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Abstract

Plants are always exposed to fluctuation of environmental factors. Water stress is one of the main abiotic
factors limiting plant growth and development on most areas of the world. Declining available water trig-
gers various adaptive processes to cope with water deficit stress. These mechanisms can be categorized
into escape, avoidance and tolerance strategies. Avoidance mechanisms are employed to maintain the bal-
ance between water uptake and water loss, while tolerance mechanisms are trying to keep the plant func-
tions the same level as unstressed level. Major molecular mechanisms attributed as tolerance strategies
include osmotic adjustment, Reactive Oxygen Species (ROS) scavenging, cellular components protection
membrane lipid changes and hormone inductions. Huge number of metabolites contributes to these diverse
mechanisms, but broadly can be classified into amino acids, carbohydrates, lipids, proteins and secondary
metabolites. In this review, the role of these compounds is discussed in the contributed mechanisms against
water deficit stress. Identification of these substances (key plant products) and related biochemical pro-
cesses of drought tolerance might help plant breeders and researchers in different ways such as shortening
and facilitating selection procedures in plant breeding programs, improving drought tolerance of sensitive
varieties either by transferring related genes or simply exogenous application.
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Productos vegetales clave y mecanismos comunes utilizados por las plantas en la
respuesta al estrés provocado por el déficit de agua

Resumen

Las plantas se encuentras expuestas a la fluctuacion de los factores ambientales. El estrés hidrico es uno de
los principales factores abidticos que limitan su crecimiento y desarrollo en muchas regiones del mundo.
La disminucidn en la disponibilidad de agua desencadena varios mecanismos adaptativos que les permiten
hacer frente al estrés hidrico. Estos mecanismos se pueden clasificar en estrategias de escape, prevencion
y tolerancia. Los mecanismos de prevencion se usan para mantener el equilibrio entre la captacion y la
pérdida de agua, mientras que los mecanismos de tolerancia mantienen el funcionamiento de la planta a
pesar de las condiciones adversas. Los principales mecanismos moleculares involucrados en las estrategias
de tolerancia de las plantas incluyen el ajuste osmdtico, las especies reactivas del oxigeno (ERO o ROS
por reactive oxygen species), componentes celulares, membranas de proteccion, cambios en los lipidos e
induccién de hormonas. Hay un gran nimero de metabolitos que contribuyen en estos procesos, pero en
términos generales se pueden clasificar en aminodcidos, carbohidratos, lipidos, proteinas y metabolitos
secundarios. En esta revision, se discute el papel de estos compuestos en el estrés hidrico. La identifica-
cion de estas sustancias (productos clave de las plantas) y los procesos bioquimicos relacionados con la
tolerancia a la sequfa podrfan ayudar a los productores de plantas e investigadores a seleccionar programas
de fito-mejoramiento y optimizar la tolerancia de las variedades susceptibles a la sequia, ya sea mediante
la transferencia de genes relacionados o simplemente por aplicacion exdgena.
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here are different terms and expressions in contexts used for drought and related subjects.
“Drought” is a meteorological and agricultural term and it means a period of time without
significant rainfall. In general, drought reduces the available water in the soil and allows loss
of water by evaporation and transpiration continuously due to atmospheric conditions (Jaleel et
al. 2007). But “Water deficit” or “dehydration” is used when the water is insufficient for plant
metabolism and therefore will affect its growth and development (Hirt & Shinozaki 2003). An-
other term “desiccation”, which refers to losing free water entirely, namely less than ten percent
water content, is left in the plant (equivalent to 0.1 g water per 1g dry matter (Alpert 2005,
Alpert 2006). Available water in most herbaceous plants is around 80-90 % of their fresh weight
(Kramer & Boyer 1995), but “water stress” conditions reduce water content which declines
plant water potential and turgor pressure.

The effect of drought on plants can be discussed relation to morphological, photosynthesis,
proteins, lipids, mineral uptake and ROS (Reactive Oxygen Species) factors as demonstrated in
Figure 1 (Lisar et al. 2012, Moradi 2014).
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Figure 1. Effects of drought stress on plants. Reducing available water in the plant environment, declines water content, water potential and
turgor pressure. This condition affects lipids, proteins, photosynthesis, mineral uptake, morphology and anatomy and ROS.
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In morphology, effects are on growth and establishment at early stages of plant growth. It is
because of decrease in elongation and expansion growth (Kusaka ez al. 2005, Hong-Bo et al.
2008). Numerous studies have reported a reduction in height and stem length of different plants
in response to drought (Manivannan et al. 2007, Petropoulos et al. 2008a, Sankar et al. 2008).
Several studies established a decline in leaf area growth due to drought in different plants such
as poplar, soybean, maize and sunflower (Sacks et al. 1997, Wullschleger et al. 2005, Manivan-
nan et al. 2007, Farooq et al. 2009). Some studies showed drought stress significantly increased
root growth (Jaleel et al. 2008) but in some studies drought decreased root growth (Wullschleger
et al. 2005, Vandoorne et al. 2012). Arguably the most important effect is on plant fresh and
dry matter under drought stress, which is economically important. It has been shown that fresh
and dry weight of plants decreased due to drought in several studies (Petropoulos et al. 2008a,
Farooq et al. 2009). Drought affects plant growth via some physiological and biochemical pro-
cesses, such as declining photosynthesis, respiration, translocation, ion uptake, carbohydrates,
nutrient metabolism and growth promoters (Jaleel e al. 2008, Farooq et al. 2009). Physiological
effects start when the available water in soil decreases, and then the water potential is getting
lower than that in the roots (Sunkar 2010). In the early stages of dehydration, photosynthesis
decreases due to CO, shortage, because of stomata closure (Chaves 1991). Even though it is still
arguable which CO, shortage is the main reason of photosynthesis declining. This maybe is due
to difference drought treatment in different stages, species and leaf age (Chaves et al. 2003).

Plants have different strategies to confront water limitation, which can be classified into three
main categories (Figure2). See (Bray 2007) and (Verslues et al. 2006) for more details.

Mechanisms of Water Deficit
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Figure 2. Main mechanisms of plant reactions to water deficit. Possible processes of each mechanism have been indicated in the boxes.
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Plants and how they react to water deficit can be summarised in three ways i.e. escap-
ing drought, dehydration tolerance/avoidance and desiccation tolerance. In some references,
drought resistance is described as the adaptation of plant involving drought avoidance, drought
tolerance, drought escape and drought recovery (Fang & Xiong 2015). Since, drought tolerance
is characterized by the capability of plants to grow satisfactorily under water deficit condition
(Turner 1979).

Escaping the drought is shortening the life cycle mainly in reproductive phase and desicca-
tion tolerance can be performed in both reproductive and vegetative phases of some specific
plants. Tolerance to an environmental factor could be defined as the fitness response of a plant
to a diverse concentration of that element. Accordingly, water stress tolerance means the abil-
ity to retain the fitness under the water deficit condition (Simms 2000). Hence, a more tolerant
genotype minimizes fitness losses in water deficit conditions from that attained in benign water
conditions with respect to less tolerant or sensitive genotypes. Dehydration avoidance/tolerance
mostly happens in crop plants in vegetative phase. Desiccation tolerance is observed in a spe-
cific category of the plant kingdom called resurrection plants.

Water supply affects almost all plant processes directly or indirectly (Akinc1 1997), hence

water deficit stress due to reduction of available water will affect plants in various ways. Even
though certain plants have evolved specific adaptive mechanisms to alleviate adverse effects of
water deficit stress, there are some common metabolic adaptations observed in diverse economi-
cal plants. It seems these results regarding key metabolites and identified mechanisms could
be used in plant breeding programs particularly for improving stress tolerance in economical
plants. Given the importance of shortening the plant breeding procedures to release new im-
proved varieties, such compounds can serve as biomarker. In this way, selection of superior in-
dividuals in segregation generations could be facilitated. Therefore, it is necessary to recognise
plant adaptive mechanisms and differentiate avoidance and tolerance strategies with the aim to
understand the tolerance mechanisms at the metabolite level.
Drought escape. Basically the plant shortens the life cycle in this way; two outstanding ex-
amples are converting to flowering phase when water is limited at late season and also germina-
tion at early season growth. In this strategy the plant does not invest too much in the metabolic
pathways against stress, instead, it maximizes the pathways for fast growth to overcome the
crisis (Verslues & Juenger 2011).

Dehydration avoidance. As the direction of water movement is from higher to lower water
potential, in dehydrated soil, roots will lose water. The first strategy of the plant is dehydration
avoidance by keeping the balance between water loss from the roots and water uptake. In other
words, plants can avoid or postpone the water deficit stress for a short period of time using the
following mechanisms: stomatal closure, increasing root/shoot ratio (Pallardy 2008), morpho-
logical changes in roots and leaves, accumulation of solutes and cell wall hardening (Verslues
et al. 2006).

Several morphological developments have been demonstrated previously to be correlated
with avoidance mechanisms through minimizing the water loss. These modifications include
dense stomata (Larcher 2003), longer roots with extensive branches (Passioura 1983, Arndt
2000), rolling leaf (Schwabe & Lionakis 1996), dense leaf pubescence (Karabourniotis & Born-
man 1999, Liakoura et al. 1999, Bacelar et al. 2004), less intercellular space and smaller me-
sophyll cells (Bongi et al. 1987, Mediavilla et al. 2001), epicuticular wax layer and thick cu-
ticle (Leon & Bukovac 1978) and lignified tissue (Richardson & Berlyn 2002). Root structure
is associated with dehydration avoidance mechanisms. For instance, long roots with plentiful
branches allow the plant to absorb more water sustainably and access larger soil volume (Pas-
sioura 1983, Arndt 2000). Moreover, water transport from the roots to the leaves through xylem
in adaptive avoidance systems needs improved stomatal density and root conductivity (Tyree &
Ewers 1991, Jones 1992).

Dehydration tolerance. When low water potential persists, dehydration tolerance mechanisms
contribute to prevent cellular damage by water loss (Verslues et al. 2006). Moreover, under se-
vere drought stress conditions, dehydration tolerance is the final strategy that plants can employ
to survive under drought stress conditions (Connor 2005). At genomic level, a large number of
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molecular events are altered in response to drought are classified into early responding within
few minutes and hours and late responses which might take few days (Ramanjulu & Bartels
2002). Early responses are including stress perception and signalling to provide initial protec-
tion. While, late responses initiate expression of many genes to contribute in stress acclimation
consisting physiological, biochemical and morphological responses (Bhargava & Sawant 2013).
Stress perception is the first stage of drought stress response, to sense water deficit in the soil.
The major components of stress sensing consists various kinds of cell surface receptors such
as RLKs (Receptor-Like Kinases), G-Protein-Coupled Receptors (GPCRs), ion channel-linked
receptors, and two-component histidine kinase receptors (Bhargava & Sawant 2013, Parvathi
& Nataraja 2016). RLKSs receptors like BR1 (Brassinosteroid Receptor 1) transduce stress signal
by receptor internalization (Chae ef al. 2009). While, Crel (cytokininresponse 1) as a two-com-
ponent histidine kinase receptor act through phosphorilation pathway. Moreover, GPCRs sense
stress via activation of enzymes phospholipase C/D (Tuteja & Sopory 2008). For early respons-
es of plant to water deficit condition, stress perception is followed by signal transduction which
is operated by number of secondary messengers including ROS, Ca*, nitric oxide (NO), cAMP
(Cyclic Adenosin MonoPhosphate), phosphoprotein (serine/threonine phosphatases), phospho-
lipids like phosphoinositides(Bartels & Sunkar 2005, Osakabe et al. 2013).When drought stress
condition persists, late responses initiate, which is expression of set of genes responsible for
osmolyte synthesis, LEA (Late Embryogenesis Abundant) proteins, aquaporins, signalling mol-
ecules and transcription factors (TFs) (Yang et al. 2010, Bhargava & Sawant 2013).

In this review four main mechanisms of tolerance are described:
Osmotic adjustment.- While available water is decreasing in the soil, the accumulation of ad-
ditional solutes and ions will occur in order to retain water content of the cell through reducing
the osmotic potential (Taiz & Zeiger 2002, Fang & Xiong 2015). This mechanism is called
osmotic adjustment, and these solutes are known as compatible solutes, because with their in-
crease, plant metabolism is not disturbed and they are not toxic even in higher concentrations
(Yancey et al. 1982, Slama et al. 2015). When osmotic potential decreases due to osmolyte
accumulation, water potential will decrease (Zhang et al. 1999, Verslues et al. 2006). Osmotic
pressure (7t) is a property of a solution due to the presence of solutes (Nobel 1999). Osmotic
pressure rises by increasing (accumulating) the solutes. In literature, osmotic potential (W)
is used instead of osmotic pressure, since for plant-water relation calculations researchers use
water potential (W). Osmotic potential (W) is negative sign of osmotic pressure, i.e. ¥_= - .
Therefore, when solute concentration increases, osmotic pressure will increase while osmotic
potential will decrease. This mechanism is shown in Figure 3.
Water always flows from higher water potential to lower water potential.- Under normal condi-
tions, water moves into the cell due to the difference in water potential of outside (-1Bar) from
inside (-3 Bar). Under drought condition, two possible responses of cell are presented. Without
osmotic adjustment, plasmolysis will be happened. If cell activates osmotic adjustment mecha-
nism, both turgor pressure and osmotic potential will decrease. Therefore still water moves into
the cell because of lower water potential.

Y= lI’p + W /Water Potential = Turgor Pressure + Osmotic Potential ~ (Nobel, 1999)

Cell wall hardening or cell wall deformability is quantified by cell wall elastic modules, €. When
€ is high, turgor pressure and W will decline, therefore this mechanism prevents water loss even
without solute accumulation (Verslues et al. 2006).

Compatible solutes or, “osmolytes” or “osmo-protectants” known so far in plants are monosac-
charides (fructose and glucose), sugar alcohols (mannitol, methylated inositol and pinitol), di-
and oligo-saccharides (sucrose, trehalose, raffinose and fructan), amino acids (proline, glycine
betaine, alanine, betaine, proline betaine and citrulline) tertiary amines (ectoine; 1,4,5,6-tetra-
hydro-2-methyl-4-carboxylpyrimidine) and sulfonium compounds (choline o-sulfate, dimethyl
sulfonium propironate) (Robinson & Jones 1986, Pareek et al. 2010). These compounds contrib-
ute under drought stress through protecting cellular components (Chen & Murata 2002), acting
as osmoregulators with increasing osmotic pressure (Delauney & Verma 1993), preventing loss
of water from cells by keeping turgor pressure and water content high and also replacing water
molecules in protein, nucleic acid structure because of their hydrophilic properties (Hoekstra
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Figure 3. Osmotic adjust-

ment as a key mechanism of

plant response to water deficit
stress.
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et al. 2001). In general, these metabolites stabilize enzymes, protect membranes and produce
osmotic adjustments to keep the turgor pressure (Chaves et al. 2003).

Activation of antioxidant systems against oxidative stress damage.- Various environmental
stresses such as drought, salinity, metal toxicity, cold and heat stress interrupt the normal cell
metabolism (Maheshwari & Dubey 2009) and this unfavourable condition leads to enhance
production of Reactive Oxygen Species or ROS (Kele & Unyayar 2004). ROS or free radicals
(0,, OH, H,0,, '0,) are produced in cellular compartments as a by-product of various bio-
chemical reactions or in chloroplasts, mitochondria and plasma membranes by exposing to high
energy electron leak from electron transport activities (Foyer et al. 1994, Foyer 1997, Luis et
al. 2006, Blokhina & Fagerstedt 2010, Heyno et al. 2011). These toxic molecules damage cells
by oxidation of vital macromolecules such as proteins, membrane lipids, DNA, pigments and
nucleic acids (Dat et al. 2000, Maheshwari & Dubey 2009). Various studies have established the
enhancement of ROS under osmotic stress conditions (Serrato et al. 2004, Borsani et al. 2005,
Miao et al. 2006, Abbasi et al. 2007). In accordance, plants are equipped with complex defence
mechanisms using enzymatic and non-enzymatic antioxidants to mitigate oxidative damages
caused by ROS (Dat ez al. 2000). Enzymatic antioxidants involve superoxide dismutase (SOD),
catalase (CAT), guaiacol peroxidase (GPX), enzymes of ascorbate- glutathione cycle (AsA-
GSH) cycle such as ascorbate peroxidise (APX), monodehydroascorbate reductase (MDHAR),
dehydroascorbate reductase (DHAR), and glutathione reductase (GR) (Noctor & Foyer 1998).
Non-enzymatic antioxidants are ascorbate (AsA), glutathione (GSH), carotenoids, tocopherols,
and phenolics (Sharma et al. 2012). Strong correlation has been reported between stress toler-
ance and higher concentrations of antioxidants (Zaefyzadeh et al. 2009, Chen et al. 2011). Many
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studies on crop plants including sorghum, rice and rapeseed confirmed that tolerant cultivars as
compared to sensitive ones, exhibited up-regulation of antioxidant gene network products, to
protect the plant subjected to drought stress. Hence, in tolerant plants ROS accumulation were
lower than sensitive genotypes due to higher activity of antioxidant systems (Jagtap & Bhargava
1995, Abedi & Pakniyat 2010).

ABA and its physiological role in drought stress response.- In response to unfavourable envi-
ronments such as drought, plants employ ABA (abscisic acid) to activate adaptive metabolic re-
sponses (Kusaka et al. 2005). In addition, ABA serves as a plant development optimizer (Cheng
et al. 2002) and seed development regulator (Specht et al. 2001). ABA chemically belongs to
sesquiterpenes where 9'-cis-epoxycarotenoid dioxygenase (NCED) produces C15 (xanthoxin)
from cleavage of 9'-cis-neoxanthin and 9'-cis-violaxanthin (Nambara & Marion-Poll 2005).
Then, ABA aldehyde converts xanthoxin to ABA (Sankar ez al. 2007). Obviously water status
is a stimulus of ABA formation (Petropoulos et al. 2008b), but there is little knowledge on sig-
nalling cascades leading to ABA induction. However, there is a different NCED gene family,
which each gene activates the specific role for ABA (Sunkar 2010). For instance, AtNCED3 in
Arabidopsis induces ABA in response to drought stress and AtNCED6 and AtNCED9 play a
role in seed dormancy and germination (Verslues et al. 2006). ABA activity results from syn-
thesis, degradation and also translocation of ABA (Sankar et al. 2007). However, major roles
of ABA in water deficit responses can be summarized as: causing stomata closure through
guard cell regulation (Imber & Tal 1970, Zhang et al. 1999) and also maintaining sustainable
water uptake during water stress by continuous root growth through activation of various hor-
monal signalling pathways. In detail, stomatal closure is mediated by phospholipase activity
and hyperpolarisation of membrane Ca** channels and tonoplast K* channels of the guard cells
(MacRobbie 2000). Moreover, increase in root growth and decrease in shoot growth is due to
low concentration of ABA in the latter and more ABA accumulation in the former; because ABA
prevents the inhibition property of ethylene (Sharp 2002, Sharp & LeNoble 2002). In general,
ABA enhances dehydration tolerance through induction of genes encoding tolerance proteins in
most of the cells (Kusaka et al. 2005).

In Arabidopsis it has been shown that after osmotic stress which has followed water deficit, a
transmembrane histidine kinase known as ‘osmometer’ called AtHK1 acts as receptor for water
deficit (Posas et al. 1996). After the first stage of sensing, drought response directs to ABA-
dependent and ABA-independent pathways. ABA-dependent pathways are activated following
the accumulation of ABA, and leading to expression of two kinds of stress related genes namely
functional and regulatory. But ABA-independent pathways are not related to each other and
seem there is some cross-talk between them (Chaves et al. 2003).

Other mechanisms of dehydration tolerance.- Membrane proteins such as aquaporins (AQP)

can transport water, solutes and gases through membranes or even throughout the plant (Bray
et al. 2000, Maurel et al. 2015). AQPs are divided into five groups: plasma-membrane intrinsic
proteins (PIPs), tonoplast-intrinsic proteins (TIPs), and nodulin-26-like major-intrinsic proteins
(NLMs), the small basic intrinsic proteins (SIPs) and (XIPs) the uncategorized intrinsic proteins
(Maurel et al. 2015). The XIPs were found in some plant species more recently. Under water
limitation condition, AQPs modulate the water balance for the whole plant by passive water
transport through membrane (Maurel et al. 2008). These membrane proteins form channels to
pass water easily through the plasma (Kammerloher ez al. 1994) and vacuolar membranes(Hofte
et al. 1992). Therefore, under dehydration conditions, these membrane-associated transporters
may serve as water movement facilitators (Bray et al. 2000).
Key plant products involved in water deficit response. Many compounds contribute to adaptive
response to drought stress (acclimation process). These compounds belong to three groups:
the first group is all major compounds with a key role in adaptive response such as osmolytes
(Slama et al. 2015). The second group is consisting of by-products of stress responses gener-
ated through perturbation of normal metabolism such as ROS (Gupta & Igamberdiev 2014).
Third group are signalling molecules which regulate adaptive responses such as salicylic acid
(Mittler 2002, Mittler et al. 2004). However, to explain the role of adaptive compounds we had
to classify them into major classes such as lipids, compatible solutes, proteins and secondary
metabolites.
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Lipids.- Lipids are main compounds of membranes and water stress affects lipids and embedded
proteins (Kuiper 1985). Likewise, function and structure of membranes as well as enzyme activ-
ity and transport capacity are affected by the physical state and composition of lipids (Grone-
wald et al. 1982, Kuiper 1985, Whitman & Travis 1985).

Main lipids of membranes are phospholipids (PL mostly in mitochondrial and plasma mem-
brane) and glycolipids (GL mostly in chloroplast membrane). Another form of lipids in plants is
fats and oils which belong to triglycerides (TGL) (Taiz & Zeiger 2002). As an example of fatty
acid composition in leaves, six classes were detected in bent grass leaves including palmitic
acid (16:0), palmitoleic acid (16:1), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2)
and linolenic acid (18:3) (Liu & Huang 2004). There are various studies on stress effects on
plant lipids (Douglas & Paleg 1981, Pham Thi ef al. 1982, Anh et al. 1985, Liljenberg & Kates
1985, Pham Thi et al. 1987, Navari-I1zzo et al. 1989, Navari-Izzo et al. 1990, Navari-1zzo et al.
1993). Some investigations showed that water stress reduced PL and GL in cotton (Wilson et
al. 1987), wheat, barley (Chetal et al. 1981), sunflower (Navari-Izzo et al. 1990), but some of
the studies indicated an increase of PL in wheat (Kameli & Losel 1995), total lipid increase in
alfalfa (Akinc1 & Losel 2012), and free fatty acid increase in wheat (Quartacci & Navari-Izzo
1992). In general, studies demonstrated that long water deficit causes decreasing PLs and GLs
and linoleic acid contents but increasing tricylglycerols in leaf tissue. Likewise, previous inves-
tigations showed that water deficit inhibits biosynthesis of polyunsaturated fatty acids which
leads to reduced fatty acid unsaturation (Anh et al. 1985, Martin et al. 1986, Navari-1zzo et al.
1989). One of the tolerance mechanisms in response to drought stress is modification in leaf cell
membrane lipid composition (Turner & Jones 1980, Ferrari-Iliou et al. 1984, Anh et al. 1985,
Quartacci & Navari-1zzo 1992). These modifications include decreasing polar lipid contents and
also polyunsaturated fatty acids, but particularly the major leaf glycolipid (MGDG or MonoGa-
lactosyl DiacylGlycerol) (Chetal ef al. 1981, Pham Thi ef al. 1982). These alterations are likely
due to increased lipolytic performance, lipid biosynthesis inhibition (Anh ez al. 1985), and gen-
erating of scavenging free radicals (Ferrari-Iliou ef al. 1992). Previous studies established that
the extent of these modifications in drought tolerant plants is less than sensitive ones because
their cell membrane is more stable (Pham Thi et al. 1990).

Compatible solutes.- As described in previous sections, compatible solutes contribute to the
well-known tolerance mechanism called osmotic adjustment. These metabolites (“osmolytes”
or “osmo-protectants”) are monosaccharides (fructose and glucose), di- and oligo-saccharides
(sucrose, trehalose, raffinose and fructan), sugar alcohols or polyols (mannitol, inositol, meth-
ylated inositol, glycerol and pinitol), amino acids (proline,citrulline, pipecolic acid), betaines
(glycine betaine, alanine betaine, proline betaine, hydroxyproline betaine), tertiary amines (ec-
toine; 1,4,5,6-tetrahydro-2-methyl-4-carboxylpyrimidine) and sulphonium compounds (choline
o-sulfate, dimethyl sulfoniumpropironate-DMSP)(Robinson & Jones 1986, Pareek et al. 2010,
Slama et al. 2015). Nevertheless, enhanced accumulation of mentioned osmolytes has been
reported in various plants exposed to abiotic stresses, but threshold level and diversity of the
osmolytes depend on the species and environmental condition (Szabados et al. 2011). In the
other hand, some species accumulate only some specific kinds of osmolytes, not all the kinds.
For instance, sugar accumulation has been observed in monocots rather than dicots. Likewise,
glycine betain is less accumulated in grasses (Slama ez al. 2015).

Proteins.- Drought stress induces a large number of genes encoding biosynthesis of low molecu-
lar weight proteins such as LEA proteins (Late Embryogenesis Abundant), dehydrins and mo-
lecular chaperons (Ingram & Bartels 1996, Mahajan & Tuteja 2005). Dehydrins were observed in
response to various abiotic stresses including drought, but its detailed function is not well under-
stood (Cellier et al. 2000). LEAs have multiple tasks ranging from maturity in seeds to protection
of membrane structure, stabilizing enzymes and promoting ion sequestration in vegetative organs
(Close 1997, Garay-Arroyo et al. 2000, Fang & Xiong 2015). Another class of proteins known as
molecular chaperones (or originally known as HSP: Heat Shock proteins) has been reported un-
der abiotic stress conditions such as drought (Alamillo et al. 1995, Alpert & Oliver 2002). Much
evidence confirms that HSPs act in protein refolding, stabilizing proteins and membranes under
stress conditions (Wang et al. 2004). In this way, HSPs protects other proteins from denaturation
during drought stress (Gorantla et al. 2007). Particularly small HSP or sHSPs (Hendrick & Hartl
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1995, Hong & Vierling 2000), one of the five major families of molecular chaperones/HSPs, bind
to partially folded or denatured substrate proteins and allow them to fold correctly (Sun ez al.
2002). Some sHSPs gene expression and protein synthesis up-regulated with stress in sunflower
(Coca et al. 1996). Role of HSPs in tolerance mechanism been confirmed while up-regulation of
a specific HSP observed in tolerant varieties of wheat compare to down regulation in sensitive
varieties under drought stress conditions (Hajheidari ez al. 2005).

Secondary metabolites.- Plants in addition to primary metabolites (proteins, carbohydrates and
fatty acids) produce a large diversity of compounds known as secondary metabolites (Frey et
al. 1999). To date, 200,000 diverse compounds have been identified as secondary metabolites
(Schwab 2003) which are classified into three major groups namely alkaloids, isoprenoids and
phenylpropanoids (Frey et al. 1999). Apparently secondary metabolites are not involved di-
rectly in plant growth and development, but they have specific roles in adaptation and defence
against biotic and abiotic stresses (Jaillais & Chory 2010). According to definition, secondary
metabolites are produced from primary metabolites and certain secondary metabolites (SMs)
are synthesized in specific genera or species. Moreover, SMs mostly accumulate in high quanti-
ties in the vacuoles in a glycosidic form or in specific structures such as trichoms, ducts, canals
and lacticifers (Santner & Estelle 2009).

Secondary metabolites can serve as protective agent or antioxidants under unfavourable en-
vironments such as drought. For example, in bean and tobacco under diverse abiotic stress
conditions, high concentrations of polyamines and phenyl amides have been observed (Jenks
et al. 2007). In general, high accumulation of flavonoids and phenolic acids (Hirt & Shino-
zaki 2003), polyamines (Alpert 2006, Pathak et al. 2014) and anthocyanin (Alpert 2005) under
abiotic stresses including drought has been reported. Polyamines (PAs) as nitrogen-containing
compounds commonly consist putrescine (Put), spermine (Spm) and spermidine (Spd)(Alcdzar
et al. 2010). These low molecular weight compounds involved in osmotic balance, scaveng-
ing ROS and stabilizing macromolecule structure such as DNA, RNA, membrane proteins and
lipids (Liu et al. 2007, Takahashi & Kakehi 2010, Hussain et al. 2011). Moreover, they act as
regulatory element in developmental, physiological and biochemical events including biotic
and abiotic stress response (Malmberg ef al. 1998, Pathak et al. 2014). Nevertheless the exact
mechanism of PAs incorporation into stress response is less known to date (Pathak er al. 2014),
but increasing PAs concentration during drought stress might be due to either de novo biosyn-
thesis or reduced degradation (Liu ez al. 2007). PAs alteration under stress condition might be
affected by sensitive/tolerant type plant, duration & intensity of stress and developmental stage
of tissue. In general, several reports consistently confirmed an increase in Spd and Spm for tol-
erant cultivar compared with sensitive cultivars of wheat (Liu et al. 2004), groundnut (Vakharia
et al. 2003) and tomato (Santa-Cruz et al. 1998). While, in these experiments, sensitive cultivars
exhibited elevation in Put level under stress condition. Correspondently, transgenic plants with
increasing accumulation of Put, Spd and Spm enhanced tolerance to drought stress (Capell et al.
2004, Bassie et al. 2008).

Previous works established the key role of ABA, SA (Salicylic acid), JA (Jasmonic acid)
and polyamines in biotic and abiotic responses (McCarty et al. 1989, Pathak et al. 2014). Jas-
monates consisting of methyl jasmonate and jasmonic acid are correlated to the accumulation
of defence systems, i.e. secondary metabolites such as alakaloids, terpenoids, coumarines and
phenolic phytoalexins (van der Fits & Memelink 2000). Recently, the contribution of various
secondary metabolites in enhancing abiotic stress tolerance through functioning as antioxidants
has been proved. These compound are saponin (Chan et al. 2010), melotonine (Tan et al. 2007),
and serotonine (Anjum et al. 2008).

Conclusions

Tolerant plants accumulate or maintain high levels of particular metabolites to cope with unfa-
vourable conditions. Reviewed compounds could be used as biochemical indicators in breeding
programs to improve drought stress tolerance.

Exogenous application of compounds involved in adaptive responses to drought stress might
alleviate adverse effects of stress. Whereas previous works support the enhancement of water
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deficit stress tolerance by foliar application of major compounds such as glycine betaine, ki-
netin, nitric oxide and salicylic acid (Rao er al. 2012), it is necessary further experiments to
examine the influence of key metabolites (or generally compounds) in the alleviation of drought
stress negative effects. Foliar applying (spraying or fumigating) of the selected metabolites in
the form of available commercial products might be an alternative method to enhance sensitive
plants productivity under drought stress conditions.
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