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Introduction 
 

The response of plants to drought stress is one 

of the most complex biological processes, and 

it involves numerous changes at the 

physiological, cellular, and molecular levels. 

Drought is the most frequent yield-reducing 

factor in arid and semiarid regions, although 

water deficit may occur even in high rainfall 

areas. The ultimate detrimental effect of 

drought stress is reduction in yield, as 

reported in major crops like rice (Venuprasad 

et al., 2007), wheat (Keshavarzi et al., 2013), 

and maize (Kamara et al., 2004) and some 

other important crops such as soybean 

(Kobraei et al., 2011) and chickpea 

(Khodadadi, 2013). Water stress due to 

drought can lead to major physiological and 

biochemical changes such as reduced 

photosynthesis (Zlatev et al., 2004; Tezara et 

al., 1999) and reprogramming of gene 

expression (Neill and Burnett, 1999; 

Pattanagul and Madore, 1999). Physiological 

changes under drought stress are often 

reflected at the transcription level, where the 

levels of mRNA related to key processes such 

as photosynthesis are down-regulated (Bartels 

and Salamani, 2001) and mRNA related to 
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some antioxidative enzymes and some other 

useful molecules required for development of 

drought tolerant behaviour are upregulated. 

 

Effect of drought stress on physiological 

and morphological traits 

 

Drought stress, which results in water deficit 

is one of the most environmental stresses 

affecting agricultural production and 

productivity around the world and may result 

in considerable yield reduction. It affects both 

elongation and expansion growth (Anjum et 

al., 2003a; Kusaka et al., 2005; Shao et al., 

2008). Water stress reduces the leaf area, cell 

size and intercellular volume (Kramer, 1969). 

A crop variety that is more resistant to water 

flow from the stomata into the atmosphere is 

considered as good for drought tolerance. The 

reduction in soil moisture may have led to 

lower water content in the leaves causing 

guard cells to loose turgor pressure and hence 

the size of stomatal pores are reduced 

(Tezara, et al., 2002) and/or causing stomatal 

closure. In addition, increased stomatal 

resistance may have led to reduced water 

transport in the leaves further causing a 

decrease in stomatal conductance. Reduction 

in stomatal conductance decreases 

transpiration with closing of the stomata, 

resulting prolong the plant survival by 

extending the period of availability of 

essential soil water reserves in the root zone. 

Stomatal closure also helps to maintain high 

leaf water content and thereby a higher leaf 

water potential, and leads to a reduction in 

photosynthetic activity (Hsiao, 1973). Higher 

photosynthetic rates could in turn favour a 

higher biomass and crop yields.  

 

When plants experience water deficits, 

stomatal pores progressively close (Lawlor 

and Cornic, 2002). This process is regulated 

largely by leaf water potential but can be 

mediated by abscisic acid (ABA). Patil et al., 

(1984) reported that with the advance in 

stress, relative leaf water content decreased in 

different plant parts of five maize genotypes. 

In another study Schonfold et al., (1988) 

reported that relative leaf water content 

decreased proportionally with increasing 

stress. Ramakrishnayya and Murty (1991) 

studied the effect of soil moisture stress on 

physiological parameters of upland rice and 

revealed that with increase in soil moisture 

stress, relative leaf water content decreased. 

Water loss from plant tissue under drought 

condition results in growth inhibition and in a 

number of other metabolic and physiological 

changes (Mansfield and McAnish, 1995). 

Goyal et al., (2001) studied with two pearl 

millet hybrids raised in earthen pots under 

natural conditions of green house. In their 

experiment the stress levels i.e. mild stress 

(Soil moisture content, SMC, 7.0%) and 

severe stress (SMC 4.5%) were created by 

withholding irrigation at vegetative stages as 

compared to control (SMC 16.3%). Revival 

(SMC 15.9%) of severely stressed plants took 

2 days after re-irrigation. A significant 

reduction in relative water content (RWC), 

water potential, osmotic potential and 

transpiration rate and increased in proline and 

leaf diffusive resistance were observed during 

stress condition which recovered partially 

following revival. In a field experiment 

conducted by Sharma et al., (2003) to study 

the effect of moisture stress on wheat 

genotypes grown under irrigated, mild stress 

and severe stress conditions the relative water 

content decreased significantly with increase 

in moisture stress. In a similar type of 

experiment on moth bean Garg et al., (2004) 

reported that water stress resulted in decrease 

of relative water content in six different 

genotypes. Yadav et al., (2005) also reported 

a decrease in the relative water content in 

sorghum plant under moisture stress 

conditions. A gradual decreased in relative 

water content was observed in tolerant 

genotypes of rice by Choudhary and his co-

workers in the year 2005.  
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Drought stress and photosynthesis 

 

Drought stress has greater impact on leaf 

photosynthesis and thus on yield of crop 

plants. In rice, as in other C3 cereals 60-90 

percent of the carbon for grain development 

comes from photosynthetic activity of the flag 

leaf (Yoshida, 1981). Vu et al., (1987) 

conducted an experiment on soybean and 

observed that drought stress reduced the total 

extractable Rubisco activity and as a result 

limited the leaf photosynthesis under moisture 

stress condition. Li et al., (2000) reported that 

wheat grain weight is the function of rate and 

duration of grain growth and was affected by 

photosynthate supply. Drought stress reduced 

the photosynthate production because of the 

stomatal closure. The moisture stress 

treatment reduced the intercellular CO2 

concentration, chlorophyll content and 

photosynthesis in Brassica cultivars (Das, 

2003). Garg et al., (2004) reported that the 

rate of photosynthesis reduced in moth bean 

due to the moisture stress condition. The 

physiological response of short-term water 

deficits and its relief was assessed on water 

relations and accumulation of metabolites in 

sorghum hybrid CSH-14 at vegetative, 

anthesis and grain filling stages. Stomatal 

conductance decreased drastically under 

stress and recovered partially after rewatering 

indicating its high sensitivity to water stress 

(Yadav et al., 2005). Stomatal closure leads to 

decreases in photosynthetic CO2 assimilation 

due to restricted diffusion of CO2 into the leaf 

and altered CO2 metabolism. Decreased CO2 

diffusion from the atmosphere to the site of 

carboxylation is generally considered the 

main cause for decreased photosynthesis 

under mild to moderate water limitation 

(Chaves et al., 2003, 2009; Flexas et al., 

2004; Grassi and Magnani, 2005). Pelleschi et 

al., (1997) also observed that reduced CO2 

diffusion during stomatal closure is mainly 

responsible for the decline in photosynthesis 

in C3 plants subjected to dehydration. 

However, Tezara et al., (1999) reported that, 

the photosynthetic rate is limited more by 

altered CO2 metabolism than by reduced 

diffusion in sunflower (Heliathus annuus) 

under water stress. The lower CO2 availability 

inhibits carbon assimilation, and ultimately 

photosynthetic capacity is lost as a 

consequence of the reduced stomatal 

conductance and/or direct damage to carbon 

metabolism (Bartels and Salamini, 2001; 

Colom and Vazzana, 2003). According to 

Flexas and Medrano (2002), there is a long 

standing controversy as to whether drought 

limits photosynthetic CO2 assimillation 

through stomatal closure or by metabolic 

impairment in C3 plants. Comparison of 

results from different studies is difficult due 

to interspecific differences in response of 

photosynthesis to leaf water potential and/or 

relative water content (RWC), the most 

commonly used parameters to assess the 

severity of drought. Therefore, stomatal 

conductance (g) used as a basis for 

comparison of metabolic processes in 

different studies. The logic is that, as there is 

a strong link between stomatal conductance 

and photosynthesis (perhaps co-regulation 

between them), so different relationships 

between RWC or water potential and 

photosynthetic rate and changes in 

metabolism in different species and studies 

may be normalized by relating them to 

conductance. 

 

Root and leaf characteristics in relation to 

drought stress 

 

The presence of cuticular wax is also 

important for water stress and is more in dry 

land adopted crop plants as compare to the 

irrigated. The presence of cuticular wax 

resulted in thicker and leathery leaves which 

prevent the water loss from the surface. The 

leaf rolling character and death of leaves are 

good criteria found useful in assessing levels 

of drought tolerance in large scale screening 



Int.J.Curr.Microbiol.App.Sci (2018) 7(9): 2703-2721 

2706 

 

of different crop plants, viz. rice (Chang, et 

al., 1974). Leaf of any crop plant frequently 

rolls when plants is suffering from water 

stress condition. When leaf temperature is 

increases, the stomata become close and 

transpiration rate decreased sharply with leaf 

rolling (Sobarado, 1987). Leaf attributes can 

be incorporated for improvement of drought 

tolerance in crops. Type of root system is also 

a good selection criterion for selecting the 

drought tolerance line or varieties. Deep root 

system has been identified as the targeted for 

drought tolerance improvement (Boyer, 

1996). Production of root system under 

drought is very important and had good 

correlation with yield under moisture stress 

(Darofeev and Tyselano, 1982). Studies on 

root related characteristics have elicited much 

interest because it is through roots that crop 

plant up take moisture and show a wide range 

of varietal differences. Furthermore, drought 

stress caused pronounced changes in root 

structure such as increased branching and 

density (Eghball and Maranville, 1993). 

Cultivars having deep and thick roots are 

good for drought stress condition and are 

positively correlated with xylem vessel area, 

which are vital to the conductance of water 

from soil to the upper parts of the plants to 

meet the evaporative demand. Large and 

vigorous root system and the continued 

production of new root hairs are required for 

maximum response to nutrients supply and 

optimum environmental conditions and that 

this positively correlates with the dry matter 

accumulation within the shoot (Willumsen, 

1993). Drought affected plants generally 

exhibit small root system configuration and in 

many cases the reduction in size of root 

system is directly proportional to the 

magnitude of water storage. According to 

Slayter, 1973 two types of effects of water 

deficit on root development can be exposed, 

first is reduction in rate of meristmetic 

activity and root elongation directly 

associated with the level of internal water 

deficit and second effect of suberization on 

the water and nutrients uptake proportional of 

the root system as whole. High dry weight 

under water stress conditions is a desirable 

characteristic for survivability of the plant 

under water stress condition. A common 

adverse effect of water stress on crop plant is 

reduction in fresh and dry biomass production 

(Farooq et al., 2009). Morphological 

characters viz., early maturity, early vigor, 

rapid growth and physiological characters 

viz., diffusive resistance of stomata, osmotic 

adjustment, leaf rolling, closing and opening 

of stomata, position of stomata, leaf water 

retention and leaf senescence were associated 

with drought tolerance (Singh, 1993).  

 

Drought avoidance and tolerance 

mechanisms in plants 
 

Generally plants use two types of mechanisms 

to cope up with drought stress, viz. drought 

avoidance and drought tolerance mechanisms. 

A combination of these two defines drought 

resistance in its physiological context 

according to Levitt (1972).  

 

The plants having the capacity to avoid 

drought can complete their life cycle without 

developing severe water deficits. Some 

ephemerals have a very short life cycle which 

can be completed during a brief rainy season 

while some other plants exhibit adaptations to 

increase water uptake and reduce water loss 

and thus avoid the debilitating consequences 

of drought that other plants might feel 

(Bartels and Salamini, 2001; Laporte et al., 

2002; Verslues et al., 2006). In a general 

sense drought avoidance consists of 

mechanisms that reduce water loss from 

plants due to stomatal control of transpiration, 

and also maintain water uptake through an 

extensive and prolific root system (Turner et 

al., 2001; Kavar et al., 2007). Thus 

developing a more extensive root system by 

certain plants is a drought-avoiding strategy. 
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It is an almost universal observation that the 

root: shoot ratio increases with water stress. 

Increase in root weight may be due to a 

greater density of roots (Turner, 1979). Under 

water stress condition/water scarcity the upper 

soil layers usually dry first and the new root 

growth extends into the moist soil zones. 

Accordingly, shallower roots are common in 

wetter soils as contrast to deeper roots 

systems in dryer soils (Taiz and Zeiger, 

1998). Having a deep and thick root system, 

which allows access to water deeper in the 

soil is considered important in determining 

drought resistance in rice (Price et al., 2002), 

Arabidopsis thaliana (Xiong et al., 2006), pea 

(Chiantante et al., 1999), Festuca 

arundinacea (Ervin and Koski, 1998), and 

Wilwitchia mirabilis (Fitter and Hay, 2002). 

Hence, greater root growth and improved 

morphological development can result in 

drought avoidance. Some development in 

shoots also plays important role in water 

stress responses. At the onset of the dry 

season, a desert plant Zygophyllum qatarense 

responds to water stress with a leaf 

polymorphism in which it replaces the wet-

season foliage with unifoliate, xeromorphic 

leaves. As the dry season progresses, the plant 

reduces its leaf area substantially (Sayed, 

1996). 

 

Some plants use various strategies to tolerate 

the drought situation. Glaucousness or waxy 

bloom on leaves helps in maintenance of high 

tissue water potential, and is therefore 

considered as a desirable trait for drought 

tolerance (Richards et al., 1986; Ludlow and 

Muchow, 1990). Under water stress condition 

the leaves of many plants frequently wilt and 

droop (or roll, in the case of many grasses), 

and this type of response reduces the 

interception of radiation, thereby 

counteracting the increase in leaf temperature 

arising from stomatal closure and preventing 

further development of leaf water deficit 

(Turner, 1979). Reduced leaf area can also be 

a mechanism for moderating water use and 

injury under drought stress condition (Blum, 

2005). Severe drought stress may result in the 

production of increased levels of ABA and 

subsequent leaf abscission, thereby reducing 

transpirational demand. Such developmental 

changes within a plant during water stress are 

important morphological drought-avoiding 

adaptations that help in maintaining the 

plant’s water potential at some functional 

level in the midst of potential water 

limitation. 

 

When drought stress becomes more severe, 

gradually it becomes more difficult to avoid 

dehydration; and mechanisms that allow 

plants to withstand reduced water content 

(more negative water potentials) become 

increasingly important. Drought tolerance is 

defined as the ability of plants to continue to 

function at lowered tissue water potentials. 

Drought-tolerating mechanisms often involve 

the maintenance of turgor (by accumulation 

of solutes) and/or desiccation tolerance (by 

protoplasmic resistance) (Jones et al., 1981). 

“Desiccation tolerant” plants can recover 

from a fully air-dried state (Vicre et al., 

2004). When dehydrated, these plants are in a 

metabolically dormant, or cryptobiotic, state. 

Mesophytic plants, including all crop plants, 

lack the ability to enter the cryptobiotic state. 

In reality, mesophytes typically cannot 

recover from severe (approximately 50% or 

greater) decreases in water content (Verslues 

et al., 2006). Still, many plants have some 

ability to tolerate significant water loss, while 

maintaining metabolic activity. 

 

Some biochemical and physiological studies 

have shown that sugars (e.g., raffinose family 

oligosaccharides (RFO), sucrose, sorbitol, and 

mannitol), amino acids (e.g., proline), and 

amines (e.g., glycine betaine) accumulate 

under drought stress in different plant species 

(reviewed by Seki et al., 2007). As soil dries, 

its water potential becomes more negative. 
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Accumulation of solutes (osmolytes) by plant 

tissues makes their water potentials more 

negative, allowing them to take up water from 

site having positive water potential as 

compared to their tissues and thus avoid 

reductions in turgor. This drought-tolerating 

mechanism is called osmotic adjustment 

(OA). By contributing towards OA, osmolytes 

act as protectants for plants subjected to low 

water potential (Pandey et al., 2004). OA 

helps maintain cell turgor, which can allow 

cell enlargement and plant growth during 

water stress; and it can allow stomata to 

remain at least partially open and CO2 

assimilation to continue at water potentials 

that would be otherwise inhibitory (Alves and 

Setter, 2004). OA by osmolytes has been 

reported to be a cause of improved 

productivity in wheat (Flower and Ludlow, 

1987), sorghum (Sorghum bicolor), barley 

(Hordeum vulgare), chickpea (Cicer 

arietnum), pigeon pea (Cajanus cajan) 

(Khanna-Chopra and Khanna-Chopra, 2004), 

and rice (Lanceras et al., 2004). In addition to 

acting as osmolytes to maintain turgor for a 

longer period of time, during drought 

condition some of the accumulated solutes are 

thought to participate in stress-protective 

functions as free radical scavengers and for 

stabilization of macromolecules (Abebe et al., 

2003; Seki et al., 2007). In a research work 

conducted by Ram and Singh in 1988 water 

stress imposed at the tillering and boot stages 

of growth in rice genotypes led to 

accumulation of free proline in appreciable 

quantity; the accumulation being more in 

stress tolerant rice genotypes than in 

susceptible one. When the imposed stress was 

released, they noticed that it resulted in rapid 

disappearance of the accumulated proline. 

Stress induced proline accumulation in rice 

with different varietal responses had also been 

reported by Dingkuhn et al., (1991). In their 

study 45 day old seedlings of drought 

resistant (N-22, CR 143-2-2) and susceptible 

rice (Oryza sativa L.) genotypes (Panidhan, 

Pusa-169) were subjected to osmotic stress in 

PEG-6000 solution of (-10) and (-16) bars and 

the relative water content, proline content and 

pyrroline-5-carboxylate synthetase (P5CS) 

activity and its P5CS expression were studied. 

Proline content increased both in susceptible 

and tolerant genotypes but the increase was 

higher in tolerant genotypes (Choudhary, 

2005). Kale (2006) studied the proline 

contents during stress and non-stress 

conditions in 18 species belonging to 15 

genera of Pteridophytes from Western Ghats 

of South India. He observed that the 

accumulation of free proline is generally 

associated with the drought resistant capacity 

of the plant. Proline influences stress probably 

through its effect on the degradation of 

chlorophylls and accumulation of carotenoids 

in ferns. In most of the species studied 

presently, proline contents increase during 

fertile state of the plant.  

 

Biochemical/Metabolic/Genomic responses 

associated with drought resistance 
 

In various plants that adapt to water stress 

condition, a set of genes are transcriptionally 

activated, leading to accumulation of new 

proteins in seeds and vegetative organs and 

greater tolerance to drought. The LEA (Late 

Embryogenesis Abundant) proteins, which 

were first characterized in cotton (Gossypium 

hirsutum), are a set of proteins that 

accumulate in embryos late in seed 

development (Xu et al., 1996) where they are 

associated with acquisition of desiccation 

tolerance in maturing seeds. These proteins 

are also found in vegetative tissues in 

response to exogenous ABA, as well as in 

osmotic and dehydration stress condition 

(Liang et al., 2005), at any stage of plant 

development (Baker et al., 1988). At least six 

groups of LEA proteins have been 

categorized by virtue of the similarity in their 

deduced amino acid sequences; and group 2, 

also referred to as the dehydrins, contain 
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proteins that are induced by dehydration-

related stresses such as osmotic stress and 

drought (Wang et al., 2006). Their 

hydrophilic nature and high solubility indicate 

that the proteins are maintained in the cytosol, 

where they are supposed to function as 

chaperone-like protective molecules to 

combat cellular damage (Umezewa et al., 

2006) and to act as hydrophilins, retaining 

water (Reyes et al., 2008) during dehydration. 

An association between tolerance to drought 

stress and these groups of proteins has been 

observed in some crop plants. In blueberry 

(Vacinium spp.), the dehydrins were found to 

accumulate in response to changes in ABA 

levels during drought stress (Panta et al., 

2001). LEA genes, when over-expressed in 

rice (Xiao et al., 2007), tobacco (Nicotiana 

tabacum) (Wang et al., 2006), and 

Arabidopsis thaliana (Figueras et al., 2004) 

lead to drought tolerance in transgenic plants. 

Although the specific roles of the LEA 

proteins are not known, it is clear that they are 

regulated by ABA and cellular water loss. 

 

In a true sense majority of the plant cells, 

including photosynthetic cells, are protected 

against the detrimental effects of reactive 

oxygen species (ROS) by an antioxidant 

system that has been associated with stress 

tolerance in plants. This system is composed 

of enzymatic and non-enzymatic 

detoxification mechanisms, which mitigate 

and repair damage initiated by the ROS (Fu 

and Huang, 2001; Zhang and Kirkham, 1996). 

The enzymatic system is made of the enzymes 

superoxide dismutase (SOD), catalase (CAT), 

peroxidase (POD), ascorbate peroxidase 

(APX), and glutathione reductase (GR) (Li et 

al., 1998; Mittler, 2002). First and foremost, 

SOD reacts with the superoxide radicals to 

generate H2O2, H2O, and molecular oxygen 

(O2). The H2O2 so produced is disposed off by 

APX, POD, and CAT. APX and GR take part 

in the ascorbate-glutathione cycle, where 

H2O2 is removed and ascorbic acid is 

regenerated (Li et al., 1998; Smirnoff, 1993; 

Thomson, 1987; Zhang and Kirkham, 1996). 

Additionally, GR maintains a high ratio of 

reduced glutathione (GSH) to oxidized 

glutathione (GSSG), which can further protect 

chloroplasts against oxidative damage 

(Gamble and Burke, 1984). Some other 

enzymes related to glutathione metabolism, 

glutathione S-transferase (GST) (acting as 

peroxidase) and glutathione peroxidase 

(GPX), have been reported to be induced 

under drought stress in moss (Tortula ruralis) 

and leafy spurge (Euphorbia esula) and are 

efficient scavengers of H2O2 and lipid 

peroxide using reduced glutathione and 

preferably thioredoxin as a reductant (Cruz de 

Carvalho, 2008). 

 

In recent times, increasing evidence for the 

participation of thioredoxins (TRX) and 

glutaredoxins (GRX) in plant antioxidant 

defense system has emerged (Meyer et al., 

2009). Thioredoxins (TRX) and glutaredoxins 

(GRX) constitute families of thiol 

oxidoreductases (Meyer et al., 2012). In 

higher plants, these proteins are distributed in 

the cytoplasm, plasma membrane, 

endoplasmic reticulum, nucleus, apoplast, 

mitochondrion, and chloroplast (Iqbal et al., 

2006). Drought-induced ROS can oxidize –

SH-containing enzymes of the chloroplast. 

TRX act to reduce the oxidized -S-S- groups 

in these enzymes, reforming them into the 

active -SH groups (Buchanan and Balmer, 

2005). These proteins are induced under 

drought stress and play a role in drought 

resistance by supplying reducing power to 

enzymes, repairing oxidized proteins, or 

regulating scavenging mechanisms (Dos 

Santos and Rey, 2006). For example, in some 

cases, glutathione peroxidase (GPX) appears 

to prefer TRX to glutathione as a reductant 

during scavenging of H2O2 and lipid 

peroxides (Cruz de Carvalho, 2008). A potato 

(Solanum tuberosum) mutant in TRX 

CDSP32 exhibited high sensitivity to 
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oxidative stress generated by methyl viologen 

compared to the wild type and transgenic 

plants over expressing gene (Rey et al., 

2005). Methyl viologen generates ROS from 

photosystem I, which oxidize the -SH-

containing enzymes (Kotabova et al., 2008). 

TRX is required to reverse this damage. 

Differential expression of a TRX between 

drought-tolerant and susceptible genotypes of 

wheat was identified by proteomic studies 

(Hajheidari et al., 2007). Higher level 

expression of the protein was there in 

drought-tolerant genotype than in susceptible 

genotypes. Therefore, TRX can be seen to 

play a role in drought tolerance by taking part 

in antioxidant defence systems in plants. 

 

Increased activities of SOD, CAT, APX, and 

GR, was exhibited by wheat leaves exposed 

to mild water stress (-0.5 MPa), which was 

correlated with reduced lipid peroxidation; 

but the protective system was not effective at 

a more severe water stress (-1.5 MPa) (Baisak 

et al., 1994). These results suggest that the 

degree of water stress is also important in the 

system’s protection and that it may represent 

a drought-tolerance response. However, 

drought tolerance was associated with 

scavenging systems represented by APX and 

CAT in wheat (Sairam et al., 1998) and 

cowpea (Vigna anguiculata) (D’Arcy-

Lamenta et al., 2006). Transgenic plants 

overexpressing SOD and APX were resistant 

to oxidative-stress-inducing chemicals methyl 

viologen (Tang et al., 2006) and paraquat 

(Lee et al., 2007) in potato and tobacco, 

respectively; and overexpression of APX in 

tobacco (Badawi et al., 2004) and GPX in 

Arabidposis (Miao et al., 2006) enhanced 

tolerance to water deficit. In case of 

Phaseolus species, the drought-tolerant P. 

acutifolius has higher constitutive expression 

of SOD, CAT, and APX than the sensitive P. 

vulgaris (Turkan et al., 2005). Studies with P. 

vulgaris cultivars differing in drought 

tolerance showed that tolerant cultivars 

maintain stable GR expression during drought 

stress compared to susceptible cultivars 

(Torres-Franklin et al., 2008). Though 

effectiveness against stress may be 

determined by the level of stress, these 

comparative and transgenic approaches 

showed that the enzymatic antioxidant system 

can be an indicator of drought tolerance in 

different plants. 

 

Antioxidants such as lipophilic vitamin E (α-

tocopherol), hydrophilic vitamin C (ascorbic 

acid), and carotenoids are involved in non-

enzymatic detoxification mechanisms. 

Vitamin E reacts with O2
-
 as well as 

1
O2. 

Vitamin C can react directly with H2O2 in a 

reaction mediated by APX (Smirnoff, 1993). 

Glutathione is the substrate for the formation 

of vitamin C, which has the ability to react 

directly with free radicals such as OH
.
 

(Pastori and Trippi, 1992). Vitamin E, 

Vitamin C, and glutathione have been 

reported to increase in plants under water 

stress (Shao et al., 2008). Transgenic plants 

with greater levels of transcripts encoding 

enzymes associated with the glutathione-

ascorbate cycle accounted for lower levels of 

H2O2 during drought (Rivero et al., 2007). 

The transgenic plants had higher 

photosynthesis and water use efficiency and 

higher survival rate under severe drought. In 

addition to their role in energy dissipation in 

plant tissues, the carotenoids, particularly β-

carotene, remove singlet oxygen (
1
O2). 

Stuhlfauth et al., (1990) reported an increase 

of total carotenoid after one day of stress in 

leaf disks of two oak (Quercus) species. At 

low water potential (-2.5 MPa), there was a 

25 per cent increase in β-carotene and a 

concurrent decrease in 
1
O2 levels, suggesting 

protection against this ROS (Stuhlfauth et al., 

1990). Drought tolerance in the shrub species 

Cistus clusii was found to be associated with 

higher levels of α-tocopherol and β-carotene 

than in Cistus albidus (Munne-Bosch et al., 

2003). Furthermore, the tolerant species had 



Int.J.Curr.Microbiol.App.Sci (2018) 7(9): 2703-2721 

2711 

 

negligible chlorophyll degradation and de-

epoxidation of violaxanthin in the xanthophyll 

cycle, and this was explained by better 

protection against oxidative stress by α-

tocopherol and β-carotene during drought 

stress. In summary, the ROS generated under 

water deficit condition can be counteracted in 

drought-tolerating plants by the activation of 

antioxidant systems to remove the ROS from 

the affected cells. Relative studies have 

identified association between drought 

tolerance and activities of the antioxidant 

systems in different plants. However, 

effectiveness of the system might depend on 

the degree of water deficit, as high levels of 

stress could also cause damage to the 

antioxidant system itself. 

 

A different group of proteins that are induced 

by abiotic stress is the heat shock proteins 

(HSP). Five major families of HSP are 

recognized: the HSP70 (DnaK) family, the 

chaperonins (HSP60), the HSP90 family, the 

HSP100, and the small heat shock protein 

(sHSP) family (Wang et al., 2004). Among 

these families, generally the sHSP have been 

associated with abiotic stress. Initially 

detected upon heat treatment, sHSP 

production has now been observed under 

drought stress. Although mechanisms by 

which sHSP are involved in cell protection 

are not fully understood, there is strong 

evidence supporting the view that they 

function as molecular chaperones that bind to 

misfolded substrate proteins and thereby 

prevent irreversible aggregation during stress 

(Sun et al., 2002). Synergistic cooperation 

between sHSP, p26, and the sugar trehalose in 

the protection of citrate synthase during 

thermal stress has been observed in vitro 

(Viner et al., 2001). Hamilton and Heckathorn 

(2001) demonstrated that electron transport of 

mitochondrial complex I was protected by 

sHSP upon salt stress, with similar effects to 

that of ascorbate, glutathione, and α-

tocopherol as well as SOD and CAT. The 

results provide evidence that sHSP may 

protect plants from stress by cooperation with 

other stress-protective molecules such as 

sugars, amino acids, or amines and/or by 

mechanisms involving ROS scavenging. 

 

Generally heat shock proteins (HSPs) are 

involved in drought and heat tolerance. It’s 

involvement in drought has been studied 

through comparative and transgenic 

approaches. Qualitative differences in the 

pattern of synthesis of HSP were observed in 

maize lines differing in drought and heat 

tolerance (Ristic et al., 1991). A unique HSP 

was observed in a drought and heat-resistant 

line compared to a sensitive line. Differential 

HSP expression was also observed in potato 

genotypes differing in drought tolerance 

(Vasquez-Robinet et al., 2008). Although 

HSP70, HSP40, and a sHSP, whose products 

localize to the chloroplast were induced in a 

drought-tolerant genotype, HSP genes 

targeted to the cytosol were induced in the 

sensitive genotype. This differential 

expression in different genotypes and 

organelles implies roles for HSP in drought 

tolerance. A higher level expression of sHSP 

enhanced drought tolerance in rice (Sato and 

Yokoya, 2008) and Arabidopsis (Sun et al., 

2001). 

 

Some important drought resistance genes 

and pathways 
 

A lot of genes that are known to respond to 

drought stress have been identified, and the 

products of these genes can be classified into 

two groups (Bray, 1997; Yamaguchi-

Shinozaki and Shinozaki, 2006). The first 

group includes proteins that perhaps directly 

protect against stress such as enzymes for 

osmolyte biosynthesis, LEA proteins, and 

detoxification enzymes. The second group 

consists of proteins involved in the regulation 

of gene expression and signal transduction of 

stress responses, such as transcription factors 
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(TF), protein kinases, protein phosphatases, 

and enzymes involved in biosynthesis of 

signaling molecules. 

 

In case of water deficit stress, the 

phytohormone ABA accumulates in larger 

amount. Increased ABA concentration leads 

to many changes in plant development, 

physiology, and growth. Some of these 

changes bring about avoidance and tolerance 

mechanisms in plants under water stress 

conditions. At the molecular level, ABA 

induces expression of several genes mediated 

through ABA-responsive cis and trans-acting 

factors and protein kinases or phosphatases in 

a Ca
2+ 

dependent or independent signaling 

cascade (Bray, 2002; Nakashima et al., 2009). 

ABA-dependent pathways regulate stress-

responsive gene expression through CBF4, 

MYB/MYC, and bZIP-type TF, which bind 

CRT/DRE, MYBR/MYCR-recognition 

sequences, and ABA-responsive elements 

(ABRE), respectively. These pathways are 

induced by drought as well as salinity stress. 

 

Several genes are recognized to be induced by 

drought, salinity, and cold in aba (ABA-

deficient) and abi (ABA-insensitive) 

Arabidopsis mutants. This suggests the 

existence of alternative, ABA-independent 

regulatory systems of gene expression during 

stress responses. In fact there is an ABA-

independent pathway whose genes have one 

or several copies of the CRT/DRE cis 

elements in their promoters. A family of TF 

known as CBF or DREB1 binds to this 

element and activates transcription of the 

downstream dehydration-responsive genes 

(Stockinger et al., 1997). DREB1 TFs are 

believed to interact with CRT/DRE and 

induce expression of stress-tolerance genes in 

response to cold, whereas DREB2 TFs are 

involved in drought responses (Liu et al., 

1998; Seki et al., 2001). A higher level of 

expression of the Arabidopsis DREB1A TF 

under the control of a stress-inducible 

promoter (RD29A) increased drought 

tolerance in wheat (Pellegrineschi et al., 

2004). In a study with DREB1 expressing 

tobacco, transgenic plants had improved 

drought and low-temperature stress tolerance 

(Kasuga et al., 2004). All these information 

indicate that, even in ABA-independent 

pathways, plants have common mechanisms 

in their physiological responses and tolerance 

to drought. 

 

Although it is important to identify genes that 

protect and maintain cellular structure and 

function under drought stress, the major focus 

should be to improve crop yield by increasing 

carbon gain in such condition. Therefore, it is 

desirable to target genes which are 

responsible for increasing water use 

efficiency (WUE) without incurring yield 

penalties. This may be difficult, because 

improving WUE is often accompanied by 

decreased photosynthesis (Flexas et al., 2004) 

and yield (Condon et al., 2004). Though, 

genes that can modify transpiration efficiency 

by acting on epidermal and mesophyll 

development or stomatal density and porosity 

may circumvent this problem. A gene that 

directly regulates plant transpiration has been 

identified in Arabidopsis (Masle et al., 2005). 

This is the regulatory gene ERECTA, 

encoding a leucine-rich repeat receptor-like 

kinase. Its expression led to high 

photosynthesis and low stomatal conductance, 

which resulted in high WUE (Masle et al., 

2005). Some other regulatory genes that have 

been found to control stomatal conductance 

are OST, encoding a protein kinase (Mustilli 

et al., 2002) and ABF3 and ABF4 TF (Kang 

et al., 2002). A higher level of expression of 

OST1, ABF3, and ABF4 in transgenic plants 

resulted in reduced transpiration (Kang et al., 

2002; Mustilli et al., 2002). 

 

In a study conducted by Aharoni et al., in 

2004, an ERF/AP2 TF gene SHINE (SHN) 

displayed drought resistance in Arabidopsis. 
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The expression of this gene in rice and tomato 

confers drought resistance, increases WUE 

and biomass production, and reduces whole-

plant transpiration (Karaba, 2007). A 

dominant gain-of-function Arabidopsis 

mutant of HARDY (HRD) gene belonging to 

the ERF/AP2 family of TF termed hrd-D was 

identified (Karaba et al., 2007). Expression of 

the Arabidopsis HRD gene in rice improved 

water use efficiency by enhancing 

photosynthesis and reducing transpiration. In 

addition, plants exhibited drought tolerance, 

lowered water consumption, increased shoot 

biomass under well-watered conditions, and 

an adaptive increase in root biomass under 

drought stress. While a higher level of 

expression of HRD in Arabidopsis produces 

smaller plants with thicker leaves and more 

chloroplast-bearing mesophyll, in rice there is 

an increase in leaf biomass and bundle sheath 

cells that probably contribute to enhanced 

photosynthetic assimilation and efficiency. 

 

Drought stress is a universal problem, 

constraining the growth and development of 

crop plants and thus affects the global crop 

production and quality of produced items. The 

recent global climate change has made this 

situation more serious. Following drought, 

stomata close progressively with a parallel 

decline in net photosynthesis and water-use 

efficiency. Depending upon the availability of 

moisture, activities of the enzymes of carbon 

assimilation and those involved in adenosine 

triphosphate synthesis are decreased and 

sometimes inhibited. One of the major factors 

responsible for impaired plant growth and 

productivity under drought stress is the 

production of reactive oxygen species in 

organelles including chloroplasts, 

mitochondria and peroxisomes. The drought 

tolerance mechanism involves a number of 

physiological and biochemical processes at 

cell, tissue, organ and whole-plant levels, 

when activated at different stages of plant 

development. Examples of these mechanisms 

are reduction in water loss by increasing 

stomatal resistance, increased water uptake by 

developing large and deep root systems, 

accumulation of osmolytes and 

osmoprotectant synthesis. Scavenging of 

reactive oxygen species by enzymatic and 

non-enzymatic systems, cell membrane 

stability, expression of aquaporins and stress 

proteins are also vital mechanisms of drought 

tolerance. Although physiological 

mechanisms of drought tolerance are 

relatively well understood, further studies are 

essential to determine the physiological basis 

of assimilate partitioning from source to sink. 

The plant phenotypic flexibility which leads 

to drought tolerance and factors that modulate 

plant drought-stress responses are also some 

areas where in depth study is still needed. The 

applications of genomics, proteomics and 

trascriptomic approaches for better 

understanding of the molecular basis of plant 

drought tolerance and improved water-use 

efficiency under drought are also urgent. The 

molecular knowledge of drought stress 

response and the drought tolerance 

mechanisms is likely to pave the way for 

engineering plants that can withstand and give 

satisfactory economic yield under drought 

stress. 
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