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ABSTRACT

GABA shunt is an important pathway in plants that comprise of three key enzymes glutamate
dehydrogenase that involve in the conversion of glutamate into y-aminobutyric acid (GABA) that
catalyzed via GABA transaminaseto succinic semialdehyde that further converted to succinate using
succinic semialdehyde dehydrogenase then consequently goesto tricarboxylic acid cycle. GABA is an
important component of GABA shunt pathway that may involve in different mechanism of plant but
specific role of GABA is not clear in plants, but it involved in neurotransmission in central nervous
system of invertebrates. GABA shunt approached to produce carbons through glutamate and to make
carbon and a nitrogen flue that goes into tricarboxylic acid (TCA) cycle that is significant for various
metabolic and developmental process of plants including senescence and plant development. In
plants, GABA involve as metabolites and signaling component in various system of plant cell, it
increases under different stresses that are regulated by GABA shunt pathway. The potential studies
on GABA shunt may facilitate in agricultural benefits that help in the increment of crop
productivity.
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INTRODUCTION

The GABA shunt pathway found in all species, the pathway comprises of three important enzymes:
GAD, GABA-T, and SSADH. The GABA shunt is metabolic pathway and compartmentalized
ineukaryotes; the synthesis occurs in the cytoplasm whereas the enzymes degradedin the
mitochondria. In Saccharomyces cerevisize, the whole pathway completed in cytoplasm. GABA is
metabolised in plants via GABA shunt pathway but it is also reported that some polyamines such as
spermidine and putrescine are also involved in the synthesis of GABA (Bouchereau et al. 1999; Shelp
et al. 2012). Glutamate is decarboxylated into GABA via catalytic enzyme GAD in cytoplasm. GADs
found in various organisms; the enzymatic activity regulated post translationally by binding of
cofactor in mammals or binding with calmoduline (CaM) in plants (Baum et al. 1996; Baum et al.
1993). Non-protein, four-carbon amino acid GABA is ubiquitous and present from Yeast and
vertebrates to bacteria. GABA investigated in plants about sixty years ago (Stewart, 1949) but mainly
research done on vertebrates because of it involved in the mammalian nervous system as
neurotransmitter (Ribak and Yan 2000).
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Plants can metabolise high concentration of GABA in various stress conditions viz. hypoxia,
mechanical stress, chilling injury, darkness, heat stress, and water lodging (Shelp, 1999; Wallace et al.
1984). GABA-T involved in metabolism of carbon and nitrogen in leaf senescence process. When the
leaf senescence initiated, protein started to degrade and remobilized into the developing parts of the
plants (Smart 1994). Metabolism of proteins releases ammonia and amino acids that changed into
glutaminevia substrate of glutamate with the help of glutamine synthetase enzyme. It has been
reported that the senescence-related genes increased the expression of glutamine syntheta seen coded
genes (Miflin and Habash, 2002; Kamachi et al. 1992). Moreover, during leaf senescence the activity of
asparagine syntheta seen coded gene also increased in asparagus (King et al. 1995). Asparagine as
well as glutamine arekey amino acids present in cells that mobilized via leaf senescence (Feller and
Fischer 1994). Throughout senescence process, proteolytic and transamination activities increases
using aspartate and alanine that enhanced the production of glutamate which used as substrate for
GAD. Due to increased availability of the glutamate, the conversion of glutamate to GABA by GAD
was also increased. Therefore, the GABA shunt accommodates carbon flux to furnish carboxylic acids
of the tricarboxylic acid cycle in the mitochondria (Ansari et al. 2005).
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Figure 1. Metabolism of GABA shunt pathway.
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Metabolism of GABA shunt components

GABA metabolism occurs in two compartments of cell; synthesis of GABA takes place in the cytosol
whereas degradation of GABA in the mitochondria by different reactions cooperatively called the
GABA shunt pathway. The reactions in the GABA shunt are:

In first reaction, glutamate is irreversibly decarboxylated by enzyme GAD to form GABA. In second
step, reversible transamination of GABA takes place by enzyme GABA-T that utilized a-
ketoglutarate for transferring of amino group in mammalian cells, while GABA-T used pyruvate to
form SSA and either alanine or glutamate in plant. The third reaction starts with the irreversible
oxidation of SSA by enzyme SSADH to acquiesce the succinate in Kreb's cycle (Bown and Shelp,
1997). GAD enzyme existed in cytosol (Breitkreuz and Shelp, 1995) and specifically for glutamate,
acquires an auto inhibitory CAM-binding domain, and has an optimum pH of 5.8. GABA-T and
SSADH are present in mitochondria (Breitkreuz and Shelp, 1995) by optimum pH of 8 to 10.

Synthesis of GABA occurs in the cytosol by GAD and transferred to the mitochondrion to convert into
succinate via GABA-T and SSADH as in Fig. 1.
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The GABA metabolism utilized the activities of three enzymes via GABA shunt. GABA shunt
components and GABA has performs various functions, depending upon species to species on the
basis of the compartment in the cell where they active. The functions of GABA and GABA shunt
components in bacteria, yeast, vertebrates as well as in plants are well documented.

Mechanism and function of GABA shunt in plants

Studies in plants stressed principally on the mechanism of GABA metabolism, generally in the
perspective of stress effect, till some finding were reported o indicate a signalling function of GABA
in plants.

Carbon and nitrogen metabolism

GABA accumulation increases in plant tissues in response to various stress conditions. Furthermore,
Arabidopsis thaliana develops properly on GABA rich media mainly for carbon and nitrogen source.
Thus, GABA is intricate in the carbon and nitrogen metabolism and in the transport and storage of N>
in fruits. The GABA shunt assimilates carbons from glutamate and to produce C/Nflux, which
moved in the tricarboxylic acid cycle (Ansari et al. 2014).

Regulation of cytosolic pH

GABA shunt is involved in acid resistance in bacterial cell. During acidic condition, GAD activity is
increases in E. coli, thus eliminating protons via decarboxy latingglutamate that formed GABA that
disseminated from the cells. Carroll et al. (1994) reported that GAD is stimulated by acidic
environment then GABA produced in cytosolic acidification, therefore it is probable that GAD
activity involved in the pH regulation in cytoplasm of plant species (Crawford et al. 1994).

Role in oxidative stress tolerance

SSADH mutants of Arabidopsis thaliana are oversensitive to stress conditions because of defective
scavenging ability for hydrogen peroxide. In the final reaction, the GABA shunt pathway provided
succinate and NADH to electron transport chain. Thus, it proposed that deprivation of GABA can
restrict the generation of ROS during oxidative stress that limits some of the enzymes of the tri
carboxylic acid cycle. It has been reported that GABA shunt genes knocked out mutants of Yeast
show more sensitivity to hydrogen peroxide (Coleman et al. 2001; Bouche” et al. 2003).

Defence against biotic stress

GABA is act as neurotransmitter in mammals; it also observed that plants that inhibit insect feeding
could able to accumulate GABA (Morse et al. 1979). It has been studied that GABA content increased
by mechanical stress, and by creeping of insects on leaves, because it was possibility that, consumed
GABA interrupts the growth process of insects (Bown et al. 2002). Moreover, transformed tobacco
plants with enhanced GABA contents were observer to confer resistance against root-knot nematode
and tobacco budworm larvae. Similarly, it was observed that the GABA level was enhanced in
Asparagus cells that were exposed to pathogen-induced oxidative stress (Shelp et al. 2003; Shelp et al.
2006).

GABA involve in osmoregulation

GABA also transported via proline transporters from AtProT2 of Arabidopsis thaliana and LeProT1 of
tomato. During water or salinity stress, AtProT2 is highly activated. Proline-GABA transporters also
play protective role during osmotic stress by transporting organic osmolytes (Breitkreuz et al. 1999).
Role in plant signalling

GABA acts as a neurotransmitter in vertebrates and mammals by serve its role in signalling.
Correspondingly, GABA known to be a signalling substance in plants. Some reports indicated that
plants have GABA receptors or plant glutamate receptors utilized GABA as signalling molecules. An
analysis of Arabidopsis thaliana pop2 mutants revealed that a GABA communicated signals for accurate
targeting of the pollen tube in the female tissues for the release of sperm cells (Palanivelu et al. 2003).
Pollen tube germinated by the appropriate contact of the pollen grain and the stigma. The
germinating pollen tube access path for the sperm cells to arrive and fused with the egg cell and the
central cell of the ovary in female part of the ovule. Therefore, pollen tube guided several female
tissues for the sperm cells to reach the egg and central cell.

Role of GABA in pollen tube growth

GABA involved in defence and development mechanisms, as well as other stress responses in plant
system. Moreover, pop 2 mutants are involved in growth and guidance of pollen tubes of Arabidopsis
thaliana (Palanivelu et al. 2003).
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GABA play key role in this process, because pop 2 mutants encodes a GABA-T that involves in
catabolism of GABA (Palanivelu et al. 2003, Renault et al. 2010, Ansari et al. 2011). GABA level
enhanced along the passage via pollen tubes transportable to female tissues, therefore producing
GABA gradient in the pistil of wild type plant. The gradient is defective in pop 2 plants since they
produced GABA in flowers. Therefore, the pollen tube precisely battered to the ovule uncertainty
GABA degraded with an active GABA-T enzyme by the pistil or by the pollen tube.

Role in leaf senescence

In plant life cycle, leaf senescence is an integral event, which recognized as the last stage of plant
development. It has been considered to be an unintended and programme aging, which involves
decline in photosynthesis, reduction of complex molecules such as nucleic acid, carbohydrates,
proteins, and lipids, disassembles of cellular structures and remobilisation of supplements from
senescing leaves to the developing plants” organs, growing seeds and fruits (Smart et al. 1994; Nam et
al. 1997; Lim et al. 2003; Thomas 2013; Ansari et al. 2014).Nitrogen is an essential supplement to be
mobilized in senescence process. It has been reported that in the leaf senescence, nitrogen that is
subsistin macromolecules was breakdown into glutamine and asparagine and these amino acids was
transferred via phloem to the developing organs of the plant (Ansari et al. 2014).Though, premature
senescence can cause the negative effect to the plants. The lack of assimilatory limits as leaf
senescence progress get restricted yield of crop (Nooden, 1988) and thuslate senescence can positively
effect on crop production (Lee et al. 2001). Many senescence-associated genes (SAGs) were
characterized from various plants to elucidate the molecular mechanisms involved in foliar
senescence (He and Gan, 2002; Park et al.1998; Oh et al. 1996; Buchanan-Wollaston, 1997; Al-Quraan,
2015; Al-Quraan and Al-Share, 2016).

GABA shunt assimilates carbons through glutamate and to generate nitrogen and carbon flues, which
enter into the TCA cycle (Breitkreuz et al. 1999; Ackay et al. 2012).During foliar senescence, proteins
present in leaves were transformed into a-amino acid by proteases and transaminase enzyme
converts this a-amino acid to glutamate and a-keto acids that releases ammonia. The released
ammonia was used in the conversion of glutamate into glutamine using glutamine synthetase (GS)
that further change into asparagine viaasparagine synthetase (AS) (Miflin and Habash, 2002). Some
glutamate is converts into GABA by GAD. The conversion of GABA to glutamate acceleratesby
inhibiting protein synthesis (Satya Narayan and Nair 1990). The GABA metabolism associated with
the metabolism of glutamate in senescence that allows glutamate to goes into GABA shunt pathway.
In mitochondria GABA is converted into succinate via SSADH. Therefore, GABA shunt pathway
involved in the conversion of glutatmate into succinate through GABA (Shelp et al. 1999) in leaf
senescence.

Therefore, GABA shunt is participated in the metabolism of nitrogen that transported in foliar
senescence and ultimately goes into TCA cycle (Barbosa et al. 2010; Akcay et al. 2012).It concluded
that, the formation of succinate via GABA shunt is significant process, in the time if TCA cycle does
not supply enough succinate. Thus GABA shunt is significantin foliar senescence (Bouche et al. 2003).
Role in plant development

The GABA shunt is required for normal plant development. Transgenic tobacco plants expressed a
truncated petunia GAD by lacking the CaM-binding domain showed abnormal morphology with
extremely high levels of GABA due to an abnormal regulation of GAD activity (Baum et al. 1996). The
GAD knockout mutant prevented GABA accumulation in Arabidopsis in normal growth conditions
and under heat stress condition; however, abnormal development was not observed (Bouche et al.
2004). The Arabidopsis T-DNA knockout mutants of SSADH demonstrated that the ssadh mutants
were sensitive to UV and heat which were associated with increased hydrogen peroxide and causes
cell loss. A study in double mutants of genes encoding GABA-T and SSADH (pop2 ssadh mutants)
revealed accumulation of the GABA shunt intermediates (SSA and GHB) caused accumulation of
peroxides and impaired development (Ludewig et al. 2008). These findings suggested a role of GABA
shunt in restricting the accumulation of ROS (Bouche et al., 2003). Arabidopsis SSR knockout mutants
showed significant accumulation of GBH in SSR-deficient mutants and vigabatrin VGB, a GABA-T
inhibitor, reduced GHB levels and improved plant growth by preventing the accumulation of
hydrogen peroxide and cell death (Fait et al. 2005).GABA identified as a key pollen-tube guidance
signal (Bouche et al. 2003; Palanivelu et al. 2003).
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GABA concentrations are higher at the position closer to the ovaries, thus GABA degradation is
required to maintain GABA gradient in order to guide the pollen to the ovule. Arabidopsis POP2
gene, encoding GABA-T, was shown to be involved in the formation of GABA gradient, which
provided appropriate targeting for pollen tubes. The POP2 mutant showed elevated GABA levels,
which in turn eliminated the GABA gradient resulting in the fertility defect in the mutant (Palanivelu
et al. 2003). A study in soybean hypocotyl tissue demonstrated that the rapid GABA synthesis under
mechanical stress was associated with the rapid growth inhibition (Bown and Zhang, 2000). NMR
analysis in root cultures of Daturastramonium suggested that de-differentiation of root tissue was
accompanied by the increased levels of GABA. This change can also be induced by other factors such
as phytohormone treatment and Ca2+ deficiency (Fliniaux et al. 2004). GABA also stimulated
ethylene biosynthesis. Exogenous GABA was found to increase the rate of ethylene production in
excised sunflower tissues, which was associated with increases in ACC synthase mRNA levels, ACC
levels, ACC oxidase levels, and ACC oxidase acitivity (Kathiresan et al. 1997). Biochemical studies of
tomato fruit development found that GABA accumulated in tomato fruit before the breaker phase
and then declined shortly after the breaker phase (Mounet et al. 2007; Akihiro et al. 2008; Saito et al.,
2008). Akihiro et al. (2008) also stated the positive correlation between GABA concentrations and
expression of SIGAD2 and SIGAD3, and the negative correlation between GABA concentrations and
a-ketoglutarate-dependent GABA-T activity.

Role in abiotic stress tolerance

The GABA is non-protein, ubiquitous, and one of the special interest of molecule that found in all
organisms (Shelp et al. 1999). In plants, GABA involved in C/N metabolism and essential for plant
development (Ansari et al. 2014). The accumulation of GABA in plants is rapidly enhanced due to
different stress conditions such as low temperature, y radiation, low pH, hypoxia, and darkness
including leaf senescence process (Lane and Stiller 1970; Wallace et al. 1984; Ansari et al. 2009;Shelp et
al. 2012). GABA in plants acts as an active osmolyte devoid of harmful effects under the salinity-
induced desiccation and had the free radicals scavenging activity in stress conditions(Carillo2018). It
has been considered that during environmental stress conditions, GABA shunt pathway can
potentially involve in the regulation of GABA metabolism as shown in Fig. 1 (Al-Quraan et al.2016;
Jalil et al. 2016; Jalil et al.2017). Moreover, the application of GABA encourage plant development,
antioxidant metabolism, and expression of antioxidant genes in dose dependent manner, thus
reducing stress induced oxidative harm in plants (Shi et al. 2010; Vijayakumari et al. 2016; Li et al.
2017). Application of GABA likewise directs the osmo regulation in plant adding to the upgrade of
stress resistance (Yu et al. 2014; Vijayakumari and Puthur, 2015). More prominently, exogenous
GABA successfully hindered the generation of free radicals and decreased oxidative harm through
controlling the expression of important genes of free radical generation and genes encoding
antioxidant enzyme in salinity stress (Shi et al. 2010). The treatment of GABA on seed also improved
seed germination rate and diminished the salinity-induced damage during seeds germination of
Triticum aestivum and Zea mays (Luo et al. 2011; 2019).The exogenous application of GABA improves
the tolerance in several plants against abiotic stresses. GABA and sensitivity of plants to stresses
GABA accumulates in response to many stresses including salinity, anoxia, hypoxia, drought, heat,
and chilling (Wallace et al. 1984; Mayer et al., 1990; Zushi and Matsuzoe, 2007; Renault et al. 2010).
The possible correlation between GABA metabolism and tolerance of plants to stresses is still unclear.
However, studies on GABA in frost-resistant and frost-sensitive cultivars in barley and wheat reveal
differences between the two groups (Mazzucotelli et al. 2006). GABA-related amino acids were higher
in frost-resistant cultivars. An increase in GAD activity caused glutamate depletion in frost-sensitive
cultivars, while glutamate levels were retained in frost-resistant cultivars. In addition, GABA
degradation via the GABA shunt only occurred in a frost-resistant genotype. A recent study on
salinity stress in tomatoes demonstrates that the effect on GABA promoting was greatest in the
sensitive cultivar, and the effect of the stress on its accumulation did not occur during the early
development stages (Saito et al. 2008).

Role in post harvest management

Little is known about GABA in response to postharvest stresses. However, an increase in GABA was
observed in cold stored cherimoya fruits during the last stage of storage (Escribano and Merodio,
2001), in COs treated cherimoya fruit (Merodio et al. 1998),
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in tomatoes stored in customized atmospheres (Makino et al., 2008), and in controlled atmosphere
stored pears (Franck et al. 2007; Pedreschi et al. 2009). In post-harvest citrus fruit GABA shunt
catabolised organic acid and associated with organic acid metabolism and amino acid synthesis that
causes inorganic nitrogen assimilated mainly into four amino acids such as aspartic acid, glutamic
acid, asparagine and, glutamine from that glutamine and asparagine required for plant metabolism
(Katz et al. 2011 and Sun et al. 2013).

Additionally, exogenous application of GABA improved cold tolerance of zucchini fruit in
postharvest storage (Palma et al. 2019).There is various studies reported that regulating the functional
GABA shunt pathway is vital for tolerance to postharvest chilling stress by increasing ATP, dropping
NADH and decreasing reactive oxygen species (ROS). Furthermore, it has been studied that
anthurium flowers are highly sensitive to chilling stress; its optimum storage temperature is 12.5-
20 °C. It has been investigated that the application of salicylic acid by postharvest stem-end dipping
enhanced the GABA shunt pathway activities of anthurium flowers that regulated the storage of the
flowers at below optimum temperature (Aghdam et al. 2016).
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