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1. Introduction 
Salinity and drought are two of the main stressors that 
affect plants’ life throughout the world (Nazari et al., 2019; 
Jamshidi Goharrizi et al., 2020a). These stresses are able to 
alter the water distribution within the plant and can disturb 
the ionic balance in the plant resulting in the generation of 
reactive oxygen species (ROS) (Wang et al., 2003; Jamshidi 
Goharrizi et al., 2020b). Moreover, the increased ROS can 
reduce the overall plant production yield in agriculture 
(Wang et al., 2003; Jamshidi Goharrizi et al., 2019a).

 In the last 25 years, increasing salinity has reduced 
agricultural land productivity by 30%, and this is expected 
to reach more than 50% by the year 2050 (Yan et al., 
2003; Wang et al., 2008). Moreover, more than 45% of 
agricultural land around the world suffers from constant 
or repeated droughts, and this is also increasing every 
year (Ashraf and Foolad, 2007). Osmotic stress, including 
salinity and drought, affects different plant pathways 
including physiology and metabolism, with a severity 
based on the intensity and time duration of the stress, 
and finally suppresses crop production yields and plant 
growth (Munns, 2005; Rahnama et al., 2010; James et al., 

2011; Nazari et al., 2020). Although the region affected by 
drought and salinity is still expanding, genetic resources 
with high drought/salinity tolerance must be determined 
(Ibrahim et al., 2019b; Nazari et al., 2019). Therefore, the 
task of current and potential agriculture is to increase the 
availability of food to an ever-growing human population 
under declining environmental conditions in many parts of 
the world. It is of general interest to mitigate the impact of 
different forms of abiotic stresses (Fita et al., 2015; Jamshidi 
Goharrizi et al., 2018). Given its undoubted academic 
importance and functional consequences in agriculture, 
the study of abiotic stress resistance mechanisms is one 
of the most productive lines of research in plant biology. 
The various types of abiotic stresses imposed by the 
environment are typically interconnected and often have 
an osmotic component, which affects the homeostasis of 
plant cells (Duque et al., 2013).

This paper presents a detailed summary of the present 
understanding of the physiological, biochemical, and 
metabolic mechanisms that govern the adaptation of 
plants to salinity and drought stresses.
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2. Physiological Mechanisms of Drought Stress 
2.1. Effect on Plant Growth
Drought stress is considered a complex process, which can 
alter the normal process of plant growth at various stages 
throughout the life span (Yordanov et al., 2000; Jamshidi 
Goharrizi et al., 2019a; Pakzad et al., 2019; Pakzad et al., 
2021). In response to drought stress and under water 
deficit conditions, more efficient usage of water by the 
plants is the most critical factor affecting survival and 
growth. Also, it is well known that water availability can 
change the growth pattern in plants. For example, the root 
system is increased in water deficit conditions (Hamblin 
et al., 1990); in contrast, under normal growth situations 
and without any stress, the size of the leaf area and the 
rate of photosynthesis in plants have a positive correlation 
together, and, therefore, a bigger leaf area is considered 
useful to accelerate the growth rate of plants (Poorter 
and Remkes, 1990). The main disadvantage of having 
a larger leaf area in plants is the loss of more water by 
transpiration, even in water deficit conditions. Therefore, 
although a bigger leaf area can increase the growth rate of 
plants, it also involves a higher usage of water. In plants, 
better growth and more efficient water usage together 
determine not only biomass production but also the loss 
and absorption of water. Moreover, drought stress reduces 
the accumulation of both fresh and dry biomasses in 
plants, but the fresh biomass is decreased more than the 
dry biomass under water deficit stress (Ramos et al., 1999).
2.2. Changes in Plant Water Distribution
Plant yields are considerably reduced because of drought 
stress, and overcoming this stressor can be extremely 
difficult (Jamshidi Goharrizi et al., 2020a). Nevertheless, 
the process of osmotic adjustment in plants is able to 
overcome the destructive effects of this stress to some 
extent (Turner, 1986). For this purpose, several different 
strategies are used by plants, such as tolerance, escape, 
and avoidance of cell dehydration in order to survive in 
drought conditions (Turner, 1986). Plants attempt to resist 
the damage caused by drought stress by preserving the 
cell turgor to maintain their metabolism. Resistance to 
drought stress includes two different mechanisms, which 
are changes in the elastic attributes of tissues, and osmotic 
adjustment (Munns, 1988).  

The main response of plants in response to water 
shortage is osmotic adjustment, which can maintain 
the cell turgor (Ludlow and Muchow, 1990) and the 
metabolism of plants and therefore can allow continual 
plant growth and yield under water deficit stress (Shackel 
et al., 1982). Moreover, osmotic adjustment in plants leads 
to dehydration of bulk tissue and reduced cellular osmotic 
potential, so roots shoots can develop and grow relatively 
more under water deficit stress (Bray, 1997).

 In plants, the balance of both the metabolic process 
and the water potential is disturbed under drought stress, 
but water potential is affected in this situation later than the 
metabolic process, and, therefore, water potential is more 
tolerant to water deficit stress compared to the metabolic 
process (Jones and Corlett, 1992). Several studies have 
confirmed that there is a relationship between the cell 
volume and the cellular turgor pressure in sunflower 
(Maury et al., 2000) and common bean (Zlatko Stoyanov, 
2005), but, under drought stress conditions, the balance 
between these two parameters is significantly disturbed  
(Blake et al., 1991). Another study showed that the leaf 
water potential had a great effect on plant functions 
and determined the response of most plant cultivars in 
response to drought stress (White et al., 2000).

 For many years, it was not clear whether the overall 
proline content could determine the tolerance of plants 
under drought stress or not, but recently several studies 
suggested that the content of this amino acid is much 
higher in drought-tolerant cultivars compared to drought-
sensitive ones (Jamshidi Goharrizi et al., 2020d; Jamshidi 
Goharrizi et al., 2020f). Moreover, in 1992 the relationship 
of proline content and turgor pressure was discovered, and 
it was then considered to be an index for drought injury in 
plants (Irigoyen et al., 1992).
2.3. Effect on Photosynthesis 
Under drought stress, several metabolic processes in plants 
undergo major changes; photosynthesis is one of the most 
important metabolic processes in plants, which is affected 
by drought. Under water deficit stress conditions, the 
fundamental metabolic processes and the basic structures 
of plants are damaged, which result in reduced carbon 
assimilation and damage to the photosynthetic apparatus 
(Ali and Ashraf, 2011; Golldack et al., 2011). Several 
studies have shown that a reduction in leaf photosynthesis 
occurs due to stomatal limitations under moderate 
drought stress and non-stomatal limitations in response to 
intense drought stress (Degl’Innocenti et al., 2009; Misson 
et al., 2010).

 The reduction in photosynthesis results in the 
absorption of more light energy by the plants than is 
strictly required for photosynthesis, and, therefore, this 
excess energy is able to produce reactive oxygen species, 
like hydrogen peroxide, H2O2, and superoxide O2

•-. The 
reactive oxygen species (ROSs) are able to prevent the 
synthesis of the photosystem II (PSII) core D1 (Takahashi 
and Murata, 2008), which can reduce the overall activity of 
the photosynthetic electron transport chain.

 Moreover, CO2 fixation in the Calvin cycle is highly 
susceptible to different environmental stresses such as 
salinity (Al-Taweel et al., 2007), low temperature, and 
high temperature (Greer et al., 1986). In response to these 
destructive stresses, the reduction of the photosynthesis 
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rate most likely occurs due to a decrease in the synthesis 
of D1 protein, which occurs as a result of an interruption 
in CO2 fixation. However, the precise mechanism of how 
the photosynthetic electron transport chain is affected by 
droug

3. Physiological Mechanisms of Salinity Stress  
3.1. Effect on Plant Growth 
The productivity and yield of plants are greatly affected 
by soil salinity, which is considered to be an important 
environmental problem. Salinity stress is able to destroy 
plant growth through the followings: 1) nutritional 
imbalance, 2) water deficit stress, and 3) excessive uptake 
of ions such as Na+ and Cl−, which can themselves be 
cytotoxic (Tsugane et al., 1999; Hernández et al., 2001; 
Isayenkov, 2012). 

Numerous studies have confirmed the relationship 
between the concentration of NaCl in the soil and reduced 
plant growth. With an increasing concentration of NaCl, 
the dimensions of the plants are significantly reduced 
(Beltagi et al., 2006; Mustard and Renault, 2006; Jamil et 
al., 2007). Moreover, other studies have shown a negative 
relationship between the total leaf area and high levels of 
NaCl (López-Aguilar et al., 2003; Netondo et al., 2004; 
Bohra and Vyas, 2006; Chen et al., 2007; Zhao et al., 2007a; 
Liu et al., 2009). Furthermore, the harmful effect of salinity 
stress on leaf number was shown in another study. This 
study also proved that leaf number was greatly affected by 
the concentration of salinity stress (López-Aguilar et al., 
2003). The negative (and positive) effects of salt stress on 
the dry and fresh weights of shoots and biomass have also 
been reported in several studies. These researchers showed 
that negative or positive effects of salt stress depended on 
the level and type of salinity stress and on the type of plant 
species (Bayuelo-Jiménez et al., 2002; Niazi et al., 2005; 
Saqib et al., 2006; Turan et al., 2007; Taffouo et al., 2009; 
Taffouo et al., 2010).
3.2. Changes in Plant Water Balance
Under salinity stress, it is known that the osmotic potential 
and the uptake of water from the soil are decreased, resulting 
in a disturbance of the water balance in plants (Munns, 
2005). The changes in plant water balance in response 
to salinity stress allow plants to attempt to overcome 
this stressful condition using osmotic regulation. This is 
carried out by increasing the negativity of the osmotic 
(pressure) potential of the leaf sap (Rodriguez et al., 1997; 
Gama et al., 2009). In salt-stressed plants, stomatal closure 
frequently occurs, which lessens tissue dehydration by 
the reduction of water loss (Fricke et al., 2004). Moreover, 
the toxic effects of ions also decrease because of reduced 
transport through the xylem as a result of lowered 
transpiration (Kerstiens et al., 2002). In a previous study, 
it was found that barley cultivars exposed to salinity stress 

decreased their stomatal conductivity and transpiration 
rates, and the reduction in these parameters caused 
increased growth as well as reduced the concentration of 
toxic ions (Veselov et al., 2008). Most likely, the triggering 
of abscisic acid production in salt-treated plants is one 
reason for stomatal closure (Mulholland et al., 2003; Fricke 
et al., 2004; Veselov et al., 2008), but it has been shown 
that the maintenance of water balance in plants can also be 
affected by hydraulic parameters and chemical substances 
(Tardieu and Simonneau, 1998). The stomatal variation 
in water vapor, which confirms the relationship between 
stomatal and hydraulic conductivity in salt-treated plants, 
is extremely susceptible to dynamic disturbances in water 
transport (Cochard et al., 2002; Meinzer, 2002; Bunce, 
2006). 

The hydrostatic pressure gradient causes water to 
enter the root xylem from the soil when plants are actively 
transpiring, but this balance condition is considerably 
altered when transpiration is limited by salinity stress. In 
these situations, the cell-to-cell pathway is the main route 
of water movement (Steudle, 2000), and most of this water 
is transported by aquaporins or water channels (Morillon 
and Chrispeels, 2001). Plasma membrane aquaporins, 
which belong to the phosphatidylinositol 4,5-bisphosphate 
(PI4,5P2) or PIP2 subfamily, are relatively abundant 
phospholipids in the root system. An artificially increased 
expression of this subfamily increased the activity of water 
channels in plant cells (Chaumont et al., 2000; Javot et al., 
2003). In one study, an increase in the expression of PIP2 
aquaporins was observed in maize plants subjected to 
salinity stress (Zhu et al., 2005).
3.3. Effects on Photosynthesis
Decreased productivity in response to salinity stress in 
plants is common, and this reduction is usually associated 
with a decreased photosynthesis rate. Although some 
factors that can restrict or change the photosynthesis rate 
in salt-treated plants have been identified, the fundamental 
mechanisms of decreased photosynthesis are still somewhat 
unclear (Steduto et al., 2000). Several studies have shown 
that salinity stress can change many biochemical processes 
in plants. In this regard, the photosynthesis rate, which 
is measured by the number of photosynthetic pigments, 
is one of the most important biochemical processes that 
undergo major alterations. Several studies have shown 
that salinity stress is able to reduce the quantity of 
photosynthetic pigments in salt-stressed plants (Sultana et 
al., 1999; Misra et al., 2006; Taffouo et al., 2010). Following 
exposure of plants to salt stress, carotenoids, chlorophylls, 
and various enzymes, which are part of the photosynthetic 
apparatus, are strongly affected (Chrysargyris et al., 2018). 

Stomatal closure is the main reason for the reduced 
photosynthesis rate in salt-stressed plants. In addition, 
the toxicity of salt to the photosynthetic apparatus could 
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be another reason for the reduction of photosynthesis 
in plants subjected to salinity stress. However, there are 
conflicting reports on whether stomatal or non-stomatal 
factors are most responsible for reduced photosynthesis 
in salt-treated plants. For example, in sunflowers, beans, 
and cotton, stomatal limitation was the main reason for 
the reduction of the photosynthesis rate in response to 
salt stress, while other reports implicated non-stomatal 
limitation for the reduction of photosynthesis (Steduto et 
al., 2000).

4. Biochemical Mechanisms of Tolerance to Salinity and 
Drought 
4.1. Production of substances that affect osmotic 
adjustment
Salinity and drought stress exert deleterious effects on 
plant metabolism via ion toxicity, osmotic stress, and 
oxidative stress (Liang et al., 2018). In contrast, plants 
have evolved a series of biochemical processes to survive 
in abiotic stress conditions. The initial response to osmotic 
stress involves osmotic adjustment. Osmotic adjustment is 
necessary to maintain the cell turgor and to allow plant 
survival and maintain productivity. In order to promote 
osmotic adjustment at the cellular level and provide stress 
tolerance, plants synthesize several osmotic-regulating 
compounds, such as soluble proline, carbohydrates, glycine 
betaine, gamma-aminobutyric acid (GABA), polyamines, 
and others (Ashraf and Foolad, 2007; Chen and Jiang, 
2010; Gupta et al., 2014; Slama et al., 2015; Blum, 2017; 
Rady et al., 2018; Jamshidi Goharrizi et al., 2020f). At the 
beginning of salinity or drought stress, the accumulation 
of osmotic regulating substance in the cytoplasm leads 
to the protection of cellular functions. Also, these 
compounds increase the activity of antioxidant enzymes 
and protect the activity of enzymatic systems (Ashraf and 
Foolad, 2007; Wei et al., 2009; Hossain and Fujita, 2010; 
Hayat et al., 2012; Kaya et al., 2013; Theerakulpisut and 
Phongngarm, 2013; Filippou et al., 2014; Najjaa et al., 
2018; Khalid et al., 2020). Several studies have looked at 
the effect of exogenous application of osmoprotectant 
substances on the growth and tolerance in drought and 
salinity stressed plants (Mäkelä et al., 2019; Nakhaie et al., 
2020).
4.2. Proline
Proline is the main osmotic balancing compound, which 
exists in plant cells in its free form. Proline has a low 
molecular weight, high water solubility, and zero net charge 
at the physiological pH value range (Trovato et al., 2019). 
The proline content increases in conditions of biotic and 
abiotic stress (Goharrizi et al., 2021) and is considered to 
be one of the main physiological indices of plant resistance 
to stress (Trovato et al., 2008; Kaur and Asthir, 2015; 
Dar et al., 2016; Furlan et al., 2020; Jamshidi Goharrizi 

et al., 2020f; Khalid et al., 2020). In a study from our 
laboratory, the proline content was significantly increased 
in response to drought, salinity, and combined drought 
plus salinity stresses in different pistachio rootstocks 
(Jamshidi Goharrizi et al., 2020f; Jamshidi Goharrizi et 
al., 2020c). Two important factors, which determine salt 
tolerance, are the balance between the K+/Na+ ratio and 
the accumulation of proline (Kim et al., 2002). Results of 
several studies showed that the content of proline was at its 
highest level, while the K+/Na+ ratio was at its lowest level 
in tolerant cultivars of different plants (Gharsallah et al., 
2016; Jamshidi Goharrizi et al., 2020f). 

Many reports have shown that the harmful effects of 
salt stress on plant growth could be reduced by proline 
(Khedr et al., 2003; Szabados and Savoure, 2010; Aqsa 
et al., 2013; Butt et al., 2016; Ami et al., 2020). Also, the 
accumulation of proline improved the root capacity for 
water uptake in drought conditions, protected chloroplast 
structures by suppressing ROS generation in drought-
stressed plants, and is also involved in the tolerance 
towards photoinhibition (Chimenti et al., 2006; Moustakas 
et al., 2011; Semida et al., 2020). The findings of Semida 
et al. (2020) demonstrated that exogenous application of 
proline could rescue drought-stressed onion (Allium cepa) 
plants and increase plant growth. Supplementation with 
proline could reduce the irrigation frequency and increase 
the crop yield in drought-stressed fennel (Foeniculum 
vulgare) plants (Zali and Ehsanzadeh, 2018). Proline 
pretreatment protected Aloe. vera plants against salt stress 
by modifying the K/Na ratio and water balance, and 
increasing the antioxidant systems (Nakhaie et al., 2020). 
Moreover, exogenous application of proline to drought-
stressed Arabidopsis thaliana plants led to a notable 
increase in the accumulation of proline and soluble sugars 
(Moustakas et al., 2011).
4.3. Accumulations of carbohydrates
Under salt and drought stress, the accumulation of 
sugars and carbohydrates e.g., glucose, fructose, fructans, 
trehalose, and starch are changed in plants (Anjum et 
al., 2017; Bianco and Scalisi, 2017). These carbohydrates 
can reduce the effects of stress by osmotic regulation, 
improving carbon and energy storage, and scavenging 
reactive oxygen species (Chen and Jiang, 2010; Nguyen 
et al., 2010; Yin et al., 2010; Bianco and Scalisi, 2017; 
Woodrow et al., 2017; Traversari et al., 2020). The studies 
showed that sucrose accumulation in the leaves in response 
to drought stress provides the necessary energy for the 
protection of cells during high respiration rates (Burke, 
2007) and promotes plant tolerance to osmotic stresses 
(salinity and drought) (Van den Ende and Valluru, 2009; Al 
Hassan et al., 2016; Sami et al., 2016; Kumar et al., 2017a). 
Indeed, soluble sugars (sucrose, glucose, and fructose) 
are main energy sources and carry out osmoregulation 
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in plant cells (Rosa et al., 2009; Bolouri‐Moghaddam et 
al., 2010; Sami et al., 2016; Du et al., 2020b). The sugars 
are also involved in the regulation of biological processes 
(Rosa et al., 2009), stability of membranes and protoplasts 
(Keunen et al., 2013), and the protection of enzymes 
from high intracellular concentrations of inorganic ions 
in both normal and stress conditions. Many studies have 
reported an increased accumulation of sugars in response 
to drought and salinity stress (Singh et al., 2015). For 
instance, Tang et al. (2013) showed that the water-soluble 
carbohydrate concentration increased under salt stress 
in Lolium perenne  L. Palma et al. (2013) reported that 
salt stress caused the content of total soluble sugars and 
proline to increase in Medicago sativa. Zaher-Ara et al. 
(2016) showed that the accumulation of soluble sugars was 
involved in drought tolerance in citrus plants. Najjaa et al. 
(2018) reported that soluble sugars increased in Allium 
roseum in both salt and drought stress conditions. On the 
other hand, Abdallah et al. (2016) demonstrated that the 
exogenous application of  trehalose  reduced the adverse 
effects of salinity stress in rice plants. Li et al. (2020) 
reported that the glucose contents increased in Lilium 
davidii  var.  unicolor under drought stress conditions. 
Fructan can also protect plants against ROS damage, 
as reducing oxidative stress can increase drought stress 
tolerance (Rigui et al., 2019). Fructan accumulation under 
salinity stress could protect a tolerant wheat cultivar and 
avoid any yield loss under salt stress (Sharbatkhari et al., 
2016). Also, it has been reported that fructan could protect 
sprouting Helianthus tuberosus  L plants subjected to salt 
stress (Luo et al., 2018). 
4.4. Glycine betaine
Glycine betaine (GB, trimethylglycine) is an amphoteric 
quaternized amino acid, which is present in plants, 
animals, and some microorganisms (Rhodes and Hanson, 
1993; Chen and Murata, 2008). Glycine betaine has 
an overall neutral and is stable at a wide range of pH 
values. Numerous studies have demonstrated that GB 
accumulation is involved in the tolerance to salinity and 
drought stress conditions in many plants such as potato 
(You et al., 2019), Phasoulis vulgaris (Desoky et al., 2019; 
Sofy et al., 2020), stevia (Rameeh et al., 2017), tomato 
(De la Torre-González et al., 2018), cucumber (Youssef 
et al., 2018), pigeonpea (Kumar et al., 2017b), sugar beet 
(Li et al., 2016a), cowpea (Manaf, 2016), wheat (Gupta 
and Thind, 2019), and lettuce (Shams et al., 2016). 
Glycine betaine mainly exists in the chloroplasts where 
it protects the thylakoid membrane and maintains the 
efficiency of photochemical reactions (Tian et al., 2017). 
In addition, it promotes plant defensive responses such 
as osmotic homestasis, protection of enzyme activity, and 
the expression of genes related to resistance (Chen and 
Murata, 2011; Giri, 2011; Ahmad et al., 2013; He et al., 

2013; Karabudak et al., 2014; Xu et al., 2018; Annunziata et 
al., 2019; Kahraman et al., 2019; Mäkelä et al., 2019; Sun et 
al., 2020). Under drought or salinity stress, GB protects the 
biological membranes from oxidative damage (Gupta et al., 
2014; Wutipraditkul et al., 2015; Kumar et al., 2017c; Wei 
et al., 2017; Rady et al., 2018; Ahmad et al., 2020), modifies 
the cell water balance through osmotic adjustment (Gupta 
et al., 2014; Lai et al., 2014; Yildiztugay et al., 2014), and 
improves photosynthesis (Zhao et al., 2007b; Wang et al., 
2010; Nusrat et al., 2014; Athar et al., 2015; Tian et al., 2017; 
Wei et al., 2017; Wang et al., 2019b; You et al., 2019; Nawaz 
and Wang, 2020), resulting in increased plant tolerance.
4.5. Gamma-aminobutyric acid
Gamma-aminobutyric acid (GABA) is an important 
component of the free amino acid storage system in 
plants, which provides a substrate for carbon and nitrogen 
metabolism, and is necessary for plant growth (Ansari et 
al., 2014). The accumulation of GABA in plants is rapidly 
increased in various biotic and abiotic stress conditions 
(Kanwal et al., 2014; Malekzadeh et al., 2014; Nayyar et al., 
2014; Wang et al., 2014; Boonburapong et al., 2016; Mei et 
al., 2016; Vijayakumari and Puthur, 2016; Xiang et al., 2016; 
Otto et al., 2017; Yoon et al., 2017; Rezaei-Chiyaneh et al., 
2018). Also, under salinity stress, GABA acts as an active 
osmolyte and also has ROS scavenging activity, suggesting 
that GABA may be associated with plant tolerance 
(Sheteiwy et al., 2019; Jalil and Ansari, 2020). Under 
salinity stress, the administration of exogenous GABA 
protected seedling growth and maintained the normal 
function of plants by lowering the transport of salt ions 
into the leaves (Wang et al., 2017b). Moreover, GABA can 
mitigate the harmful effects of salinity stress by improving 
photosynthesis and promoting the activity of antioxidant 
enzymes (Li et al., 2016b; Xiang et al., 2016). GABA can 
prevent oxidative and osmotic damage (Al-Quraan and 
Al-Omari, 2017), maintain cell morphology, improve cell 
function, and stabilize the intracellular PH value (Wang et 
al., 2017a). Mekonnen et al. (2016) reported that, under 
drought stress, the accumulation of GABA regulated 
stomatal opening in Arabidopsis thaliana. Vijayakumari 
and Puthur (2016) reported that the accumulation of 
proline and total sugars occurred earlier in plants that had 
been primed with GABA compared with control plants, 
and the activity of the antioxidant enzymes was enhanced 
in response to drought stress.
4.6. Polyamines
Polyamines (PAs), which include spermidine, spermine, 
and the diamine obligate precursor putrescine, are organic 
nitrogen-containing polycations of low molecular weight. 
They are involved in the regulation of plant growth and 
development and govern the defensive responses to 
abiotic stresses, such as drought and salinity (Takahashi 
and Kakehi, 2010; Hussain et al., 2011; Hu et al., 2014; 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/trehalose
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Sobieszczuk‐Nowicka and Legocka, 2014; Sun et al., 
2016). Hu et al. (2014) reported that exogenously applied 
spermidine could maintain the structure of chloroplasts 
and protect the photosynthetic capacity in tomato plants 
under salinity and alkalinity stress. Li et al. (2018a) showed 
that exogenous spermidine application could reduce the 
harmful effects of drought stress in maize plants and 
improved the growth, photosynthetic pigment content, 
photosynthesis rate, and photochemical quenching 
parameters. On the other hand, exogenous spermidine 
application altered the level of phytohormones, osmolytes, 
and photosynthetic pigments. It also regulated the redox 
balance, enhanced antioxidant enzymes, regulated 
endogenous PA production, and preserved the vacuole 
structure, which all improved the tolerance of the plants to 
drought and salinity (Baniasadi et al., 2018; Hassan et al., 
2018; Li et al., 2018b; Li et al., 2018a; Mohammadi et al., 
2018; Mostafaei et al., 2018; Zhang et al., 2018; Liu et al., 
2019; Du et al., 2020a; Hassan et al., 2020; Semida et al., 
2020; Zhong et al., 2020).
4.7. Antioxidant Defenses
 One of the biochemical changes that occur under drought 
and salinity stress is the generation of ROS such as hydrogen 
peroxide (H2O2), hydroxyl radicals (•HO), superoxide 
radical anion (O2•−), and singlet oxygen (1O2). One of 
the target areas of ROS is the cell membrane, so that ROS 
with a negative effect on membrane integrity may impair 
its motility and morphology and possibly lead to cell death 
(Wang et al., 2019a). In addition to membrane integrity, 
ROS can damage important cellular components, such as 
nucleic acids, proteins, carbohydrates, lipids, and enzymes, 
if not correctly regulated (Miller et al., 2010; Jamshidi 
Goharrizi et al., 2019b; Jamshidi Goharrizi et al., 2020e). 
To restore the normal balance of ROS under drought 
stress, plants increase the expression of different enzymes 
that can scavenge ROS leading to increased tolerance 
of salinity and drought stress (Miller et al., 2010; Dar et 
al., 2017). In addition to antioxidant enzymes, various 
antioxidant compounds can chemically quench the ROS, 
thus protecting plants/tissues against oxidative stress. 
These enzymatic and non-enzymatic ROS scavenging 
systems can also protect plants against the adverse 
effects of drought stress (Zhang et al., 2016; Dar et al., 
2017; Schneider et al., 2019).  The enzymatic antioxidant 
systems include superoxide dismutase (SOD), ascorbate 
peroxidase (APX), catalase (CAT), glutathione peroxidase 
(GPX) and peroxiredoxin (PRDX). Non-enzymatic 
antioxidants include ascorbic acid (AsA) and glutathione 
(GS). Antioxidants are required for ROS detoxification 
during normal plant growth, and especially in stress 
conditions (Ahmad et al., 2014; Das and Roychoudhury, 
2014; Ahmed et al., 2015). Kumar et al. (2017a) reported 
that the increased activity of SOD and CAT, as well as 

soluble carbohydrates, increased the tolerance of Nerium 
oleander to drought and salt stress. Jamshidi Goharrizi et 
al. (2020f) reported that the activity of antioxidants such 
as ascorbate peroxidase, catalase, and guaiacol peroxidase 
(GP) was enhanced in pistachio rootstocks under drought 
or salinity stress or a combination of the two stresses. 
Numerous studies have shown that the increased activity 
of enzymatic and non-enzymatic antioxidant systems 
are associated with tolerance to drought and salinity in a 
variety of plants, including wheat (Ahanger and Agarwal, 
2017; Ahmadi et al., 2018; Dugasa et al., 2019), maize 
(AbdElgawad et al., 2016), rice (Islam et al., 2016; Basu et 
al., 2017; Vighi et al., 2017), Amaranthus tricolor (Sarker 
et al., 2018), soybeans (Liu et al., 2017b), Chenopodium 
quinoa (Fischer et al., 2017), Thymus vulgaris  &  T. 
daenensis (Bistgani et al., 2019), citrus (Hussain et al., 
2018), cotton (Ibrahim et al., 2019a), Nicotiana tabacum 
(Da Silva et al., 2017), Fargesia rufa (Liu et al., 2017a), 
cabbage (Sahin et al., 2018), Anacardium occidentale (Lima 
et al., 2018), Cucumis sativus (Ouzounidou et al., 2016), 
sweet basil (Jakovljević et al., 2017), Carthamus tinctorius 
(Golkar and Taghizadeh, 2018), and Tagetes minuta 
(Moghaddam et al., 2019). The results of a study by Sheikh-
Mohamadi et al. (2017) showed that high levels of diamine 
oxidase (histaminase: DAO) and polyamine oxidase were 
associated with increased tolerance to drought and salinity.

5. Metabolomics profiling in the response to drought 
and salinity stress 
Metabolomics is a fundamental technology to study aspects 
of functional genomics and systems biology. Metabolomics 
looks at the final products of gene expression and protein 
activity and provides a wide overview of the biochemical 
status of plant tissue under different stresses (Bowne et al., 
2018). The regulation of metabolic pathways is a strategy 
used by plants to increase tolerance under drought and 
salt stresses. The metabolic profile of plants under drought 
stress is somewhat similar to plants exposed to salt stress 
(Table 1). In other words, the signaling pathways of 
drought and salt stress exhibit some degree of overlap 
because both of them can lead to cell dehydration, osmotic 
imbalance, and oxidative stress (Golldack et al., 2014). On 
the other hand, there are differences in how the metabolic 
pathways in different species respond to drought, and 
understanding these differences can help to improve crop 
productivity (Parida et al., 2018). The TCA (tricarboxylic 
acid) cycle and metabolism pathways of galactose, starch, 
sucrose, nitrogen, and antioxidant as well as oxylipin were 
all important pathways that responded to drought stress 
(Rangani et al., 2020; Catola et al., 2016).
5.1. Carbohydrates.
The results of metabolomics analysis have shown that the 
accumulation of several carbohydrates, such as sucrose, 

https://www.sciencedirect.com/science/article/pii/S0981942818302237
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/anacardium-occidentale
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Table 1. Important metabolites, which are altered in both drought and salinity stress.

Metabolite Class Metabolites Reference

Sugars

Glucose (Shi et al., 2015; Nam et al., 2016; Li et al., 2017; Kumari and Parida, 2018; Rangani et al., 2020)

Sucrose (Shi et al., 2015; Gupta and De, 2017; Li et al., 2017; Rangani et al., 2020; Xiong et al., 2021)

Galactose (Li et al., 2017; Kumari and Parida, 2018; 2019a; Rangani et al., 2020)

Mannose (Shi et al., 2015; Li et al., 2017; Mibei et al., 2018; Rangani et al., 2020)

Myo-inositol (Li et al., 2017; Mibei et al., 2017; Kumari and Parida, 2018; Rangani et al., 2020; Xiong et al., 2021)

Glycerol (Nam et al., 2016; Gupta and De, 2017; Guo et al., 2018; Kumari and Parida, 2018; Rangani et al., 2020)

Fructose (Shi et al., 2015; Gupta and De, 2017; Li et al., 2017; Guo et al., 2018; Kumari and Parida, 2018)

Trehalose (Shi et al., 2015; Nam et al., 2016; Mibei et al., 2018; Xiong et al., 2021)

Amino acids

Aspartic acid (Nam et al., 2016; Gupta and De, 2017; Li et al., 2017; Guo et al., 2018; Kumari and Parida, 2018; 
Rangani et al., 2020)

Glutamic acid (Shi et al., 2015; Gupta and De, 2017; Li et al., 2017; Guo et al., 2018; Kumari and Parida, 2018; Mibei et 
al., 2018; Nawaz and Wang, 2020; Rangani et al., 2020)

Serine (Alla et al., 2012; Shi et al., 2015; Nam et al., 2016; Gupta and De, 2017; Li et al., 2017; Kumari and 
Parida, 2018; Rangani et al., 2020; Xiong et al., 2021)

Glycine (Alla et al., 2012; Shi et al., 2015; Nam et al., 2016; Gupta and De, 2017; Li et al., 2017; Kumari and 
Parida, 2018; Rangani et al., 2020)

Histidine (Alla et al., 2012; Gupta and De, 2017; Kumari and Parida, 2018; Xiong et al., 2021)

Arginine (Kumari and Parida, 2018; Rangani et al., 2020)

Threonine (Shi et al., 2015; Nam et al., 2016; Kumari and Parida, 2018; Rangani et al., 2020; Xiong et al., 2020)

Alanine (Alla et al., 2012; Shi et al., 2015; Nam et al., 2016; Gupta and De, 2017; Kumari and Parida, 2018; 
Rangani et al., 2020; Xiong et al., 2021)

Proline (Alla et al., 2012; Shi et al., 2015; Nam et al., 2016; Gupta and De, 2017; Kumari and Parida, 2018; 
Rangani et al., 2020)

Valine (Alla et al., 2012; Shi et al., 2015; Nam et al., 2016; Li et al., 2017; Guo et al., 2018; Kumari and Parida, 
2018; Rangani et al., 2020; Xiong et al., 2021)

Methionine (Alla et al., 2012; Gupta and De, 2017; Kumari and Parida, 2018; Rangani et al., 2020)

Isoleucine (Shi et al., 2015; Nam et al., 2016; Gupta and De, 2017; Kumari and Parida, 2018; Rangani et al., 2020; 
Xiong et al., 2021)

Leucine (Nam et al., 2016; Gupta and De, 2017; Li et al., 2017; Kumari and Parida, 2018; Rangani et al., 2020)

Phenylalanine (Gupta and De, 2017; Li et al., 2017; Kumari and Parida, 2018; Rangani et al., 2020)

Lysine (Shi et al., 2015; Nam et al., 2016; Kumari and Parida, 2018; Rangani et al., 2020)

Asparagin (Shi et al., 2015; Nam et al., 2016; Li et al., 2017)

Tryptophan (Gupta and De, 2017; Mostafaei et al., 2018; Kang et al., 2019)

Organic acids Glyceric acid (Nam et al., 2016; Gupta and De, 2017; Li et al., 2017; Guo et al., 2018; Rangani et al., 2020)

GABA (Guo et al., 2018; Xiong et al., 2021)

Shikimic acid (Gupta and De, 2017; Kumari and Parida, 2018; Rangani et al., 2020)

TCA cycle

Oxalic acid (Nam et al., 2016; Gupta and De, 2017; Guo et al., 2018; Kumari and Parida, 2018; Rangani et al., 2020)

Malic acid (Nam et al., 2016; Gupta and De, 2017; Li et al., 2017; Guo et al., 2018 Kumari and Parida, 2018; Kang 
et al., 2019; Rangani et al., 2020)

Citric acid (Gupta and De, 2017; Kumari and Parida, 2018; Rangani et al., 2020; Xiong et al., 2021)

Fumaric acid (Xiong et al., 2021)

Succinic acid (Nam et al., 2016; Gupta and De, 2017; Li et al., 2017; Guo et al., 2018)
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glucose, mannose, galactose, erythrose, sorbose, glycerol, 
galactose, rhamnose, and xylose were significantly 
changed under water deficit and salinity stress (Kanani 
et al., 2010; Sanchez et al., 2012; Marček et al., 2019; 
Rangani et al., 2020;  Kumari and Parida, 2018). Besides, 
Kanani et al. (2010) reported that the concentrations of 
glycine, N-acetylglutamate, and allantoin were increased 
in salt stress in Arabidopsis thaliana. On the other hand, 
metabolomics profiling showed a positive relationship 
between concentrations of sugars and resistance to drought 
stress in drought-tolerant varieties of Brachypodium 
distachyon (Shi et al., 2015). Marček et al. (2019) showed 
that the accumulation of sugars such as sucrose, glucose, 
fructose, and several disaccharides were enhanced in 
different genotypes of winter wheat under drought stress.

Sugar alcohols are one type of important osmotic 
adjustment substances. Metabolic profiling has shown that 
sugar alcohols and metabolites, such as mannitol, inositol, 
tagatose, d-arabitol, galactose, 1-kestose, myo-inositol, 
and galactinol were increased when plants were exposed 
to salt or drought stress (Li et al., 2017; Kumari and Parida, 
2018; Rangani et al., 2020; Xiong et al., 2021). 
5.2. Amino acids
Amino acid metabolism results in the accumulation of 
osmoprotectant amino acids, such as proline, glutamate, 
aspartate, isoleucine, glycine, GABA and phenylalanine, 
tryptophan, and alanine (Shi et al., 2015; Li et al., 2017; 
Marček et al., 2019; Xiong et al., 2021). The results showed 
that high concentrations of amino acids such as isoleucine 
and phenylalanine may increase glycolysis in order to 
reduce salt stress and can also act as an osmotic regulator 
(Kumari and Parida, 2018; Rangani et al., 2020). It has 
been reported that the levels of alanine, phenylalanine, 
and tyrosine were enhanced in drought stress, while levels 
of serine, methionine, glycine, glutamate, and arginine 
were decreased (Rangani et al., 2020). On the other hand, 
Xiong et al. (2021) reported that levels of valine, leucine, 
fumarate, citrulline, and isoleucine were increased in Phlox 
subulata under drought stress, while the levels of alanine 
and tryptophan were decreased. The results of a study 
by Marček et al. (2019) showed that amino acids such as 
proline, threonine, GABA, and glutamine were associated 
with tolerance to drought stress in wheat genotypes. It was 
reported that the concentrations of proline, methionine, 
arginine, lysine, were changed in drought-tolerant wheat 
genotypes (Michaletti et al., 2018). 
5.3. Metabolites involved in ROS scavenging
Results of metabolomics profiling in different species 
of plants have shown how various metabolites involved 
in ROS scavenging are altered in response to drought 
and salinity stress. Some osmoprotectant substances 
play a simultaneous role as ROS scavenging agents. For 
example, the results of a metabolomic analysis  by Jia et 

al. (2020) showed that some soluble carbohydrates, such 
as glucose, sucrose, fructose, galactose, lactose, trehalose, 
and myo-inositol were significantly increased in tolerant 
and susceptible species of poplar (Populus spp.) trees in 
response to drought stress. The accumulation of these 
metabolites protects cells from damage through osmotic 
adjustment and by ROS scavenging in drought conditions. 
The results of this study showed that various non-
enzymatic antioxidants, including ascorbate, α-tocopherol, 
zeaxanthin, and β-carotene, were increased in tolerant 
species. α-Tocopherol prevented lipid peroxidation by 
translocating to the lipid membranes and quenching ROS 
free radicals (Kim et al., 2017). 

The carotenoids, β-carotene and zeaxanthin, are 
involved in photosynthesis and photoprotection, 
are precursors to phytohormones such as ABA and 
strigolactone, and are also antioxidants and robustly 
scavenge free radicals (Cazzonelli, 2011; Mibei et al., 
2017). Flavonoids are also secondary metabolites that can 
quench free radicals and mediate the activation of ROS-
induced signaling cascades. Metabolic profiling has shown 
that many flavonoids are increased in plants subjected 
to salinity and drought stress (Nakabayashi et al., 2014; 
Pandey et al., 2015; Goufo et al., 2017; Li et al., 2017; 
Biswas et al., 2018; Gai et al., 2020). Increased levels of 
several polyphenols, such as sorbitol (Biswas et al., 2018) 
and gallic acid (Li et al., 2017) were observed in various 
plant species subjected to salinity stress.

A raised concentration of isoleucine and phenylalanine 
can help to scavenge oxygen free radicals. Phenylalanine 
production via the shikimate pathway is increased 
under salinity and drought stress. On the other hand, 
phenylalanine is involved in the production of secondary 
metabolites that act as ROS scavengers (Kumari and 
Parida, 2018; Rangani et al., 2020). It was reported that 
antioxidants such as hydroxylamine and putrescine were 
increased under neutral salt stress in soybeans (Li et al., 
2017).
5.4. Organic acids
Metabolic profiling has shown that various organic acids 
are involved in plant tolerance to drought and salinity 
stress. Rangani et al. (2020) reported that galactaric acid, 
oxalic acid, malic acid, and tartaric acid were all increased 
in Salvadora persica leaves in response to drought stress, 
while the levels of myristic acid, ribonic acid, tartaric 
acid, stearic acid, lactic acid, and 2-oxoglutaric acid were 
all decreased. The accumulation of organic acids, such as 
3-hydroxybutyric acid, galacturonic acid, 15-alkyl oleic 
acid, linoleic acid, and glycuronic acid was also reported 
to occur after salt stress in soybean plants (Li et al., 2017). 
It was reported that the accumulation of malic and oxalic 
acids was increased in several wheat genotypes under 
drought stress (Marček et al., 2019). On the other hand, 
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fatty acids and their derivatives play an important role in 
plant resistance and the storage of energy under abiotic 
stress. Elevated levels of fatty acids, such as palmitic 
acid, lauric acid, myristic acid, and sterol acids have been 
reported to mediate resistance to salinity and drought 
stress (Kanani et al., 2010; Biswas et al., 2018). The 
increased accumulation of citric and benzoic acids was also 
reported in Phlox subulata under drought stress (Xiong et 
al., 2021). Moreover, other organic acids such as pyruvic 
acid, aminoadipic acid (Michaletti et al., 2018), O-acetyl 
salicylic acid (Biswas et al., 2018) have been reported to 
be involved in plant tolerance to drought and salinity 
stress (Marček et al., 2019). The 16-hydroxypalmitic acid 
pathway, which is involved in cuticular wax biosynthesis 
was reported to increase tolerance to drought (Jia et al., 
2020).
5.5. Tricarboxylic acid cycle
The tricarboxylic acid (TCA) cycle is one of the main 
pathways in energy metabolism in all living cells. This 
cycle involves the oxidation of respiratory substrates to 
finally produce ATP. Kanani et al. (2010) reported that 
the levels of all the TCA cycle intermediates ranging 
from citrate to fumarate were increased in salt stress. The 
role of the TCA cycle in different plant species has been 
investigated in both drought and salinity stress conditions 
(Nam et al., 2016; Gupta and De, 2017; Kumari and Parida, 
2018; Rangani et al., 2020).
5.6. Phytohormones
Phytohormones are the key regulators in many plant 
responses to abiotic stresses (Wani et al., 2016). Plants 
must be able to modulate their growth and development 
in response to different internal and external stimuli 
(Wolters and Jürgens, 2009). Phytohormones are signaling 
molecules that exist in only small amounts in plant cells 
but are designed to regulate these responses. Their crucial 
role in plant adaptation to ever-changing conditions, by 
regulating growth, sink-source transition in leaves, overall 
development, and nutrient distribution is well understood 
(Fahad et al., 2015). Although the response of plants to abiotic 
stress depends on many different factors, phytohormones 
are the most significant endogenous agents that regulate 
physiological and molecular responses, which is important 
for the survival of plants as sessile organisms (Fahad et al., 
2015). Phytohormones can function either at their site of 
biosynthesis or elsewhere in the plant after their transport 
(Peleg and Blumwald, 2011). Phytohormones are of major 
importance in the development of plants and in growth 
plasticity. Phytohormones are formed from auxins such 
as indole-3-acetic acid (IAA), cytokinins (CKs), abscisic 
acid (ABA), ethylene (ET), gibberellins (GAs), salicylic 
acid (SA), brassinosteroids (BRs), and jasmonates (JAs); it 
has recently been discovered that strigolactones (SL) are 
new phytohormones. According to the results obtained, 

the levels and activities of phytohormones, such as ABA, 
SA, and JA increase under drought and salinity conditions 
(Rangani et al., 2020), so they can act as signaling 
molecules to promote plant survival under these stress 
(Kumari and Parida, 2018). Moreover, there is increasing 
evidence that IAA plays an integral role in the adaptation 
of plants to salinity stress (Iqbal et al., 2014; Fahad et al., 
2015). In plants under water stress, CK levels decreases, 
and on the other hand, increasing the level of ABA leads 
to an increase in the ABA/CK ratio. Indeed, the decreased 
CK levels function to increase apical dominance, and 
along with ABA acts to modulate the stomatal aperture, 
which helps in the adaptation to drought stress (O’Brien 
and Benková, 2013). 

   
6. Conclusion
In summary, as mentioned above, salinity (in water and 
soil) and drought are important factors that hinder the 
crop production in areas affected by water scarcity and salt. 
Regarding the effects of salinity stress, it was found that the 
metabolic activities of plants could be limited due to the 
accumulation of salt. Hence, the occurrence of salt stress 
can be the cause of severe changes in the development and 
growth of plants, which ultimately reduces plant survival. In 
contrast, against various ionic and osmotic components of 
the stress of salinity, several complicated physiological and 
biochemical reactions (single or combined) are activated 
at the whole, organ, or cell plant level to overcome or adapt 
to these harsh conditions. These reactions can occur in the 
form of various strategies in plants including avoidance, 
exclusion, ion compartmentalization, extrusion, and so on 
(single or combined). Therefore, a correct understanding 
of the mechanisms related to salt tolerance in tissue/organ/
cell of plants can provide a new opportunity to integrate 
biochemical and physiological knowledge to amend and 
improve salinity tolerance in order to improve economic 
productivity and facilitate cultivation, especially in salt-
affected areas. In addition to salinity, another usual event 
in many areas is drought. Hence, various mechanisms 
have been developed by many plant species to deal with 
this limitation (water supply). Briefly, plant species can 
prevent stress of drought via maximizing water uptake 
(e.g., tapping groundwater by longitudinal growth of roots) 
and/or minimizing water loss (e.g., reducing transpiration 
by small leaves and closing stomata), etc. However, these 
strategies can also affect other fundamental plant processes 
or systems such as the photosynthetic apparatus and related 
processes (RuBisCo activity, energy balance, and contents 
and components of chlorophyll) as well as metabolic 
activities. Despite significant advances in identifying and 
elucidating drought tolerance mechanisms, significant 
challenges remain.
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In general, the points that should not be overlooked is 
the fact that, in selection and breeding programs, various 
indices related to drought and salinity resistance/tolerance/
adaptation can be used; however, the interaction between 
the different indices in the environment and the plant 
complicates breeding programs for osmotic stresses. On the 
other hand, variable levels of multiple stresses affect plants 
under field conditions, but many researchers evaluate the 
response of plants to specific stress alone under controlled 
conditions (in laboratory or field conditions). Therefore, 
there occurs a significant gap between the knowledge 
obtained under controlled conditions and the knowledge 
needed to breed plants with the goal of enhancing tolerance/
resistance/adaptation to osmotic stresses in field conditions. 
This is because; the plants’ response to specific stress (alone) 
may not be a true and clear reflection of their behavior in 
the natural conditions, where several multiple stresses 
happen simultaneously. In addition, in many cases, the 
effects of salinity and drought stresses are indistinguishable 
from each other, because many of the physiological and 
biochemical mechanisms of osmotic stresses tolerance/
resistance are common to many plant species when plants 
are exposed to the stress of salinity or drought, such as 
proline, which is an extremely important biochemical 
mechanism of tolerance to salinity and drought stresses in 
plants, whereas some mechanisms are specifically amplified 

under a combination of stresses or vice versa. As a final 
point, since the response of plants to multiple stresses could 
not be deduced from the response to individual stress, 
one of the scopes of study that should be considered is the 
response of plants to a combination of stresses to develop 
stress-tolerant/resistant plants in field conditions. On the 
other hand, the plant’s response to multiple stresses may 
not reflect the incremental impact of these restrictions, 
but rather, a specific response to a new situation in which 
many constraints operate simultaneously. Therefore, to 
accurately describe the actual response of plants to multiple 
stresses, the stresses must be imposed sequentially or 
simultaneously, and each set of environmental conditions 
must be considered as a completely new stress. 

Conflicts of interest
The authors declare that they have no conflicts of interest.

Declaration of funding
The present study was financially supported by Sahab 
Gostar Kerman Engineering Services Company, Kerman, 
Iran with Grant No. 1400-26 and Grant Code 1296.

Data availability statement
The data that support this study will be shared upon 
reasonable request to the corresponding authors.

References

Abdallah M-S, Abdelgawad Z, El-Bassiouny H (2016). Alleviation of 
the adverse effects of salinity stress using trehalose in two rice 
varieties. South African Journal of Botany 103:275-282.

AbdElgawad H, Zinta G, Hegab MM, Pandey R, Asard H et al. 
(2016). High salinity induces different oxidative stress and 
antioxidant responses in maize seedlings organs. Frontiers in 
Plant Science 7:276.

Ahanger MA, Agarwal R (2017). Salinity stress induced alterations 
in antioxidant metabolism and nitrogen assimilation in 
wheat (Triticum aestivum L) as influenced by potassium 
supplementation. Plant Physiology and Biochemistry 115:449-
460.

Ahmad P, Jamsheed S, Hameed A, Rasool S, Sharma I et al. (2014) 
Drought stress induced oxidative damage and antioxidants in 
plants. In:  Oxidative Damage to Plants. Elsevier, pp 345-367.

Ahmad R, Lim CJ, Kwon SY (2013). Glycine betaine: a versatile 
compound with great potential for gene pyramiding to improve 
crop plant performance against environmental stresses. Plant 
Biotechnology Reports 7:49-57.

Ahmad R, Ali S, Abid M, Rizwan M, Ali B et al. (2020). Glycinebetaine 
alleviates the chromium toxicity in Brassica oleracea L. 
by suppressing oxidative stress and modulating the plant 
morphology and photosynthetic attributes. Environmental 
Science and Pollution Research 27:1101-1111.

Ahmadi J, Pour-Aboughadareh A, Fabriki-Ourang S, Mehrabi AA, 
Siddique KH (2018). Screening wild progenitors of wheat 
for salinity stress at early stages of plant growth: insight into 
potential sources of variability for salinity adaptation in wheat. 
Crop and Pasture Science 69:649-658.

Ahmed IM, Nadira UA, Bibi N, Cao F, He X et al. (2015). Secondary 
metabolism and antioxidants are involved in the tolerance to 
drought and salinity, separately and combined, in Tibetan wild 
barley. Environmental and Experimental Botany 111:1-12.

Al-Quraan N, Al-Omari H (2017). GABA accumulation and oxidative 
damage responses to salt, osmotic and H2O2 treatments in two 
lentil (Lens culinaris Medik) accessions. Plant Biosystems-An 
International Journal Dealing with all Aspects of Plant Biology 
151:148-157.

Al-Taweel K, Iwaki T, Yabuta Y, Shigeoka S, Murata N et al. (2007). 
A bacterial transgene for catalase protects translation of D1 
protein during exposure of salt-stressed tobacco leaves to 
strong light. Plant Physiology 145:258.

Al Hassan M, del Pilar López-Gresa M, Boscaiu M, Vicente O (2016). 
Stress tolerance mechanisms in Juncus: responses to salinity 
and drought in three Juncus species adapted to different natural 
environments. Functional Plant Biology 43:949-960.



GOHARRIZI et al. / Turk J Bot

633

Ali Q, Ashraf M (2011). Induction of drought tolerance in maize 
(Zea mays L.) due to exogenous application of trehalose: 
growth, photosynthesis, water relations and oxidative defence 
mechanism. Journal of Agronomy and Crop Science 197:258-
271.

Alla MMN, Khedr AHA, Serag MM, Abu-Alnaga AZ, Nada RM 
(2012). Regulation of metabolomics in Atriplex halimus growth 
under salt and drought stress. Plant Growth Regulation 67:281-
304.

Ami K, Planchais S, Cabassa C, Guivarc’h A, Véry AA et al. (2020). 
Different proline responses of two Algerian durum wheat 
cultivars to in vitro salt stress. Acta Physiologiae Plantarum 
42:21.

Anjum SA, Ashraf U, Tanveer M, Khan I, Hussain S et al. (2017). 
Drought induced changes in growth, osmolyte accumulation 
and antioxidant metabolism of three maize hybrids. Frontiers 
in Plant Science 8:69.

Annunziata MG, Ciarmiello LF, Woodrow P, Dell’Aversana E, Carillo 
P (2019). Spatial and temporal profile of glycine betaine 
accumulation in plants under abiotic stresses. Frontiers in 
plant science 10:230.

Ansari MI, Hasan S, Jalil SU (2014). Leaf senescence and GABA 
shunt. Bioinformation 10:734.

Aqsa T, Khalid N, Khalid H, Bhatti KH, Siddiqi EH et al. (2013). 
Foliar application of proline for salt tolerance of two wheat 
(Triticum aestivum L.) cultivars. World Applied Sciences 
Journal 22:547-554.

Ashraf M, Foolad MR (2007). Roles of glycine betaine and proline in 
improving plant abiotic stress resistance. Environmental and 
Experimental Botany 59:206-216.

Athar HuR, Zafar Z, Ashraf M (2015). Glycinebetaine improved 
photosynthesis in canola under salt stress: evaluation of 
chlorophyll fluorescence parameters as potential indicators. 
Journal of Agronomy and Crop Science 201:428-442.

Baniasadi F, Saffari VR, Moud AAM (2018). Physiological and growth 
responses of Calendula officinalis L. plants to the interaction 
effects of polyamines and salt stress. Scientia Horticulturae 
234:312-317.

Basu S, Giri RK, Benazir I, Kumar S, Rajwanshi R et al. (2017). 
Comprehensive physiological analyses and reactive oxygen 
species profiling in drought tolerant rice genotypes under 
salinity stress. Physiology and Molecular Biology of Plants 
23:837-850.

Bayuelo-Jiménez JS, Debouck DG, Lynch JP (2002). Salinity 
tolerance in Phaseolus Species during early vegetative growth. 
Crop Science 42:2184-2192.

Beltagi M, Ismail M, Mohamed F (2006). Induced salt tolerance in 
common bean (Phaseolus vulgaris L.) by gamma irradiation. 
Pakistan Journal of Biological Sciences 9:1143-1148.

Bianco RL, Scalisi A (2017). Water relations and carbohydrate 
partitioning of four greenhouse-grown olive genotypes under 
long-term drought. Trees 31:717-727.

Bistgani ZE, Hashemi M, DaCosta M, Craker L, Maggi F et al. (2019). 
Effect of salinity stress on the physiological characteristics, 
phenolic compounds and antioxidant activity of Thymus 
vulgaris L. and Thymus daenensis Celak. Industrial Crops and 
Products 135:311-320.

Biswas S, Biswas AK, De B (2018). Metabolomics analysis of Cajanus 
cajan L. seedlings unravelled amelioration of stress induced 
responses to salinity after halopriming of seeds. Plant Signaling 
& Behavior 13:e1489670.

Blake TJ, Bevilacqua E, Zwiazek JJ (1991). Effects of repeated stress 
on turgor pressure and cell elasticity changes in black spruce 
seedlings. Canadian Journal of Forest Research 21:1329-1333.

Blum A (2017). Osmotic adjustment is a prime drought stress 
adaptive engine in support of plant production. Plant, cell & 
environment 40:4-10.

Bolouri‐Moghaddam MR, Le Roy K, Xiang L, Rolland F, Van den 
Ende W (2010). Sugar signalling and antioxidant network 
connections in plant cells. The FEBS Journal 277:2022-2037.

Boonburapong B, Laloknam S, Incharoensakdi A (2016). 
Accumulation of gamma-aminobutyric acid in the halotolerant 
cyanobacterium Aphanothece halophytica under salt and acid 
stress. Journal of applied phycology 28:141-148.

Bowne J, Bacic A, Tester M, Roessner U (2018). Abiotic stress and 
metabolomics. Annual Plant Reviews online 61-85.

Bray EA (1997). Plant responses to water deficit. Trends in Plant 
Science 2:48-54.

Bunce JA (2006). How do leaf hydraulics limit stomatal conductance 
at high water vapour pressure deficits? Plant, Cell & 
Environment 29:1644-1650.

Burke JJ (2007). Evaluation of source leaf responses to water-deficit 
stresses in cotton using a novel stress bioassay. Plant Physiology 
143:108-121.

Butt M, Ayyub C, Amjad M, Ahmad R (2016). Proline application 
enhances growth of chilli by improving physiological and 
biochemical attributes under salt stress. Pakistan Journal of 
Agricultural Sciences 53:43-49.

Catola S, Marino G, Emiliani G, Huseynova T, Musayev M et al. 
(2016). Physiological and metabolomic analysis of Punica 
granatum (L.) under drought stress. Planta 243:441-449.

Chaumont F, Barrieu F, Jung R, Chrispeels MJ (2000). Plasma 
membrane intrinsic proteins from maize cluster in two 
sequence subgroups with differential aquaporin activity. Plant 
Physiology 122:1025-1034.

Chen C, Tao C, Peng H, Ding Y (2007). Genetic analysis of salt 
stress responses in asparagus bean (Vigna unguiculata (L.) ssp. 
sesquipedalis Verdc.). Journal of Heredity 98:655-665.

Chen H, Jiang JG (2010). Osmotic adjustment and plant adaptation 
to environmental changes related to drought and salinity. 
Environmental Reviews 18:309-319.

Chen TH, Murata N (2011). Glycinebetaine protects plants against 
abiotic stress: mechanisms and biotechnological applications. 
Plant, Cell & Environment 34:1-20.



GOHARRIZI et al. / Turk J Bot

634

Chen TH, Murata N (2008). Glycinebetaine: an effective protectant 
against abiotic stress in plants. Trends in plant science 13:499-
505.

Chimenti CA, Marcantonio M, Hall A (2006). Divergent selection 
for osmotic adjustment results in improved drought tolerance 
in maize (Zea mays L.) in both early growth and flowering 
phases. Field Crops Research 95:305-315.

Chrysargyris A, Tzionis A, Xylia P, Tzortzakis N (2018). Effects of 
salinity on tagetes growth, physiology, and shelf life of edible 
flowers stored in passive modified atmosphere packaging or 
treated with ethanol. Frontiers in Plant Science 9:1765-1765.

Cochard H, Coll L, Le Roux X, Améglio T (2002). Unraveling the 
effects of plant hydraulics on stomatal closure during water 
stress in walnut. Plant Physiology 128:282.

Da Silva CJ, Fontes EPB, Modolo LV (2017). Salinity-induced 
accumulation of endogenous H2S and NO is associated with 
modulation of the antioxidant and redox defense systems in 
Nicotiana tabacum L. cv. Havana. Plant Science 256:148-159.

Dar MI, Naikoo MI, Khan FA, Rehman F, Green ID et al. (2017). 
An introduction to reactive oxygen species metabolism under 
changing climate in plants. In:  Reactive oxygen species and 
antioxidant systems in plants: Role and Regulation under 
Abiotic Stress. Springer, pp 25-52.

Dar MI, Naikoo MI, Rehman F, Naushin F, Khan FA (2016). 
Proline accumulation in plants: roles in stress tolerance and 
plant development. In:  Osmolytes and Plants Acclimation 
to Changing Environment: Emerging Omics Technologies. 
Springer, pp 155-166.

Das K, Roychoudhury A (2014). Reactive oxygen species (ROS) 
and response of antioxidants as ROS-scavengers during 
environmental stress in plants. Frontiers in Environmental 
Science 2:53.

De la Torre-González A, Montesinos-Pereira D, Blasco B, Ruiz J 
(2018). Influence of the proline metabolism and glycine betaine 
on tolerance to salt stress in tomato (Solanum lycopersicum L.) 
commercial genotypes. Journal of Plant Physiology 231:329-
336.

Degl’Innocenti E, Hafsi C, Guidi L, Navari-Izzo F (2009). The effect 
of salinity on photosynthetic activity in potassium-deficient 
barley species. Journal of Plant Physiology 166:1968-1981.

Desoky E, Ibrahim SA, Merwad ARM (2019). Mitigation of salinity 
stress effects on growth, physio-chemical parameters and yield 
of snapbean (Phaseolus vulgaris L.) by exogenous application 
of glycine betaine. International Letters of Natural Sciences 
76:60-71.

Du H, Liu G, Liu D, Yu J, Liu H et al. (2020a). Polyamines conjugated 
to embryo tonoplast enhance the tolerance of maize to drought 
stress by maintaining the vacuole conformation. Russian 
Journal of Plant Physiology 67:724-732.

Du Y, Zhao Q, Chen L, Yao X, Zhang W et al. (2020b). Effect of 
drought stress on sugar metabolism in leaves and roots of 
soybean seedlings. Plant Physiology and Biochemistry 146:1-
12.

Dugasa MT, Cao F, Ibrahim W, Wu F (2019). Differences in 
physiological and biochemical characteristics in response to 
single and combined drought and salinity stresses between 
wheat genotypes differing in salt tolerance. Physiologia 
Plantarum 165:134-143.

Duque AS, de Almeida AM, da Silva AB, da Silva JM, Farinha AP 
et al. (2013). Abiotic stress responses in plants: unraveling the 
complexity of genes and networks to survive. Abiotic stress-
plant responses and applications in agriculture 13:49-101. 

Fahad S, Hussain S, Bano A, Saud S, Hassan S et al. (2015). 
Potential role of phytohormones and plant growth-promoting 
rhizobacteria in abiotic stresses: consequences for changing 
environment. Environmental Science and Pollution Research 
22:4907-4921.

Filippou P, Bouchagier P, Skotti E, Fotopoulos V (2014). Proline 
and reactive oxygen/nitrogen species metabolism is involved 
in the tolerant response of the invasive plant species Ailanthus 
altissima to drought and salinity. Environmental and 
Experimental Botany 97:1-10.

Fischer S, Wilckens R, Jara J, Aranda M, Valdivia W et al. (2017). 
Protein and antioxidant composition of quinoa (Chenopodium 
quinoa Willd.) sprout from seeds submitted to water stress, 
salinity and light conditions. Industrial Crops and Products 
107:558-564.

Fita A, Rodríguez-Burruezo A, Boscaiu M, Prohens J, Vicente O 
(2015). Breeding and domesticating crops adapted to drought 
and salinity: a new paradigm for increasing food production. 
Frontiers in Plant Science 6:978.

Fricke W, Akhiyarova G, Veselov D, Kudoyarova G (2004). Rapid and 
tissue-specific changes in ABA and in growth rate in response 
to salinity in barley leaves. Journal of Experimental Botany 
55:1115-1123.

Furlan AL, Bianucci E, Giordano W, Castro S, Becker DF (2020). 
Proline metabolic dynamics and implications in drought 
tolerance of peanut plants. Plant Physiology and Biochemistry 
151:566-578.

Gai Z, Wang Y, Ding Y, Qian W, Qiu C et al. (2020). Exogenous 
abscisic acid induces the lipid and flavonoid metabolism of tea 
plants under drought stress. Scientific Reports 10:1-13.

Gama PBS, Tanaka K, Eneji AE, Eltayeb AE, Siddig KE (2009). Salt-
induced stress effects on biomass, photosynthetic rate, and 
reactive oxygen species-scavenging enzyme accumulation in 
common bean. Journal of Plant Nutrition 32:837-854.

Gharsallah C, Fakhfakh H, Grubb D, Gorsane F (2016). Effect of 
salt stress on ion concentration, proline content, antioxidant 
enzyme activities and gene expression in tomato cultivars. AoB 
Plants 8: plw055.

Giri J (2011). Glycinebetaine and abiotic stress tolerance in plants. 
Plant Signaling & Behavior 6:1746-1751.

Goharrizi KJ, Meru G, Kermani SG, Heidarinezhad A, Salehi F (2021). 
Short-term cold stress affects physiological and biochemical 
traits of pistachio rootstocks. South African Journal of Botany 
141:90-98.



GOHARRIZI et al. / Turk J Bot

635

Golkar P, Taghizadeh M (2018). In vitro evaluation of phenolic and 
osmolite compounds, ionic content, and antioxidant activity in 
safflower (Carthamus tinctorius L.) under salinity stress. Plant 
Cell, Tissue and Organ Culture (PCTOC) 134:357-368.

Golldack D, Lüking I, Yang O (2011). Plant tolerance to drought 
and salinity: stress regulating transcription factors and their 
functional significance in the cellular transcriptional network. 
Plant Cell Reports 30:1383-1391.

Golldack D, Li C, Mohan H, Probst N (2014). Tolerance to drought 
and salt stress in plants: unraveling the signaling networks. 
Frontiers in Plant Science 5:151-151.

Goufo P, Moutinho-Pereira JM, Jorge TF, Correia CM, Oliveira MR et 
al. (2017). Cowpea (Vigna unguiculata L. Walp.) metabolomics: 
osmoprotection as a physiological strategy for drought stress 
resistance and improved yield. Frontiers in Plant Science 8:586.

Greer DH, Berry JA, Björkman O (1986). Photoinhibition of 
photosynthesis in intact bean leaves: role of light and 
temperature, and requirement for chloroplast-protein synthesis 
during recovery. Planta 168:253-260.

Guo S-H, Hu N, Li Q-S, Yang P, Wang L-L et al. (2018). Response of 
edible amaranth cultivar to salt stress led to Cd mobilization 
in rhizosphere soil: a metabolomic analysis. Environmental 
Pollution 241:422-431.

Gupta N, Thind S (2019). Foliar application of glycine betaine 
alters sugar metabolism of wheat leaves under prolonged 
field drought stress. Proceedings of the National Academy of 
Sciences, India Section B: Biological Sciences 89:877-884.

Gupta N, Thind SK, Bains NS (2014). Glycine betaine application 
modifies biochemical attributes of osmotic adjustment in 
drought stressed wheat. Plant Growth Regulation 72:221-228.

Gupta P, De B (2017). Metabolomics analysis of rice responses to 
salinity stress revealed elevation of serotonin, and gentisic acid 
levels in leaves of tolerant varieties. Plant Signaling & Behavior 
12:e1335845.

Hamblin A, Tennant D, Perry MW (1990). The cost of stress: dry 
matter partitioning changes with seasonal supply of water and 
nitrogen to dryland wheat. Plant and Soil 122:47-58.

Hassan F, Ali E, Alamer K (2018). Exogenous application of 
polyamines alleviates water stress-induced oxidative stress of 
Rosa damascena Miller var. trigintipetala Dieck. South African 
Journal of Botany 116:96-102.

Hassan N, Ebeed H, Aljaarany A (2020). Exogenous application of 
spermine and putrescine mitigate adversities of drought stress 
in wheat by protecting membranes and chloroplast ultra-
structure. Physiology and Molecular Biology of Plants 26:233-
245.

Hayat S, Khalique G, Irfan M, Wani AS, Tripathi BN et al. (2012). 
Physiological changes induced by chromium stress in plants: 
an overview. Protoplasma 249:599-611.

He C, He Y, Liu Q, Liu T, Liu C et al. (2013). Co-expression of genes 
ApGSMT2 and ApDMT2 for glycinebetaine synthesis in maize 
enhances the drought tolerance of plants. Molecular Breeding 
31:559-573.

Hernández JA, Ferrer MA, Jiménez A, Barceló AR, Sevilla F (2001). 
Antioxidant systems and O2.

-/H2O2 production in the apoplast 
of pea leaves. Its relation with salt-induced necrotic lesions in 
minor veins. Plant Physiology 127:817-831.

Hossain MA, Fujita M (2010). Evidence for a role of exogenous 
glycinebetaine and proline in antioxidant defense and 
methylglyoxal detoxification systems in mung bean seedlings 
under salt stress. Physiology and Molecular Biology of Plants 
16:19-29.

Hu L, Xiang L, Zhang L, Zhou X, Zou Z et al. (2014). The 
photoprotective role of spermidine in tomato seedlings under 
salinity-alkalinity stress. PLoS One 9:e110855.

Hussain S, Khalid MF, Saqib M, Ahmad S, Zafar W et al. (2018). 
Drought tolerance in citrus rootstocks is associated with better 
antioxidant defense mechanism. Acta Physiologiae Plantarum 
40:135.

Hussain SS, Ali M, Ahmad M, Siddique KH (2011). Polyamines: 
natural and engineered abiotic and biotic stress tolerance in 
plants. Biotechnology Advances 29:300-311.

Ibrahim W, Zhu YM, Chen Y, Qiu CW, Zhu S et al. (2019a). Genotypic 
differences in leaf secondary metabolism, plant hormones and 
yield under alone and combined stress of drought and salinity 
in cotton genotypes. Physiologia Plantarum 165:343-355.

Ibrahim W, Qiu CW, Zhang C, Cao F, Shuijin Z et al. (2019b). 
Comparative physiological analysis in the tolerance to 
salinity and drought individual and combination in two 
cotton genotypes with contrasting salt tolerance. Physiologia 
Plantarum 165:155-168.

Bohra A, Vyas A (2006). Biomass production, productivity and 
physiological changes in moth bean genotypes at different 
salinity levels. American Journal of Plant Physiology 1:210-
213.

Iqbal N, Umar S, Khan NA, Khan MIR (2014). A new perspective 
of phytohormones in salinity tolerance: regulation of proline 
metabolism. Environmental and Experimental Botany 100:34-
42.

Irigoyen JJ, Einerich DW, Sánchez-Díaz M (1992). Water stress 
induced changes in concentrations of proline and total 
soluble sugars in nodulated alfalfa (Medicago sativd) plants. 
Physiologia Plantarum 84:55-60.

Islam F, Ali B, Wang J, Farooq MA, Gill RA et al. (2016). Combined 
herbicide and saline stress differentially modulates hormonal 
regulation and antioxidant defense system in Oryza sativa 
cultivars. Plant Physiology and Biochemistry 107:82-95.

Jakovljević DZ, Topuzović MD, Stanković MS, Bojović BM (2017). 
Changes in antioxidant enzyme activity in response to salinity-
induced oxidative stress during early growth of sweet basil. 
Horticulture, Environment, and Biotechnology 58:240-246.

Jalil SU, Ansari MI (2020). Physiological role of gamma-aminobutyric 
acid in salt stress tolerance. In: Salt and Drought Stress 
Tolerance in Plants. Springer, pp 337-350.



GOHARRIZI et al. / Turk J Bot

636

James RA, Blake C, Byrt CS, Munns R (2011). Major genes for Na+ 
exclusion, Nax1 and Nax2 (wheat HKT1; 4 and HKT1; 5), 
decrease Na+ accumulation in bread wheat leaves under saline 
and waterlogged conditions. Journal of Experimental Botany 
62:2939-2947.

Jamil M, Lee KJ, Kim JM, Kim HS, Rha ES (2007). Salinity reduced 
growth PS2 photochemistry and chlorophyll content in radish. 
Scientia Agricola 64:111-118.

Jamshidi Goharrizi K, Baghizadeh A, Afroushteh M, Amirmahani 
F, Kermani SG (2020a). Effects of salinity stress on proline 
content and expression of Δ 1-pyrroline-5-carboxylate 
synthase and vacuolar-type H+ subunit E genes in wheat. Plant 
Genetic Resources 18:334-342.

Jamshidi Goharrizi K, Moosavi SS, Amirmahani F, Salehi F, Nazari M 
(2020b). Assessment of changes in growth traits, oxidative stress 
parameters, and enzymatic and non-enzymatic antioxidant 
defense mechanisms in Lepidium draba plant under osmotic 
stress induced by polyethylene glycol. Protoplasma 257:459-
473.

Jamshidi Goharrizi K, Baghizadeh A, Kalantar M, Fatehi F (2020c). 
Assessment of changes in some biochemical traits and 
proteomic profile of UCB-1 pistachio rootstock leaf under 
salinity stress. Journal of Plant Growth Regulation 39:608-630.

Jamshidi Goharrizi K, Amirmahani F, Salehi F (2020d). Assessment of 
changes in physiological and biochemical traits in four pistachio 
rootstocks under drought, salinity and drought + salinity 
stresses. Physiologia Plantarum 168:973-989.

Jamshidi Goharrizi K, Fatehi F, Nazari M, Salehi F, Maleki M 
(2020e). Assessment of changes in the content of sulforaphane 
and expression levels of CYP79F1 and myrosinase genes and 
proteomic profile of Lepidium draba plant under water-deficit 
stress induced by polyethylene glycol. Acta Physiologiae 
Plantarum 42:101.

Jamshidi Goharrizi K, Baghizadeh A, Kalantar M, Fatehi F (2020f). 
Combined effects of salinity and drought on physiological and 
biochemical characteristics of pistachio rootstocks. Scientia 
Horticulturae 261:108970.

Jamshidi Goharrizi K, Riahi-Madvar A, Rezaee F, Pakzad R, Bonyad 
FJ et al. (2019a). Effect of salinity stress on enzymes’ activity, 
ions concentration, oxidative stress parameters, biochemical 
traits, content of sulforaphane, and CYP79F1 gene expression 
level in Lepidium draba plant. Journal of Plant Growth 
Regulation 39:1075-1094.

Jamshidi Goharrizi K, Amirmahani F, Fatehi F, Nazari M, Moosavi 
SS (2019b). Functional annotation of two hypothetical proteins 
(LOC105974023 and LOC109219975), as proteins involved in 
response to salinity: an in silico approach. Journal of Genetic 
Resources 5:72-82.

Jamshidi Goharrizi K, Wilde HD, Amirmahani F, Moemeni MM, 
Zaboli M et al. (2018). Selection and validation of reference 
genes for normalization of qRT-PCR gene expression in wheat 
(Triticum durum L.) under drought and salt stresses. Journal of 
Genetics 97:1433-1444.

Javot H, Lauvergeat V, Santoni V, Martin-Laurent F, Güçlü J et al. 
(2003). Role of a single aquaporin isoform in root water uptake. 
The Plant Cell 15:509-522.

Jia H, Wang L, Li J, Sun P, Lu M et al. (2020). Comparative 
metabolomics analysis reveals different metabolic responses to 
drought in tolerant and susceptible poplar species. Physiologia 
Plantarum 168:531-546.

Jones HG, Corlett JE (1992). Current topics in drought physiology. 
The Journal of Agricultural Science 119:291-296.

Kahraman M, Sevim G, Bor M (2019). The role of proline, 
glycinebetaine, and trehalose in stress-responsive gene 
expression. In: Osmoprotectant-Mediated Abiotic Stress 
Tolerance in Plants. Springer, pp 241-256.

Kanani H, Dutta B, Klapa MI (2010). Individual vs. combinatorial 
effect of elevated CO2 conditions and salinity stress on 
Arabidopsis thaliana liquid cultures: comparing the early 
molecular response using time-series transcriptomic and 
metabolomic analyses. BMC Systems Biology 4:177.

Kanwal S, Rastogi RP, Incharoensakdi A (2014). Glutamate 
decarboxylase activity and gamma-aminobutyric acid 
content in Synechocystis sp. PCC 6803 under osmotic stress 
and different carbon sources. Journal of Applied Phycology 
26:2327-2333.

Karabudak T, Bor M, Özdemir F, Türkan İ (2014). Glycine 
betaine protects tomato (Solanum lycopersicum) plants at 
low temperature by inducing fatty acid desaturase7 and 
lipoxygenase gene expression. Molecular Biology Reports 
41:1401-1410.

Kaur G, Asthir B (2015). Proline: a key player in plant abiotic stress 
tolerance. Biologia Plantarum 59:609-619.

Kaya C, Sonmez O, Aydemir S, Ashraf M, Dikilitas M (2013). 
Exogenous application of mannitol and thiourea regulates 
plant growth and oxidative stress responses in salt-stressed 
maize (Zea mays L.). Journal of Plant Interactions 8:234-241.

Kerstiens G, Tych W, Robinson MF, Mansfield TA (2002). Sodium-
related partial stomatal closure and salt tolerance of Aster 
tripolium. New Phytologist 153:509-515.

Keunen E, Peshev D, Vangronsveld J, Van Den Ende W, Cuypers 
A (2013). Plant sugars are crucial players in the oxidative 
challenge during abiotic stress: extending the traditional 
concept. Plant, Cell & Environment 36:1242-1255.

Khalid MF, Hussain S, Anjum MA, Ahmad S, Ali MA et al. (2020). 
Better salinity tolerance in tetraploid vs diploid volkamer 
lemon seedlings is associated with robust antioxidant and 
osmotic adjustment mechanisms. Journal of Plant Physiology 
244:153071.

Khedr AHA, Abbas MA, Wahid AAA, Quick WP, Abogadallah GM 
(2003). Proline induces the expression of salt‐stress‐responsive 
proteins and may improve the adaptation of Pancratium 
maritimum L. to salt‐stress. Journal of Experimental Botany 
54:2553-2562.

Kim JM, To TK, Matsui A, Tanoi K, Kobayashi NI et al. (2017). 
Acetate-mediated novel survival strategy against drought in 
plants. Nature Plants 3:1-7.



GOHARRIZI et al. / Turk J Bot

637

Kim SJ, Matsuo T, Watanabe M, Watanabe Y (2002). Effect of 
nitrogen and sulphur application on the glucosinolate content 
in vegetable turnip rape (Brassica rapa L.). Soil Science and 
Plant Nutrition 48:43-49.

Kumar D, Al Hassan M, Naranjo MA, Agrawal V, Boscaiu M et 
al. (2017a). Effects of salinity and drought on growth, ionic 
relations, compatible solutes and activation of antioxidant 
systems in oleander (Nerium oleander L.). PloS One 
12:e0185017.

Kumar P, Sharma V, Atmaram CK, Singh B (2017b). Regulated 
partitioning of fixed carbon (14C), sodium (Na+), potassium 
(K+) and glycine betaine determined salinity stress tolerance 
of gamma irradiated pigeonpea [Cajanus cajan (L.) Millsp]. 
Environmental Science and Pollution Research 24:7285-7297.

Kumar V, Shriram V, Hoque TS, Hasan MM, Burritt DJ et al. (2017c). 
Glycinebetaine-mediated abiotic oxidative-stress tolerance in 
plants: physiological and biochemical mechanisms. In:  Stress 
Signaling in Plants: Genomics and Proteomics Perspective, 
Volume 2. Springer, pp 111-133.

Kumari A, Parida AK (2018). Metabolomics and network analysis 
reveal the potential metabolites and biological pathways 
involved in salinity tolerance of the halophyte Salvadora 
persica. Environmental and Experimental Botany 148:85-99.

Lai SJ, Lai MC, Lee RJ, Chen YH, Yen HE (2014). Transgenic 
Arabidopsis expressing osmolyte glycine betaine synthesizing 
enzymes from halophilic methanogen promote tolerance to 
drought and salt stress. Plant Molecular Biology 85:429-441.

Li G, Wu H, Sun Y, Zhang S (2016a). Betaine aldehyde dehydrogenase 
(BADH) expression and betaine production in sugarbeet 
cultivars with different tolerances to drought stress. Sugar Tech 
18:420-423.

Li L, Gu W, Li J, Li C, Xie T et al. (2018a). Exogenously applied 
spermidine alleviates photosynthetic inhibition under drought 
stress in maize (Zea mays L.) seedlings associated with 
changes in endogenous polyamines and phytohormones. Plant 
Physiology and Biochemistry 129:35-55.

Li L, Gu W, Li C, Li W, Li C et al. (2018b). Exogenous spermidine 
improves drought tolerance in maize by enhancing the 
antioxidant defence system and regulating endogenous 
polyamine metabolism. Crop and Pasture Science 69:1076-
1091.

Li M, Guo S, Yang X, Meng Q, Wei X (2016b). Exogenous gamma-
aminobutyric acid increases salt tolerance of wheat by 
improving photosynthesis and enhancing activities of 
antioxidant enzymes. Biologia Plantarum 60:123-131.

Li M, Guo R, Jiao Y, Jin X, Zhang H et al. (2017). Comparison of 
salt tolerance in soja based on metabolomics of seedling roots. 
Frontiers in Plant Science 8:1101.

Li W, Wang Y, Zhang Y, Wang R, Guo Z et al. (2020). Impacts of 
drought stress on the morphology, physiology, and sugar 
content of Lanzhou lily (Lilium davidii var. unicolor). Acta 
Physiologiae Plantarum 42:1-11.

Liang W, Ma X, Wan P, Liu L (2018). Plant salt-tolerance 
mechanism: a review. Biochemical and Biophysical Research 
Communications 495:286-291.

Lima CS, Ferreira-Silva SL, Carvalho FEL, Neto MCL, Aragão RM et 
al. (2018). Antioxidant protection and PSII regulation mitigate 
photo-oxidative stress induced by drought followed by high 
light in cashew plants. Environmental and Experimental 
Botany 149:59-69.

Liu CG, Wang QW, Jin YQ, Pan KW, Wang YJ (2017a). Photoprotective 
and antioxidative mechanisms against oxidative damage in 
Fargesia rufa subjected to drought and salinity. Functional 
Plant Biology 44:302-311.

Liu H, Sun G, Dong L, Yang L, Yu S et al. (2017b). Physiological 
and molecular responses to drought and salinity in soybean. 
Biologia Plantarum 61:557-564.

Liu Q, Arnold R, Yang S, Wu J, Li Z et al. (2019). Foliar application 
of exogenous polyamines to ameliorate drought-induced 
oxidative damage and physiological inhibition in Toona ciliata 
seedlings. Australian Forestry 82:139-150.

Liu R, Sun W, Chao M, Ji C, Wang M et al. (2009). Leaf anatomical 
changes of Bruguiera gymnorrhiza seedlings under salt stress. 
Journal of Tropical and Subtropical Botany 17:169-175.

López-Aguilar R, Orduño-Cruz A, Lucero-Arce A, Murillo-Amador 
B, Troyo-Diéguez E (2003). Response to salinity of three grain 
legumes for potential cultivation in arid areas. Soil Science and 
Plant Nutrition 49:329-336.

Ludlow MM, Muchow RC (1990) A critical evaluation of traits for 
improving crop yields in water-limited environments. In: 
Brady NC (ed) Advances in Agronomy. Academic Press, pp 
107-153.

Luo R, Song X, Li Z, Zhang A, Yan X et al. (2018). Effect of soil 
salinity on fructan content and polymerization degree in the 
sprouting tubers of Jerusalem artichoke (Helianthus tuberosus 
L.). Plant Physiology and Biochemistry 125:27-34.

Mäkelä PS, Jokinen K, Himanen K (2019). Roles of endogenous 
glycinebetaine in plant abiotic stress responses. In:  
Osmoprotectant-Mediated Abiotic Stress Tolerance in Plants. 
Springer, pp 153-173.

Malekzadeh P, Khara J, Heydari R (2014). Alleviating effects of 
exogenous gamma-aminobutiric acid on tomato seedling 
under chilling stress. Physiology and Molecular Biology of 
Plants 20:133-137.

Marček T, Hamow KÁ, Végh B, Janda T, Darko E (2019). Metabolic 
response to drought in six winter wheat genotypes. PloS One 
14:e0212411.

Maury P, Berger M, Mojayad F, Planchon C (2000). Leaf water 
characteristics and drought acclimation in sunflower 
genotypes. Plant and Soil 223:155-162.

Mei X, Chen Y, Zhang L, Fu X, Wei Q et al. (2016). Dual mechanisms 
regulating glutamate decarboxylases and accumulation of 
gamma-aminobutyric acid in tea (Camellia sinensis) leaves 
exposed to multiple stresses. Scientific Reports 6:23685.



GOHARRIZI et al. / Turk J Bot

638

Mekonnen DW, Flügge UI, Ludewig F (2016). Gamma-aminobutyric 
acid depletion affects stomata closure and drought tolerance of 
Arabidopsis thaliana. Plant Science 245:25-34.

Mibei EK, Ambuko J, Giovannoni JJ, Onyango AN, Owino WO 
(2017). Carotenoid profiling of the leaves of selected African 
eggplant accessions subjected to drought stress. Food Science 
& Nutrition 5:113-122.

Michaletti A, Naghavi MR, Toorchi M, Zolla L, Rinalducci S (2018). 
Metabolomics and proteomics reveal drought-stress responses 
of leaf tissues from spring-wheat. Scientific Reports 8:1-18.

Miller G, Suzuki N, Ciftci‐Yilmaz S, Mittler R (2010). Reactive 
oxygen species homeostasis and signalling during drought and 
salinity stresses. Plant, Cell & Environment 33:453-467.

Misra AN, Latowski D, Strzalka K (2006). The xanthophyll cycle 
activity in kidney bean and cabbage leaves under salinity stress. 
Russian Journal of Plant Physiology 53:102-109.

Misson L, Limousin JM, Rodriguez R, Letts MG (2010). Leaf 
physiological responses to extreme droughts in Mediterranean 
Quercus ilex forest. Plant, Cell & Environment 33:1898-1910.

Moghaddam M, Farhadi N, Panjtandoust M, Ghanati F (2019). Seed 
germination, antioxidant enzymes activity and proline content 
in medicinal plant Tagetes minuta under salinity stress. Plant 
Biosystems-An International Journal Dealing with all Aspects 
of Plant Biology 154:1-8.

Mohammadi H, Ghorbanpour M, Brestic M (2018). Exogenous 
putrescine changes redox regulations and essential oil 
constituents in field-grown Thymus vulgaris L. under well-
watered and drought stress conditions. Industrial Crops and 
Products 122:119-132.

Morillon R, Chrispeels MJ (2001). The role of ABA and the 
transpiration stream in the regulation of the osmotic water 
permeability of leaf cells. Proceedings of the National Academy 
of Sciences 98:14138-14143.

Mostafaei E, Zehtab-Salmasi S, Salehi-Lisar Y, Ghassemi-Golezani 
K (2018). Changes in photosynthetic pigments, osmolytes and 
antioxidants of Indian mustard by drought and exogenous 
polyamines. Acta Biologica Hungarica 69:313-324.

Moustakas M, Sperdouli I, Kouna T, Antonopoulou CI, Therios I 
(2011). Exogenous proline induces soluble sugar accumulation 
and alleviates drought stress effects on photosystem II 
functioning of Arabidopsis thaliana leaves. Plant Growth 
Regulation 65:315.

Mulholland BJ, Taylor IB, Jackson AC, Thompson AJ (2003). 
Can ABA mediate responses of salinity stressed tomato. 
Environmental and Experimental Botany 50:17-28.

Munns R (1988). Why measure osmotic adjustment? Functional 
Plant Biology 15:717-726.

Munns R (2005). Genes and salt tolerance: bringing them together. 
New phytologist 167:645-663.

Mustard J, Renault S (2006). Response of red-osier dogwood (Cornus 
sericea) seedlings to NaCl during the onset of bud break. 
Canadian Journal of Botany 84:844-851.

Najjaa H, Boubakri A, Arfa AB, Zouari N, Neffati M (2018). Salinity 
and drought stresses improve antioxidant potential of Allium 
roseum L., an edible medicinal plant. Acta Physiologiae 
Plantarum 40:195.

Nakabayashi R, Yonekura‐Sakakibara K, Urano K, Suzuki M, 
Yamada Y et al. (2014). Enhancement of oxidative and drought 
tolerance in Arabidopsis by overaccumulation of antioxidant 
flavonoids. The Plant Journal 77:367-379.

Nakhaie A, Habibi G, Vaziri A (2020). Exogenous proline enhances 
salt tolerance in acclimated Aloe vera by modulating 
photosystem II efficiency and antioxidant defense. South 
African Journal of Botany 00:1-10.

Nam KH, Shin HJ, Pack IS, Park JH, Kim HB et al. (2016). 
Metabolomic changes in grains of well‐watered and drought‐
stressed transgenic rice. Journal of the Science of Food and 
Agriculture 96:807-814.

Nawaz M, Wang Z (2020). Abscisic acid and glycine betaine mediated 
tolerance mechanisms under drought stress and recovery in 
axonopus compressus: a new insight. Scientific Reports 10:1-
10.

Nayyar H, Kaur R, Kaur S, Singh R (2014). γ-Aminobutyric acid 
(GABA) imparts partial protection from heat stress injury 
to rice seedlings by improving leaf turgor and upregulating 
osmoprotectants and antioxidants. Journal of Plant Growth 
Regulation 33:408-419.

Nazari M, Goharrizi KJ, Moosavi SS, Maleki M (2019). Expression 
changes in the TaNAC2 and TaNAC69-1 transcription factors 
in drought stress tolerant and susceptible accessions of Triticum 
boeoticum. Plant Genetic Resources 17:471-479.

Nazari M, Moosavi SS, Maleki M, Jamshidi Goharrizi K (2020). 
Chloroplastic acyl carrier protein synthase I and chloroplastic 
20 kDa chaperonin proteins are involved in wheat (Triticum 
aestivum) in response to moisture stress. Journal of Plant 
Interactions 15:180-187.

Netondo GW, Onyango JC, Beck E (2004). Sorghum and salinity: II. 
gas exchange and chlorophyll fluorescence of sorghum under 
salt stress. Crop Science 44:806-811.

Nguyen G, Hailstones D, Wilkes M, Sutton B (2010). Drought stress: 
role of carbohydrate metabolism in drought‐induced male 
sterility in rice anthers. Journal of Agronomy and Crop Science 
196:346-357.

Niazi B, Athar M, Salim M, Rozema J (2005). Growth and ionic 
relations of fodderbeet and seabeet under saline environments. 
International Journal of Environmental Science & Technology 
2:113-120.

Nusrat N, Shahbaz M, Perveen S (2014). Modulation in growth, 
photosynthetic efficiency, activity of antioxidants and mineral 
ions by foliar application of glycinebetaine on pea (Pisum 
sativum L.) under salt stress. Acta Physiologiae Plantarum 
36:2985-2998.

O’Brien JA, Benková E (2013). Cytokinin cross-talking during biotic 
and abiotic stress responses. Frontiers in Plant Science 4:451.



GOHARRIZI et al. / Turk J Bot

639

Otto MSG, Francisco JG, Gonsalez BT, de Almeida Calvo L, de 
Mattos EM et al. (2017). Changes in γ-aminobutyric acid 
concentration, gas exchange, and leaf anatomy in Eucalyptus 
clones under drought stress and rewatering. Acta Physiologiae 
Plantarum 39:208.

Ouzounidou G, Giannakoula A, Ilias I, Zamanidis P (2016). 
Alleviation of drought and salinity stresses on growth, 
physiology, biochemistry and quality of two Cucumis sativus L. 
cultivars by Si application. Brazilian Journal of Botany 39:531-
539.

Pakzad R, Goharrizi KJ, Riahi-Madvar A, Amirmahani F, Mortazavi 
M et al. (2021). Identification of Lepidium draba Δ 1-pyrroline-
5-carboxylate synthetase (P5CS) and assessment of its 
expression under NaCl stress: P5CS identification in L. draba 
plant. Proceedings of the National Academy of Sciences, India 
Section B: Biological Sciences 91:195-203.

Pakzad R, Fatehi F, Kalantar M, Maleki M (2019). Evaluating 
the antioxidant enzymes activities, lipid peroxidation and 
proteomic profile changing in UCB-1 pistachio rootstock leaf 
under drought stress. Scientia Horticulturae 256:108617.

Palma F, Tejera NA, Lluch C (2013). Nodule carbohydrate metabolism 
and polyols involvement in the response of Medicago sativa to 
salt stress. Environmental and Experimental Botany 85:43-49.

Pandey S, Patel MK, Mishra A, Jha B (2015). Physio-biochemical 
composition and untargeted metabolomics of cumin 
(Cuminum cyminum L.) make it promising functional food 
and help in mitigating salinity stress. PLoS One 10:e0144469.

Parida AK, Panda A, Rangani J (2018). Metabolomics-guided 
elucidation of abiotic stress tolerance mechanisms in plants. In:  
Plant Metabolites and Regulation Under Environmental Stress. 
Elsevier, pp 89-131.

Peleg Z, Blumwald E (2011). Hormone balance and abiotic stress 
tolerance in crop plants. Current Opinion in Plant Biology 
14:290-295.

Poorter H, Remkes C (1990). Leaf area ratio and net assimilation rate 
of 24 wild species differing in relative growth rate. Oecologia 
83:553-559.

Rady MO, Semida WM, Abd El-Mageed TA, Hemida KA, Rady 
MM (2018). Up-regulation of antioxidative defense systems 
by glycine betaine foliar application in onion plants confer 
tolerance to salinity stress. Scientia Horticulturae 240:614-622.

Rahnama A, James RA, Poustini K, Munns R (2010). Stomatal 
conductance as a screen for osmotic stress tolerance in durum 
wheat growing in saline soil. Functional Plant Biology 37:255-
263.

Rameeh V, Gerami M, Omran VG, Ghavampour S (2017). Impact of 
glycine betaine on salinity tolerance of stevia (Stevia rebaudiana 
bertoni) under in vitro condition. Cercetari Agronomice in 
Moldova 50:95-105.

Ramos MLG, Gordon AJ, Minchin FR, Sprent JI, Parsons R (1999). 
Effect of water stress on nodule physiology and biochemistry 
of a drought tolerant cultivar of common bean (Phaseolus 
vulgaris L.). Annals of Botany 83:57-63.

Rangani J, Panda A, Parida AK (2020). Metabolomic study reveals key 
metabolic adjustments in the xerohalophyte Salvadora persica 
L. during adaptation to water deficit and subsequent recovery 
conditions. Plant Physiology and Biochemistry 150:180-195.

Rezaei-Chiyaneh E, Seyyedi SM, Ebrahimian E, Moghaddam SS, 
Damalas CA (2018). Exogenous application of gamma-
aminobutyric acid (GABA) alleviates the effect of water deficit 
stress in black cumin (Nigella sativa L.). Industrial Crops and 
Products 112:741-748.

Rhodes D, Hanson A (1993). Quaternary ammonium and tertiary 
sulfonium compounds in higher plants. Annual Review of 
Plant Biology 44:357-384.

Rigui AP, Carvalho V, dos Santos ALW, Morvan-Bertrand A, 
Prud’Homme MP et al. (2019). Fructan and antioxidant 
metabolisms in plants of Lolium perenne under drought are 
modulated by exogenous nitric oxide. Plant Physiology and 
Biochemistry 145:205-215.

Rodriguez P, Dell’Amico J, Morales D, Sanchez Blanco MdJ, Alarcón 
J (1997). Effect of salinity on growth, shoot water relations and 
root hydraulic conductivity in tomato plants. The Journal of 
Agricultural Science 128:439-444.

Rosa M, Prado C, Podazza G, Interdonato R, González JA et al. 
(2009). Soluble sugars: metabolism, sensing and abiotic stress: 
a complex network in the life of plants. Plant Signaling & 
Behavior 4:388-393.

Sahin U, Ekinci M, Ors S, Turan M, Yildiz S et al. (2018). Effects 
of individual and combined effects of salinity and drought 
on physiological, nutritional and biochemical properties of 
cabbage (Brassica oleracea var. capitata). Scientia Horticulturae 
240:196-204.

Sami F, Yusuf M, Faizan M, Faraz A, Hayat S (2016). Role of sugars 
under abiotic stress. Plant Physiology and Biochemistry 
109:54-61.

Sanchez DH, Schwabe F, Erban A, Udvardi MK, Kopka J (2012). 
Comparative metabolomics of drought acclimation in model 
and forage legumes. Plant, Cell & Environment 35:136-149.

Saqib M, Zörb C, Schubert S (2006). Salt-resistant and salt-sensitive 
wheat genotypes show similar biochemical reaction at protein 
level in the first phase of salt stress. Journal of Plant Nutrition 
and Soil Science 169:542-548.

Sarker U, Islam MT, Oba S (2018). Salinity stress accelerates nutrients, 
dietary fiber, minerals, phytochemicals and antioxidant activity 
in Amaranthus tricolor leaves. PloS One 13:e0206388.

Schneider JR, Caverzan A, Chavarria G (2019). Water deficit 
stress, ROS involvement, and plant performance. Archives of 
Agronomy and Soil Science 65:1160-1181.

Semida WM, Abdelkhalik A, Rady MO, Marey RA, Abd El-
Mageed TA (2020). Exogenously applied proline enhances 
growth and productivity of drought stressed onion by 
improving photosynthetic efficiency, water use efficiency 
and up-regulating osmoprotectants. Scientia Horticulturae 
272:109580.



GOHARRIZI et al. / Turk J Bot

640

Shackel KA, Foster KW, Hall AE (1982). Genotypic differences in leaf 
osmotic potential among grain sorghum cultivars grown under 
irrigation and drought. Crop Science 22:1121-1125.

Shams M, Yildirim E, Ekinci M, Turan M, Dursun A et al. 
(2016). Exogenously applied glycine betaine regulates some 
chemical characteristics and antioxidative defence systems 
in lettuce under salt stress. Horticulture, Environment, and 
Biotechnology 57:225-231.

Sharbatkhari M, Shobbar ZS, Galeshi S, Nakhoda B (2016). Wheat 
stem reserves and salinity tolerance: molecular dissection 
of fructan biosynthesis and remobilization to grains. Planta 
244:191-202.

Sheikh-Mohamadi MH, Etemadi N, Nikbakht A, Arab M, Majidi 
MM et al. (2017). Antioxidant defence system and physiological 
responses of Iranian crested wheatgrass (Agropyron cristatum 
L.) to drought and salinity stress. Acta Physiologiae Plantarum 
39:245.

Sheteiwy MS, Shao H, Qi W, Hamoud YA, Shaghaleh H et al. 
(2019). GABA-alleviated oxidative injury induced by salinity, 
osmotic stress and their combination by regulating cellular and 
molecular signals in rice. International Journal of Molecular 
Sciences 20:5709.

Shi H, Ye T, Song B, Qi X, Chan Z (2015). Comparative physiological 
and metabolomic responses of four Brachypodium distachyon 
varieties contrasting in drought stress resistance. Acta 
Physiologiae Plantarum 37:122.

Singh M, Kumar J, Singh S, Singh VP, Prasad SM (2015). Roles of 
osmoprotectants in improving salinity and drought tolerance 
in plants: a review. Reviews in Environmental Science and Bio/
Technology 14:407-426.

Slama I, Abdelly C, Bouchereau A, Flowers T, Savoure A (2015). 
Diversity, distribution and roles of osmoprotective compounds 
accumulated in halophytes under abiotic stress. Annals of 
Botany 115:433-447.

Sobieszczuk‐Nowicka E, Legocka J (2014). Plastid‐associated 
polyamines: their role in differentiation, structure, functioning, 
stress response and senescence. Plant Biology 16:297-305.

Sofy MR, Elhawat N, Alshaal T (2020). Glycine betaine counters 
salinity stress by maintaining high K+/Na+ ratio and 
antioxidant defense via limiting Na+ uptake in common bean 
(Phaseolus vulgaris L.). Ecotoxicology and Environmental 
Safety 200:110732.

Steduto P, Albrizio R, Giorio P, Sorrentino G (2000). Gas-exchange 
response and stomatal and non-stomatal limitations to carbon 
assimilation of sunflower under salinity. Environmental and 
Experimental Botany 44:243-255.

Sultana N, Ikeda T, Itoh R (1999). Effect of NaCl salinity on 
photosynthesis and dry matter accumulation in developing 
rice grains. Environmental and Experimental Botany 42:211-
220.

Sun H, Luo M, Zhou X, Zhou Q, Sun Y et al. (2020). Exogenous 
glycine betaine treatment alleviates low temperature-induced 
pericarp browning of ‘Nanguo’pears by regulating antioxidant 
enzymes and proline metabolism. Food Chemistry 306:125626.

Sun J, Lu N, Xu H, Maruo T, Guo S (2016). Root zone cooling and 
exogenous spermidine root-pretreatment promoting Lactuca 
sativa L. growth and photosynthesis in the high-temperature 
season. Frontiers in Plant Science 7:368.

Szabados L, Savoure A (2010). Proline: a multifunctional amino acid. 
Trends in Plant Science 15:89-97.

Taffouo V, Wamba O, Youmbi E, Nono G, Akoa A (2010). Growth, 
yield, water status and ionic distribution response of three 
bambara groundnut (Vigna subterranea (L.) Verdc.) landraces 
grown under saline conditions. International Journal of Botany 
6:53-58.

Taffouo VD, Kouamou JK, Ngalangue LMT, Ndjeudji BAN, Akoa A 
(2009). Effects of salinity stress on growth, ions partitioning and 
yield of some cowpea (Vigna unguiculata L. Walp.) cultivars. 
International Journal of Botany 5:135-143.

Takahashi S, Murata N (2008). How do environmental stresses 
accelerate photoinhibition? Trends in Plant Science 13:178-182.

Takahashi T, Kakehi J-I (2010). Polyamines: ubiquitous polycations 
with unique roles in growth and stress responses. Annals of 
Botany 105:1-6.

Tang J, Camberato JJ, Yu X, Luo N, Bian S et al. (2013). Growth 
response, carbohydrate and ion accumulation of diverse 
perennial ryegrass accessions to increasing salinity. Scientia 
Horticulturae 154:73-81.

Tardieu F, Simonneau T (1998). Variability among species of stomatal 
control under fluctuating soil water status and evaporative 
demand: modelling isohydric and anisohydric behaviours. 
Journal of Experimental Botany 49:419-432.

Theerakulpisut P, Phongngarm S (2013). Alleviation of adverse effects 
of salt stress on rice seedlings by exogenous trehalose. Asian 
Journal of Crop Science 5:405-415.

Tian F, Wang W, Liang C, Wang X, Wang G et al. (2017). Over 
accumulation of glycine betaine makes the function of the 
thylakoid membrane better in wheat under salt stress. The Crop 
Journal 5:73-82.

Traversari S, De Carlo A, Traversi ML, Minnocci A, Francini A et al. 
(2020). Osmotic adjustments support growth of poplar cultured 
cells under high concentrations of carbohydrates. Plant Cell 
Reports 39:1-12.

Trovato M, Forlani G, Signorelli S, Funck D (2019). Proline metabolism 
and its functions in development and stress tolerance. In: 
Osmoprotectant-Mediated Abiotic Stress Tolerance in Plants. 
Springer, pp 41-72.

Trovato M, Mattioli R, Costantino P (2008). Multiple roles of proline 
in plant stress tolerance and development. Rendiconti Lincei 
19:325-346.

Tsugane K, Kobayashi K, Niwa Y, Ohba Y, Wada K et al. (1999). A 
recessive Arabidopsis mutant that grows photoautotrophically 
under salt stress shows enhanced active oxygen detoxification. 
The Plant Cell 11:1195-1206.

Turan MA, Katkat V, Taban S (2007). Salinity-induced stomatal 
resistance, proline, chlorophyll and. International Journal of 
Agricultural Research 2:483-488.



GOHARRIZI et al. / Turk J Bot

641

Turner NC (1986). Adaptation to water deficits: a changing 
perspective. Functional Plant Biology 13:175-190.

Van den Ende W, Valluru R (2009). Sucrose, sucrosyl oligosaccharides, 
and oxidative stress: scavenging and salvaging? Journal of 
Experimental Botany 60:9-18.

Veselov DS, Sharipova GV, Veselov SU, Kudoyarova GR (2008). 
The effects of NaCl treatment on water relations, growth, and 
aba content in barley cultivars differing in drought tolerance. 
Journal of Plant Growth Regulation 27:380-386.

Vighi I, Benitez L, Amaral M, Moraes G, Auler P et al. (2017). 
Functional characterization of the antioxidant enzymes in rice 
plants exposed to salinity stress. Biologia Plantarum 61:540-
550.

Vijayakumari K, Puthur JT (2016). γ-Aminobutyric acid (GABA) 
priming enhances the osmotic stress tolerance in Piper nigrum 
Linn. plants subjected to PEG-induced stress. Plant Growth 
Regulation 78:57-67.

Wang C, Fan L, Gao H, Wu X, Li J et al. (2014). Polyamine 
biosynthesis and degradation are modulated by exogenous 
gamma-aminobutyric acid in root-zone hypoxia-stressed 
melon roots. Plant Physiology and Biochemistry 82:17-26.

Wang G-P, Hui Z, Li F, Zhao M-R, Zhang J et al. (2010). Improvement 
of heat and drought photosynthetic tolerance in wheat by 
overaccumulation of glycinebetaine. Plant Biotechnology 
Reports 4:213-222.

Wang L, Huang X, Lim DJ, Laserna AKC, Li SFY (2019a). Uptake and 
toxic effects of triphenyl phosphate on freshwater microalgae 
Chlorella vulgaris and Scenedesmus obliquus: insights from 
untargeted metabolomics. Science of the Total Environment 
650:1239-1249.

Wang N, Cao F, Richmond MEA, Qiu C, Wu F (2019b). Foliar 
application of betaine improves water-deficit stress tolerance in 
barley (Hordeum vulgare L.). Plant Growth Regulation 89:109-
118.

Wang W, Vinocur B, Altman A (2003). Plant responses to drought, 
salinity and extreme temperatures: towards genetic engineering 
for stress tolerance. Planta 218:1-14.

Wang X, Yang P, Gao Q, Liu X, Kuang T et al. (2008). Proteomic 
analysis of the response to high-salinity stress in Physcomitrella 
patens. Planta 228:167-177.

Wang Y, Gu W, Meng Y, Xie T, Li L et al. (2017a). γ-Aminobutyric 
acid imparts partial protection from salt stress injury to maize 
seedlings by improving photosynthesis and upregulating 
osmoprotectants and antioxidants. Scientific Reports 7:1-13.

Wang Y, Huang Y-Y, Wang Y, Lyu P, Hamblin MR (2017b). Red 
(660 nm) or near-infrared (810 nm) photobiomodulation 
stimulates, while blue (415 nm), green (540 nm) light inhibits 
proliferation in human adipose-derived stem cells. Scientific 
Reports 7:1-10.

Wani SH, Kumar V, Shriram V, Sah SK (2016). Phytohormones and 
their metabolic engineering for abiotic stress tolerance in crop 
plants. The Crop Journal 4:162-176.

Wei D, Zhang W, Wang C, Meng Q, Li G et al. (2017). Genetic 
engineering of the biosynthesis of glycinebetaine leads to 
alleviate salt-induced potassium efflux and enhances salt 
tolerance in tomato plants. Plant Science 257:74-83.

Wei GP, Yang LF, Zhu YL, Chen G (2009). Changes in oxidative 
damage, antioxidant enzyme activities and polyamine contents 
in leaves of grafted and non-grafted eggplant seedlings under 
stress by excess of calcium nitrate. Scientia Horticulturae 
120:443-451.

White DA, Turner NC, Galbraith JH (2000). Leaf water relations and 
stomatal behavior of four allopatric Eucalyptus species planted 
in Mediterranean southwestern Australia. Tree Physiology 
20:1157-1165.

Wolters H, Jürgens G (2009). Survival of the flexible: hormonal 
growth control and adaptation in plant development. Nature 
Reviews Genetics 10:305-317.

Woodrow P, Ciarmiello LF, Annunziata MG, Pacifico S, Iannuzzi F 
et al. (2017). Durum wheat seedling responses to simultaneous 
high light and salinity involve a fine reconfiguration of amino 
acids and carbohydrate metabolism. Physiologia Plantarum 
159:290-312.

Wutipraditkul N, Wongwean P, Buaboocha T (2015). Alleviation of 
salt-induced oxidative stress in rice seedlings by proline and/or 
glycinebetaine. Biologia Plantarum 59:547-553.

Xiang L, Hu L, Xu W, Zhen A, Zhang L et al. (2016). Exogenous 
γ-aminobutyric acid improves the structure and function of 
photosystem II in muskmelon seedlings exposed to salinity-
alkalinity stress. PLoS One 11:e0164847.

Xiong Y, Qu Y, Han H, Chen F, Li L et al. (2021). Unraveling 
physiological and metabolomic responses involved in Phlox 
subulata L. tolerance to drought stress. Plant Molecular Biology 
Reporter 39:98-111.

Xu Z, Sun M, Jiang X, Sun H, Dang X et al. (2018). Glycinebetaine 
biosynthesis in response to osmotic stress depends on 
jasmonate signaling in watermelon suspension cells. Frontiers 
in Plant Science 9:1469.

Yan J, Tang H, Huang Y, Shi Y, Li J et al. (2003). Dynamic analysis of 
QTL for plant height at different developmental stages in maize 
(Zea mays L.). Chinese Science Bulletin 48:2601-2607.

Yildiztugay E, Ozfidan-Konakci C, Kucukoduk M, Duran Y (2014). 
Variations in osmotic adjustment and water relations of 
Sphaerophysa kotschyana: glycine betaine, proline and choline 
accumulation in response to salinity. Botanical Studies 55:1-9.

Yin YG, Kobayashi Y, Sanuki A, Kondo S, Fukuda N et al. (2010). 
Salinity induces carbohydrate accumulation and sugar-
regulated starch biosynthetic genes in tomato (Solanum 
lycopersicum L. cv.‘Micro-Tom’) fruits in an ABA-and osmotic 
stress-independent manner. Journal of Experimental Botany 
61:563-574.

Yoon YE, Kuppusamy S, Cho KM, Kim PJ, Kwack YB et al. (2017). 
Influence of cold stress on contents of soluble sugars, vitamin 
C and free amino acids including gamma-aminobutyric acid 
(GABA) in spinach (Spinacia oleracea). Food Chemistry 
215:185-192.



GOHARRIZI et al. / Turk J Bot

642

Yordanov I, Velikova V, Tsonev T (2000). Plant responses to drought, 
acclimation, and stress tolerance. Photosynthetica 38:171-186.

You L, Song Q, Wu Y, Li S, Jiang C et al. (2019). Accumulation of 
glycine betaine in transplastomic potato plants expressing 
choline oxidase confers improved drought tolerance. Planta 
249:1963-1975.

Youssef SM, Abd Elhady SA, Aref RM, Riad GS (2018). Salicylic 
acid attenuates the adverse effects of salinity on growth and 
yield and enhances peroxidase isozymes expression more 
competently than proline and glycine betaine in cucumber 
plants. Gesunde Pflanzen 70:75-90.

Zaher-Ara T, Boroomand N, Sadat-Hosseini M (2016). Physiological 
and morphological response to drought stress in seedlings of 
ten citrus. Trees 30:985-993.

Zali AG, Ehsanzadeh P (2018). Exogenously applied proline as a tool 
to enhance water use efficiency: case of fennel. Agricultural 
Water Management 197:138-146.

Zhang M, Smith JAC, Harberd NP, Jiang C (2016). The regulatory 
roles of ethylene and reactive oxygen species (ROS) in plant 
salt stress responses. Plant Molecular Biology 91:651-659.

Zhang Y, Li Z, Li YP, Zhang XQ, Ma X et al. (2018). Chitosan 
and spermine enhance drought resistance in white clover, 
associated with changes in endogenous phytohormones and 
polyamines, and antioxidant metabolism. Functional Plant 
Biology 45:1205-1222.

Zhao GQ, Ma BL, Ren CZ (2007a). Growth, gas exchange, chlorophyll 
fluorescence, and ion content of naked oat in response to 
salinity. Crop Science 47:123-131.

Zhao XX, Liang C, Fang Y, Wang YQ, Wang W (2007b). Effect of 
glycinebetaine on function of thylakoid membranes in wheat 
flag leaves under drought stress. Biologia Plantarum 51:584-
588.

Zhong M, Song R, Wang Y, Shu S, Sun J et al. (2020). TGase 
regulates salt stress tolerance through enhancing bound 
polyamines-mediated antioxidant enzymes activity in tomato. 
Environmental and Experimental Botany 179:104191.

Zhu C, Schraut D, Hartung W, Schäffner AR (2005). Differential 
responses of maize MIP genes to salt stress and ABA. Journal 
of Experimental Botany 56:2971-2981.

Zlatko Stoyanov Z (2005). Effects of water stress on leaf water 
relations of young bean plants. Journal of Central European 
Agriculture 6:5-14.


