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Abstract: This study aims to investigate whether v -aminobutyric acid (GABA) and proline, alone
and in combination, can influence the growth of oilseed rape under drought stress and after the
resumption of irrigation, and to determine whether the exogenous application of these acids
improves the response of oilseed rape to prolonged water deficit, and, if so, which biochemical
processes are involved in the plant tissue. The research was carried out under controlled laboratory
conditions. After 21 days of plant cultivation, at the 34 leaf stage aqueous solutions of GABA (0.1
mM) and proline (0.1 mM) were used to spray seedlings and then subjected to prolonged drought
stress for 8 days to achieve a severe water deficit, next, irrigation was resumed, and recovery was
assessed after 4 days. According to the results, both amino acids effectively alleviated the drought-
induced stress as reflected by higher relative water content (RWC) levels, endogenous proline and
photosynthetic pigment content in leaves, and survival capacity to resume growth after drought.
Plants exposed to the GABA improved membrane integrity and maintained PM ATPase activity
during long-term drought stress while decreasing ethylene, H2O2, and MDA levels. Proline affected
these biochemical reactions during simulated drought but to a lesser degree. The combined treatment
of GABA and proline stimulated oilseed rape recovery compared with drought control after resumed
watering. A significant increase in gene expression was observed upon GABA treatment compared
to untreated control. Molecular studies of drought-responsive genes revealed that the gene
expression level of plants treated with proline and GABA simultaneously was almost always
intermediate between gene expression in proline-treated and GABA-treated plants. Based on these
findings, we proposed that application of GABA is an alternative to proline technique for improving
oilseed rape tolerance to drought and could be used to increase the amount and quality of crops.

Keywords: Brassica napus; y-aminobutyric acid; recovered growth; water deficit; drought sensitive
gene expression

1. Introduction

Drought stress adversely affects plant growth and development by disturbing many
physiological and biochemical processes. Oilseed rape is highly sensitive to drought and global
climate change, which is causing severe and prolonged droughts in some parts of the world, is
expected to reduce the survival and productivity of oilseed rape [1]. In central and eastern Europe,
decreasing summer rainfall and increasing warm temperature extremes are hampering plant growth
and development [2]. Numerous studies have indicated that exogenous application of hormones,
polyamines, nutrients, antioxidants, osmoprotectants, etc., improves drought tolerance in plants [3—
6]. According to these studies, such compounds can enhance parameters such as morphology,
photosynthetic capacity, RWC, and promote osmolyte accumulation. In recent years, more studies

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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have shown that the exogenous application of the proteogenic amino acid proline has been successful
in increasing plant resistance to various abiotic stresses [7-9]. Furthermore, we find evidence that y-
aminobutyric acid (GABA) is associated with plant stress response and control of plant resistance to
abiotic stresses [10-12]. In addition, GABA is a non-protein amino acid involved in a variety of
physiological processes; including protective effects on plants against drought stress, increasing
osmolyte content and leaf turgor, and reducing oxidative damage [12,13]. Thus, proline, a
proteogenic amino acid that acts as an osmoprotector, subcellular stabiliser and antioxidant, and
GABA, a non-protein amino acid that acts as a signalling molecule, both play an important role in the
protection of the cells in the event of water shortage. Another common feature of these amino acids
is that their main biosynthetic pathway is from glutamate. In addition, the literature shows that
treatment with exogenous GABA can improve the drought tolerance of cultivated plants (white
clover, sunflower, cucumber) by increasing the free proline content, the activity of the enzymes
peroxidase and catalase, the rate of photosynthesis and the efficiency of water use [14,15]. Thus,
GABA plays a positive role in physiological regulation when plants are exposed to unfavourable
environmental stressors; hence, regulating GABA levels could be a promising approach to improve
plant stress tolerance. At present, there is evidence that endogenous GABA concentrations in plants
are relatively low but can increase in response to a range of stress conditions [13]. However, the effect
of GABA application on drought tolerance in commercially important oilseed rape has not been
investigated. Therefore, one of the questions of this study was: does exogenous application of GABA
improve the response of oilseed rape to prolonged water deficit and, if so, by which biochemical
processes is this reflected in the plant tissues?

Investigations of crop plants show various adaptive and acclimatization strategies to drought
stress, which range from seemingly simple morphological or physiological traits that serve as
important stress tolerance markers to major upheavals in gene expression in which many
transcription factors are induced [16,17]. Moreover, crop plant adaptation to drought is a very
complex process, altering the expression level of numerous genes. The factors mitigating drought
stress (GABA, proline) should change the expression of drought-induced genes under water
deprivation conditions. So, such genes could be a valuable marker for the evaluation of drought stress
diminishing. Recently a set of genes, which alter their expression level in response to simulated
drought, was identified and confirmed by qRT-PCR in oilseed rape, therefore bringing them as
putative candidates for water stress tolerance [18]. Among them, strong increase in expression
showed KIN2-like gene which is similar to LEA (late embryogenesis abundant) and KIN1/2 genes. It
is known that genes encoding LEA proteins are expressed in seeds and vegetative organs during
abiotic stress [19]. Also, the expression of KIN2 gene in Arabidopsis strongly increases in response to
drought [20]. Two other genes, which expression increased in response to water deficit in oilseed
rape were genes encoding peroxygenase 3 (caleosin 3) and EDL3 (EID1-like F-box protein 3) [18,21]
acting via the proteasome degradation mechanism [22]. Also, the increase in expression in response
to simulated drought in oilseed rape showed the gene of bZIP transcription factor ABI5 [18]. The
transcription factor is mostly active in the earliest stages of plant development and is important under
abiotic stress conditions, mainly drought and salt [23]. ABI5 could be used as a marker gene in
drought tolerance studies if significant changes in expression could be detected under drought
conditions compared to the untreated amino acid control. Taken together, the existing knowledge led
us to the decision to evaluate KIN2-like, peroxygenase 3 (caleosin 3), EDL3 and ABI5 gene expression
after proline and GABA and their combined treatments in the adaptation of oilseed rape to drought,
which have never been studied. Thus, in order to increase drought tolerance in oilseed rape, the effect
of GABA and proline and their co-treatment on the induction of resistance was investigated.
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2. Results
2.1. Selection of Active GABA Concentrations

Plants treated with 0.1 mM GABA at 3 and 12.5 ml per pot had RWC of 58 % and 60 %,
respectively, whereas drought-only treated plants had RWC of 42 % and 38 % (high stress) on the 8th
day of drought. It should be noted that all concentrations of GABA had not remarkable influence the
RWC of leaves of continuously watered plants. Thus, with a treatment of 0.1 mM GABA at 12.5 mL
per pot, plants were less wilted compared to the drought control (Table 1). The choice of GABA
concentration and dose to improve the growth of oilseed rape under simulated prolonged drought
conditions showed that the most suitable concentration was 0.1 mM at 12.5 ml per pot (Table 2). It
was observed that this dose of GABA enhanced the final average weight and survival of recovered
seedlings after 4 days of resumed irrigation (Tables 1 and 2). Thus, treatment with 0.1 mM GABA
12.5 ml per pot, was selected for further experiments because it promotes plant RWC and drought-
stressed plants growth recovery.

Table 1. Effect of GABA Treatment on RWC of Leaves with a Continuous Increase in Water Deficit (Simulating
Drought) and on the fresh weight of oilseed rape recovering from 8 days prolonged drought after 4 days of

irrigation.
Treatment (3 ml) RWC, % Average Fresh Weight per Plant
4 days 8 days g %
Control, H2O 76.8£0.1 79.1+£5.3 0.97 £0.31 100
GABA 0.1 mM 781+2.6 77.6 £2.1 0.97£0.30 100
GABA 1mM 769 £5.0 80.7+£25 0.83 £0.38 86
GABA 10 mM 744 +28 73.0£0.8 0.95+0.50 98
Drought 629+24 42.8+1.0 0.68 +0.27 100
GABA 0.1 mM + Drought 71.1+£0.9 58.4+15 0.82+0.18 121
GABA 1 mM + Drought 67.2+3.0 56.1+8.2 0.79+0.17 116
GABA 10 mM + Drought 65.9+1.6 54.3+7.0 0.83+£0.17 122
Treatment (12.5 ml)
Control, H20 76.2+3.2 770+13 1.13+0.34 100
GABA 0.1 mM 76.6 £4.0 80.2+2.0 1.18+0.28 104
GABA 1mM 754 +4.0 79.8+2.0 1.18+0.32 104
GABA 10 mM 754+1.6 80.1+3.5 1.16 +0.44 103
Drought 60.4+6.9 38.0+6.2 0.78 £0.52 100
GABA 0.1 mM + Drought 63.5+5.1 60.0£5.1 0.99 +0.41 127
GABA 1 mM + Drought 59.3+2.1 56.5+2.1 0.91+0.41 117
GABA 10 mM + Drought 63.1+£25 54.0+£2.5 0.93 £0.42 119

Mean (+SE) was calculated from three replicates for each treatment. Values in a column with different letters are
significantly different at p < 0.05 applying Duncan’s Multiple Range Test (DMRT).

Table 2. Effect of GABA on Brassica napus plant survival after 8 days of prolonged drought recovered after 12

days of irrigation.

Treatment (12.5 ml) Number of survived plants (%)
Control, H2O 100 a
GABA 0.1 mM 100 a
GABA 1 mM 100 a
GABA 10 mM 100 a
Drought 25 d
GABA 0.1 mM + Drought 83 bc
GABA 1 mM + Drought 75 ¢

GABA 10 mM + Drought 67 ¢
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Mean was calculated from three replicates for each treatment. Values in a column with different letters are
significantly different at p < 0.05 applying DMRT.

2.2. Selection of Active Mix GABA + Proline Concentrations

Two variants of mix were selected for complex treatment of proline 1 mM + GABA 0.1 mM and
proline 0.1 mM and GABA 0.1 mM on fresh weight of oilseed rape seedlings (per plant) (Table 3) and
on plant survival after 8 days of prolonged drought recovered after 12 days of irrigation (Table 3).
Treatment with 0.1 mM GABA and 0.1 mM proline 12.5 ml per pot, was selected for further
experiments because it promoted drought-stressed plants growth recovery.

Table 3. Effect of complex treatment of proline 1 mM + GABA 0.1 mM and proline 0.1 mM + GABA 0.1 mM on
fresh weight of oilseed rape seedlings (per plant) under 8 days simulated drought conditions and survival after

8 days of prolonged drought recovered after 12 days of irrigation.

Average Fresh Weight per Plant Number of survived

Treatment (12.5 ml) plants (%)
g %

Control, H2O 1.64 +0.57 100 100
Proline 1 mM + GABA 0.1 mM 1.68 +0.66 102 100
Proline 0.1 mM + GABA 0.1 mM 1.90 +0.69 116 100
Drought 0.69 +0.31 100 27
Proline 1 mM + GABA 0.1 mM + Drought 0.93 +0.29 135 64
Proline 0.1 mM + GABA 0.1 mM +Drought 1.43 +0.50 121 85

Mean (+SE) was calculated from three replicates for each treatment. Values in a column with different letters are

significantly different at p < 0.05 applying DMRT.

2.3. RWC

The RWC of leaves of plants exposed to drought for 4 to 8 days gradually decreased from 60%
to 39%, indicating that the plants were highly stressed. Exogenous application of proline, GABA, and
a mixture of proline + GABA effectively reduced drought-induced wilting of oilseed rape leaves
(Figure 1). A positive effect of all applied compounds on RWC of plants was also observed after a 4-
day recovery period. No significant differences in RWC were observed between all applied
treatments when growing oilseed rape under favorable conditions.
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Figure 1. Impact of GABA and proline application on RWC, ethylene emission, H202 level, MDA content, PM
ATPase activity, and endogenous proline content of oilseed rape leaves after simulated prolonged drought and
recovery by watering. Vertical error bars represent the standard deviation of the mean of three replications (n =

3). Different lowercase letters indicate statistically significant differences (p < 0.05).

2.4. Photosyntetic Pigments

The chlorophyll a and b content in rapeseed leaves significantly decreased under drought stress,
26 % and 47 % lower after 4 days of drought and 57 % and 67 % lower after 8 days of drought than
the corresponding control plants. The carotenoid amount also decreased significantly when the
plants were exposed to drought stress. The concentration of carotenoids decreased to 0.29 mg g' FW
and 0.23 mg g' FW on drought days 4 and 8, respectively, when 0.34 mg g' FW was recorded in
leaves of irrigated plants at that time. In plants exposed to exogenous GABA, proline and a mixture
of these amino acids before drought stress, a higher content of chlorophyll a, chlorophyll b and
carotenoids were detected at both drought and during recovery after drought (Table 4).

Table 4. Effect of GABA and Proline Treatment on Photosynthetic Pigment Content of Oilseed Rape Seedlings
under Drought Stress.

Pigment Contents (mg g FW)

Chlorophyll a Chlorophyll b Carotenoids
Treatment 4 Days 4 Days 4 Days
4 Days 8 Days Yy Days 8 Days Y g Days 8 Days y
Recovery Recovery Recovery
Control, H-O  1.24a 1.27a 1.28a 0.38a 0.33a 034a 034a 034b 034a
GABA 1.27a 1.25a 1.23a 0.37a  0.34a 032a 036a 037a 035a
Proline 1.28a 1.26a 1.22a 0.37a 0.32a 0352 035a 037a 034a

GABA+Proline 1.28a 1.24a 1.29a 0.34a 0.32a 0.32a 036a 036a 035a
Drought 0.92c 0.54c 0.75d 0.20c  0.11c 0.16¢ 029b 023c 025b
GABA+Drought 1.16b 0.72b 1.09b 0.27b 0.17b 0.27b 035a 031b 034a
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Proline+Drought 1.18b  0.70b 1.04b 0.29b 0.16b 0.26b 0.38a 032b 035a
GABA+Proline+
Drought

Mean was calculated from three replicates for each treatment. Values in a column with different letters are

1.14b 0.75b  0.99bc  0.27b 0.17b 0.24b 032a 033b 034a

significantly different at p < 0.05 applying DMRT.

2.5. Ethylene

The ethylene emission study showed that during drought stress, the ethylene production of
oilseed rape plants increased intensively, reaching 114.79 nl g h' on the 8th day of drought,
compared to 59.83 nl g1 h-! in the irrigated control. Proline and GABA compounds applied alone
significantly reduced ethylene formation during drought stress: 82.70 and 60.53 nl g h'' on the 8th
day of drought respectively. After resumption of irrigation, ethylene emission of Proline-treated
plants, and especially GABA, decreased much faster and reached the level of irrigated plants within
4 days (Figure 1)

2.6. Impact of Two Amino Acids on Biochemical Responses of Oilseed Rape Exposed to Prolonged Drought
2.6.1. H202

H202 concentrations increased significantly on days 4 and 8 of the drought, with 8.66 and 16.03
nmol g' FW, respectively, compared with 4.07-4.79 nmol g FW in the well-watered control plants
(Figure 1). Pre-drought treatment of oilseed rape plants with GABA, proline and a mixture of
proline+GABA resulted in a decrease in H20: content. On the eighth day of the drought, the lowest
H20:2 content (10.48 nmol g! FW) was recorded in oilseed rape plants treated with GABA before the
drought. All the treatments had a positive effect and the oilseed rape plants recovered from the
drought stress.

2.6.2. MDA

The accumulation of MDA in rapeseed leaves increased continuously during drought: from
20.96 nmol g! FW detectable on the 4th day of drought to 38.28 nmol g' FW on the 8th day of drought.
Meanwhile, lipid peroxidation in drought-stressed oilseed rape plants that were sprayed with GABA
before stress was the lowest: 16.41 and 24.39 nmol g FW, on days 4 and 8, respectively (Figure 1). In
the test variant prolinetGABA, lower MDA content was determined only on the 8th day of drought
compared to plants affected only by drought. As plants recovered from drought, a similar decrease
in MDA levels was recorded in plants treated with amino acids and their mixture.

2.6.3. Free Proline

The accumulation of free endogenous proline in plants exposed to 4 days of drought stress was
8.32 pmol g'' FW and after 8 days of drought increased to 12.38 umol g'! FW, wheal in control plants
it was 0.61 0.68 umol g FW (Figure 1). After 8 days of drought, the highest amount of free proline
was detected in the variant sprayed with GABA and proline (sprayed separately) 16.6 and16.3 pmol
g1 FW, respectively. The results showed that the free proline content significantly increases as the
drought period continues and decreases with the start of irrigation resumption.

2.6.4. PM ATPase Activity

Drought slightly increased PM ATPase activity on the fourth day after the start of drought
treatment. It should be noted here that plants sprayed with GABA retained similar enzyme activity
to those not exposed to drought. The drought significantly reduced the PM ATPase activity of oilseed
rape leaves on the 8th day of the drought, except for GABA, which increased the activity by an
average of 53 % compared to drought control and reached 20.01 pmol Pi mg protein h'. On the 4th
day of irrigation resumption, the PM ATPase activity of GABA- and proline-treated plants increased
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by 44 % and 56 %, respectively, compared to the drought control, and was significantly higher than
that of continuously irrigated plants (Figure 1).

2.6.5. Effect of Amino Acids on Four Genes Expression Levels of Oilseed Rape Exposed to
Prolonged Drought

After 4 and 8 days of drought, the expression of all four genes were increased in the drought
affected oilseed rape plants with no additional treatments compared to the watered control. The
weakest increase in expression showed ABI5 gene after eight days of drought treatment, but
remarkable strong upregulation showed KIN2-like gene after 4 days of drought stress (Figure 2).
Amino acids proline, GABA and their mix reduced the effect of drought. Moreover, there were also
differences in gene expression levels at different days after treatment. The proline treatment almost
did not increase gene expression of all four genes tested, compared to corresponding watered control
(except EDL3, which expression increased by 3,7 times) after four days of drought. Meanwhile GABA
treated plants at the same time showed increased gene expression compared to the corresponding
watered control and the expression was always significantly higher compared to the drought affected
proline treated plants. After eight days of drought treatment, we observed the strong increase of gene
expression in proline treated plants compared to corresponding watered and untreated drought
controls and it always exceeded gene expression levels in GABA treated plants. This occurred even
though the increase in gene expression in GABA treated plants was almost always higher after eight
days, compared to the four days of drought stress (except of caleosin/peroxygenase 3 gene
expression).
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Figure 2. The effect of exogenous GABA and proline application on oilseed rape drought sensitive gene

expression under prolonged drought conditions.

2.6.6. Impact of Exogenous GABA and Proline on Survival of Plants

After 8 days of simulated drought stress and 4 days of irrigation recovery, the number of oilseed
rape plants treated with GABA and proline was significantly higher (on average 42%) compared to
plants treated with drought stress alone. The number of plants treated with GABA + proline was
lower than those treated with GABA and proline alone and these differences were statistically
significant (Figure 3).
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Figure 3. Effect of exogenous GABA and proline on Brassica napus plant survival after 8 days of prolonged

drought re-covered after irrigation.

3. Discussion

Prolonged drought reduces the relative water content of plants and leads to various metabolic
and photosynthetic disturbances [13,24]. In response to drought stress, the accumulation of some
amino acids, such as GABA and proline, can provide plant protection against drought damage by
maintaining cellular water balance and cell membrane stability through osmotic regulation. In
addition, as drought limits cell growth due to a reduction in turgor pressure, this abiotic stress can
affect the formation of above-ground plant mass [15]. In current study, we showed that water deficit
negatively affected fresh weight (FW) parameters of oilseed rape shoots and was dependent on
prolonged drought. Shoot FW was significantly higher when drought-stressed plants were sprayed
with 0.1 mM GABA or 1 mM proline. According to the literature, the RWC is considered as an
indicator of plant water status and dehydration [25,26]. It predicts the physiological state of the plant
and indicates the plant’s ability to retain water under adverse conditions [27,28], so, can be used as a
criterion for evaluating the effects of various compounds used to enhance plant drought tolerance
[29]. In our study, RWC was a primally reliable indicator for evaluating the effect of GABA and
proline in response to prolonged drought of oilseed rape. The results showed that the RWC of
drought stressed oilseed rape leaves was significantly reduced in agreement with other studies [30-
33]. Under well-watered conditions, foliar treatment with amino acids did not affected leaf RWC, but
it significantly increased by 30% and 58% in GABA and proline + GABA treated plants after 4 and 8
days of prolonged drought, respectively. At 4 days of rewatering, the RWC of previously drought-
stressed plants increased to the nonstress level, which was not significantly different among GABA,
proline, GABA + proline, treatments, indicating that all plants were fully rehydrated on rewatering.

Numerous studies have shown that oxidative stress caused by water deficit significantly reduces
photosynthesis and pigments in plants [29,34-36]. This was confirmed by our results, where
chlorophyll a and b content in oilseed rape leaves decreased to 0.54 mg g' FW and 0.11 mg g FW
after 8 days of drought, while in the irrigated control it was 1.27 mg g' and 0.33 mg g' FW,
respectively. Moreover, exogenous application of GABA and proline prior to the drought resulted in
a significant improvement of photosynthetic pigments, not only during prolonged drought, but also
during the recovery of the plants from the resumption of watering. This confirms the results of other
researchers, where exogenous GABA treatment significantly improved chlorophyll and carotenoid
content in pepper [29], while proline treatment improved chlorophyll content in the leaves of wheat
[9], barley [37], and rice [38] under drought conditions.
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Furthermore, several researchers found that decrease in chlorophyll content was due to over-
production of reactive oxygen species (ROS), degradation in nutritional balance and inactivation of
enzyme activities, as well as a decline in cellular water contents [30,39]. H20O2 is ROS produced by
cellular metabolism and is an indicator of the ROS scavenging capacity of plants under stress. It is
often found in the literature that plants under drought stress produce ROS such as H20: [40,41]. Our
study showed that H20: concentration increased 3.3-fold during 8 days of drought compared to
watered control. Similar drought-induced oxidative stress has been reported in other authors’ studies
on oilseed rape plants [31,33]. In the present current study, pre-drought spraying of oilseed rape with
GABA, proline and proline+GABA resulted in a decrease in H202 content under prolonged drought
simulation and had a positive effect on plant recovery resuming irrigation. Meanwhile, we find
evidence that exogenous stress protecting compounds significantly reduced H>0: accumulation
under drought stress conditions [33,42]. Excessive concentrations of free radicals, including H20, can
cause damage to cell membranes, ion leakage and osmotic imbalances, so it is essential to maintain
their levels [30,31]. The results indicate that GABA might have a role in preventing oxidative damage
caused by increased accumulation of H20:2 during prolonged drought stress.

In addition, we recorded high levels of H202 in drought-stressed oilseed rape plants, leading to
an increase in the production of MDA, an indicator of oxidative stress. The accumulation of MDA in
oilseed rape leaves increased steadily during the drought, from 20.96 nmol g! FW detected on the
4th day of the drought to 38.28 nmol g' FW on the 8th day of the drought. These findings were
consistent with the results obtained in the literature, which indicate that drought induces
overproduction of ROS and oxidative stress in a wide range of plant species. According to Saha et al.
[43], a significant increase in MDA content was observed in rice plants after the 8th day of drought.
Hasanuzzaman et al. [31] monitored the extent of lipid peroxidation (MDA content) in drought-
stressed oilseed rape plants. There are several studies that exogenous amino acids (GABA, proline)
can effectively reduce MDA levels during drought stress in cultivated plants [10,44]. Our studies
showed that exogenous treatment of oilseed rape with GABA or proline resulted in lower oxidative
damage: on the 4th day of drought, MDA levels were 22 % and 16 % lower than in control plants,
respectively. As the drought persisted longer, lipid peroxidation was significantly lower in the leaves
of both proline (31 %) and GABA (36 %) treated plants, alone and in their combination (21 %).

Several reports suggest that PM ATPase plays a key role in plant growth and development and
is an important component of membrane integrity in response to abiotic stress [45—47]. There is also
contrary evidence in the literature indicating that H*-ATPase activity can increase [48] or decrease
[49] when plants are exposed to drought stress. Furthermore, we find relevant data that treatment of
leaves with stress-protective compounds such as polyamines significantly increased PM ATPase
activity by 43.79 % compared to untreated plants under drought stress. The results of our study
showed that H*-ATPase activity was significantly reduced in the drought control samples. Also,
drought on the 8th day of drought resulted in a significant decrease in the PM ATPase activity of
rapeseed leaves, with the exception of GABA, which increased its activity by an average of 53%
compared to the drought control, reaching 20.01 umol Pi mg?' protein h'. On the fourth day of
irrigation renewal, the PM ATPase activity of GABA- and proline-treated plants increased by 44%
and 56%, respectively, compared to the drought control and was significantly higher than that of
continuously irrigated plants. Furthermore, it was found that complex application of canola with
GABA and proline had a positive effect on the H-ATPase activity, but it was still lower.

A range of osmotically active molecules such as proline accumulated to balance the water
relations under drought stress and in this case is most extensively studied osmolyte [50-52].
Numerous studies have reported that exogenous application of proline has shown positive effects on
plants growing under drought stress, promoting growth and antioxidant activity [53,54]. Moreover,
we find data that exogenous application of amino acids GABA can increase free endogenous proline
levels in plant tissues [56], but effects of this amino acid on oilseed rape in improving resistance to
drought has not been investigated. In our research we found that exogenous GABA treatment
reduced the concentration of proline in rapeseed leaves under drought stress, while after a prolonged
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drought, plants sprayed with exogenous GABA had a significantly higher endogenous proline
content than untreated plants. It was also found that the plants exposed to exogenous proline,
according to the amount of free proline in the leaf tissues, were slightly lower than those exposed to
GABA. The results on the free proline content showed that the proline content significantly increases
as the drought period continues and decreases with the start of watering. Therefore, we proposed the
positive effects of exogenous GABA and proline on alleviating the oxidative stress associate with
proline accumulation and homeostasis in oilseed rape plants under drought conditions.

Several publications indicate that under drought stress conditions, increased level of ethylene in
many plant species [56,57]. Ethylene production after drought stress can reduce photosynthesis,
inhibit root growth, and reduce shoot/leaf expansion [58]. Our data contribute to the suggestion that
exogenous amino acids affecting ethylene content may help to remove the inhibitory effect of drought
stress on plant growth. Ethylene emission analysis showed that during drought stress, the amount of
ethylene produced by rapeseed plants increased intensively and reached 114.79 nl g h' on the 8th
day of drought, while in the irrigated control plants it was 59.83 nl g h'. Meanwhile, GABA or
proline significantly reduced ethylene formation during drought stress. After resuming watering, the
ethylene emission of GABA-treated plants decreased much faster and reached the level of irrigated
plants within 4 days. A mixture of proline+GABA resulted in an increase in ethylene accumulation,
but still was lower than in drought control. These data agreed with the results obtained by Sharma
et al. [59] that changes in ethylene content during drought can activate the plant antioxidant defense
system, resulting in a reduction of oxidative stress, with accompanied recovery of plant growth and
photosynthetic efficiency.

Drought stress affects and alters the expression of many genes. The four putative drought
responsive genes, KIN2-like, caleosin/peroxygenase 3, EDL 3 (EID 1 like F-box protein 3), and ABI 5
were chosen as a markers to understand the patterns of action of proline and GABA on the genetic
level in the response of rapeseed to drought stress. It is known that these genes increase their
expression in response to drought stress conditions [18,20-22,60]. As expected, the expression of all
four genes were increased in the simulated drought affected oilseed rape plants with no additional
treatments compared to the watered control. The weakest increase in expression showed ABI5 gene
after eight days of drought treatment, but remarkable strong upregulation showed KIN2-like gene
after 4 days of drought stress, what is consistent with the data obtained by Zhang et al. [19]. Also,
this is consistent with our obtained data showing that plants without additional treatment suffered
from drought after 4 and 8 days of drought application. Proline, GABA and their mix reduced the
effect of drought. Interestingly, although both amino acids diminished the effect of drought to similar
levels, the response at the gene expression level differed between proline and GABA treated plants.
It seems that proline and GABA act differently under drought conditions at the genetic level. It is
known that proline can protect plants from environmental stresses in multiple ways: acting as
osmolyte and molecular chaperone, through ROS scavenging activity, or as a donor of electrons in
mitochondria [61]. So, it can be speculated that application of exogenous proline to rapeseed initially
enhances the proline metabolic pool inside, which in turn increases plant drought tolerance to such
level, that plants do not need to increase the expression of the genes necessarily for resistance to
drought. But later exogenous proline’s drought protective properties weaken, and the drought-
dependent genes are upregulated. The induction of drought responsive genes could be promoted
also by proline catabolism, which could be enhanced in the case of exogenous proline application.
Indeed, it was shown, that some products of proline catabolism could induce osmotically regulated
genes in rice [62]. The different situation is with GABA. Although the GABA like proline can protect
plants from drought acting through various physiological and biochemical mechanisms [12], it seems
that such GABA action is not enough for plant to protect against water deficit, so the genes
responsible for drought resistance were upregulated already in the early stages of drought. From the
other hand the lower expression level of drought-induced genes under the GABA treatment
compared to proline treated plants after eight days of drought could indicate, that GABA function as
a drought protective molecule at physiological and biochemical level may continue longer comparing
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to proline. So, in this case the plants did not need to maintain very strong drought-inducible gene
expression in order to achieve the same protection against drought. Finally in the plants treated with
proline and GABA simultaneously, gene expression level was almost always intermediate between
gene expression in proline treated and GABA treated plants separately. It seems that their action is
not additive. In the recovery phase the expression of tested genes was often at low levels, not even
reaching the level of corresponding watered control, indicating that tested genes are not important
for plant recovery. The exception made KIN 2-like gene, which in additionally untreated recovering
plants showed surprisingly high expression. Interestingly, GABA treated plant’s gene expression in
the recovery phase almost always was slightly higher compared to the other variants, though this
may not be related to the recovery from drought conditions.

Thus, in oilseed rape, various molecular, biochemical, physiological and morphological
processes are damaged under drought stress, but the plant response to amino acid application can
induce biochemical and cellular changes in the tissues that ensure survival. We found that exogenous
GABA and proline improved the survival of oilseed rape seedlings after simulated drought stress,
and the number of plants surviving after resumed irrigation was significantly higher compared with
plants exposed to drought alone.

4. Materials and Methods
4.1.  Research Object and Growth Conditions

Winter oilseed rape (Brassica napus L.) cv. "Visby” seeds were sown in the pots with a peat moss
(pH 5.5-6.5). Plants were grown under controlled conditions in a Climacell plant growing chamber
(Medcenter Einrichtungen GmbH) at 23 °C and 16/8 hours (light/darkness) photoperiod at a light
intensity of 75 pumol m= s'. Soil moisture was maintained at ~70%. Moisture was measured with a
soil moisture meter (Biogrod, China).

4.2. Treatments
4.2.1. Spraying with Amino Acids

Aqueous solutions of amino acids L-proline (Roth), GABA (Sigma-Aldrich) and a mixture of L-
proline and GABA (Sigma-Aldrich) were used to spray the seedlings at the 3-4 leaf stage, BBCH scale
13-19 [63]. The concentration range was chosen based on literature data and our previous
experiments [64—66]. Spraying of the plants was carried out using a hand-held sprayer, at a dose of 3
ml and 12.5 ml in each pot. Control plants were sprayed with the same volume of distilled water.

4.2.2. Drought Simulation

For the drought stress control studies, plants were subjected to prolonged drought stress for 8
days to reach a high water deficit. During the simulated drought, irrigation was interrupted to allow
the soil to dry out gradually.

4.2.3. Irrigation Renewal

After 8 days of prolonged drought, irrigation was resumed to achieve a soil moisture content of
70%. Plant recovery was assessed after 4 days.

4.3. Determination of the Active GABA Concentration

To determine the active GABA concentration, seeds of oilseed rape were sown in 16x3 pots with
peat substrate. Each experimental unit consisted of 14 seeds. Pots without GABA served as control.
Three treatments of the study of GABA impact were used: 1) control, H2O 3 ml per pot; 2) GABA 0.1
mmol 3 ml per pot; 3) GABA 1 mmol 3 ml per pot; 4) GABA 10 mmol-3 ml per pot; 5) control, H20
12.5 ml per pot; 6) GABA 0.1 mmol 12.5 ml per pot; 7) GABA 1 mmol 12.5 ml per pot; 8) GABA 10
mmol-12.5 ml per pot, other eight treatments were the same plus drought treatment. Seedlings at the
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BBCH 13-14 third-fourth leaves stage were foliar sprayed with water solutions of GABA, control was
sprayed with water.

4.4. Experimental Design

Eight pots were used for the experiment, four for rational watering and four for drought
simulation. The experiment was repeated three times with eight pots each. Aqueous solutions of L-
proline 0.1 mmol, GABA 0.1 mM 12.5 mL and mix of both amino acids with the same concentration
12.5 mL per pot were sprayed according to the following scheme: (1) control watering, (2) proline
and watering, (3) GABA and watering, (4) proline + GABA and watering, (5) drought, (6) proline and
drought. (7) GABA and drought, (8) proline + GABA and drought (Figure 4).

M ho GABA 0.1mM Proline01mM+ GaBAO.LmM+l [ H0 GABAO.LMM  Proline0.1mM  GABA 0.LmM +!
i i Proline 0:1' mMM N N )

Proline 0:1'mM

4 and 8 days of drought

Evaluation of morphometrical and biochemical responses of rape to GABA and
proline

Evaluation of morphometrical and biochemical responses of rape to drought stress

[ Evaluation of morphometrical and biochemical responses of rape to GABA and
proline

] [ Evaluation of oilseed rape recovery processes after 5 days of watering ] 0

‘ Assessment of plant survival after 12 days of recovery under irrigation ‘

Figure 4. Effect of exogenous GABA and proline on Brassica napus plant survival after 8 days of prolonged

drought re-covered after irrigation.

4.5. Sampling

Plant leaves were sampled three times for testing: on day 4 of drought (at 40% soil moisture), on
day 8 of drought (at 20% soil moisture), and on day 4 of plant recovery after watering (at 70% soil
moisture). Watered plants used as controls were sampled at the same time. Thirty seedlings were
sampled for morphometric measurements. For biochemical analysis, three independent replicates
were performed using fully expanded leaves of oilseed rape plants. Freshly harvested leave samples
were used for ethylene emission analysis and pigment measurement. For H~ATPase activity, MDA,
H20: and proline assays, samples were immediately frozen in liquid nitrogen and stored in a low-
temperature freezer (Skadi Green line, ES) at -80 °C until analysis. Surviving seedlings were counted
immediately after 41 days of cultivation.

4.6.  Determination of RWC

The RWC was determined according to Hodges et al. [67] as amended [28]. Leaves from the
same part of each plant were picked and weighed (FW), then placed in distilled water for 24 hours to
allow the leaves to become saturated with water and weighed again (SW), then wrapped in craft
paper, dried at 80 °C to a constant weight, and the dry weight was determined (DW). The RWC of
the leaves was determined according to the formula:

RWC (%) = (FW = DW)/(SW — DW) x 100%, 1)
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4.7. Determination of Plant Survival

After resumed watering, plant survival, i.e., the proportion of plants that retained the ability to
grow at the stem apex, was determined.

4.8. Assessment of Biochemical Parameters
4.8.1. Photosynthetic Pigments

The photosynthetic pigments were extracted from fresh leaves with N, N’-dimethyl-formamide
(DMF) (Sigma-Aldrich). Light absorption was measured at 480, 664, 647 nm. Chlorophyll a and b
contents were calculated according to Wellburn [68].

4.8.2. MDA Content

According to the method of Li [69], 0.3 g of leaves was crushed in a mortar containing 5 mL of
1% trichloroacetic acid (TCA). The extract was centrifuged at 10,000 g for 5 min at 4 °C. Then, 0.3 mL
of the supernatant was mixed with 1.2 mL of MDA solution which contained 20% TCA and 0.5%
thiobarbituric acid (TBA). The resulting mixture was placed in a warm water bath at 95 °C for 30 min.
It was then cooled immediately and centrifuged again at 10,000 g for 10 min. The absorbance of the
supernatant was read using a spectrophotometer at 532 nm.

4.8.3. H202 Content

To measure the leaf H20: content based on the Alexieva et al. [70] method, 0.15 g of leaves was
ground in a mortar containing 5 mL of 0.1% (v/v) TCA. The obtained extract was centrifuged at 10,000
g for 5 min. Then, 25 uL of the supernatant was mixed with 250 uL of 100 mM phosphate buffer (pH
7) and 500 pL of 1 M potassium iodide (KI). Finally, the absorbance was read at 390 nm with a
spectrophotometer.

4.8.4. Ethylene Emission

Ethylene emission from freshly harvested leaves was estimated using the method of Child et al.
[71]. Weighed leaf samples were placed in 40 ml clear glass vials (Agilent technology) sealed with
PTFE/Si septa caps and incubated for 24 hours at 21 °C in the dark. After incubation, 1 ml of the gas
sample from each vial was withdrawn with a gas-tight syringe (Agilent technology) and injected into
a gas chromatograph equipped with a stainless steel column (Propac R) and a hydrogen flame
ionisation detector. The injector, column and detector temperatures were 110, 90 and 150 °C
respectively. Helium (AGA) was used as carrier gas. Calibration was carried out with ethylene
standard (Messer). The results are expressed in nl g' FW h-.

4.8.5. H*-ATPase Activity Assay

A membrane-enriched fraction of microsomes was isolated from plant samples. Protein content
was measured using the Bradford dye binding procedure at 595 nm. The H*-ATPase activity of the
microsomal fraction was assessed by the re-isolation of inorganic phosphate (Pi), which accumulates
as a result of ATP hydrolysis [72]. The colour reaction to measure Pi was performed with ammonium
molybdate and stannous chloride at 750 nm. Enzyme activity was expressed as umol Pi mg protein
h-t.

4.8.6. Proline

Free proline content was assessed with a ninhydrin-based method using a cuvette
spectrophotometer (Analytik Jena Specord 210 Plus). Proline was extracted by heating plant aliquots
of ground plant material (0.5 g) for 20 min in pure ethanol. The resulting mixture was left overnight
at 4°C, and then centrifuged at 14000 g (5 min). Color reaction mix was ninhydrin 1% (w/v) in acetic
acid 60% (v/v), ethanol 20% (v/v) [73]. The absorbance was read spectrophotometrically at 520 nm.
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The corresponding content of proline was determined using the standard curve. Results were
expressed as pmol of proline pmol g* FW.

4.9. Molecular Techniques
4.9.1. RNA Extraction and Reverse Transcription

Free proline content was assessed with a ninhydrin-based method using a cuvette
spectrophotometer (Analytik Jena Specord 210 Plus). Proline was extracted by heating plant aliquots
of ground plant material (0.5 g) for 20 min in pure ethanol. The resulting mixture was left overnight
at 4°C, and then centrifuged at 14000 g (5 min). Color reaction mix was ninhydrin 1% (w/v) in acetic
acid 60% (v/v), ethanol 20% (v/v) [73]. The absorbance was read spectrophotometrically at 520 nm.
The corresponding content of proline was determined using the standard curve. Results were
expressed as umol of proline umol g FW.

4.9.2. Real-Time Quantitative PCR

Real-time quantitative PCR was carried out using Maxima SYBR Green qPCR Master Mix (2X)
kit (Thermo Scientific) following the manufacturer’'s recommendations. Cycling conditions
comprised one cycle at 95 °C for 2 min and 40 cycles at 95 °C for 15 s followed by 60 °C for 1 min.
PCR amplification was performed in an Azure Cielo (USA) real-time PCR machine. Gene expression
was calculated using 2-AACt method [74].

4.9.3. Primers

The sequences of primers used in the work were taken from [18]. Two, under different
experimental conditions, commonly used reference genes of actin 7 (ACT7) and ubiquitin-
conjugating enzyme 21 (UBC21) [75], were used for gene expression analysis. The sequences of all
primers used in the work are listed in the Table 5.

Table 5. The sequences of primers used in the work.

Gene locus in . , . ,
Forward primer sequence (5 — Reverse primer sequence (5

Brassica Gene name 3) . 3)
napus
BnaA03g27910 . GCCAGACTAAGGAGAAGACA TGTTCTTGTTCATGCCGGT
KIN 2-like
D AGT TT
BnaA05g10200 caleosin/peroxygen TGCCATCACCATTACTGCCT CGGTTCCCCTCGGTTAAG
D ase 3 TT
BnaC04g09800EDL 3 (EID 1like B o o o o1 GTGGCGGAGAA  CCGCCTGTCTCCTCACGA
D box protein 3),
BnaA015)g08020 ABLS TAAGCAGCCOAGTCITCCAC ACCACCGC;;;STTATTAGC
B“aAoégomgo ACT7 CCTCTCAACCCGAAAGCCAA CATCACC‘:(éiGTCGAGC
BnaAogg2786o UBCaL TATCCTCTGCAGCCTCCTCA CTGTCTGCETCCAGGATGA

4.7. Statistical Analysis

The results are presented as mean + standard deviation (SD) of three independent experiments
with at least three replicates. The data were analysed using analysis of variance (ANOVA). Tukey’s
test was performed to test the statistical significance of differences (p <0.05) between means. Post hoc
test Duncan’s Multiple Range Test (DMRT) was used for comparing the means of different groups
after performing an analysis of variance.
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5. Conclusions

Exogenously added amino acids (GABA and proline) reduced drought-induced damage to
oilseed rape. GABA and proline applied alone or in combination, alleviated drought stress in oilseed
rape by improving water status, photosynthetic pigments and osmoprotective substances
accumulation, and membrane integrity in leaf tissue. Plants exposed to amino acids produced large
amounts of endogenous proline when exposed alone. In this study, different effects of GABA, proline
and GABA+proline on plant drought tolerance and recovery from drought were found. GABA
contributed mainly to the enhancement of plant tolerance to drought stress, whereas proline was
more effective in promoting drought recovery compared to GABA. The tested amino acids reduced
the simulation of ethylene emission in drought stressed seedlings leaves. A higher amount of
ethylene emission was observed under GABA + proline exposure. Molecular studies of drought
responsive genes revealed that GABA and proline can protect plants from drought acting through
KIN2-like, caleosin/peroxygenase 3, EDL 3 and ABI 5 gene expression. Therefore, the application of
GABA is an alternative to proline technique for improving oilseed rape tolerance to drought and
could be used to increase the amount and quality of crops.
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