of each enzyme in the
presence of salt, indicating a differential affinity of exogenous E3 to the core subunits of
these two complexes. This finding suggests that other protein complexes that require the
E3 subunit for their activity may not respond in the same way under salinity stress. The
similarities in the structural characteristic of these proteins complexes and how this
characteristic may influence the responses BCOADC and GDC to salinity stress should
be further considered.

BCOADC, PDC, and OGDC are highly conserved mitochondrial 2-oxo acid
dehydrogenase complexes, and they operate in a very similar fashion as shown in Figure
1 (Reed et al. 1985; Taylor et al. 2004). It has been suggested that the activity of
BCOADC and PDC are dependent on the active site coupling of E1 (2-oxo acid
dehydrogenase), E2 (Dihydrolipoamide acetyltransferase) and E3, which is strictly
influenced by the changes in the complex structure (Wynn et al. 2004; Smolle &
Lindsay 2006; Seifert et al. 2007). Active site coupling is also regarded as a common
regulatory mechanism between PDC, OGDC, and BCOADC (Vijayakrishnan et al.
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2010). However, there is little information on the response of BCOADC during salt
exposure or during salinity stress in plants. Conserved similarities in its structural
characteristics of these enzymes may suggest that salinity will affect BCOADC the
same way as PDC and OGDC at least by disturbing the active-site coupling and
substrate channelling mechanism which is prone structural changes under salt condition.
Therefore, monitoring BCOADC activity or the level of branched-chain amino acids
like leucine, isoleucine and valine during salinity stress in wheat will be beneficial to
gain better comprehension of the roles of the active-site coupling mechanism in PDC,
OGDC and BCOADC in plants during salinity stress.
In contrast to PDC, OGDC and BCOADC, which are stably built from multiple copies
of the E1, E2 and E3 subunits, GDC forms a relatively labile complex, composed of
four component enzymes, the P-protein (glycine decarboxylase), H-protein (lipoamidecontaining

carrier protein),

T-protein

(aminomethyltransferase),

and

L-protein

(dihydrolipoamide dehydrogenase) (Vauclare et al. 1996; Timm et al. 2015). Even
though the formation of GDC complex requires multiple copies of each of the three
enzyme components, the P-, T-, and L-protein, structure-dependent active site coupling
has not demonstrated for GDC (Smolle & Lindsay 2006), suggesting that GDC may act
differently compared to PDC, OGDC, and BCOADC under salt conditions. Serine and
alanine are the products of GDC activity during photorespiration (Wang et al. 2007;
Timm et al. 2015). Increased abundance of serine and alanine was shown in Chapter
Two and Chapter Three suggesting an increased activity of GDC during salinity
exposure may be occurring. Increased GDC might also contribute to the increased CO 2
production in wheat under salinity stress as observed in the present study. Components
of GDC were also found to increase in abundance under salinity stress in barley (Fatehi
et al. 2012), and salt tolerant wheat (Wang et al. 2008). However, under extreme stress
conditions, the oxidative conditions may inhibit GDC activity (Taylor et al. 2002).

The roles of salt-induced protein conformation and activity change in inducing
salinity stress responses
Findings in this study indicate that wheat PDC and OGDC might be downregulated
during salinity stress due to the high sensitivity of their protein conformation-dependent
activity to salt effects, affecting the activity of the TCA cycle. The ETC components
studied also showed reductions in the abundances of salt sensitive proteins and
upregulation of AOX which is more tolerant to salt (Jacoby 2015). Reduction in the
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overall TCA cycle activity and reduced photosynthesis rate likely leads to a reduced
ATP level and NADH/NAD ratio in the cell (Sweetlove et al. 2002; Sobhanian et al.
2010). This in turn might cause the observed upregulation of SSADH which is regulated
by ATP and NADH levels (Busch & Fromm 1999; Busch et al. 2000). Findings in
Chapter Four also suggested the role of calcium signaling in the observed GAD
activation. Overall, these findings indicate that salinity responses of wheat can be
triggered by the combination of both physical changes of salt sensitive proteins in the
TCA cycle and the signaling intermediates and receptor interaction pathways as
described in Chapter One.

Conclusion
Together, this thesis provides new information on the role of mitochondria in salt stress
response through TCA cycle and mitochondrial membrane transport functions. This
involves changes in TCA cycle enzymes abundances and activities that lead to a shift of
the carbon source of the TCA cycle from pyruvate to GABA for primary energy
metabolism. This may be part of overall processes of salinity stress adaptation that
involves the fulfilling of the energy demand, modulation of carbon balance and C/N
balance for growth and compatible solute production. This study also showed that broad
use of MRM mass spectrometry is a very reliable tool to quantitatively measure protein
abundance due to its sensitivity and specificity. The use of this approach brought to
light the key findings of this thesis that was then followed up with enzymology,
showing the discovery potential even of targetted proteome approaches.
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Figures
Figure 1.

Reactions catalysed by E1, E2 and E3 in PDC, OGDC and BCOADC
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Figure 1. Reactions catalysed by E1, E2 and E3 subunits of PDC, OGDC and
BCOADC. E1 catalyses the thiamin pyrophosphate (TPP)-dependent decarboxylation of
a 2-oxo acid, coupled with the oxidation of the E2-bound lipoamide forming
acyldihydrolipoamide.
dihydrolipoamide.

E2 transfers the acyl group to coenzyme-A and generates

Dihydrolipoamide dehydrogenase oxidises dihydrolipoamide to

lipoamide. Diagram adapted from Moran et al. (2006).
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