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The annual cost of lost crop production from exposure to salinity has major impacts on food
security in all parts of the world. Salinity stress disturbs energy metabolism and knowledge of
the impacts on critical processes controlling plant energy production is key to successfully
breeding salt tolerant crops. To date, little progress has been achieved using classic breeding
approaches to develop salt tolerance. The hope of some salinity researchers is that through a
better understanding of the metabolic responses and adaptation to salinity exposure, new
breeding targets can be suggested to help develop salt tolerant crops. Plants sense and react
to salinity through a complex system of sensors, receptor systems, transporters, signal
transducers, and gene expression regulators in order to control the uptake of salts and to
induce tolerant metabolism that jointly leads to changes in growth rate and biomass
production. During this response, there must be a balance between supply of energy from
mitochondria and chloroplasts and energy demands for water and ion transport, growth, and
osmotic adjustment. The photosynthetic response to salinity has been thoroughly researched
and generally we see a sharp drop in photosynthesis after exposure to salinity. However, less
attention has been given to the effect of salt stress on plant mitochondrial respiration and the
metabolic processes that influence respiratory rate. A further complication is the wide range of
respiratory responses that have been observed in different plant species, which have included
major and minor increases, decreases, and no change in respiratory rate after salt exposure.
In this review, we begin by considering physiological and biochemical impacts of salinity on
major crop plants. We then summarize and consider recent advances that have characterized
changes in abundance of metabolites that are involved in respiratory pathways and their
alternative routes and shunts in terms of energy metabolism in crop plants. We will consider
the diverse molecular responses of cellular plant metabolism during salinity exposure and
suggest how thesemetabolic responsesmight aid in salinity tolerance. Finally, wewill consider
how this commonality and diversity should influence how future research of the salinity
responses of crops plants should proceed.

Keywords: salinity, metabolism, TCA cycle, glycolysis, oxidative pentose pathway, mitochondria, mitochondrial
electron transfer chain, GABA
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INTRODUCTION

The impact of salinity stress on crop production is increasing,
with over 20% of the world’s cultivated land and two-thirds of
irrigated land affected by salt and subsequently degraded
(Machado and Serralheiro, 2017). Under moderate salinity
conditions (EC 4-8 dS m-1), all major glycophytic crops reduce
average yields by 50–80% (Panta et al., 2014) and the difference
between the attainable yield and the yield obtained by the farmer
is known as the yield gap (Meng et al., 2013). Together with the
expected increase in the world’s human population, predicted to
reach 9.15 billion by 2050 and with global food production
having to rise by more than 50% to match this population growth
(Ray et al., 2013), there has been an increasing interest in salt
tolerance research in order to improve crop production and
decrease the salinity induced yield gap. Identifying the
biochemical and molecular basis of salt tolerance is critical for
improving crop performance under saline conditions.
Unfortunately, to date limited progress has been made to
identify suitable genes to modify to overcome salinity induced
stress, Genc et al. (2019) has proposed that this has occurred due
to an over-emphasis on the sodium exclusion mechanism(s) and
less research being focused on osmotic stress/tissue tolerance
mechanisms (Jacoby et al., 2011; Munns et al., 2016; Che-
Othman et al., 2020). The objective of much salinity research is
to work towards the development of salinity tolerant crops and to
achieve this the energy supplies from resources and energy
demands for growth-related and defence mechanisms need to
be considered (Munns et al., 2020). Despite the fact that salinity
stress research has been conducted for decades, many of the
molecular mechanisms inhibited by salt and the biochemical
processes to overcome these inhibitions in plants remain
unresolved. No single physiological process can explain why
some plants can tolerate exposure to salinity better than others
[e.g. barley (Hordeum vulgare) vs wheat (Triticum aestivum) as it
involves the interplay of a number of physiological processes
controlled by a vast array of genes. This complexity, perhaps
explaining why, only a limited number of metabolic process have
been examined so far, to assess their molecular response
to salinity.

Many salt tolerant responses are seen at the cellular level and
glycophytes are known to have a cellular salt tolerance (Lerner,
1999; Hasegawa et al., 2000). Salinity exposure results in changes
to physiological and metabolic processes and these eventually
inhibit crop production (Rahnama et al., 2010; James et al.,
2011). At first, soil salinity suppresses plant growth through
osmotic stress and an accompanying ion toxicity which is
followed by the subsequent impact of nutritional imbalance
and oxidative stress (Rahnama et al., 2010; Arzani and Ashraf,
2016). This hyperosmotic stress inhibits the ability of a root
system to absorb water and leaf water loss is increased by high
salt concentrations (Munns, 2005). Simultaneously, a hyperionic
stress which is considered a second major aspect of salinity stress
sees both Na+ and Cl− ions cause severe instability in cellular ion
homeostasis and the direct inhibition of a range of cellular
enzymes resulting in a range of important physiological
Frontiers in Plant Science | www.frontiersin.org 2
disturbances. Most of the energy obtained through
photosynthesis and fixed in carbon compounds is used for
growth and maintenance by plants (Amthor, 2000; Jacoby
et al., 2011). The amount of energy acquired during salinity
exposure is reduced both due to decreases in the rate of
photosynthesis and leaf area and by the reallocation of this
energy to defence and tolerance mechanisms (Jacoby et al.,
2010; Hsiao, 2012; Yang et al., 2013). Salinity exposure restricts
a number of other biosynthetic functions, including amino
acid, protein and carbohydrate synthesis (Seki et al.,
2002). Photosynthesis is also reduced by lower stomatal
conductance and chloroplast protein inhibition and damage
(Gunes et al., 2007). An additional factor contributing to
lowered photosynthesis and altered respiratory rate is the
overwhelming of reactive oxygen species (ROS) defence
mechanisms and the accumulation of damaging ROS. This
leads to increasing lipid peroxidation and the production of
toxic aldehydes (e.g. HNE, HHE, and acrolein) from both the
chloroplastic and mitochondrial membranes. This damage will
impact the maintenance of ion gradients across these membranes
and specific enzymes are known to be inhibited by these lipid-
peroxidation end-products (Taylor et al., 2002; Winger et al.,
2005; Winger et al., 2007; Chen et al., 2017). Many plants can
adapt to salt exposure that is low or moderate, but their growth is
increasingly limited above 200 mMNaCl (Hasegawa et al., 2000).
Plants use a range of different strategies to broaden stress
tolerance by maintaining energy homeostasis under salinity.
Salinity exposure causes enhanced energy consumption and
often enhanced respiration which are directly linked to the
enhanced production of ROS (Tiwari et al., 2002). Therefore,
the modulation of energy metabolism is essential for a response
to salinity to balance the production of ROS with the
requirements for defence. Energy is provided in the form of
ATP, which is produced from stored sugars, and is used to drive
many of the biochemical reactions in the cell. Its production
requires the co-ordination of a number of metabolic processes
including glycolysis and the oxidative pentose phosphate
(OPP) pathway in cytoplasm/plastid and the tricarboxylic acid
(TCA) cycle and mitochondrial electron transfer chain (METC)
in mitochondria. Mitochondrial function is known to be
essential for the salinity tolerance in crops as it has roles in
signal transduction, ion exclusion and homeostasis, ROS
detoxification, the generation of ATP, and carbon balance
(Jacoby et al., 2011).

An early event consistently observed during saline exposure is
the down regulation of energy metabolism and protein synthesis
which may be an energy conservation strategy and could
represent the transition from plant growth to the induction of
protective mechanisms (Liu and Howell, 2010). Similarly, the
relative abundance of several metabolites that participate in
metabolic processes leading to the production of energy such
as those involved in glycolysis, the OPP pathway, TCA cycle, and
the METC, have also been identified as early responses to salt
exposure. To elucidate salinity responses and tolerance processes
in plant tissues and whole plants, it is essential to understand the
impact of salinity at the cellular level in terms of its physiological
August 2020 | Volume 11 | Article 1072
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and biochemical effects. In contrast, plants examined from the
breeding perspective are often viewed as whole plants where
the underlying biochemical responses are not visible and their
salinity tolerance is characterized by yield or biomass in
comparison to appropriate checks. This review provides an
overview of energy metabolism through respiratory pathways
and their alternative metabolic routes and shunts under
saline conditions. The aim of this review is to discuss
previously characterized changes in abundance of metabolites
and pathways that are involved in molecular responses of crop
plants to salinity exposure. A complete understanding of the
plant respiratory response to salinity exposure is yet to be
developed, however a number of studies have observed
changes in respiratory components, but these are yet to be
examined from a respiratory perspective. The study of the
impacts of salinity as an energy-driven process opens new
opportunities to understand the mechanisms of adaptation and
regulation and apply these to a breeding program to enhance
salinity tolerance.
PHYSIOLOGICAL AND BIOCHEMICAL
IMPACTS OF SALINITY EXPOSURE

Salt accumulation in soil and water prevents plant growth through
two major impacts. Firstly, the existence of salt in the soil solution
decreases the capacity of a plant to absorb water, which is referred
to as the osmotic or water deficiency of salt stress. This impact
relies on the concentration of salt outside the plant and growth
inhibition is mainly due to water shortage or osmotic stress, with
very little genotypic variation in this trait observed. Secondly, the
salt-specific or ion-excess salinity impact, whereby the
accumulation of Na+ and Cl- ions within the plant leads to toxic
impacts on plant biochemistry (Greenway and Munns, 1980). The
ionic phase of the growth loss can take some time, in some cases,
up to 30 days, to establish and can have impacts on metabolic
pathways that are required to provide sufficient energy to drive
vital functions in adapting the plant to saline environments
(Mittova et al., 2003). This includes the induction of plant
proteins and metabolites, compartmentalization of ions at the
cellular and tissue levels, the synthesis of compatible solutes,
changes in photosynthetic and respiratory pathways, the
induction of plant hormones, and alterations in membrane
structure. These impacts can ultimately disturb physiological
and biochemical homeostasis and lead to yield loss.

Limitations in the activity of photosynthesis induced by
salinity exposure is a major physiological impact of salt
exposure, reducing photosynthesis both in the short- and long-
term. Coupled with the loss of photosynthetic activity, changes in
plant respiration have also been extensively observed. These two
processes are linked through the concept of carbon-balance,
where an estimate of photosynthesis-fixed carbon minus
respiratory carbon results in net assimilated carbon for plant
growth. Under saline conditions, a slowing of respiration has
been observed in some cases, but the impacts on the net carbon
status of the plant remains limited due to a significant decrease in
Frontiers in Plant Science | www.frontiersin.org 3
photosynthesis (Schwarz and Gale, 1981). However, other
experiments have shown that specific respiration rates are
either increased (Schwarz and Gale, 1981; Reuveni, 1997; Che-
Othman et al., 2020) or are unaffected (Keiper et al., 1998; Epron
et al., 1999; Koyro et al., 2006). This coupled to the observation
that generally the rate of photosynthesis decreases, indicates that
respiratory variation may be essential in determining the
differences in yield between salt stressed and non-stressed crop
varieties. For example, a susceptible variety of wheat may show a
dramatically enhanced rate of respiration under salt conditions,
while the tolerant variety retains respiratory homeostasis, as a
result the tolerant variety allocates less of its fixed carbon to
respiration and more to growth (Kasai et al., 1998).

The disadvantage of elevated respiration rates is that carbon is
spent on respiration instead of being assigned to the synthesis of
new tissue, thereby restricting growth under a saline
environment (Flowers et al., 2015). Mitochondrial respiration
during salt exposure is needed to produce more ATP, which
provides energy for metabolic processes such as ion exclusion,
synthesis of compatible solutes and detoxification of ROS
(Munns and Tester, 2008). When mitochondrial respiration is
disrupted, this also disrupts the balance between ROS production
and scavenging leading to the over accumulation of ROS, which
requires greater respiration to detoxify (Jacoby et al., 2010).
Additionally, the ability of a plant to exclude Na+ ions is
linked to its root respiration rate (Malagoli et al., 2008) and it
has been shown that respiratory homeostasis in leaves is
associated with salt tolerance in wheat (Jacoby et al., 2013),
however, this is yet to be verified in a larger range of species. The
greater energy-use efficiency of a plant reduces the need to
increase respiration and subsequently this will lower the
production of ROS. The changing abundance of metabolites
that are components of the metabolic pathways that drive
respiration can play an important role in plant salinity
tolerance and these compounds can serve as a repository of
energy or act to adjust osmotic potential in crops exposed
to salinity.
CHANGES IN RESPIRATORY
METABOLISM IN RESPONSE TO SALINITY

To better understand the impacts of salinity on plant growth, it is
essential to assess the changes in abundance of metabolites
involved in respiratory metabolism. The activity of all enzyme-
catalysed responses, including those required to relocate ions and
metabolites through membranes is strictly regulated by enzyme
production and activity, enabling the adjustment of metabolic
products under different environmental conditions and
developmental stages. Additionally, plants have multiple
subcellular compartments that provide discrete environments for
the optimal activity of enzymes and allow for the segregation of
metabolic processes. The metabolic reactions within the plant cell
are therefore often complex and fluid and may involve the
movement of metabolites across multiple membranes into
different subcellular compartments. Furthermore, the simple
August 2020 | Volume 11 | Article 1072

https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Bandehagh and Taylor Alternative Metabolic Pathways During Salinity
abundance of a particular metabolite may not be sufficient for
tolerance and it may be the flux through a particular metabolic
pathway that is needed to contribute to stress tolerance (Allen
et al., 2009). Changes in abundance of metabolites are dynamic
and multifaceted in response to stress conditions and rely not only
on the intensity of the stress, but also on the genetic potential of
the crop plant exposed. Characterization of changes in abundance
of metabolites that are involved in components of the respiratory
metabolism can lead to a better understanding how salinity
exposure alters metabolite abundance and flux in central carbon
metabolism and the impact this has on plant performance.

The provision of respiratory substrates involves the breakdown
of sugar molecules involving a number of interconnected
metabolic processes including cytosolic glycolysis, the OPP
pathway, and the mitochondrial TCA cycle and METC. While
the metabolites and proteins involved in these processes were
characterized some time ago, their regulation and the impacts of
salt exposure are much less well understood. To date, there is no
unified consensus on the impacts of salt exposure on energy
metabolism, however salinity exposure does typically result in
elevated energy requirements and increased respiration (Jacoby
et al., 2011). Previous research has identified some of the molecular
responses to salinity exposure and many of these have been shown
to be linked to glycolysis, the OPP pathway, the TCA cycle, and
METC (Table 1). Although we often separate these metabolic
pathways to ease our understanding they do operate as an
integrated network of reactions and have several distinctive
“entry points” and “exit points”, a number of interconnected
reactions and reactions that are dependent on ATP (Stitt, 1998).
Respiratory metabolism is an integrated network of a large number
of reactions that is required to produce the majority of NAD(P)H
required to maintain ATP supply (Nunes-Nesi et al., 2013).
METABOLIC CHANGES IN GLYCOLYSIS
IN RESPONSE TO SALINITY EXPOSURE

Cellular energy is provided in the form of ATP that is produced
from the chemical energy stored in sugars through the action of
the metabolic pathways of glycolysis, the OPP pathway, the TCA
cycle, and the METC (Fernie et al., 2004). The process of
glycolysis involves the oxidation of glucose (derived from
starch and sucrose) to pyruvate (Figure 1). The TCA cycle
then decarboxylates this pyruvate to produce reductants such
as NADH and FADH2 are used by the METC to produce ATP by
oxidative phosphorylation. An increase in the carbon flow from
glycolysis leads to enhanced production of NADH, FADH2, and
ultimately the production of ATP. The oxidation of one sucrose
molecule by glycolysis results in four ATP, four molecules of
pyruvate, and four NADH molecules that are used in the TCA
cycle (Munns et al., 2020). Previous research has shown that a
number of metabolites of glycolysis change in abundance in
several crops, including maize (Guo et al., 2017), barley (Wu
et al., 2013) and wheat (Che-Othman et al., 2020) under salinity
stress (Figure 1 and Table 1) and that glycolysis and sucrose
metabolism are co-induced during long term salt exposure
Frontiers in Plant Science | www.frontiersin.org 4
(Urano et al., 2010). A considerable reduction in saccharide
abundance, including glucose, fructose, xylose, and sucrose has
been reported in a number of plants exposed to salinity including
Oryza sativa (Sanchez et al., 2008), Hordeum spontaneous (Wu
et al., 2013), and barley (Wu et al., 2013). These saccharides are
required as sources of glucose for glycolysis and may also
contribute to osmotic adjustment in plants.

The abundance of glucose, glucose-6-phosphate (glucose-6-
P) and fructose-6-phosphate (fructose-6-P), as intermediate
metabolites of glycolysis, has been shown to decrease in a
tolerant and increase in a salt-sensitive soybean [Table 1 and
Figure 1; (Zhang et al., 2016)]. While pyruvate, the final output
of glycolysis, has been shown to accumulate in two soybean lines,
the accumulation rate in salt-sensitive genotype was greater than
in salt-tolerant genotype (Zhang et al., 2016). This suggests that
the glycolysis pathway is essential for regulating energy
metabolism under salinity. Similarly, Wu et al. (2013) have
reported that in two salt tolerant barley genotypes, wild
barley (Hordeum spontaneum) has a greater chlorophyll and
compatible solute concentration during salt exposure, while
cultivated barley (Hordeum vulgare) increases its salt tolerance
primarily by enhancing glycolysis in leaves when it was exposed
to salt. Specifically, increases in the abundance of glucose,
glucose-6-P, fructose-6-P, and 3-phosphoglyceric acid (3-PGA)
were observed, whereas pyruvate only accumulated markedly in
the wild barley. In contrast, in the roots of both genotypes
intermediate metabolites of glycolysis, fructose-6-P, glucose-6-
P, and 3-PGA were decreased in abundance. Also, in sugar beet
cultivars, glycolysis metabolites were seen to increase in
abundance in response to increased energy demand under
salinity stress (Hossain et al., 2017). This increased activity of
glycolysis is consistent with the lower glucose abundance also
seen in some other crops including wheat (Che-Othman et al.,
2020) and barley (Widodo et al., 2009; Wu et al., 2013) as glucose
is consumed by glycolysis to produce pyruvate for the TCA cycle
(Fernie et al., 2004). However, pyruvate utilization may also be
reduced under salt stress and this can result in the accumulation
of pyruvate and feedback inhibition of glycolysis (Che-Othman
et al., 2020). Taken together, the observed patterns of changes in
abundance of metabolites indicate that typically glycolysis is up-
regulated in order to release more energy and accelerate the
metabolic response to stress. During this increase in activity
glucose and its energized form, glucose-6-P are the starting point
of glycolysis that breaks down glucose to pyruvate, which is
coupled to the production of two molecules of ATP. In addition,
the pyruvate produced can be utilized in the TCA cycle to yield
additional reductants for further ATP production.
IS THE OXIDATIVE PENTOSE PHOSPHATE
PATHWAY A SHUNT FOR GLYCOLYSIS
UNDER SALINITY?

The OPP pathway is an alternative partially independent
metabolic pathway connecting mitochondrial respiration and
energy metabolism and has a central role in the catabolism of
August 2020 | Volume 11 | Article 1072
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TABLE 1 | Research observations of changes in independent and shared metabolite abundances involved in glycolysis, the oxidative pentose pathway, and the TCA
cycle during salinity exposure.

Glycolysis

Metabolite
Ref

Other
Pathways

Metabolite Decrease in Abundance Increase in Abundance No Change in
Abundance

G1 Glucose (Sanchez et al., 2008; Widodo
et al., 2009; Wu et al., 2013;
Zhang et al., 2016; Guo et al.,
2017; Che-Othman et al., 2020)

(Cramer et al., 2007; Gavaghan et al., 2011;
Wu et al., 2013; Zhang et al., 2016)

G2 O1 Glucose-6-phosphate (Zhang et al., 2016; Hossain et al.,
2017)

(Wu et al., 2013; Zhang et al., 2016; Guo
et al., 2017; Hossain et al., 2017)

(Shabala et al., 2015)

G3 O2 Fructose-6-phosphate (Zhang et al., 2016; Hossain et al.,
2017)

(Wu et al., 2013; Guo et al., 2017; Hossain
et al., 2017)

(Shabala et al., 2015)

G4 Fructose-1,6-bisphosphate (Mastrobuoni et al., 2012)
G5 O7, O11 Glyceraldehyde-3-phosphate
G6 Dihydroxyacetone phosphate
G7 1,3-Bisphosphoglycerate
G8 3-Phosphoglycerate (Wu et al., 2013; Guo et al., 2017;

Hossain et al., 2017)
(Wu et al., 2013; Guo et al., 2017)

G9 2-Phosphglycerate
G10 Phosphoenolpyruvate (Hossain et al., 2017) (Wu et al., 2013; Guo et al., 2017) (Shabala et al., 2015)
G11 T15 Oxaloacetate (Kazachkova et al., 2013;

Che-Othman et al., 2020)
G12 T14 Malate (Fougere et al., 1991; Sanchez

et al., 2008; Gavaghan et al., 2011;
Saha et al., 2012; Wu et al., 2013;
Yang et al., 2015; Che-Othman
et al., 2020)

(Cramer et al., 2007; Widodo et al., 2009;
Gavaghan et al., 2011; Wu et al., 2013; Dias
et al., 2015; Zhang et al., 2016; Hossain
et al., 2017)

G13 T1 Pyruvate (Wiskich and Dry, 1985; Saha et al., 2012; Wu
et al., 2013; Zhang et al., 2016; Guo et al.,
2017; Hossain et al., 2017)

Oxidative Pentose Phosphate Pathway

Metabolite
Ref

Other
Pathways

Metabolite Decrease Increase No Change

O1 G2 Glucose-6-phosphate (Zhang et al., 2016; Hossain et al.,
2017)

(Wu et al., 2013; Hossain et al., 2017) (Shabala et al., 2015)

O2 G3 Fructose-6-phosphate (Zhang et al., 2016; Hossain et al.,
2017)

(Wu et al., 2013; Hossain et al., 2017) (Shabala et al., 2015)

O3 6-Phosphogluconolactone
O4 6-Phosphogluconate (Hossain et al., 2017)
O5 Ribulose-5-phosphate (Hossain et al., 2017)
O6 Ribose-5-phosphate (Hossain et al., 2017)
O7 G5, O11 Glyceraldehyde-3-phosphate
O8 Xylulose-5-phosphate
O9 Sedoheptulose-7-phosphate (Hossain et al., 2017)
O10 Erythrose-4-phosphate
O11 G5, O7 Glyceraldehyde-3-phosphate

Tricarboxylc Acid Cycle

Metabolite
Ref

Other
Pathways

Metabolite Decrease Increase No Change

T1 G13 Pyruvate (Wiskich and Dry, 1985; Saha et al., 2012;
Wu et al., 2013; Zhang et al., 2016; Guo
et al., 2017; Hossain et al., 2017)

T2 Acetyl-CoA (Yu et al., 2018)
T3 Citrate (Zuther et al., 2007; Wu et al.,

2013; Che-Othman et al., 2020)
(Cramer et al., 2007; Saha et al., 2012; Wu
et al., 2013)

T4 Isocitrate (Hossain et al., 2017) (Cramer et al., 2007; Dias et al., 2015; Zhang
et al., 2016)

(Wu et al., 2013)

T5 T9 2-Oxoglutarate (Fougere et al., 1991; Zuther et al.,
2007; Sanchez et al., 2008;

(Che-Othman et al., 2020) (Hossain et al., 2017)

(Continued)
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carbohydrates, producing the reductant NADPH (Figure 2).
This NADPH produced during a plants response to salt stress
is thought to be critical in enabling survival (Huan et al., 2014).
Glucose-6-phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase are key enzymes in this pathway with Glucose-
6-P the second intermediate metabolite of glycolysis and the
first metabolite of the OPP pathway (Figure 2 and Table 1).
This pathway provides NADPH for reductive synthesis
and intermediary metabolites such as pentose and erythrose-4-
phosphate that are precursors for various biosynthetic pathways
including aromatic amino acids, phytoalexins, nucleic acids,
sugar derivatives, and co-enzymes which are involved in plant
stress tolerance (Hauschild and Von Schaewen, 2003; Kruger and
Von Schaewen, 2003). The oxidative pentose phosphate pathway
is the main route of NADPH formation which is used in plant
cells for biosynthesis and redox stability (Cardi et al., 2011). The
OPP pathway also produces ribose 5-phosphate that is required
for the Calvin cycle and in nucleotide synthesis (Debnam and
Emes, 1999).

In response to salinity exposure, a number of oxidative pentose
phosphate pathway metabolites have been shown to increase in
abundance [Figure 2 and Table 1; (Wu et al., 2013; Zhang et al.,
2016; Hossain et al., 2017)]. It has been reported that in some cases
Frontiers in Plant Science | www.frontiersin.org 6
salinity stress produces a significant suppression of the TCA cycle
and amino acid metabolism, that restricts glycolysis and diverts
carbon into the OPP pathway (Krishnaraj and Thorpe, 1996;
Nemoto and Sasakuma, 2000). Research in wheat has shown that
the OPP pathway is involved in the salinity response with an
increase in OPP activity at the expense of the glycolytic pathway
demonstrated through the use of 14C-6-glucose (Krishnaraj and
Thorpe, 1996) and the induction of glucose-6-P dehydrogenase
mRNA after short term salinity exposure (Nemoto and Sasakuma,
2000). Similarly, in Tamarix tetragyna exposed to 120 mMNaCl an
enhanced proportion of 14C-glucose was oxidized through the OPP
pathway but did not influence the glycolytic pathway (Kalir and
Poljakoff-Mayber, 1976). This stimulation of OPP pathway
identified by using labelled glucose has also been reported in pea
roots (Porath and Poljakoff-Maybee, 1968). As energy requirements
increase under salt exposure many metabolites related to ATP
production have been reported to increase in abundance in many
plants, especially halophytic species (Sobhanian et al., 2010; Cheng
et al., 2015). Similarly, the abundance of a number of enzymes of the
OPP pathway have also been reported to increase during salt
exposure (Nemoto and Sasakuma, 2000; Hou et al., 2007;
Sobhanian et al., 2010). The OPP pathway is a central component
of metabolism and is highly flexible and dynamic under stress
TABLE 1 | Continued

Glycolysis

Metabolite
Ref

Other
Pathways

Metabolite Decrease in Abundance Increase in Abundance No Change in
Abundance

Wu et al., 2013; Dias et al., 2015;
Yang et al., 2015)

T6 T10 Glutamate (Wu et al., 2013) (Cramer et al., 2007; Carillo et al., 2008;
Gavaghan et al., 2011; Liu et al., 2011; Zhang
et al., 2016; Che-Othman et al., 2020)

(Dias et al., 2015;
Hossain et al., 2017)

T7 Succinyl-CoA
T8 4-Aminobutanoic acid (GABA) (Dias et al., 2015) (Allan et al., 2008; Carillo et al., 2008;

Sanchez et al., 2008; Widodo et al., 2009;
Gavaghan et al., 2011; Liu et al., 2011; Al-
Quraan et al., 2013; Hossain et al., 2017;
Che-Othman et al., 2020)

T9 T5 2-Oxoglutarate (Fougere et al., 1991; Zuther et al.,
2007; Sanchez et al., 2008; Wu
et al., 2013; Dias et al., 2015; Yang
et al., 2015)

(Che-Othman et al., 2020) (Hossain et al., 2017)

T10 T6 Glutamate (Wu et al., 2013) (Cramer et al., 2007; Carillo et al., 2008;
Gavaghan et al., 2011; Liu et al., 2011; Zhang
et al., 2016; Che-Othman et al., 2020)

(Dias et al., 2015;
Hossain et al., 2017)

T11 Succinate (Cramer et al., 2007; Wu et al.,
2013; Hossain et al., 2017)

(Widodo et al., 2009; Gavaghan et al., 2011;
Wu et al., 2013; Dias et al., 2015; Zhang
et al., 2016; Che-Othman et al., 2020)

T12 Succinic semialdehyde N/A
T13 Fumarate Cramer et al., 2007; Kazachkova

et al., 2013; Wu et al., 2013; Dias
et al., 2015; Hossain et al., 2017;
Che-Othman et al., 2020)

(Wu et al., 2013)

T14 G12 Malate (Fougere et al., 1991; Sanchez
et al., 2008; Gavaghan et al., 2011;
Saha et al., 2012; Wu et al., 2013;
Yang et al., 2015; Che-Othman
et al., 2020)

(Cramer et al., 2007; Widodo et al., 2009;
Gavaghan et al., 2011; Wu et al., 2013; Dias
et al., 2015; Zhang et al., 2016; Hossain
et al., 2017)

T15 G11 Oxaloacetate (Kazachkova et al., 2013; Che-
Othman et al., 2020)
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FIGURE 1 | The glycolytic pathway. OPP, Oxidative pentose phosphate pathway; PPi, pyrophosphate, Pi, inorganic phosphate; TPI, triose phosphate isomerase;
NAD+, nicotinamide adenine dinucleotide (oxidized); NADH, nicotinamide adenine dinucleotide (reduced); NADP+, nicotinamide adenine dinucleotide phosphate
(oxidized); NADPH; nicotinamide adenine dinucleotide phosphate (reduced); ATP, adenosine triphosphate; ADP, adenosine diphosphate; MDH, malate
dehydrogenase; PEPC, phosphoenolpyruvate carboxylase; PK, pyruvate kinase. G1-G13 represent each metabolite of glycolysis and the number before the red
arrows indicate the number of papers that report an increase in abundance, the number before the green arrows indicates the number of papers that report a
decrease in abundance, and the number before the black dashes indicates the number of papers that report no change in abundance.
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conditions (Kaur and Asthir, 2015; Lu et al., 2016). The interaction
of the OPP pathway and glycolysis allows the fine tuning of the
abundance of reducing power in the form of NADPH, NADH, and
ATP under salinity (Couee et al., 2006). However, the precise
function of OPP pathway is largely unclear in the plant response
to salinity stress and the impact of salt exposure on the activity of its
enzymes remains to be examined.
TRICARBOXYLIC ACID CYCLE
METABOLITE CHANGES DURING
SALINITY EXPOSURE

Respiratory metabolism involving glycolysis and the OPP
pathway is linked to the mitochondrial TCA cycle, converting
Frontiers in Plant Science | www.frontiersin.org 8
phosphoenolpyruvate (PEP) to malate, oxaloacetate or pyruvate
(Table 1 and Figure 1). Subsequently these organic acids are
interconverted in the TCA network (Figure 3), to generate
energy and eventually yield 15 ATP equivalents per pyruvate
(Fernie et al., 2004). The response of TCA cycle components to
salinity exposure in crops has been investigated (Figure 3 and
Table 1), but in most cases the molecular mechanism and the
impact of these modifications on TCA cycle activity are still not
fully understood. Furthermore, it is not apparent whether these
changes in the activity of TCA cycle components results from the
impacts of stress or are in fact tolerance mechanisms induced to
overcome stress.

The TCA cycle consumes acetate (in the form of acetyl-CoA),
converts NAD+ to NADH and is a key element of the synthesis of
respiratory ATP by providing reductant for the METC. While a
wide range of research has examined the TCA cycle metabolite
FIGURE 2 | The oxidative pentose phosphate pathway. NADPH, nicotinamide adenine dinucleotide phosphate (reduced); R-5-p I, ribose-5-phosphate isomerase;
R-5-p Epimerase, ribulose-5-phosphate epimerase. O1-O10 represent each metabolite of the OPP pathway and the number before the red arrows indicate the
number of papers that report an increase in abundance, the number before the green arrows indicates the number of papers that report a decrease in abundance
and the number before the black dashes indicates the number of papers that report no change in abundance.
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Bandehagh and Taylor Alternative Metabolic Pathways During Salinity
content of salt-treated crops, the metabolite changes in response
to salt treatments differs between species or in some cases
genotypes within the same species and this complicates our
current understanding (Gong et al., 2005). Typically, an
accumulation of sucrose and amino acids, especially proline,
alanine, GABA, and lysine are seen in wheat (Che-Othman et al.,
2020), barley (Widodo et al., 2009) and other crops (Sanchez
et al., 2008; Hossain et al., 2017) following salt exposure. The
biosynthesis of these amino acids involves the TCA cycle
intermediates 2-oxoglutarate, pyruvate and oxaloacetate, which
is likely why when increases in these amino acids are observed,
decreases are also seen in the corresponding organic acids.
(Hanning et al., 1999; Wu et al., 2013; Diab and Limami,
2016). In most reports, organic acids and intermediates in the
TCA cycle decline in abundance after salt stress in many crops
Frontiers in Plant Science | www.frontiersin.org 9
[Table 1 and Figure 1; (Gagneul et al., 2007; Kim et al., 2007;
Zuther et al., 2007; Sanchez et al., 2008; Che-Othman et al.,
2020)]. For example, Zuther et al. (2007) showed a significant
differentiation of metabotypes from sensitive and tolerant rice
cultivars that was more apparent in the root than in the leaf. The
roots of the more tolerant rice cultivars had reduced TCA cycle
intermediate abundance and a greater abundance of amino acids.
In contrast in the barley cultivar Sahara (salt sensitive), the TCA
cycle intermediates (a-ketoglutarate, aconitate, citrate, isocitrate,
malate, and succinate) increased in abundance during salt
exposure, while similarly treated Clipper (salt tolerant cultivar)
showed no significant change in abundance after 3 weeks of
exposure (Widodo et al., 2009). In a similar study using the
same barley cultivars examining short term salinity exposure,
both varieties showed an increased abundance of TCA cycle
FIGURE 3 | The tricarboxylic acid cycle. NAD+, nicotinamide adenine dinucleotide (oxidized); NADH, nicotinamide adenine dinucleotide (reduced); ATP, adenosine
triphosphate; ADP, adenosine diphosphate; Pi, inorganic phosphate; GTP, guanosine triphosphate; GDP, guanosine diphosphate; Q, qunione; QH2, dihydroquinone.
T1-T15 represent each metabolite of the TCA pathway and the number before the red arrows indicate the number of papers that report an increase in abundance,
the number before the green arrows indicates the number of papers that report a decrease in abundance, and the number before the black dashes indicates the
number of papers that report no change in abundance.
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intermediates in the root elongation zone, likely indicating an
increased energy requirement for cell division (Shelden et al.,
2016). Analysis of the abundances of organic acids in wheat
plants showed a reduction in the abundance of aconitate, citrate,
malate and fumarate in salt-stressed plants, while succinate and 2-
oxoglutarate increased in abundance (Che-Othman et al., 2020). 2-
Oxoglutarate is generated from oxidative decarboxylation of
isocitrate by the TCA cycle enzyme isocitrate dehydrogenase and
can also be generated by glutamate dehydrogenase from
deamination of glutamate. The enhanced abundance of this
metabolite may be the consequence of enhanced activity of one
or both of these enzymes (Masclaux-Daubresse et al., 2006). A
greater abundance of lysine, methionine, and asparagine was also
observed, which are derived from oxaloacetate, these amino acids
can arise from various sources including protein degradation and
de novo synthesis by assimilating nitrogen into carbon skeletons
obtained from glycolysis and TCA cycle intermediates (Gilbert
et al., 1998). Glutamate is used as an ammonia donor to synthesize
proline, glutamine, and ornithine which also increased in wheat
plants under salt stress (Carillo et al., 2008; Che-Othman et al.,
2020). When the ammonia group is given to oxaloacetate from
glutamate through aspartate aminotransferase, aspartate is
produced which is a precursor for synthesis of asparagine, lysine,
and methionine that also increased in abundance during salt
exposure (Petrov et al., 2015; Che-Othman et al., 2020).

Increases in respiration have been suggested as a short-term
adjustment mechanism for salinity exposure in order to manage
the demand for rising energy consumption (Bloom and Epstein,
1984). Organic acid concentrations, particularly those that are
components of the TCA cycle contribute to this metabolic
activity of the tissue under stress. Increases in the abundance
of these organic acids is associated with the plant’s capacity to
maintain or enhance yield when stressed (Widodo et al., 2009).
In contrast, a lower abundance of several organic acids (most
notably citrate and isocitrate) in wheat leaves (Che-Othman
et al., 2020), barley leaves (Wu et al., 2013), and rice roots
(Sanchez et al., 2008) under salinity stress shows that these
metabolites which are downstream of pyruvate are depleted
likely through the inhibition of pyruvate transport into the
mitochondria or its conversion to acetyl-CoA. In many
instances, a long-term reaction to salinity exposure involves a
reduction in respiration, and this is followed by a reduction in
energy because as growth slows under the stress the organic acids
decline, in particular in TCA intermidiates (Lambers et al., 2008).
However, a decrease in pyruvate carrier abundance and subunits
of pyruvate dehydrogenase complex also reduces the ability of
TCA cycle to produce NADH for respiration (Che-Othman
et al., 2020).

Interestingly, there has been some suggestion that there are
differing responses of TCA cycle intermediates in the leaves and
roots of some plants. For example, in maize roots, malate, and
succinate levels increased, while in shoots, glutamate and
asparagine increased and malate decreased in abundance
indicating tissue specific variations in the salinity response of
TCA cycle components (Gavaghan et al., 2011). Similarly, in the
leaves and roots of barley aconitate and citrate were observed to
Frontiers in Plant Science | www.frontiersin.org 10
increase in abundance, however they decreased in abundance in
the roots following salinity exposure. At the same time, there
have been examples of TCA cycle intermediates in the same
plants tissues responding differentially to salt exposure across
different experiments. For example, in studies examining the
leaves (Widodo et al., 2009) and roots of barley (Wu et al., 2014)
exposed to salinity the TCA cycle intermediates a-ketoglutarate,
aconitate, citrate, isocitrate, malate, succinate all increased in
abundance, while aconitate and citrate decreased in abundance
only in barley leaves (Wu et al., 2014). Similarly there have also
been reports of differing responses of TCA cycle intermediates
between salt sensitive and salt tolerant varieties, for example in
the flower and pod tissues of the desi chickpea cultivar, cv Rupali
(salt sensitive) isocitrate and aconitate increased during salt
exposure while in the salt tolerant cv Genesis 836 this did not
occur (Dias et al., 2015). In other words, salt-sensitive and salt
tolerance lines may utilize differential metabolite responses when
exposed to salinity. Additionally in some cases these factors are
compounding such as, the study of Zuther et al. (2007) which
showed a significant differentiation of metabolite contents from
sensitive and tolerant rice cultivars that was more apparent in the
root than in the leaf. The roots of the more tolerant rice cultivars
had reduced TCA cycle intermediate abundance and a greater
abundance of amino acids. While these differences between salt
sensitive and tolerant varieties, or between roots and shoots
appear to be interesting leads we must also take into account that
many of these responses have been recorded on different time
scales, intensities of treatment, across experiments and thus the
apparent differences observed between tissues, genotypes, and
tolerance must be taken with a grain of salt. Until a unified
consensus is reached through a large number of studies it is very
difficult to determine if these are a consequence of salt exposure
or an induction of a tolerance mechanism.
THE ROLE OF THE g-AMINOBUTYRIC-
ACID SHUNT DURING SALINITY

There are several alternative pathways of TCA cycle metabolism
and other metabolic pathways that can provide reductants to the
METC, including the malate-pyruvate pathway catalyzed by malic
enzyme, beta-oxidation, and the g-aminobutyric-acid (GABA)
shunt which have all been characterized in crops (Che-Othman
et al., 2017; Munns et al., 2020). The GABA shunt was first
identified in potato (Solanum tuberosum) more than 70 years ago
(Steward et al., 1949), however, to date its function is not yet fully
understood. Its activity involves the assimilation of ammonia into
2-oxoglutarate by glutamate dehydrogenase to produce glutamate
which is decarboxylated to generate GABA and CO2 in the cytosol.
A GABA transporter transfers GABA to the mitochondria where
it is transformed to succinic semialdehyde (SSA) and then to
succinate (Figure 3). The GABA shunt maintains TCA cycle
function, bypassing the steps catalyzed by 2-oxoglutarate
dehydrogenase and succinyl-CoA synthase maintaining NADH
and succinate production for the METC (Bouche et al., 2003;
August 2020 | Volume 11 | Article 1072
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Studart-Guimaraes et al., 2007). The metabolite GABA has been
shown to accumulate in response to a range of both biotic
and abiotic stresses. This is likely due to GABA transaminase
(4-aminobutyrate:2-oxoglutarate aminotransferase, GABA-T)
activity being restricted under stress environments, leading to
the accumulation of GABA for the supply of succinate to the TCA
cycle (Shelp et al., 2012). When GABA catabolism into the TCA
cycle is reduced, this impacts the growth of the root systems and
the structure of cell walls and sugar and starch catabolism
increases (Renault et al., 2013). The GABA shunt is imperative
both for plant development and in responses to various stresses
and GABA can also act as a signalling molecule that interacts and
modifies protein activity (Fait et al., 2008; Long et al., 2020).

Recent studies point to a GABA shunt pathway that is
responsive to numerous environmental stresses including cold,
heat, drought, and salinity and acts as an accumulative adaptive
metabolite in crops. Other probable roles for GABA and the
GABA shunt in crops include the maintenance of C:N
equilibrium under a range of abiotic stresses (Mazzucotelli
et al., 2006), oxidative stress defence (Fait et al., 2006), biotic
defence (Mclean et al., 2003), osmoregulation (Bor et al., 2009),
and cytosolic pH regulation (Snedden et al., 1995). GABA
abundance is primarily controlled through the rate of
synthesis, although GABA has been shown to increase in
Arabidopsis GABA-T deficient mutants under salinity stress
indicating its concentration can also be controlled by its
degradation (Fait et al., 2008; Renault et al., 2010). Increases in
GABA abundance in response to salt stress could also result from
the reverse reaction of GABA-T, which can catalyze the
conversion of SSA to GABA (Akcay et al., 2012). GABA and
proline abundance has been shown to increase in response to
salinity and a range of other abiotic stresses in wheat (Al-Quraan
et al., 2013; Che-Othman et al., 2020), maize (Wang et al., 2017),
soybean (Xing et al., 2007), tobacco (Allan et al., 2008), sesame
(Bor et al., 2009), and barley (Widodo et al., 2009). These two
metabolites can be quickly produced for cellular stress
protection, primarily as osmolytes, ROS scavengers and
signalling molecules (Carillo et al., 2008). The abundance of
glutamate as a precursor for proline and GABA also increases
under stress conditions (Liu et al., 2011; Carillo, 2018) along with
other associated amino acids. Although the primary source of
GABA is GAD activity, it could also be obtained from putrescine
during glycine betaine biosynthesis (Shelp et al., 2012) and also
proline under oxidative stress conditions (Signorelli et al., 2015).
While there is one report that shows a decrease in GABA
abundance under salinity stress, it seems likely the severe
treatment of tobacco plants with 500 mM NaCl caused this
loss (Zhang et al., 2011). The activity of the GABA shunt is
influenced by GAD activity which is dependent on pH and
calcium ion abundance (Che-Othman et al., 2017). This has been
demonstrated in soybeans exposed to CaCl2 where increases in
the activity of GAD and the GABA shunt led to increased
respiration (Yin et al., 2015). The high expression of GAD
under salinity conditions indicates that the main route of
GABA production would be GAD-mediated conversion of
glutamate to GABA.
Frontiers in Plant Science | www.frontiersin.org 11
Salt exposure also increases two other GABA shunt
metabolites, glutamate and alanine, and the activity GABA
metabolism enzymes (Renault et al., 2010; Al-Quraan et al.,
2019; Che-Othman et al., 2020). Because GABA production is
closely connected to the abundance of glutamate, GABA
synthesis plays an important role in determining glutamate
abundance with GABA acting as a nitrogen storage metabolite.
Glutamate is a precursor to many metabolites linked to stress
exposure and maintaining high levels of this metabolite under
salinity stress is vital in spite of glutamate abundance being
significantly impacted by GAD expression (Forde and Lea,
2007). Organic acid pools of fumarate and malate which occur
after the GABA shunt in the TCA cycle show significant
decreases in abundance under salt stress in alfalfa (Medicago
sativa) (Fougere et al., 1991) and wheat (Che-Othman et al.,
2020). These metabolites are used for the synthesis of aspartate-
derived amino acids including asparagine, lysine, threonine,
isoleucine, and methionine, are derived from oxaloacetate from
the TCA cycle and increase in abundance under salt exposure
(Che-Othman et al., 2020). Recently in wheat it was shown that
during salt exposure an increase in GABA shunt activity
provides an alternative carbon supply into the TCA cycle
through succinate production that bypasses the 2-oxoglutarate
dehydrogenase complex (OGDC) and succinyl Co-A synthetase
catalysed steps of the TCA cycle (Che-Othman et al., 2020). This
induction was required as OGDC was shown to be significantly
inhibited during salt exposure (Che-Othman et al., 2020).
Similarly, it has been previously shown in transgenic tomato
that had a reduced activity of the b-subunit of succinyl-CoA
synthetase that this enzyme was dispensable due to the up
regulation of the GABA shunt, bypassing the need for succinyl-
CoA synthetase activity (Studart-Guimaraes et al., 2007). In
addition to the reduced OGDC activity, both a reduction in the
abundance of the pyruvate carrier and the activity and abundance
in pyruvate dehydrogenase (PDC) subunits was observed in wheat
exposed to salt (Che-Othman et al., 2020). This lowers the capacity
for cyclic operation of the TCA cycle to provide reductant for
respiration, however, it was shown through the use of inhibitors
that the GABA shunt contributes to overcoming this limitation
(Che-Othman et al., 2020).
COULD AN ENZYMATIC BYPASS AND/OR
b-OXIDATION SUPPORT NADH
PRODUCTION DURING SALINITY?

As the capacity for the cyclic operation of the TCA cycle is
restricted due to the inhibition of OGDC and PDC and
pyruvate transport during salt exposure, the amount reductant
supplied for respiration will decrease. However, it has been shown
in many studies that during salinity exposure the respiration rate
increases (Jacoby et al., 2011), so how can reductant production be
maintained or enhanced? The inhibition of OGDC is overcome by
the induction of the GABA shunt, but without mitochondrial
pyruvate abundance and PDC activity, normal cyclic TCA
August 2020 | Volume 11 | Article 1072
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operation is not possible as acetyl-CoA production is reduced.
Interestingly, a similar situation is encountered during phosphate
starvation as a restriction in the availability of Pi and adenylates
restricts the availability of pyruvate (Theodorou and Plaxton,
1993). The production of pyruvate from phosphoenolpyruvate
requires the activity of PK and ADP (Figure 1) and with lower
ADP abundance during phosphate starvation pyruvate
production is reduced. To overcome this limitation the
combined activities of phosphoenolpyruvate carboxylase
(PEPC), malate dehydrogenase (MDH), and NAD-malic
enzymes act to function as an alternative pathway to provide
pyruvate to the mitochondria (Theodorou and Plaxton, 1993).
Under salt exposure, a similar response may be involved with both
PEPC and cytosolic MDH supplying malate to the mitochondria,
that is then converted to OAA by mitochondrial MDH producing
NADH. This OAA could then be utilized in the production of
aspartate-derived amino acids including asparagine, lysine, and
methionine which are all seen to increase dramatically during salt
exposure (Che-Othman et al., 2020) or combined with acetyl-CoA
derived from b-oxidation. Whether this bypass is implemented
during salinity is yet to be confirmed but it is known that MDH is
salt tolerant (Che-Othman et al., 2020) and that PEPC expression
and activity increases during salinity exposure of crops
(Echevarria et al., 2001; Gonzalez et al., 2003).

A second mechanism by which NADH production may be
maintained is through b-oxidation. b-oxidation is the catabolic
pathway whereby fatty acid molecules in the mitochondria are
decomposed in a cyclic process, involving the repeated oxidation
of the b carbon atom of a fatty acid and the removal of two
carbon atoms in the form of acetyl-CoA reducing the fatty acid
length (Masterson and Wood, 2009). The acetyl-CoA can then
enter the TCA cycle to provide carbon for the cyclic operation of
the TCA cycle, by combining with OAA to produce citrate.
Additionally, during b-oxidation NADH and FADH2 are also
produced and can be used by electron transport chain to produce
ATP. A metabolite profiling study in salt-treated soybean
seedlings indicated a significant role in the energy production
from b-oxidation (Zhang et al., 2016). In this report, significant
changes in the abundance of several fatty acids were observed in
salt sensitive and salt tolerant soybean plants. Similarly increases
in citrate production via b-oxidation has also been reported in
sweet potato under salinity stress (Mclachlan et al., 2016; Yu
et al., 2018). In sweet potato, b-oxidation inhibition led to a
noticeable accumulation of lipids in vegetative tissues under
NaCl stress and also disturbed K+/Na+ homeostasis and the
exogenous stimulation of this pathway showed plasma
membrane H+–ATPase activity and restored K+/Na+

homeostasis (Yu et al., 2018). In these plants, the resulting
acetyl-CoA was thought to be used by citrate synthase to
catalyse citrate entering to TCA cycle (Yu et al., 2018).
Interestingly when the development of and during the recovery
of salt treated Arabidopsis plants was examined in the presence
and absence of carnitine, those exposed to carnitine showed
untreated growth rates and recovery from salt exposure
(Charrier et al., 2012). Similarly, the application to carnitine to
barley seedlings reduced the damage caused by salt exposure by
Frontiers in Plant Science | www.frontiersin.org 12
increasing mitosis and decreasing DNA damage (Oney-Birol,
2019). Carnitine facilitates the transport of cytosolic fatty acids
into mitochondria which can then undergo b-oxidation and
supply acetyl CoA to the TCA cycle. Under cold exposure which
in addition to salinity exposure causes the breakdown of
triacylglycerols, this carnitine was also shown to increase the
transport of fatty acids in to mitochondria, stimulate respiration,
and the activity of citrate synthase in maize (Turk et al., 2019).
Taken together, the transport of malate produced by PEPC and
cytosolic MDH into the mitochondria could be coupled to acetyl-
CoA produced from b-oxidation to restore the cyclic operation
of the TCA cycle. This in combination with the GABA shunt
would overcome the inhibition of OGDC, PDC, and pyruvate
transport seen in wheat (Che-Othman et al., 2020). This could
allow sufficient supply of reductant to the METC to facilitate the
high rates of respiration seen in response to salt exposure.
THE MITOCHONDRIAL ELECTRON
TRANSPORT CHAIN AND SALINITY

The efficient generation of ATP by mitochondria is critical to
provide energy required for salinity tolerance mechanisms
in plants (Jacoby et al., 2011). The process of oxidative
phosphorylation connects the oxidation of reductants such
as NADH to the transport of electrons through the METC
to ultimately reduce O2 to water. During this process an
electrochemical gradient is established across the inner
mitochondrial membrane through the transport of H+ ions
from the mitochondrial matrix to the intermembrane space.
This electrochemical gradient is then used by ATP synthase to
generate ATP. Electrons can enter the METC through one of
four unique pathways in plants (Schertl and Braun, 2014):
(1) Dehydrogenases in the mitochondrial matrix reduce
compounds such as NAD(P)+ to NAD(P)H and these electrons
are then transmitted to the METC through Complex I, Complex
II or matrix facing NAD(P)H dehydrogenases that oxidize the
NADH, (2) The matrix-FADH2 route where FAD+ is reduced
and passes electrons to the ubiquinone pool, sometimes via the
electron transfer flavoprotein/electron transfer flavoprotein
oxidoreductase, (3) Intermembrane space (IMS) NAD(P)H is
oxidized by IMS facing alternative NAD(P)H dehydrogenases,
(4) The IMS-FADH2 route where reduced FADH2 or FMNH2

pass electrons directly to the ubiquinone pool and cytochrome c.
The contribution of each of these four pathways is dependent on
the physiological state of the cell and the impacts of biotic and
abiotic stresses. Under normal conditions cyclic TCA cycle
activity is the main source of reducing agents for the METC.

Only a limited number of studies have examined the impact
of salinity of the function of the METC in plants. The
observation that salinity can differentially impact the activity of
the METC was first shown by Hamilton and Heckathorm (2001)
in isolated maize mitochondria. They demonstrated that CI was
more sensitive to salinity exposure than CII and that while the
activity of CI could be restored by antioxidants including
ascorbate, glutathione, SOD, catalase, and a-tocopherol while
August 2020 | Volume 11 | Article 1072

https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Bandehagh and Taylor Alternative Metabolic Pathways During Salinity
CII activity was restored by osmoprotectants such as proline and
glycine betaine. More recently, we showed that MTEC activity
was inhibited by NaCl concentrations above 400 mM. However,
different electron transfer chains showed divergent responses to
NaCl concentrations between 0–200 mM. A stimulation of
oxygen consumption was measured in isolated wheat
mitochondria in response to NaCl when exogenous NADH
was provided as substrate and electron flow was coupled to the
generation of a proton gradient across the inner membrane
(Jacoby et al., 2016). Furthermore, it has been demonstrated
that supplying NADH and succinate to the METC can maintain
oxidative phosphorylation performance under stress and fulfil
energy demands during stress conditions (Jacoby et al., 2016).
These observations are consistent with the results described by
(Che-Othman et al., 2020) in that succinate production via
GABA shunt can the enhance METC pathway and support the
coupled oxidative phosphorylation pathway in wheat under
salinity stress. In addition to succinate, proline is another
important metabolite that its accumulated and decomposed
during exposure to environmental stresses and can provide
electrons to the mitochondrial electron transport chain leading
to the production of ATP (Szabados and Savoure, 2010). This is
carried out by the activity of proline dehydrogenase, a
mitochondrial flavoenzyme that is in close association with the
mitochondrial inner membrane and METC. Electrons from
proline are transferred to the FAD cofactor, and from there to
a quinone acceptor in the METC. Several reports have shown a
reduction in the expression of mitochondrial enzyme proline
dehydrogenase under salt stress (Ben Rejeb et al., 2014; Kaur and
Asthir, 2015). Generally, when proline is accumulated under
salinity stress, this accumulation is thought to provide a
protective role as suggested for CII suggested above. However,
its role in the recovery from salinity exposure, once its
osmoprotectant role is no longer needed is yet to be examined.
CONCLUSION AND FUTURE DIRECTIONS

Soil is increasingly becoming salinized and we need to employ
multiple research approaches to maintain and enhance crop
growth and yield. One approach to achieve this is may arise
from a better understanding of the response of the metabolic
pathways involved in respiration to salinity and the metabolic
engineering of these pathways to enhance energy efficiency,
enabling more of the energy harvested by photosynthesis to be
utilized for crop production. This review has examined the impact
of salinity exposure on the metabolites involved in respiratory
metabolism and suggested alternative metabolic pathways and
shunts that are or maybe involved in the metabolic response to
salinity in crops that lead to the increase respiratory rates that are
often observed. To date, there has been a lack research how these
pathways are impacted by salt exposure and we are yet to
characterize all the enzymes inhibited by salinity. In addition,
the suggested alternative metabolic routes and shunts proposed
here are yet to be examined holistically, although individual
experiments do suggest their role in the salinity response is
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required to overcome the metabolic road blocks cause by direct
inhibition of some enzymes. Breeding plants that can overcome
these metabolic road blocks will likely be enhanced by the use of
genetic diversity with varying salinity tolerance by identifying
enzymes that are more salt tolerant. However, the identification of
these isoforms will be much more efficient if they are coupled to a
full knowledge of the mechanisms of inhibition and stimulation of
the major respiratory pathways and related shunts. The studies
examined in this review demonstrate the flexibility of respiratory
metabolism and how this regulates metabolite fluxes to enhance
the ability to maintain or enhance energy production under
salt exposure.

The mechanism of GABA shunt activation during salinity
exposure is yet to be revealed, although the link between
exposure to salinity and GABA shunt activity has been
demonstrated, where the maximum respiratory rate is
dependent on GABA shunt activity (Che-Othman et al., 2020).
It is likely that GABA plays a dual function, similar to glutamate
and sugars, as a signalling molecule and a metabolite in energy
metabolism by providing a carbon source as an alternative
pathway for the TCA cycle during salinity exposure (Bouche
and Fromm, 2004). The GABA shunt produces glutamate that
enters from cytosol to the mitochondria for further catabolic
activity and its biochemical interactions with other cytosolic
respiratory pathways such as glycolysis and the oxidative pentose
pathway remain to be resolved. The GABA shunt is a conserved
pathway in eukaryotes (Bouche and Fromm, 2004) and the
important role it plays in respiratory metabolism during
salinity exposure has been shown in barley and wheat during a
range of developmental stages including seed germination,
seedling growth, and in mature plants (Al-Quraan et al., 2019;
Che-Othman et al., 2020). This functional bypass of 2-
oxoglutarte dehydrogenase to supply succinate to the TCA
cycle may be one of many metabolic bypasses and shunts that
are induced during salinity exposure to overcome salinity
induced enzyme inhibition. Here, we have proposed responses
by which the observed inhibition of both pyruvate transport and
the activity of two 2-oxoacid dehydrogenase complexes during
salinity exposure (Che-Othman et al., 2020) may be overcome
through the interaction of existing salt tolerant enzymes and the
production of acetyl CoA from b-oxidation. However, to date,
these are yet to be examined experimentally.

There is a need to better understand and predict metabolic
behaviour under salinity, to enable the connection of genotypes
to specific metabolic outputs so that plant breeders and
metabolic engineers can generate new varieties of crops with
greater salt tolerance. This will need to be coupled to metabolite
profiling approaches that encompass the simultaneous
measurement of all metabolites involved in respiratory
metabolism. This joint strategy is essential for identifying the
enzymes inhibited during salinity exposure and the existing
metabolic pathways required to overcome these restrictions. In
addition, this should be integrated with information from
genomic, transcriptomic, proteomic, and enzymatic studies
during salinity exposure to provide a framework for the
targeted protein synthesis required to produce salinity tolerant
August 2020 | Volume 11 | Article 1072
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crops. Plant respiration is a particularly dynamic process. The
networks principle function is to provide electrons to the METC
and the flow of electrons through multiple processes is
dependent on the current restraints placed on that plant by its
environment, which may include salinity but also temperature,
the availability of nutrients and sunlight. Experimental approach
that encompass all these characteristics will be essential for the
physiological investigation of the function of these constraints in
future studies. Some of the findings presented in this review are
difficult to interpret because the source of an amino acid, organic
acid, or carbohydrate is difficult to predict without the use of
metabolic tags. As a result, they may be the products of
degradation or they may have been produced by targeted
biosynthesis depending if the accumulation of each metabolite
under salt stress is advantageous or not. This can be further
explored by the use of radiolabelled tracer studies or NMR flux
assessment of the respiratory metabolic pathways under saline
environments and by a comparative analysis between varieties
with contrasting salinity tolerances. At the same time a number
of technical challenges remain in assessing the low abundance
plant organelle metabolites involved in the respiratory
metabolism and the limitations that these present are well
understood (Dietz, 2017). Systematic analysis using model
plants is obviously necessary in order to validate many of the
hypothesis that may be predicted from system biology analysis,
but it is comforting to see that many of the approaches previously
limited to such models are now becoming increasingly available
for use in crop plants. In the future, a comprehensive analysis of
the impacts of salinity on energy metabolism and associated
stress variables including time and dosage of exposure will
contribute vital metabolic understanding to increasing salt
tolerance in plant breeding projects.
PERSPECTIVE ON PLANT BREEDING

Salinity tolerance ultimately means higher saline field production.
Thus, while experiments can aim to explain mechanisms,
unfortunately, they do not permit a working model for crop
performance in the field. The challenge is to gather quantitative
information on plant biochemical activities such asmitochondrial
respiration pathways along with metabolites, which maintain
energy production under salinity stress at the cellular, tissue,
and whole plant levels. This metabolite information needs to be
placed in the context of the whole plant cellular metabolism
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network, as simply changing the abundance of a metabolite or
group of metabolites is likely to have a vast array of unintended
cellular consequences. A thorough understanding of a metabolic
network and its response to salinity will provide the opportunity
for targeted plant breeding, which has had only limited
application for stress tolerance to date. In addition, considering
the wide variation in germplasm (genetic diversity through intra-
specific and inter-specific levels), actual salinity environments,
and interaction between them will probably change these
networks and this variation will lead to greater yield breeding
and the generation of abiotic stress tolerant crops.

The authors have found that current experiments may
provide information on tolerance via maintenance of energy
production through respiratory pathways and related
metabolites, but it cannot provide a basis for enhanced
tolerance for the plant in all environments and against all
stresses throughout its development. This data shows the
potential of metabotypes that can be applied for sensitive
plants and economically valuable crops, and will enable
breeding to better tolerate unfavourable conditions. Results
indicate that breeding or engineering for higher energy-use
efficiency could be a valuable approach to enhance overall
salinity tolerance in crops. Future efforts toward multi-cell,
multi-tissue, and ultimately whole-plant flux analysis of plant
metabolic networks will form an important component of
computational models of plant growth and development
(Sweetlove and Ratcliffe, 2011) and are likely to play a major
role in efforts to improve crop yield and quality. In the future, we
will need further research including metabolomics to study the
plant reactions to a range of stress circumstances as part of a
systems biology strategy. Omics technologies and modelling give
us an overview of how plants react salinity and allow us to design
advanced approaches to breed plant tolerance to salinity.
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