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Various plant’s responses and strategies to cope 

with the water deficit: A review 

 
Vara Prasad KVGK and Rama Rao G 

 
Abstract 

When plants themselves get exposed to water stress especially water deficit, plants have to face the 

negative consequences on their morpho-physiological traits in various ways. In the light of Climate 

Change phenomenon across the world, drought is the most frequently occurring natural disaster in the 

tropical regions especially in the arid and semi-arid belts and substantially decline the yield of crops. 

Plants too have evolved various strategies at morphological, physiological, biochemical and molecular 

levels to encounter other abiotic stresses as well. Some species are better able to adapt than others and 

various anatomical, structural and biochemical mechanisms account for acclimation. Therefore, this 

review is confined to effect of water stress i.e., deficit stress on the plants and the mechanism of drought 

resistance in plants on a morphological, physiological and molecular basis and also on recent studies 

which suggest that changes in gene expression at the level of transcriptional and translational control of 

protein synthesis are involved [1]. 

 

Keywords: Water stress, drought resistance, phenotypic plasticity, osmotic adjustment, signal 

transduction, ABA role 

 

Introduction 

Water is the very essential component of all living beings for their survival. However, either 

excess water available to the plants or water deficit stress causes the strain in the plant’s life. 

Plants grow and reproduce in harsh environments containing a variety of abiotic factors that 

vary both temporally and spatially. The primary abiotic environmental parameters that effect 

plant growth are light (intensity, quality, & duration), water (soil availability and humidity), 

carbon dioxide, oxygen, soil nutrients, temperature and toxins. But any considerable 

fluctuations in these factors i.e., stress, plants are subject to negative biochemical and 

physiological consequences i.e., strain. Owing to sessile nature, plants have to face these 

abiotic stresses. Stress can be defined as any environmental condition that prevents the plant 

from achieving its full genetic potential.  

Water deficit stress triggers a wide variety of plant responses. Plant responses to water deficit 

can be a part of the mechanisms that permit the plant to withstand the stress. Alternatively, 

such responses may be a manifestation of injury that has occurred in response to the water 

deficit stress. The response depends on the severity and duration of this stress, the 

developmental stage of the affected plant, the tissue type, and the interaction of a multitude of 

stresses. Features of the plant, including organ or tissue identity, developmental age and 

genotype also influence plant’s responses to the water stress. Mechanisms that permit water 

stress survival are termed as drought resistance mechanisms although the term ‘drought’ is 

related to Meteorology. These mechanisms can allow plants either to avoid or tolerate water 

deficit stress. 

 

Water deficit and its effects 

Water deficit in plants can be induced by many environmental conditions. Periods of little or 

no rainfall can lead to a meteorological condition called drought. Transient or prolonged 

drought conditions reduce the amount of water available for plant growth. However, water 

deficit also occurs sometimes due to salinity or cellular dehydration caused by freezing 

temperatures. Water status of the plant can be described by two parameters viz., water 

potential and Relative Water Content (RWC). The water potential of plant organs such as roots 

or leaves can be measured by using a pressure chamber or a thermocouple psychrometer [2]. 

Thus, measuring the water status of the plant is an important parameter for determining the 

impact of the environmental condition. 

Water deficit can affect plants differently during vegetative versus reproductive growth. When 

plant cells experience water deficit, cell dehydration occurs.  



 

~ 160 ~ 

Journal of Pharmacognosy and Phytochemistry 
Cell dehydration adversely affects many basic physiological 

processes. Reduction of water potential, cell dehydration and 

hydraulic resistance are the primary effects whereas reduced 

cell/ leaf expansion, reduced cellular and metabolic activities, 

stomatal closure, photosynthetic inhibition, leaf abscission, 

altered carbon partitioning, cytorrhysis, cavitation, membrane 

and protein destabilization, Reactive Oxygen Species (ROS) 

production, ion cytotoxicity, cell death etc., are the secondary 

effects [1]. 

 

Drought resistance 

Drought resistance mechanisms have been divided into 

several types. Drought tolerance at high water potential i.e., 

ability to maintain tissue hydration is called desiccation 

postponement whereas drought tolerance at low water 

potential i.e., ability to function while dehydrated is called 

desiccation tolerance. Among desiccation postponers, plants 

can be further categorised into water spenders and water 

savers. In fact, the terms ‘drought avoidance’ and ‘drought 

tolerance’ that appear in old literature are misnomers because, 

drought is a meteorological condition. A drought avoidance 

mechanism provides another class of plants called 

“Phreatophytes” characterised by deep roots with improved 

access to ground water, so that they can survive long periods 

without rain. Contrary to this, desert ephemerals developed a 

third category strategy called, ‘drought escape’ that comprises 

plants completing their life cycles during the wet season, 

before the onset of drought. These are the only true drought 

avoiders. The water-limited productivity of plants will depend 

on the total amount of water available and the water use 

efficiency of the plant. Drought resistance strategies vary with 

climatic or soil conditions. A plant that is capable of acquiring 

more water or that has higher water use efficiency will have 

greater stress resistance to drought. 

 

Acclimation 
In addition to these, plants posses another kind of strategies 

called, acclimation mechanisms that are activated in response 

to water stress. The adjustment of individual organisms in 

response to changing environmental factors is achieved by 

acclimation. Individual plants respond to changes in the 

environment by directly altering their physiology or 

morphology to enhance survival and reproduction. Moreover, 

physiological adjustment to abiotic stress involves trade-offs 

between vegetative and reproductive development. Such 

responses do not require new genetic modifications. 

Acclimation represents a non-permanent change in the 

physiology or morphology of the individual plant that can be 

reversed if the prevailing environmental conditions change. 

Epigenetic mechanisms that alter the expression of genes 

without changing the genetic code of an organism can extend 

the duration of acclimation responses and make them 

heritable. During acclimation an organism alters its 

homeostasis, its steady-state physiology, to accommodate 

shifts in its external environment [2]. 

Acclimation allows plants to respond to environmental 

fluctuations. In addition to genetic changes in entire 

populations, individual plants may acclimate to periodic 

changes in the environment by directly altering their 

morphology or physiology. The physiological changes 

associated with acclimation require no genetic modifications, 

and many are reversible. Hardening off process of gardening 

plants is one example of it. Acclimation strategies also vary 

with the growth habit be it determinate or indeterminate one. 

Acclimation to stress also involves transcriptional regulatory 

networks called regulons. Transcrptional regulators or 

transcription factors are proteins that bind specific DNA 

sequences and activate or suppress the expression of different 

genes. Combination of different transcription factors can 

generate a gene network responding to a particular abiotic 

stimulus, with some genes being activated and some 

suppressed. Such transcriptional regulatory networks 

responding to abiotic stress have been termed stress response 

regulons [2]  

 

Adaptations 

When genetic changes in an entire plant population have been 

fixed over many generations by selective environmental 

pressure, those changes are referred to as adaptations. 

Drought Resistance mechanisms constitute adaptations, 

evolutionary improvements that enhance the environmental 

fitness of a population of organisms. Some plants possess 

adaptations such as the C4 and CAM modes of metabolism, 

that allow them to exploit more arid environments. Besides, 

sunken stomata, light reflective spines and deep roots are 

among the constitutive, genotypically determined traits for 

stress resistance that are expressed whether the plants are 

stressed or not. Adaptations to stress involves genetic 

modifications over many generations [1]. 

 

Plants Responses 

Phenotypic plasticity 

Plants show a wide variety of responses at different levels 

when they are subject to water deficit. Decreased leaf area is 

an early response to water deficit. The earliest responses to 

this stress appear to be mediated by biophysical events rather 

than by changes in chemical reactions due to dehydration. The 

lower hydrostatic pressure or turgor occurs due to decrease in 

cell volume by cell shrinkage. As cells contract further, the 

solutes in the cells become more concentrated. The plasma 

membrane also becomes thicker. As cell expansion, a turgor 

dependent process, is inhibited, the leaf expansion also slows 

down. Thus, leaf area is limited and it results in decline in 

transpiration. Water stress not only limits the size of 

individual leaves, but also limits the number of leaves on an 

indeterminate plant because it decreases both the number and 

the growth rate of branches. Water deficit also stimulates leaf 

abscission [1]. 

 

Changes in the root system architecture 

Plant growth is greatly affected by deficit. At a morphological 

level, the shoot and root are most affected and both are key 

components of plant adaptation to drought. Plants generally 

limit the number and area of leaves in response to drought 

stress just to cut down the water budget at the cost of yield 

loss [3]. Since roots are the only source to acquire water from 

soil, the root growth, its density, proliferation and size are key 

responses of plant to drought stress [4]. 

Plants constantly obtain water (and nutrients as well) from the 

soil through the roots. Hence, the root system plays a critical 

role in response to water deficit stress. Some plants have 

robust ability to increase root growth at the early stage of 

drought stress to absorb the water in deep soil [5] A positive 

correlation have been found between penetration ability of 

roots and the degree of drought resistance in Phaseolus 

acutifolius [6]. The length, weight, volume, and density of 

plant roots were also reported to be associated with the 

drought resistance in crops [7, 8]. Nevertheless, other research 

showed a lack of perceptible association between root traits 
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with single plant and plot yield under reproductive stage 

stress in rice [9]. In dry areas, woody plant seedlings have 

vertical roots with ten times the length of the above ground 

height [10]. With this extensive root system and rooting depth, 

plants are able to maintain a higher water potential and a 

longer duration of transpiration under drought conditions, 

which provides further advantages for their growth and 

development [11]. Rooting depth, volume, and distribution are 

mainly influenced by the depth and range of soil moisture. In 

cases of soil water deficit, plant dynamically adapt and 

modify their root system architecture by changing their root 

growth in diverse manners depending on the species [12, 13]. It 

is evident that severe soil water deficit can reduce root 

elongation, branching, and the formation of the cambium 

layer, and root tips of plant growing in arid soil become 

suberized [14].  

 

Altered Root-Shoot Ratio 

Root growth is also influenced by the water or nutrient status 

of the aerial portion of the plant [15]. Increased root/shoot 

ratios are often observed under water stress conditions [16, 17]. 

For a long time, the root/shoot ratio has been used as a 

criterion to describe the plant capacity for drought resistance 
[18, 19]. Roots are the key plant organ for adaptation to drought. 

If tolerance is defined as the ability to maintain leaf areas and 

growth under prolonged vegetative stage stress, the main 

basis of variation appears to be constitutive root system 

architecture that allows the maintenance of more favourable 

plant water status [20]. The possession of a deep and thick root 

system allowed access to water deep in the soil, which was 

considered important in determining drought resistance in 

upland rice [4]. Evidence suggests that it is quality, i.e., the 

distribution and structure and not quantity of roots that 

determines the most efficiency strategy for extracting water 

during the crop-growth season. The drought tolerance of tea, 

onion and cotton was increased by improved root growth and 

root functioning. Selection for a deep and extensive root 

system has been advocated to increase productivity of food 

legumes under moisture-deficit conditions as it can optimize 

the capacity to acquire water [21]. 

 

Leaf traits  

The morphological and physiological responses of leaves to 

drought stress are crucial to reduce water loss and promote 

water use efficiency. When plums sense severe water 

deficiency, their leaves droop or roll because of the loss of 

cell turgor pressure, this phenomenon is called wilting [22]. 

High rates of transpiration temporarily induce an insufficient 

water supply, and some plums wilt around the middle of the 

day, while a decline in transpiration relieves the water deficit 

at night, and the rolled leaves slowly re-expand. Wilting is a 

passive movement of plant leaves to prevent excess water 

consumption under drought stress Conditions. Apart from 

this, some plants can actively adjust the orientation of leaf 

blades to keep them parallel to the direction of incident solar 

radiation rolling. The phototropic movement of plant leaves 

can regulate the interception of solar radiation [23, 24], when the 

leaf blades expand in a direction perpendicular to the 

direction of solar radiation. The single blade receives the 

largest amount of radiation, while deviation from the vertical 

direction will reduce the amount of radiation. Upright leaves 

under water mess conditions will receive less radiation, 

resulting in reduced water loss and better overall water status, 

indicating that erect leaves are an effective mechanism of 

drought avoidance [25, 26, 27]. Leaf rolling is a common 

response of plants to water deficit and it is a mechanism to 

reduce water consumption when water stress is present [23]. 

Leaf rolling is a drought-adaptive trait induced by turgor 

pressure, and osmotic adjustment can delay leaf rolling [28]. 

Both passive and active leaf movements have a role in 

reducing incident solar radiation and thus reducing leaf 

surface temperature, protecting plants from excess water loss.  

Plants with increased drought resistance often have 

xeromorphic structures such as smaller and thicker leaves, 

more epidermal trichomes, smaller and denser stomata, a 

thicker cuticle on the epidermis, thicker palisade tissue, a 

higher ratio of palisade to spongy parenchyma thickness, and 

more developed vascular bundle sheath [29]. Leaf epidermal 

trichomes reduce plant transpiration under intense light 

conditions and help to reflect light [30]. Lipids accumulate in 

the epidermis to form wax and increase the reflectivity of 

sunlight to prevent plants from excessive transpiration and 

high leaf surface temperatures [31]. The fortified sclerenchyma 

(mechanical tissue) can reduce the damage from wilting and 

protect the plants from direct light irradiation [32]. Palisade 

tissues and vascular bundles ensure transportation and 

retention of water and nutrients [33]. These features effectively 

reduce excess water loss and enhance the water-holding 

ability to avoid damage from exposure to drought stress 

conditions. 

 

Role of the Stomata 

Stomata are the pores which formed in the leaves of terrestrial 

plants during a long-term evolutionary process. As the vital 

organs for exchanging gas and water between the plants and 

the external environment, stomata play critical role in the 

activities of plant life by ensuring maximum absorption of 

CO2 for photosynthesis, and meanwhile controlling the 

optimal transpiration. The stomatal density and aperture are 

closely related to plant drought resistance [34]. Guard cells 

which in pairs surround the stomatal pores are extremely 

sensitive to environmental conditions. After receiving the 

environment stimuli, changes of water potential and turgor 

movement in guard cells control the opening and closure of 

stomata, further regulate pivotal physiological processes in 

plants such as transpiration and photosynthesis. Under water-

liming conditions, the function of stomata in adjusting 

transpiration is particularly important. Stomata of water-

saving plants (Which avoid dehydration by reducing 

transpiration) are sensitive to water deficit, and the leaf 

stomata close before the leaf water status approaches wilting, 

thereby exerting a DA function. Stomata respond to water 

stress mainly in two ways: [1] as a direct response to the air 

humidity in which guard cells and adjacent epidermal cells 

directly evaporate moisture to include stomatal closure and 

prevent leaf water deficit, and [2] stomata respond to the water 

potential changes in the leaves in which stomata close when 

the leaf water potential falls below a certain threshold. 

Stomatal movement is controlled by osmatic potential 

changes in guard cells, and k+ is one of the major ions 

affecting the osmatic potential in guard cells [35]. The influx of 

efflux of k+ from the guard cells play a critical role in 

changing the osmatic potential and the turgor pressure, which 

leads to the opening or closure of the stomata [36]. The 

outward and inward K+ channels on the plasma membrane of 

guard cells are vital to the transmembrane transport of K+. 

There are various specific proteins such as substrate-binding 

proteins (including ABA-binding proteins, acetylcholine 

receptors, GTP-binding proteins, and light receptors), Pumps, 

and channels on the plasma membrane of guard cells which 
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are involved in the control of stomata movement [37, 40]. These 

proteins are crucial for receiving and transducing stress 

signals in guard cells. And continue the fundamental basis of 

the opening and closure of the stomata under drought stress 

conditions. Furthermore, numerous studies suggest that 

stomatal movement is also controlled by the ABA signaling 

which is triggered by roots in drying soil profile [41, 42]. 

Stomatal closure is an important strategy to support water 

consideration by plants during drought stress. Thus, better 

understanding of the stomatal movement mechanisms is 

crucial for optimizing water use efficiency related to drought 

resistance in plants. Besides, other leaf-associated traits such 

as epidermal hairs, cuticular wax, along with leaf water 

potential, relative water content, water loss rate, and canopy 

temperature are also used as criteria for appraisal of DA [5]. It 

has long been established that plant bearing small leaves are 

typical to xeric environments. Such plants withstand drought 

very well, albeit their growth rate and biomass are relatively 

low [43]. Leaf pubescence is a xeromorphic trait that helps 

protect the leaves from excessive heat load. Hairy leaves have 

reduced leaf temperatures and transpiration [44] whilst inter 

and intra-specific variation exists for the presence of this trait. 

Under high temperature and radiation stress, hairiness 

increases the light reflectance and minimizes water loss by 

increasing the boundary layer resistance to water vapor 

movement away from the leaf structure. Although drought 

stress also includes the production of trichomes on both sides 

of wheat leaves, they had no significant influence on 

boundary layer resistance. 

To sum up, plants may escape drought stress by cutting short 

their growth duration, and avoid the stress with the 

maintenance of high tissue water potential either by reducing 

water loss from plants or improved water uptake, or both. 

Some plants may reduce their surface area either by leaf 

shedding or production of smaller leaves. 

 

Role of Phytohormones in Signal Transduction 

Phytohormones such as auxins, gibberellins, cytokinins, 

ethylene, abscisic acid, polyamines, brassinosteroids, 

jasmonates and strigolactones when applied externally or 

produced internally, influence physiological processes of 

plants at very low concentrations. Under drought conditions, 

among these hormones like ethylene, abscisic acid play a key 

role in coping with these adverse conditions. 

Auxins induce new root formation by breaking root optical 

dominance induced cytokinins. As a prolific root system is 

vital for drought tolerance, auxins have an indirect but key 

role in this regard. Drought stress limits the production of 

endogenous auxins, usually when contents of abscisic acid 

and ethylene increase [45]. Nevertheless, exogenous 

application of indole-3-butyric acid synthetase from 

Arabidopsis is also drought-inducible [46]. Experiments with 

indole-3-yl-acetic acid and ethylene glycol tetra-acetic acid 

suggested that calcium and auxin participate in signaling 

mechanisms of drought- induced proline accumulation [47]. 

Drought rhizogenesis is an adaptive strategy that occurs 

during progressive drought stress and is reported from 

Brasicaceae and related families by the formation of short, 

tuberized, hairless roots. These roots are capable of 

withstanding a prolonged drought period and give rise to a 

new functional root system upon rehydration. The drought 

rhizogenesis was highly increased in the gibberelic acid 

biosynthesis mutant ga5, suggesting that some gibberrelic 

acid might also participate in this process [48]. 

Abiscisic acid is a growth inhibitor and produced under a 

wide variety of environmental stresses, including drought. All 

plants respond to drought and many other stresses by 

accumulating abscisic acid. Abiscisic acid is ubiquitous in all 

flowering plants and is generally recognized as a stress 

hormone that regulates gene expression and acts as a signal 

for the initiation of processes involved in adaptation to 

drought and other environmental stresses. It has been 

proposed that abscisic acid and cytokinin have opposite roles 

in drought stress. Increase closure and limit water loss 

through transpiration under water stress [49]. When plants wilt, 

abscisic acid levels typically rise as a result of increased 

synthesis [50]. Increased abscisic acid concentration leads to 

many changes in development, physiology and growth. 

Abscisic acid alters the relative growth rates of various plants 

parts such as increase in the root-to-shoot dry weight ratio, 

inhabitation of leaf area development and production of 

prolific and deeper roots [51]. It triggers the occurrence of a 

complex series of events leading to stomatal closure, which is 

as important water-conservation response [52]. In a study on 

generic variation for abscisic acid accumulation in rice, a 

consistent negative relationship between the ability of 

detached and partially dehydrated leaves to accumulate 

abscisic acid and leaf weight was established [43]. By its 

proposed cellular events and signaling cascades in a plant cell 

responding to drought stress. Drought stress is perceived by 

an unknown mechanism, which then activates the signaling 

cascades, plausibly by abscisic acid (ABA), hydrogen 

peroxide (H2O2) and calcium (Ca+2). These cascades then 

activate the synthesis of specific protein kinases which 

activate main downstream responses such as changes in gene 

expression. The response to these signaling cascades also 

result in changes in plant metabolism including activation and 

synthesis of antioxidants, synthesis and accumulation of 

osmoprotectants and solutes, and stomatal closure under acute 

drought stress. Effect in closing stomata, abscisic acid can 

control the rate of transpiration And, to some extent, may be 

involved in the mechanism conferring drought tolerance in 

plants. 

Abscisic acid includes expression of various water stress 

related genes. In a recent study, [53] reported a regulatory role 

of telomeric repeat binding factor gene 1 in abscisic acid 

sensitivity and drought response during seedling development 
[54]. Suggested the existence of abscisic acid-dependent and 

abscisic acid-independent transduction cascades and pathways 

to act as a signal of drought stress and expression of specific 

water stress-induced genes. Abscisic acid produces such 

changes that confer an ability to maintain cellular turgor to 

withstand dehydrative forces. 

Ethylene has long been considered a growth inhibitory 

hormone, although it is involved in environmentally driven 

growth inhabitation and stimulation [1]. He response of cereals 

to drought includes lo0ss of leaf function and premature onset 

of senescence in older leaves. Ethylene may serve to regulate 

leaf performance throughout its life span as well as to 

determine the onset of natural senescence and metabolic 

drought-induced senescence [57]. Recent studies suggest that 

growth promotion is a common feature in ethylene responses. 

To escape this adversity, plants can option this response also 

involves ethylene synthesis [58]. 

Among the other endogenously produced growth regulating 

factors, the role of salicylic acid in the induction of tolerance 

against several abiotic stresses has been emphasized recently. 

In the case of drought tolerance, the role of endogenously 

produced salicylic acid is still enigmatic. Salicylic acid 
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promotes the generation of Reactive Oxygen Species (ROS) 

in photosynthetic tissues of Arabidopsis thaliana during 

osmotic stress [59]. 

Polyamines are known to have profound influence on plant 

growth and development. Being cationic, polyamines can 

associate with anionic components of the membrane, such as 

phospholipids, thereby protecting the lipid bi-layer from 

deteriorating effects of stress [60]. There has been a growing 

interest in the study of polyamine participation in the defense 

reaction of plants against environmental stresses and 

extensive research efforts have been made in the last two 

decades [60, 61]. Many genes for enzymes involved in 

polyamine metabolism have been cloned from several species, 

and their expression under several stress conditions has been 

analyzed. For example, the apple spermidine synthase, which 

substantially improves abiotic stress tolerance including 

drought [62]. 

Among various polyamines, a rise in the putrescence level is 

generally due to an enhanced arginine decarboxylase activity 
[60]. Compared with the sensitive plants stress-tolerant plants 

generally have a greater capacity to synthesize polyamines in 

response to stress, resulting in a two to three fold rise in 

endogenous polyamine levels over the unstressed ones [61]. 

Recent studies suggested that rice has a great capacity to 

enhance polyamine biosynthesis, particularly spermidine and 

spermine in free form and putrescence in insoluble-

conjugated form, in the leaves earlier in response to drought 

stress. This was considered as an important physiological trait 

of drought tolerance in rice [63].  

 

Osmotic adjustment 

Major abiotic stress factors such as salt and drought adversely 

affect important physiological processes and biochemical 

mechanisms and cause severe loss in crop productivity 

worldwide. Plants develop various strategies to stand healthy 

against these stress factors. Osmotic adjustment is a 

biochemical mechanism that helps plants acclimate to water 

deficit conditions due to dry or saline soils. Many drought 

tolerant plants can regulate their potentials to compensate for 

transient or extended periods of water stress. This process is 

called osmotic adjustment, results from a net increase in the 

number of solute particles present in the plant cell. Thus, 

decrease in plant water potential may be brought about by 

osmotic adjustment, the accumulation of compatible solutes 

that promote acclimation to dry or saline soils. Compatible 

solutes, also known as compatible osmolytes are a small 

group of chemically diverse organic compounds that are 

highly soluble and do not interfere with cellular metabolism, 

even at high concentrations. Synthesis and accumulation of 

organic osmolytes are widespread in plants, but the 

distribution of specific compatible solutes varies among plant 

species.  

Substances currently known to be involved in osmatic 

adjustment encompass several types of organic compounds 

such as mannitol, proline, glycine, betaine, trehalose, fructan, 

inositol, and inorganic ions [55, 56]. These organic substances 

can regulate the plasma membranes. In addition, changes in 

the ion and water channels control the export and import of 

ions and moisture for plant cells, which also contributes to 

osmotic adjustment. The organic ions mainly regulate the 

osmatic potential of the vacuole to maintain turgor pressure. 

However, a high concentration of inorganic ions is likely to 

cause metabolism disorders in plant cells. Hydration of the 

membrane and the surface layer of intracellular proteins are 

also important for stabilizing the surface bound water of and 

sustaining the spatial structure of biological macromolecules. 

The accumulation of proline is one of the striking metabolic 

responses of plants to salt and drought stress. Proline 

biosynthesis and signaling contribute to the redox balance of 

cell under normal and stressful conditions. The amino acid 

proline is accumulated by a taxonomically diverseset of 

plants, whereas accumulation of the quaternary ammonium 

compound beta- alanine betaine appears to be confined to 

representatives of a few genera in Plumbaginaceae (Leadwort 

family). One mechanism for increasing solute concentrations 

is the irreversible synthesis of compounds such as glycine 

betaine. Concentrations of other compatible solutes like 

proline are maintained through a combination of synthesis and 

catabolism. Monomeric sugars are also released from 

polymeric form in response to stress. The role that compatible 

solutes play in osmotically stressed plants often has been 

defined as “osmoprotection. ” Glycine betaine is synthesized 

and accumulated by many algae and higher plants. Its 

distribution among plants is sporadic in Chenopodiaceae 

(Goosefoot family). Glycine betainevis synthesized from 

Choline in a two-step pathway. It’s accumulation is regulated 

by the rates of it’s synthesis and transport. Mannitol, D-

Pinitol etc., are polyhydric alcohols. Mannitol is the reduced 

form of the sugar mannose. This sugar alcohol is broadly 

distributed among plants. D- Pinitol, a cyclic sugar alcohol is 

a major solute in members of Pinaceae, Fabaceae and 

Caryophyllaceae. pinitol is believed to be synthesized by O-

methylation of myo-inositol that forms ononitol in 

Angiosperms sequoyitol in Gymnosperms. In addition to 

osmotic adjustmen, some compatible solutes may serve other 

protective functions.  

 

Altered metabolism 

Plant production is mainly determined by photosynthesis and 

plant photosynthesis is governed mainly by stomata for 

CO2/water exchange and photosynthesis activity in mesophyll 

cells. Water stress affects not only the light reactions, but also 

assimilation efficiency of the dark reactions, thereby reducing 

the contents of the photosynthesis products (64,65,66).Plants 

have evolved three photosynthetic pathway including C3, C4, 

and Crassulacean Acid Metabolism (CAM) to assimilate 

atmospheric CO2. Generally, plants utilizing C3 and CAM 

photosynthetic mechanisms can better adapt to drought-prone 

climate [67]. C3 plants open their stomata during the day for 

CO2 absorption and fixation and close their stomata at night. 

This mechanism is deficient when C3 plants confront water 

limitation because it doesn’t retain moisture under drought 

stress conditions. C4 plants have evolved a metabolic pump to 

concentrate CO2 in the bundle sheath cells, and perform the 

fixation of CO2 in mesophyll cells and the bundle sheath cells 

separately [68]. This particular mechanism contributes to 

higher water use efficiency than that of C3 plants and provides 

more chances for C4 plants to survive in arid areas [68]. In the 

CAM cycle photosynthesis pathway, plants open their stomata 

for CO2 absorption and fixation at night, and close their 

stomata to reduce transpiration of water loss during the day. 

Therefore, CAM metabolism can dramatically increase the 

water use efficiency and is proposed to be a plastic 

photosynthesis adaptation to extremely arid environments [69]. 

When challenged by water stress, some plants considered as 

facultative CAM species are capable of switching their 

photosynthesis pathway from the C3 cycle to the CAM cycle 

mode [70, 71]. Researchers have found that the key enzyme in 

the CAM metabolic pathway, phosphoenolpyruvate 
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carboxylase is transcriptionally regulated by water stress 

conditions. [72].  

 

Role of Proteins 

Aquaporins and defensive proteins 

Effects of water deficit and perturbing ions on the membrane 

may be minimized by the action of carriers, pumps and 

channels. Synthesis and activity of aquaporin may be up- 

regulated in response to drought water movement through 

aquaporins can be modulated rapidly. In Arabidopsis, water 

deficit strongly induces expression of the Rd28 gene, which 

encodes a member of of the MIP (Major Intrinsic Protein) 

family. The aquaporin RD28 is located in the plasma 

membrane. A wide range of mechanism and molecules have 

been studied which play important role in drought tolerance. 

Under abiotic stress a group of proteins i.e., aquaporins are 

responsible for water regulation In the plants. Functional 

characterization of these aquaporins and other protective 

proteins has proved the importance of their regulation under 

abiotic stress. Overexpression of the protective genes in 

transgenic plants not only enhances the drought tolerance in 

plants but also improve the tolerance against other abiotic 

stress as well. These genes are responsible either for signaling 

or activation of some regulatory pathways or encode some 

enzymes which involves in the synthesis of structural and 

functional protectants. Under the stress conditions, plants 

build up some new protective proteins like (HSP) heat shock 

proteins and late embryogenesis abundant (LEA) proteins. 

Complete information regarding the regulation of these 

protective proteins can help biotechnologist to enhance the 

adaption and drought tolerance ability in plants. HSP are 

produced by plants in stress conditions especially in response 

to high temperature [85]. 

Aquaporins are channel proteins which are responsible for 

water transportation. Aquaporins form selective water 

transport channels in plant cells and regulate the rapid 

transmembrane transport of moisture during the processes of 

seed germination, cell elongation, stomatal movements, and 

abiotic stress responses. Aquaporins are divided into three 

groups according to their subcellular location: plasma-

membrance-intrinsic proteins (PIPs), tonoplast-intrinsic 

proteins (TIPs), and nodulin-26-like major-intrinsic proteins 

(NLMs), Aquaporins mediate passive water transport along 

the osmotic pressure gradient inside and outside the 

membrane, and they are capable of regulating the moisture 

balance for the entire plant under drought stress conditions. 

This is achieved by maintaining the water potential balance 

between the xylem parenchyma cells and the transpiration 

current, regulating water transport across cells and tissues, as 

well as adjusting the cell turgor and volume Further, 

characterization of key genes controlling the biosynthesis and 

metabolism pathways of these OA substances may provide 

useful candidate genes for improving drought tolerance by 

transgenic approach.  

 

LEA Proteins 
Additional genes are also induced by water stress. Some seed 

proteins may protect vegetative tissues from stress called LEA 

(Late Embryogenesis Abundant) proteins. Amelioration of 

plant stress may also arise from the function of a set of genes 

discovered during the investigation of the desiccation stages 

of seed development. Seven groups of LEA genes have been 

identified, based on homology among different species. 

Majority of these proteins are hydrophilic and soluble when 

boiled. However, not all groups have these characteristics 

several LEA encoding genes have been shown to function in 

stress resistance by using over-expression technology in 

transgenic plants. They are low-molecular weight proteins 

which are usually between 10 and 30 KDa and consist of 

basic amino acids rich in lysine, glycine, and serine and 

commonly lack cystein and tyrosine residues [73]. LEAs are 

not only hyper hydrophilic proteins but also have extremely 

high thermal stability. LEA proteins can protect biological 

macro molecules, redirect intracellular water distribution, 

bound to inorganic ions to avoid the damage caused by 

drought stress and also prevent excessive dehydration of plant 

tissues and also controls the expression of other genes by 

binding to nucleic acids [74]. 

 

Molecular basis of drought resistance 

Abiotic stresses (such as drought) induce the expression of the 

following transcription factors. They bind to cis-elements, 

resulting in a change in stress response and tolerance. Various 

other types of genes also are induced by water deficit, 

including those that may protect the plant from secondary 

biotic stresses. Osmotin, a tobacco protein with antifungal 

activity, accumulates during water deficit. The mechanisms of 

gene induction are regulated by specific DNA elements: two 

classes of elements, ABRE and DRE, have been found in 

many water deficit induced genes. 

The molecular control of drought tolerance is also very 

complex and is influenced other factors such as environment 

and the developmental stage of the plant. This control consists 

mainly of transcriptional factors, such as dehydration-

responsive element-binding protein (DREB), abscisicacid 

(ABA)-responsive element-binding factor (AREB), and NAM 

(no apical meristem). In response to drought conditions, there 

is an alteration of gene expression, induced by or activated by 

transcription factors (TFs). These TFs bind to specific cis-

elements to induce the expression of targeted stress-inducible 

genes, allowing for products to be transcribed that help with 

stress response and tolerance. Some of these include 

dehydration-responsive element-binding protein (DREB), 

ABA-responsive element-binding factor (AREB), no apical 

meristem (NAM), Arabidopsis transcription activation factor 

(ATAF), and cup-shaped cotyledon (CUC). Much of the 

molecular work to understand the regulation of drought 

tolerance has been done in Arabidopsis, helping elucidate the 

basic processes below. 

 

DREB TFs 

DREB1/CBF TFs: DREB1A, DREB 1B, and DREB 1C are 

plant specific TFs which bind to drought responsive elements 

(DREs) in promoters responsive to drought, high salinity and 

low temperature in Arabidopsis. Over-expression of these 

genes enhance the tolerance of drought, high salinity, and low 

temperature in transgenic lines from Arabidopsis, rice, and 

tobacco.DREB2 TFs: DREB proteins are involved in a variety 

of functions related to drought tolerance. For example, DREB 

proteins including DREB2A cooperate with AREB/ABF 

proteins in gene expression, specifically in the DREB2A gene 

under osmotic stress conditions [6]. DREB2 also induces the 

expression of heat-related genes, such as heat shock protein. 

Over-expression of DREB2Aca enhances drought and heat 

stress tolerance levels in Arabidopsis.  

 

AREB/ABF TFs 

AREB/ABFs are ABA-responsive bZIP-type TFs which bind 

to ABA-responsive elements (ABREs) in stress-responsive 

promoters and activate gene expression [3]. AREB1, AREB2, 
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ABF3, and ABF1 have important roles in ABA signaling in 

the vegetative stage, as ABA controls the expression of genes 

associated with drought response and tolerance. The native 

form of AREB1 cannot target drought stress genes like 

RD29B in Arabidopsis, so modification is necessary for 

transcriptional activation. AREB/ABFs are positively 

regulated by SnRK2s, controlling the activity of target 

proteins via phosphorylation. This regulation also functions in 

the control of drought tolerance in the vegetative stage as well 

as the seed maturation and germination. 

 

Other TFs 

TFs like NAC (comprised of NAM, ATAF, and CUC), are 

also related to drought response in Arabidopsis and rice. 

Over-expression in the aforementioned plants improves stress 

and drought tolerance. They also may be related to root 

growth and senescence, two physiological traits related to 

drought tolerance. 

 

Engineering Drought tolerance in Plants 

Functional and regulatory genes directly involved in all stress 

related responses in drought tolerant plants are being 

engineered to enhance their function and to introduce these 

responses in drought non tolerant plants. Arabidopsis is a 

model plant for studying drought tolerance because of 

availability of its complete genomic sequence, short term 

generation times, whole transformation protocols, proteomic 

data, microarray, EST sequence tags and wide variety of 

mutants. Potential target gene for drought tolerance is selected 

in a rational way. Water, cold and salinity stress are treated as 

being correlated [75]. Microarray gene expression technology 

is mostly used for identifying target gene. Genome wise 

responses are analyzed by contribution of gene ontology. Due 

to complex nature of this drought stress response modification 

of single component or gene will not be enough. Several 

regulatory and signaling factors should be manipulated 

together. Cross tolerant nature of target gene can be checked 

by additional abiotic stress response expression describing 

experiments. Microarray experiments also identify co-

regulated genes. Up stream promoter sequence is required for 

knowing cis-elements and transcriptional factors. Several 

databases serve this purpose. Transcriptional profiles vary 

between roots and shoot so crude over-expression of selected 

gene is not sufficient. Drought stress responses are function of 

tissues specificity and timing and vary widely. It will be 

beneficial to know about precise transcriptional changes 

occurring after drought to select and design target [76]. At last 

mechanism and site of expression of transgene is also 

necessary to know. Signaling molecule manipulation is a 

reproducible attempt but can result in unfavorable broad 

response. It is economical to manipulate stress-activation 

mediated signaling component instead of using over-

expression of target gene. Engineered APETALAL2 

transcription factor gene enables alfalfa (Medicago 

trancuiata) to tolerate drought stress through wax production 
[77]. Members of R2R3 MYB gene of Arabidopsis AtMYBGO 

and AtMYBBl encode transcriptional factors controlling 

stomatal movement. Mutant Arabidopsis osml/syp61 leads to 

impaired ABA mediated stomatal opening. Engineered 

AtMYBSO gene through null mutation reduces stomatal 

opening. In Arabidopsis post-translationally activation of 

SRK2C kinase in response to stress enhances tolerance. In 

transgenic plants with engineered SRch gene this activity was 

observed much more. Through post-genomic tools transgenic 

constructs can be evaluated. Recently microRNAs responsive 

to drought stress have been discovered and used successfully. 

Mannitol Dehydrogenase (Mtl D) gene when introduced in 

wheat increased drought tolerance. In tobacco plant over-

expression of transgenic Inositol Methyl Transferase (IMTI) 

gene originated from the plants enhanced drought tolerance 
[79] 

 

Conclusion 

Plant growth and productivity is adversely affected by 

nature’s wrath in the form of various biotic and abiotic stress 

factors. Water deficit is one of the major abiotic stresses, 

which adversely affects crop growth and yield. The drought 

resistance of plants is quite complex. For a given plant 

species, plants often combine different categories of 

mechanisms to confer drought resistance at different 

developmental stages. At a particular developmental stage, 

plant drought resistance is associated with a series of events 

(such as stomatal movement, photosynthesis, cell osmotic 

regulation, synthesis of protective macromolecules and 

antioxidants etc.) in every conceivable facet at the 

morphological, physiological and molecular levels. In 

addition to this, natural drought stress is dynamic and 

unpredictable. Therefore, it is rather difficult to 

comprehensively and accurately evaluate the overall drought 

resistance of a given plant species. Plants can be subjected to 

slowly developing water shortages (ie, taking days, weeks, or 

months), or they may face short-term deficits of water (ie, 

hours to days). In these situations, plants adapt by responding 

accordingly, minimizing water loss and maximizing water 

uptake. Plants are more susceptible to drought stress during 

the reproductive stages of growth, flowering and seed 

development. Therefore, the combination of short-term plus 

long-term responses allow for plants to produce a few viable 

seeds. Some examples of short-term and long-term 

physiological responses include: root growth, increased 

root/shoot, increased absorption. Short-term responses: In the 

leaf: root-signal recognition, stomatal closure, decreased 

carbon assimilation. In the stem: inhibition of growth, 

hydraulic changes, signal transport, assimilation of transport. 

In the root: cell-drought signaling, osmotic adjustment. Long-

term responses: In the above-ground portion of the plant: 

inhibition of shoot growth, reduced transpiration area, grain 

abortion, senescence, metabolic acclimation, osmotic 

adjustment, anthocyanin accumulation, carotenoid 

degradation, intervention of osmoprotectants, ROS-

scavenging enzymes. In the below-ground portion of the 

plant: turgor maintenance. The mechanisms behind drought 

tolerance are complex and involve many pathways which 

allow plants to respond to specific sets of conditions at any 

given time. Some of these interactions include stomatal 

conductance, carotenoid degradation and anthocyanin 

accumulation, the intervention of osmoprotectants (such as 

sucrose, glycine, and proline), ROS-scavenging Plants usually 

begin various mechanisms to sustain water in them such as 

through formation of deep roots, pumping of salts into the 

vacuole and out of the cells, increase of water resistive 

diffusion and the formation of small succulent leaves to 

reduce water loss. Osmolytes including polyols, metabolites, 

organic acids, glycine betaine, and proline along with many 

other aminoacids play an important role during drought 

conditions to sustain the proper functioning of plant cells [80]. 

There are many enzymes and substances like polyamines and 

citrulline which work as effective anti-oxidants to limit the 

effect of drought. Researchers have developed several 

techniques to make plants resistant towards drought 
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conditions through breeding and massive screening, 

application of phytohormones exogenously to the plants 

subjecting some osmoprotectants to the seeds for germination 

and good growth genetic engineering, and marker based 

selection methods [81]. The environmental conditions leading 

to drought include low precipitation and high rate of 

evapotranspiration causing reduction in plant cell division, 

proliferation of roots, closure of stomatal pores, changes in 

relation between plant and water uptake efficiency and high 

production of Abscisic acid which further helps decreasing 

the evapotranspiration by controlling stomatal pores [82]. Since 

plant growth is a reversible process with myriad metabolic 

pathways, all the phases such as development, growth 

differentiation of cells, division, elongation, increase in 

volume, and intensification of weight are irreversible in it and 

get affected. [83, 84] In this review paper we have highlighted 

the advances which are being made to make plants more 

droughts tolerant: starting from traditional methods gene and 

regulation, genetic engineering and plant physiology along 

with numerous essential substances which play an important 

role in plant metabolism.   
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