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1. Introduction

Plants are often subjected to periods of soil and atmospheric water deficits during their life
cycle. Moreover, the faster-than-predicted change in global climate (Intergovernmental
Panel on Climate Change, 2007) and the different available scenarios for climate change
suggest an increase in aridity for the semiarid regions of the globe. Together with
overpopulation, this will lead to an overexploitation of water resources for agriculture
purposes and increased constraints on plant growth and survival and, therefore, on
realizing crop yield potential (Chaves et al., 2003; Passioura, 2007).

Water is one of the fundamental resources for the vital processes of vegetation. Plants need
to maintain adequate levels of water in their tissues to assure growth and survival and to
perform physiological processes, such as photosynthesis and nutrient uptake (Kramer &
Boyer, 1995; Larcher, 1995; Nobel, 1999). In conditions of water deficit, plant cell turgor is
reduced, and a series of harmful effects on plant physiology —e.g., reduction of cell growth,
cell wall synthesis, protein synthesis, respiration, and sugar accumulation—occur,
generating a state of increasing suffering in plants, usually named ‘water stress” (Smith &
Griffith, 1993; Lauenroth et al., 1994).

Drought is the most important limiting factor for crop production; it is becoming an
increasingly severe problem in many regions of the world. In addition to the complexity of
drought itself (Passioura, 2007), plant responses to drought are complex, and different
mechanisms are adopted by plants when they encounter drought (Jones, 2004). These
mechanisms can include: (i) drought escape by rapid development, which allows plants to
finish their cycle before severe water stress; (ii) drought avoidance by, for instance,
increasing water uptake and reducing transpiration rate by the reduction of stomatal
conductance and leaf area; (iii) drought tolerance by maintaining tissue turgor during water
stress via osmotic adjustment, which allows plants to maintain growth under water stress;
and (iv) resisting severe stress through survival mechanisms (Izanloo et al., 2008). However,
this last mechanism is typically not relevant to agriculture (Tardieu, 2005). The maintenance
of high plant water status and plant functions at low plant water potential and the recovery
of plant function after water stress are the major physiological processes that contribute to
the maintenance of high yield under cyclic drought periods (Blum, 1996).
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Water stress has been identified as a factor that negatively affects the ratio of reproductive to
vegetative growth, seed yield and its components (lannucci & Martinello, 1998). Many of the
changes, which occur in plants during drought stress, represent adaptive responses by
which plants cope with water stress. Plants subjected to periods of water stress show an
acclimation or hardening and are able to survive subsequent drought periods with less
damage compared to plants not previously stressed. The mechanisms developed as survival
strategies include tolerance and avoidance of water stress (Zhu et al., 1997).

Generally, stress avoidance involves stomatal closure, hydraulic conductance and root
growth patterns. Stress tolerance usually includes osmotic adjustment and changes in tissue
elasticity (Jones et al., 1981). Osmotic adjustment (i.e., the lowering of the osmotic potential
by net solute accumulation in response to dehydration) aids in the maintenance of turgor at
lower water potentials and is considered a beneficial drought tolerance mechanism in both
the vegetative and reproductive phases of crop growth (Rascio et al., 1994). The
maintenance of turgor above a particular threshold is essential for many physiological
processes, such as cell expansion, photosynthesis, gas exchange, enzymatic activities, and
continuous growth and maintenance. In addition, the acclimation of plants subjected to
drought is also indicated by the accumulation of certain new metabolites associated with
structural capabilities to improve plant functions under drought stress (Pinheiro et al., 2001).
Understanding how plants respond to drought can play a major role in stabilizing crop
performance under water stress conditions and in the protection of natural vegetation.
Adequate management techniques and plant genetic breeding are tools for improving
resource use efficiency (including water) by plants (Chaves et al., 2009). Thus, using
physiological and molecular genetics tools to enhance our understanding of the physiology
and genetic control of these mechanisms will assist breeding programs seeking to improve
drought resistance in crop plants. Physiological studies will help to establish the precise
screening techniques necessary to identify traits related to plant productivity (Izanloo et al.,
2008).

Plant responses to drought stress are complex and involve adaptive changes and/or
deleterious effects. The decrease in the water potential results in reduced cell growth, root
growth and shoot growth and also causes inhibition of cell expansion and reduction in cell
wall synthesis (Chaitanya et al., 2003). A relatively mild water potential around -0.8 MPa
reduces the cytokinin content in the leaves of several species (Salisbury & Ross, 1986). Low
leaf water potentials inhibit the activities of the enzymes of the pentose phosphate pathway
(Hay & Walker, 1989). When water stress is reduced from -1.0 to -2.0 MPa, cells become
smaller and leaves develop less, resulting in a reduced area for photosynthesis. At these
water potentials, ion transport is slowed and may also lead to a decrease in yield (Medrano
et al., 2002).

Cell membranes are the primary targets of many plant stresses (Bajji et al., 2002). Osmotic
stress induces rapid changes in cell wall conductivity and plasmalemma (Chazen &
Neumann, 1994). The regulation of permeability that occurs during drought stress are
accomplished by the opening and closing of water channels formed by membrane
polypeptide complexes (Maurel, 1997; Chrispeels et al., 1999) and also by the phase
transitions of membrane lipids (Crowe et al., 1992). Water stress affects the regular
metabolism of the cell, such as the carbon reduction cycle, light reactions, energy charge and
proton pumping, and leads to the production of toxic molecules (Noctor & Foyer, 1998;
Chaitanya et al., 2003).
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Such change(s) in the metabolisms of plants under environmental stress conditions requires
an adjustment of metabolic pathways, aimed at achieving a new state of homeostasis, in a
process that is usually referred to as acclimation (Mittler 2006; Suzuki & Mittler, 2006).
Several different phases are thought to be involved in acclimation. In the initial stages, the
change in the environmental condition is sensed by the plant and activates a network of
signaling pathways. In later phases, the signal transduction pathways activated in the first
phase trigger the production of different proteins and compounds that restore or achieve a
new state of homeostasis (Shulaev et al., 2008).

The intensity, duration and rate of progression of the stress will influence factors that will
dictate whether mitigation processes associated with acclimation will or will not occur.
Acclimation responses under drought, which indirectly affect photosynthesis, include those
related to growth inhibition or leaf shedding that, by restricting water expenditure by
source tissues, will help to maintain plant water status and, therefore, plant carbon
assimilation. Osmotic compounds that build up in response to a slowly imposed
dehydration also have a function in sustaining tissue metabolic activity. Acclimation
responses also include synthesis of compatible solutes and adjustments in ion transport.
These responses will eventually lead to restoration of cellular homeostasis and, therefore,
survival under stress (Chaves et al., 2009). Thus, when plants experience the unfavorable
environmental conditions associated with high levels of drought, plant cells protect
themselves from the stress of high concentrations of intracellular salts by accumulating a
variety of small, organic, electrically neutral molecules that are collectively referred to as
compatible solutes or osmoprotectants (Tamura et al., 2003). Compatible solutes are defined
as small molecules that are highly soluble in water and are also uniformly neutral with
respect to the perturbation of cellular functions, even at high concentrations (Yancy et al.,
1982). The properties of compatible solutes allow the maintenance of turgor pressure during
water stress, which is an intrinsic feature of major forms of abiotic stress. In addition, some
compatible solutes can serve as efficient protective agents by stabilizing the structures and
functions of certain macromolecules (Papageorgiou & Murata, 1995).

2. Specific examples for semiarid plants under water stress

2.1 Seed germination and vigor in water stress conditions

Light, temperature and water availability are important abiotic factors that determine the
germination of dispersed seeds (Baskin & Baskin, 1998). These factors may be extreme, so
their effects can be crucial in the germination and establishment of plants inhabiting arid
and semiarid environments (Kigel, 1995). Germination and seedling establishment, due to
their dependence on these external factors, are considered to be the most vulnerable stages
(Natale et al., 2010). Several desert species are able to germinate at relatively low soil water
potential; however, germinability decreases with the reduction in water availability (Kigel,
1995).

In a study with cotton cultivar seeds, it was observed that these seeds are relatively tolerant
to water stress induced by PEG-6000. The water stress was most effective in reducing cotton
seed viability and vigor at osmotic potentials equal to or more negative than - 0.4 MPa
(Meneses et al., 2011). Another interesting example is Sorghum bicolor L., which is recognized
by its moderate tolerance to water stress (Tabosa et al., 2002), and is an alternative crop that
can be used under water deficit. Oliveira et al. (2010), studying the germination and vigor of
sorghum seeds under water and salt stress, observed that salt and water stress negatively
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affected the germination process of these seeds, reducing their vigor. The evaluated
genotypes showed different responses to water and salt stress conditions: the CSF 18
sorghum seeds showed higher germination and vigor than did the CSF 20 seeds. With the
increase in water deficit, the increase in the number of days for stabilizing the germination
was verified. The osmotic potential contributed to the slowest germination, and vigor was
more affected than germination (which was more affected in the first counting than in the
final germination) (Oliveira et al., 2010).

The germination and seedling establishment of Tamarix ramosissima, which constitutes one
of the most successful groups of invasive plants in desert riparian ecosystems in the United
States, was assessed under different conditions of water availability by Natale et al. (2010).
This species seems to be more sensitive to water deficit than to the presence of salts in the
substrate. The tolerance limits for germination reached values of -0.4 MPa (PEG-6000). The
sensitivity of T. ramosissima to water deficit was even more evident in the case of vegetative
reproduction. Aerial tissue production by cutting was inhibited by an osmotic potential of -
0.4 MPa, a value fairly common in soils that are considered to have a good level of water
availability, such as those in the sub-humid region of Argentina, where Tamarix species have
not been reported to grow spontaneously (Natale et al., 2008).

In a study that evaluated the water stress effects on seed germination responses of Cereus
jamacaru DC. spp., a cactus widely distributed in Caatinga vegetation, a semiarid ecosystem
that characterizes northeastern Brazil (Meiado et al., 2008), low seed germination was
observed at a solution concentration of -0.8 MPa in water stress induced by PEG under
white light. However, C. jamacaru seed germinability was reduced by the reduction of water
viability, which affected the mean germination time and the synchronization index.
Moreover, in this experiment, germination in the -1.0 MPa range was not observed (Meiado
et al., 2010). Another study involving a species of cactus widely distributed in northeastern
Brazil was performed with Hylocereus setaceus (Salm-Dyck ex DC), whose seeds were
subjected to reduced water potentials. In this study, germination was sensitive to decreasing
values of Ws in the medium, and both the germinability and the germination rate shifted
negatively with the reduction of Ws, but the rate of reduction changed with temperature
(Simao et al., 2010).

The germination of the semi-deciduous heliophytic tree Caesalpinia peltophoroides, popularly
known as sibipiruna, was studied under different conditions of light, temperature and water
stress. In this study, low water potential reduced both germinability and the germination
rate. Under water stress, the seeds were inhibited by white light mediated by phytochrome
(Ferraz-Grande & Takaki, 2006).

Water stress affected seed germination and seedling vigor of faveira (Clitoria fairchildiana R.
Howard, Fabaceae), a widely used tree species in reforestation projects that is recommended
for the recovery of degraded areas due to its utility as green manure. Water excess reduced
the total amount and the speed of seed germination, whereas the lack of water reduced
seedling growth (Silva & Carvalho, 2008).

2.2 Growth and productivity analysis of semiarid plants subjected to water stress

Water deficit is one of the most important environmental stresses affecting agricultural
productivity around the world (Hessine et al., 2009). Water availability is undoubtedly the
main factor affecting plant growth and development. Moreover, high luminosity, high
temperatures and low air relative humidity are further problems plants face in dry lands
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(Chaves et al., 2003; Silva et al., 2010a). Morphological and biochemical changes in plants
under water deficit lead to acclimation, subsequent functional damage and the loss of plant
parts as water stress becomes more severe (Chaves et al., 2003; Costa e Silva et al., 2004),
resulting first in a slower growth rate (acclimation phase). This occurs due to the inhibition
of cell expansion and a reduction in carbon assimilation (Costa e Silva et al., 2004). Growth
maintenance depends on the turgor pressure for cell expansion and division, which is
affected by drought (Taiz & Zeiger, 2009). Thus, a reduction in growth is considered the
principal effect of drought in plants (Larcher, 1995).

Plants capable of surviving and producing under conditions of low water availability are
considered drought-tolerant. From an ecophysiological standpoint regarding strategies for
plants living in stressed environments, it is not the maximization of productivity that is
important, but the establishment of a balance between yield and survival (Larcher, 1995).
However, from an agronomic standpoint, yield is the main objective. Plants that stop
growth to survive in a stressful environment could be considered tolerant, but such plants
produce fewer grains, leaves or fruit, thus reducing their economic worth (DaMatta, 2004).
The yields of crop plants under soil and/or atmospheric drought stress will largely depend
on the adaptive mechanisms that allow them to maintain growth and high photosynthetic
production under prolonged drought conditions (DaMatta, 2007).

Jatropha curcas is a deciduous stem succulent species with a clear drought avoidance strategy
in its leaves, a relatively high water use efficiency and most likely a relatively low water
footprint (Maes et al., 2009). In a study involving the biomass production and allocation in J.
curcas L., Achten et al. (2010) observed that drought treatment significantly influenced
growth, biomass allocation, allometry and leaf area. The monitoring of growth and biomass
allocation showed that, in optimal conditions, |. curcas grows fast, produces a lot of biomass
and achieves a high leaf area compared to other tropical deciduous woody species. At the
threshold of drought stress (40% plant-available water - PAW), J. curcas could still maintain
considerable growth and biomass production, without changing the form of its stem and its
biomass allocation pattern. Under extreme drought, |. curcas started shedding its leaves and
stopped growing. In such a situation, the biomass allocation exhibited a higher investment
in its roots. Well and moderately watered Jatropha plants showed medium biomass
investment in leaves and low biomass investment in roots, compared to other tropical
deciduous woody tree and shrub species (Achten et al., 2010).

In another study of |. curcas, Silva et al. (2010b) observed that water-stressed plants, induced
by PEG, suffered higher restrictions in leaf growth compared to salt-stressed plants. In
parallel, regarding leaf dry matter reduction, the leaf area decreased by 28% (NaCl) and 39%
(PEG) in stressed plants compared to the controls. Again, similar to the results for leaf dry
matter, PEG- and NaCl-stressed plants showed only a partial recovery in leaf area after 8
days achieving values of approximately 85% and 79% compared to the controls,
respectively. This partial recovery in leaf area occurred in parallel to the restoration in the
leaf dry weight. The comparative analyses between the effects of salt and PEG treatments in
terms of variables associated with leaf stress intensity (i.e., membrane integrity, leaf growth
and water potential) strongly suggest that the PEG treatment caused more negative effects
on the physic nut young plants than did NaCl .

Erythrina velutina Willd., a deciduous plant found in the semiarid region of northeastern
Brazil, was subjected to different levels of water stress to evaluate growth parameters and
water relationships. In this study, all growth parameters were reduced due to water deficit,
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especially in the plants growth to 25% of the field capacity, as determined by number of
leaves, stem diameter, plant height, leaf area, specific leaf area and dry mass in several
organs. Leaf area and root: shoot ratios were not affected. E. velutina seedlings seem to have
developed rusticity to overcome intermittent droughts, with no changes in the pattern of
dry matter distribution. The maintenance of turgor pressure seems to be more associated
with a reduction in the growth ratio than a reduction in leaf water potential (Silva et al.,
2010a).

The influence of water stress on grain yield and vegetative growth were evaluated in two
cultivars of beans. The Carioca cultivar, an indeterminate Brazilian landrace, appears to be
generally stress-tolerant, whereas the Prince cultivar is stress-intolerant. In this study, water
stress reduced yield and yield components at both flowering and pod-filling stages.
Moreover, seed weight, number of seeds per plant and number of pods per plant and per
seed weight were affected (Boutraa & Sanders, 2001). Water stress during both phenological
stages reduced other growth parameters (e.g., the number of trifoliate leaves, stem height,
the number of main branches and the number of nodes on the main stem) (Boutraa &
Sanders, 2001).

Water deficit is one of the major factors limiting the production of sugarcane (Saccharum
officinarum L.). Silva et al. (2008) investigated the effects of limited water condition on yield
components as indicators of drought tolerance in sugarcane. These authors described that
under stress, the tolerant control (TCP93-4245) showed higher productivity, stalk number,
stalk height and stalk weight than did the susceptible control (TCP87-3388). However, the
susceptible control exhibited higher stalk diameter. A linear association was found between
productivity and its yield components, but stalk diameter was shown to be fairly unstable
among genotypes.

2.3 Osmoregulation (the participation of organic and inorganic solutes)

Osmotic stress is a physiological event often associated with excessive water deficit that can
reduce plant growth through mechanisms that are not yet fully understood. Osmotic
adjustment is a cellular adaptive mechanism vital for stress-tolerant plants, allowing for
plants to continue growing in the case of drought (Silva et al., 2010c). It is usually defined as
a decrease in the cell sap osmotic potential, resulting from a net increase (discounting the
concentration effect due to drought-induced reduction in cell volume) in intracellular
solutes rather than from a loss of cell water (Kusaka et al., 2005). This process has been
considered as an important physiological adaptation characteristic associated with drought
tolerance, and it has drawn much attention during the last years (Hessine et al., 2009).
Osmotic adjustment involves the net accumulation of solutes in plant cells in response to
falls in water potential in the root medium. As a consequence, the cell's osmotic potential is
diminished; this, in turn, attracts water into the cell by tending to maintain turgor pressure
(Pérez-Pérez et al., 2009). According to Martinez et al. (2005), compatible solubles, such as
sugars, glycerol, proline or glycinebetaine, can also contribute to this process.

The roles of organic and inorganic solutes in the osmotic adjustment of drought-stressed
Jatropha curcas plants were evaluated by Silva et al. (2010c). Regarding inorganic solutes,
these authors observed that K+ had greater quantitative participation in osmotic adjustment,
followed by Na* and Cl-. Regarding the organic solutes, the total soluble sugars had the
highest contribution to osmotic adjustment, mainly in the most severe cases of water stress.
Young J. curcas plants exhibited osmotic adjustment in roots and leaves in response to
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drought stress that was linked with mechanisms to prevent water loss by transpiration by
means of the participation of inorganic and organic solutes and stomatal closure (Silva et al.,
2010c).

Organic solute production in four umbu tree (Spondias tuberosa) genotypes under
intermittent drought was evaluated by Silva et al. (2009). The authors concluded that umbu
trees presented isohydric behavior during intermittent drought, maintaining high leaf water
potential and great variability in the production of organic solutes with marked differences
among the genotypes. The high values of water potential and the variability in the organic
solutes studied suggest that the storage of water in the xylopodium associated with stomatal
closure is responsible for maintaining turgor in the leaves of the umbu tree genotypes;
additionally, solute accumulation as a drought-tolerance indicator was not evident in umbu
plants.

Osmotically active solutes in cassava leaves during water stress and the contribution of
solutes to osmotic adjustment were investigated by Alves & Setter (2003). They observed
that K* inorganic solute was the major contributor to total osmolytes in both mature and
expanding leaves, accounting for approximately 60% of the osmotic potential. The
concentration of K-salts increased in response to water stress and was positively correlated
with the extent of OA. In contrast, total sugars (sucrose + glucose + fructose) decreased
during water deficit, exhibiting a negative correlation with OA. Although the concentration
of proline in mature leaves increased in response to water stress, its contribution to the total
change in osmotic potential was insignificant (Alves & Setter, 2003).

Osmotic adjustment as a tolerance mechanism to water stress in young jackfruit and sugar
apple trees was evaluated by Rodrigues et al. (2010). They observed an accumulation of
solute sugars, followed by an increase in protein and amino acid concentrations in water-
stressed leaves. They also observed that both evaluated species had a high tolerance to the
stressful climatic conditions that occur in the semiarid region of northeastern Brazil.
Moreover, jackfruit proved to be more tolerant than sugar apple due to the maintenance of a
higher leaf water potential under water deficit.

In a study with cowpea (Vigna unguiculata) subjected to water stress and recovery
treatment, Souza et al. (2004) showed that carbohydrate metabolic changes revealed an
accumulation of soluble sugars in water-stressed leaves, which also persisted for one day
after re-watering. This finding suggests a transient end-product inhibition of
photosynthesis, contributing to a minor non-stomatal limitation during stress and the
initial phase of recovery. Moreover, increases in proline levels were small, and their onset
was delayed after stress imposition; thus, their increase may be a consequence instead of a
stress-induced beneficial response.

The effect of salinity and PEG-induced water stress on water status, gas exchange, and
solute accumulation in Ipomoea pes-caprae was evaluated by Sucre & Sudrez (2011). They
observed that under saline conditions, plants accumulated higher Na* concentrations; the
accumulation increased with increasing NaCl concentration. However, the leaf Na*
concentration of plants growing under PEG-induced water stress was higher than expected.
Regarding proline, an increase of -1.0 MPa was observed by the addition of NaCl or PEG
compared to control plants. Proline accumulation is considered the first response of plants
exposed to salt stress and water-deficit stress to reduce leaf osmotic potential; the kinetics of
accumulation of this solute depend on the intensity and duration of the stress (Ashraf &
Foolad, 2007).
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The impact of water shortage on leaf osmotic potential and proline accumulation was
evaluated in young plants of two Brazilian green dwarf (BGD) coconut ecotypes. Green
dwarf coconut palms exhibited low osmotic adjustment (from 0.05 to 0.24 MPa) and a
significant accumulation of proline (1.5 to 2.1 times more than the control) in leaflets in
response to water deficit. Considering the growth reduction observed in both ecotypes,
proline was not associated to with osmoregulation (Gomes et al., 2010).

The impact of salinity and water stress was analyzed in the xero-halophyte Atriplex ortensis,
which is a C; species well adapted to salt and drought conditions. Na* accumulated in
response to drought and salinity conditions, suggesting that this element could play a
physiological role in the stress response of this xero-halophyte species. However, K*, Ca2*
and Mg?* decreased in response to water and salt stress. Cl- concentration increased in
response to salt stress in all tissues, but water stress had no impact on this parameter
(Kachout et al., 2011).

Regarding osmoregulation in the coconut palm, proline’s contribution to the overall osmotic
adjustment in ecotypes of BGD was recently shown to be low (Gomes et al., 2006; Gomes &
Prado, 2007) because: (1) proline concentration was reduced to control levels upon re-
watering, whereas osmotic potential did not increase and even decreased in re-watered
plants; and (2) the patterns of the two coconut ecotypes evaluated for proline accumulation
did not reflect their relative behaviors in terms of osmotic adjustment. Indeed, chloride
plays important functions in the water balance of coconut palms. First, Cl- is important for
regulating stomatal apertures in coordinated water flow between six neighboring cells (two
guard cells and four subsidiary cells) of the coconut stomatal apparatus. During stomatal
pore opening, K* and Cl- ions flow from the subsidiary cell to the guard cell. This movement
leads to decreases in (water potential) Ww of the guard cell and, at the same time, increases
WYw of subsidiary cells, driving water flow from the subsidiary to the guard cells (Braconnier
& d’Auzac, 1990).

2.4 Water relations in semiarid plants

Water relations in Caatinga trees were evaluated by Dombroski et al. (2011). The species
studied were classified into four groups. (I), Mimosa caesalpiniifolia had low leaf water
potential (Pw) at predawn and no significant decrease at midday. Stomatal conductance
(gs) analyses indicated that plants had reached their lowest Ww. (II), Caesalpinia pyramidalis
and Auxemma oncocalyx had low Ww at predawn and significant decreases at midday. For
these species, the recuperation of their water statuses at night may have been sufficient for
maintaining open stomata during the day. (III), Caesalpinia ferrea and Calliandra spinosa had
relatively high Ww at predawn and significant decreases at midday. These species might
maintain their water statuses similar to individuals in group II, but they might also have
deeper root systems. (IV), Tabebuia caraiba had the highest Yw at predawn and no significant
decrease at midday, possibly indicating a combination of good stomatal control of water
loss and a deeper root system (Dombroski et al., 2011).

Leaf water relations induced by NaCl and PEG-6000 were assessed in Ipomoea pes-caprae; the
decrease in the nutrient solution water potential (Ws,) was initially stressful and caused
turgor loss Brazilian landrace, but 2 d after the beginning of the experiment, the plants that
experienced a reduction of -0.5 MPa in Wy, could adjust osmotically (Sucre & Suaréz, 2011).
However, under high salinity (HS) and water deficit (HW) stress, the osmotic adjustment
was delayed, with a consequent turgor loss during the first 16 d of treatment. During this
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period in HS and HW, ion delivery and/or synthesis of organic solutes were not enough to
achieve the osmotic adjustment necessary for turgor maintenance (Lacerda et al., 2003;
Akhiyarova et al., 2005). Subsequently, the resumption of the soil-plant water potential
gradient may take place due to the accumulation of inorganic and/or organic solutes in the
vacuole, allowing water uptake and enhancing turgor-dependent processes (Akhiyarova et
al., 2005).

Water relations evaluated in four umbu tree (Spondia tuberosa) genotypes under intermittent
drought showed high leaf water potential (Silva et al., 2009). Significant differences in leaf
water potential (Pw) were observed among the genotypes. GBU 68 showed the highest
value of Ww, while GBU 50 showed the lowest. Genotypes GBU 44 and GBU 50 showed
significantly reduced Brazilian landraceWw at 8:00 am, while control plants were reduced at
12:00 am (Silva et al., 2009). Recent studies have demonstrated that the water balance of the
umbu tree under drought conditions should be maintained through the utilization of the
water storage in the roots and low transpiration rates (Lima-Filho, 2001, 2004).

2.5 Photosynthetic and gas exchange

The ecophysiology parameters of four Brazilian Atlantic Forest under drought were
evaluated by Souza et al. (2010). A water deficit induced by 7 days of irrigation suspension
reduced the Ww in all the species studied, except for C. zeylancium. This finding was not
accompanied by the rates of stomatal conductance (gs), net photosynthesis (A), transpiration
(E) and intrinsic water use efficiency (IWUE), except for B. guianensis, which exhibited an A
rate of zero. The gas exchange values obtained tended to be lower in plants under stress;
however, T. guianensis plants under drought exhibited a high value for gs and A. No
significant differences were observed for E and IWUE, except for B. guianensis, which
showed high gs and E values with a low A rate; thus, the INUE for this species was the
lowest determined (Souza et al., 2010).

The processes involved in the susceptibility of sugarcane plants to water deficit were
evaluated in drought-tolerant and drought-sensitive cultivars. The water deficit affected the
photosynthetic apparatus of all the plants in different ways within and between cultivars.
Photosynthetic rates and stomatal conductances decreased significantly in all cultivars
subjected to water deficit Graga et al. (2010). In control tolerant cultivar plants (SP83-2847
and CTC15), the photosynthetic rate was higher than in the sensitive cultivar (SP86-155)
(Graga et al., 2010).

The function of the photosynthetic apparatus of cotton (Gossypium hirsutum) grown during
the onset of water limitation was studied by gas-exchange and chlorophyll fluorescence. The
onset of drought stress caused an increase in the operating quantum efficiency of PSII
photochemistry, which indicated increased photorespiration, as photosynthesis was hardly
affected by water limitation. The increase in PSII was caused by an increase in the efficiency
of open PSII reaction centers (Fvo/Fmg) and by a decrease in basal non-photochemical
quenching. The increased rate of photorespiration in plants during the onset of drought
stress can be seen as an acclimation process to avoid an over-excitation of PSII under more
severe drought conditions (Massaci et al., 2008).

The responses of photosynthetic gas exchange and chlorophyll fluorescence were studied in
the cowpea (Vigna unguiculata) during water stress and recovery. The reductions in CO;
assimilation rates in water-stressed cowpea plants were largely dependent on stomatal
closure, which decreased available internal CO, and restricted water loss through
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transpiration. This response seemed to be effective in preventing large decreases in leaf
water potential; thus, it appeared to be the basis for dehydration avoidance in the cowpea
(Souza et al., 2004).

In the coconut palm, the drought-induced photosynthetic reductions were initially
attributable to limited CO, diffusion from the atmosphere to the intercellular spaces as a
result of stomatal closure (Reppellin et al., 1997). Non-stomatal factors have been shown to
contribute to the reduction in photosynthesis, both during a period of severe water deficit
and during the recovery phase after resuming irrigation (Gomes, 2006; Gomes et al., 2007).
Gomes et al. (2007) used net photosynthesis (NP) and internal CO, concentration (Ci) to
show drought-induced non-stomatal limitation to NP in dwarf coconut, as indicated by
reductions in CO»-saturated and carboxylation efficiency.

NaCl and PEG stress were able to induce significant and reversible alterations in the
physiological stress indicators associated with water relations, growth and leaf gas
exchange, but they were unable to cause any changes in the photochemical activity of young
J. curcas plants (Silva et al., 2010b). Both treatments caused similar impairments of the CO,
assimilation rate, but the PEG-stressed plants showed higher restriction in stomatal
conductance and transpiration. Although both stresses caused significant decreases in leaf
chlorophyll content, photochemical activity was not affected (Silva et al., 2010b).

3. Conclusion

The physiological and biochemical changes that occur in semiarid plants subjected to water
stress represent adaptive responses by which plants cope with the water deficit. Such
species, growing under the low water content that predominates in the soils of these
regions, demonstrate an acclimation to this abiotic stress and are able to survive subsequent
drought periods with less damage compared to plants from other regions.
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