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Abstract
Unfavorable environmental conditions such as heat, cold, drought, metal/metalloid toxicity, and pathogens enhance produc-
tion of intra-and inter-cellular levels of reactive oxygen species (ROS) in plants. ROS, acting as signaling molecules, activate 
signal transduction pathways in response to various stresses. Alternatively, ROS cause irreversible cellular damage due to 
lipid peroxidation, oxidation of protein, inactivation of enzymes, DNA damage, and interact with other vital constituents 
of plant cells through their strong oxidative properties, which drastically alter plant morphological structures, becoming 
disadvantageous for survival and productivity. Higher plants have complex defense systems to scavenge ROS. Being a cen-
tral molecule of the defense system, gamma-aminobutyric acid (GABA) is ubiquitous from prokaryotes to eukaryotes cells. 
GABA helps mitigate ROS in plants and GABA shunt pathway plays a key role either as metabolites or endogenous signaling 
molecules in several regulatory mechanisms under stress conditions. The GABA transporters (GATs) being activated with 
the attachment of GABA under environmental stress stimuli facilitate high content of  Ca2+ into the cytosol.  Ca2+ combines 
with calmodulin (CaM) -binding domain that activates the glutamate decarboxylase (GAD) enzyme for the conversion of 
glutamate into GABA. This synchronized process regulates GABA shunt gene expressions under stress conditions and 
improves defense mechanisms in plants. This review highlights the regulatory aspects of GABA shunt pathway for ROS 
production as well as in the defense mechanism of plants.
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Abbreviations
AATs  Amino acid transporters
ABA  Abscisic acid
ALDH  Aldehyde dehydrogenase
ALMT  Aluminum-activated malate transporter
Al  Aluminium
AtGABP  Arabidopsis thaliana GABA permease
ATP  Adenosine triphosphate
AtProT  Arabidopsis thaliana proline transporter

C  Carbon
Ca  Calcium
Ca(NO3)2  Calcium nitrate
CaM  Calmodulin or calcium-modulated
Cd  Cadmium
Cr  Cromium
DAO  Diamine oxidase
ETC  Electron transport chain
GABA  Gamma-aminobutyric acid
GABA-T  GABA transaminase
GAD  Glutamate decarboxylase
GATs  GABA transporters
GHB  γ-Hydroxybutyric acid
H+  Proton
HO2

•  Hydroperoxyl radical
H2O2  Hydrogen peroxide
LeProT  Solanum lycopersicum proline transporter
MDA  Malondialdehyde
MDH  Malate dehydrogenase
N  Nitrogen
NAD+  Nicotinamide adenine dinucleotide
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NADH  Nicotinamide adenine 
dinucleotide + hydrogen

NADPH  Nicotinamide adenine dinucleotide 
phosphate + hydrogen

O2
•−  Superoxide radical

1O2  Singlet oxygen
OH•  Hydroxyl radical
ONOO•  Peroxynitrite
PAs  Polyamines
PAO  Polyamine oxidase
PSI  Photosystem I
PSII  Photosystem II
Pro  Proline
ProTs  Proline transporters
PYRR   Pyrroline
PYRRDH  Pyrroline dehydrogenase
ROS  Reactive oxygen species
RO•  Alkoxy radical
ROO•  Peroxy radical
SSA  Succinic semialdehyde
SSADH  Semialdehyde dehydrogenase
SSR  Succinic semialdehyde reductase
TRX  Thioredoxin
UV  Ultra violet

Introduction

Biotic and abiotic stresses hinder developmental mechanism 
of plants (Waqas et al. 2019; Jalil and Ansari 2020a, b). 
Amongst them, abiotic stresses such as drought, salinity, 
waterlogging, soil alkalinity, metal/metalloid toxicity, nutri-
ent deficiency, and cold significantly eclipse crop produc-
tivity on a global scale (Jalil and Ansari 2008, 2020a, b; 
Cramer et al. 2011). Effects of environmental stresses dimin-
ish several physiological processes (Matysik et al. 2002; 
Mittler 2006) that the plants tend to deal with proficiently 
and effectively through diverse array of signal systems and 
regulatory mechanisms. The adverse environmental condi-
tions exceeding beyond the tolerance limit, cause stress to 
plants and lead to lower reproduction rate, declined growth 
rate along with premature leaf senescence (Jalil et al. 2017, 
2019a, b) due to the imbalanced production of reactive oxy-
gen species (ROS) (Sachdev et al. 2021).

Plants have a plethora of direct and indirect stress-specific 
responses as well as an intricate network of an antioxidant 
system for scavenging ROS to mitigate oxidative stresses 
(Dietz 2003; Apel and Hirt 2004). Direct responses involve 
deceleration and eradication of ROS production. Indirect 
responses are upregulation of primary defense genes by 
hormone-mediated signaling pathways that help to express 
genes for secondary defense (Kwak et al. 2006; Jalil and 
Ansari 2020a). Plants also operate several mechanisms 

triggering production of signaling biomolecules that con-
fer tolerance against stress conditions. Of these, gamma-
aminobutyric acid (GABA) is a biomolecule of special inter-
est among stress-responsive metabolites and ubiquitous in 
all prokaryotic and eukaryotic organisms including plants. 
The molecule was first detected in plants (potato tuber) over 
half a century ago (Steward et al. 1949; Satyanarayan and 
Nair 1990; Shelp et al. 1999). It is a non-protein amino acid 
and reportedly functions as an inhibitor to neurotransmit-
ter in mammalian brain (Reimer et al. 2001). In plants sys-
tem, GABA plays a key role as metabolites or endogenous 
signaling molecule in several regulatory mechanisms and 
accumulates in plant cells under hostile environmental con-
ditions (Kenersley and Turano 2000; Bouche and Fromm 
2004; Ansari and Chen 2009; Clark et al. 2009). In cytosol, 
there exists GABA shunt pathway that engages glutamate 
decarboxylase (GAD) for decarboxylation of glutamate 
into GABA (Baum et al. 1993; Breitbreuz and Shelp 1995). 
GABA shunt is a short metabolic pathway that involves 
three enzymes: GAD, GABA transaminase (GABA-T), and 
succinic semialdehyde dehydrogenase (SSADH) (Shelp 
et al. 1999; Ansari et al. 2014). The shunt pathway regu-
lates GABA metabolism under stress conditions, strikes 
a balance of carbon/nitrogen metabolism and influences 
other physiological processes including plant growth and 
development (Bouché et al. 2003; Fait et al. 2008; Ansari 
et al. 2014; Al-Quraan and Al-Share 2016; Jalil et al. 2017, 
2019a, b). The production of GABA in plants is significantly 
increased in response to hostile environmental conditions 
such as hypoxia, low temperature, mechanical stimulation, 
γ radiation, and low pH (Lane and Stiller 1970; Wallace 
et al. 1984; Bown and Shelp 1997; Kenersley and Turano 
2000). These stresses trigger signal transduction pathway in 
which enhanced cytosolic  Ca2+ stimulates  Ca2+/CaM activ-
ity of GAD. GABA and other GABA shunt components play 
a crucial role in scavenging ROS during stress conditions 
(Bouché et al. 2003; Ansari et al. 2014; Jalil et al. 2017; 
Che-Othman et al. 2019; Jalil and Ansari 2020b). However, 
the specificity of the response and the mechanism of GABA 
and the GABA shunt during stress conditions is still unclear. 
In this review, we have focused on molecular, physiological, 
and metabolic aspects of GABA and its complex relation-
ship with other GABA shunt component in improving stress 
tolerance in plants by scavenging ROS.

Generation and consequences of ROS 
in plant cell during stress conditions

Several metabolic pathways in plant cells produce ROS, i.e., 
superoxide radical  (O2

•−), hydroxyl radical  (OH•), hydrop-
eroxyl radical  (HO2

•), alkoxy radical  (RO•), peroxy radical 
 (ROO•), peroxynitrite  (ONOO•), excited carbonyl  (RO•) 



133Plant Growth Regulation (2021) 94:131–149 

1 3

and some non- radicals such as hydrogen peroxide  (H2O2) 
and singlet oxygen (1O2) (Dismukes et al. 2001; Vellosillo 
et al. 2010; Karuppanapandian et al. 2011). ROS also plays 
a key role as a signal transducer in various physiological and 
developmental processes of plants, such as growth, devel-
opment, stress tolerance, and program cell death (Sachdev 
et al. 2021; Bailey-Serres and Mittler 2006). Each type of 
ROS has a different oxidative capacity and affects differ-
ent physiological and biochemical reactions controlled by 
different genes in plants. As an excited oxygen, 1O2 is usu-
ally produced in chlorophyll photosystem II (PSII) and has 
intense oxidation potential. Although 1O2 exists for a very 
short time and is very unstable in cells once produced, it has 
a profound effect on photosynthesis.  O2

•−, a different ROS 
is a priority because of its instability and strong oxidation/
reduction.  O2

•− in plant can maintain the stability of stem 
cells (Zheng et al. 2017). Rice, roots and stalks seem to be 
the main sites of  O2

•− production, which may be related to 
their adaptation to the aquatic environment (Yamuchi et al. 
2017).  O2

•− in photosynthesis can be produced by electron 
transport chains and membrane-based NADPH oxidase sys-
tems to form  H2O2 by reacting with hydrogen ions to form 
oxygen molecules or with superoxide dismutase (Mhamdy 
and Van Bruzem 2018). Among these,  H2O2 is considered 
an important redox molecule, given its specific physical and 
chemical properties, including significant stability (10 – s 
half-life) within cells and rapid and reversible oxidation of 
target proteins (Mittler 2017; Mhamdi and Van Breusegem 
2018).  H2O2 acts as the second messenger modulating the 
activities of redox-sensitive proteins or expression of genes 
by changing the redox balance in the cell (Swanson and Gil-
roy 2010) resulting in different stress tolerance responses 
and programmed cell death (Bhattacharjee 2005).  H2O2 also 
involves in many regulatory activities like ion channel gating 
and modulating cell wall polymer structure (Swanson and 
Gilroy 2010). Additionally,  H2O2 interferes with hormones 
to control the plant growth process and stress response. The 
cleavage of O–O double bond in  H2O2 produces  OH• which 
is active and usually works very close to its production site. 
Therefore,  OH• is the most reactive ROS that reacts with all 
biological molecules. It can oxidize cell wall polysaccha-
rides, resulting in cell wall lining (Kärkönen and Kuchitsu 
2015).

In plants, ROS are very obnoxious as they hostilely 
impact on the structures and activities of the biomolecules 
inside the cells. ROS become toxic when their levels exceed 
the carrying capacity of defense mechanisms and cause oxi-
dative damage to plant cells (Sachdev et al. 2021; Bhattacha-
rjee 2005). Under normal conditions, excessive ROS can 
be scavenged by various antioxidative defense mechanisms. 
On the Contrary, the equilibrium between production and 
scavenging of ROS may be perturbed by various biotic and 
abiotic stresses (Shah et al. 2001; Mittler 2002; Hu et al. 

2008; Ansari and Chen 2009; Maheshwari and Dubey 2009). 
The excessive generation of ROS causes destructive activi-
ties in the plant cell such as lipid peroxidation, degrada-
tion of protein and nucleic acids, inhibition of enzymes, 
and finally results in cell death (Shah et al. 2001; Mittler 
2002; Meriga et al. 2004; Tanou et al. 2009; Sharma et al. 
2012). ROS are produced in different cellular organelles, 
including mitochondria, chloroplast, peroxisomes, and endo-
plasmic reticulum as shown in Fig. 1 (Corpas et al. 2002; 
Asada 2006; Navrot et al. 2007; Sharma et al. 2012). The 
production of  O2

•− and  H2O2 occurs in mitochondria by over 
reduction of the electron transport chain (ETC). The reac-
tion centers of PSI and PSII in chloroplast thylakoids are the 
major generation site for ROS (Murphy 2009). Chloroplast 
ETC photoreduces  O2 to  H2O2 via a series of PSI reducing 
acceptor such as Fe–S centers, reduced thioredoxin (TRX), 
and ferredoxin. These are auto-oxidizable. However,  O2

•− is 
formed under conditions limiting NADP. Subsequently, its 
disproportionation produces  H2O2 and  O2

•− by Mehler reac-
tion (Noctor et al. 2007). In fact, peroxisomal matrix and 
membrane are major sites for  H2O2 and  O2

•− production. 
Xanthine oxidase (Fig. 1) produces  O2

•−, while oxidizing 
xanthine and hypoxanthine into uric acid in peroxisomal 
matrix that degrades biomolecules of the cells and ultimately 
cell death (Verma and Dubey 2003). Plants are indebted to 
manage with excessive ROS production in order to regu-
late the cellular redox homeostasis. Therefore, the increased 
ROS levels are recognized and restrictively controlled by 
ROS-scavenging systems (Sachdev et al. 2021).

Synthesis, signaling and transportation 
of GABA via GABA shunt pathway in plants

GABA is metabolized in plants via GABA shunt pathway 
(Fig.  2). Nevertheless, some polyamines (PAs) such as 
spermidine and putrescine together with proline (Pro) are 
also involved in the synthesis of GABA (Bouchereau et al. 
1999; Shelp et al. 2012) probably by a non-enzymatic reac-
tion under oxidative stress (Signorelli et al. 2015). Proline is 
biosynthetically derived from the amino acid L-glutamate. 
Glutamate-5-semialdehyde is first formed by glutamate 
5-kinase and glutamate-5-semialdehyde dehydrogenase from 
L-glutamate. This can then either spontaneously cyclize to 
form 1-pyrroline-5-carboxylic acid, which is reduced to Pro 
by pyrroline-5-carboxylate reductase, or turned into ornith-
ine by ornithine aminotransferase, followed by cyclization 
by ornithine cyclodeaminase to form Pro (Shelp et al. 2012). 
The catabolism of PAs in plants is mainly dependent on the 
action of amine oxidases such as diamine oxidase (DAO) and 
PA oxidase (PAO). DAO with  Cu2+ and pyridoxal phosphate 
as its cofactors catalyzes the formation of  H2O2, ammonia, 
and 4-aminobutanal from putrescine. Then, 4-aminobutanal 
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undergoes cyclization to form pyrroline (PYRR), which is 
converted to GABA by the action of pyrroline dehydroge-
nase (PYRR-DH). Then, GABA is further converted into 
succinate, which enters the Krebs cycle (Shelp et al. 2012). 
Stressful conditions (hypoxia, salt stress, heat or cold shock, 
drought, mechanical injury, etc.) can strongly promote GAD 
and DAO activity for GABA formation (Bouché et al. 2003; 
Bouche and Fromm 2004). Glutamate is decarboxylated into 
GABA by catalytic enzyme GAD in the cytoplasm whose 
activity is regulated post-translationally by binding with 
calmodulin (CaM) in plants (Baum et al. 1993, 1996).

GABA shunt is a metabolic pathway (Shi et al. 2010). 
It involves in nitrogen assimilation of amino acids dur-
ing plant growth and leaf senescence process (Ansari 
et al. 2005, 2014). During the leaf senescence, the amino 
group from most of the amino acids can be transferred to 
α- ketoglutarate to form glutamate. In GABA shunt, the 
metabolism of GABA occurs at two sites of cell; syn-
thesis of GABA in cytosol and degradation in mitochon-
dria (Fig. 3). The GABA shunt pathway comprises three 

reactions: First reaction converts glutamate into GABA 
via action of GAD (EC 4.1.1.15), i.e. glutamate specific 
enzyme with an autoinhibitory (CaM-binding) domain in 
the cytosol (Breitbreuz and Shelp 1995). Second reaction 
produces succinic semialdehyde (SSA) from GABA that 
converts to succinate concurrently with NADH produc-
tion in mitochondria by  NAD+-dependent enzyme SSADH 
(EC 1.2.1.16). Alternatively, the third reaction catalyzes 
SSA into γ-hydroxybutyric acid (GHB) via succinic semi-
aldehyde reductase (SSR) enzyme (Breitkreuz et al. 2003; 
Hoover et al. 2007; Simpson et al. 2008) and goes to Krebs 
cycle. GABA-T with pH optima of 8 to 10 and SSADH with 
pH optima of 8 are mitochondrial enzymes (Breitbreuz and 
Shelp 1995). GABA shunt within the mitochondria may pro-
vide a carbon skeleton to replenish carboxylic acids of the 
Krebs cycle (Ansari et al. 2005; Gregersen et al. 2013) as 
shown in Fig. 2.

GABA elevation in plants has been found as a common 
response in concomitance with restriction of glutamine 
synthesis, reduction of protein synthesis and an increase in 

Fig. 1  Production of ROS in a different organelles of plant cells due 
to the exposure of abiotic stresses. The generation of superoxide radi-
cal  (O2

•−) and hydrogen peroxide  (H2O2) occurs in mitochondria by 
over reduction of the electron transport chain (ETC) by the superox-
ide dismutase (SOD) enzyme further  H2O2 produces OH˙ via Fen-
ton reaction. In hypoxia condition, nitric oxide (NO) and  O2

•− levels 
increases in mitochondria, and their reaction produces peroxynitrite 

 (ONOO−). In chloroplasts, the generation of  O2
•− and  H2O2 occurs 

due to elevated oxygen pressure and condensed molecular oxygen 
in comparison to other organelles in the ETC within PSI by Mehler 
reaction. In peroxisome, the  O2

•− radicals produced in the peroxiso-
mal matrix and the peroxisomal membrane by the oxidation of xan-
thine and hypoxanthine into uric acid by the enzyme xanthine oxidase 
(XO) lead to membrane leakage and cell death
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protein degradation (Bouche and Fromm 2004). During vari-
ous stress conditions, GABA level can exceed that of amino 
acids involved in protein synthesis (Kenersley and Turano 
2000). Therefore, many speculative functions in stress abi-
otic mitigation have been proposed. A GABA shunt would 
supply NADH and/or succinate to Krebs cycle (Bouche and 

Fromm 2004). It has been observed that GABA-T activity 
would be limited under stress conditions, determining an 
accumulation of GABA useful for the provision of ana-
plerotic succinate for the Krebs cycle upon stress relief 
(Shelp et al. 2012). When the condition changes, GABA 
is subsequently transported to the mitochondria where it is 

Fig. 2  GABA shunt path-
ways. GABA is synthesized 
from glutamate either directly 
(enzymatically) via glutamate 
decarboxylase (GAD) with 
calmodulin (CaM)-binding 
domain or indirectly via proline 
non-enzymatically in the cyto-
sol. In mitochondria, GABA 
transaminase (GABA-T) cata-
lyzes the conversion of GABA 
into succinic semialdehyde 
(SSA), which in turn produces 
succinate concurrently along 
with NADH production in mito-
chondria by  NAD+-dependent 
enzyme succinic semialdehyde 
dehydrogenase (SSADH). 
Alternatively, SSA can also be 
catabolized to γ-hydroxybutyric 
acid (GHB) via succinic 
semialdehyde reductase (SSR) 
and enters Krebs cycle. GABA 
is also synthesized in plants by 
some (PAs) such as spermidine 
and putrescine

Fig. 3  GABA shunt and associ-
ated pathways under stress con-
ditions. The exogenous GABA 
acts as signaling molecule in 
stress conditions and attaches to 
surface binding cell receptors, 
GABA transporters (GATs) that 
enhance  Ca2+ level.  Ca2+ along 
with CaM domain activate 
glutamate decarboxylase (GAD) 
enzyme which regulates GABA 
shunt pathway by increasing the 
endogenous GABA content in 
the cytosol. GABA enters mito-
chondria by GABA permease 
(GABP) for catabolism by the 
enzymes GABA transami-
nase (GABA-T) and succinic 
semialdehyde dehydrogenase 
(SSADH) to form succinate 
supplied to Krebs cycle and 
electron transport chain (ETC). 
GABA elevates the photosyn-
thetic activity and antioxidant 
enzyme activity, decreases ROS 
accumulation inside the cell 
and improves stress tolerance 
in plants
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catabolized by GABA- T to SSA. SSA can be oxidized by 
the mitochondrial succinic SSADH to produce succinate or 
reduced to GHB by the cytosolic γ-hydroxybutyrate dehy-
drogenase (GHBDH) (Breitkreuz et al. 2003; Hoover et al. 
2007; Simpson et al. 2008). Under stress GAD activity 
undergoes changes of catalytic properties mediated either by 
 Ca2+/CaM in rapid responses (Bouche and Fromm 2004), or 
by pH when cytosolic acidification occurs (Breitkreuz et al. 
2003). Since the deficiency of GAD determines the presence 
of necrotic regions under standard light conditions and ROS 
accumulation in Arabidopsis thaliana, it is suggested that 
GABA level could be mainly controlled by the rate of its 
synthesis (Bouché et al. 2003; Fait et al. 2008).

GABA is a signaling molecule that regulates cellular pro-
cesses by binding to-and changing-the activities of protein 
receptors (Ramesh et al. 2015). Abiotic stresses regulate the 
expression of GABA shunt-associated genes. Theses stresses 
further increase the level of GABA, facilitating its attach-
ment to cell-surface binding sites that generate the transient 
 Ca2+. As a result, high affinity GABA transporters (GAT1) 
with  Ca2+ are activated and facilitate GABA transport into 
cells (Meyer et al. 2006). Certainly, GAD gets activated 
via a  Ca2+/CaM (Baum et al. 1993), increasing intracellu-
lar GABA level that helps to express various signaling and 
metabolism-associated genes. At the same time, GABA also 
suppresses expression of genes associated with cell wall-
modifications. Depending on the environmental conditions, 
a major proportion of cytosolic GABA enters the mitochon-
dria via GABA permease in A. thaliana, AtGABP (Michaeli 
et al. 2011), for catabolism by GABA-T and SSADH, ensu-
ing in succinate formation and supply to Krebs cycle and 
mitochondrial ETC. Alternatively, the toxic intermediate, 
SSA gets transported out of the mitochondria to form GHB 
via the enzyme SSR (Fig. 2). Reportedly, a tonoplast glu-
tamate/aspartate/GABA transporter in tomato fruit exports 
GABA content from the vacuole in exchange for import of 
glutamate/aspartate during ripening of fruits (Snowden et al. 
2015).

Relationships of GABA shunt and ROS 
during stress conditions

As a result of environmental stress to in plant systems, the 
level of ROS dramatically increases to the extent of cell 
damage (Sachdev et al. 2021; Zimmermann and Zentgraf 
2005; Van Breusegem and Dat 2006). ROS level increases 
because of their excessive production and inhibition of 
antioxidative enzymes (Halliwell 2006). Plants have com-
plex antioxidative defense mechanisms including enzy-
matic and non-enzymatic components, to reduce the pro-
duction of ROS (Fig. 3) (Jalil and Ansari 2020a). Major 
enzymes involved in this system are superoxide dismutase, 

glutathione reductase, peroxidase, and catalase. Beside these 
enzymes, certain carotenoids and glutathione can also play 
part in the antioxidant system as non-enzymatic components 
(Fahad et al. 2017). GABA shunt is a metabolic pathway 
that involves in carbon/ nitrogen metabolism and nitrogen 
assimilation in amino acids (Ansari et al. 2005, 2014) and 
mitigates ROS production during various stress conditions 
(Fig. 3) (Bouché et al. 2003; Al-Quraan and Al-Share 2016; 
Jalil et al. 2019a, b).

Several studies uncover the function of GABA shunt in 
the development of plants, possibly by suppressing the accu-
mulation of ROS. GABA shunt provides NADH and/or suc-
cinate under stress conditions that inhibits the Krebs cycle, 
impairs respiration, and enhances the production of ROS 
(Bouché et al. 2003). This proposed mechanism is supported 
by a study in mammalian brain nerve terminals where  H2O2 
inhibits the Krebs cycle enzyme “aconitase” though inhibi-
tion of α-ketoglutarate dehydrogenase limiting the amount of 
NADH available for the respiratory chain and impairment of 
mitochondrial function under oxidative stress (Tretter et al. 
2000). The inhibition reduces the content of glutamate (Tret-
ter et al. 2000), because of the increased GABA shunt activi-
ties. Furthermore, GABA shunt reportedly protects yeast 
against oxidative stress, for its knockout mutants for GABA 
shunt genes become susceptible toward the exogenous treat-
ment of  H2O2. On the contrary, the overexpression of the 
consequent genes improves resistance (Coleman et al. 2001). 
Alternatively, the evident function of the GABA shunt in 
supports to the development of plant and stress tolerance 
may possibly be related to a condition to maintain adequate 
level of other metabolites, either directly or indirectly acqui-
sition of the GABA shunt pathway (Fig. 3).

Other GABA shunt components show scavenging activity 
for ROS during stress conditions. The GAD activity regulated 
in response to cytosolic  Ca2+ levels induces ability in plant 
cells to confer tolerance against different stress conditions by 
regulating the synthesis of GABA indicating involvement of 
GABA-shunt in stress signaling in plant system (Lee et al. 
2010; Al-Quraan et al. 2013; Mazzucotelli et al. 2006). A 
homologue of GAD also protects yeast from oxidative stress 
(Coleman et al. 2001). In GABA shunt,  Ca2+/CaM plays a 
pivotal role in reducing oxidative stress in CaM mutant of A. 
thaliana as they bind to the GAD and induces GABA produc-
tion and accumulation during stress conditions (Al-Quraan 
et al. 2011). SSADH knockout mutant, GABA shunt deficient, 
shows the accumulation of GHB, the byproduct of GABA 
shunt that causes the synthesis of ROS in A. thaliana (Bou-
ché et al. 2003; Fait et al. 2005). Further, the detoxification of 
SSA involves its reduction to GHB. Under oxygen deficiency, 
SSA is diverted to the production of GHB, a reaction cata-
lyzed via the enzyme SSA reductase, which is localized in the 
cytosol and uses NADPH as a cofactor. GHB, a short chain 
fatty acid similar in structure to GABA, is normally present at 
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about 1% of the GABA level (Breitkreuz et al. 2003; Simpson 
et al. 2008). Oxygen deficiency increases GHB level in soy-
bean sprouts, and in green tea leaves. Furthermore, the GHB 
and GABA concentrations get increased in A. thaliana plants 
under hypoxia conditions. Simultaneously, the cellular NADH: 
 NAD+ ratio also increases and the adenylate energy charge 
decreases, thus inhibiting SSADH activity and diverting car-
bon from succinate. Other study reveals that (i) ssadh mutant 
of A. thaliana plants, grown under high UV light, have five 
times the normal level of GHB and high levels of ROS (Fait 
et al. 2005), and (ii) the pattern of GHB in cold-acclimated A. 
thaliana plants is consistent with the rise and fall of GABA 
(Simpson et al. 2008). GHB also accumulates in response to 
salinity, drought and heat stress, confirming its accumulation 
under hypoxia condition and cold stress (Bouché et al. 2003; 
Fait et al. 2005; Simpson et al. 2008). Thus, the data indicate 
that GHB accumulation is a general response to abiotic stress. 
Moreover, GABA-T during stress conditions in plants act as 
a key factor that reduces oxidative damage and confers stress 
tolerance (Park et al. 2010; Renault et al. 2010, 2013; Cao et al. 
2013; Al-Quraan and Al-Share 2016; Jalil et al. 2017).

GABA shunt metabolites significantly involve in the 
osmoregulation, nitrogen/carbon metabolism, and signaling 
in response to salt and oxidative stresses (Jalil and Ansari 
2020b). It has been studied that high accumulation of GABA 
and Pro acts as osmoprotectant during oxidative and osmotic 
stress conditions and can lead to improve synthesis of cells 
and reduce their degradation (Al-Quraan and Al-Share 2016; 
Jalil et al. 2017). Further, GABA and Pro play an important 
role in reducing ROS production in plants during various 
environmental stress conditions; they are synthesized from 
the common precursor of glutamic acid (Liu et al. 2011). 
Similarly, the GABA and Pro have quenching ability on ROS 
production in Nicotiana tabacum leaves under water stress 
(Liu et al. 2011). Exogenous application of GABA also plays 
a regulatory role for free radical and ethylene production 
against salt stress (Shi et al. 2010). Other studies have also 
reported the defensive function of Pro in transgenic crops, 
in which Pro overproduction enhances tolerance to osmotic 
stress. Along with Pro, the response to osmotic stress addi-
tionally includes other amino acids. Glutamine synthase 
overexpression improves the tolerance to osmotic stress in 
Oryza sativa. These investigations conclude that changes in 
osmotic pressure enhances amino acid content due to modi-
fied gene expression encoding the enzymes involved in their 
metabolism (Ashraf and Foolad 2007).

The response of GABA under abiotic stress 
conditions

GABA signaling pattern regulates GABA shunt and con-
nected pathways during stress conditions. The exogenous 
application of GABA under stress conditions binds on to 
the cell surface that increases  Ca2+ level in the cytosol.  Ca2+ 
via GAD regulates the GABA shunt pathway that increases 
the endogenous GABA content, elevates the photosynthetic 
activity and antioxidant enzyme activity and decreases 
malondialdehyde (MDA) and ROS accumulation, maintains 
membrane integrity and improves stress tolerance in plants 
(Fig. 3) (Liu et al. 2011; Jalil et al. 2017) (Bao and Li 2015; 
Jia et al. 2017). Table 1 enlists amelioration of ill effects 
of abiotic stresses in various plants by exogenous applica-
tion of GABA. It has been observed that the enzymes which 
are diverted by the GABA shunt circumvents susceptible 
enzymes to oxidative stress. This susceptibility can decrease 
the efficiency of the Krebs cycle for which the GABA shunt 
can reimburse in stressed plants (Michaeli et al. 2011). 
GABA shunt also involves in the leaf senescence process. 
Exposure of abiotic stresses causes precocious leaf senes-
cence followed by the breakdown of macromolecules. The 
breakdown products are further remobilized to developing 
parts of the plants (Ansari et al. 2014). The degradation of 
proteins produces amino acids which are utilized for the con-
version of glutamate and ultimately to GABA. The C and N 
skeletons are accessible to the metabolism of the plant by the 
improved activity of the GABA shunt, specifically GABA-T 
in knockout mutants of A. thaliana (Jalil et al. 2016, 2017). 
The proper functioning of GABA shunt seems to be required 
for the restriction of ROS accumulation.

GABA in cold stress tolerance

Cold stress is a serious threat to the sustainability of harvest 
yields (Yadav 2010). Low temperature during germination 
and early seedling growth is one of the most significant lim-
iting factors in the productivity of plants and induces con-
siderable changes in biochemistry and physiology of plants 
such as damage to membranes, generation of ROS, pro-
tein denaturation and accumulation of toxic compounds at 
various cellular organizational levels (Nayyar and Chander 
2004). Few studies vividly indicate a positive role of GABA 
in cold stress tolerance in different crops (Table 1). GABA 
enhancement in mulberry leaves is generally caused by the 
increase of GAD activity and the decline in GABA-T activity 
in cold stress (Li et al. 2018). Similarly, Exogenous GABA 
treatment increases chilling tolerance through enhancing 
its enzymatic antioxidant system by enhancing activities 
of antioxidant enzymes, such as superoxide dismutase, 
catalase, ascorbate peroxidase, glutathione peroxidase, 
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Table 1  Role of GABA in improving tolerance towards abiotic stress conditions in various plants

Plants Mechanism References

Cold stress
Prunus persica
(Peach fruits)

Proline accumulation and reduction of chilling injury Shang et al. (2011), Yang et al. (2011)

Morus alba
(White Mulberry)

Tolerance to different cold storage methods Li et al. (2018)

Lycopersicon
Esculentum
(Tomato)

Plant protection from cold stress by enhancing antioxidant enzymes activ-
ity and reducing MDA content

Malekzadeh et al. (2014)

Triticum aestivum
(Wheat)
Hordeum vulgare
(Barley)

Improvement of cold acclimation and frost tolerance Mazzucotelli et al. (2006)

Cucurbita pepo
(Zucchini)

Cold tolerance during postharvest storage Palmaet et al. (2019)

Camellia sinensis
(Tea plant)

Tolerance at cold temperature Zhu et al. (2019)

Anthurium andraeanum
Wang (Anthurium)

Postharvest chilling tolerance, improvement of antioxidant system activ-
ity and lowering ROS accumulation

Aghdam et al. (2016)

Musa spp.
(Banana)

Protection against chilling injury and enhancement of antioxidant capac-
ity in banana peel

Wang et al. (2014b)

Heat stress
Agrostis stolonifera
(Creeping bent grass)

Heat stress tolerance by enhancement of photosynthesis and ascorbate–
glutathione cycle, maintenance of osmotic adjustment and elevation of 
GABA shunt activity

Li et al. (2016a, b)

Oryza sativa
(Rice)

Protection against heat stress injury by improving leaf turgor and upregu-
lating osmoprotectants and antioxidants

Nayyar et al. (2014)

Vigna radiata
(Mungbeans)

Thermal-protection by improving the reproductive function of heat-
stressed plants

Priya et al. (2019)

Drought stress
Trifolium repens
(White clover)

Improvement of PEG-induced drought tolerance Yong et al. (2017)

Lolium perenne
(Ryegrass)

Mitigation of drought stress damage Krishnan et al. (2013)

Nigella sativa L
(Black cumin)

improved growth and productivity under water deficit stress conditions 
through maintaining osmoregulation and antioxidant defense system

Rezaei-Chiyaneh et al. (2018)

Waterlogging/Hypoxia stress
Cucumis melo
(Muskmelon)

Alleviation of the injury caused by hypoxia stress Wang et al. (2014a)

C. melo
(Muskmelon)

Improvement of photosynthesis and chlorophyll (chl) fluorescence param-
eters under hypoxia condition

Xia et al. (2011)

C. melo
(Muskmelon)

Alleviation of damage to melon seedlings from hypoxia stress via enhanc-
ing nitrate reductase activity and improving nitrate absorption

Song et al. (2012)

Zea mays
(Maize)

Promotion of chloroplast ultrastructure, antioxidant capacity, and growth Salah et al. (2019)

Salt stress
C. melo
(Muskmelon)

Tolerance to Ca(NO3)2 stress Hu et al. (2015)

Lactuca sativa
(Lettuce)

Salt tolerance and photosynthetic performance augmentation Kalhor et al. (2018)

Piper nigrum
(Black pepper)

Tolerance to osmotic (PEG) stress Vijayakumari and Puthur (2015)

Z. mays
(Maize)

Tolerance improvement against NaCl by regulating antioxidant enzymes Tian et al. (2005)

T. aestivum
(Wheat)

Reduction of oxidative damage under salt stress Al-Quraan et al. (2013)
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glutathione S-transferase, monodehydroascorbate reductase 
and dehydroascorbate reductase and maintaining energy sta-
tus in peach fruit (Yang et al. 2011). Furthermore, GABA 
treatment protects wheat by alleviating oxidative damage 
and tomato seedlings from chilling stress by increasing anti-
oxidant enzyme activity of catalase, ascorbate peroxidase 
and superoxide dismutase and reducing MDA content which 
results in maintaining membrane integrity (Malekzadeh 
et al. 2014). Additionally, proteomic analysis of tea plants 
under cold stress reportedly exhibits tolerance mechanisms 
as well as carbon and nitrogen metabolism under cold stress 
significantly related to exogenous GABA application (Zhu 
et al. 2019).

GABA in heat stress tolerance

Heat stress is also a key issue for plants and other photosyn-
thetic organisms, which debilitates plant growth and devel-
opment by changing phenology, physiology, biochemical 
and genetic expression (Prasad et al. 2017). Many physi-
ological factors could be involved in heat stress injury as 
heat stress damags cell membranes leading to cell death. The 
adverse effects of heat stress may also be related to oxidative 
damage to cell membranes by the production of ROS that 
ultimately hinder the productivity of stressed plants (Liu and 

Huang 2000). GABA can induce tolerance in plants against 
heat stress (Table 1). A relationship between GABA metabo-
lism and regulation of oxidative stress has been reported 
in A. thaliana SSADH mutant indicating that a functional 
GABA shunt is required to limit ROS intermediates dur-
ing stress conditions such as heat and UV exposure by sup-
plies of NADH and succinate under stressful conditions to 
maintain cellular oxidative balance, and allows to bypass 
steps of Krebs cycle involving enzymes sensitive to oxida-
tive stress such as aconitase (Bouche et al. 2003; Fait et al. 
2005). Further investigations in this direction suggest that 
 Ca2+–dependent activation of the GABA shunt is important 
for ROS scavenging under UV-light stress in A. thaliana (Al-
Quraan 2015). The exogenous treatment of GABA improves 
heat stress tolerance in creeping bentgrass, by maintaining 
cell membrane stability, enhancement of photosynthesis and 
ascorbate–glutathione cycle, the maintenance of osmotic 
adjustment, and the increase in GABA shunt. The increased 
GABA shunt activity appears to supply intermediates to the 
respiratory tricarboxylic acid cycle metabolism during a 
long-term heat stress, thereby maintaining metabolic homeo-
stasis. Exogenous application of GABA also increases the 
accumulations of amino acids (glutamic acid, aspartic acid, 
alanine, threonine, serine, and valine), organic acids (aco-
nitic acid, malic acid, succinic acid, oxalic acid, and threonic 

Table 1  (continued)

Plants Mechanism References

L.
esculentum
(Tomato)

Improvement of stress tolerance by stimulating endogenous GABA and 
phenolic acid contents

Cekic et al. (2018)

Cassia italic
(Cassia)

Alleviation of toxic effect of salt stress by enhancing antioxidant enzymes 
activity

Alqarawi et al. (2016)

O. sativa
(Rice)

Regulation of secondary antioxidants and carbohydrates in rice under 
salinity—alkalinity stress

Kaur and Zhawar (2021)

C. melo
(Muskmelon)

Regulation of redox potential and chlorophyll biosynthesis to improve 
salt-alkalinity stress tolerance

Jin et al. (2019)

Z. mays
(Maize)

Reduction of salt stress injury by improving photosynthesis and upregu-
lating osmoprotectants and antioxidants

Wang et al. (2017)

Metal/Metalloid stress
Z. mays
(Maize)

Improvement of cadmium tolerance by regulation of polyamine metabo-
lism and antioxidant defense

Kalhoret et al. (2020)

H. vulgare
(Barley)

Alleviation of oxidative damage caused by aluminum/proton Song et al. (2010)

Monoraphidium
(Green algae)

Regulation of lipid production and cadmium uptake under cadmium 
stress

Zhao et al. (2020)

Brassica juncea
(Brown mustard)

Improvement of chromium stress tolerance by regulating the antioxidant 
defense and glyoxalase systems

Mahmud et al. (2017)

O. sativa
(Rice)

Modulation of physiological responses in rice for providing tolerance 
against arsenic

Kumar et al. (2017)

Low light stress
Capsicum annuum
(Green pepper)

Improvement of photosynthesis and antioxidant system Li et al. (2017)
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acid), sugars (sucrose, fructose, glucose, galactose, and 
maltose), and sugar alcohols (mannitol and myo-inositol) in 
heat stressed plant (Li et al. 2016a, b). Heat stress enhances 
GABA content in lichens. However, GAD and GDH activi-
ties get decreased, preventing degradation of chlorophyll 
and lipid peroxidation and improving heat stress tolerance 
in lichens (Cekic et al. 2018). GABA involves in the partial 
protection of rice seedlings (Nayyar et al. 2014) and repro-
ductive function in mungbean (Priya et al. 2019) from heat 
stress by elevating leaf turgor due to increased accumulation 
of proline and trehalose and reduction of oxidative damage 
by stimulation of the activities of antioxidant enzymes such 
as superoxide dismutase, catalase, ascorbate peroxidase, 
and glutathione reductase and nonenzymatic antioxidants 
like ascorbate and glutathione. In mungbean, GABA also 
improves carbon fixation and assimilation processes. As a 
result, the lipid peroxidation and  H2O2 production dimin-
ish. As a measure of heat stress regulation and tolerance, 
A. thaliana roots elevate  Ca2+ level in the cytosol, which 
activates GAD in association with calmodulin, facilitating 
production and accumulation of GABA (Locy et al. 2000).

GABA in drought stress tolerance

Drought stress is one of the most serious restricting fac-
tors that adversely influences growth and development in 
perennial forage crops around the globe (Annicchiarico 
and Piano 2004). The insufficiency of accessible water 
controls plant productivity by damaging cell membrane, 
nutritional imbalance, and metabolic disorders in drought 
affected plants. Exposure of plants to drought stresses ini-
tially causes oxidative damage by the formation of ROS. 
These ROS pose serious threat to the cell functioning by 
damaging lipids and proteins (Fahad et al. 2017). Plants 
have developed physiological, biochemical, and metabolic 
response to cope with drought stress. It has been reported 
that the expression of GABA receptor genes is very high 
in drought-tolerant mutants of barley that play significant 
roles in enhancing drought tolerance through controlling 
stomatal closure via carbon metabolism, synthesizing 
the osmoprotectant glycine-betaine, generating protect-
ants for ROS scavenging, and stabilizing membranes and 
heat shock proteins (Guo et al. 2009). Similarly, GABA 
content exceeds in hybrid bermudagrass (Cynodon dacty-
lon × C. transvaalensis ‘Tifdwarf’) in comparison with the 
controls under drought stress (Du et al. 2012). The result 
vividly indicates that GABA plays a very important role 
in tolerance to drought stress by maintaining adequate cel-
lular turgor. Further investigation reveals that exogenous 
GABA treatment at 50 mM alleviates drought stress dam-
age in perennial ryegrass by regulating higher relative 
water content, membrane stability and limiting oxidative 
damage by showing higher relative water content (RWC), 

turf quality, and peroxidase activity and lower wilt rating, 
electrolyte leakage, and lipid peroxidation compared with 
control plants (Krishnan et al. 2013). Exogenous applica-
tion of GABA elevates endogenous GABA content that 
improves drought tolerance possibly through regulation 
of GABA-shunt, PAs and Pro metabolism in white clover 
(Yong et al. 2017). Moreover, exogenous application of 
GABA improves growth and productivity of black cumin 
under water deficit stress conditions through maintaining 
osmoregulation and antioxidant defense by increasing 
catalase, peroxidase, and superoxide dismutase activity 
including increased soluble sugars and proline content 
(Rezaei-Chiyaneh et al. 2018).

GABA in waterlogging/hypoxia tolerance

Insufficiency of molecular oxygen prompts hypoxia in 
plants, which brings about an irregularity in metabolism 
and reduction in crop productivity. Oxygen is significant 
for plants as it participates in ROS production, which acts 
as a signaling molecule and electron acceptor in electron 
transport chain (Fukao and Bailey-Serres 2004). Reduced 
level of oxygen in plant cells brings to lower ATP produc-
tion that finally declines the metabolic rate (Drew et al. 
1997). Plants experience different physiological changes 
including elongation of petioles, development of root aer-
enchyma, and modification in root morphology to adapt in 
hypoxia condition. The cells respond to initial hypoxia by 
metabolizing pyruvate under anaerobic condition (Fukao 
and Bailey-Serres 2004). The protective role of GABA in 
plants towards hypoxia encompasses by regulating cytosolic 
pH, maintaining Krebs cycle, and supporting carbon/nitro-
gen metabolism (Fait et al. 2008). Exogenous application of 
GABA promotes nitrate uptake in melons in order to allevi-
ate hypoxia stress (Song et al. 2012). GABA also promotes 
PAs synthesis under hypoxia conditions (Wang et al. 2014a). 
During hypoxia stress, activity of malate dehydrogenase 
(MDH) declines while the protein content increases. Exoge-
nous application of GABA further reduces MDH level under 
oxygen-deficient condition, thereby acting as an anaplerotic 
molecule to replenish the intermediate of Krebs cycle (Fan 
et al. 2015). When gad1 mutant of A. thaliana having been 
exposed to hypoxia stress, GAD activity decreases in root, 
but no significant difference being observed in shoot as com-
pared to the wildtype plants. However, under normal con-
ditions, no significant difference has been observed in the 
mutant plants. The role of GABA shunt in alanine accumula-
tion under hypoxia stress has also been recorded in mutant 
plants (Miyashita and Good 2008). Moreover, the exogenous 
treatment of GABA promotes growth of maize seedlings 
during waterlogging conditions by promoting photosynthetic 
rate and chlorophyll content, reducing ROS production such 
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as MDA,  H2O2, and  O2
−, down-regulation of the ROS-gen-

erating enzymes, activating antioxidant defense systems by 
fortifying antioxidants enzyme activities of superoxide dis-
mutase, peroxidase, ascorbate peroxidase, catalase and glu-
tathione reductase and improving chloroplast ultrastructure 
and photosynthetic system (Salah et al. 2019).

GABA in salt stress tolerance

Salt stress influences physiological process of plants, includ-
ing seed germination, plant growth, and productivity. Several 
studies have reported GABA to have protective role against 
salinity stress tolerance (Table 1). Further, GABA shunt 
gets activated in stress conditions, regulating  Ca2+ channel 
by GAD enzyme (Bai et al. 2013). The elevated level of 
GAD expression accumulates GABA content that improves 
tolerance in wheat against salinity stress (Al-Quraan et al. 
2013). The seeds of wheat (Triticum aestiveum L.) and bar-
ley (Hordeum vulgare L.) cultivars in salinity stress condi-
tion show enhanced GAD expression that converts glutamate 
into GABA. Production of the latter opens another metabolic 
route to maintain ETC, balanced C/N metabolism and syn-
thesize osmolytes that support seed germination of wheat 
and barley during salinity stress (Al-Quraan et al. 2019). The 
same has been testified with the exogenous application of 
GABA to wheat seedlings that improves photosynthetic and 
antioxidant enzyme activities such as superoxide dismutase 
and catalase as well as growth and decreases MDA content 
and electrolyte conductivity during ROS induced salinity 
stress (Li et al. 2016a, b). In consonant, NaCl derived stress 
tolerance has been improved in barley seedlings by  Ca2+ 
that activates GABA signal transduction for accumulation 
and production of phenolics and promotion of antioxidant 
activities by regulating the peroxidase, catalase, superoxide 
dismutase, ascorbate peroxidase, glutathione reductase and 
glutathione S-transferase (Ma et al. 2018). GABA also helps 
express abscisic acid (ABA) and ethylene metabolic genes 
and signal mechanism in poplar during salinity stress that 
indicates the possible function of GABA in signal pathways 
of ABA and ethylene (Ji et al. 2018). Polyamine mediated 
GABA production in A. thaliana elevates aldehyde dehy-
drogenase (ALDH) and confers salinity tolerance (Zarei 
et al. 2016). GABA also improves germination, photosyn-
thetic activity, and reduced oxidative damages by increas-
ing catalase, ascorbate peroxidase, and superoxide dismutase 
activities that resulted in regulated hydrogen peroxide level 
in lettuce under salinity stress (Kalhor et al. 2018). Simi-
larly, GABA metabolism has been involved in improved 
performance of Nicotiana sylvestris cytoplasmic male ster-
ile CMSII mutant plants due to the operation of alternative 
dehydrogenases in CMSII that avoiding oxidative stress in 
salinity conditions (Akçay et al. 2012).

GABA in metal/metalloid stress tolerance

Metal/metalloid stress has become a foremost concern in dif-
ferent ecosystems around the world. Nowadays wide-ranging 
industrialization confers inconvenient impacts on soil as well 
as on crop productivity by accumulating toxic metals that 
directly and/or indirectly reduced plant growth by antago-
nistically influencing different physiological and molecular 
responses of plants (Tiwari and Lata 2018). Several studies 
indicate an augmenting role of GABA to confer tolerance in 
plants against toxic metals (Table 1). GABA reduces absorp-
tion/ accumulation of cadmium ions  (Cd2+) in microalgae 
(Monoraphidium spp.) and promotes lipid biosynthesis and 
uptake of mineral nutrients via ROS signaling transduction 
under cadmium stress (Zhao et al. 2020). GABA also allevi-
ates oxidative damage caused by proton  (H+) and aluminum 
 (Al3+) toxicities in barley seedlings by activating antioxidant 
defense responses by increasing the activity of antioxidant 
enzymes such as superoxide dismutase, catalase and per-
oxidase along with reducing the elevated levels of carbon-
ylated proteins caused by ROS (Song et al. 2010). Moreover, 
GABA improves the physiological mechanisms of mustard 
seedlings in response to chromium (Cr) stress by reducing 
Cr uptake and upregulating the non-enzymatic(ascorbate and 
glutathione) and enzymatic antioxidants (ascorbate peroxi-
dase, monodehydroascorbate reductase, dehydroascorbate 
reductase, glutathione reductase, glutathione peroxidase, 
superoxide dismutase, catalase, glyoxalase I, and glyoxa-
lase II) and ultimately reducing oxidative damage (Mahmud 
et al. 2017).

Role of GABA has also been reported in improving toler-
ance against other abiotic stresses in different crops as listed 
in Table 1. It has been suggested that the accumulation of 
GABA under dark and anaerobic conditions provides succi-
nate to the Krebs cycle for the seed germination of rice (Lee 
et al. 2020). GABA also improves photosynthesis, antioxi-
dant system including increased activities of superoxide dis-
mutase, catalase, ascorbate peroxidase, glutathione peroxi-
dase, monodehydroascorbate reductase, dehydroascorbate 
reductase, glutathione reductase, ascorbate and glutathione 
and exhibited lower MDA,  O2

•− and  H2O2 production in 
Capsicum annuum under low light stress (Li et al. 2017).

GABA function in biotic stress conditions

GABA acts as a signaling molecule and is utilized as a 
carbon and nitrogen source by bacteria. For example, 
GABA content in the apoplast facilitates Cladosporium 
fulvum  infection in tomato (Solomon and Oliver 2002). 
Pseudomonas syringae pv. Tomato DC3000 strain utilizes 
tomato apoplast derived GABA as a sole source of carbon 
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or nitrogen (Rico and Preston 2008; Park et al. 2010). Sim-
ilarly, K12 mutant strains of E. coli, with high GABA-T 
activity utilize GABA as a sole source of carbon and nitro-
gen (Dover and Halpern 1972). Conversely, there is a report 
indicating improvement of plant tolerance by high content 
of GABA due to repression of the hrp genes in the bacteria 
(Park et al. 2010).

GABA also induces resistance in crops against patho-
genic fungi, it activates the defense machinery of plants 
against harmful insects, for plants with deterrence for insect 
accumulate GABA (Morse et al. 1979). Mechanical damage/
injury, even crawling on leaves by insects also induces accu-
mulation of GABA. It is believed that the ingested GABA 
interrupts the development process of insects (Bown et al. 
2002). Moreover, transgenic tobacco plants with increased 
GABA content exhibit resistance against root-knot nema-
tode and tobacco budworm larvae (MacGregor et al. 2003; 
McLean et al. 2003). Similarly, GABA level enhances in 
Asparagus cells on exposure to pathogen-induced oxidative 
stress (Shelp et al. 2003, 2006; Bown et al. 2006). Besides, 
the growth media supplemented with GABA directly inhibits 
larvae of Spodoptera littoralis and Choristoneura rosaceana 
in A. thaliana mutants. High GABA content inhibits growth 
rate of the larvae and their survival rate as well (Ramputh 
et al. 1996; Bown et al. 2002, 2006; Scholz et al. 2015). 
These findings confirm that GABA not only has an immedi-
ate and prompt impact on insects but also involves in acti-
vating secondary defense responses in the infected plants 
vis-à-vis accumulation of GABA.

The biphasic defense mechanism of GABA has been 
demonstrated in tomato mutants against necrotrophic fungus 
Botrtytis cinerea. Exogenous application of GABA inhibits 
fungal infection by formation of the chlorotic rings around 
the infected tissue and triggers over-activation of GABA 
shunt that limits the cell death caused by the  H2O2 mediated 
defense response at the penetration site of Botrtytis cinerea 
(Seifi et al. 2013). GABA shunt regulates the redox reaction 
through the production of NADH by SSADH and by the sup-
ply of energy and carbon skeletons to Krebs cycle under oxi-
dative stress. GABA shunt restricts cell death after infection 
of fungus Magnaporte oryzae in rice crops. Moreover, the 
application of exogenous GABA in tomatoes and pears (Seifi 
et al. 2013; Yu et al. 2014; Fu et al. 2017; Yang et al. 2017) 
prompts tolerance against fungal pathogen mainly through 
the induction of both transcript and protein activity levels of 
antioxidant and defense related enzymes including chitinase, 
β-1,3-glucanase, phenylalnine ammonialyase, peroxidase 
and polyphenol oxidase (Yang et al. 2017; Yu et al. 2014).

The concurrent elevation of antioxidant enzymes in the 
GABA treated plants proposes that GABA improves toler-
ance against biotic stress by restricting the ROS mediated 
cell death in plants. The accumulated GABA can inter-
fere with quorum sensing (QS) in response to bacterial 

pathogens; however, some of them are specialized in using 
GABA as preferred nutrient source. Moreover, GABA 
uptake by herbivorous insects can result in inhibition of 
GABA neuronal receptors, provoking neuromuscular disor-
ders and abnormal development. Furthermore, GABA boosts 
endurance as its metabolism sustains host cells against infec-
tions by fueling the Krebs cycle and contrasting oxidative 
damage derived from ROS burst (Tarkowski et al. 2020). 
The development of tolerance in plants against pathogens 
is uncertain as GABA is a constituent of plant metabolism 
and the metabolization of exogenous and endogenous GABA 
occurs in a similar manner.

PAs pathway for GABA to affect ROS 
homeostasis during stress conditions

PAs act along with GABA to indirectly influence ROS 
homeostasis. PAs catabolism prompted by DAO activity 
leads to GABA synthesis (Shelp et al. 2012). Stressful con-
ditions enhance GAD and DAO activities for GABA for-
mation (Bouché et al. 2003; Bouche and Form 2004); this 
action also produces  H2O2, which acts as a signal to activate 
antioxidant responses (Gupta et al. 2016). The role of PAs to 
increase antioxidant defenses under various stresses has been 
extensively described (Minocha et al. 2014). Degradation 
pathways of PAs feed into the GABA biosynthesis path-
way, and endogenous levels of PAs and GABA are closely 
linked in plant cells (Wang et al. 2014a). PAs content is 
closely coordinated with environmental factors, and rapidly 
changes on exposure to abiotic stress. PAs and GABA accu-
mulate under hypoxia stress and when stress is removed, 
the contents of PAs and GABA decrease significantly, indi-
cating their dependent interrelationship (Song et al. 2012). 
Spermidine, spermine, and putrescine, are the major PAs 
in plants. These metabolites act as second messengers and 
mediate plant responses to several environmental stresses. 
Moreover, exogenous GABA plays an important role in alle-
viating Ca(NO3)2 induced injury to muskmelon seedlings 
by improving/ preventing PAs biosynthesis/degradation (Hu 
et al. 2015).

PA degradation via DAO and PAO produces GABA, 
which is converted via transamination and oxidation to suc-
cinate, then introduced into the Krebs cycle (Duan et al. 
2008). However, only about 30% of GABA is formed at 
the expense of PAs degradation in germinating fava beans 
(Vicia faba) during hypoxic conditions (Yang et al. 2013). 
Moreover, exogenous GABA application suppresses the 
gene expression and activities of cell wall bound DAO and 
PAO; however, the addition of GABA alters the enzyme 
activity of PAs degradation more than those of PAs bio-
synthesis in the control plants of melon (Wang et al. 2014a, 
b). This suggests that higher levels of endogenous GABA, 
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a product of polyamine oxidation, may inhibit its own for-
mation from the potential negative feedback mechanism in 
melon (Wang et al. 2014a). Concurrently, GABA protects 
and maintains high level of PAs and reduces injury from 
hypoxia stress (Wang et al. 2014a). Exogenous applica-
tion of GABA elevates endogenous GABA content that 
improves drought tolerance possibly through regulation of 
GABA-shunt, PAs and Pro metabolism in white clover by 
significantly increasing relative water content, lowering elec-
trolyte leakage, lipid peroxidation, and leaf wilt and further 
promotes drought-induced increases in GABA transaminase 
and alpha ketone glutamate dehydrogenase activities, but 
it inhibits glutamate decarboxylase activity, resulting in an 
increase in endogenous glutamate and GABA content (Yong 
et al. 2017). In addition, exogenous GABA enhances PAs 
biosynthesis and represses PAs catabolism. Concomitantly, 
there is tremendous increase in different types of PAs con-
tent such as putrescine and spermidine along with the acti-
vation of drought-induced Δ1-pyrroline-5-carboxylate syn-
thetase and proline dehydrogenase activities, but represses 
ornithine-δ-amino transferase activities, leading to a higher 
Pro accumulation and metabolism in GABA-treated plants 
under drought stress (Yong et al. 2017).

PAs directly control the genetic expression of catalase 
in green microalga Ulva fasciata, suggesting their potential 
as signaling molecules (Sung et al. 2011). Similarly, plant 
interactions with pathogens engage PAs in regulation of 
ROS accumulation (Lou et al. 2016; Seifi and Shelp 2019). 
Catabolism of polyamine spermine confers hypersentivity 
response to tobacco (Nicotiana tabacum) and cotton (Gos-
sipium hirsutum L.). On the other hand, the exogenous sper-
mine treatment induces  H2O2 to involve in signal transduc-
tion in Arabidopsis cucumber mosaic virus pathosystem (Mo 
et al. 2015; Yoda et al. 2003). In line with this, inhibition of 
putrescine catabolism through putrescine acetylation reduces 
 H2O2 production during an overactive response to A. thali-
ana, leading to a suppression of antibodies against P. syrin-
gae DC3000 (Lou et al. 2016). Nevertheless, GABA appears 
to be critical in regulating antioxidant mechanisms during 
stressful situations (Seifi et al. 2013; Song et al. 2010; Wang 
et al. 2014a). PAs catabolism-dependent production of both 
 H2O2 and GABA offers additional regulation of ROS pro-
duction under stress conditions (Gupta et al. 2016). Because 
of such considerations and the strong links between GABA 
and PAs during abiotic and biotic stress (Hatmi et al. 2015; 
Podlešáková et al. 2019; Wang et al. 2014a), a strategic mod-
ulation of fluxes between GABA and PA metabolic pathways 
to control generation and signaling of ROS offers fascinating 
novel circumvention to biotic and abiotic stress conditions.

Role of GABA transporters in improving 
stress tolerance

The amino acids are transported across the membranes via 
amino acid transporters (AATs) that are the key supplier in 
the mineral nutrient distribution mechanism, which helps in 
plant growth, development, and regulation of defense machin-
ery (Tegeder 2012). The membrane bound GABA transporter 
(GATs) facilitates transport of high content of  Ca2+ into the 
cells. GATs regenerate and get activated with the attachment 
of GABA that possibly arises from expression of GABA shunt 
genes under stress conditions (Fig. 3) (Meyer et al. 2006).

GATs serve as conduit for pervasive amino acid GABA 
(Satyanarayan and Nair 1990) which involves in signaling 
mechanism influencing C and N balance, pH regulation, nitro-
gen storage, and stress resistance (Shelp et al. 1999; Bouche 
and Fromm 2004). GABA accumulation regulates the activi-
ties of plant-specific anion transporter that helps in root devel-
opment and enhanced stress tolerance (Bouche and Fromm 
2004). GAT1 transporter of A. thaliana can’t transport Pro 
into the cell, but it has a high affinity for GABA to intercede 
association with carbon and nitrogen (Breitkreuz et al. 1999; 
Schwacke et al. 1999; Batushansky et al. 2015). Furthermore, 
overexpression of GATs helps in expression of PeuGAT3 gene 
that is responsible for growth of xylem tissues in A. thaliana 
and Populus euphratica and increases lignin content of xylem 
tissues and the Pro accumulation in P. euphratica leaves. As 
result, P. euphratica acquires tolerance against salt and drought 
stresses (Bai et al. 2019). The transportation of GABA also 
occurs through Pro transporters (ProTs) from Pro transporter1, 
2 (AtProT1, 2) of A. thaliana, and Pro transporter1 (LeProT1) 
of Solanum lycopersicum. It has been reported that AtProT2 is 
highly activated under stress conditions. Pro-GATs also serve 
as conduit for osmolytes in cells for protecting plants from 
osmotic stress conditions (Schwacke et al. 1999; Batushansky 
et al. 2015).

GABA permease of A. thaliana (AtGABP) is responsible 
for the transportation of major content of cytosolic GABA into 
mitochondria for catabolism by the enzymes, GABA-T and 
SSADH to form succinate that gets passage to Krebs cycle and 
ETC (Michaeli et al. 2011). On the other hand, the noxious 
SSA may be mobilized from the mitochondria into the cytosol 
for the formation of GHB by the enzyme SSR. Furthermore, 
mitochondrial GAT knockout mutant of A. thaliana, showing 
a minimal consumption of GABA elevates the activity of the 
Krebs cycle (Michaeli et al. 2011). It has been studied that 
GABA inhibits the aluminum-activated malate transporter 
(ALMT), which plays a key role as GABA receptor in plant 
tissue. Furthermore, ALMT regulation by GABA represents 
a signaling pathway possibly modifies membrane potentials 
responsible for immediate physiological changes in the plant 
system (Ramesh et al. 2015; Gilliham and Tyerman 2016). 
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These studies suggest that somehow GATs directly or indi-
rectly regulate GABA metabolism that involves in the mitiga-
tion of ROS for alleviating stress tolerance in plant system.

Conclusion and future prospects

ROS are generated by various plant metabolic pathways 
in the cells. Their production and eradication are balanced 
under normal conditions. However, under hostile environ-
mental conditions, this balance gets disturbed via escala-
tion of ROS levels. The disproportionate production of ROS 
causes destructive activities and oxidative damage in plant 
cells. Plants have various stress-specific responses and have 
complex networking of antioxidant system for scavenging 
ROS. GABA shunt is a signaling and metabolic pathway 
involved in molecular mechanisms that are important for 
plant development and proficient in regulating the stress-
accumulated signaling molecule GABA content in the cyto-
sol. GABA and other components of the GABA shunt play 
a crucial role in scavenging ROS and protecting the plant 
system from oxidative damage during various stress condi-
tions. GABA shunt copiously involves in oxidative stress 
tolerance. The review elucidates the free radical scavenging 
mechanism of GABA during stress conditions for the agro-
economic improvement. Most of the researches has been 
carried out under abiotic stress, and the role of the GABA 
shunt with its metabolites is still an important issue to be 
addressed with further investigations. Future studies are 
ought to illuminate the mechanism through which physiolog-
ical enhancement in GABA contents during stress condition 
occurs and encompasses GAD stimulation, suppression of 
catabolism or expanded flux within the route of the GABA 
shunt, influence plant development and activation of defense 
machinery in plants. Characterization of the surface-bind 
GABA receptors, GATs, and other components involved 
in GABA-mediated gene regulation for stress tolerance is 
indispensable to fully exploit the system for crop productiv-
ity and quality improvement in prevalent diverse array of 
abiotic and biotic stresses for food security to burgeoning 
human population.
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