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Abstract

Climate change resulted in low water availability as well as increasing demands Keywords: Climate change,

for food in the future makes breeding for drought tolerant crops a high priority. Abiotic stress, Drought tolerance,
Drought stress is one of the most ominous abiotic factor limiting the Strategies

productivity and quality of fruit crops resulting in huge economic loss to the

fruit growers. Plants have developed diverse strategies and mechanisms to *Correspondence

survive drought stress. Most of these represent drought escape or avoidance Author: Anjali Soni

strategies like early flowering or low stomatal conductance that are not Email: anjali0Osoni@gmail.com
applicable in breeding for crops with high yields under drought conditions.

Drought tolerance is a very complex trait as it depends not only on the severity

of the drought (mild or severe), but also on the developmental stage of the plant

as well as the duration. From the physiological point of view, survival is the

major aim in plant stress tolerance, whereas from the agricultural point of view

crop Yield is the trait that determines a drought tolerant crop. This review article

highlights the mechanisms and strategies for drought tolerance in fruit crops.

Introduction

Globally biotic and abiotic stresses are the serious threat to food security and India will be among the worst affected
countries considering its large population under below poverty line. Abiotic stress under the climate change scenario
will adversely affect the perennial horticultural crops. Drought and salinity are among the major abiotc stresses that
affect 1/3" global population in terms of human health and farm productivity [1]. Because the world’s water supply is
limiting, future food demand for rapidly increasing population pressures is likely to further aggravate the effects of
drought. Agricultural drought addresses the situation in which the water available to the plants through rainfall and/or
irrigation is insufficient to meet the transpiration needs of the crop, which leads to yield reductions [2]. The
agricultural drought will differ between crops because of two major factors (crop water demand and crop water
supply) [3]. Climatic factors such as high temperature, high wind velocity and low relative humidity are associated
with drought. Basically there are two types of drought-atmospheric drought and soil drought. The severity of drought
is unpredictable as it depends on many factors such as occurrence and distribution of rainfall, evaporative demands
and moisture retaining capacity of soils.

Drought tolerance is a very complex trait as it depends not only on the severity of the drought (mild or severe),
but also on the developmental stage of the plant as well as the duration [4, 5]. From the physiological point of view,
survival is the major aim in plant stress tolerance, whereas from the agricultural point of view crop yield is the trait
that determines a drought tolerant crop [6]. Drought stress causes a wide range of morpho-physiological and
biochemical changes that adversely affect the development as well as the productivity of fruit crops.

Effects of drought on fruit crops

The effects of drought range from morphological to molecular levels and are evident at all phenological stages of
plant growth at whatever stage the water deficit takes place. Drought restricts water supply which results in a
reduction of tissue water content, stomatal conductance, metabolic processes and growth. Numerous studies have
shown that plant roots can sense changes in soil water content. As soils become dry, root-sourced signals are
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transported via the xylem to leaves and result in reduced water loss and decreased leaf growth. Drought induce
numerous morphological, physiological and biochemical changes in all plant organs.

Morphological response

It has been established that drought stress is a very important limiting factor at the initial phase of plant growth and
establishment. It affects both elongation and expansion growth [7]. The plant height was reduced up to 25% in water
stressed citrus seedlings. Reduces leaf size, stem extension and root proliferation, disturbs plant water relations [8].

Physiological and biochemical response
Closing of the stomata

The first response of virtually all plants to acute water deficit is the closure of their stomata to prevent the
transpirational water loss. Drought stress is considered to be a moderate loss of water, which leads to stomatal
closure.

Limits gas exchange

Closing of stomata decreases the inflow of CO, into the leaves and spares more electrons for the formation of active
oxygen species. As the rate of transpiration decreases, the amount of heat that can be dissipated increases.

Photosynthetic activity

A major effect of drought is reduction in photosynthesis, which arises by a decrease in leaf expansion, impaired
photosynthetic machinery, premature leaf senescence and associated reduction in food production.

Growth hormone

When exposed to drought stress, plants produce high levels of the hormone abscisic acid (ABA), which induces
stomatal closure as well as the expression of various genes. Indeed, it has been shown that exogenous application of
ABA can mimic such drought stress responses [9, 10], not all drought stress-induced genes are responsive to
exogenous ABA treatment. Endogenous levels of auxins, gibberellins and cytokinin usually decrease, while those of
abscisic acid and ethylene increase.

Oxidative damage

Exposure of plants to certain environmental stresses quite often leads to the generation of reactive oxygen species,
including superoxide anion radicals (O, hydroxyl radicals (OH), hydrogen peroxide, alkoxy radicals (RO) and
singlet oxygen (0O12). Reactive oxygen species react with proteins, lipids and deoxyribonucleic acid, causing
oxidative damage and impairing the normal functions of cells.

Molecular responses

Drought triggers the production of ABA in roots which is transported to the shoots causing stomata closure and
eventually restricting growth. Several drought-responsive genes, aquaporins, LEA proteins, heat shock proteins, and
dehydrins have been identified.

Mechanism for drought tolerance

Plants adopt to survive under drought stress by the induction of various morphological, biochemical and physiological
responses.

Morphological mechanisms

Plant drought tolerance involves changes at whole-plant level. A single or a combination of inherent changes
determines the ability of the plant to sustain itself under limited moisture supply. An account of various
morphological mechanisms operative under drought conditions is given below [11].
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Drought escape

Drought escape is the ability of plants to adjust their growth period or lifecycle to avoid the seasonal drought stress
[12].Generally the crop duration is interactively determined by genotype and the environment and determines the
ability of the crop to escape from drought. In plants flowering time is an important trait related to drought adaptation,
where a short life cycle can lead to drought escape [13]. In field-grown clones of Robusta coffee, leaf shedding in
response to drought stress occurred sequentially from older to younger leaves, suggesting that the more drought-
sensitive the clone, the greater the extent of leaf shedding [14].
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Figure 1 Physiological, biochemical and molecular responses to drought stress in plants [15]

Drought avoidance

Drought avoidance consists of mechanisms that reduce water loss from plants, due to stomatal control of
transpiration, and also maintain water uptake through an extensive and prolific root system. A deep and thick root
system is helpful for extracting water from considerable depth [16]. Fruit crops like ber, bael, custard apple, phalsa,
datepalm, tamarind etc. can be grown in xerophytic conditions.

Phenotypic flexibility

At a morphological level, 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. It has long been established that plants bearing small leaves are typical
of xeric environments. Such plants withstand drought very well. Leaf pubescence is a xeromorphic trait that helps
protect the leaves from excessive heat load. Hairy leaves have reduced leaf temperatures and transpiration [17].
Drought-stressed Ziziphus effectively control water loss both through reduction in leaf area and by stomatal closure
resulting in higher intrinsic water use efficiency [18].

Physiological mechanisms

Osmotic adjustment, osmoprotection, antioxidation and scavenging defence system are the most important
physiological mechanisms responsible for drought tolerance.

Osmotic adjustment

Osmotic adjustment is a mechanism to maintain water relations under osmotic stress. It involves the accumulation of

Chem Sci Rev Lett 2017, 6(23), 1537-1543 Axrticle CS092048062 1539



Chemical Science Review and Letters ISSN 2278-6783

soluble solutes like sugars, sugar alcohols, proline, glycinebetaine, organic acids, calcium, potassium, chloride ions
etc. [19]. It allows the cell to decrease osmotic potential and, as a consequence, increases the gradient for water influx
and maintenance of turgor pressure. Like Osmotic potential of Cherry cultivar ‘Colt’ and ‘Meteor’ at full
turgor'¥, ..« decreased in response to water stress from leaves and roots [20]. Hexose sugars (particularly glucose have
been reported as contributing directly to osmotic adjustment in Fragaria chiloensis [21]. This is essential for
maintaining physiological activity for extended periods of drought.

Plant growth regulators

Endogenous plant growth regulators play an important role in regulating plant responses to abiotic stress by
sensitizing growth and developmental processes. It is documented that the induction in stress tolerance is induced by
the manipulations in the concentrations of endogenous PGR under stress conditions by helping plants in many ways.
Plant growth regulators viz. ABA, brassinosteroids, jasmonate, salicylic acid, polyamines and nitric oxide increase
under drought stress [22].

Antioxidant defence system

Enzymes are the most efficient mechanism against oxidative stress. The antioxidant defence system in the plant cell
constitutes both enzymatic and non-enzymatic components. Enzymatic components include superoxide dismutase,
catalase, peroxidase, ascorbate peroxidase and glutathione reductase. Non-enzymatic components contain cystein,
reduced glutathione and ascorbic acid [23]. The reactive oxygen species in plants are removed by a variety of
antioxidant enzymes and/or lipid-soluble and water soluble scavenging molecules. The antioxidant enzymes being the
most efficient mechanisms against oxidative stress [24].

Drought tolerance strategies

To ensure the productivity and quality of fruits following strategies are used for drought tolerance

Water management

There are mainly two approaches for management of water under drought conditions.

Partial Root zone drying

A new irrigation technique called partial root-zone drying (PRD) was developed in Australia. This technique has been
applied successfully in commercial grapevines world-wide in order to reduce vine vigour and water use while
maintaining crop yield, and berry size and improving fruit quality compared to conventional irrigation [25]. The
concept of PRD allows one part of the root system to dry out while simultaneously the other part is kept wet by
frequent irrigation. After a certain period of time, around 5-14 days, depending on soil and climatic conditions, the
irrigation is switched so that the former ‘wet’ part of the root system is allowed to dry out and the former ‘dry’ part is
irrigated. Dehydrating roots send chemical signals, such as abscisic acid (ABA), to the shoots and leaves via the
xylem, reducing stomatal conductance, transpiration, and vegetative growth. Meanwhile, roots of the watered side
maintain a favourable plant water status. This irrigation technique has also increased considerably water use
efficiency in grapevines, by up to 50% or more compared to conventional irrigation.

Regulated deficit irrigation (RDI)

Regulated deficit Irrigation is an irrigation scheduling technique originally developed for pome and stone fruit
orchards, has been adapted successfully for wine grape production. Water deficit is applied during the post-set period
of berry development to reduce vegetative growth and, as necessary, berry size of red-wine grape varieties. However,
water deficit is avoided during the berry-ripening period, and precise irrigation management is required to ensure
minimal competition between ripening berries and vegetative growth. For the variety Shiraz, in particular, this
irrigation practice has resulted in significant improvements in wine quality. Both PRD and RDI systems require high
management skills, and accurate monitoring of soil water content is recommended. Drip and other forms of micro-
irrigation facilitate the application of RDI and PDR.
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Soil moisture conservation

Technique like mulching, basin listing, compartmental bunding etc. can be utilized to conserve soil moisture.
Mulching either with black polythene or locally available mulch helps in reducing the evaporation.

Selection of fruit crops

They should possess drought tolerance mechanism like deep root system (ber, datepalm), leaf shedding (ber, gonda),
water binding mechanism (fig), presence of thorn (karonda), leaf orientation (aonla) and well formed canopy
(Kinnow).

Selection of varieties

Varieties for drought conditions should be short in duration. Some of the drought tolerant varieties in fruit crop viz. —
Ruby (Pomegranate), Arka Sahan (Annona), Deanna and Excel (Fig) and Banana- cultivars belonging to BB genome
shown to be drought tolerant viz. Karpuravalli and Kanthali [26].

Application of PGR

Application of Paclobutrazol (10 mg/l) is used to avoid moisture stress in mango and exogenous application of
jasmonic acid induced drought tolerance by increasing the betaine level in pear [27].

Mycorrhizal association

Arbuscular mycorrhizal fungus (AMF) induced drought tolerance in Citrus species. Genera such as Acaulospora,
Gigaspora, and Glomus were dominantly observed in the citrus rhizosphere [28]. AMF inoculation with Glomus
mosseae significantly increased the active and total absorption areas of root systems in the Trifoliate Orange seedlings
grown at varying soil water contents compared to non-AM inoculation [29].

Rootstock

One of the strategies to improve fruit tree response to water deficit conditions is the use of tolerant rootstock geno-
types. The use of drought tolerant rootstocks would minimise the immediate effects of dry conditions and enable the
variety to recover quickly. With increased awareness about the use of rootstocks in overcoming the adverse effects of
drought growers started using rootstock for the cultivation [30].

Table 1 Drought tolerant rootstocks in fruit crops [31].

Sr.No. Crop Drought tolerant rootstock

1 Almond Prunus xerophila, P. amygdaliformis and P. Elaeagrifolia
2 Ber Zizyphus nummularia and Zizyphus lotus

3 Apple  MM111

4 Grape 110R and Dogridge

5 Pear Pyrus betulaefolia and Pyrus calleryan

Transgenic Approach

The plant growth and productivity of many crops are adversely affected by drought. Transgenic approach is now a
widely used procedure for introducing genes from distant genepools, ranging from prokaryotic organisms such as E.
coli to halophytes or glycophytes, into many plant species for the development of stress tolerant plants [32]. Genetic
engineering for improved abiotic stress-tolerance by expressing transcription factors has been achieved in a number of
fruit plants. For instance, encoding a transcription factor belonging to the Myb family was able to improve tolerance
to cold and drought stress in transgenic apple through improved physiological and biochemical adaptation [33].
Transgenic apple (‘Royal Gala’) plants overexpressing a cytosolic APX (ascorbate peroxidase) gene have indicated an
increased tolerance to stress [34]. Introduction of p5cs gene in the citrus rootstock Carrizo Citrange conferred higher
accumulation of proline in leaves [35].
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Conclusion

Drought stress is one of the most ominous abiotic factor limiting the productivity and quality of fruit crops resulting
in huge economic loss to the fruit growers. It induces stomatal closure, decreases transpiration and photosynthetic
rates, and leads to poor productivity. To minimize the negative effects of water stress, plants have various signalling
pathways and respond by changing their growth pattern, up-regulation of antioxidants, accumulation of compatible
solutes and by producing stress proteins. The drought tolerance is a complex mechanism involves a number of
processes at cell, tissue, organ and whole-plant levels, when activated at different stages of plant development.
Drought stress effects can be managed by developing drought resistant genotypes, plant growth regulators, use of
osmoprotectants, and some other strategies. Applications of genomics, proteomics and trascriptomic approaches to a
better understanding of the molecular basis of plant drought tolerance and improved water-use efficiency under
drought are also imperative. Molecular knowledge of response and tolerance mechanisms is likely to pave the way for
engineering plants that can withstand and give satisfactory economic yield under drought stress.

References

[1] FAO, World agriculture: towards 2030/2050: Interim Report, 2006. Available from: http://www.fao.org/
docrep/009/a0607e/a0607e00.HTM.

[2] Tuberosa, R. 2012. Phenotyping for drought tolerance of crops in the genomic era. Frontiers in Physiology, 3:
347.

[3] Mishra, A. K., Ines, A. V. M., Das, N. N., Khedun, P. C., Singh, V. P., Sivakumar, B. and Hansen, J. W. 2015.
Anatomy of the local-scale drought: Application of assimilated remote sensing products, crop model, and
statistical methods to an agricultural drought study. Journal of Hydrology, 526: 15-29.

[4] Daryanto, S., Wang, L. and Jacinthe, P. A. 2015. Global synthesis of drought effects on food legume
production. Plos One, 10: e0127401.

[5] Zhang, J.Y., Cruz de Carvalho, M. H., Torres-Jerez, I., Kang, Y., Allen, S. N., Huhman, D.V., Tang, Y.,
Murray, J., Summer, L. W. and Udvardi, M. K. 2014. Global reprogramming of transcription and metabolism
in Medicago truncatula during progressive drought and rewatering. Plant Cell and Environment, 37: 2553—
2576.

[6] Reguera, M., Peleg, Z. and Blumwald, E. 2012. Targeting metabolic pathways for genetic engineering abiotic
stress-tolerance in crops. Biochimica et Biophysica Acta, 1819: 186-194.

[71 Anjum, F., Yaseen, M., Rasul, E., Wahid, A. and S. Anjum. 2003. Water stress in barley (Hordeum vulgare L.).
I1. Effect on chemical composition and chlorophyll contents. Pakistan Journal of Agricultural Sciences, 40: 45-
49,

[8] Wu, Q. S., Xia, R. X. and Zou, Y. N. 2008. Improved soil structure and citrus growth after inoculation with
three arbuscular mycorrhizal fungi under drought stress. European Journal of Soil Biology, 44(1): 122-128.

[9] Bray, E. A. 1997. Plant responses to water deficit. Trends in Plant Science, 2(2): 48-54.

[10] Shinozaki, K. and Yamaguchi-Shinozaki, K. 1997. Gene expression and signal transduction in water-stress
response. Plant Physiology, 115(2): 327.

[11] Fang, Y. and Xiong, L. 2015. General mechanisms of drought response and their application in drought
resistance improvement in plants. Journal Cellular and Molecular Life Sciences, 72: 673-689.

[12] Manavalan, L. P., Guttikonda, S. K., Tran, L. S. P. and Nguyen, H. T. 2009. Physiological and molecular
approaches to improve drought resistance in soybean. Plant Cell Physiology, 50: 1260-1276.

[13] Araus, J. L., Slafer, G. A., Reynolds, M. P. and Royo, C. 2002. Plant breeding and drought in C3 cereals: what
should we breed for? Annals of Botany, 89: 925-940.

[14] DaMatta F. M. 2004. Exploring drought tolerance in coffee: a physiological approach with some insights for
plant breeding. Brazilian Journal of Plant Physiology, 16: 1-6.

[15] de Oliveira, A. B., Lidia, N., Alencar, M. and Gomes-Filho, E. 2013. Comparison between the water and salt
stress effects on plant growth and development. In: Sener A, (eds) Responses of Organisms to Water Stress,
In Tech: 67-94.

[16] Turner, N. C., Wright, G. C. and Siddique, K. H. M. 2001. Adaptation of grain legumes (pulses) to water-
limited environments. Advances in Agronomy, 71: 123-231.

[17] Ball, R. A., Oosterhuis, D. M. and Mauromoustakos, A. 1994. Growth dynamics of the cotton plant during
water-deficit stress. Agronomy Journal, 86: 788—795.

Chem Sci Rev Lett 2017, 6(23), 1537-1543 Axrticle CS092048062 1542



Chemical Science Review and Letters ISSN 2278-6783

[18] Jones, H. G. 1992. Plants and microclimate: a quantitative approach to environmental plant physiology (2nd
edn).Cambridge University Press.

[19] Gomes, F. P., Oliva, M. A., Mielke, M. S., Almeida, A. A. F. and Aquino, L. A. 2010. Osmotic adjustment,
proline accumulation and cell membrane stability in leaves of Cocos nucifera submitted to drought
stress. Scientia Horticulturae, 126(3): 379-384.

[20] Ranney, T. G., Bassuk, N. L. and Whitlow, T. H. 1991. Osmotic adjustment and solute constituents in leaves
and roots of water-stressed cherry (Prunus) trees. Journal of the American Society for Horticultural Science,
116(4): 684-688.

[21] Zhang, B. and Archbold, D.D. 1993. Solute accumulation in leaves of a Fragaria chiloensis and a F. virginiana
selection responds to water deficit stress. Journal of the American Society for Horticultural Science, 118(2):
280-285.

[22] Acharya, B. R. and Assmann, S. M. 2009. Hormone interactions in stomatal function. Plant Molecular
Biology, 69(4): 451-462.

[23] Gong H., Zhu X., Chen K., Wang S., Zhang C. 2005. Silicon alleviates oxidative damage of wheat plants in
pots under drought. Plant Science, 169: 313-321.

[24] Farooq, M., Wahid, A., Kobayashi, N., Fujita, D. and Basra, S. M. A. 2009. Plant drought stress: effects,
mechanisms and management. Agronomy for Sustainable Development, 29: 185-212.

[25] Dry, P. R. and Loveys, B. R. 1998. Factors influencing grapevine vigour and the potential for control with
partial rootzone drying. Australian Journal of Grape and Wine Research, 4: 140-148

[26] Bose, T. K. and Mitra, S. K. 1996. Fruits: Tropical and Subtropical, Naya Prokash, Calcutta, India

[27] Gao, X. P., Wang, X. F., Lu, Y. F., Zhang, L. Y., Shen, Y. Y., Liang, Z. and Zhang, D. P. 2004. Jasmonic acid
is involved in the water- stress- induced betaine accumulation in pear leaves. Plant, Cell and
Environment, 27(4): 497-507.

[28] Singh, L. P., Gill, S. S. and Tuteja, N. 2011. Unraveling the role of fungal symbionts in plant abiotic stress
tolerance. Plant signaling and behavior, 6: 175-191.

[29] Wu, Q. S. and Xia, R. X. 2006. Arbuscular mycorrhizal fungi influence growth, osmotic adjustment and
photosynthesis of citrus under well-watered and water stress conditions. Journal of plant physiology, 163(4):
417-425.

[30] Satisha, J., Somkuwar, R. G., Sharma, J., Upadhyay, A. K. and Adsule, P. G. 2016. Influence of rootstocks on
growth yield and fruit composition of Thompson seedless grapes grown in the Pune region of India. South
African Journal of Enology and Viticulture 31(1): 1-8.

[31] Nimbolkar, P. K., Awachare, C., Reddy, Y. T. N., Chander, S. and Firoz Hussain, F. .2016. Role of Rootstocks
in Fruit Production-A Review. Journal of Agricultural Engineering and Food Technology 3: 183-188

[32] Borsani, O., Valpuesta, V. and Botella, M. A. 2003. Developing salt tolerant plants in a new century: a
molecular biology approach. Plant Cell Tissue and Organ Culture, 73: 101-115.

[33] Pasquali, G., Biricolti, S., Locatelli, F., Baldoni, E., and Mattana, M. 2008. Osmyb4 expression improves
adaptive responses to drought and cold stress in transgenic apples. Plant cell reports, 27(10): 1677-1686.

[34] Wisniewski, M., Bassett, C., Norelli, J., Macarisin, D., Artlip, T., Gasic, K. and Korban, S. 2008. Expressed
sequence tag analysis of the response of apple (Malus x domestica ‘Royal Gala’) to low temperature and water
deficit. Physiologia Plantarum, 133(2): 298-317.

[35] Molinari, H. B. C., Marur, C. J., Bespalhok Filho, J. C., Kobayashi, A. K., Pileggi, M., Janior, R. P. L. and
Vieira, L. G. E. 2004. Osmotic adjustment in transgenic citrus rootstock Carrizo citrange (Citrus sinensis Osb.
x Poncirus trifoliata L. Raf.) over producing proline. Plant Science, 167(6): 1375-1381.

Publication History

2017 he Authors. The articl lished f his j I istri
© 2017, by the Authors. The articles published from this journal are distributed to Received 09" June 2017

the public under “Creative Commons Attribution License” (http://creative

commons.org/licenses/by/3.0/). Therefore, upon proper citation of the original | Revised 25" June 2017
work, all the articles can be used without any restriction or can be distributed in Accepted 05" July 2017
any medium in any form. Online 30" July 2017

Chem Sci Rev Lett 2017, 6(23), 1537-1543 Axrticle CS092048062 1543



