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The stress-protective effects of plant neurotransmitters, including gamma-aminobutyric acid (GABA) 
have been intensively examined in recent years. However, studies on the GABA influence on stress protective 
systems in bread wheat cultivars with different drought adaptation strategies are still lacking. The aim of 
this work was to estimate the GABA effect on the state of antioxidant and osmoprotective systems in etiolated 
seedlings of two wheat cultivars differing significantly in drought tolerance, namely Doskonala (non-drought-
resistant) and Tobak (drought-resistant) under model drought induced by PEG 6000. Two-day-old seedlings 
were transferred to 15% PEG 6000 and incubated for two days in the absence or presence of GABA. Treat-
ment with 0.1 and 0.5 mM GABA significantly reduced the growth-inhibitory effect of PEG 6000 on the roots 
and shoots of both cultivars, but to a greater extent on those of non-resistant Doskonala. It was shown that 
GABA treatment reduced drought-induced accumulation of H2O2 and MDA, stabilized SOD and GPX activity, 
the level of sugars, anthocyanins and flavonoids in seedlings of both cultivars. Meanwhile GABA treatment 
enhanced the stress-induced increase in proline content in the Doskonala cultivar, but decreased it in the 
Tobak, completely prevented stress induced decrease in anthocyanins and flavonoids level in the Tobak and 
only partially in Doskonala cultivar. Thus, the stabilization of the stress-protective systems functioning in the 
wheat cultivars and variety-dependent differences in response to GABA were revealed.

K e y w o r d s: Triticum aestivum, gamma-aminobutyric acid, drought resistance, oxidative stress, antioxi-
dant system, proline, anthocyanins.

Drought is a major factor limiting the yield 
of one of the major food crops, wheat [1]. 
Increasing drought tolerance in wheat can 

be achieved through genetic improvement based on 
the search for quantitative trait loci (QTLs) closely 
associated with this trait [2], genetic manipulation 
(particularly by transforming genes for enzymes and 
transcription factors that provide important defense 
responses [3, 4], and exogenous influences that acti-
vate adaptive responses. The spectrum of physiologi-
cally active substances involved in the regulation of 
plant adaptive responses is constantly expanding. At 
present, the possibilities of using so-called “stress” 
plant hormones that activate adaptive and repara-

tive processes, such as salicylic and jasmonic acids, 
brassinosteroids, cytokinins, to increase the resistan
ce of cultivated plants, including cereal grains, are 
being actively studied [5-7]. In addition, there is 
a growing body of knowledge on the regulation 
of adaptive responses by signaling mediators and 
stress metabolites [8-10]. One compound that com-
bines stress metabolite and bioregulatory properties 
is γ-aminobutyric acid (GABA), referred to as the 
“plant neurotransmitters” [8, 11]. 

The position of GABA in the highly complex 
network of signal transduction and regulation of 
plant adaptive responses has not yet been deter-
mined. In recent decades, however, experimen-

doi: https://doi.org/10.15407/ubj95.05.085
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tal evidence has emerged suggesting a role for the 
GABA shunt in maintaining respiration and reduc-
ing agent balance under stress conditions [12, 13]. 
GABA signaling effects may be related to its abili
ty to interact specifically with membrane proteins 
(hypothetical receptors) and thereby influence ion 
homeostasis, including promoting calcium entry 
into the cytosol [14, 15]. There is also evidence that 
GABA enhances the expression of genes encoding 
the catalytic subunit of NADPH oxidase (RBOH) 
[16].

Protective effects of GABA on plants of dif-
ferent taxonomic groups have been found under 
the action of stressors of different nature: hypoxia, 
drought, salinity, low and high temperatures, heavy 
metals, and a number of biotic stresses [17, 18]. Ap-
plication of exogenous GABA usually increases its 
endogenous content and induces a variety of chang-
es at the molecular, biochemical, and organismal 
levels. A review by Shelp et al. [18] provides sev-
eral examples suggesting that elevated endogenous 
GABA may enhance stressor-induced increases in 
antioxidant enzyme activity, low-molecular-weight 
antioxidants, and accumulation of osmolytes, in-
cluding proline. All these effects are important for 
the development of drought tolerance in plants [19]. 
Another pathway for the GABA effect on drought 
resistance may be due to its involvement in the regu-
lation of stomata [20]. 

The protective effects of exogenous GABA 
have been shown in white clover (Trifolium repens) 
[21], creeping bentgrass Agrostis stolonifera [22], 
and bean (Phaseolus vulgaris) [23]. Despite the im-
portance and widespread use of bread wheat (Triti-
cum aestivum), the effect of GABA on its drought 
tolerance is poorly understood. Farooq et al. [24] 
study conducted on wheat plants grown in soil cul-
ture in greenhouse showed that GABA treatment 
promoted membrane stability, increased their pro-
ductivity index, chlorophyll content, and the amount 
of osmolytes proline and glycine betaine. Zhao et al. 
[25] showed that GABA treatment of 2-6-day-old 
wheat seedlings under conditions of PEG-induced 
osmotic stress reduced growth inhibition, decreased 
the content of lipid peroxidation (LPO) products, 
increased peroxidase activity, and promoted an in-
crease in phenolic antioxidants.

At the same time, there are no works that have 
comprehensively studied the effect of GABA on 
the functioning of antioxidant and osmoprotective 
systems in bread wheat under drought. Meanwhile, 

varietal specificities of GABA action have been in-
vestigated in single studies and are only concerned 
with integral physiological parameters such as mem-
brane stability, water use efficiency, and productivity 
[24]. Related to the above, our work aimed to study 
the effect of GABA on the state of antioxidant and 
osmoprotective systems under model drought condi-
tions in two wheat cultivars differing significantly in 
drought tolerance.

Material and Methods

Plant materials and treatments. For the re-
search we used etiolated seedlings of two cultivars of 
Triticum aestivum (L.): Doskonala (originator: Yu-
riev Plant Production Institute of NAAS of Ukraine) 
and Tobak (originator: Saaten-Union GmbH, Isern-
hagen HB, Germany) of 2022 year reproduction. The 
Doskonala cultivar is mainly intended for cultivation 
in the Forest-steppe and has a low level of tolerance 
to drought [26]. The cultivar Tobak is intended for 
cultivation in Central Europe, but is capable of main-
taining productivity under drought conditions [27]. 
A special study on the resistance of 4-day-old etio-
lated seedlings to the effects of model drought cre-
ated by PEG 6000 confirmed a significantly higher 
resistance of the Tobak cultivar compared to Dosko-
nala [26].

Seeds were disinfected in 70% ethanol for 
2 min, then transferred to 2% sodium hypochlorite 
solution for 15 min, followed by rinsing 10 times 
with sterile distilled water and germination on wa-
ter in Petri dishes in a thermostat at 24°C without 
light for 2 days. The seedlings of approximately 
equal length were then transferred to Petri dishes 
with two layers of filter paper moistened with 15% 
PEG 6000 solution. The concentration of PEG that 
caused 30-50% growth inhibition was chosen based 
on preliminary experiments (results not shown). The 
seedlings of control variants were transferred to 
Petri dishes with filter paper moistened with distilled 
water. GABA was dissolved in a small volume of 
ethanol; the solution was diluted with distilled water 
and added to Petri dishes to obtain working solutions 
with concentrations of 0.025-2.5 mM. In preliminary 
experiments, it was found that ethanol concentra-
tions in GABA solutions did not significantly affect 
the growth and drought tolerance of seedlings and 
the biochemical parameters studied.

After two-day exposure of seedlings to PEG 
6000 and/or GABA solutions, biochemical analy-
ses were performed and shoot and root biomasses 
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of seedlings were estimated. Inhibition of seedling 
growth under model drought conditions was calcu-
lated using the formula [26]:

I = 100 – (E/C × 100%),
where I is growth inhibition (%); C and E are seed-
ling organ fresh weight values in the control and ex-
perimental (drought) variants, respectively.

Estimation of total and relative water content of 
seedlings. The total water content of the tissues was 
determined by the gravimetric method with drying 
at 103°C to constant weight. The relative water con-
tent (RWC) was estimated after water saturation of 
shoots separated from seedlings for 12 h and calcu-
lated according to the formula [28]:

C = 100% × (МF – МD)/(МТ – МD),
where MF is the mass prior to saturation, MT is the 
mass after saturation, and MD is the dry mass.

Evaluation of hydrogen peroxide content. For 
determination of H2O2 content, seedling shoots 
were homogenized in cold with 5% trichloroacetic 
acid (TCA). Samples were centrifuged at 8000 g 
for 10 min at 2-4°C on an MPW 350R centrifuge 
(MPW MedInstruments, Poland). The concentra-
tion of H2O2 in the supernatant was measured by the 
ferrothiocyanate method [29] with slight modifica-
tions. For this, 0.5 ml 2.5 M ammonium thiocyanate, 
0.5 ml 50% TCA, 1.5 ml supernatant, and 0.5 ml 
10 mM iron(II) ammonium sulfate were added to 
tubes. After mixing, the samples were transferred 
to cuvettes and the absorbance at 480 nm was de-
termined.

LPO products content evaluation. The level of 
products reacting with 2-thiobarbituric acid (mainly 
malondialdehyde – MDA) was used to assess the rate 
of lipid peroxidation (LPO) in seedling shoots [30].

Measurement of antioxidant enzymes’ activi
ty. The activity of antioxidant enzymes – superoxi
de dismutase (SOD) (EC 1.15.1.1), catalase (CAT) 
(EC 1.11.1.6), and guaiacol peroxidase (GPX) 
(EC 1.11.1.7) was measured according to previously 
described protocols [30]. After homogenization of 
seedling samples in cold 0.15 M K, Na-phosphate 
buffer (pH 7.6) with the addition of EDTA (0.1 mM) 
and dithiothreitol (1 mM), the homogenate was cen-
trifuged for 15 min in a centrifuge MPW 350R (Me-
dInstruments, Poland) at 8000 g at 2-4°C to prepare 
the supernatant, which was then assayed. The activ-
ity of SOD was determined at pH 7.6 by a method 
based on the ability of the enzyme to compete with 
nitroblue tetrazolium for superoxide anions produced 
by the aerobic interaction between NADH (reduced 

nicotinamide adenine dinucleotide) and phenazine 
methosulfate. CAT was evaluated by the amount of 
H2O2 decomposed per unit time. GPX activity was 
estimated using guaiacol as the hydrogen donor and 
H2O2 as the substrate.

Analysis of osmolytes content. Proline content 
of seedlings was determined using ninhydrin reagent 
according to the protocol described by Bates et al. 
(1970) with slight modifications [31]. The total sugar 
content of the plant material was determined by the 
Morris-Roe method based on the anthrone reagent 
[32] in our modification described previously [31]. 

Determination of phenols and flavonoids con-
tent. To determine total phenolics and flavonoids, 
seedlings were homogenized in 80% ethanol, ex-
tracted for 20 min at room temperature, and centri-
fuged at 8000 g for 15 min. For the evaluation of 
phenolic compounds, 0.5 ml of the supernatant, 8 ml 
of distilled water and 0.5 ml of Folin reagent were 
added to the reaction tubes, stirred and, after 3 min, 
1 ml of 10% sodium carbonate was added. After 
1 h, the reaction mixture absorbance was measured 
at 725 nm [33]. The content of phenolic compounds 
was expressed as gallic acid mg-eqv/g dry weight.

Prior to the determination of the content of an-
thocyanins and flavonoids that absorb in UV-B, the 
supernatant was acidified with HCl to a final concen-
tration of 1%. The absorbance was determined at 530 
and 300 nm [34]. Results are expressed as absorb-
ance per dry weight of plant material.

Replication of experiments and statistical pro-
cessing. Statistical processing of results was per-
formed using analysis of variance (ANOVA) and 
Fisher’s least significant difference (LSD) criterion. 
Figures show mean values from 3-4 biological rep-
licates and their standard errors. Different letters in-
dicate values with differences significant at P ≤ 0.05.

Results

Effect of model drought and GABA treatment 
on seedling biomass accumulation. Two-day expo-
sure of seedlings to 15% PEG 6000 solution resulted 
in root and shoot growth inhibition of more than 
50% in the non-tolerant cultivar Doskonala (Fig. 1). 
In the more tolerant cultivar, Tobak, root growth in-
hibition was 33% and shoot growth inhibition was 
approximately 43%.

GABA treatment attenuated the growth inhibi-
tory effect of model drought. The stress-protective 
effect on root growth was significant at P ≤ 0.05 at 
concentrations of 0.1 and 0.5 mM, the range of con-

Yu. E. Kolupaev, I. V. Shakhov, A. I. Kokorev et al.
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centrations that enhanced shoot growth was wider, 
from 0.1 to 2.5 mM (Fig. 1). In general, the protec-
tive effect of GABA was more prominent on shoot 
growth. Varietal differences were also observed: 
GABA had a more pronounced positive effect on 
seedling growth of the less resistant Doskonala cul-
tivar.

It should be noted that in the absence of 
drought, GABA at concentrations of 0.1 and 0.5 mM 
had no significant effect on root and shoot growth 
of seedlings of both cultivars (results not shown). In 
this context, the effect of GABA on the water re-
gime, the state of antioxidant and osmoprotective 
systems of wheat seedlings was further investigated 
against the background of drought. GABA was used 
at a concentration of 0.5 mM, which best alleviated 
the growth inhibiting effects of drought.

Relative water content in shoots of wheat seed-
lings. Model drought caused a decrease in the rela-
tive water content in the shoots of wheat seedlings of 
both cultivars, but this effect was more pronounced 
in the non-resistant Doskonala (Fig. 2). GABA treat-
ment restored the relative water content of seedlings 
incubated on PEG 6000 solution to near control 
levels in both cultivars.

Hydrogen peroxide content in wheat seedlings. 
Exposure to model drought caused H2O2 levels to in-
crease 1.5-fold in shoots of the non-tolerant cultivar 
Doskonala (Fig. 3, A). At the same time, the amount 
of hydrogen peroxide increased by one third in the 
more resistant cultivar Tobak. GABA treatment al-
most completely eliminated the increase in H2O2 
content caused by drought.

Content of TBA-active LPO products in wheat 
seedlings. Seedling growth of the non-tolerant culti-

var Doskonala in the presence of the osmotic stress 
agent PEG 6000 was accompanied by a 1.7-fold in-
crease in the content of TBA-active products (MDA 
is considered to be the main one) (Fig. 3, B). In con-
trast, the resistant cultivar Tobak showed only a 30% 
increase in this index of oxidative stress. GABA 
treatment reduced the drought-induced accumula-
tion of LPO products in the Doskonala and almost 
completely eliminated this effect in the Tobak.

Activity of antioxidant enzymes in shoots of 
wheat seedlings. The baseline values of SOD activity 
in the two studied cultivars differed significantly: 
Tobak had a significantly higher enzyme activity 
than Doskonala (Fig. 4, A). Under the influence of 
osmotic stress, SOD activity decreased in both culti-
vars. GABA treatment prevented the stress-induced 
decrease in this enzyme activity.

The baseline catalase activity was higher in the 
Doskonala cultivar (Fig. 4, B). However, under os-
motic stress conditions, it decreased significantly in 
this cultivar. In the drought-tolerant Tobak cultivar, 
the enzyme activity under stress was maintained at 
a level close to the control variant. GABA treatment 
had no significant effect on catalase activity under 
drought stress in either cultivar.

GPX activity in response to model drought 
stress was markedly decreased in the Doskonala 
cultivar, while this effect was less significant in the 
Tobak (Fig. 4, C). GABA treatment of seedlings of 
the Doskonala promoted a significant increase in the 
enzyme activity under drought conditions, while its 
effect on this indicator in the Tobak was at the level 
of tendency.

Osmolyte content in shoots of wheat seedlings. 
The initial proline content was higher in the non-

Fig. 1. Modulation of the growth-inhibitory effect (%) of 15% PEG 6000 on wheat seedlings of Doskonala 
(A) and Tobak (B) cultivars by GABA treatment. 1 – PEG; 2 – PEG + 0.025 mM GABA; 3 – PEG + 0.1 mM 
GABA; 4 – PEG + 0.5 mM GABA; 5 – PEG + 2.5 mM GABA. Different letters indicate values with significant 
differences (P ≤ 0.05)
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Fig. 2. Relative water content (%) in shoots of wheat 
seedlings. 1 – Control; 2 – PEG 6000 (15%); 3 – PEG 
6000 (15%) + GABA (0.5 mM). Different letters in-
dicate values with significant differences (P ≤ 0.05)
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Fig. 3. Content of hydrogen peroxide (A) and TBA-active products (calculated by MDA – B) in shoots of wheat 
seedlings. 1 – Control; 2 – PEG 6000 (15%); 3 – PEG 6000 (15%) + GABA (0.5 mM). Different letters indicate 
values with significant differences (P ≤ 0.05)
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tolerant cultivar Doskonala (Fig. 5, A). Exposure 
to model drought caused an increase in this index 
by 57% in the Doskonala and 47% in the Tobak. At 
the same time, the nature of the effect of GABA on 
this indicator differed significantly in the two varie-
ties. While in the non-tolerant Doskonala the proline 
content increased under the influence of GABA, it 
decreased in the resistant cultivar Tobak.

The baseline content of soluble carbohydrates 
of the Tobak cultivar was higher than that of the 
Doskonala (Fig. 5, B). It was slightly decreased in 
both cultivars under the influence of drought. GABA 
treatment promoted the preservation of the sugar 
pool in seedlings of both cultivars under drought 
conditions.

Content of phenolics and flavonoid compounds 
in wheat seedlings. There was no significant differen
ce between the two cultivars in the total content of 
phenolic compounds. It was almost unchanged in the 

Doskonala and increased in the Tobak upon expo-
sure to osmotic stress (Fig. 6, A). GABA treatment 
caused an increase in phenolic content in the Dosko-
nala, but had no effect on this index in the Tobak.

The basic content of anthocyanins was almost 
the same in both cultivars (Fig. 6, B). Under the in-
fluence of drought, the non-tolerant cultivar Dosko-
nala showed an almost 2-fold decrease in its content, 
while the resistant Tobak showed a less significant 
decrease in anthocyanin content. GABA treatment 
promoted the preservation of the anthocyanin pool in 
both varieties. At the same time, in the Tobak, their 
content under stress in the presence of GABA did 
not differ from the control values.

The content of colorless flavonoids absorbing in 
UV-B decreased in both cultivars under stress condi-
tions (Fig. 6, C). GABA treatment had no effect on 
their amount in the Doskonala, but slightly amelio-
rated the effect of stress in the Tobak.

Discussion

Treatment of etiolated wheat seedlings with 
GABA resulted in an increase in their tolerance 
to model drought, expressed as a reduction in its 
growth-inhibitory effect (Fig. 1), as well as a reduc-
tion in tissue water deficit (Fig. 2). In the non-tole
rant cultivar Doskonala, the effects of GABA were 
more pronounced.

One reason for the stress-protective effect of 
GABA may be the inhibition of the development of 
dehydration-induced oxidative stress. Thus, GABA 
treatment completely eliminated the drought-
induced increase in hydrogen peroxide levels in 
shoot tissues and reduced the accumulation of LPO 
products (Fig. 3). It should be noted that the effects 
of reducing the oxidative stress manifestation under 

Yu. E. Kolupaev, I. V. Shakhov, A. I. Kokorev et al.
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Fig. 4. Activity of SOD (A), catalase (B), and guaiacol peroxidase (C) in shoots of wheat seedlings. 1 – Con-
trol; 2 – PEG 6000 (15%); 3 – PEG 6000 (15%) + GABA (0.5 mM). Different letters indicate values with 
significant differences (P ≤ 0.05)
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the influence of GABA were registered in plants of 
different species under adverse effects of different 
nature. For example, reduction of hydrogen peroxide 
and MDA by GABA treatment has been shown in 
mung bean (Vigna radiata) plants under salt stress 
[35], and in maize (Zea mays) under flooding stress 
[36]. In rice, such an effect has been found under 
high temperature stress [37]. The results obtained 
by us agree well with the data of Zhao et al. [25], 
which showed a partial elimination of the effect of 
increasing MDA content in tissues of wheat seed-
lings under model drought conditions (PEG 6000). 

The mechanisms of oxidative stress mitigation 
by GABA action are not completely clear, but the 
evidence in the literature suggests at least several 
reasons for this effect. The GABA shunt is now 
being considered as a possible regulator of ROS 
generation by mitochondria, which may be essential 
for normal redox signaling [13]. GABA is thought 
to prevent oxidative stress as a supplier of NADH 
in mitochondria under conditions of tricarboxylic 
acid cycle inhibition, respiration impairment, and 
ROS accumulation [12]. However, on the other hand, 
GABA treatment has been shown to transiently in-
crease the expression of CaGR60 gene, which en-
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Fig. 6. Content of phenolic compounds (A), anthocyanins (B), and flavonoids absorbing in UV-B (C) in the 
shoots of wheat seedlings. 1 – Control; 2 – PEG 6000 (15%); 3 – PEG 6000 (15%) + GABA (0.5 mM). Different 
letters indicate values with significant differences (P ≤ 0.05)

codes the catalytic subunit of NADPH oxidase, in 
roots of Caragana intermedia plants [38]. At the 
same time, the levels of hydrogen peroxide under 
salt stress in the leaves and roots of these GABA-
treated plants were significantly lower than in un-
treated plants. The authors hypothesize that GABA, 
by transiently enhancing gene expression of the cata-
lytic subunit of NADPH oxidase (RBOH), induces 
the generation of a signal that activates the antioxi-
dant system and enhances resistance. Similar results 
were obtained on melon plants. Exogenous GABA-
induced gene expression of a form of the catalytic 
subunit of NADPH oxidase (RBOHD) and H2O2 ac-
cumulation under normal conditions, but also attenu-
ated the development of oxidative stress under sodic 
salinity [16].

Under the conditions of our experiments, 
GABA treatment of wheat seedlings of both varieties 
stabilized the activity of the key antioxidant enzyme 
SOD, which was reduced by PEG 6000-induced tis-
sue dehydration (Fig. 4). Also under the influence of 
GABA, GPX activity stabilized in the non-tolerant 
Doskonala cultivar. These effects may be due to the 
formation of signals inducing antioxidant system 
with GABA participation. Stabilization of antioxi-
dant enzyme activities by GABA treatment has been 
shown in Agrostis stolonifera plants during tissue 

dehydration with PEG 6000 [22]. In wheat under salt 
stress, an increase in SOD and catalase activity was 
observed with GABA treatment [39]. Trifolium re-
pens under the influence of GABA during salt stress 
showed enhanced gene expression and increased 
activity of various forms of SOD, catalase, and 
ascorbate-glutathione cycle enzymes [40]. However, 
GABA application had no significant effect on SOD 
activity in perennial ryegrass grown under drought 
conditions [41], which may indicate that the effects 
of GABA depend on plant species characteristics. 
However, it is possible that the manifestation of 
GABA protective effects may also depend on the ex-
perimental conditions.

GABA also appears to be involved in regu-
lating the accumulation of low-molecular-weight 
multifunctional compounds with stress-protective 
effects. Thus, under our experimental conditions, 
proline accumulation under osmotic stress increased 
in the non-resistant Doskonala cultivar under GABA 
influence (Fig. 5, A). At the same time, GABA 
treatment against drought stress slightly decreased 
proline content in the resistant cultivar Tobak. An 
increase in proline content is known to be a plant re-
sponse to fairly severe stresses [42]. It is possible that 
under moderate stress, the increase in proline con-
tent is activated as an adaptive response in non-tole

12

G
al

lic
 a

ci
d 

m
g-

eq
v/

g 
dr

y 
w

ei
gh

t A

1
bc

3
a

b ab

c

11
2
bc

Doskonala Tobak

10

9 0.1

B1
a

3
b

a

c

a

2
d

Doskonala Tobak

A 53
0/g

 d
ry

 w
ei

gh
t

0.3

0.2

2.2

1.6

1.8

A 30
0/g

 d
ry

 w
ei

gh
t

C1
a

3
cd

d

c

b

1.4

2
cd

Doskonala Tobak

2.4

2.0

Yu. E. Kolupaev, I. V. Shakhov, A. I. Kokorev et al.



92

ISSN 2409-4943. Ukr. Biochem. J., 2023, Vol. 95, N 5

rant cultivars, whereas under more severe stress, its 
accumulation becomes more pronounced in resistant 
plants. For example, in 20-day-old wheat plants, the 
leaf proline content of the most drought-tolerant cul-
tivar exceeded that of other cultivars only under very 
severe drought conditions [42].

Apparently, against the background of 15% 
PEG action, the reaction of proline content increase 
is more pronounced in less resistant wheat variety 
and GABA contributes to its strengthening. The ef-
fect of GABA on proline content under stress has 
also been found in other cereal species. For example, 
treating rice plants with GABA increased proline ac-
cumulation under heat stress [37]. On the other hand, 
plants of the same species showed a decrease in pro-
line content under osmotic stress when treated with 
GABA [17, 18]. It can be assumed that the effect of 
GABA on proline content involves various mecha-
nisms that may be related to modulation of energy 
processes under its influence, formation of redox sig-
nals, and utilization of a part of the GABA pool for 
metabolic processes. Naturally, such an assumption 
requires special research. 

The stabilization of the soluble carbohydrate 
content in wheat seedlings can be considered as one 
of the protective effects of GABA under the condi-
tions of our experiments. In both cultivars, GABA 
treatment eliminated the stress-induced decrease 
in the pool of sugars (Fig. 5, B). The effects of 
increasing the sugar content or preventing the de-
crease of their pool under stress conditions under 
the action of GABA have been reported on various 
objects. Thus, the treatment of white clover seeds 
increased their sugar content during germination 
under water deficit conditions [43]. When rice seeds 
germinated under salt stress conditions, the content 
of sugars in seedlings decreased, and GABA treat-
ment promoted the maintenance of their pool [17]. 
GABA treatment of corn (Zea mays) and mung bean 
(Vigna radiata) plants also increased or stabilized 
soluble carbohydrate content under saline conditions 
[35, 44]. Such effects may be due to the positive ef-
fects of GABA shunt activation on energy metabo-
lism under stress conditions [13]. 

Stabilization of the pools of key osmolytes, 
proline and soluble carbohydrates may be one of the 
reasons for the increased relative water content in 
seedlings of both wheat cultivars under stress condi-
tions under the action of GABA (Fig. 2).

GABA appears to be involved in regulating 
the levels of another important group of compounds 
with multifunctional stress-protective effects –  phe-

nols and flavonoids. Thus, under the influence of 
GABA, an increase in total phenolic compounds 
was observed under stress conditions in the non-
resistant Doskonala cultivar (Fig. 6, A). At the same 
time, GABA treatment prevented the reduction of 
the anthocyanin pool induced by drought stress in 
both cultivars (Fig. 6, B). Presumably, the depletion 
of the anthocyanin pool under stress is associated 
with their antioxidant functions [45], and maintain-
ing a sufficient pool under stress conditions may be 
an important factor in providing antioxidant defense. 
Zhao et al. [25] showed a significant increase in the 
activities of the key enzymes of secondary metabo-
lite synthesis, phenylalanine ammonia lyase, cin-
namic acid 4-hydroxylase, and 4-coumarate-CoA 
ligase, in 4-day-old wheat seedlings when they were 
treated with GABA, indicating its important role in 
regulating the synthesis of a variety of phenolic an-
tioxidants.

In our work, we investigated the effect of 
GABA on the enzymatic antioxidant system, as 
well as the content of multifunctional defense com-
pounds (proline, sugars, and secondary metabolites) 
combining antioxidant and osmoprotective proper-
ties in wheat seedlings under model drought condi-
tions. Quite naturally, this does not limit the effects 
of GABA on stress-protective systems in wheat. It 
is now known that an important component of the 
GABA protective effect may be modulation of the 
formation of heat shock proteins with a wide range 
of molecular masses [46], dehydrins [43], and effects 
on gene expression of a number of transcription fac-
tors that control adaptation to dehydration [43]. In 
addition, the involvement of GABA in the regulation 
of stomata has been demonstrated in several objects, 
which may be very important for the manifestation 
of drought tolerance [20]. The results obtained in 
our work indicate that the stress-protective effect of 
GABA can be manifested at the earliest developmen-
tal stages and in the absence of developed photosyn-
thetic and stomatal apparatuses. An important part 
of the protective effects of GABA in young wheat 
seedlings may be its involvement in regulating ROS 
formation and neutralization, as well as maintaining 
cellular osmotic balance. The mechanisms of these 
effects of GABA require special studies; in particu-
lar, it is of interest to study the involvement of the 
main components of the signaling network in the 
realization of the effect of GABA on the state of an-
tioxidant and osmoprotective systems of plants. 
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Another issue that requires special study and 
may be of practical importance is the reasons for 
varietal differences in the response of wheat seed-
lings to the action of exogenous GABA. In addi-
tion to the peculiarities of the functioning of anti-
oxidant and osmoprotective systems [19], varieties 
with different resistance may also have differences 
in the endogenous GABA content, dynamics of its 
change under stress conditions and, accordingly, in  
response to the action of exogenous GABA. Thus, 
a positive relationship between endogenous GABA 
levels and their heat tolerance has been shown in 
different cultivars of Agrostis stolonifera plants [47]. 
However, for other plant species, including wheat, 
the relationship between endogenous GABA content 
and their tolerance to certain abiotic stresses remains 
largely unexplored.

Conclusions. GABA treatment increased the 
resistance of etiolated wheat seedlings to osmotic 
stress induced by PEG 6000. The growth-inhibiting 
effect of drought was more markedly attenuated by 
GABA treatment in the non-drought-tolerant culti-
var Doskonala.

The stress-induced accumulation of hydrogen 
peroxide and MDA was reduced under the influence 
of GABA in both the resistant cultivar Tobak and the 
non-resistant Doskonala (Fig. 7).

In both cultivars, GABA treatment prevented 
the stress-induced decrease in SOD activity as well 
as the decrease in sugars and anthocyanins. At the 
same time, GABA promoted GPX activity, proline, 
and total phenolic compounds in the non-drought-
tolerant cultivar Doskonala and had little effect on 
these parameters in the resistant cultivar Tobak. 

Fig. 7. Heat map of changes in the state parameters of antioxidant and osmoprotective systems of wheat 
seedlings under the action of model drought (15% PEG) and their modulation by GABA treatment. When con-
structing the map, each indicator was normalized from 0 to 1
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Thus, a differentiated manifestation of the stress-
protective effect of GABA depending on the adap-
tive strategies of specific cultivars was recorded.
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Гамма-аміномасляна 
кислота модулює 
антиоксидантну та 
осмопротекторну системи 
у проростків сортів 
Triticum aestivum з різною 
посухостійкістю
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Останніми роками у світі інтенсивно 
досліджують стрес-протекторну дію рослин-
них нейротрансмітерів, одним з яких є гамма-
аміномасляна кислота (GABA). Проте ще 
недостатньо вивчений вплив GABA на стрес-
протекторні системи у сортів м’якої пшениці з 
різними стратегіями адаптації до посухи. Ме-
тою роботи було оцінити вплив GABA на стан 
антиоксидантної та осмопротекторної систем 
етіольованих проростків двох сортів пшениці, 
які суттєво відрізняються за посухостійкістю, 
а саме Досконала (непосухостійкий) і Тобак 
(посухостійкий) за умов посухи. індукованої 
PEG 6000. Дводобові проростки переносили в 
15% розчин PEG 6000 та інкубували протягом 
двох днів за відсутності або присутності GABA. 
Обробка 0,1 і 0,5 мМ GABA суттєво зменшила 
інгібуючу дію PEG 6000 на ріст коренів і пагонів 

обох сортів, але більшою мірою впливала на 
нестійкий сорт Досконала. Показано, що обробка 
GABA зменшувала спричинене посухою нако-
пичення H2O2 та MDA, стабілізувала активність 
SOD та GPX, рівень цукрів, антоціанів та 
флавоноїдів у проростках обох сортів. Водночас 
обробка GABA посилювала стрес-індуковане 
збільшення вмісту проліну у сорту Досконала, 
але зменшувала його у сорту Тобак, повністю 
запобігла стрес-індукованому зниженню рівня 
антоціанів і флавоноїдів у сорту Тобак і лише 
частково у сорту Досконала. Таким чином, ви-
явлено стабілізацію функціонування стрес-
протекторних систем у проростків пшениці та 
сортозалежні відмінності у відповіді на GABA.

К л ю ч о в і  с л о в а: Triticum aestivum, 
гамма-аміномасляна кислота, посухостійкість, 
окислювальний стрес, антиоксидантна система, 
пролін, антоціани.
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