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Abstract: This study was conducted in order to determine the effect of priming with γ-aminobutyric
acid (GABA) at 0.5 mM on rice (Oryza sativa L.) seed germination under osmotic stress (OS) induced
by polyethylene glycol (30 g/L PEG 6000); and salinity stress (S, 150 mM NaCl) and their combination
(OS+S). Priming with GABA significantly alleviated the detrimental effects of OS, S and OS+S on seed
germination and seedling growth. The photosynthetic system and water relation parameters were
improved by GABA under stress. Priming treatment significantly increased the GABA content, sugars,
protein, starch and glutathione reductase. GABA priming significantly reduced Na+ concentrations,
proline, free radical and malonaldehyde and also significantly increased K+ concentration under the
stress condition. Additionally, the activities of antioxidant enzymes, phenolic metabolism-related
enzymes, detoxification-related enzymes and their transcription levels were improved by GABA
priming under stress. In the GABA primed-plants, salinity stress alone resulted in an obvious increase
in the expression level of Calcineurin B-like Protein-interacting protein Kinases (CIPKs) genes such
as OsCIPK01, OsCIPK03, OsCIPK08 and OsCIPK15, and osmotic stress alone resulted in obvious
increase in the expression of OsCIPK02, OsCIPK07 and OsCIPK09; and OS+S resulted in a significant
up-regulation of OsCIPK12 and OsCIPK17. The results showed that salinity, osmotic stresses and
their combination induced changes in cell ultra-morphology and cell cycle progression resulting in
prolonged cell cycle development duration and inhibitory effects on rice seedlings growth. Hence,
our findings suggested that the high tolerance to OS+S is closely associated with the capability of
GABA priming to control the reactive oxygen species (ROS) level by inducing antioxidant enzymes,
secondary metabolism and their transcription level. This knowledge provides new evidence for better
understanding molecular mechanisms of GABA-regulating salinity and osmotic-combined stress
tolerance during rice seed germination and development.
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1. Introduction

Rice is one of the most important cereal crops that serves as the staple food for almost half of the
world’s population. Rice is not a salt-tolerant crop, but is suited for cultivation in affected saline soils
due to its highly consumption of fresh water for most of the growing season, which could dilute the
salts and increase the availability of essential nutrients such as Fe, Mn, N, and P, which contribute to
improving rice growth and yield. The mechanism by which rice can tolerate salinity stress is mainly
related to the maintenance of ion homeostasis, predominantly low Na+/K+ or high K+/Na+ ratios,
through exclusion, compartmentation, and partitioning of Na+ [1]. In addition, rice plants can tolerate
salt by ion exclusion which mainly involves Na+ and Cl− transport processes in roots and prevention
of the excess accumulation of Na+ and Cl− in leaves [2], as well as osmotic stress tolerance which
maintains leaf expansion and stomatal conductance [3]. However, rice productivity is affected by
salinity stress, which originates from the accumulation of underground salt and is exacerbated by
salt mining, deforestation and irrigation [4]. The tolerance limit of rice to saline conditions may vary
among the different growth and developmental stages. In this regards, Zhu et al. [5] reported that rice
is more tolerance to salinity during the germination and tillering stages, whereas it seems to be more
sensitive during early vegetative and reproductive stages.

Salinity, being an important environmental factor, severely causes a significant reduction in the
seed germination, seedling growth and development of rice. It has been reported that more than 800
million hectares of the global cultivated area are severely affected by salt stress [2]. A previous study has
showed that rice plants experience osmotic stress in saline soil as a result of reduced osmotic potential
of the soil solution, and ultimately reduced water uptake by plants [6]. Under the salinity stress
condition, the photosynthetic rate decreased due to stomatal closure and resulted in limited availability
of CO2 and thus altered carbohydrate content of the leaf [7]. Plants can adapt to these conditions by
accumulation of compatible solutes such as proline and starch, which function as osmoprotectants and
have a vital role in plant adaptation to osmotic stress through stabilization of the tertiary structure of
proteins [2]. Salinity reduces the ability of plants to take up water, which leads to increasing of osmotic
substances, and causes inhibition of plant growth rate accompanied by metabolic changes similar to
those induced by osmotic stress [8]. This action of salinity can induce osmotic stress, oxidative damage,
stomatal closure, inhibition of photosynthesis, and damage of cellular structures, and decreased gas
exchange rates [9]. Osmotic stress can cause a significant crop yield loss worldwide. It can reduce
the plant productivity and seedling growth [10] by affecting the stomatal closure and photosynthesis
process [9]. In the present study, PEG (6000) was used to induce osmotic stress in rice plants, being
frequently used to induce osmotic stress in several plant species [11,12]. Moreover, the osmotic stress
induced by PEG can reduce the photosynthetic rate and chlorophyll content by inhibiting the electron
transport system.

The feedback regulation of plants to the combination of salinity and osmotic stresses is unique
and cannot be directly extrapolated from the response of plants to each of the two stresses applied
individually [13]. The physiological response of barley was investigated under combinations of two
different abiotic stresses [8]; however, the molecular mechanism of plant adaptation to a combination
of two different stresses remains a matter of debate [14]; this adaptation might require conflicting
or antagonistic responses [14,15]. As such, plants can be adapted to heat stress by increasing the
transpiration rate through opening stomata to recover from the high temperature of their leaves.
Nevertheless, when plants are exposed to the combination of heat and osmotic stresses, plants have to
close their stomata to reduce water loss under the osmotic stress condition [14].

GABA accumulates rapidly in response to biotic and abiotic stresses [16]. Despite the rapid
accumulation of GABA during stresses, the specificity of the response and the specific role of GABA
under these conditions are still elusive [17]. The accumulation of GABA in different plant cells under
the osmotic stress condition requires a specific response which can act as a signaling molecule by
modulating the activity of H+-ATPase and regulating stomatal movement [17,18]. This action of GABA
accumulation has been observed in plants under different environmental stresses such as osmotic
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stress, oxygen deficiency, mechanical stimulation, low temperature and pathogen attack [16,19]. As a
physiological response under abiotic stress, GABA plays vital roles in plants for maintaining the
C/N balance, regulating cytosolic pH and scavenging reactive oxygen species (ROS) [20]. Under
salinity stress, exogenous GABA application acts as a signaling molecule and functions in phenolic
compound enrichment [21], scavenging of ROS [22] and modulating antioxidant enzyme activities in
nitrogen metabolic pathways [23]. Recent studies reported that GABA has been implicated in signaling
processes affecting the nitrate-uptake system [24] and guidance of the pollen tube [25].

Salinity and osmotic stresses have a significant devastating effect limiting worldwide crop
production. Taking into consideration the expected increasing world population and food demand,
finding ways to improve crop tolerance to abiotic stress constraints is an urgent issue for further
improving agricultural production and enhancing global food security. GABA metabolism could
be involved in regulation of plant development under abiotic stress through regulation of C and N
metabolism [26]. Therefore, the present study hypothesized that GABA could be involved in rice
tolerance to salinity and osmotic stresses and their combination. Moreover, the CIPKs genes were
frequently expressed and participated in plant growth and development during abiotic stresses such
as heat, drought, salinity, and chilling stresses [27]. For this reason, we have investigated the effects of
GABA on rice CIPK genes in responses to the combination of salinity and osmotic stresses to evaluate
the potential usefulness of the stress-responsive CIPK genes in genetic improvement of stress tolerance.
In addition, the present study hypothesized that high accumulation of secondary metabolites during
salinity and osmotic stress could facilitate osmotic adjustment and ultimately increase rice tolerance to
the combined stresses. This study was undertaken to elucidate the mechanism by which exogenously
supplied GABA is involved in the stresses tolerance, in the context of regulation of Na+ and K+

balance, the photosynthetic system, antioxidant system, cell cycle development, cellular regulation,
and controlling stomatal conductance which ultimately might result in improving rice growth under
the stress conditions. The current study could significantly contribute to further understanding the
tolerance mechanism induced by priming rice seeds with GABA under salinity and osmotic stresses.

2. Results

2.1. Effects of GABA Priming on the Morpho-Physiological Parameters under Salinity, Osmotic Stress
and OS+S

The effects of the salinity, osmotic stress and their combination on the physiological parameters of
rice seedlings with or without GABA priming are presented in Table 1. Salinity, osmotic stresses, and
their combination caused a significant reduction in the germination percentage, germination energy,
root length, shoot length, seedling fresh and dry weight, and seedling vigor index as compared with
unstressed seedlings. Both the salinity and OS+S stresses induced a greater reduction than the osmotic
stress alone (Table 1). However, priming with 0.5 mM GABA improved the physiological parameters
under the salinity, osmotic stress and their combination as compared with unprimed plants. Regardless
of the effect of salinity and osmotic stress, priming with 0.5 mM GABA improved the germination
percentage, germination energy and vigor index by 1.12%, 5.47% and 8.88%, respectively as compared
with the control condition (Table 1). Under the osmotic stress, salinity, and OS+S conditions, priming
with 0.5 mM of GABA improved the germination percentage by 4.15%, 4.56% and 6.75%; germination
energy by 2.85%, 23.79%, and 25.35%; and vigor index by 14.51%, 16.60% and 33.79%, respectively.
Irrespective of the priming treatment, the effects of different stresses were different. The combination
of salinity and osmotic stress was the most damaging for rice growth followed by individual salinity
and osmotic stress (Table 1).
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2.2. Effects of GABA Priming on the Photosynthetic and Water Relation Parameters under Salinity, Osmotic
Stress and OS+S

Salinity and osmotic stresses and their combination resulted in a significant reduction in the
net photosynthetic (Pn), transpiration rate (Tr), stomatal conductance (Gs), intracellular CO2 (Ci),
chlorophyll content (SPAD), water potential (Ψw), osmotic potential (Ψs) and relative water content
(RWC) as compared with unstressed seedlings (Table 2). Priming with 0.5 mM GABA resulted in the
highest Pn, Tr, Gs, SPAD, Ψw, Ψs, RWC and WUE as compared with unprimed seedlings; however, the
unprimed seedlings resulted in highest Ci (Table 2). As compared with salinity and osmotic stress, the
OS+S resulted in the lowest values of Pn, Tr, Gs, Ψw and RWC (Table 2). Interestingly, osmotic stress
alone resulted in the lowest SPAD, while the salinity alone resulted in the lowest Ψs. As compared to
the unprimed seeds, priming with 0.5 mM GABA improved the Pn, Tr, Gs, SPAD, Ψw, Ψs, RWC and
WUE by 39.90%, 43.06%, 59.40%, 28.52%, 32.20%, 42.85%, 48.05% and 76.72%, respectively (Table 2).
Under osmotic stress, salinity and OS+S conditions, priming with 0.5 mM GABA improved Pn by
38.21%, 23.86% and 32.85%; Tr by 44.62%, 54.94% and 50.56%; Gs by 16.57%, 38.96% and 49.56%; Ci by
9.39%, 34.53% and 11.44; SPAD by 27.24%, 16.87% and 16.32%; Ψw by 44.76%, 74.65% and 63.35%; Ψs
by 17.64%, 36.48% and 3.84%; RWC by 55.29%, 44.90% and 57.50%; and WUE by 33.85%, 43.26% and
38.35%, respectively, as compared with unprimed seeds (Table 2). The present study suggested that
application of 0.5 mM GABA to stressed plants with salinity, osmotic stress and their combination
affected photosynthetic mechanisms, such as CO2 diffusion through stomatal control. Moreover, it also
affected the leaf water balance by controlling water and osmotic potential of the leaf to maintain water
uptake for plant growth with relatively little water loss by the plant.

2.3. Effects of GABA Priming on the Sugar, Protein, Starch and GABA Contents under Salinity, Osmotic Stress
and OS+S

The mean data concerning effects of salinity and osmotic stress and their combination on the
sugars, protein, and starch contents are presented in Table 3. The results reported that osmotic stress,
salinity and their combination decreased the sugar content by 49.60%, 60.32%, 66.64%; protein content
by 54.85%, 57.16% and 64.51; and starch content by 49.90%, 59.12%, and 56.54%, respectively, as
compared with the unstressed condition. However, priming with GABA improved the sugar content
under osmotic stress, salinity and OS+S by 36.36%, 44.88% and 59.07%; protein content by 32.28%,
52.26% and 49.56% and starch content by 47.96%, 44.42% and 26.93%, respectively, as compared with
unprimed seeds. The osmotic stress, salinity and OS+S resulted in a significant increase in the GABA
content as compared with the unstressed condition (Table 3). Priming seeds with GABA significantly
improved the GABA content under salinity and osmotic stress and their combination, and the highest
GABA content was recorded under osmotic stress as compared with either salinity alone or OS+S
stress. The current study emphasized that application of 0.5 mM GABA resulted in the accumulation
of sugars, starch and protein (Table 3), which may serve as osmolytes to provide energy and carbon at
times when photosynthesis may be inhibited under salinity and osmotic stresses.
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Table 1. Effects of GABA treatment on the germination percentage (GP) germination energy (GE), root length (RL, cm), shoot length (SL, cm), seedlings fresh weight
(SFW, g), seedling dry weight (SDW, g) and seedling vigor index (SVI) of rice seedlings exposed to salinity, osmotic stress and their combined stress.

Treatments GP GE RL SL SFW SDW SVI

Ck 88.66 ± 0.57a 80.66 ± 3.78ab 12.40 ± 0.17b 7.63 ± 5.41a 0.160 ± 0.01b 0.062 ± 0.002b 1775 ± 459ab
Osmotic (OS) 84.66 ± 0.41b 79.33 ± 4.72bc 9.53 ± 0.25d 7.50 ± 0.30a 0.126 ± 0.07b 0.057 ± 0.002bc 1443 ± 106bc

Salinity (S) 76.66 ± 0.35de 57.66 ± 0.57e 7.60 ± 0.45f 6.56 ± 0.37a 0.096 ± 0.02b 0.049 ± 0.003de 1085 ± 53cd
OS+S 73.66 ± 0.35e 52.00 ± 2.00f 6.56 ± 0.37g 6.50 ± 0.50a 0.061 ± 0.04c 0.035 ± 0.001f 962 ± 65d

Priming (P) 89.00 ± 1.00a 85.33 ± 0.57a 14.30 ± 0.62a 7.63 ± 5.40a 0.192 ± 0.02a 0.086 ± 0.002a 1948 ± 518a
OS+P 88.33 ± 1.15a 81.66 ± 2.08ab 10.78 ± 0.36c 8.33 ± 0.11a 0.131 ± 0.03b 0.057 ± 0.006bc 1688 ± 14ab
S+P 80.33 ± 0.57c 75.66 ± 0.57c 8.50 ± 0.40e 7.70 ± 0.26a 0.114 ± 0.05b 0.053 ± 0.003cd 1301 ± 20b–d

OS+S+P 79.00 ± 0.37cd 69.66 ± 3.51d 9.40 ± 0.36d 9.00 ± 0.45a 0.092 ± 0.01b 0.044 ± 0.001e 1453 ± 36bc

Values are means ± SD (n = 3) and the same letters within a column indicate no significant difference at a 95% probability level (p < 0.05).

Table 2. Effects of GABA treatment on the net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), intracellular CO2 concentration (Ci);
chlorophyll content (SPAD), water potential (WP, Ψw), osmotic potential (OP, Ψs), relative water content (RWC) and water use efficiency (WUE) of rice seedlings
exposed to salinity, osmotic stress and their combined stress.

Treatments Pn Tr Gs Ci SPAD WP (Ψw) OP (Ψs) RWC WUE

Ck 6.67 ± 0.15b 3.60 ± 0.20b 0.613 ± 0.47b 417.67 ± 35.30a 11.70 ± 0.55b −2.36 ± 0.15ab −0.14 ± 0.01b 33.04 ± 2.15b 1.59 ± 0.19f
Osmotic (OS) 3.46 ± 0.11d 1.70 ± 0.10e 0.453 ± 0.06c 225.00 ± 5.00b 6.33 ± 0.15e −6.68 ± 0.17e −0.17 ± 0.01b 11.56 ± 1.48f 3.38 ± 0.23d

Salinity (S) 2.84 ± 0.09e 1.23 ± 0.05f 0.260 ± 0.03e 115.00 ± 5.00d 7.98 ± 0.45d −9.43 ± 0.90f −0.38 ± 0.04d 16.81 ± 1.37e 2.36 ± 0.07e
OS+S 1.86 ± 0.13f 0.88 ± 0.02g 0.173 ± 0.02f 136.67 ± 7.63cd 8.20 ± 0.36d −13.40 ± 0.95g −0.26 ± 0.02c 9.68 ± 0.50f 2.17 ± 0.12e

Priming (P) 11.10 ± 0.52a 5.46 ± 0.30aa 1.51 ± 0.05a 410.00 ± 65.57a 16.37 ± 0.12a −1.60 ± 0.16a −0.08 ± 0.01a 63.61 ± 2.60a 6.83 ± 0.10a
OS+P 5.60 ± 0.19c 3.07 ± 0.06c 0.543 ± 0.05b 248.33 ± 10.40b 8.70 ± 0.85d −3.69 ± 0.13c −0.14 ± 0.01b 25.86 ± 2.53c 5.11 ± 0.41b
S+P 3.73 ± 0.12d 2.73 ± 0.07d 0.426 ± 0.02c 175.67 ± 4.04c 9.60 ± 0.17c −2.93 ± 0.06bc −0.24 ± 0.01c 30.51 ± 1.17b 4.16 ± 0.12c

OS+S+P 2.77 ± 0.19e 1.78 ± 0.17e 0.343 ± 0.03d 154.33 ± 5.13cd 9.80 ± 0.43c −4.91 ± 0.61d −0.26 ± 0.01c 22.78 ± 0.67d 3.52 ± 0.07d

Values are means ± SD (n = 3) and the same letters within a column indicate no significant difference at a 95% probability level (p < 0.05).
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Table 3. Effects of GABA treatment on the GABA content (mg/g DW), sugars (µg/g FW), protein (mg/g FW), starch (%); proline (µg/g FW); hydrogen peroxide
(H2O2, nmol g−1 FW), superoxide radical (O2

−, nmol min−1g−1 FW), hydroxyl ion (OH−, nmol g−1 FW); malonaldehyde (MDA, nmol mg−1 protein) and glutathione
reductase (GR, µmol min−1 mg−1 protein) of rice seedlings exposed to salinity, osmotic stress and their combined stress.

Treatments GABA Con. Sugars Protein Starch Proline H2O2 O2− OH− MDA GR

Ck 3.53 ± 0.10g 12.50 ± 0.17a 240.0 ± 8.6b 66.37 ± 0.89b 30.35 ± 2.07c 1.64 ± 0.06de 2.59 ± 0.15c 0.103 ± 0.05d 81.75 ± 4.8e 6.72 ± 0.54f
Osmotic (OS) 5.71 ± 0.10d 6.30 ± 0.25d 108.35 ± 6.2e 33.25 ± 2.65de 48.55 ± 1.89b 3.52 ± 0.06b 2.68 ± 0.18c 0.153 ± 0.01b 105.60 ± 1.5cd 10.53 ± 0.07e

Salinity (S) 4.76 ± 0.24e 4.96 ± 0.20e 102.81 ± 6.3e 27.13 ± 1.47e 73.19 ± 2.51a 4.34 ± 0.18a 3.95 ± 0.50a 0.210 ± 0.04a 159.90 ± 3.5a 14.44 ± 0.42d
OS+S 4.52 ± 0.24e 4.17 ± 0.30f 85.17 ± 5.84f 28.84 ± 0.41e 76.44 ± 1.7a 4.15 ± 0.53a 3.49 ± 0.05b 0.156 ± 0.05b 125.46 ± 2.0b 17.31 ± 0.42c

Priming (P) 4.07 ± 0.06f 12.24 ± 0.30a 361.01 ± 12.9a 81.07 ± 7.62a 30.40 ± 1.15c 1.47 ± 0.21e 2.69 ± 0.34c 0.099 ± 0.05d 83.24 ± 2.65e 6.10 ± 0.18f
OS+P 10.45 ± 0.05a 9.90 ± 0.52b 160.0 ± 5.60d 63.90 ± 3.72b 34.56 ± 1.04c 1.98 ± 0.01d 2.67 ± 0.27c 0.126 ± 0.05b-d 83.38 ± 10.4e 18.61 ± 0.82bc
S+P 8.42 ± 0.39b 9.00 ± 0.46c 215.37 ± 5.0c 48.82 ± 3.26c 41.68 ± 1.70bc 2.69 ± 0.24c 2.73 ± 0.07c 0.136 ± 0.05bc 112.02 ± 2.7c 20.00 ± 0.21b

OS+S+P 6.60 ± 0.16c 10.19 ± 0.54b 168.86 ± 16.3d 39.47 ± 4.91d 49.18 ± 6.30b 2.95 ± 0.07c 2.55 ± 0.09c 0.116 ± 0.01cd 102.67 ± 3.8d 27.68 ± 2.00a

Values are means ± SD (n = 3) and the same letters within a column indicate no significant difference at a 95% probability level (p < 0.05).
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2.4. Effects of GABA Priming on ROS, MDA, Proline and GR under Salinity, Osmotic Stress and OS+S

The results revealed that osmotic stress, salinity and OS+S improved ROS, i.e., hydrogen peroxide
(H2O2), superoxide radical (O2

−) and hydroxyl ion (OH−) accumulation in the leaf tissues as compared
with the control condition (Table 3). Priming treatment significantly reduced the accumulation of the
H2O2 under osmotic stress, salinity and OS+S by 43.75%, 38.01% and 28.91%; O2

− by 0.37%, 30.88%,
and 26.93%; and OH− by 17.64%, 22.38% and 25.64%, respectively, as compared with unprimed seeds
(Table 3), and these findings were confirmed by the confocal microscopic investigation as depicted
in Figure 1. Plants exposed to osmotic stress, salinity and OS+S experienced a significant increase in
proline, malonaldehyde (MDA), and glutathione reductase (GR) concentrations as compared with
the unstressed condition (Table 3). Proline, MDA and GR contents were not significantly affected by
0.5 mM GABA priming irrespective of the stress effects. However, the primed seedlings exposed to
osmotic stress, salinity and OS+S had the lowest contents of MDA and proline, specifically under
osmotic stress. Priming with 0.5 mM GABA resulted in a significant decrease of proline under osmotic
stress, salinity, and OS+S, by 28.81%, 43.05% and 35.66%, respectively, relative to unprimed seeds
(Table 3). By contrast, priming with 0.5 mM GABA resulted in a significant increase in the GR activity
under the stress condition. It could be concluded that priming with 0.5 mM GABA improved GR
activity under osmotic stress, salinity and OS+S stresses by 43.41%, 27.8% and 37.46%, respectively,
relative to unprimed seeds. It could be stated that 0.5 mM GABA inhibited the release of free radicals
by reducing the ROS and MDA levels and thus reducing the cell membrane damage under salinity,
osmotic stress and their combination.

Figure 1. Effects of priming treatment on H2O2 accumulation in the root cells of rice seedlings exposed
to salinity, osmotic stress, and their combined stress (OS+S). P (Priming) OS (Osmotic stress); S (Salinity).
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2.5. Effects of GABA Priming on Ion Accumulation under Salinity, Osmotic Stress and OS+S

The obtained results showed that salinity and OS+S stresses significantly increased the Na+

concentration in the leaf and root tissues as compared to the control condition, and a higher concentration
of Na+ was observed in the root as compared to the leaf (Figure 2). Interestingly, the Na+ concentration
was not significantly reduced by GABA priming in the leaf and root under the unstressed condition.
However, under the salinity and OS+S stresses, the GABA priming resulted in a significant reduction
of the Na+ concentrations in the leaf and root as compared with unprimed seeds. Priming decreased
Na+ concentrations under osmotic stress, salinity and OS+S stresses by 2.20%, 23.72% and 48.87% in
the leaf, and in the root by 0.64%, 36.39% and 31.00%, respectively. Irrespective of the salinity, osmotic
stress and their combination, priming with 0.5 mM GABA significantly improved the K+ concentration
in the leaf and root tissues (Figure 2). It could be concluded that priming seeds with GABA significantly
improved the K+ concentration in the leaf by 23.84%, 43.89%, and 30.65%, and in the root by 25.96%,
31.68%, and 37.50% under the osmotic stress, salinity and OS+S stresses, respectively (Figure 2).
The present study suggested that priming with 0.5 mM GABA has the potential to maintain the balance
between the accumulation of Na+ in the plant cell and the loss of K+ under salinity, osmotic stress and
their combination.
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Figure 2. Effects of GABA treatment on the concentration of Na+ in the leaf (A), Na+ in the root (B), K+

in the leaf (C), K+ in the root (D), Na+/K+ ratio in the leaf (E) and Na+/K+ ratio in the roots (F) of rice
seedlings exposed to salinity, osmotic stress, and their combined stress (OS+S). OS (Osmotic stress);
S (Salinity).

2.6. Effects of GABA Priming on Enzyme Activities under Salinity, Osmotic Stress and OS+S

As shown in Figure 3A–C, the activities of antioxidant enzymes such as superoxide dismutase
(SOD), catalase (CAT) and ascorbic peroxidase (APX) increased in the seedlings exposed to osmotic
stress, salinity and OS+S stresses as compared with their respective controls. Priming seeds with
0.5 mM GABA significantly improved the activities of these enzymes under the salinity, osmotic stress
and their combination, but the impact was more obvious under the salinity stress as compared with
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osmotic stress and the combined stress (Figure 3A–C). Compared to the unprimed seeds, SOD activity
was improved in the GABA-primed seeds under osmotic stress, salinity and OS+S stresses by 36.46%,
40.64% and 28.29%; CAT activity by 36.92%, 49.06% and 30.17%, and APX activity by 39.64%, 32.89%
and 27.65%, respectively (Figure 3A–C). It seems that the application of 0.5 mM GABA can regulate the
antioxidant enzymes activity which played a crucial role in scavenging H2O2 helping to minimize
excessive ROS in the stressed plants under salinity, osmotic stress and their combination.

Figure 3. Effects of GABA treatment on SOD (A), CAT (B), APX (C) activities; SOD1 (D); CATa (E);
APXa (F); PAL (G); PPO (H); SKDH (I); PAL1 (J); PPO (K) and SKDH (L) of rice seedlings exposed to
salinity, osmotic stress, and their combined stress (OS+S). OS (Osmotic stress); S (Salinity).

2.7. Effects of GABA Priming on Phenolic Metabolism under Salinity, Osmotic Stress and OS+S

The results presented in Figure 3G–I showed that phenylalanine ammonia-lyase (PAL) activity
significantly increased when the seedlings were exposed to the osmotic stress, salinity and OS+S
relative to their controls. Priming with 0.5mM GABA resulted in a significant increase in PAL activity
as compared to unprimed seeds. The priming treatment resulted in an increase of the PAL activity
under osmotic stress, salinity and OS+S stress by 47.3%, 46.07% and 57.42%, respectively, relative to
the unprimed seeds (Figure 3G). Similarly, polyphenol oxidase (PPO) activity was increased in the
primed seedlings under osmotic stress, salinity and OS+S by 67.72%, 73.73% and 54.16%, respectively
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(Figure 3H). Interestingly, the PPO activity in the unprimed seedlings under osmotic stress was lower
than that in the control seedlings. The results revealed that priming with 0.5 mM GABA resulted in a
significant increase in Shikimate dehydrogenase (SKDH) activity under salinity and OS+S, but there
was no significant difference under the osmotic stress in primed and unprimed seedlings (Figure 3I).
Cinnamyl alcohol dehydrogenase (CAD) activity significantly increased in the primed seedlings
exposed to osmotic stress, salinity and OS+S, while there was no significant increase in the CAD
activity in the unprimed seeds under osmotic stress (Figure 4A). GABA priming increased the CAD
activity under osmotic stress, salinity and OS+S by 31.88%, 30.83% and 28.52%, respectively, relative to
unprimed seeds. Hence, in the present study, priming with 0.5 mM GABA resulted in up-regulation
of secondary metabolism, such as PAL, PPO and SKDH, which can generate a defense mechanism
against oxidative stress induced by salinity, osmotic stress and their combination.

Figure 4. Effects of GABA treatment on the activities of CAD (A), GST (B) and Chitinase (C) and, their
transcript levels (D–F) in rice seedlings exposed to salinity, osmotic stress, and their combined stress
(OS+S). OS (Osmotic stress); S (Salinity).

2.8. Effects of GABA Priming on Detoxification-related Enzymes under Salinity, Osmotic Stress and OS+S

The activities of the detoxification-related enzyme such as Glutathione-s-transferase (GST) and
chitinase are shown in Figure 4B,C. Without stress, the GST activity in the primed seedlings was
significantly lower than that in the control seedlings (Figure 4B). The GST activity was significantly
increased by priming with 0.5 mM GABA under osmotic stress, salinity and OS+S as compared with
unprimed seeds. Priming with GABA resulted in an increase in the GST activity under the osmotic
stress, salinity and OS+S by 31.66%, 44.62% and 39.25%, respectively, relative to the controls (Figure 4B).
Similarly, the chitinase activity was also increased under the osmotic stress, salinity and OS+S as
compared to the unstressed condition (Figure 4C). There was no significant difference in the chitinase
activity in the primed and unprimed seedlings under the unstressed condition. However, priming
with 0.5 mM GABA increased the chitinase activity under the osmotic stress, salinity and OS+S, by
15.54%, 28.34% and 42.09%, respectively, relative to the controls (Figure 4C).
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2.9. Effects of GABA Priming on Gene Expression under Salinity, Osmotic Stress and OS+S

In order to further understand the molecular mechanism by which GABA priming could alleviate
the detrimental effects of osmotic stress, salinity and their combination, we investigated the transcript
levels of APXa, CATa, SOD1 (Figure 3D–F), PAL1, PPO, SKDH (Figure 3J–L), IbCAD1, SbGST, Chi2
(Figure 4D–F), OsCIPK01, OsCIPK02, OsCIPK03, OsCIPK07, OsCIPK08, OsCIPK09, OsCIPK12, OsCIPK15,
OsCIPK17 genes (Figure 5A–I). As shown in Figure 3D–F, SOD1, CATa and APXa were significantly
up-regulated in the GABA-primed seedlings under osmotic stress, salinity and OS+S stress relative to
their controls. In the primed seedlings, SOD1 was significantly up-regulated under osmotic stress as
compared with salinity and the combined stress, while CATa was highly significantly up-regulated
under the combined stress, whereas the APXa was highly significantly up-regulated under the salinity
stress. The transcript levels of these genes under different treatments are somewhat consistent with
the activity of their corresponding enzymes activity (Figure 3A–C). Under the unstressed conditions,
priming with 0.5 mM GABA up-regulated SOD1, CATa and APXa by 62.26, 17.00 and 19.17-fold,
respectively as compared with the control condition. The transcription level of SOD1 was up-regulated
in the GABA-primed seeds under the osmotic stress, salinity and OS+S by 22.24, 24.82 and 32.33-fold,
CATa by 70.04, 69.64, and 64.74-fold; and APXa by 32.13, 63.37 and 45.67-fold, respectively (Figure 3D–F).
Similarly, priming seeds with 0.5 mM GABA resulted in up-regulation of the PAL1, PPO and SKDH genes
under osmotic stress, salinity and OS+S stress relative to their controls (Figure 3J–L). The transcription
level of PAL1 and SKDH greatly increased under salinity and combined stress without significant
differences between them. In contrast, PPO expression was greatly increased under the combined
stress. In the absence of stress conditions, priming with 0.5 mM GABA resulted in up-regulation
of the PAL1, PPO and SKDH genes by 3.06, 2.85 and 8.00-fold, respectively, as compared with the
control condition. The relative expression level of PAL1, PPO and SKDH genes was up-regulated in
the primed seedlings under the osmotic stress, by 50.07, 50.57 and 47.72-fold; salinity by 32.39, 38.15
and 32.81-fold, and OS+S by 28.38, 32.53 and 27.58-fold, respectively, as compared with their controls
(Figure 3J–L). The transcription levels of ibCAD1 (Figure 4D) and Chi2 (Figure 4F) in the GABA-primed
plants were highly significantly up-regulated when the seedlings were exposed to salinity stress as
compared to osmotic stress and the combined stress, while the transcription level of SbGST was highly
significantly up-regulated in the GABA-primed plants when exposed to osmotic stress as compared
with salinity and combined stress (Figure 4E). Osmotic stress, salinity, and OS+S, priming with 0.5 mM
GABA up-regulated ibCAD1 by 36.55, 41.66 and 29.77-fold; SbGST by 64.19, 25.14, and 36.91-fold;
and Chi2 by 48.70, 64.02 and 60.46-fold, respectively, as compared with the controls (Figure 4D–F).
The results reported that the OsCIPK genes in the GABA-primed seedlings were up-regulated under
the osmotic, salinity and OS+S conditions as compared to the controls (Figure 5). Salinity stress
resulted in significant increases in the expression level of the OsCIPK01, OsCIPK03, OsCIPK08 and
OsCIPK15 genes as compared to osmotic stress and the combined stress (Figure 5A,C,E,H). Osmotic
stress resulted in a greater increase in the expression levels of OsCIPK02, OsCIPK07 and OsCIPK09
genes as compared with salinity and the combined stress (Figure 5B,D,F), whereas the combined stress
(OS+S) resulted in a significant up-regulation of OsCIPK12 and OsCIPK17 genes as compared with
salinity and osmotic stress (Figure 5G,I).
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Figure 5. Effects of GABA treatment on the transcription levels of OsCIPK01 (A), OsCIPK02 (B),
OsCIPK03 (C), OsCIPK07 (D), OsCIPK08 (E), OsCIPK09 (F), OsCIPK012 (G), OsCIPK015 (H) and
OsCIPK017 (I) genes in rice seedlings exposed to salinity, osmotic stress, and their combined stress
(OS+S). OS (Osmotic stress); S (Salinity).

2.10. Effects of GABA Priming on the Nuclear DNA Content and Ultramorphology of the Cell under Salinity,
Osmotic Stress and OS+S

In order to investigate whether the osmotic stress, salinity and their combination could inhibit
cell cycle progression, the nuclear DNA content was analyzed using the flow cytometry technique.
The results showed that seedlings without GABA priming under osmotic stress and salinity and their
combination underwent changes in cell cycle progression (Figure 6A–D). Under the osmotic stress
condition (Figure 6B), the cells were blocked in at the G2/M phase, but the cells showed pronounced
nuclear accumulation at the G0/G1 phase. However, with GABA priming and under the osmotic stress
(Figure 6F), the nuclear accumulation was more obvious in both phases of the cell cycle. The salinity
and the OS+S stresses induced a pronounced cell accumulation in G2/M and a sharp inhibition in the
cell progression through the G0/G1 phase irrespective of the priming treatment (Figure 6C,D,G,H).
The flow cytometry analysis indicated that the G0/G1 phases were more sensitive under the salinity
alone or the combined stress as compared to the osmotic stress. These findings suggested that the
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osmotic stress, salinity and their combination result in a longer time for cells to progress through the cell
cycle. However, each treatment affects cell cycle progression in a different way. The cell ultrastructure
was affected due to the priming, salinity and the osmotic stress treatments (Figure 7). Under the
control condition (Figure 7A) and priming treatment (Figure 7B), the transmission electron microcopy
(TEM) analysis showed clear cell walls and developed chloroplasts (Chl) with uniform thylakoids
(Thy). Under the salinity and the combined stress (OS+S), in the unprimed plants (Figure 7C,E), an
unclear cell wall, a lot of vacuoles and raptured chloroplasts were observed. However, under the
salinity and the combined stress (Figure 7D,F), the priming treatment somewhat improved the cell
structure, which was represented by a clear cell wall, developed starch grain and the absence of the
vacuoles. These results suggested that the priming with 0.5 mM GABA led to changes in the cell cycle
progression and cell ultramorphology as a kind of cell signaling under salinity, osmotic stress and
their combination.

Figure 6. Flow cytometric analysis of GABA-unprimed rice (A–D) showing the nuclear DNA content
of the root cell under control (A); osmotic stress (B); salinity (C) and their combined stress (D) and
GABA-primed rice (E–H) under control (E); osmotic stress (F); salinity (G) and their combined stress (H).
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Figure 7. Transmission electron microscopic images of the leaf mesophyll of rice seedlings primed with
0.5 mM of GABA and grown under the control, salinity and the combination stress (OS+S) conditions.
Control condition (A); primed with 0.5 mM GABA (B); salinity stress (C); salinity stress and primed
with 0.5 mM GABA (D); combined stress (OS+S) (E); Combined stress (OS+S) and primed with 0.5 mM
of GABA (F).

3. Discussion

Enhancing plant tolerance to abiotic stresses by inducing a stress-responsive gene pathway in
transgenic plants is a promising approach [28]. Combined stress is a new kind of abiotic stress in
plants that requires integration defense or cross-talk response, and the plants should be tested for their
tolerance to a combination of different stresses prior to cultivation under field conditions. The present
study reported that priming with 0.5 mM GABA improved the physiological parameters under salinity
and osmotic stress and their combination as compared with unprimed plants (Table 1). During seed
germination and the stress condition, GABA could improve starch catabolism and mobilization of sugar
and amino acids which are necessary for seedling growth [29]. GABA can also improve the antioxidant
system for mitigation of oxidative damage, and increase Na+/K+ transportation for osmotic regulation
under salt stress [29]. Furthermore, GABA could maintain the hormones and mineral nutrients and
reduce lipid peroxidation under different environmental stresses [30]. During the early stage of seed
imbibition, the up-regulation of some germination-related genes contributed to the metabolic process
prior to seed germination which could improve the germination and seedling growth under the stress
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condition [31]. The reduction in rice growth from seed germination to the maturity stage under salinity
stress may be due to the increase in osmotic pressure of the root medium and ion effects [32]. Several
studies have reported that osmotic stress significantly decreased fresh and dry weights of shoots [33]
and roots [34]. It has been found that exogenous GABA could significantly improve the shoot length,
root length, and fresh weight of maize seedlings [35] and white clover [29] under abiotic stresses. In
the present study, GABA induced starch catabolism, which is of primary importance for providing
available carbohydrates for seed germination and growth under osmotic stress, salinity and the
combined stress. These findings are consistent with previous studies, which found that environmental
stresses such as osmotic stress, salt and heat stress decreased seed germination due to the inhibition of
starch catabolism under these conditions [29,36,37]. It has been found that the metabolite mobilization
of starch and soluble sugars is critical for the maintenance of cell turgor and energy sources when seeds
are subjected to salinity and osmotic stress [36]. Additionally, GABA could increase starch catabolism
and provide available carbohydrates for seed germination and growth of white clover under salt
stress [29]. Moreover, starch catabolism could be accelerated by activating α- and β-amylase activities
in GABA-pretreated seeds [29]. It is well-known that both organic and inorganic osmolytes such as
sugars and starch are important osmotic regulators for plant adaption to environmental stresses [38–40].
These osmolytes were decreased in the present study under salinity, osmotic stress and OS+S, and
were enhanced by priming with 0.5 mM GABA (Table 3). It has been found that the accumulation
of osmolytes such as free starch, soluble sugars and protein regulated the osmotic pressure of the
plants under abiotic stress including salinity and osmotic stress [41]. Furthermore, plants under stress
conditions may accumulate small molecular weight proteins that could be used as a source of storage
nitrogen and could be rapidly mobilized when required for the alleviation of stress [42]. These proteins
could also have a role in osmotic adjustment [43]. Additionally, proline can also accumulate in plants
to act as a solute for adaptation of plants in response to different environmental stresses [44].

The photosynthetic response to abiotic stress, especially salinity and osmotic stress, is highly
complex. It involves the interaction of stress signaling with different plant cells which can promote
plant growth and development. In the present study, rice plants grown under salinity, osmotic stress
and OS+S treatments showed a marked reduction in Pn, gs and Tr (Table 2). The remarkable reduction
in gs may be a consequence of stomatal closure caused by the higher osmotic pressure in guard cells
under OS+S [45]. Another study observed a decrease of the chlorophyll content in rice under water
stress, which may be related to the inhibition of the photosynthetic system of the plant under the water
stress [46], or might be due to increases in ROS and lipid peroxidation levels leading to chlorophyll
damage and a change in the leaf color from green to yellow [47]. In the present study, RWC was
decreased by the salinity and osmotic stress and OS+S, and enhanced by GABA priming as compared
with the control condition (Table 2). A decrease in the RWC under PEG-induced osmotic stress was
also reported in rice leaves [46] and in tomato [48]; this might be due to the decreased water potential
under salinity and osmotic stresses [49]. Similarly, the cellular accumulation of GABA could achieve a
balance in the reduction of water potential that occurs during cellular dehydration under the stress
condition [50].

Rice controls the transport of salts initially by selective uptake by root cells and ions entering
into the root along with water through symplastic and apoplastic routes [51]. The ratio of Na+/K+

can be used as a physiological index for salt response in several crop plants such as tomato (Solanum
lycopersicum) [52], chickpea (Cicer arietinum) [53], barley (Hordeum vulgare) [54] and white clover
(Trifolium repens) [29]. Moreover, the concentration of Na+ is key for the salinity tolerance mechanism,
interacting with K+ homeostasis, and especially given its involvement in numerous metabolic processes,
maintaining a balanced cytosolic Na+/K+ ratio [55]. In the present study, priming with 0.5 mM GABA
under salinity, osmotic stress and OS+S caused a significant reduction in the Na+ concentration in
the leaf and root as compared with unprimed seeds (Figure 2). Under the salinity stress, plant cell
loses the balance in the Na+/K+ ratio due to a continuously increasing Na+ ion concentration and
decrease in K+ ion uptake [56]. In the current study, a higher concentration of Na+ was recorded in
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roots as compared to the leaf under the salinity and osmotic stress and their combination (Figure 2).
The high accumulation of Na+ especially in the leaf resulted in a reduction in the photosynthesis
due to stomatal and non-stomatal limitation [57]. Therefore, plants have to reduce the concentration
of Na+ in the plant leaves by either minimizing the entry from the root symplast to reduce loading,
maximizing Na+ retrieval from the xylem [58], or exporting Na+ from the leaf to the phloem [59].
As such, the down-regulation of genes encoding Na+ influx transporters (OsCNGC1) in rice root
significantly contributed to the salinity tolerance, as it could avert toxic Na+ influx [60].

In the present study, antioxidant enzymes were measured to investigate the capability of priming
with 0.5 mM GABA to induce such enzymes for mitigating the oxidative stress by scavenging ROS in
the cell and thus increase the rice tolerance under the salinity, osmotic stress and their combination. In
the current work, salt and osmotic stress and their combination (OS+S) significantly decreased the
activity of CAT, SOD and APX (Figure 3), which was consistent with that of barely exposed to salinity
stress [21]. However, the decrease in these enzymes was inhibited when the seeds were primed with
0.5 mM of GABA under the stress conditions (Figure 3). Similar findings were observed in different
plant species primed with GABA such as rice seedlings [61], black pepper seedlings [62], perennial
ryegrass [63] and white clover [29]. The accumulation of ROS and oxidative stress signal are the main
common mechanisms for the plant tolerance could be observed under the salinity and osmotic stresses.
The intensive accumulation of ROS in the different plant cells resulted in significant pigment loss, a
reduction in the photosynthetic system efficiency and decreased protein assimilation [64]. However,
induction of the antioxidant defense system could protect plants from oxidative damage induced by
ROS accumulation under stress conditions [65]. In the present study, salinity and osmotic stress and
OS+S improved the ROS, i.e., H2O2, O2

− and OH− accumulation in the leaf tissue as compared with the
control condition (Table 2). The present study reported that GABA-activated antioxidant enzymes could
play vital roles in scavenging free radicals induced by H2O2 and O2

− and reduced lipid peroxidation
by up-regulating the genes (APXa, CATa and SOD1) involved in antioxidant enzymes during rice seed
germination and seedling growth under salinity and osmotic stress and their combination (Figure 3).

The accumulation of phenolic compounds under environmental stresses can protect plants from
damage caused by ROS-induced oxidative stress [66] by scavenging free radicals, breaking radical
chain reactions, and decomposing peroxides [67]. In the present study, the enzymes involved in the
phenolic metabolism such as PAL, PPO, SKDH and CAD were improved by priming with 0.5 mM
GABA under the osmotic, salinity and OS+S stresses (Figure 3G–I and Figure 4A). This phenolic
metabolism may provide an effective defense tool for plant tolerance under environmental stresses [68].
Recently, SKDH activity was increased in plants exposed to salinity stress for 3 days [69]. Moreover,
the activity and the expression level of the PAL protein were increased in barley exposed to 200 µM of
Al for 24 h [70]. The increased PAL and PPO levels might help plants to cope with oxidative stress
by scavenging ROS [45,71]. In the present study, the accumulation of PPO in the leaf under salinity
and osmotic stresses (Figure 3H), might be due to the induction of PPO genes in the leaf tissues under
osmotic stress [72]. However, the PPO and CAD activities were not affected in Matricaria chamomilla
plants exposed to salinity stress, but a higher activity of SKDH was observed in the root [68]. In the
present study, the induction of the defense genes involved in secondary metabolites such as PAL1, PPO,
SKDH and IbCAD1 in the primed plants may increase the tolerance of plants to salinity, osmotic stress
and OS+S (Figure 3J–L and Figure 4B), which is consistent with the finding of Ahammed et al. [71],
who also found that plant growth regulators help in alleviating the oxidative stress in plant leaves
through the induction of phenolic metabolism defense under the stress condition. The mechanism by
which GABA treatment increases the tolerance to salt stress might be due to the ability of GABA to
induce endogenous GABA, proline and the total phenolic content, thus enhancing the antioxidant
capacity [67]. The present study revealed that the GST and chitinase activities and their transcript levels
were increased by priming with 0.5 mM of GABA under salinity, osmotic stresses and their combination
(Figure 4). Similarly, a previous study reported that the Chi2 gene was up-regulated in pepper leaves
under salinity and osmotic stresses which could protect plant tissues against osmotic stress via an
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ABA-independent signal transduction pathway [73]. Another study reported that chitinase is involved
in heavy metal stress tolerance and chilling tolerance [74]. Moreover, GST activity and expression level
increased in salinity and osmotic -stressed barley plants [45].

In the present study, up-regulation of OsCIPK genes was observed in the GABA-primed seedlings
under salinity and osmotic stress and OS+S as compared to their controls (Figure 5). The OsCIPK
genes induced by different stresses may provide new signaling pathway to reveal the molecular
mechanism of rice response to different stresses alone or in combination considering the nature of
CIPKs as putative signaling components [75]. The signaling pathway of OsCIPK genes may be involved
in the substantial common regulatory systems or cross talks triggered by different stresses [75]. Our
findings indicated that expression patterns of OsCIPK genes were induced under the salinity, osmotic
stress and OS+S, which is consistent with cross talk between salinity and osmotic stress as previously
reported by Seki et al. [76]. The interaction between co-activated pathways is likely to be mediated at
different levels under the combined stresses [13]. This pathway could include the interaction between
different transcription factors and mitogen-activated protein kinase (MAPK) cascades [77], different
stress hormones such as ethylene, jasmonic acid and abscisic acid [78], between calcium and/or ROS
signaling [79] and between different receptors and signaling complexes [80].

The present study revealed that nuclear accumulation was inhibited under the stress condition
especially under salinity and the combined stress in the G0/G1 as compared with the control or osmotic
stress (Figure 6). A recent study showed that root growth was inhibited under the abiotic stress
conditions, and the cell division and cell cycle regulation might be involved in this inhibition [80],
or might be associated with the reduction of cell production [81]. The reduced cell production
under the salinity and osmotic stress and their combination might be due to a smaller number of
dividing cells such as a meristem size reduction, and the temporary inhibition of mitotic activity that
allows the adaptation to the stress condition is most likely mediated by post-translational control of
cyclin-dependent kinase activity (CDK) [80].

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Rice (Oryza sativa cv. Qian You No. 0508) seeds were purchased from the Seed Production Unit,
Jiangsu Academy of Agricultural Sciences, China. Before priming, seeds were sterilized with 0.5%
NaClO solution for 15 min and washed several times to remove the traces of the disinfectant. The seeds
were then primed with GABA at the optimized concentration (0 and 0.5 mM) at 15 ◦C in darkness for
24 h. The time and concentration of the priming agent were initially selected based on a preliminary
study. In the preliminary experiment, several concentrations of GABA, i.e., 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6
and 0.7 mM were used for seed priming. GABA at 0.5 mM significantly improved rice germination
and seedling growth as compared to other concentrations. The seed were primed for 24 h as this time
was sufficient enough for rice seeds to trigger the activation of various metabolic processes such as the
synthesis of hydrolytic enzymes which resulted in hydrolysis of reserve food into a simple available
form for embryo uptake as stated recently in our previous study [82–85]. The primed seeds were
dried at room temperature to maintain their original moisture content [82]. Thereafter, the primed and
unprimed seeds were germinated for two weeks in a plastic germination box containing two layers of
germination paper moistened with water. Fifty seeds and three replications for each treatment were
used. Then, seeds were incubated in a germination chamber at 25 ◦C with 80 % relative humidity
under alternating cycles of 16 h illumination and 8 h darkness for 14 days.

The salinity and osmotic stress and their combination were applied to 7-day-old rice seedlings, in
which the salinity stress (150 mM NaCl) and the osmotic stress (30 g/L PEG, 6000) and their combination
(150 mM NaCl+30 g/L PEG) were supplied to plants for one week. The seedlings without GABA
priming and stress treatments were used as the control (Ck). After fourteen days, the germination
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percentage, germination energy, root and shoot length, seedling fresh and dry weight and seedling
vigor index were measured according to the methods of Hu et al. [86].

4.2. Determination of Photosynthesis and Leaf water Relation

The physiological parameters such as Pn, Tr, Gs and Ci were measured according to our previous
study [87]. The chlorophyll content was measured spectrophotometrically according the method of
Sheteiwy et al. [88]. The values of Ψw, WUE and RWC were measured according to our previous
study [87]. The Ψs was measured according to the method of Ahmed et al. [8].

4.3. Biochemical Analysis

For further investigation regarding the potential role of GABA priming to alleviate the oxidative
stress induced by salinity and osmotic stress, the antioxidant enzymes, i.e., SOD, CAT and APX were
measured according the method of Sheteiwy et al. [88]. GR and total soluble sugars were measured
according the method of Sheteiwy et al. [89]. The starch content and total soluble proteins were
measured according to the method of Sheteiwy et al. [90].

4.4. Analysis of MDA, Proline and ROS Contents

The MDA content of the leaf was measured according to the method of Zhou and Leul [91]. Proline
concentration was determined by a spectrophotometer according to the method of Li [92]. Briefly, 100
mg of leaf was homogenized with 5 mL of 3% sulfosalicylic acid and centrifuged at 5000× g for 10 min.
The supernatant was treated with acid-ninhydrin and acetic acid, after which the supernatant was
boiled for 1 h at 100 ◦C. Absorbance was determined at 520 nm and the proline content was expressed
as µg gFW−1. For determination of the H2O2 content, 0.5 g of leaf was homogenized with 5.0 mL of
0.1% trichloroacetic acid (TCA) using an ice bath, and then the homogenate was centrifuged for 15 min
at 12,000× g [93]. The H2O2 content in the supernatant was read using a spectrophotometer at 390 nm.
The content of O2

− was measured according to Jiang and Zhang’s method [94]. The content of OH− in
the leaf was determined according to our previous study [89].

4.5. Determination of GABA Content

The GABA content in the leaf tissues was measured using GABAase commercial enzyme
preparation (Sigma chemical Co., St. Louis, MI, USA) as previously described by Ma et al. [21].

4.6. Assay of Phenolic Metabolism-related Enzymes

The activity of PAL was determined according to the method of Zheng et al. [95] with slight
modification. Fresh leaves (2g) were homogenized with 2.5 mL of solution containing 100 mM K3PO4

buffer, 2 mM EDTA, 1% (m/v) PVP, and 1 mM phenyl-methylsulfonyl fluoride (PMSF). Then, the
homogenates were centrifuged at 12,000× g for 15 min at 4 ◦C, and the supernatant fractions were used
for enzyme analysis. The absorbance was spectrophotometrically measured at 290 nm. The activities
of PPO and SKDH were measured according to the method of Sheteiwy et al. [82]. The activity of CAD
was measured according to the method of Wyrambik and Grisebach [96].

4.7. Measurements of Detoxification-related Enzymes

In order to determine the activity of GST, 0.3 g of leaf tissue was homogenized with 2 mL phosphate
buffer solution (pH 6.5) + 1 mM EDTA. The suspension was centrifuged at 4000× g for 10 min. The GST
activity was measured spectrophotometry at 412 nm following the method of Chun-hua and Ying [97].
The chitinase activity was measured according to the method of Chun-hua and Ying [97].
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4.8. Measurement of Na+ and K+ Ions in the Leaf and Root Tissues

The concentrations of Na+ and K+ in leaf and root were measured according to the methods
of Zhao et al. [98]. Briefly, the samples were washed with distilled water before the determination
to remove any traces of the Na+ from the leaf and root tissues, which were then dried at 50 ◦C for
4 d. Thereafter, the dried leaf and root tissues were ground into a fine powder in liquid nitrogen.
The powder was then digested in 5 mL nitric acid overnight. Thereafter, the digested solution was
diluted to 25 mL with double-distilled water. The concentration of Na+ and K+ in the acid-digested
tissues was measured using a flame photometer according to the method of Zhao et al. [98].

4.9. Analysis of Gene Expression

In order to further study the mechanism by which GABA can alleviate the effects of both salinity
and osmotic stresses alone or in combination on rice germination and seedling growth, the antioxidant
enzymes, detoxification-related enzymes, phenolic metabolism-related enzymes and OsCIPK responses
genes were investigated at the molecular levels. For this purpose, frozen leaf tissues (100 mg each) were
ground thoroughly in liquid nitrogen using a pestle and mortar. Thereafter, the total RNA was isolated
from the leaf and the concentration of the RNA was determined by a NanoDrop 2000/2000c (Thermo
Scientific, Wilmington, Delaware, USA). The RNA purity was also checked by the spectrophotometer
using the 260/280 nm ratio before quantitative real-time PCR. The primers of the OsCIPK genes
presented in Supplementary Table S1 are the same as those used previously by Xiang et al. [75].
Quantitative real-time RT-PCR was performed using SYBR premix EX Taq (Takara, Japan). The PCR
program used in this study is the same as that used recently by Sheteiwy et al. [88].

4.10. Ultra-structure and Flow Cytometry Analysis

The ultramorphology of the leaf was investigated according to our previous study [82]. The
H2O2 was detected according to the method of Sheteiwy et al. [82]. Briefly, the roots were stained
with 5 µM dichlorodihydrofluorescein diacetate for 15 min, and then washed with excess 20 mM
sodium phosphate buffer (pH 6.1) to stop the reaction. The changes in ∆Ψm were analyzed using a
tetramethylrhodamine methyl ester assay kit (Immunochemistry Technologies, Bloomington, IN, USA)
and imaged using a laser confocal scan microscope (Zeiss LSM 780, Zeiss, Germany). Then, nuclear
isolation was performed according to the method of Hu et al. [99]. The root samples were cut into
small pieces and then fixed with nucleus isolation buffer [10 mM MgSO4, 50 mM KCl, 5 mM Hepes, 1
mg/mL dithiothreitol (Sigma, St. Louis, MI, USA) and 0.2% Triton X-100] and filtered through a 33 mm
nylon mesh. The nuclei were fixed in 4% paraformaldehyde for 30 min and were then precipitated
(200 g, 10 min, 4u C) and re-suspended in the isolation buffer.

4.11. Experimental Design and Statistical Analysis

The treatments were applied using a Completely Randomized Block Design (CRBD) with a
factorial arrangement. All the obtained values are the means of three replicates ± standard deviation
(SD). The data were analyzed using two-way analysis of variance (ANOVA) by SPSS v16.0 (SPSS, Inc.,
Chicago, IL, USA), and means were separated using Duncan’s multiple range tests (α = 0.05).

5. Conclusions

Priming with 0.5 mM of GABA could be an effective technique to alleviate salinity and osmotic
stresses and OS+S causing inhibition of rice seed vigor. Under the stress conditions, GABA induced a
balance in Na+/K+ accumulation and transport from the root to the leaf which could be attributed to
the osmotic adjustment through the mobilization of organic osmolytes such as proline, sugars, and
starch during seed germination. The fluorescence staining revealed that H2O2 formation was increased
under the stress condition and decreased by the GABA priming treatment. These findings indicated
that GABA could also act as a signal molecule under salinity, osmotic stress and their combination



Int. J. Mol. Sci. 2019, 20, 5709 21 of 26

by increasing antioxidant enzymes, phenolic metabolism-related enzymes and detoxification-related
enzyme activities and their transcript levels. The significantly improved starch and sugar contents
and CIPK gene expression in rice seedlings by GABA treatment under the stress conditions may be
the main mechanism of rice tolerance to salinity, osmotic stress and their combination. The present
study elucidated the possible cross talk between the salinity and osmotic stresses when the plant are
exposed to both at the same time, and thus to develop transgenic crops with enhanced tolerance to
field conditions, further studies need to expand their area to include stress combinations. Current
findings provide new evidence for better understanding of GABA-regulated osmotic and salinity
combined stress tolerance during seed germination and development. The results showed that the
different abiotic stresses induced changes in cell cycle progression resulting in inhibition in rice root
cell development. Priming with 0.5 mM GABA has the potential to improve cell ultra-morphology
under the stress condition.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/22/
5709/s1.
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