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Abstract

Extreme climatic events, including drought, are predicted to increase in intensity, frequency, and geographic extent 

as a consequence of global climate change. In general, to grow crops successfully in the future, growers will need 

to adapt to less available water and to take better advantage of the positive effects of drought. Fortunately, there are 

positive effects associated with drought. Drought stimulates the secondary metabolism, thereby potentially increas-

ing plant defences and the concentrations of compounds involved in plant quality, particularly taste and health ben-

efits. The role of drought on the production of secondary metabolites is of paramount importance for fruit crops. 

However, to manage crops effectively under conditions of limited water supply, for example by applying deficit irriga-

tion, growers must consider not only the impact of drought on productivity but also on how plants manage the primary 

and secondary metabolisms. This question is obviously complex because during water deficit, trade-offs among 

productivity, defence, and quality depend upon the intensity, duration, and repetition of events of water deficit. The 

stage of plant development during the period of water deficit is also crucial, as are the effects of other stressors. In 

addition, growers must rely on relevant indicators of water status, i.e. parameters involved in the relevant metabolic 

processes, including those affecting quality. Although many reports on the effects of drought on plant function and 

crop productivity have been published, these issues have not been reviewed thus far. Here, we provide an up-to-date 

review of current knowledge of the effects of different forms of drought on fruit quality relative to the primary and 

secondary metabolisms and their interactions. We also review conventional and less conventional indicators of water 

status that could be used for monitoring purposes, such as volatile compounds. We focus on fruit crops owing to 

the importance of secondary metabolism in fruit quality and the importance of fruits in the human diet. The issue of 

defence is also briefly discussed.
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Introduction

Agriculture is facing increasingly frequent periods of drought, 

and in the future water reduction is expected to exert the most 

adverse impact upon growth and productivity among abiotic 

stress factors (Shao et al., 2008). This trend is of particular con-

cern in the Mediterranean region, which will experience more 

frequent periods of intensive drought, leading to the extension 

of arid areas (Gao and Giorgi, 2008). In many countries where 

the lack of water is not yet critical, crops are currently irrigated 

in excess to avoid water shortage and promote plant growth; 

however, this irrigation may be detrimental to crop quality 

and water resources around the world. In the Mediterranean 

area, agriculture consumes approximately 177.7 109 m3 year–1 

(an average �gure obtained from data collected between 2003 

and 2007 from Mediterranean countries with the exception of 

countries of the African continent), and a marked reduction in 

irrigation would save a considerable amount of water (http://

www.fao.org/nr/water/aquastat/data/query/results.html; e.g. 6 

September 2013). It is generally accepted that this objective 

can be achieved by increasing water-use ef�ciency (WUE). 

For instance, regulated de�cit irrigation or partial root dry-

ing have been proposed to reduce water consumption in fruit 

orchards and to stimulate plant adaptation to stress-prone 

environments (Stikic et  al., 2003). These techniques enable 

the plants to more effectively explore the soil with their roots 

and stimulate the production of compounds such as abscisic 

acid (ABA), a major phytohormone involved in the responses 

of plants to abiotic stress (Shen et al., 2014). These strategies 

are promising but they have been only partially ‘explored’ in 

order to preserve yield and have overlooked other traits such 

as crop quality. Based on our knowledge of the mechanisms 

involved in plant and fruit responses to water de�cit (WD), 

we believe that other irrigation strategies involving a greater 

reduction in water supply could be developed. Moreover, in 

this review, we propose a re-examination of commonly held 

ideas on water requirements for crop performance in light of 

current knowledge of the effect of drought on quality criteria, 

such as the content of phytonutrients, and on plant defences. 

We focus on fruit crops owing to their agronomic and dietary 

importance. Fleshy fruits are the most important crops in the 

world after grains, and they represent a key ingredient of a 

healthy diet (http://www.fao.org/publications/so�/en; e.g. 16 

September 2013) owing to their high contents of phytonutri-

ents, vitamins, and antioxidants.

Fruit quality is measured according to several criteria, 

the relative importance of which differs among producers, 

consumers, and distributors (Shewfelt, 1999). Fruit size and 

external attractiveness (colour, form, size…) determine com-

mercial quality, whereas adequate �esh �rmness ensures a 

reasonable shelf-life. The consumer purchases fruit based on 

appearance and aroma, which are associated with taste and 

shelf-life. However, �avour promotes fruit consumption, and 

the characteristics of high-quality fruit include high sugar 

levels and an appropriate sugar-to-acid ratio. Consumers are 

also increasingly concerned with the nutritive value of fresh 

fruits, which is typically related to the antioxidant content 

(primarily polyphenols and vitamin C). The global demand 

for high-quality fruits that taste good, are rich in vitamins 

and antioxidants, are environmentally friendly, and can 

endure the demands of worldwide supply chains is growing 

rapidly and requires continuous effort to improve varieties 

and respond to environmental constraints.

A wealth of  studies have compared the behaviour of 

different plant species under well-irrigated and de�cit irri-

gation conditions. The molecular response to drought has 

been intensively investigated in many species and numerous 

responsive genes have been identi�ed which are involved 

in many signalling and metabolic pathways (Atkinson and 

Urwin, 2012). To date, only few candidate genes for stress 

resistance have been characterized and the links between 

gene or protein expression, and plant or organ phenotype 

under �eld conditions are still poorly understood. At the 

plant or organ level, many studies have discussed the overall 

negative impact of  WD on yield, which leads to growth limi-

tation or even plant death or organ abortion under extreme 

conditions. One of  the major and most well-documented 

effects of  drought is stomatal closure (Damour et al., 2010). 

The associated decrease in transpirational water loss is ben-

e�cial for plant survival because it helps the plant to main-

tain water balance; however, this positive effect comes at the 

price of  a reduction in net CO2 uptake. A  decrease in net 

photosynthesis not only translates into a decrease in carbo-

hydrate supply to the fruits, it also creates conditions that 

are conducive to photo-oxidative stress, i.e. the photosynthe-

sis-associated production of  reactive oxygen species (ROS), 

including O2
–, •OH and possibly H2O2 (Grassmann et  al., 

2002). Because oxidative stress stimulates the accumulation 

of  antioxidant compounds, a bene�cial effect of  WD on the 

health value of  fruits may be expected and has been reported 

in many descriptive studies (Nora et al., 2012). More gener-

ally, a recent review (Wang and Frei, 2011) outlined some 

typical patterns in crop-quality response to several abiotic 

stressors and indicated a tendency towards a loss in taste but 

an increase in nutritional value. Thus, trade-offs between 

crop yield and quality might be achieved under controlled 

WD conditions provided that growers have access to quan-

titative information not only related to productivity but also 

to crop quality. In this perspective, experimental conditions 

should better cover the range of  conditions experienced by 

plants under natural conditions (West et al., 2004). Indeed, 

compared with experimental conditions that focus on one 

or two stress factors applied at a given period, in the �eld, 

plants are prone to stresses of  varying intensity (from mild 

to severe stress), the progressive development of  stress and 

soil dehydration and repeated alternating cycles of  stress and 

recovery that occur during different periods of  plant devel-

opment. Moreover, in the �eld, one single stress factor rarely 

occurs in isolation; thus, several complex interactions and 

feedback cycles involved in plant responses must be consid-

ered. Finally, cumulative or transient effects are integrated 

by the plant throughout the crop cycle, which may lead to 

markedly contrasting responses with respect to plant health, 

productivity, and quality.

We review in this paper our current state of knowledge 

about the effects of WD on quality criteria of �eshy fruits 
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(soluble sugars, organic acids, volatile aromas, and texture), 

with special emphasis on the underlying physiological mech-

anisms. Because of the growing importance of the concen-

tration in phytochemicals as a quality criteria of fruits, we 

examine in detail the roles played by the reduction in supply 

of precursors and the oxidative stress, which are both associ-

ated with WD. During WD, trade-offs among productivity, 

defence, and quality depend upon the intensity, duration, and 

repetition of the phases of WD. The stage of plant devel-

opment during the period of WD is also crucial, as are the 

effects of genetic factors and other co-occurring stresses. We 

therefore examine the range of plant/fruit responses to WD 

depending on genotype, stress intensity, timing, and interac-

tions with other abiotic and biotic stresses. Finally, we review 

brie�y novel non-destructive methods and tools that can be 

used to assess plant physiological status and fruit quality cri-

teria in response to WD.

To avoid redundancy with several recent reviews on WD or 

stress (not speci�cally devoted to fruit), we do not detail the 

impact of drought on photosynthetic machinery, ROS synthe-

sis, and the damaging effects of ROS on metabolic pathways 

(Silva et al., 2013), genes responding to water stress (Tardieu 

et al., 2011), or the regulation of these genes (Atkinson and 

Urwin, 2012; Claeys and Inze, 2013; Sujata and Kshitija, 

2013), or hormonal pathways (Albacete et al., 2014; Perez-

Alfocea et al., 2011; Wilkinson and Davies, 2002). Similarly, 

we do not discuss the impact of WD on post-harvest quality 

(Nora et al., 2012). Because the notion of physiological stress 

is a subject of debate, the term water de�cit (WD) is used 

throughout this review.

The impact of water deficit on processes 

underlying fruit organoleptic quality

Important characteristics of fruit organoleptic quality 

include a fruit’s external appearance, size, texture, and taste. 

Fruit’s taste and texture are primarily determined by the 

amount of dry matter and its sugar, acid, cellulose, and pro-

tein composition in addition to the ratio between sugars and 

acids. Fruit size results from cell division and cell expansion, 

which are relative to carbohydrate and water �uxes, and car-

bon metabolism within the fruit. All of these processes are 

regulated based on the fruit ontogenetic programme and in 

response to environmental conditions (Génard et al., 2007). 

Many studies have reported that in several species WD typi-

cally results in depressed plant growth, enhanced fruit qual-

ity (e.g. increased sugar and acid levels), and an acceleration 

in fruit maturation but low marketable fruit yield (Guichard 

et al., 2005; Ho, 1996b; Mirás-Avalos et al., 2013). However, 

the reported effects of WD on fruit quality are highly varia-

ble and occasionally con�icting owing to the large number of 

underlying processes that interact during fruit development 

and the timing and intensity of WD and because different 

species show different sensitivities. Therefore, an analysis of 

the effects of WD at the level of the processes involved should 

contribute to an understanding of global effects observed at 

the fruit level.

The effect of water deficit on fruit development and 
growth processes

Independent of the species, fruit growth may be divided into 

distinct developmental phases, including a period of intense 

cell division followed by a period of cell expansion and end-

ing with the ripening period.

Cell division, which is typically restricted to a short period 

of fruit development and does not lead to a large increase 

in tissue volume, strongly in�uences the �nal fruit size in 

many species (e.g. in tomato (Bertin et al., 2003; Bohner and 

Bangerth, 1988; Prudent et al., 2010); pear Pyrus L. (Zhang 

et  al., 2006); and melon Cucumis melo L.  (Higashi et  al., 

1999)). Only a few studies have addressed the effects of WD 

on cell division in fruit tissues. In grape (Vitis vinifera L.) ber-

ries, negative or no effects were reported depending on the 

timing of treatment (McCarthy et  al., 2002; Ojeda et  al., 

2001). An absence of effects was also observed in olives (Olea 

europaea L.; Gucci et al., 2009) and pear fruit (Marsal et al., 

2000), with the exception of severe stress (Gucci et al., 2009). 

Under intensive WD, the induced carbon starvation may neg-

atively regulate cell division, as has been observed in tomato 

fruit at the tissue (Bertin, 2005; Prudent et al., 2010) and at 

the gene (Baldet et al., 2006) level.

When cell division ceases, an increase in tissue volume is 

induced owing to cell growth through an increase in cytoplas-

mic volume and an expansion of the vacuoles. Cells are smaller 

in fruits grown under WD, as has been observed in olives 

(Gucci et al., 2009), pears (Marsal et al., 2000), grapes (Ojeda 

et al., 2001), and tomatoes (our experimental observations). 

Cell expansion is supported by the pressure of cell contents 

and constrained by cell wall properties (Cosgrove, 1997). The 

decrease in cell turgor and water potential resulting from cell-

wall relaxation and loosening enables water to enter the cell 

and stimulate expansion (Lockhart, 1965). Water enters the 

fruit via xylem and phloem tissues and follows the stem-to-

fruit gradient of water potential, which is generated by a gra-

dient of osmotic potential between sources and sink tissues 

and that links cell expansion to sugar metabolism and sub-

cellular compartmentalization. Thus, WD may affect tissue 

expansion through its effects on the biophysical, metabolic, 

and hormonal factors involved in the regulation of cell tur-

gor and osmotic pressures and cell-wall extension. Although 

the fruit-water balance and osmotic regulation under WD 

are likely to have major impacts on tissue expansion, other 

hypotheses have been proposed. Mingo et al. (2003) demon-

strated that fruit growth is affected by WD without changing 

fruit cellular turgor and proposed that cell expansion is regu-

lated by sub-epidermal pH, which is consistent with previous 

results (Thompson, 2001). Modi�cations of the biochemical 

and physical properties of the cell wall under WD have also 

been suggested (Boyer, 1988). Several cell wall-loosening fac-

tors have been identi�ed in plant cells, including numerous 

acid-induced or hormone-induced proteins (for example, 

expansins hydrolases) and hydroxyl radicals (OH), the pro-

duction of which can be catalysed by peroxidase (Schopfer, 

2001). Other studies have supported the hypothesis that ROS 

participate in cell-wall softening, for example, during pear 
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fruit maturation (Fry et al., 2001). Thus, the potential effect 

of WD on cell-wall loosening and water balance is complex 

and involves many factors that may have opposing effects on 

the �nal cell size.

The onset of fruit ripening coincides with a rapid slow-

down in cell expansion. Under WD, the onset of fruit rip-

ening is hastened in peach Prunus persica L. (Mercier et al., 

2009), apple Malus domestica B. (El-Soda et al., 2014), and 

detached avocado Persea americana M.  (Adato and Gazit, 

1974). These effects have been attributed to a stress-induced 

increase in endogenous ethylene, which plays an important 

role in the coordination of fruit-ripening processes in many 

fruit crop species, including climacteric (e.g. tomato, apple, 

or banana Musa x paradisiaca L.) and non-climacteric (e.g. 

strawberry Fragaria x ananassa D., Citrus spp. L., or grape 

berries) fruits (Barry and Giovannoni, 2007). The biochemi-

cal features of the ethylene biosynthesis pathway under both 

normal and water-stress conditions and associated genes are 

well de�ned and have been reviewed previously (Apelbaum 

and Yang, 1981; Barry and Giovannoni, 2007; Fray et  al., 

1994).

The effect of water deficit on fruit texture

The overall structure and spatial organization, the cellular 

morphology of primary tissues (Aurand et al., 2012), the cell 

turgor and fruit-water status (Jackman et al., 1992; Shackel 

et al., 1991), the accumulation and distribution of osmotically 

active solutes (Saladie et al., 2007), the chemical and mechani-

cal properties of cell walls (Rosales et  al., 2009; Toivonen 

and Brummell, 2008), and the cuticle properties and loss of 

water by transpiration (Saladie et  al., 2007) predominate in 

the determination of texture. Although many of these pro-

cesses and traits are regulated by various environmental fac-

tors (Sams, 1999), of which water is of primary importance, 

very few studies have investigated the mechanisms involved in 

the environmental control of texture/�rmness, and little infor-

mation is available on the mechanisms affected (Harker et al., 

1997). Fruit texture is a primary determinant of consumer 

acceptance, and it greatly impacts organoleptic quality, �a-

vour and aroma perception, and shelf-life and transportability 

(Causse et  al., 2003; Seymour et  al., 2002). Several descrip-

tive studies have reported signi�cant but contrasting varia-

tions in fruit �rmness (physical component of texture) under 

WD. For example, WD increases the �rmness of pears (Lopez 

et al., 2011); however, an absence of effect was reported for 

apricots Prunus armeniaca L. (compression test; Perez-Pastor 

et  al., 2007), kiwi fruit Actinidia deliciosa (puncture test; 

Miller et  al., 1998), and apples (puncture test, Hooijdonk 

et al., 2007). A recent study on tomatoes revealed that a mod-

erate WD protocol decreased �rmness when measured using 

the compression test but increased �rmness when measured 

using the puncture test, with strong interactions between WD 

and genotypes (Bertin N, personal communication). These 

con�icting results may arise from different methods of texture 

evaluation, different stress intensities, strong genotype interac-

tions with the environment, and complex interactions among 

the numerous mechanisms involved in �nal fruit texture.

The most likely hypotheses are that WD impacts tex-

ture through its effect on cell size, cell turgor, solute trans-

port, and the accumulation of osmotically active solutes at 

the cell level. Indeed, a positive link between dry matter or 

total soluble solids (TSS) and �rmness was reported for the 

tomato (Aurand et al., 2012; Saha et al., 2009) and kiwi fruit 

(Nardozza et al., 2011). In addition, drought stress has been 

shown to cause alterations in the chemical composition and 

physical properties of the cell wall (Peleman et  al., 1989). 

Similarly, in cherry tomato fruit, environmental stressors pro-

mote the solubilization of cell wall pectin and reduce the con-

centration of calcium (Rosales et al., 2009), which is involved 

in the maintenance of cell-wall structure and fruit �rmness 

(Poovaiah et  al., 1988). In addition, the pectin matrix has 

many critical functions in the development of plant organs, 

such as the determination of apoplast porosity (Baron-Epel 

et al., 1988), ionic-exchange capacity (Gillet et al., 1998), and 

cell adherence (Knee, 1978). The oxidative stress-induced 

accumulation of antioxidant compounds, which prevent 

oxidative damage, may also impact texture. For example, 

ascorbate has been shown in vitro to solubilize tomato pec-

tins (Dumville and Fry, 2003), which may explain the posi-

tive correlation between fruit �rmness and reduced ascorbate 

content observed in tomato in response to post-harvest chill-

ing injury (Stevens et al., 2008).

The effect of water supply during fruit growth on post-har-

vest texture is an additional important issue. Kiwi (Reid et al., 

1996), apple (Hooijdonk et al., 2007), and pear (Lopez et al., 

2011) fruits grown under WD have been shown to have a bet-

ter shelf  life after harvest. In contrast, no effect of growth 

conditions on post-harvest �rmness has been reported for 

apricot (Perez-Pastor et al., 2007) or kiwi (Miller et al., 1998) 

fruits. This phenomenon requires further investigation.

The effect of water deficit on fruit taste relative to sugar 
and acid content

Soluble sugars and organic acids (primarily malic and citric 

acids) are major osmotic compounds that accumulate in �eshy 

fruits. These compounds determine taste and represent more 

than half  of the total dry matter in tomatoes. The metabolic 

pathways underlying acid and sugar syntheses and the links 

between enzymatic activities and product accumulation in 

fruits have been well documented (reviewed by Etienne et al. 

(2013) for acids and by Beckles et al. (2012) for sugars). Under 

WD, fruit sugar content increases in tomato fruit depending 

upon the cultivar and timing of stress (Bertin et  al., 2000; 

Veit-Köhler et  al., 1999). WD applied near ripening shows 

the greatest positive impact on soluble sugar accumulation 

in various �eshy fruits (i.e. sucrose, glucose, and fructose in 

Satsuma Mandarin fruit (Yakushiji et al., 1996); glucose and 

fructose in grape berries (Castellarin et al., 2007); and glucose 

and fructose in tomato fruit (Ho, 1996a)). In contrast, the 

effects of WD on fruit acidity are more con�icting. In many 

species (peach, clementine, mandarin, pear, tomato), water 

supply has been shown to correlate negatively with organic 

acid content in ripe fruits, but in grapes, nectarines (Etienne 

et al., 2013), and tomatoes (Bertin et al., 2000; Mitchell et al., 
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1991; Veit-Köhler et  al., 1999), this correlation has been 

shown to be positive. The variations in soluble sugar and acid 

accumulation in response to WD, often reported on the basis 

of fresh weight, may result either from dilution/dehydration 

effects (Etienne et  al., 2013; Guichard et  al., 2001), from 

active solute accumulation (Lo Bianco et al., 2000; Hummel 

et al., 2010), or from starch breakdown, as observed on toma-

toes under salinity-induced WD (Balibrea et al., 2003). For 

example, in strawberries, water stress increases sugar content 

and does not affect acid content relative to fresh weight; how-

ever, it does not affect sugar content and reduces acid con-

tent relative to dry weight (Terry et  al., 2007). In addition, 

water stress-induced carbon starvation is thought to decrease 

fruit sugar content, as has been observed in grape berries, 

peaches, tomatoes, mangoes (Mangifera L.), and clementines 

(Poiroux-Gonord et al., 2012; Poiroux-Gonord et al., 2013a), 

whereas organic acids typically show the opposite trend 

(Poiroux-Gonord et al., 2012).

In the tomato, sucrose-metabolizing enzymes (acid 

invertases and sucrose synthase, SUSY) and the starch-

synthesizing enzyme (ADP-glucose pyrophosphorylase, 

AGPase) play important roles in sugar import and metabolism 

(Beckles et al., 2012). Invertases, whether alone or combined 

with plant hormones, have been recognized as key metabolic 

enzymes involved in plant responses to environmental stimuli 

owing to their role in sugar signalling and sensing (Roitsch 

and Gonzalez, 2004; Ruan et  al., 2010). For instance, the 

reduction in apoplastic invertase activity has been suggested 

as an early step in the signal transduction cascade induced by 

water stress that leads to irreversible fruit abortion (Zanor 

et al., 2009). However, the effects of WD on sugar-metabo-

lizing enzymes in sink organs remain poorly documented. An 

increase in SUSY activity has been observed in water-stressed 

fruits in orange (Citrus sinensis L.; Hockema and Etxeberria, 

2001). In peach fruit, water stress-induced ABA stimulates 

sugar accumulation by increasing the activity of sorbitol 

oxidase; however, this effect was observed under moderate 

water stress but not severe water stress (Kobashi et al., 2001). 

A recent study of transformed tomato lines (Centeno et al., 

2011) revealed a negative link between malate accumulation 

and levels of transitory starch and �nal soluble sugar content, 

and suggested the regulation of AGPase activity by the cel-

lular redox status in developing fruit. Although links between 

enzyme activities and sugar accumulation have been studied 

extensively (Steinhauser et al., 2011), the relationships involv-

ing hormones, sugar-metabolizing enzymes, and sugar accu-

mulation in �eshy fruits under water-stress conditions merits 

much more consideration in future research.

For many �eshy fruits, consumer acceptance not only cor-

relates with individual concentrations of sugars and acids but 

also with the sugar/acid ratio. Based on the above-described 

effects of water stress on sugar and acid content, it is dif�cult 

to anticipate the effect of water stress on this ratio. In straw-

berries, the ratio increases under WD owing to an increase in 

sugar content (Terry et al., 2007). In tomato fruit, the sugar/

acid ratio was shown to increase under high air-vapour pres-

sure de�cit, but the effect was dependent on the plant fruit 

load and harvest period (Bertin et al., 2000). The sugar/acid 

ratio increases from spring to summer; it correlates better 

with acid content in spring but correlates equally with both 

components (soluble sugars and organic acids) in summer. 

These variations are probably in�uenced by water de�cit-

induced carbon starvation. In clementine fruit, the ratio is 

lowered by carbon starvation owing to the decrease in sugar 

accumulation and increase in acid accumulation (Poiroux-

Gonord et al., 2013b).

The effect of water deficit on fruit aromas

All �eshy fruits contain and release a great variety of vola-

tiles that confer their typical aroma. For example, in toma-

toes over 400 volatile compounds have been identi�ed 

(Buttery et al., 1987), many of which affect consumer taste 

perception together with sugars and acids (Baldwin et  al., 

1998). Although fruit aroma represents a fundamental crite-

rion of the organoleptic quality, few studies on its depend-

ence on irrigation strategies were available, except in grapes. 

Several independent studies on grapevines have shown that 

water limitation increases aromatic compound content, in 

particular carotenoid breakdown volatiles (so-called noriso-

prenoids), which confer berries and wine a more fruity char-

acter (Bindon et al., 2007; Chapman et al., 2005; Koundouras 

et al., 2009; Song et al., 2012). Consistent with these �ndings, 

Deluc et  al. (2009) observed an increased abundance of a 

carotenoid cleavage enzyme transcript in grapes grown under 

WD. The increase in norisoprenoids in fruits may be associ-

ated with metabolic responses to excess light energy and the 

build-up of oxidative stress under drought (Deluc et al., 2009; 

see also the following section on the effect of water de�cit on 

health-promoting phytochemicals). Other irrigation experi-

ments in vineyards reported that aroma and �avour improved 

with irrigation (Reynolds et  al., 2007) or were not affected 

(Bravdo, 2001). In addition to grapes, some studies on apples 

reported signi�cant positive effects of WD on the concen-

tration of aroma compounds (Behboudian et  al., 1998; 

Hooijdonk et al., 2007; Mpelasoka and Behboudian, 2002), 

although one study reported no effect (Mpelasoka et  al., 

2000). Two studies on tomatoes and strawberries reported 

signi�cant aroma enrichment in response to WD (Modise 

et al., 2006; Veit-Köhler et al., 1999).

In summary, across all fruit types, the majority of studies 

have reported bene�cial effects of reduced water availability 

on fruit aroma, as has been generally acknowledged with 

respect to the aroma content of spices and medicinal plants 

(Nowak et al., 2010). However, in many studies, the gain in 

aroma content was accompanied by a loss in fruit size (e.g. 

Song et al., 2012). Therefore, it remains unclear whether the 

reported enhancement in aroma was due to the true stimu-

lation of aroma biosynthesis or, rather, due to a dilution/

concentration effect based on changes in fruit size and water 

content, as has been discussed with respect to soluble sug-

ars and organic acid contents (Koricheva, 1999). Further, the 

effects of water limitation on fruit aroma may be indirect, in 

part owing to changes in the fruit microclimate (reduction 

in canopy density) or the nutrient status of the entire plant. 

Indeed, fertilization, shading and pruning practices have been 
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shown to affect fruit aromas (Pelayo-Zaldívar, 2010). Many 

more studies are required to unravel the multiple mechanisms 

underlying the effects of WD on fruit aromas. Particular atten-

tion should be paid to the timing and intensity of the applied 

water stress because the majority of aroma compounds and/

or their precursors accumulate primarily during fruit growth 

and subsequently change during ripening and/or senescence. 

Future studies should also include quantitative measure-

ments of aroma compounds in the headspace of intact fruits 

and not only their concentrations in fruit tissues. Indeed, the 

pro�les of aromas released by intact fruits may differ greatly 

from their aroma content because not all volatiles produced 

and released by fruits accumulate in fruit tissues at detectable 

amounts, a phenomenon that is well known for many vola-

tiles produced by vegetative plant organs (Staudt and Bertin, 

1998).

The effect of water deficit on health-

promoting phytochemicals

Fruits supply a large range of health-promoting phytochemi-

cals, of which secondary metabolites, primarily terpenoids 

(carotenoids, ABA, and others), and phenolic compounds 

are the largest groups along with ascorbate. Very little is 

known, for example, about the effect of ABA, the single most 

important plant hormone associated with drought, on fruit 

development and physiology. An increasing body of evidence 

suggests that ABA produces powerful biological effects. ABA 

is effective against a large range of diseases, including type 

II diabetes, obesity, and hypertension associated with athero-

sclerosis (Guri et al., 2007; Guri et al., 2010). Although the 

nutritional bene�ts of fruits and vegetables have been long 

established, consumption remains insuf�cient. Fortunately, 

there is great potential to increase the concentrations of 

phytochemicals in plant products using genetic approaches 

either by conventional breeding or breeding assisted by mark-

ers or metabolic engineering in addition to using agronomic 

approaches (Poiroux-Gonord et al., 2010). Of all of the envi-

ronmental factors that play a stimulating role in the synthesis 

and accumulation of useful phytochemicals in fruits, mod-

erate stress, and more speci�cally, controlled drought, seem 

promising (Poiroux-Gonord et  al., 2013b). We now review 

brie�y current knowledge on the effects of WD on the con-

centrations of the primary health-promoting phytochemicals 

in fruits and related physiological mechanisms involved in 

their synthesis and accumulation.

Drought can increase phenolic compounds, 
carotenoids, and vitamin C content in fruits

Many observations of the effects of WD on the accumula-

tion of phytochemicals in berry fruits have been made since 

the 1990s (Lovisolo et  al., 2010). With respect to phenolic 

compound content, the response to drought generally seems 

positive (Anttonen et  al., 2006; Deluc et  al., 2009; Esteban 

et al., 2001; Keutgen and Pawelzik, 2007; Krauss et al., 2006; 

Navarro et  al., 2006) and peaks at +40%. The picture is 

slightly different for carotenoids, for which the effects range 

from negative (De Pascale et  al., 2007; Riggi et  al., 2008) 

to non-signi�cant (Krumbein et  al., 2006) to positive (De 

Pascale et al., 2001; Favati et al., 2009; Krauss et al., 2006; 

Marin et al., 2009; Navarro et al., 2006; Wu et al., 2004; Zushi 

and Matsuzoe, 1998), and in the last case can reach greater 

than +150%. With respect to vitamin C, the �ndings are quite 

similar, with many reports showing positive effects of WD 

(Favati et al., 2009; Murshed et al., 2013; Veit-Köhler et al., 

1999; Zushi and Matsuzoe, 1998). It is important to stress 

that these studies show variable effects depending on genetic 

and seasonal factors or the intensity and duration of treat-

ment. Drought may in�uence the metabolism of these phy-

tochemicals via at least two major mechanisms that are not 

mutually exclusive and that may even interact (Fanciullino 

et  al., 2014). First, drought typically induces a decrease in 

leaf stomatal conductance, resulting in a decrease in net pho-

tosynthesis. The decrease in net photosynthesis may result 

in a reduced transport of primary metabolites to the fruits 

that are the major source of precursors for the biosynthesis 

of phenolic compounds, carotenoids and ascorbate. Second, 

drought may exacerbate oxidative stress/oxidative signalling. 

Oxidative stress is known to directly and indirectly in�u-

ence the biosynthetic pathways of these compounds. Both 

mechanisms seem closely linked because the accumulation of 

carbohydrates may exacerbate photo-oxidative stress in pho-

tosynthetic organs, such as leaves (Urban and Alphonsout, 

2007), whereas the latter mechanism may in�uence primary 

metabolism in nearby fruits (Poiroux-Gonord et al., 2013b). 

Moreover, WD may in�uence the metabolism of health-pro-

moting phytochemicals by hastening fruit development.

Are drought-induced variations in phytochemicals due 
to a reduction in the availability of primary metabolites?

It has often been reported that the availability and long-

distance transport of primary metabolites determines the 

biogenesis of phytochemicals in fruits, such as ascorbate 

(Wheeler et  al., 1998) or carotenoids (Cunningham, 2002). 

Consistent with this idea, sucrose limitation was observed 

to delay and reduce lycopene and phytoene accumulation in 

green tomato fruit pericarp disks (Telef  et al., 2006), whereas 

sucrose feeding was shown to promote colour break in citrus 

fruit (Telef  et al., 2006). However, in both cases, the reported 

effects are ethylene dependent, which suggests that the posi-

tive effects of sucrose on carotenoid synthesis before maturity 

are probably indirect, i.e. mediated by the maturation process 

itself. Other observations on clementines suggest that during 

the cell division phase, low carbohydrate supply to fruits does 

not inhibit but, rather, stimulates the accumulation of carot-

enoids, possibly owing to an indirect effect on plastid forma-

tion (Poiroux-Gonord et  al., 2012; Poiroux-Gonord et  al., 

2013a). In tomato fruit, the absence of a correlation between 

sugars and reduced ascorbic acid (AsA) content also suggests 

that fruit AsA content is not limited by leaf photosynthesis 

or sugar availability (Gautier et al., 2009). All of these obser-

vations seem to refute the idea that carbohydrate availabil-

ity determines the synthesis and accumulation of secondary 
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metabolites or vitamin C, at least in fruits. Historically, the 

issue of the effect of carbon supply on secondary metabo-

lites was addressed by ecologists who predicted how plants 

allocated resources between differentiation-related processes 

(including the production of secondary metabolites involved 

in defence) and growth-related processes, giving rise to the 

growth differentiation balance hypothesis (GDBH) (Herms 

and Mattson, 1992; Loomis, 1932; Wilkens et  al., 1996). 

However, the GDBH is unlikely to apply to storage organs 

such as fruits. For example, in tomatoes grown under nitrogen 

de�cit conditions, phenolic compounds accumulate in leaves, 

as predicted by the GDBH (Le Bot et al., 2009), but not in 

fruits (Benard et al., 2009). Carotenoids accumulate in fruits 

to advertise the nutritional status of fruits to potential seed 

disseminators rather than to ful�l defence functions. More 

recently, sugar signalling (Gibson, 2005; Rolland et al., 2002) 

has modi�ed our simplistic view of the effect of carbohydrate 

availability on secondary metabolism. The emerging mecha-

nistic view is instead one of a modulating role of carbohy-

drates with regard to the biogenesis of secondary metabolites 

(Cazzonelli and Pogson, 2010; Fraser et al., 2007; Lillo et al., 

2008; Telef  et al., 2006).

Stimulation of the synthesis of health-promoting 
phytochemicals by drought-induced oxidative stress

There are ample grounds to consider that the cellular redox 

state, resulting from the stress-induced production of ROS, 

ROS regulatory processes, and the accumulation of reducing 

power, controls tightly the synthesis of carotenoids in leaves 

and fruits (Fanciullino et al., 2014). Similarly, the entire bio-

synthetic pathway of phenolic compounds is under ROS/

redox control (Lillo et al., 2008; Wingate et al., 1988). The 

idea that the biosynthetic pathways of carotenoids and phe-

nolic compounds are under ROS/redox control is consistent 

with knowledge of the gene-controlling role of redox-sen-

sitive systems (Buchanan et  al., 2012; Potters et  al., 2010). 

However, the speci�c molecular mechanisms involved are not 

well understood, and the genes expressed in various �eshy 

fruits during drought, for example, in grapes (Castellarin 

et al., 2007), require further investigation. In addition, recent 

results suggest that ROS formed during WD, osmotic stress, 

and salt stress may indirectly orchestrate phenylpropanoid 

and �avonoid biosynthetic pathways through the initiation 

of phosphorylation cascades by H2O2 and MAPK that are 

highly activated during WD (Grassmann et al., 2002; Mateos 

et al., 2003).

AsA also plays a major role in the antioxidant scavenging 

of H2O2 via ascorbate peroxidase (APX) or AsA itself. In 

fruits, AsA content depends upon its biosynthesis, its recy-

cling after APX- or ascorbate oxidase (AO)-mediated oxi-

dation into monodehydroascorbate (MDHA), its eventual 

travels from the leaf to the fruit and its catabolism. There is 

evidence that drought tolerance correlates with plant AsA 

content and/or its regeneration by monodehydroascorbate 

reductase (MDHAR), which plays a fundamental role in 

ROS detoxi�cation (Wang et  al., 2012). This role of ROS 

detoxi�cation is supported by the behaviour of AsA mutants 

under drought stress. For example, ascorbate-de�cient 

mutants of Arabidopsis are more sensitive to WD (Niu et al., 

2013). Moreover, tomato plants with reduced expression of 

AO show 30% greater AsA content than control plants and 

show improved tolerance to WD resulting in higher stomatal 

conductance and photosynthesis rate (Garchery et al., 2013; 

Zhang et al., 2011).

Photo-oxidative stress in leaves impacts secondary 
metabolism and antioxidant metabolism in fruits

The role of ROS and redox status in the synthesis of second-

ary metabolites in the pulp of fruits raises an intriguing ques-

tion. At the time of maturation, when chloroplasts have been 

transformed in chromoplasts, ROS cannot originate from 

photosynthesis because the pulp has lost its photosynthetic 

machinery. In the pulp of stressed fruits, ROS may origi-

nate from NADPH oxidase located in the membranes, from 

xanthine oxidase in peroxisomes (Luis et  al., 2006; Mateos 

et al., 2003) or from the respiratory electron transport chain 

of mitochondria. Recently, Poiroux-Gonord et  al. (2013b) 

provided evidence that leaves of orange trees undergoing 

photo-oxidative stress can in�uence metabolism in the pulp 

of nearby fruits. Among other �ndings, they observed modi-

�cations of antioxidant metabolism and a 15% increase in the 

concentration of total carotenoids 99 hours after exposure 

of the leaves to stressful conditions. The idea that stressed 

leaves may be the source of oxidative stress or redox signal-

ling in fruit or that ROS may even be exported from stressed 

leaves to nearby fruits is appealing and deserves attention. 

This idea is consistent with the concept of systemic acquired 

resistance (SAR) in cases of biotic stress (Ryals et al., 1996) 

and systemic acquired acclimation (SAA) in cases of abiotic 

stress (Karpinski et  al., 1999). In Arabidopsis thaliana L., 

it has been observed that in response to wounding a ROS 

auto-propagating signal may be carried over a long distance 

at a rate of up to 8.4 cm min–1 (Miller et  al., 2009; Mittler 

et  al., 2011). Eventually, even secondary metabolites, such 

as phenolic compounds accumulated in leaves in response 

to stress, may move directly to fruit. Indeed, highly soluble 

phenolic acids and hydroxycinnamic acids have been found 

in phloem and xylem saps (Bidel et al., 2010). When applied 

on Arabidopsis roots, �avanones (i.e. naringenin, hydroxy-

kaempferol, and hydroxyquercetin) move from root to shoot 

using the symplastic pathway, whereas shoot-to-root transfer 

seems to be limited to the vascular tissues and depends upon 

ABC-C-type carriers (Buer et al., 2007). The importation of 

�avanol derivatives to fruits may occur when they are highly 

abundant, as in the tomato (e.g. naringenin-chalcone) or in 

Citrus species (e.g. naringenin-glycosides). No data exist that 

assess the participation of these derivatives in �avonoid accu-

mulation in fruits or the role of water stress in long-distance 

transport. Here, we detail the role of leaf-to-fruit signalling; 

however, it is quite clear that skin-to-pulp signalling may also 

exist at least as long as the photosynthetic machinery is effec-

tive. Fig. 1 summarizes the effects of water de�cit on quality 

criteria of �eshy fruits associated with photooxidative stress 

and reduced carbon gain.
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How do different types of water deficit 

affect fruit quality?

The great number of studies on WD highlight highly vari-

able responses of plants and fruits depending on the length 

and intensity of the de�cit, the plant/fruit development stage 

affected by the WD protocol, the genotype, and the presence 

or absence of other stress factors (high temperature and light, 

salinity, pathogens) (Bray, 1997; Tardieu et al., 2006). In this 

section, we review the variable effects of a few of these pri-

mary factors on fruit quality. When available in the original 

studies, indicators of stress intensity are mentioned.

The effect of water deficit applied at different 
developmental stages and intensities

Contrasting effects of WD have been observed depending on 

the plant developmental stage. In germinated tomato seeds, 

WD applied by the addition of polyethylene glycol was mostly 

lethal, whereas the rare surviving seeds produced either resistant 

or very sensitive plants (Kulkarni and Deshpande, 2007). 

These responses to PEG are dependent on the concentration 

and duration of the treatment and might be mediated by epige-

netic changes (Parra et al., 2007). The vegetative growth stage 

is highly sensitive to WD, and a major consequence of WD 

during this stage is the reduction of plant growth and the sub-

sequent fruit yield owing to numerous fruit abortions (Gladden 

et al., 2012). In grapes, WD applied during the vegetative stage 

(no irrigation until veraison) reduces the maximum rate of 

shoot elongation and node production, accelerates periderm 

development, decreases fruit growth (Matthews et al., 1987), 

and increases total phenolic content in contrast to malate 

(Matthews and Anderson, 1988). Thus, early WD applied 

during the vegetative phase may affect the entire reproductive 

period and negatively affect yield and improve fruit quality. 

In tomatoes, WD applied from �owering to fruit set primar-

ily affects the number of reproductive organs and potentially 

leads to an increase in fruit size and quality by increasing the 

availability of assimilates for the remaining fruits (–50% of 

daily evapotranspiration (ETc), Patanè and Cosentino, 2010; 

Fig. 1. A simplified model of the prevailing effects of water deficit (WD) on quality criteria of fleshy fruits, derived from the available literature on peach, 
tomato, and orange fruits. This model brings forward the way WD influences quality criteria in fruits either directly or indirectly through its effects on 
leaves. Up- and down-regulations are indicated by arrow endings (circles and bars, respectively), except when no general trend predominates (arrow 
endings), depending on species, genotypes, plant and fruit stage, and intensity of WD. WD induces a decrease in leaf water status, and also in leaf 
stomatal conductance and net photosynthesis. The water deficit-associated decrease in photosynthesis increases the risk of photooxidative stress in 
leaves while decreasing the amount of carbohydrates for export to fruits. The decrease in water supply to fruits is at the origin of a decrease in fruit size 
but may also increase levels in carbohydrates, secondary metabolites, and ascorbate by exerting a concentration effect or by stimulating the synthesis 
of these compounds. But then the water deficit-associated decrease in carbohydrate supply to fruits may have the opposite effect by decreasing the 
amount of carbohydrates. At the fruit level, the effect of carbohydrate availability on the concentrations of secondary metabolites and ascorbate, being a 
matter of debate, is represented using a broken line. We also used a broken line to represent the potential effect of the water deficit-associated increase 
in photooxidative stress in leaves on the redox status and the concentrations in secondary metabolites of fruits (Poiroux-Gonord et al., 2013b). Eventually 
we represented the effects of the redox status and of turgor (as influenced by water supply and the concentrations in carbohydrates) on texture (Pilati 
et al., 2007). (This figure is available in colour at JXB online.)
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–66% of control, Wang et al., 2011). However, intensive stress 

(–80% of control irrigation) may lead to abnormal ovule devel-

opment (Rapoport et al., 2012).

At the level of the fruit, the effects of WD also depend 

upon the stage of fruit development during treatment. In 

peaches, moderate WD applied during cell division (stage I) 

promotes fruit size but does not affect fruit water content (Li 

et al., 1989). When applied during the phase of rapid endo-

carp hardening (stage II), WD (–1.8 MPa stem water potential 

compared with control with –1.0 MPa at maximum) improves 

sweetness and �avour intensity and increases consumer 

acceptance, with contrasting effects on yield depending on 

the year (Vallverdu et al., 2012). WD applied during the main 

fruit-growth stage (Stage III) results in a negative impact on 

yield owing to carbon limitation (Girona et al., 2004) but is 

associated with a marked decrease in fruit water content (Li 

et al., 1989). Finally, in peaches, the ripening stage is the most 

sensitive stage to WD, and the stress-induced reduction in 

yield is proportional to the reduction in water supply up to 

25% of ETc (Wang and Gartung, 2010). Similarly, in toma-

toes, WD applied during ripening (50% of water capacity) 

shows the greatest increase on fruit quality (soluble sugars, 

organics acids, aromas and vitamin C) when applied dur-

ing the red stage compared with the mature green or orange 

stages (Veit-Köhler et al., 1999).

WD has also been applied during the entire growing sea-

son. This stress leads to a signi�cant decrease in fruit fresh 

weight and yields in tomatoes (under 65% and 80% reduc-

tions of water supply) (Nuruddin et al., 2003) and mangoes 

(33–75% ETc) and promotes TSS accumulation in mangoes. 

The response intensities correlate with the intensity of WD 

(Durán Zuazo et al., 2011).

In addition to the stage of application, the intensity of WD 

is an important determinant of the plant and fruit responses. 

To our knowledge, the effects of different stress intensities 

during targeted periods of fruit development have rarely 

been investigated. In oranges, different combinations of two 

stress intensities (55% and 70% of control) were applied dur-

ing two phases (�owering, and fruit growth or ripening), and 

the results indicated that the improvement in fruit quality is 

counterbalanced by the decrease in yield when at least one 

development phase is exposed to intensive stress (García-

Tejero et al., 2010).

These results suggest that compromise between yield and 

quality could be achieved if WD occurs at the right inten-

sity and at the right period of plant and fruit development. 

However, the intensity that optimizes both traits and enables 

the developmental stages to be preserved from stress remains 

unclear and is probably species- and season-dependent. Finally, 

the impact of WD on fruit yield and quality is not as simple 

as it �rst seems. Figure 2 summarizes the potential impact of 

WD on fruit yield and quality depending on fruit development 

phase, excluding severe stress, which is clearly deleterious.

Water deficit and plant priming

The capacity of plants to enhance their tolerance to future 

biotic or abiotic stresses upon appropriate stimulation by 

a prior exposure to stress is called ‘primed acclimation’ or 

‘priming’ (see the reviews by: Bruce et  al., 2007; Conrath, 

2011; Filippou et al., 2013). Therefore, plant acclimation to 

water stress may lower the sensitivity to more severe drought 

phases and to other biotic or abiotic stressors often shar-

ing common response pathways. Thus, primed plants are 

expected to minimize yield losses through adaptation, but 

also to increase fruit quality through the up-regulation of the 

synthesis of some health compounds. Alternating cycles of 

stress have been applied to the entire root system or to part 

of the root system, i.e. partial root drying, to stimulate plant 

adaptation to WD and improve fruit quality (Stikic et  al., 

2003). For example, two short periods (10 days) of WD (40–

50% soil humidity) applied to tomato plants were observed to 

increase the carotenoid content in fruits harvested after the 

recovery period owing to an increase in antioxidant enzyme 

activity during the stress period (Stoeva et al., 2010; 2012). 

Similar results were observed in cucumber (Akinci and Losel, 

2009).

In addition to the cascade of responses to priming that 

cause morphological, physiological and biochemical changes 

that make the plant more tolerant to subsequent stress, it has 

been shown that plants have a ‘memory’ of encountered stress 

conditions that enables them to enhance their adaptation to 

changing environments. Indeed, primed plants demonstrate a 

faster activation of defence responses following stress percep-

tion. In recent years, the molecular mechanisms involved in 

priming have been investigated in the �eld of plant pathology, 

and the existence of a stress imprint in the primed plant that 

conserves information from a previous stress to be applied 

when the next stress occurs has been suggested by Bruce et al. 

(2007). Many mechanisms of response to stress are shared 

among several abiotic or biotic stresses (so-called cross-tol-

erance) and could have an analogous effect on the induction 

of priming. ABA, which is central in regulating the plant 

response to abiotic stress, seems to be involved in plant prim-

ing in addition to jasmonic and salicylic acids (Li and Zhang, 

2012). Priming induces the accumulation of signalling pro-

teins and transcription factors (TFs) in their inactive forms 

and enables their rapid up-regulation after a subsequent expo-

sure to secondary stress. Thereby priming is expected to miti-

gate the damages and yield reduction associated to stress. The 

accumulation of dormant MAP kinases (MPK3 and MPK6), 

which are implicated in signal transduction, also seems to be 

necessary for the stress imprint (Beckers et al., 2009); moreo-

ver, both MPKs are linked to the activation of phenylalanine 

lyase, which is involved in polyphenol synthesis, thus involv-

ing plant defence and fruit quality. It has been also suggested 

that nitric oxide (NO) induced in response to priming stress 

could involve S-nitrosylation and denitrosylation of proteins 

(Floryszak-Wieczorek et  al., 2012). By using a proteomic 

approach, Arasimowicz-Jelonek et  al. (2013) demonstrated 

that the priming induced by chemical agents (β-amino-

butyric acid, GABA, INA, and Lamarin) involved NO and 

redox-regulated enzymes implicated in primary metabolism 

and oxidative responses, such as glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), carbonic anhydrase (CA), and 

ascorbate recycling (with the dehydroascorbate reductase 
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DHAR). GAPDH is a key enzyme involved in oxidative and 

NO signalling pathways that acts as an NO sensor (Kornberg 

et al., 2010; Morigasaki et al., 2008; Muñoz-Bertomeu et al., 

2010), whereas CA exhibits antioxidant activity and SA 

response (Slaymaker et al., 2002). Positive side-effects on the 

accumulation of health-promoting compounds are expected, 

as observed by Stoeva et al., (2010; 2012).

Often, the tolerance due to priming can persist for several 

days, but the stress imprint is in some cases transmitted to the 

next generation, suggesting that plants may inherit acclimation 

capacity (Molinier et  al., 2006; Slaughter et  al., 2012). Thus, 

plant priming represents an adaptive and cost-ef�cient defence 

strategy that increases the plant’s ability to survive in hostile envi-

ronments, summarized in Fig. 3. Priming may also be applied to 

improve fruit quality and fruit tolerance to stresses encountered 

during harvest and post-harvest treatments (Capanoglu, 2010). 

However, as outlined above in the section ‘the effect of water 

de�cit applied at different developmental stages and intensities’, 

it will be crucial to determine when and how much stress should 

be applied to maintain and even improve quality.

Factors affecting the fruit response to 

water deficit

In the �eld, WD may induce very different effects depend-

ing on the genotype and the interactions with other biotic or 

abiotic stresses. Commercial genotypes have primarily been 

selected based on plant productivity, fruit size, shelf  life, and 

resistance to speci�c pathogens. Thus, cultivated genotypes 

became less tolerant to multiple stress environments, in par-

ticular to abiotic stress factors. Indeed, breeding has favoured 

yield and economic criteria, and natural allelic variations of 

genes favouring adaptation to environmental stresses have 

been lost (Gorovits and Czosnek, 2007; Gur and Zamir, 2004; 

Tanksley and McCouch, 1997).

Interactions between water deficit and genetic factors

Understanding the genetic variability and the genotype–

environment interactions involved in fruit quality and plant 

tolerance to WD is crucial (Panthee et  al., 2012). A  great 

Fig. 2. A simplified model of the effects of water deficit (WD) applied during specific fruit developmental stage on fruit size and criteria of quality 
according to the literature on peach, tomato, and Citrus. This model summarizes the effects of WD applied during specific fruit developmental stages 
on fruit size, soluble solids concentration (SSC), titratable acidity (TA), firmness, aromas, and the concentration in phytonutrients. A stimulating effect is 
expressed by lines ending with circles; lines ending with bars express an inhibitory effect, whereas dotted arrows express hypothetical or year-dependent 
effects of WD. At the stage of cellular division, the effect of WD is believed to be an increase in fruit size as observed in peach (Li et al., 1989) and tomato 
(Nuruddin et al., 2003) although the behaviour of tomatoes seems to depend on year-to-year variations. Observations on Citrus fruits by Fanciullino et al. 
(2014) led us to represent the hypothetical positive effect of WD during cellular division on carotenoids. WD applied during rapid endocarp hardening 
can increase the SSC/TA ratio but the effects seem contrasted on flesh firmness and fruit size as a consequence of year-to-year variations (Vallverdu 
et al., 2012). During fruit growth, WD increases soluble sugars content and reduces fruit size (Girona et al., 2004; Li et al., 1989). At the ripening stage, 
the increase in vitamin C, soluble sugars, and organic acids is more marked when fruits are red than when they are at the turning point. Finally, aromas 
are improved by WD during ripening as indicated by increased emissions of hexanal, (Z)-3-hexenal, (E)-2-hexenal, and benzaldehyde (Veit-Köhler et al., 
1999). (This figure is available in colour at JXB online.)
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deal of research has been conducted to identify genes that 

are sensitive to WD. The majority of the molecular mecha-

nisms (involved in plant growth and ABA signalling) have 

been elucidated, in particular in Arabidopsis (Blum, 2011). 

However, their use and transfer to cultivated genotypes is 

far from simple. In tomato, only a small proportion of genes 

involved in adaptation to water stress is known (Fischer et al., 

2011; Labate et al., 2007). Genetic sources of variability to 

abiotic stress adaptation in tomato primarily include a small 

number of wild species, which made their use for breeding 

long and intricate (Foolad and Lin, 1999; Labate et al., 2007). 

Moreover, water stress-responsive genes are involved in a 

myriad of physiological processes (osmotic regulation, pho-

tosynthesis, hormone synthesis, antioxidant activities, etc.), 

but they do not necessarily confer plant resistance (Gong 

et  al., 2010) or yield stability. Genes and quantitative trait 

loci (QTLs) for plant stress adaptation should be identi�ed 

by comparing genotypes with contrasting behaviour under 

stress conditions (Labate et al., 2007). For example, a tran-

script study of metabolic pathways affected by WD carried 

out on two cultivars of grape berries revealed 6000 unigenes 

which vary with the cultivar and WD treatment and play a 

role in the phenylpropanoid, the ABA, the isoprenoids, the 

carotenoids, the amino acids and the fatty acids pathways 

(Deluc et al., 2009). Furthermore, genome-wide association 

mapping could allow the exploration of genome variability 

and the discovery of new QTLs and candidate genes (Ranc 

et  al., 2012). Moreover, using QTLs for stress adaptation 

based on physiological underlying processes instead of com-

plex traits, such as yield or quality, would be more ef�cient for 

understanding the genetic control and interactions with the 

environment (Bertin et al., 2010; Martre et al., 2011). Because 

WD is expected to enhance fruit quality, interesting QTLs 

that enable adaption to WD should improve plant develop-

ment, carbon acquisition, and allocation to fruits, thereby 

maintaining yield under WD. In practice, several genotypes 

have been identi�ed as tolerant to drought, either in terms 

of metabolic content and plant survival (for example in 

cucumber Cucumis sativus L. (Akinci and Losel, 2009) and in 

tomato (Sanchez-Rodriguez et al., 2010; 2011), or in terms of 

yield stability (Foolad, 2007). Such cultivars represent impor-

tant genetic resources for breeding.

Interactions between water deficit and other stress 
factors

Because plants are exposed simultaneously to multiple abi-

otic and biotic stresses under natural crop conditions, interac-

tions among stress factors under realistic ranges of variability 

are important. Endogenous phytohormones act as signals to 

Fig. 3. Plant priming mechanisms for acclimation to abiotic stress and improvement of fruit quality. Abiotic stress or chemical agents applied to plants 
can induce ‘priming’ to prepare plants to better cope with subsequent and more severe stressing conditions. The priming treatment induces early 
accumulation of ROS and nitric oxide (NO) that interact with hormonal responses and leads to the ‘primed state’ of plant cells. The resultant ‘stress 
imprint’ is characterized by epigenetic alterations such as chromatin modifications (histone modifications and DNA methylation), as well as accumulation 
of transcription factors (TFs) and inactive forms of mitogen-activated protein kinases (MAPKs). Therefore, primed plants are able to respond with 
increased or faster induction of defence responses upon exposure to subsequent stress. Finally, priming treatment causes a reduction of stress 
symptoms through enhanced tolerance, whereas non-primed plants exhibit severe damages. Thereby, primed plants are expected to minimize the 
impact on yield, and at the same time to trigger antioxidant mechanisms that positively affect fruit quality. (This figure is available in colour at JXB online.)
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combat many stress factors. Some phytohormones, such as 

ABA, are speci�c to abiotic factors, in particular WD, whereas 

others, such as salicylic acid (SA), jasmonic acid (JA), and 

ethylene (ET) are more speci�c to biotic stresses (Fujita et al., 

2006). These phytohormones in�uence plant growth processes 

(ET and JA) and plant survival mechanisms (ABA and SA) 

(Albacete et al., 2014). However, hormonal signalling path-

ways are interconnected (Atkinson and Urwin, 2012; Fujita 

et  al., 2006); thus, multiple individual stress factors do not 

show simple additive effects when combined (Mittler, 2006). 

Interactions between WD and other abiotic stress factors in 

relation to fruit quality have rarely been studied. Generally, 

interactions among abiotic stress factors, such as a combina-

tion of very high temperatures and WD, induce more delete-

rious effects for plant health than individual factors (Mittler 

and Blumwald, 2010). Thus, de�cit irrigation should be suf-

�cient to improve fruit quality, but it must be well balanced to 

avoid weakening the plant’s ability to respond to other abiotic 

stress factors.

In contrast, interactions between biotic and abiotic stresses 

often show bene�cial effects of one or both stressors. For 

example, molecular studies have shown that Botrytis cinerea 

infection triggers the expression of genes involved in path-

ogen resistance, like BOS1 in A.  thaliana (Mengiste et  al., 

2003) and SIAIM1 in tomato involved also in adaptation to 

abiotic stress by modulating responses to ABA (AbuQamar 

et al., 2008). In these studies, the co-occurrence of B. cinerea 

and abiotic stresses (water stress, osmotic stress and oxidative 

stress) reduces the susceptibility to the pathogen and induces 

tolerance to the abiotic stress. Similar positive interactions 

have been reported between powdery mildew and water 

stress, saline stress or proton stress (low-pH nutrient solution) 

in barley (Wiese et al., 2004).

Bene�cial interactions between pests and drought have also 

been reported in Citrus latifolia (Quiros-Gonzalez, 2000) and 

in apple (Gutbrodt et al., 2012), independent of stress inten-

sity. Fruit quality may be impacted by interactions between 

stressors. For example, in tomato, nematode attacks com-

bined with 3-week WD promoted sugar and �avonoid levels 

compared with control and stressors alone (Atkinson et al., 

2011). However, this stress combination often reduced the 

above- and below-ground biomass (Grinnan et al., 2013) and 

thus may induce negative effects on plant yield. In contrast, 

symbiosis with mycorrhizal fungus was shown to increase 

fruit production under WD and to improve fruit quality by 

increasing ascorbic acid concentration and reducing tomato 

acidity (Subramanian et al., 2006). Indeed biotization, which 

comprises the inoculation of young plants with bene�cial 

microorganisms such as bacteria or mycorrhizal fungi, may 

increase antioxidant contents in �eshy fruit and improve tol-

erance to abiotic stress (Gollotte et al., 2009).

These results indicate that interactions between drought 

and plant pathogens may advantageously stimulate the accu-

mulation of sugars, secondary metabolites and vitamin C 

in fruits. In addition, plant acclimation based on crosstalk 

responses to combined stress factors may be used to boost 

plant performances under non-optimal conditions including 

defence and quality.

New perspectives for monitoring and 

sensing water deficit and its impact on fruit 

quality

Setting up innovative irrigation-sparing strategies requires 

ef�cient and non-destructive methods enabling the real-time 

monitoring of relevant indicators of plant physiological sta-

tus and fruit quality. Although methods exist for assessing 

soil humidity, leaf photosynthetic activity, water �uxes, or 

plant growth, the majority of current measurements of fruit 

quality are destructive, particularly with respect to biochemi-

cal components. Complementary non-destructive methods 

that could be used to better assess plant and fruit physiologi-

cal responses to WD or to understand the complex interac-

tions among the numerous factors involved are reviewed here. 

Moreover fruit quality under different scenario of WD could 

be predicted.

The volatile metabolome as a potential indicator of 
plant health status

Plants lose a considerable portion of carbon and biochemical 

energy gained in photosynthetic processes via the biosynthe-

sis of volatile organic compounds (VOCs). Indeed, more than 

one thousand plant metabolites are volatile under ambient 

conditions, including saturated and non-saturated hydrocar-

bons, oxygen, nitrogen, and sulphur-containing molecules, 

with carbon skeletons ranging from C1 (e.g. methane, metha-

nol, formaldehyde) to C20 (e.g. diterpenes; Schwartzenberg 

et al., 2004). The release of VOCs by plants is not restricted 

to �avour-producing �owers, fruits, or vegetative secretory 

organs such as resin ducts and trichomes. All plant organs 

produce at least traces of volatiles under certain conditions 

(Loreto and Schnitzler, 2010). The metabolic origins and bio-

synthetic pathways of the majority of plant VOCs are well 

described. The majority of plant VOCs can be assigned to 

one of the three following biochemical classes: terpenoids, 

also called isoprenoids, that are synthesized in two distinct 

pathways in plants; lipoxygenase (LOX) products, also called 

oxylipins, the majority of which are oxygenated C6 com-

pounds that are derived from the peroxidation of unsaturated 

fatty acids; and volatiles product from the shikimate pathway 

(phenylpropanoids, e.g. methyl salicylate). Low-molecular-

weight VOCs, such as ethylene, methanol, ethanol, formal-

dehyde, acetaldehyde and acetone, are formed via other 

biosynthetic routes.

The number of  known volatiles has increased steadily in 

recent decades, not least owing to the emergence of  break-

through technologies and improvements to already existing 

analytical techniques used for VOC measurement. For exam-

ple, the design of  portable gas chromatographs and elec-

tronic noses enables the in situ monitoring of  VOCs released 

by organisms (Kunert et al., 2002; Laothawornkitkul et al., 

2008), and the development of  proton-transfer mass-spec-

trometry enables real-time measurements of  various classes 

of  trace gases at the sub-ppb level (Harren and Cristescu, 

2013). Plant release of  VOCs can be measured non-

destructively when using appropriate enclosure techniques 
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(Niinemets et  al., 2011), under close-to natural conditions 

or in fully controlled environments. This fact has prompted 

great interest in using VOC measurements for the in vivo 

monitoring of  metabolic processes and the determination 

of  the developmental, phenological, and health status of 

plants or plant organs. For example, methanol emissions are 

associated with cell growth, probably owing to the metha-

nol produced by the demethylation of  pectin during cell-wall 

formation (e.g. Oikawa et al. (2011) and references therein). 

Thus far, the majority of  efforts have been towards the 

use of  VOC signatures as indicators of  stress responses in 

plants and, more particularly, of  responses to biotic stress. 

A large number of  plant VOCs are produced speci�cally in 

response to biotic stresses, most notably the LOX volatiles, 

methyl-salicylate, monoterpenes such as β-ocimene and lin-

alool, various sesquiterpenes, and the two homoterpenes 

DMNT ((E)-4,8-dimethyl-1,3,7-nonatriene) and TMTT 

((E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene) that origi-

nate from the sesquiterpene (E)-nerolidol and the diterpene 

(E,E)-geranyl-linalool, respectively (McCormick et  al., 

2012). For example, in tomato plants, increased emissions of 

methyl-salicylate (among other VOCs) was associated with 

caterpillar (Vercammen et al., 2001) and spider-mite parasit-

ism (Dicke et al., 1998; Kant et al., 2004), and infestations 

with tobacco mosaic virus (Deng et al., 2004) and Botrytis 

cinerea (Jansen et al., 2010). Although certain VOCs are typ-

ical in many stress responses, numerous studies have shown 

that the quantity and composition of  VOCs released differs 

with the type and intensity of  stress (McCormick et al., 2012; 

Niinemets et  al., 2013). For example, using an electronic 

nose, Laothawornkitkul et  al. (2008) discriminated VOC 

bouquets among cucumber, pepper and tomato leaves sub-

jected to mechanical damage and diverse pests and diseases.

Changes in VOC signatures may also indicate abiotic 

stress. Above all, wounding and mechanical stress can pro-

duce large amounts of  volatile LOX products that could 

even be detected under �eld or greenhouse conditions 

without using plant enclosure systems (Jansen et al., 2010; 

Ruuskanen et al., 2011). In addition to LOX products, aro-

matic crop plants, such as tomatoes, release bursts of  terpenes 

from their trichomes upon mechanical damage. Emissions 

of  LOX volatiles and terpenes were also found to increase 

after exposure to ozone (Penuelas et al., 1999) and to cold 

and heat treatments (Copolovici et  al., 2012). In the latter 

study, the emissions increased gradually with the severity of 

stress. Water logging, i.e. an excess of  water, and the resulting 

hypoxia in the root zone were shown to trigger foliar ethanol 

and acetaldehyde emissions that originated from fermenta-

tion in the root cells (e.g. Copolovici and Niinemets, 2010). 

Regarding water shortage, numerous studies have described 

the effects of  drought on constitutive VOC emissions ranging 

from decreased emissions to no effect or increased emissions 

(for an overview, see Penuelas and Staudt, 2010). However, 

apart from ethylene (Shakeel et al., 2013), emissions of  spe-

ci�c VOCs induced by WD have rarely been reported. Ebel 

et al. (1995) reported increased LOX emissions from apple 

trees during severe drought. Nevertheless, several inde-

pendent studies have reported that WD stimulated biotic 

stress-induced VOC emissions (Gouinguene and Turlings, 

2002; Niinemets et al., 2013; Takabayashi et al., 1994), per-

haps by accentuating ROS formation and the associated 

stress signalling (see above).

The VOCs produced by the plant in response to biotic 

stress are not only symptoms but may form part of the 

defence reaction to cope with the aggressor. Stress-elicited 

VOCs may directly deter the attacker or act as olfactory cues 

to orientate predators and parasitoids of the pest to the plant 

under attack (McCormick et al., 2012 and references therein). 

Genetic manipulation of these defensive traits in plants may 

serve as a form of pest control in agriculture. For example, 

the introduction of a sesquiterpene biosynthetic pathway into 

cultivated tomatoes resulted in improved herbivore resistance 

(Bleeker et  al., 2012). In addition to their potential role as 

defence compounds to deter pests, stress-induced VOCs may 

be involved in within-plant and between-plant signalling, 

thereby regulating the protective responses of plants against 

both biotic and abiotic stresses. As discussed above, several 

well-known phytohormones (or their derivatives) imple-

mented in stress responses and priming are volatiles, includ-

ing ethylene, NO, methyl-salicylate and methyl-jasmonate. 

Other VOCs with strong potential to act in the plant stress 

signalling network are volatiles containing α,β-unsaturated 

carbonyl groups (molecules collectively referred to as reactive 

electrophile species), such as the LOX volatile (E)-2-hexenal 

(Farag and Pare, 2002) and β-cyclocitral, a terpenoid formed 

from the non-enzymatic breakdown of β-carotene by singlet 

oxygen (Ramel et al., 2012).

Thus, there is increasing evidence that the quality and 

quantity of VOCs released by plants indicate not only the 

presence of stress but also its intensity and the plants’ capac-

ity to cope with stress. Therefore, in vivo monitoring of VOC 

signatures from plants offers a novel avenue for the control of 

abiotic and biotic stresses in crop management and in pheno-

typing platforms for breeding or engineering stress-resistant 

genotypes. The potential use of stress volatiles as defence 

elicitors and as olfactory cues for recruiting natural enemies 

in agroecosystems has been tested (Holopainen et al., 2009; 

James, 2005) and shown to be promising.

Alternative non-destructive methods to determine fruit 
quality and plant health status

There are several non-destructive methods available to deter-

mine fruit quality and plant physiological status. Here, we 

describe brie�y nuclear magnetic resonance (NMR), near-

infrared spectroscopy (NIRS), parameters based on measure-

ments of UV/visible wavelengths such as the photochemical 

re�ectance index (PRI) or Dualex/Multiplex (Force A, ©), 

and analysis of �uorescence transient of chlorophyll a, which 

are often used for monitoring plant physiological status but 

rarely fruit quality. These methods are based on the meas-

urement of physical properties that correlate with the physi-

ological status of plants but also with quality criteria, such 

as electromagnetic (or optical) properties that could relate to 

fruit appearance, mechanical properties to texture, and chem-

ical properties to �avour (Abbott, 1999).
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NMR has primarily been used to study plant anatomy, 

changes in water content and transport in stems or in root 

systems and has rarely been used to assess internal fruit qual-

ity. The quanti�cation of extracts of fruit offers the possibility 

of quantitative measurements of each compound contribut-

ing to fruit quality but requires extraction of the compounds 

(Deborde et  al., 2009). However, even without extraction, 

NMR permits an evaluation of maturity, worm damage, or 

bruises (Chen et al., 1989).

Visible/near-infrared spectroscopy has been recently pre-

ferred over infrared thermography for the screening of geno-

types in controlled environments by measuring different plant 

traits, such as leaf water content (Zhang et  al., 2012), leaf 

nitrogen content (Ulissi et al., 2011), seed viability (Kranner 

et al., 2010), and metabolic content in fruits (Clement et al., 

2008). NIRS measurements correlate with sensory analyses of 

apple (Mehinagic et al., 2003) and mandarin (Citrus reticulata 

B.; Gomez et al., 2006) and have been applied to measure col-

our, total soluble solids, and vitamin C in orange (Magwaza 

et al., 2013). NIRS spectra re�ect the unique chemical �nger-

print of organic material and thus are potentially important 

for non-destructive assessments of fruit quality.

Spectral analysis in the UV/visible wavelength range has 

been used to characterize other factors involved in fruit qual-

ity or leaf chlorophyll content. For example, this method was 

used in grape to detect anthocyanins, which absorb in the 

visible light, and �avonoids, which absorb in light in the UV 

range (Rustioni et al., 2013; Tuccio et al., 2011).

The PRI has been also used to evaluate the epoxidation 

state of xanthophylls and the light use ef�ciency of photosyn-

thesis. These spectral analyses use visible wavelengths (from 

531–570 nm) and have enabled the detection of short-term 

stress responses to nitrogen stress and WD and evaluations of 

speci�c carotenoid content in fruits (Araus and Cairns, 2014; 

Murshed et al., 2013; Suarez et al., 2012).

However, all of these spectral analyses are based on cali-

brations using predictive statistical models, which depend 

on extensive databases. Moreover, these techniques may not 

be appropriate for fruit species with heterogeneous internal 

structure, such as the tomato (de Oliveira et al., 2014; Jouquet 

et al., 2014). Other instruments based on optical properties 

like Dualex or Multiplex permits to assess the phenolic con-

tent in grape berries (Cerovic et al., 2008) and to evaluate its 

change in relation to WD and fruit maturity (Esteban et al., 

2001).

Parameters of chlorophyll �uorescence derived from meas-

urements performed using a pulse amplitude-modulated 

�uorimeter have been used to follow the maturation of man-

goes fruits (Lechaudel et al., 2010). Chlorophyll �uorescence 

measurements could also be used for post-harvest detection 

of damaged or infested fruits containing chlorophyll in peel 

like lemon (Nedbal et  al., 2000). Besides minimal �uores-

cence, maximal �uorescence and variable �uorescence, inno-

vative parameters such as the performance index of Strasser 

(Strasser et al., 2004) could be used in the future on fruits to 

assess their physiological status in response to WD.

Thus, fruit quality traits, including colour, soluble sugar, 

and organic acid contents or nutritional value, can be 

quanti�ed using these different methods. All of these meth-

ods can be used in situ with the exception of NMR.

Process-based models: promising tools for the 
analysis and prediction of fruit quality during water 
deficit

Because the variations in fruit quality under WD involve 

many mechanisms and feedback loops at the plant and fruit 

levels, a modelling approach may help de�ne relevant strate-

gies for irrigation and designing ideotypes of plants adapted 

to drought, i.e. genotypes capable of maintaining yield and 

producing high-quality fruits. Indeed, process-based models 

are appropriate tools for integrating knowledge from the gene 

to the fruit (Struik et al., 2005), predicting the behaviour of 

complex systems such as fruits in �uctuating environments 

(Génard et al., 2007) and analysing gene–environment inter-

actions (Bertin et  al., 2010). Thus, the virtual fruit model 

(Génard et al., 2007) may be a basis for understanding fruit 

quality in response to environmental �uctuations and ana-

lysing interactions between WD and other environmental 

or genetic factors or cultural practices. This model describes 

water and carbohydrate transport combined with stimula-

tions of cell-wall extension driven by the in�ux of water and 

turgor pressure. The original virtual fruit model was devel-

oped based on the peach; however, the model has proven 

to be quite generic and has been adapted for different spe-

cies, including tomato (Liu et al., 2007), mango (Lechaudel 

et  al., 2005) and grape (Dai et  al., 2009). Interestingly, the 

virtual tomato model has been recently combined with a 

plant model that describes water and carbon �uxes within the 

plant architecture and the induced gradients of water poten-

tial and phloem sap concentration in carbon within the plant 

(Baldazzi et al., 2013). This integrated model would be a pow-

erful tool for understanding the complex interactions between 

water and carbon balance in response to WD at the plant and 

fruit levels. This model focuses on fruit fresh and dry mass 

and soluble compound content but it could be improved in 

the future for the prediction of other quality traits, includ-

ing the accumulation of healthy compounds such as vitamins 

and carotenoids. Future developments of this model could 

encompass genetic factors (Bertin et al., 2010), which would 

make it suited not only for generating novel ideas for future 

research, but also as a tool for breeding programs.

Conclusions

Global climate change entails many threats and challenges 

for the majority of crops. Above all, a reduction in yield is 

expected in many parts of the world, and drought is gener-

ally believed to represent one of the most important negative 

results of climate change. Fruit crops will certainly also suffer 

from the increased extension of drought conditions; however, 

yield is arguably not as important for fruit as for grain crops or 

oil crops. Yield does matter for fruit crops, but quality criteria 

are as important if  not more important. Fruits are expected 

to supply health bene�ts and to bring hedonistic pleasures 
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associated with speci�c aromatic compounds. We may thus 

distance ourselves from the dominant deleterious effect of 

drought on crop performance and consider the potential ben-

e�ts. In this review, we discussed fundamental and agronomic 

research and demonstrated that fruits from drought-stressed 

plants may be superior, in particular with respect to the con-

tent of health-promoting phytochemicals. The stimulation of 

secondary metabolism may also be bene�cial to plant natu-

ral defences. A  reduction in pesticide use may represent an 

additional bene�t for consumers and, thus, the fruit indus-

try. However, existing data also strongly suggest that tak-

ing advantage of stress will require a better understanding 

of the underlying mechanisms of drought adaptation, and 

much work remains along these lines. Laboratory studies of 

the effect of a single severe stress applied during a very short 

period of time should be de-emphasized in the future. Instead, 

as shown in this review, we must increase our understanding of 

the effects of variable and repeated periods of drought applied 

at different periods of the crop cycle, possibly combined with 

other forms of stress, because these conditions more accu-

rately re�ect actual crop conditions. Integrated models must 

be developed to address the complexity involved and to gener-

ate novel research ideas and avenues for plant physiologists. 

We also require novel monitoring tools that are based on inno-

vative ideas, such as VOC signatures and parameters derived 

from measurements of chlorophyll �uorescence. Fortunately, 

the information analysed as part of this review is suf�ciently 

mature and promising to encourage researchers who are con-

sidering a shift in their approach to drought research.

Acknowledgements

Financial support was provided by the Federative Research Structure ‘Tersys’ 
and by the DynRurABio project.

References

Abbott JA. 1999. Quality measurement of fruits and vegetables. 
Postharvest Biology and Technology 15, 207–225.

AbuQamar S, Chai M-F, Luo H, Song F, Mengiste T. 2008. Tomato 
protein kinase 1b mediates signaling of plant responses to necrotrophic 
fungi and insect herbivory. The Plant Cell Online 20, 1964–1983.

Adato I, Gazit S. 1974. Water-deficit stress, ethylene production, and 
ripening in avocado fruits. Plant Physiology 53, 45–46.

Akinci S, Losel DM. 2009. The soluble sugars determination in 
Cucurbitaceae species under water stress and recovery periods. 
Advances in Environmental Biology 3, 175–183.

Albacete AA, Martínez-Andújar C, Pérez-Alfocea F. 2014. Hormonal 
and metabolic regulation of source–sink relations under salinity and 
drought: From plant survival to crop yield stability. Biotechnology Advances 
32, 12–30.

Anttonen MJ, Hoppula KI, Nestby R, Verheul MJ, Karjalainen 
RO. 2006. Influence of fertilization, mulch color, early forcing, fruit order, 
planting date, shading, growing environment, and genotype on the 
contents of selected phenolics in strawberry (Fragaria x ananassa Duch.) 
fruits. Journal of Agricultural and Food Chemistry 54, 2614–2620.

Apelbaum A, Yang SF. 1981. Biosynthesis of stress ethylene induced by 
water deficit. Plant Physiology 68, 594–596.

Arasimowicz-Jelonek M, Kosmala A, Janus Ł, Abramowski D, 
Floryszak-Wieczorek J. 2013. The proteome response of potato leaves 
to priming agents and S-nitrosoglutathione. Plant Science 198, 83–90.

Araus JL, Cairns JE. 2014. Field high-throughput phenotyping: the new 
crop breeding frontier. Trends in Plant Science 19, 52–61.

Atkinson NJ, Dew TP, Orfila C, Urwin PE. 2011. Influence of combined 
biotic and abiotic stress on nutritional quality parameters in tomato 
(Solanum lycopersicum). Journal of Agricultural and Food Chemistry 59, 
9673–9682.

Atkinson NJ, Urwin PE. 2012. The interaction of plant biotic and abiotic 
stresses: from genes to the field. Journal of Experimental Botany 63, 
3523–3543

Aurand R, Faurobert M, Page D, Maingonnat JF, Brunel B, Causse 
M, Bertin N. 2012. Anatomical and biochemical trait network underlying 
genetic variations in tomato fruit texture. Euphytica 187, 99–116.

Baldazzi V, Pinet A, Vercambre G, Benard C, Biais B, Génard 
M. 2013. In-silico analysis of water and carbon relations under stress 
conditions. A multi-scale perspective centered on fruit. Frontiers in Plant 
Science 4, 495.

Baldet P, Hernould M, Laporte F, Mounet F, Just D, Mouras A, 
Chevalier C, Rothan C. 2006. The expression of cell proliferation-related 
genes in early developing flowers is affected by a fruit load reduction in 
tomato plants. Journal of Experimental Botany 57, 961–970.

Baldwin EA, Scott JW, Einstein MA, Malundo TMM, Carr BT, 
Shewfelt RL, Tandon KS. 1998. Relationship between sensory and 
instrumental analysis for tomato flavor. Journal of the American Society for 
Horticultural Science 123, 906–915.

Balibrea ME, Cuartero J, Bolarin MC, Perez-Alfocea F. 2003. 
Sucrolytic activities during fruit development of Lycopersicon genotypes 
differing in tolerance to salinity. Physiologia Plantarum 118, 38–46.

Baron-Epel O, Hernandez D, Jiang LW, Meiners S, Schindler M. 
1988. Dynamic continuity of cytoplasmic and membrane compartments 
between plant cells. Journal of Cell Biology 106, 715–721.

Barry CS, Giovannoni JJ. 2007. Ethylene and fruit ripening. Journal of 
Plant Growth Regulation 26, 143–159.

Beckles DM, Hong N, Stamova L, Luengwilai K. 2012. Biochemical 
factors contributing to tomato fruit sugar content: a review. Fruits 67, 
49–64.

Beckers GJM, Jaskiewicz M, Liu YD, Underwood WR, He SY, Zhang 
SQ, Conrath U. 2009. Mitogen-activated protein kinases 3 and 6 are 
required for full priming of stress responses in Arabidopsis thaliana. Plant 
Cell 21, 944–953.

Behboudian MH, Dixon J, Pothamshetty K. 1998. Plant and fruit 
responses of lysimeter-grown ‘Braeburn’ apple to deficit irrigation. Journal 
of Horticultural Science and Biotechnology 73, 781–785.

Benard C, Gautier H, Bourgaud F, Grasselly D, Navez B, Caris-
Veyrat C, Weiss M, Genard M. 2009. Effects of low nitrogen 
supply on tomato (Solanum lycopersicum) fruit yield and quality with 
special emphasis on sugars, acids, ascorbate, carotenoids, and 
phenolic compounds. Journal of Agricultural and Food Chemistry 57, 
4112–4123.

Bertin N. 2005. Analysis of the tomato fruit growth response to 
temperature and plant fruit load in relation to cell division, cell expansion 
and DNA endoreduplication. Annals of Botany 95, 439–447.

Bertin N, Genard M, Fishman S. 2003. A model for an early stage of 
tomato fruit development: cell multiplication and cessation of the cell 
proliferative activity. Annals of Botany 92, 65–72.

Bertin N, Guichard S, Leonardi C, Longuenesse JJ, Langlois D, 
Navez B. 2000. Seasonal evolution of the quality of fresh glasshouse 
tomatoes under Mediterranean conditions, as affected by air vapour 
pressure deficit and plant fruit load. Annals of Botany 85, 741–750.

Bertin N, Martre P, Genard M, Quilot B, Salon C. 2010. Under what 
circumstances can process-based simulation models link genotype to 
phenotype for complex traits? Case-study of fruit and grain quality traits. 
Journal of Experimental Botany 61, 955–967.

Bidel LPR, Coumans M, Baissac Y, Doumas P, Jay-Allemand C. 
2010. Biological activity of phenolics in plant cells. In: Santos-Buelga C, 
Escribano-Bailon MT, Lattanzio V, eds. Recent Advances in Polyphenol 
Research, Volume 2. Oxford: Wiley-Blackwell, 163–205.

Bindon KA, Dry PR, Loveys BR. 2007. Influence of plant water status 
on the production of C13-norisoprenoid precursors in Vitis vinifera L. Cv. 
cabernet sauvignon grape berries. Journal of Agricultural and Food 
Chemistry 55, 4493–500.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
5
/1

5
/4

0
9
7
/5

9
8
7
4
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



4112 | Ripoll et al.

Bleeker PM, Mirabella R, Diergaarde PJ, VanDoorn A, Tissier 
A, Kant MR, Prins M, Vos MD, Haring MA, Schuurink RC. 2012. 
Improved herbivore resistance in cultivated tomato with the sesquiterpene 
biosynthetic pathway from a wild relative. Proceedings of the National 
Academy of Sciences, USA 109, 20124–20129.

Blum A. 2011. Drought resistance – is it really a complex trait? Functional 
Plant Biology 38, 753–757.

Bohner J, Bangerth F. 1988. Effects of fruit set sequence and defoliation 
on cell number, cell size and hormone levels of tomato fruits (Lycopersicon 
esculentum Mill.) within a truss. Plant Growth Regulation 7, 141–155.

Boyer JS. 1988. Cell enlargement and growth-induced water potentials. 
Physiologia Plantarum 73, 311–316.

Bravdo B. 2001. Effect of cultural practices and environmental factors on 
fruit and wine quality. Agriculturae Conspectus Scientificus 66, 13–20.

Bray EA. 1997. Plant responses to water deficit. Trends in Plant Science 
2, 48–54.

Bruce TJA, Matthes MC, Napier JA, Pickett JA. 2007. Stressful 
“memories” of plants: evidence and possible mechanisms. Plant Science 
173, 603–608.

Buchanan BB, Holmgren A, Jacquot J-P, Scheibe R. 2012. Fifty years 
in the thioredoxin field and a bountiful harvest. Biochimica et Biophysica 
Acta 1820, 1822–1829.

Buer CS, Muday GK, Djordjevic MA. 2007. Flavonoids are differentially 
taken up and transported long distances in Arabidopsis. Plant Physiology 
145, 478–490.

Buttery RG, Ling LC, Light DM. 1987. Tomato leaf volatile aroma 
components. Journal of Agricultural and Food Chemistry 35, 1039–1042.

Capanoglu E. 2010. The potential of priming in food production. Trends in 
Food Science & Technology 21, 399–407.

Castellarin SD, Pfeiffer A, Sivilotti P, Degan M, Peterlunger E, 
Gaspero GD. 2007. Transcriptional regulation of anthocyanin biosynthesis 
in ripening fruits of grapevine under seasonal water deficit. Plant, Cell and 
Environment 30, 1381–1399.

Causse M, Buret M, Robini K, Verschave P. 2003. Inheritance of 
nutritional and sensory quality traits in fresh market tomato and relation to 
consumer preferences. Journal of Food Science 68, 2342–2350.

Cazzonelli CI, Pogson BJ. 2010. Source to sink: regulation of carotenoid 
biosynthesis in plants. Trends in Plant Science 15, 266–274.

Centeno DC, Osorio S, Nunes-Nesi A et al. 2011. Malate plays a 
crucial role in starch metabolism, ripening, and soluble solid content of 
tomato fruit and affects postharvest softening. Plant Cell 23, 162–184.

Cerovic ZG, Moise N, Agati G, Latouche G, Ben Ghozlen N, 
Meyer S. 2008. New portable optical sensors for the assessment of 
winegrape phenolic maturity based on berry fluorescence. Journal of Food 
Composition and Analysis 21, 650–654.

Chapman DM, Roby G, Ebeler SE, Guinard J-X, Matthews MA. 
2005. Sensory attributes of Cabernet Sauvignon wines made from vines 
with different water status. Australian Journal of Grape and Wine Research 
11, 339–347.

Chen P, McCarthy MJ, Kauten R. 1989. NMR for internal quality evaluation 
of fruits and vegetables. Transactions of the ASAE 32, 1747–1753.

Claeys H, Inze D. 2013. The agony of choice: how plants balance 
growth and survival under water-limiting conditions. Plant Physiology 162, 
1768–1779.

Clement A, Dorais M, Vernon M. 2008. Multivariate approach to the 
measurement of tomato maturity and gustatory attributes and their rapid 
assessment by vis-NIR spectroscopy. Journal of Agricultural and Food 
Chemistry 56, 1538–1544.

Conrath U. 2011. Molecular aspects of defence priming. Trends in Plant 
Science 16, 524–531.

Copolovici L, Kannaste A, Pazouki L, Niinemets U. 2012. Emissions 
of green leaf volatiles and terpenoids from Solanum lycopersicum are 
quantitatively related to the severity of cold and heat shock treatments. 
Journal of Plant Physiology 169, 664–672.

Copolovici L, Niinemets U. 2010. Flooding induced emissions of volatile 
signalling compounds in three tree species with differing waterlogging 
tolerance. Plant, Cell and Environment 33, 1582–94.

Cosgrove DJ. 1997. Relaxation in a high-stress environment: the 
molecular bases of extensible cell walls and cell enlargement. Plant Cell 9, 
1031–1041.

Cunningham FX. 2002. Regulation of carotenoid synthesis and 
accumulation in plants. Pure and Applied Chemistry 74, 1409–1417.

Dai Z, Vivin P, Robert T, Milin S, Li S, Genard M. 2009. Model-based 
analysis of sugar accumulation in response to source-sink ratio and 
water supply in grape (Vitis vinifera) berries. Functional Plant Biology 36, 
527–540.

Damour G, Simonneau T, Cochard H, Urban L. 2010. An overview 
of models of stomatal conductance at the leaf level. Plant, Cell and 
Environment 33, 1419–1438.

De Oliveira GA, Bureau S, Renard CM-GC, Pereira-Netto AB, de 
Castilhos F. 2014. Comparison of NIRS approach for prediction of 
internal quality traits in three fruit species. Food Chemistry 143, 223–230.

De Pascale S, Maggio A, Fogliano V, Ambrosino P, Ritieni A. 2001. 
Irrigation with saline water improves carotenoids content and antioxidant 
activity of tomato. Journal of Horticultural Science and Biotechnology 76, 
447–453.

De Pascale S, Martino A, Raimondi G, Maggio A. 2007. Comparative 
analysis of water and salt stress-induced modifications of quality 
parameters in cherry tomatoes. Journal of Horticultural Science and 
Biotechnology 82, 283–289.

Deborde C, Maucourt M, Baldet P et al. 2009. Proton NMR 
quantitative profiling for quality assessment of greenhouse-grown tomato 
fruit. Metabolomics 5, 183–198.

Deluc L, Quilici D, Decendit A, Grimplet J, Wheatley M, Schlauch 
K, Merillon J-M, Cushman J, Cramer G. 2009. Water deficit alters 
differentially metabolic pathways affecting important flavor and quality traits 
in grape berries of Cabernet Sauvignon and Chardonnay. BMC Genomics 
10, 212.

Deng C, Zhang X, Zhu W, Qian J. 2004. Investigation of tomato plant 
defence response to tobacco mosaic virus by determination of methyl 
salicylate with SPME-capillary GC-MS. Chromatographia 59, 263–268

Dicke M, Takabayashi J, Posthumus MA, Schutte C, Krips OE. 1998. 
Plant-phytoseiid interactions mediated by herbivore-induced plant volatiles: 
variation in production of cues and in responses of predatory mites. 
Experimental & Applied Acarology 22, 311–333.

Dumville JC, Fry SC. 2003. Solubilisation of tomato fruit pectins by 
ascorbate: a possible non-enzymic mechanism of fruit softening. Planta 
217, 951–961.

Durán Zuazo VH, Rodriguez Pleguezuelo CR, Franco Tarifa D. 2011. 
Impact of sustained-deficit irrigation on tree growth, mineral nutrition, fruit 
yield and quality of mango in Spain. Fruits (Paris) 66, 257–268.

Ebel RC, Mattheis JP, Buchanan DA. 1995. Drought stress of apple 
trees alters leaf emissions of volatile compounds. Physiologia Plantarum 
93, 709–712.

El-Soda M, Boer MP, Bagheri H, Hanhart CJ, Koornneef M, Aarts 
MGM. 2014. Genotype–environment interactions affecting preflowering 
physiological and morphological traits of Brassica rapa grown in two 
watering regimes. Journal of Experimental Botany 65, 697–708.

Esteban MA, Villanueva MJ, Lissarrague JR. 2001. Effect of irrigation 
on changes in the anthocyanin composition of the skin of cv Tempranillo 
(Vitis vinifera L) grape berries during ripening. Journal of the Science of 
Food and Agriculture 81, 409–420.

Etienne A, Genard M, Lobit P, Mbeguie-A-Mbeguie D, Bugaud C. 
2013. What controls fleshy fruit acidity? A review of malate and citrate 
accumulation in fruit cells. Journal of Experimental Botany 64, 1451–1469.

Fanciullino AL, Bidel LPR, Urban L. 2014. Carotenoid responses to 
environmental stimuli: integrating redox and carbon controls into a fruit 
model. Plant, Cell and Environment 37, 273–289.

Farag MA, Pare PW. 2002. C6-Green leaf volatiles trigger local and 
systemic VOC emissions in tomato. Phytochemistry 61, 545–54.

Favati F, Lovelli S, Galgano F, Miccolis V, Di Tommaso T, Candido 
V. 2009. Processing tomato quality as affected by irrigation scheduling. 
Scientia Horticulturae 122, 562–571.

Filippou P, Tanou G, Molassiotis A, Fotopoulos V. 2013. Plant 
acclimation to environmental stress using priming agents. In: N Tuteja and 
S Singh Gill, eds. Plant Acclimation to Environmental Stress. New York: 
Springer, 1–27.

Fischer I, Camus-Kulandaivelu L, Allal F, Stephan W. 2011. 
Adaptation to drought in two wild tomato species: the evolution of the Asr 
gene family. New Phytologist 190, 1032–1044.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
5
/1

5
/4

0
9
7
/5

9
8
7
4
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



Water shortage and quality of fleshy fruits—making the most of the unavoidable | 4113

Floryszak-Wieczorek J, Arasimowicz-Jelonek M, Milczarek G, 
Janus L, Pawlak-Sprada S, Abramowski D, Deckert J, Billert 
H. 2012. Nitric oxide-mediated stress imprint in potato as an effect of 
exposure to a priming agent. Molecular Plant-Microbe Interactions 25, 
1469–1477.

Foolad M. 2007. Current status of breeding tomatoes for salt and 
drought tolerance. In: Jenks M, Hasegawa PM, Jain SM, eds. Advances in 
Molecular Breeding Toward Drought and Salt Tolerant Crops. Netherlands: 
Springer, 669–700.

Foolad MR, Lin GY. 1999. Relationships between cold- and salt-
tolerance during seed germination in tomato: germplasm evaluation. Plant 
Breeding 118, 45–48.

Fraser PD, Enfissi EMA, Halket JM, Truesdale MR, Yu DM, Gerrish 
C, Bramley PM. 2007. Manipulation of phytoene levels in tomato fruit: 
Effects on isoprenoids, plastids, and intermediary metabolism. Plant Cell 
19, 4131–4132.

Fray RG, Wallace A, Grierson D, Lycett GW. 1994. Nucleotide 
sequence and expression of a ripening and water stress-related cDNA 
from tomato with homology to the MIP class of membrane channel 
proteins. Plant Molecular Biology 24, 539–543.

Fry SC, Dumville JC, Miller JG. 2001. Fingerprinting of polysaccharides 
attacked by hydroxyl radicals in vitro and in the cell walls of ripening pear 
fruit. Biochemical Journal 357, 729–737.

Fujita M, Fujita Y, Noutoshi Y, Takahashi F, Narusaka Y, 
Yamaguchi-Shinozaki K, Shinozaki K. 2006. Crosstalk between 
abiotic and biotic stress responses: a current view from the points of 
convergence in the stress signaling networks. Current Opinion in Plant 
Biology 9, 436–442.

Gao X, Giorgi F. 2008. Increased aridity in the Mediterranean region 
under greenhouse gas forcing estimated from high resolution simulations 
with a regional climate model. Global and Planetary Change 62, 195–209.

Garchery C, Gest N, Do PT et al. 2013. A diminution in ascorbate 
oxidase activity affects carbon allocation and improves yield in tomato 
under water deficit. Plant, Cell and Environment 36, 159–175.

García-Tejero I, Romero-Vicente R, Jimenez-Bocanegra JA, 
Martínez-García G, Durán-Zuazo VH, Muriel-Fernández JL. 2010. 
Response of citrus trees to deficit irrigation during different phenological 
periods in relation to yield, fruit quality, and water productivity. Agricultural 
Water Management 97, 689–699.

Gautier H, Massot C, Stevens R, Serino S, Genard M. 2009. 
Regulation of tomato fruit ascorbate content is more highly dependent on 
fruit irradiance than leaf irradiance. Annals of Botany 103, 495–504.

Génard M, Bertin N, Borel C, Bussières P, Gautier H, Habib R, 
Léchaudel M, Lecomte A, Lescourret F, Lobit P, Quilot B. 2007. 
Towards a virtual fruit focusing on quality: modelling features and potential 
uses. Journal of Experimental Botany 58, 917–928.

Gibson SI. 2005. Control of plant development and gene expression by 
sugar signaling. Current Opinion in Plant Biology 8, 93–102.

Gillet C, Voué M, Cambier P. 1998. Site-specific counterion binding and 
pectic chains conformational transitions in the Nitella cell wall. Journal of 
Experimental Botany 49, 797–805.

Girona J, Marsal J, Mata M, Arbones A, Dejong TM. 2004. A 
comparison of the combined effect of water stress and crop load on fruit 
growth during different phenological stages in young peach trees. Journal 
of Horticultural Science and Biotechnology 79, 308–315.

Gladden LA, Wang Y, Hsieh C, Tsou I. 2012. Using deficit irrigation 
approach for evaluating the effects of water restriction on field grown 
tomato (Lycopersicon esculentum). African Journal of Agricultural 
Research 7, 2083–2095.

Gollotte A, Secco B, Mercy L, Lemoine MC, Durand P, Prost M, 
Gianinazzi S. 2009. Raspberry breeding and biotisation for increasing 
plant stress tolerance and antioxidant activity. In: Kruger E, Carlen C, 
Mezzetti B, eds. Acta Horticulturae. Leuven: International Society for 
Horticultural Science (ISHS), 145–150.

Gomez AH, He Y, Pereira AG. 2006. Non-destructive measurement of 
acidity, soluble solids and firmness of Satsuma mandarin using Vis/NIR-
spectroscopy techniques. Journal of Food Engineering 77, 313–319.

Gong P, Zhang J, Li H et al. 2010. Transcriptional profiles of drought-
responsive genes in modulating transcription signal transduction, and 
biochemical pathways in tomato. Journal of Experimental Botany 61, 
3563–3575.

Gorovits R, Czosnek H. 2007. Biotic and abiotic stress responses in 
tomato breeding lines resistant and susceptible to tomato yellow leaf 
curl virus. In: Czosnek H, ed. Tomato Yellow Leaf Curl Virus Disease. 
Netherlands: Springer, 223–237.

Gouinguene SP, Turlings TCJ. 2002. The effects of abiotic factors 
on induced volatile emissions in maize plants. Plant Physiology 129, 
1296–1307.

Grassmann J, Hippeli S, Elstner EF. 2002. Plant’s defence and its 
benefits for animals and medicine: role of phenolics and terpenoids 
in avoiding oxygen stress. Plant Physiology and Biochemistry 40, 
471–478.

Grinnan R, Carter TE, Jr., Johnson MTJ. 2013. Effects of drought, 
temperature, herbivory, and genotype on plant-insect interactions in 
soybean (Glycine max). Arthropod–Plant Interactions 7, 201–215.

Gucci R, Lodolini EM, Rapoport HF. 2009. Water deficit-induced 
changes in mesocarp cellular processes and the relationship between 
mesocarp and endocarp during olive fruit development. Tree Physiology 
29, 1575–1585.

Guichard S, Bertin N, Leonardi C, Gary C. 2001. Tomato fruit quality in 
relation to water and carbon fluxes. Agronomie 21, 385–392.

Guichard S, Gary C, Leonardi C, Bertin N. 2005. Analysis of growth 
and water relations of tomato fruits in relation to air vapor pressure deficit 
and plant fruit load. Journal of Plant Growth Regulation 24, 201–213.

Gur A, Zamir D. 2004. Unused natural variation can lift yield barriers in 
plant breeding. PLoS Biology 2, e245.

Guri AJ, Hontecillas R, Si H, Liu D, Bassaganya-Riera J. 2007. 
Dietary abscisic acid ameliorates glucose tolerance and obesity-related 
inflammation in db/db mice fed high-fat diets. Clinical Nutrition 26, 
107–116.

Guri AJ, Misyak SA, Hontecillas R, Hasty A, Liu D, Si H, 
Bassaganya-Riera J. 2010. Abscisic acid ameliorates atherosclerosis by 
suppressing macrophage and CD4+ T cell recruitment into the aortic wall. 
The Journal of nutritional biochemistry 21, 1178–1185.

Gutbrodt B, Dorn S, Mody K. 2012. Drought stress affects constitutive 
but not induced herbivore resistance in apple plants. Arthropod–Plant 
Interactions 6, 171–179.

Harker FR, Redgwell RJ, Hallett IC, Murray SH, Carter G. 1997. 
Texture of fresh fruit. Horticultural Reviews 20, 121–224.

Harren FJM, Cristescu SM. 2013. Online, real-time detection of volatile 
emissions from plant tissue. AoB Plants 5, plt003.

Herms DA, Mattson WJ. 1992. The dilemma of plants: To grow or 
defend. Quarterly Review of Biology 67, 283–335.

Higashi K, Hosoya K, Ezura H. 1999. Histological analysis of fruit 
development between two melon (Cucumis melo L. reticulatus) genotypes 
setting a different size of fruit. Journal of Experimental Botany 50, 
1593–1597.

Ho LC. 1996a. The mechanism of assimilate partitioning and carbohydrate 
compartmentation in fruit in relation to the quality and yield of tomato. 
Journal of Experimental Botany 47, 1239–1243.

Ho LC. 1996b. Tomato. New York: Marcel Dekker Inc.

Hockema BR, Etxeberria E. 2001. Metabolic contributors to drought-
enhanced accumulation of sugars and acids in oranges. Journal of the 
American Society for Horticultural Science 126, 599–605.

Holopainen JK, Heijari J, Nerg AM, Vuorinen M, Kainulainen P. 2009. 
Potential for the use of exogenous chemical elicitors in disease and insect 
pest management of conifer seedling production. Open Forest Science 
Journal 2, 17–24.

Hooijdonk BMV, Dorji K, Behboudian MH. 2007. Fruit quality of ‘Pacific 
Rose’ TM apple grown under partial rootzone drying and deficit irrigation. 
Journal of Food, Agriculture and Environment 5, 173–178.

Hummel I, Pantin F, Sulpice R et al. 2010. Arabidopsis plants 
acclimate to water deficit at low cost through changes of carbon usage: 
an integrated perspective using growth, metabolite, enzyme, and gene 
expression analysis. Plant Physiology 154, 357–372.

Jackman RL, Gibson HJ, Stanley DW. 1992. Effects of chilling on 
tomato fruit texture. Physiologia Plantarum 86, 600–608.

James DG. 2005. Further field evaluation of synthetic herbivore-induced 
plant volatiles as attractants for beneficial insects. Journal of Chemical 
Ecology 31, 481–495.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
5
/1

5
/4

0
9
7
/5

9
8
7
4
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



4114 | Ripoll et al.

Jansen RMC, Hofstee JW, Wildt J, Vanthoor BHE, Verstappen FWA, 
Takayama K, Bouwmeester HJ, Henten EJV. 2010. Health monitoring 
of plants by their emitted volatiles: a model to predict the effect of Botrytis 
cinerea on the concentration of volatiles in a large-scale greenhouse. 
Biosystems Engineering 106, 37–47.

Jouquet P, Capowiez Y, Bottinelli N, Traoré S. 2014. Potential of near 
infrared reflectance spectroscopy (NIRS) for identifying termite species. 
European Journal of Soil Biology 60, 49–52.

Kant MR, Ament K, Sabelis MW, Haring MA, Schuurink RC. 2004. 
Differential timing of spider mite-induced direct and indirect defenses in 
tomato plants. Plant Physiology 135, 483–495.

Karpinski S, Reynolds H, Karpinska B, Wingsle G, Creissen G, 
Mullineaux P. 1999. Systemic signaling and acclimation in response to 
excess excitation energy in Arabidopsis. Science 284, 654–657.

Keutgen AJ, Pawelzik E. 2007. Modifications of strawberry fruit 
antioxidant pools and fruit quality under NaCl stress. Journal of Agricultural 
and Food Chemistry 55, 4066–4072.

Knee M. 1978. Properties of polygalacturonate and cell cohesion in apple 
fruit cortical tissue. Phytochemistry 17, 1257–1260.

Kobashi K, Sugaya S, Gemma H, Iwahori S. 2001. Effect of abscisic 
acid (ABA) on sugar accumulation in the flesh tissue of peach fruit at the 
start of the maturation stage. Plant Growth Regulation 35, 215–223.

Koricheva J. 1999. Interpreting phenotypic variation in plant 
allelochemistry: problems with the use of concentrations. Oecologia 119, 
467–473.

Kornberg MD, Sen N, Hara MR, Juluri KR, Nguyen JVK, Snowman 
AM, Law L, Hester LD, Snyder SH. 2010. GAPDH mediates 
nitrosylation of nuclear proteins. Nature Cell Biology 12, 1094–1100.

Koundouras S, Hatzidimitriou E, Karamolegkou M, Dimopoulou E, 
Kallithraka S, Tsialtas JT, Zioziou E, Nikolaou N, Kotseridis Y. 2009. 
Irrigation and rootstock effects on the phenolic concentration and aroma 
potential of Vitis vinifera L. cv. cabernet sauvignon grapes. Journal of 
Agricultural and Food Chemistry 57, 7805–13.

Kranner I, Kastberger G, Hartbauer M, Pritchard HW. 2010. 
Noninvasive diagnosis of seed viability using infrared thermography. 
Proceedings of the National Academy of Sciences, USA 107, 3912–3917.

Krauss S, Schnitzler WH, Grassmann J, Woitke M. 2006. The 
influence of different electrical conductivity values in a simplified 
recirculating soilless system on inner and outer fruit quality characteristics 
of tomato. Journal of Agricultural and Food Chemistry 54, 441–448.

Krumbein A, Schwarz D, Klaring HP. 2006. Effects of environmental 
factors on carotenoid content in tomato (Lycopersicon esculentam (L.) 
Mill.) grown in a greenhouse. Journal of Applied Botany and Food Quality-
Angewandte Botanik 80, 160–164.

Kulkarni M, Deshpande U. 2007. In Vitro screening of tomato genotypes 
for drought resistance using polyethylene glycol. African Journal of 
Biotechnology 6, 691–696.

Kunert M, Biedermann A, Koch T, Boland W. 2002. Ultrafast sampling 
and analysis of plant volatiles by a hand-held miniaturised GC with 
pre-concentration unit: kinetic and quantitative aspects of plant volatile 
production. Journal of Separation Science 25, 677–684.

Labate JA, Grandillo S, Fulton T et al. 2007. Tomato. Heidelberg: 
Springer-Verlag GmbH.

Laothawornkitkul J, Moore JP, Taylor JE, Possell M, Gibson TD, 
Hewitt CN, Paul ND. 2008. Discrimination of plant volatile signatures 
by an electronic nose: a potential technology for plant pest and disease 
monitoring. Environmental Science and Technology 42, 8433–8439.

Le Bot J, Benard C, Robin C, Bourgaud F, Adamowicz S. 2009. The 
‘trade-off’ between synthesis of primary and secondary compounds in 
young tomato leaves is altered by nitrate nutrition: experimental evidence 
and model consistency. Journal of Experimental Botany 60, 4301–4314.

Lechaudel M, Genard M, Lescourret F, Urban L, Jannoyer M. 2005. 
Modeling effects of weather and source-sink relationships on mango fruit 
growth. Tree Physiology 25, 583–597.

Lechaudel M, Urban L, Joas J. 2010. Chlorophyll fluorescence, a 
nondestructive method to assess maturity of mango fruits (cv. ‘Cogshall’) 
without growth conditions bias. Journal of Agricultural and Food Chemistry 
58, 7532–7538.

Li SH, Huguet JG, Schoch PG, Orlando P. 1989. Response of peach 
tree growth and cropping to soil water deficit at various phenological 

stages of fruit development. Journal of Horticultural Science 64, 
541–552.

Li X, Zhang L. 2012. SA and PEG-induced priming for water stress 
tolerance in rice seedling. In: Zhu E, Sambath S, eds. Information 
Technology and Agricultural Engineering, Vol. 134. Heidelberg: Springer 
Berlin, 881–887.

Lillo C, Lea US, Ruoff P. 2008. Nutrient depletion as a key factor for 
manipulating gene expression and product formation in different branches 
of the flavonoid pathway. Plant, Cell and Environment 31, 587–601.

Liu H, Genard M, Guichard S, Bertin N. 2007. Model-assisted analysis 
of tomato fruit growth in relation to carbon and water fluxes. Journal of 
Experimental Botany 58, 3567–3580.

Lo Bianco R, Rieger M, Sung S-JS. 2000. Effect of drought on sorbitol 
and sucrose metabolism in sinks and sources of peach. Physiologia 
Plantarum 108, 71–78.

Lockhart J. 1965. Cell extension. In: Bonner EJ, Varner JE, eds. New 
York: Academic Press, 827–849.

Loomis WE. 1932. Growth-differentiation balance vs. carbohydrate 
nitrogen ratio. Proceedings of the American Society for Horticultural 
Science 29, 240–245.

Lopez A, Zon K, Dussi MC, Reeb P, Giardina G, Leskovar M, Flores 
L. 2011. Economic evaluation between chemical thinning vs. hand 
thinning in ‘Williams’ pear. In: Sanchez EE, Sugar D, Webster AD, eds. 
Acta Horticulturae. Leuven, Belgium: International Society for Horticultural 
Science (ISHS), 29–37.

Loreto F, Schnitzler JP. 2010. Abiotic stresses and induced BVOCs. 
Trends in Plant Science 15, 154–166.

Lovisolo C, Perrone I, Carra A, Ferrandino A, Flexas J, Medrano 
H, Schubert A. 2010. Drought-induced changes in development 
and function of grapevine (Vitis spp.) organs and in their hydraulic and 
non-hydraulic interactions at the whole-plant level: a physiological and 
molecular update. Functional Plant Biology 37, 98–116.

Luis A, Sandalio LM, Corpas FJ, Palma JM, Barroso JB. 2006. 
Reactive oxygen species and reactive nitrogen species in peroxisomes. 
Production, scavenging, and role in cell signaling. Plant Physiology 141, 
330–335.

Magwaza LS, Opara UL, Terry LA, Landahl S, Cronje PJR, 
Nieuwoudt HH, Hanssens A, Saeys W, Nicolaï BM. 2013. Evaluation 
of Fourier transform-NIR spectroscopy for integrated external and internal 
quality assessment of Valencia oranges. Journal of Food Composition and 
Analysis 31, 144–154.

Marin A, Rubio JS, Martinez V, Gil MI. 2009. Antioxidant compounds 
in green and red peppers as affected by irrigation frequency, salinity 
and nutrient solution composition. Journal of the Science of Food and 
Agriculture 89, 1352–1359.

Marsal J, Rapoport HF, Manrique T, Girona J. 2000. Pear fruit 
growth under regulated deficit irrigation in container-grown trees. Scientia 
Horticulturae 85, 243–259.

Martre P, He J, Gouis JL et al. 2011. A system approach to wheat 
phenology: simulation of environmental and genetic variations of leaf 
number and anthesis date. Aspects of Applied Biology, 9–18.

Mateos RM, Leon AM, Sandalio LM, Gomez M, del Rio LA, Palma JM. 
2003. Peroxisomes from pepper fruits (Capsicum annuum L.): purification, 
characterisation and antioxidant activity. J Plant Physiol 160, 1507–16.

Matthews MA, Anderson MM. 1988. Fruit ripening in Vitis vinifera L.: 
Responses to seasonal water deficits. American Journal of Enology and 
Viticulture 39, 313–320.

Matthews MA, Anderson MM, Schultz HR. 1987. Phenological and 
growth responses to early and late season water deficits in Cabernet franc. 
Vitis 26, 147–160.

McCarthy M, Loveys B, Dry P, Stoll M. 2002. Regulated deficit irrigation 
and partial rootzone drying as irrigation management techniques for 
grapevines. FAO Water Reports 22, 79–87.

McCormick AC, Unsicker SB, Gershenzon J. 2012. The specificity of 
herbivore-induced plant volatiles in attracting herbivore enemies. Trends in 
Plant Science 17, 303–310.

Mehinagic E, Royer G, Bertrand D, Symoneaux R, Laurens F, 
Jourjon F. 2003. Relationship between sensory analysis, penetrometry 
and visible-NIR spectroscopy of apples belonging to different cultivars. 
Food Quality and Preference 14, 473–484.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
5
/1

5
/4

0
9
7
/5

9
8
7
4
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



Water shortage and quality of fleshy fruits—making the most of the unavoidable | 4115

Mengiste T, Chen X, Salmeron J, Dietrich R. 2003. The BOTRYTIS 
SUSCEPTIBLE1 gene encodes an R2R3MYB transcription factor protein 
that is required for biotic and abiotic stress responses in Arabidopsis. The 
Plant Cell Online 15, 2551–2565.

Mercier V, Bussi C, Lescourret F, Genard M. 2009. Effects of different 
irrigation regimes applied during the final stage of rapid growth on an early 
maturing peach cultivar. Irrigation Science 27, 297–306.

Miller G, Schlauch K, Tam R, Cortes D, Torres MA, Shulaev V, Dangl 
JL, Mittler R. 2009. The plant NADPH oxidase RBOHD mediates rapid 
systemic signaling in response to diverse stimuli. Science Signaling 2, 45.

Miller SA, Smith GS, Boldingh HL, Johansson A. 1998. Effects of 
water stress on fruit quality attributes of kiwifruit. Annals of Botany 81, 
73–81.

Mingo DM, Bacon MA, Davies WJ. 2003. Non-hydraulic regulation of 
fruit growth in tomato plants (Lycopersicon esculentum cv. Solairo) growing 
in drying soil. Journal of Experimental Botany 54, 1205–1212.

Mirás-Avalos JM, Alcobendas R, Alarcón JJ, Valsesia P, Génard 
M, Nicolás E. 2013. Assessment of the water stress effects on peach 
fruit quality and size using a fruit tree model, QualiTree. Agricultural Water 
Management 128, 1–12.

Mitchell JP, Shennan C, Grattan SR, May DM. 1991. Tomato fruit 
yields and quality under water deficit and salinity. Journal of the American 
Society for Horticultural Science 116, 215–221.

Mittler R. 2006. Abiotic stress, the field environment and stress 
combination. Trends in Plant Science 11, 15–19.

Mittler R, Blumwald E. 2010. Genetic engineering for modern 
agriculture: challenges and perspectives. Annual Review of Plant Biology 
61, 443–462.

Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB, 
Vandepoele K, Gollery M, Shulaev V, Van Breusegem F. 2011. ROS 
signaling: the new wave? Trends in Plant Science 16, 300–309.

Modise D, Wright C, Atherton J. 2006. Changes in strawberry aroma 
in response to water stress. Bostwana Journal of Agriculture and Applied 
Science 2.

Molinier J, Ries G, Zipfel C, Hohn B. 2006. Transgeneration memory of 
stress in plants. Nature 442, 1046–1049.

Morigasaki S, Shimada K, Ikner A, Yanagida M, Shiozaki K. 2008. 
Glycolytic enzyme GAPDH promotes peroxide stress signaling through 
multistep phosphorelay to a MAPK cascade. Molecular Cell 30, 108–13.

Mpelasoka B, Behboudian MH, Dixont J, Neal S, Caspari HW. 
2000. Improvement of fruit quality and storage potential of ‘Braeburn’ 
apple through deficit irrigation. Journal of Horticultural Science and 
Biotechnology 75, 615–621.

Mpelasoka BS, Behboudian M.H. 2002. Production of aroma volatiles in 
response to deficit irrigation and to crop load in relation to fruit maturity for 
‘Braeburn’ apple. Postharvest Biology and Technology 24, 1–11.

Muñoz-Bertomeu J, Cascales-Miñana B, Irles-Segura A, Mateu 
I, Nunes-Nesi A, Fernie AR, Segura J, Ros R. 2010. The plastidial 
glyceraldehyde-3-phosphate dehydrogenase is critical for viable pollen 
development in Arabidopsis. Plant Physiology 152, 1830–1841.

Murshed R, Lopez-Lauri F, Sallanon H. 2013. Effect of water stress on 
antioxidant systems and oxidative parameters in fruits of tomato (Solanum 
lycopersicon L, cv. Micro-Tom). Physiology and Molecular Biology of Plants 
19, 363–378.

Nardozza S, Gamble J, Axten LG, Wohlers MW, Clearwater MJ, 
Feng J, Harker FR. 2011. Dry matter content and fruit size affect flavour 
and texture of novel Actinidia deliciosa genotypes. Journal of the Science 
of Food and Agriculture 91, 742–748.

Navarro JM, Flores P, Garrido C, Martinez V. 2006. Changes in the 
contents of antioxidant compounds in pepper fruits at different ripening 
stages, as affected by salinity. Food Chemistry 96, 66–73.

Nedbal L, Soukupova J, Whitmarsh J, Trtilek M. 2000. Postharvest 
imaging of chlorophyll fluorescence from lemons can be used to predict 
fruit quality. Photosynthetica 38, 571–579.

Niinemets U, Flexas J, Penuelas J. 2011. Evergreens favored by higher 
responsiveness to increased CO2. Trends in Ecology and Evolution 26, 
136–142.

Niinemets U, Kannaste A, Copolovici L. 2013. Quantitative patterns 
between plant volatile emissions induced by biotic stresses and the degree 
of damage. Frontiers in Plant Science 4, 262.

Niu Y, Wang Y, Li P, Zhang F, Liu H, Zheng G. 2013. Drought stress 
induces oxidative stress and the antioxidant defense system in ascorbate-
deficient vtc1 mutants of Arabidopsis thaliana. Acta Physiologiae 
Plantarum 35, 1189–1200.

Nora L, Dalmazo GO, Nora FR, Rombaldi CV. 2012. Controlled water 
stress to improve fruit and vegetable postharvest quality. In: Ismail Md, Mofizur 
R, Hiroshi H, eds. Water Stress. Rijeka: InTech Open Science, 59–72.

Nowak M, Kleinwachter M, Manderscheid R, Weigel HJ, Selmar D. 
2010. Drought stress increases the accumulation of monoterpenes in sage 
(Salvia officinalis), an effect that is compensated by elevated carbon dioxide 
concentration. Journal of Applied Botany and Food Quality 83, 133–136.

Nuruddin MM, Madramootoo CA, Dodds GT. 2003. Effects of water 
stress at different growth stages on greenhouse tomato yield and quality. 
HortScience 38, 1389–1393.

Oikawa PY, Giebel BM, Sternberg Lda S, Li L, Timko MP, Swart 
PK, Riemer DD, Mak JE, Lerdau MT. 2011. Leaf and root pectin 
methylesterase activity and 13C/12C stable isotopic ratio measurements 
of methanol emissions give insight into methanol production in 
Lycopersicon esculentum. New Phytologist 191, 1031–40.

Ojeda H, Deloire A, Carbonneau A. 2001. Influence of water deficits on 
grape berry growth. Vitis 40, 141–145.

Panthee DR, Cao CX, Debenport SJ, Rodriguez GR, Labate JA, 
Robertson LD, Breksa AP, III, Knaap EVD, Gardener BBM. 2012. 
Magnitude of genotype × environment interactions affecting tomato fruit 
quality. HortScience 47, 721–726.

Parra M, Albacete A, Martínez-Andújar C, Pérez-Alfocea F. 2007. 
Increasing plant vigour and tomato fruit yield under salinity by inducing 
plant adaptation at the earliest seedling stage. Environmental and 
Experimental Botany 60, 77–85.

Patanè C, Cosentino SL. 2010. Effects of soil water deficit on yield and 
quality of processing tomato under a Mediterranean climate. Agricultural 
Water Management 97, 131–138.

Pelayo-Zaldívar C. 2010. Environmental effects on flavor changes. In: Hui 
YH, Chen F, Nollet LML, eds. Handbook of Fruit and Vegetable Flavors. 
Hoboken: John Wiley & Sons, Inc., 73–91.

Peleman J, Boerjan W, Engler G, Seurinck J, Botterman J, Alliotte 
T, Van Montagu M, Inze D. 1989. Strong cellular preference in the 
expression of a housekeeping gene of Arabidopsis thaliana encoding 
S-adenosylmethionine synthetase. Plant Cell 1, 81–93.

Penuelas J, Lluisa J, Gimeno BS. 1999. Effects of ozone 
concentrations on biogenic volatile organic compounds emission in the 
Mediterranean region. Environmental Pollution 105, 17–23.

Penuelas J, Staudt M. 2010. BVOCs and global change. Trends in Plant 
Science 15, 133–144.

Perez-Alfocea F, Ghanem ME, Gomez-Cadenas A, Dodd IC. 2011. 
Omics of root-to-shoot signaling under salt stress and water deficit. Omics 
15, 893–901.

Perez-Pastor A, Ruiz-Sanchez MC, Martinez JA, Nortes PA, Artes 
F, Domingo R. 2007. Effect of deficit irrigation on apricot fruit quality at 
harvest and during storage. Journal of the Science of Food and Agriculture 
87, 2409–2415.

Pilati S, Perazzolli M, Malossini A, Cestaro A, Dematte L, Fontana 
P, Dal Ri A, Viola R, Velasco R, Moser C. 2007. Genome-wide 
transcriptional analysis of grapevine berry ripening reveals a set of genes 
similarly modulated during three seasons and the occurrence of an 
oxidative burst at veraison. BMC Genomics 8, 428.

Poiroux-Gonord F, Bidel LPR, Fanciullino A-L, Gautier H, Lauri-
Lopez F, Urban L. 2010. Health benefits of vitamins and secondary 
metabolites of fruits and vegetables and prospects to increase their 
concentrations by agronomic approaches. Journal of Agricultural and 
Food Chemistry 58, 12065–12082.

Poiroux-Gonord F, Fanciullino A-L, Bert L, Urban L. 2012. Effect 
of fruit load on maturity and carotenoid content of clementine (Citrus 
clementina Hort. ex Tan.) fruits. Journal of the Science of Food and 
Agriculture 92, 2076–2083.

Poiroux-Gonord F, Fanciullino AL, Poggi I, Urban L. 2013a. 
Carbohydrate control over carotenoid build-up is conditional on fruit 
ontogeny in clementine fruits. Physiologia Plantarum 147, 417–431.

Poiroux-Gonord F, Santini J, Fanciullino AL, Lopez-Lauri F, 
Giannettini J, Sallanon H, Berti L, Urban L. 2013b. Metabolism in 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
5
/1

5
/4

0
9
7
/5

9
8
7
4
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



4116 | Ripoll et al.

orange fruits is driven by photooxidative stress in the leaves. Physiologia 
Plantarum 149, 175–187.

Poovaiah BW, Glenn GM, Reddy ASN. 1988. Calcium and fruit 
softening: physiology and biochemistry. In: Janick J, ed. Horticultural 
Reviews. Hoboken: John Wiley & Sons, Inc., 107–152.

Potters G, Horemans N, Jansen MAK. 2010. The cellular redox 
state in plant stress biology—a charging concept. Plant Physiology and 
Biochemistry 48, 292–300.

Prudent M, Bertin N, Genard M, Munos S, Rolland S, Garcia V, Petit 
J, Baldet P, Rothan C, Causse M. 2010. Genotype-dependent response 
to carbon availability in growing tomato fruit. Plant, Cell and Environment 
33, 1186–1204.

Quiros-Gonzalez M. 2000. Phytophagous mite populations on Tahiti 
lime, Citrus latifolia, under induced drought conditions. Experimental & 
Applied Acarology 24, 897–904.

Ranc N, Muños S, Xu J, Le Paslier M-C, Chauveau A, Bounon R, 
Rolland S, Bouchet J-P, Brunel D, Causse M. 2012. Genome-wide 
association mapping in tomato (Solanum lycopersicum) is possible 
using genome admixture of Solanum lycopersicum var. cerasiforme. G3: 
Genes|Genomes|Genetics 2, 853–864.

Ramel F, Birtic S, Ginies C, Soubigou-Taconnat L, Triantaphylides 
C, Havaux M. 2012. Carotenoid oxidation products are stress signals that 
mediate gene responses to singlet oxygen in plants. Proceedings of the 
National Academy of Sciences, USA 109, 5535–5540.

Rapoport HF, Hammami SBM, Martins P, Pérez-Priego O, Orgaz 
F. 2012. Influence of water deficits at different times during olive tree 
inflorescence and flower development. Environmental and Experimental 
Botany 77, 227–233.

Reid JB, Brash DW, Sorensen IB, Bycroft B. 1996. Improvement in 
kiwifruit storage life caused by withholding early-season irrigation. New 
Zealand Journal of Crop and Horticultural Science 24, 21–28.

Reynolds AG, Lowrey WD, Tomek L, Hakimi J, de Savigny C. 2007. 
Influence of irrigation on vine performance, fruit composition, and wine 
quality of chardonnay in a cool, humid climate. American Journal of 
Enology and Viticulture 58, 217–228.

Riggi E, Patane C, Ruberto G. 2008. Content of carotenoids at different 
ripening stages in processing tomato in relation to soil water availability. 
Australian Journal of Agricultural Research 59, 348–353.

Roitsch T, Gonzalez MC. 2004. Function and regulation of plant 
invertases: sweet sensations. Trends in Plant Science 9, 606–613.

Rolland F, Moore B, Sheen J. 2002. Sugar sensing and signaling in 
plants. Plant Cell 14, S185–S205.

Rosales MA, Cervilla LM, Rios JJ, Blasco B, Sanchez-Rodriguez 
E, Romero L, Ruiz JM. 2009. Environmental conditions affect pectin 
solubilization in cherry tomato fruits grown in two experimental Mediterranean 
greenhouses. Environmental and Experimental Botany 67, 320–327.

Ruan Y, Jin Y, Yang Y, Li G, Boyer JS. 2010. Sugar input, metabolism, 
and signaling mediated by invertase: roles in development, yield potential, 
and response to drought and heat. Molecular Plant 3, 942–955.

Rustioni L, Basilico R, Fiori S, Leoni A, Maghradze D, Failla O. 
2013. Grape colour phenotyping: development of a method based on the 
reflectance spectrum. Phytochemical Analysis 24, 453–459.

Ruuskanen TM, Müller M, Schnitzhofer R, Karl T, Graus M, 
Bamberger I, Hörtnagl L, Brilli F, Wohlfahrt G, Hansel A. 2011. Eddy 
covariance VOC emission and deposition fluxes above grassland using 
PTR-TOF. Atmospheric Chemistry and Physics 11, 611–625.

Ryals JA, Neuenschwander UH, Willits MG, Molina A, Steiner HY, 
Hunt MD. 1996. Systemic acquired resistance. Plant Cell 8, 1809–1819.

Saha P, Das N, Deb P, Suresh CP. 2009. Effect of NAA and GA3 on yield 
and quality of tomato (Lycopersicon esculentum Mill.). Environment and 
Ecology 27, 1048–1050.

Saladie M, Matas AJ, Isaacson T et al. 2007. A reevaluation of the key 
factors that influence tomato fruit softening and integrity. Plant Physiology 
144, 1012–1028.

Sams CE. 1999. Preharvest factors affecting postharvest texture. 
Postharvest Biology and Technology 15, 249–254.

Sanchez-Rodriguez E, Moreno DA, Ferreres F, Rubio-Wilhelmi Md 
M, Ruiz JM. 2011. Differential responses of five cherry tomato varieties 
to water stress: changes on phenolic metabolites and related enzymes. 
Phytochemistry 72, 723–729.

Sánchez-Rodríguez E, Rubio-Wilhelmi M, Cervilla LM, Blasco B, 
Rios JJ, Rosales MA, Romero L, Ruiz JM. 2010. Genotypic differences 
in some physiological parameters symptomatic for oxidative stress under 
moderate drought in tomato plants. Plant Science 178, 30–40.

Schopfer P. 2001. Hydroxyl radical-induced cell-wall loosening in vitro 
and in vivo: implications for the control of elongation growth. Plant Journal 
28, 679–88.

Schwartzenberg KV, Schultze W, Kassner H. 2004. The moss 
Physcomitrella patens releases a tetracyclic diterpene. Plant Cell Reports 
22, 780–786.

Seymour GB, Manning K, Eriksson EM, Popovich AH, King GJ. 
2002. Genetic identification and genomic organization of factors affecting 
fruit texture. Journal of Experimental Botany 53, 2065–2071.

Shackel KA, Polito VS, Ahmadi H. 1991. Maintenance of turgor by rapid 
sealing of puncture wounds in leaf epidermal cells. Plant Physiology 97, 
907–912.

Shakeel SN, Wang X, Binder BM, Schaller GE. 2013. Mechanisms 
of signal transduction by ethylene: overlapping and non-overlapping 
signalling roles in a receptor family. AoB Plants 5.

Shao HB, Chu LY, Jaleel CA, Zhao CX. 2008. Water-deficit stress-
induced anatomical changes in higher plants. Comptes Rendus Biologies 
331, 215–25.

Shen J, Tieman D, Jones JB, Taylor MG, Schmelz E, Huffaker 
A, Bies D, Chen K, Klee HJ. 2014. A 13-lipoxygenase, TomloxC, 
is essential for synthesis of C5 flavour volatiles in tomato. Journal of 
Experimental Botany 65, 419–428.

Shewfelt RL. 1999. What is quality? Postharvest Biology and Technology 
15, 197–200.

Silva EC, Albuquerque MB, Azevedo Neto AD, Silva Junior CD. 2013 
Drought and its consequences to plants from individual to ecosystem. In: 
Sener A, ed. Responses of organisms to water stress. Croatia: InTech., 17–47.

Slaughter A, Daniel X, Flors V, Luna E, Hohn B, Mauch-Mani B. 
2012. Descendants of primed Arabidopsis plants exhibit resistance to 
biotic stress. Plant Physiology 158, 835–843.

Slaymaker DH, Navarre DA, Clark D, Pozo OD, Martin GB, Klessig 
DF. 2002. The tobacco salicylic acid-binding protein 3 (SABP3) is the 
chloroplast carbonic anhydrase, which exhibits antioxidant activity and 
plays a role in the hypersensitive defense response. Proceedings of the 
National Academy of Sciences, USA 99, 11640–11645.

Song J, Shellie KC, Wang H, Qian MC. 2012. Influence of deficit 
irrigation and kaolin particle film on grape composition and volatile 
compounds in Merlot grape (Vitis vinifera L.). Food Chem 134, 841–50.

Staudt M, Bertin N. 1998. Light and temperature dependence of the 
emission of cyclic and acyclic monoterpenes from holm oak (Quercus ilex 
L.) leaves. Plant, Cell and Environment 21, 385–395.

Steinhauser MC, Steinhauser D, Gibon Y, Bolger M, Arrivault S, 
Usadel B, Zamir D, Fernie AR, Stitt M. 2011. Identification of enzyme 
activity quantitative trait loci in a Solanum lycopersicum × Solanum 
pennellii introgression line population. Plant Physiology 157, 998–1014.

Stevens R, Page D, Gouble B, Garchery C, Zamir D, Causse 
M. 2008. Tomato fruit ascorbic acid content is linked with 
monodehydroascorbate reductase activity and tolerance to chilling stress. 
Plant, Cell and Environment 31, 1086–1096.

Stikic R, Popovic S, Srdic M, Savic D, Jovanovic Z, Prokic L, 
Zdravkovic J. 2003. Partial root drying (PRD): a new technique for 
growing plants that saves water and improves the quality of fruit. Bulgarian 
Journal of Plant Physiology 29, 164–171.

Stoeva N, Berova M, Vassilev A, Zlatev Z, Kaymakanova M, Ganeva 
D, Petkova V. 2012. Study on some enzyme activity in tomato plants 
during drought and recovery periods. Agrarni Nauki 4, 61–64.

Stoeva N, Berova M, Zlatev Z, Kaymakanova M, Koleva L, Ganeva 
D. 2010. Physiological test for evaluation of genotypes tolerance of tomato 
(Solanum lycopersicum) to water stress. Agrarni Nauki 2, 81–84.

Strasser R, Tsimilli-Michael M, Srivastava A. 2004. Analysis of the 
chlorophyll a fluorescence transient. In: Papageorgiou G, Govindjee, eds. 
Chlorophyll a Fluorescence, Vol. 19. Netherlands: Springer, 321–362.

Struik PC, Yin XY, de Visser P. 2005. Complex quality traits: now time to 
model. Trends in Plant Science 10, 513–516.

Suarez L, Zarco-Tejada PJ, Gonzalez-Dugo V, Berni JAJ, Fereres 
E. 2012. The photochemical reflectance index (PRI) as a water stress 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
5
/1

5
/4

0
9
7
/5

9
8
7
4
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



Water shortage and quality of fleshy fruits—making the most of the unavoidable | 4117

indicator in peach orchards from remote sensing imagery. In: Girona J, 
Marsal J, eds. Acta Horticulturae, 363–370.

Subramanian KS, Santhanakrishnan P, Balasubramanian P. 2006. 
Responses of field grown tomato plants to arbuscular mycorrhizal 
fungal colonization under varying intensities of drought stress. Scientia 
Horticulturae 107, 245–253.

Sujata B, Kshitija S. 2013. Drought stress adaptation: metabolic 
adjustment and regulation of gene expression. Plant Breeding 132, 21–32.

Takabayashi J, Dicke M, Posthumus MA. 1994. Volatile herbivore-
induced terpenoids in plant-mite interactions: variation caused by biotic 
and abiotic factors. Journal of Chemical Ecology 20, 1329–1354.

Tanksley SD, McCouch SR. 1997. Seed banks and molecular maps: 
unlocking genetic potential from the wild. Science 277, 1063–1066.

Tardieu F, Cruiziat P, Durand J-L, Triboï E, Zivy M. 2006. 1.1.2. 
Perception de la sécheresse par la plante. Conséquences sur la 
productivité et sur la qualité des produits récoltés. ESCo “Sécheresse et 
Agriculture” Chapitre 1-1, 49–67.

Tardieu F, Granier C, Muller B. 2011. Water deficit and growth. 
Co-ordinating processes without an orchestrator? Current Opinion in Plant 
Biology 14, 283–289.

Telef N, Stammitti-Bert L, Mortain-Bertrand A, Maucourt M, Carde 
JP, Rolin D, Gallusci P. 2006. Sucrose deficiency delays lycopene 
accumulation in tomato fruit pericarp discs. Plant Molecular Biology 62, 
453–469.

Terry LA, Chope GA, Bordonaba JG. 2007. Effect of water deficit 
irrigation and inoculation with Botrytis cinerea on strawberry (Fragaria × 
ananassa) fruit quality. Journal of Agricultural and Food Chemistry 55, 
10812–10819.

Thompson DS. 2001. Extensiometric determination of the rheological 
properties of the epidermis of growing tomato fruit. Journal of Experimental 
Botany 52, 1291–1301.

Toivonen PMA, Brummell DA. 2008. Biochemical bases of appearance 
and texture changes in fresh-cut fruit and vegetables. Postharvest Biology 
and Technology 48, 1–14.

Tuccio L, Remorini D, Pinelli P, Fierini E, Tonutti P, Scalabrelli 
G, Agati G. 2011. Rapid and non-destructive method to assess in 
the vineyard grape berry anthocyanins under different seasonal and 
water conditions. Australian Journal of Grape and Wine Research 17, 
181–189.

Ulissi V, Antonucci F, Benincasa P, Farneselli M, Tosti G, Guiducci 
M, Tei F, Costa C, Pallottino F, Pari L, Menesatti P. 2011. Nitrogen 
concentration estimation in tomato leaves by VIS-NIR non-destructive 
spectroscopy. Sensors 11, 6411–6424.

Urban L, Alphonsout L. 2007. Girdling decreases photosynthetic 
electron fluxes and induces sustained photoprotection in mango leaves. 
Tree Physiology 27, 345–352.

Vallverdu X, Girona J, Echeverria G, Marsal J, Behboudian MH, 
Lopez G. 2012. Sensory quality and consumer acceptance of ‘Tardibelle’ 
peach are improved by deficit irrigation applied during stage II of fruit 
development. HortScience 47, 656–659.

Veit-Köhler U, Krumbein A, Kosegarten H. 1999. Effect of different 
water supply on plant growth and fruit quality of Lycopersicon esculentum. 
Journal of Plant Nutrition and Soil Science 162, 583–588.

Vercammen J, Pham-Tuan H, Sandra P. 2001. Automated dynamic 
sampling system for the on-line monitoring of biogenic emissions from 
living organisms. Journal of Chromatography, A 930, 39–51.

Wang D, Gartung J. 2010. Infrared canopy temperature of early-ripening 
peach trees under postharvest deficit irrigation. Agricultural Water 
Management 97, 1787–1794.

Wang F, Kang S, Du T, Li F, Qiu R. 2011. Determination of 
comprehensive quality index for tomato and its response to different 
irrigation treatments. Agricultural Water Management 98, 1228–1238.

Wang L, Wang Y, Meng X, Meng Q. 2012. Overexpression of tomato 
GDP-L-galactose phosphorylase gene enhanced tolerance of transgenic 
tobacco to methyl viologen-mediated oxidative stress. Plant Physiology 
Communications 48, 689–698.

Wang Y, Frei M. 2011. Stressed food - the impact of abiotic 
environmental stresses on crop quality. Agriculture, Ecosystems & 
Environment 141, 271–286.

West G, Inzé D, Beemster GTS. 2004. Cell cycle modulation in the 
response of the primary root of Arabidopsis to salt stress. Plant Physiology 
135, 1050–1058.

Wheeler GL, Jones MA, Smirnoff N. 1998. The biosynthetic pathway of 
vitamin C in higher plants. Nature 393, 365–9.

Wiese J, Kranz T, Schubert S. 2004. Induction of pathogen resistance in 
barley by abiotic stress. Plant Biol 6, 529–36.

Wilkens RT, Spoerke JM, Stamp NE. 1996. Differential responses 
of growth and two soluble phenolics of tomato to resource availability. 
Ecology 77, 247–258.

Wilkinson S, Davies WJ. 2002. ABA-based chemical signalling: the 
co-ordination of responses to stress in plants. Plant, Cell and Environment 
25, 195–210.

Wingate VPM, Lawton MA, Lamb CJ. 1988. Glutathione causes a 
massive and selective indution of plant defense genes. Plant Physiology 
87, 206–210.

Wu M, Buck JS, Kubota C. 2004. Effects of nutrient solution EC, plant 
microclimate and cultivars on fruit quality and yield of hydroponic tomatoes 
(Lycopersicon esculentum). Acta Horticulturae 659, 541–547.

Yakushiji H, Nonami H, Fukuyama T, Ono S, Takagi N, Hashimoto 
Y. 1996. Sugar accumulation enhanced by osmoregulation in satsuma 
mandarin fruit. Journal of the American Society for Horticultural Science 
121, 466–472.

Zanor MI, Osorio S, Nunes-Nesi A et al. 2009. RNA interference of 
LIN5 in tomato confirms its role in controlling brix content, uncovers the 
influence of sugars on the levels of fruit hormones, and demonstrates the 
importance of sucrose cleavage for normal fruit development and fertility. 
Plant Physiology 150, 1204–1218.

Zhang Q, Li Q, Zhang G. 2012. Rapid determination of leaf water 
content using VIS/NIR spectroscopy analysis with wavelength selection. 
Spectroscopy: An International Journal 27, 93–105.

Zhang S, Zhang Z, Qiao Y, Wu J, Tao S. 2006. Effects of fruit bagging 
at different stages on pear quality and sclereid development and the 
activities of their related enzymes in the pear variety kousui. Acta Botanica 
Boreali-Occidentalia Sinica 26, 1369–1377.

Zhang Y, Li H, Shu W, Zhang C, Zhang W, Ye Z. 2011. Suppressed 
expression of ascorbate oxidase gene promotes ascorbic acid 
accumulation in tomato fruit. Plant Molecular Biology Reporter 29, 
638–645.

Zushi K, Matsuzoe N. 1998. Effect of soil water deficit on vitamin C, 
sugar, organic acid, amino acid and carotene contents of large-fruited 
tomatoes. Journal of the Japanese Society for Horticultural Science 67, 
927–933.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
5
/1

5
/4

0
9
7
/5

9
8
7
4
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2


