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Abstract 

 

Root sugar accumulation was studied in two grapevine varieties contrasting in 

tolerance to water stress.  During a 10-day water withholding treatment, the drought 

tolerant variety, Grenache, sustained less negative predawn and midday leaf water 

potentials as well as root water potential compared with the sensitive variety, 

Semillon. Grenache vines also maintained lower stomatal conductance and 

transpiration than Semillon vines throughout the drying period. In both varieties there 

was accumulation of sucrose in the roots and concentrations were inversely correlated 

to leaf and root water status.  In both Grenache and Semillon, elevated root osmolality 

was associated with decreased soil moisture indicating that sugar accumulation may 

play a role in osmotic protection. Petiole xylem sap abscisic acid (ABA) 

concentrations increased with water deficit in both varieties and were highest for 

vines with the most negative root and predawn leaf water potentials. Furthermore, 

root sucrose concentrations were positively correlated with leaf xylem sap ABA 

concentrations, indicative of integration between carbohydrate metabolism and the 

ABA signalling system. Similar root sugar accumulation patterns between the two 

varieties, however, demonstrate that other factors are likely influencing the ability of 

the drought tolerant variety to remain hydrated. 

 

 

 

Key words: abscisic acid, drought responses, isohydric, osmoprotection, sucrose, 

water relations 
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Introduction 

 

Drought is a critical factor limiting crop growth and in viticulture is a dominant 

concern in warm, non-irrigated growing regions as well as in irrigated regions 

experiencing reduced water allocations.  Several studies have dealt with the responses 

of grapevine (Vitis vinifera L.) varieties to water stress, and along with other aspects, 

these have addressed altered morphology (Gómez-del-Campo et al., 2003; Toumi et 

al., 2007; Koundouras et al., 2008), gas exchange characteristics (Kriedemann & 

Smart, 1969; Flexas et al., 2002; Medrano et al., 2003; Beis & Patakas 2010) xylem 

vessel conductivity (Lovisolo & Schubert, 1998) and root plasma membrane 

aquaporins (Vandeleur et al., 2009). While near- isohydric grapevine varieties such as 

Grenache can maintain a stable leaf water potential under soil water deficits (Shultz 

1996; Soar et al., 2006), other anisohydric varieties such as Semillon undergo a 

decline in leaf water potential with increasing evaporative demand during the day 

(Rogiers et al., 2009).  Differences in stomatal response to water stress appear to be 

one of the many underlying factors contributing to the plant’s ability to maintain 

water status (Tardieu & Simonneau, 1998). Stomatal closure, through ABA signalling 

from roots to shoots has been implicated in grapevine avoidance to desiccation 

(Loveys, 1984; Stoll et al., 2000) with higher ABA levels in the near-isohydric 

varieties (Düring & Broquedis, 1980; Soar et al., 2006).  Similarly, there are clear 

differences in how the roots respond to water stress with greater mid-day reduction in 

root hydraulic conductance in Grenache as compared to Chardonnay, an anisohydric 

variety (Vandeleur et al., 2009). 
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Other factors such as altered carbon metabolism and partitioning may contribute to 

adaptive and/or defensive responses to drought (Müller et al., 1997; Todaka et al., 

2000; Bartels & Salamini, 2001; Gaucher et al., 2005; Li & Li, 2005). During water 

stress, sucrose can have a role in the protection of macromolecules or cell membranes 

(Leopold, 1990; Bray, 1997), as well as in osmotic adjustment. Solute accumulation 

in water-stressed cells results in maintenance of cell turgor through a decrease in the 

osmotic potential of the cells (Meyer & Boyer, 1981; Matsuda & Rayan, 1990).  The 

reversal of flow of water from the cells occurs through either the uptake of ions or by 

synthesis and transport of organic compounds. Osmotic adjustment is apparent in a 

number of species (Kozlowski & Pallardy, 2002). For instance, resurrection plants are 

able to accumulate sucrose during drying (Peters et al., 2007).  These plants are able 

to survive through extreme desiccation, subsequently resuming normal cellular 

metabolism shortly after water has become available again. Water stress induced 

osmotic adjustment has also been reported to occur in woody fruit species such as 

citrus (Fereres et al., 1979), apple (Wang et al., 1995), cherry (Ranney et al., 1991) 

and grape (Düring, 1984; Schultz & Matthews, 1993; Rodrigues et al., 1993). Along 

with leaves (Patakas & Noitsakis, 1999), grapevine roots were found to undergo 

osmotic adjustment by accumulating sugars and amino acids (Düring & Dry, 1995).  

Roots are vulnerable to desiccation since they are in direct contact with the drying 

soil, and considering that the roots are the main reservoir for stored non-structural 

carbohydrates in grapevines (Holzapfel et al., 2010), they are an obvious source for 

organic osmolytes.  

 

Along with osmotic adjustment, altered carbon metabolism can result in increased 

partitioning to root growth allowing water uptake from deeper soils (Ibrahim et al., 
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1997). Similarly, desiccation avoiding mechanisms such as reduced partitioning to 

shoots, can result in smaller leaves (Marron et al., 2002) or leaf abscission (Arndt et 

al., 2001; Regier et al., 2009), thereby increasing plant water-use efficiency. Aside 

from stimulating stomatal closure, ABA can promote a number of drought related 

responses such as encouraging seed development, fruit ripening and foliar senescence 

(Nooden, 1988). In rice plants subjected to water stress, enhanced carbon 

remobilization from stems to grains was attributed to an elevated ABA level, and 

ABA sprays stimulated remobilisation of carbon reserves (Yang et al., 2002). The role 

of ABA in the regulation of assimilate mobilisation during water stress has not yet 

been addressed in grapevines.  

 

In this study, soluble non-structural carbohydrates accumulation as a defence 

mechanism to water stress was investigated in grapevines, an ideal model for woody 

horticultural crops due to its diverse genotypes.  The drought-tolerant variety, 

Grenache, was compared to Semillon, a variety prone to a decrease in plant water 

status, leaf burn and slowed berry ripening during water stress (Rogiers et al., 2009). 

Water was withheld from both varieties and carbohydrate dynamics were compared 

by assessing starch and soluble sugar concentrations in the major vine components. 

Because Grenache is better able to withstand periods of water stress this variety may 

be more proficient at accumulating sugars for osmoprotective purposes. A further 

objective was to determine if ABA has a role in the accumulation of these sugars.  

 

Materials and Methods 

 

Growth conditions and treatments 
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Vitis vinifera vars. Semillon and Grenache vines were grown for Experiments 1, 2 and 

3 outdoors in 30 L pots in a premium garden mix (60% compost: 20% screened loam: 

20% washed river sand).  The experiment was conducted in Wagga Wagga, NSW in 

the 2007-08 season. Own-rooted vines were used because these varieties are often 

grown on their own roots in commercial vineyards in Australia. Plants were drip 

irrigated daily.  The 3 year old vines were pruned to four shoots per vine and all fruit 

was removed prior to veraison due to inconsistent berry numbers per vine which 

would lead to variability in sink strength and carbon partitioning.   

 

In December (Experiment 1) and February (Experiment 2), the vines were moved 

from outdoors into a controlled environment chamber (TPG-6000-TH, Thermoline 

Scientific, Smithfield, Australia).  December to February are the hottest months and is 

the period when Semillon vines often experience water stress in Australian field 

situations. The vines had completed most of their canopy development at this stage 

and in February were two to three months from the onset of autumn leaf senescence. 

The growth cabinet was set to 35/20°C day/night temperatures and 35/65% RH.  

Plants were exposed to a 12 hour photoperiod of 450 µmol m
-2

 s
-1 

PAR at mid-canopy 

height.   

 

In Experiment 1, soil moisture and leaf water potential (Ψleaf) of five Grenache and 

five Semillon vines were monitored predawn and at midday while the pots were 

allowed to dry down over a 10 day period.  In Experiment 2, ten Grenache and ten 

Semillon vines were assigned to either a well-watered or water deficit treatment (5 

vines of each variety for each treatment).  The well-watered treatment consisted of 

vines that were drip irrigated daily while in the water deficit treatment no water was 
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applied to the vines for 10 days.  This was long enough to induce severe plant water 

stress in Semillon but prior to the initiation of defoliation. Soil moisture and leaf gas 

exchange were monitored over this period. On day 11, predawn leaf and root water 

potential (Ψroot) were measured and xylem sap was collected as described below. 

Vines were immediately destructively harvested and prepared for stomatal density and 

leaf electrolyte leakage determination as well as for non-structural carbohydrate 

analyses. 

 

Vines for Experiment 3 remained outdoors. In March, ten Grenache and ten Semillon 

vines were assigned to either a well-watered or water deficit treatment.   Soil moisture 

as well as root and shoot osmolality (described below) were assessed at the end of 10 

day dry-down period 

 

Soil Moisture 

In each pot volumetric soil moisture was monitored with ML2x Theta Probes (Delta-T 

Devices, Cambridge, England) to a depth of 15 cm. Data was logged (Starlog Pro 

Model 7001A, Measurement Engineering Australia, Magill, SA) at 30 min intervals. 

 

Water relations 

A Scholander pressure chamber (ICT international, Armidale, NSW) fitted with a 

Model 3015G4 specimen holder was used for Ψleaf and Ψroot measurements and xylem 

sap collection either prior to dawn or midday. Immediately after excision, leaf petioles 

(n=5) or roots (n=5) of 3-4 mm diameter were placed in the specimen holder and the 

pressure was slowly increased until the first appearance of xylem sap droplets. These 

were collected with a micropipette to a final volume of 10 to 20 µL. For those vines 
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exposed to the deficit treatment photosynthesis (A), transpiration (E) and stomatal 

conductance (g) were measured every one to two days at midday on three mature, 

fully expanded leaves per vine using a portable photosynthesis system (LI-6400, Li-

Cor Biosciences Inc., Lincoln, NE).  The light source (6400-02B Red-Blue) was set to 

1000 µmol m
-2

 s
-1

, the CO2 concentration was set to 400 µmol mol
-1

, the flow rate was 

set to 500 µmol s
-1

 and the block temperature was maintained at 35°C.   

 

Non-structural carbohydrate analysis 

Vines were separated into roots, below-ground trunk, lower trunk (bottom third of 

above ground portion), mid-trunk (middle third), upper trunk (upper third) and shoots 

and oven dried at 60°C until constant weight. The entire root system, trunk and shoot 

were first ground through a heavy duty cutting mill (Retsch SM2000, Hann, 

Germany) to 5 mm, and then a sub-sample (10 g) ground to 0.12 mm in a centrifugal 

mill (Retsch ZM200). Non-structural carbohydrates were analysed according to Field 

et al., 2009. Soluble sugars of a 20 mg subsample were extracted twice with 1 ml of 

80% ethanol at 80
o
C for 10 min, and a single 1 ml wash of 80% ethanol at room 

temperature. After centrifuging between each wash the three aliquots were combined 

and the concentration of sucrose, D-fructose and D-glucose determined using 

commercial enzyme assays (K-SUFRG, Megazyme International, Bray, Ireland). 

Briefly, this involved the conversion of each sugar to glucose-6-phosphate (G6P), and 

quantification of NADPH following oxidation in the presence of NADP+ and G6P-

dehydrogenase. Starch in the remaining wood sample was solubilized in 

dimethylsulfoxide at 98°C and then hydrolyzed with α-amylase and 

amyloglucosidase. Released D-glucose concentrations were determined using a 
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glucose oxidase/peroxidase based enzyme assay (K-GLUC, Megazyme International).  

All the non-structural carbohydrates results are expressed on a % dry weight basis. 

 

ABA 

Xylem sap ABA was quantified by a competitive ELISA ABA Test Kit 

(Phytodetek®, Agdia Inc., Elkhart, IN) according to Mertens et al., 1983.  The xylem 

sap was loaded in 0.1 M citrate/ 0.2 M phosphate buffer (pH 2.8) onto a Sep Pak C18 

cartridge (Waters , Millipore Corporation, Milford, MA) pre-conditioned with 100% 

methanol and then dH2O.  After washing with 10% methanol, the ABA fraction was 

collected in 100% methanol and then reduced to dryness with a centrifugal evaporator 

(Model 7812014 Labconco Corp., Kansas, MO). The sample was reconstituted in 1 

mL of TBS buffer (TRIS-buffered saline; 150 mM NaCl, 1 mM MgCl2 and 50 mM 

TRIS, pH 7.5) and then processed according to the ELISA kit instructions. A 

microplate spectrophotometer (µQuant, Bio-Tek instruments Inc., Winooski, VE) was 

used to read sample absorbance at 405 nm. Due to the nature of this assay interfering 

substances sometimes gave erroneously large values and these were eliminated from 

the data set. 

 

Osmolality 

Fine to medium roots (1-5 mm, approx. 100 g) and two shoot tips (20 cm each) were 

sampled randomly from each vine. Excess dirt was shaken from the roots and any 

remaining soil was quickly but gently removed with a damp cloth. The leaves were 

removed from the shoots. All samples were bagged and frozen in liquid nitrogen 

within two minutes of removal from the vine. The samples were thawed at 4°C and 



 11 

after the sap was expressed using a roller it was analysed on a micro-osmometer 

(Advanced  model 3320, Advanced Instruments Inc., Norwood, MA). 

 

Stomatal density 

Three fully-expanded leaves were taken from each vine and nail polish was applied to 

the central area of the leaf on the right of the mid-vein and allowed to dry for 10 

minutes. Clear adhesive tape was used to peel off the nail polish and this was pressed 

onto a microscope slide.  The image was observed under bright field microscopy 

(Olympus Provis AX70, Tokyo, Japan) at 200X magnification.  Stomata were counted 

in three 1 mm
2
 sized areas within this central region of the leaf. 

 

Electrolyte leakage 

Leaf electrolyte leakage was measured as an indicator of cell membrane damage. Leaf 

discs (10) of 1 cm diameter were punched out of each of three leaves per plant with a 

cork-borer, then placed in dH2O within a test tube and shaken overnight.  Electrical 

conductivity of the solution was measured after 1, 3 and 24 h using a conductivity 

meter (HI 8733, Hanna Instruments, Limena, Italy).  The discs were then boiled for 

half hour, allowed to cool and the conductivity was measured again.  Leakiness was 

calculated according to Lutts et al., (1996).   

 

Statistical analysis 

Two-way analysis of variance (anova), with independent factors variety and 

treatment, was applied to test variety, treatment and interaction effects on biomass 

partitioning, leaf characteristics, osmolality and ABA concentrations. General analysis 

of variance, with independent factors variety, treatment and vine component was 
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applied to test variety, treatment and vine component interaction effects on non-

structural carbohydrates. Linear regression with groups analyses were used to assess 

correlations between carbohydrates and vine water status or ABA. Tests were 

considered significant at P < 0.05. Genstat, version 13 (VSN International, UK) was 

used for all analyses. 

 

Results 

 

Soil moisture effects on water relations 

Predawn and midday Ψleaf of both Grenache and Semillon vines declined with 

diminishing soil moisture (Figure 1). As volumetric soil moisture declined from 45% 

to less than 15% predawn Ψleaf declined from -0.36 ± 0.03 to –0.73 ± 0.13 MPa in 

Grenache and -0.31 ± 0.03 to -1.28 ± 0.25 MPa in Semillon.  Except for the highest 

soil moisture value, Semillon predawn Ψleaf was consistently lower than Grenache by 

-0.2 MPa.  Midday Ψleaf was similar for both varieties at -0.6 MPa until soil moisture 

dropped to less than 30%. At this point midday Ψleaf was consistently lower for 

Semillon than Grenache and when soil moisture declined to 16%, Semillon Ψleaf fell to 

-1.3 ± 0.1 MPa while Grenache maintained Ψleaf at -0.8 ± 0.1 MPa.  

 

Leaf photosynthesis of both Grenache and Semillon vines fell in response to a 50% 

decline in soil moisture (Figure 2). Maximum A was 8.5 ± 0.4 µmol CO2 m
-2

s
-1

 for 

Semillon and somewhat lower at 7.0 ± 0.5 µmol CO2 m
-2

s
-1

 for Grenache. This 

declined to 2.4 ± 0.3 for Semillon and 1.8 ± 0.3 µmol CO2 m
-2

s
-1

 for Grenache at 13% 

soil moisture. At any particular soil moisture, A, g and E of Semillon vines was 25% 

greater than Grenache.  
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Vine non-structural carbohydrates 

At the termination of the ten day water withholding treatment and at the point that the 

vine carbohydrates were assessed, mean soil moisture was 42 ± 3% for the well-

watered treatment and 13 ± 1% (P<0.001) for the water deficit treatment, with no 

significant variety effects on soil moisture. Predawn Ψleaf of well-watered Semillon 

vines averaged at -0.50 ± 0.07 MPa and was 2.6-fold lower for vines of the water 

deficit treatment at -1.3 ± 0.2 MPa. Well-watered Grenache vines had average 

predawn Ψleaf at -0.28 ± 0.03 while in the water deficit treatment values were 2.6-fold 

lower at -0.73 ± 0.1 MPa. 

  

In both varieties, starch concentrations were highest in the roots (24.4 ± 0.6 %, 

P<0.001) (Figure 3). With increasing distance up the trunk the starch concentrations 

decreased with the lowest levels of starch in the shoots. Averaged across varieties, the 

water deficit treatment resulted in a 15% decline in root starch concentration (26 ± 1 

vs. 22 ± 2 %), but no reduction was present in any of the trunk components (irrigation 

treatment x vine component interaction, P=0.023). Starch concentrations in Grenache 

roots were similar to Semillon roots after both these varieties were exposed to the 

well-watered treatments (irrigation x variety, P=0.45). The water deficit resulted in 

lower root starch concentrations in Grenache (19.6 ± 2.8% vs. 26.0 ± 2.3%) but not in 

Semillon (25.3 ± 1.9% in deficit and 26.5 ± 1.2% in well-watered).  This treatment 

did not affect starch concentrations within most regions of the trunk with exception of 

the lower trunk in Semillon where starch levels were 29% higher than in well-watered 

vines.  Semillon shoots also had lower starch concentrations (46%) as a result of the 

water deficit treatment but despite this decline, the two varieties did not differ in their 
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shoot starch concentrations after the water deficit (P=0.24). When averaged across the 

irrigation treatments and vine components, starch concentrations were 12% lower in 

Grenache vines than Semillon vines (12.4 ± 1.0% and 14.1 ± 0.9%, P<0.01). When 

averaged across variety and vine components, starch concentrations were not different 

between the treatments (13.3 ± 1.0% for the well-watered and 13.1 ± 0.9% for the 

deficit treatment, P=0.77) 

 

Similar to the starch concentrations, in both varieties sucrose concentrations were 

highest in the roots and decreased with distance up the trunk (P<0.001) and became 

undetectable in the mid to upper trunk with our assay (Figure 3). Following the ten 

day water deficit treatment, sucrose concentrations of both varieties were higher in the 

roots and below-ground trunk as compared to the well-watered treatment (P<0.001 for 

irrigation in both vine components). In Grenache roots the sucrose concentrations 

were 60% higher (1.63 ± 0.2% and 2.61 ± 0.2%) while in Semillon roots they were 

123% higher (1.03 ± 0.1% and 2.30 ± 0.2%) after the deficit treatment. The increases 

were even more stark in the below-ground trunk component with 2.5-fold greater 

sucrose concentrations in Grenache (0.35 ± 0.06% and 1.25 ± 0.19%) and 3.1-fold 

greater concentrations in Semillon (0.32 ± 0.04% and 1.34 ± 0.09%). There were no 

variety differences, however, in root sucrose (P=0.45) or below-ground trunk sucrose 

(P=0.56) concentrations after the water deficit treatment. Conversely, after the well-

watered treatment, root sucrose concentrations were 58% higher in Grenache than in 

Semillon (1.63 ± 0.2% vs. 1.03 ± 0.1%).  

 

When compared to vines grown in the well-watered treatment, Grenache shoot 

sucrose concentrations were 6-fold greater after the water deficit treatment (0.05 ± 
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0.1% and 0.43 ± 0.08%) (Figure 3). Conversely, in Semillon shoots the opposite 

occurred; sucrose levels were less by 84% after this treatment as compared to the well 

watered vines (0.66 ± 0.12% and 0.21 ± 0.10%). As a result, sucrose levels in 

Semillon shoots were half that of Grenache after the water deficit treatment (irrigation 

x variety, P<0.001). 

 

Glucose (P<0.001) and fructose (P<0.001) concentrations were on average 2-fold 

higher in the shoots than the other vine components (Figure 4). While there were 

significant irrigation (P<0.01) and variety effects (P<0.05) on glucose concentrations 

within the shoots, the interaction was not significant (P=0.99). After the water deficit 

treatment, the glucose concentrations in Grenache shoots were 30% less than in the 

well-watered treatment (1.45 ± 0.06% and 1.01 ± 0.15%). Similar differences between 

the two treatments (38%) were found in Semillon shoots (1.17 ± 0.15% and 0.72 ± 

0.04%). However, Grenache shoot glucose concentrations were 45% higher than 

Semillon shoot glucose concentrations after the water deficit treatment. Patterns in 

shoot fructose concentrations were similar to that of glucose for both varieties.  

 

In the roots there were no significant main or interactive effects on glucose 

concentrations. Alternatively, fructose concentrations in Semillon roots were 2-fold 

greater after the deficit treatment than the well-watered treatment (0.58 ± 0.1% and 

0.28 ± 0.02%) (Figure 4). There was no difference in Grenache root fructose 

concentrations, however, after the two treatments (0.50 ± 0.04% and 0.43± 0.05%). In 

the below-ground trunk, Semillon glucose concentrations were 61% higher after the 

water deficit treatment (0.50 ± 0.05% and 0.31± 0.02%) but no glucose differences 

were observed in the below-ground trunk of Grenache vines. In the upper trunk, 
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glucose and fructose concentrations were lowest for Semillon vines after the water 

deficit treatment. 

 

Non-structural carbohydrates and plant water status 

Shoot hexose (glucose and fructose) concentrations were correlated to predawn Ψleaf 

in a logarithmic fashion (P<0.01, r
2
=0.47). As predawn Ψleaf declined to -2.0 MPa, 

shoot hexose concentrations reduced three-fold to 0.6 % (Figure 5). There was no 

significant relationship between shoot sucrose or starch concentrations and predawn 

Ψleaf. Conversely, root sucrose concentrations as expressed on a dry weight basis were 

linearly and inversely correlated to predawn Ψleaf, midday Ψleaf, and predawn Ψroot 

(Figure 6). Root sucrose concentrations increased 5-fold to 3% as these three 

parameters declined from -0.5 to less than -1.5 MPa. At any particular root sucrose 

concentration, Ψleaf and Ψroot of Semillon vines were slightly more negative than 

Grenache vines, however the variety effect was only significant (P<0.01) on the 

sucrose regression with midday Ψleaf. Predawn Ψleaf and predawn Ψroot were closely 

correlated (P<0.001, r
2
=0.75) (Figure 7) as were predawn Ψleaf and midday Ψleaf 

(P<0.001, r
2
=0.82). There were also significant relationships between root glucose, 

fructose and total sugar concentrations and the plant water status parameters with 32 

to 48% of the variance accounted for.  

 

ABA and non-structural carbohydrates 

Mean leaf xylem sap ABA concentrations were not significantly different between 

Grenache and Semillon (1.1 ± 0.3 nmol mL
-1

 for Grenache and 1.6 ± 0.4 nmol mL
-1

 

for Semillon, P=0.24). Semillon and Grenache also did not respond differently to the 

water stress treatment (variety x treatment, P=0.28), with a 4-fold rise (0.6 ± 0.1 to 2.5 
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± 0.3 nmol mL
-1

, P<0.001) in concentrations of this hormone as compared with vines 

that were grown under a well-watered regime. Predawn Ψleaf (P<0.001, r
2
=0.74) and 

predawn Ψroot (P<0.001, r
2
=0.83) were both correlated to leaf xylem sap 

concentrations (Figure 8). ABA concentrations increased from 0.1 to 3.5 nmol mL
-1

 as 

predawn Ψleaf and Ψroot declined to -2 MPa. Petiole xylem sap ABA concentrations 

were positively correlated to sucrose concentrations in both the below-ground portion 

of the trunk (P<0.001, r
2
=0.62) as well as the roots (P<0.001, r

2
=0.49) (Figure 9). As 

leaf petiole xylem sap ABA concentrations approached 3.5 nmol mL
-1

 sucrose 

concentrations increased from less than 0.2 to 1.6 % in the below-ground portion of 

the trunk and from 0.7 to 3.3 % in the roots. Leaf petiole xylem sap ABA 

concentrations were not significantly correlated to below-ground trunk glucose 

(P=0.08) or fructose (P=0.09) concentrations or root glucose (P=0.11) or fructose 

(P=0.07) concentrations. Furthermore, ABA was not significantly correlated to any of 

the sugars in the above ground components (trunk or shoot, data not shown). 

 

Soil moisture effects on vine size and leaf characteristics 

Independent of irrigation, root, trunk and shoot dry weights were higher for Grenache 

than Semillon vines by 23%, 27% and 34%, respectively (Table 1). The water deficit 

treatment resulted in lower root dry weights in both varieties (28% for Grenache and 

23% for Semillon), but not in trunk or shoot dry weights (Table 1). Shoot to root dry 

weight ratios were not different between the varieties, nor were they altered by the 

irrigation treatments (Table 1). The above-ground to below-ground biomass ratios 

(shoot plus trunk to root dry weight ratios) were also not different between the 

varieties or the irrigation treatments (Table 1).  Shoot to trunk dry weight ratios were 

28% higher for Semillon than Grenache but irrigation did not have an effect on this 
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parameter in either variety (Table 1). In both varieties, leaf electrolyte leakage was 

higher in those vines exposed to the dry soil as compared to the vines in the well-

watered treatment, and leakage was highest for Semillon vines exposed to the deficit 

treatment (12.9% for Semillon compared to 11.8% in Grenache) (Table 1). Specific 

leaf weight was 9% higher for Grenache than Semillon and the deficit treatment 

decreased this leaf parameter by 9% (Table 1). No new leaves were formed during the 

deficit period, therefore stomatal density was only assessed on the older leaves which 

had formed prior to the application of the treatments. Stomatal density was 65% 

higher in Grenache than Semillon (Table 1).  

 

Soil moisture effects on Osmolality 

Soil moisture, over a range of 5 to 20%, had no effect on shoot osmolality of 

Grenache and Semillon vines. There were overall variety differences, however, with 

Grenache having lower shoot osmolality (P<0.001) (352 ± 43 as compared to 440 ± 

47 mOsm kg
-1

) than Semillon vines.  While there were no variety differences in root 

osmolality, decreasing soil moisture was loosely correlated to this below-ground 

parameter (P<0.01, r
2
=0.25) (Figure 10). 

  

Discussion 

 

Compared with Semillon, Grenache was better able to maintain plant water status 

under soil moisture deficits.  Curtailed leaf g and E in Grenache were likely 

contributing factors to the preservation of predawn and midday Ψleaf of this variety. 

The lower leaf E in Grenache vines was not the result of lower stomatal density, 

conversely density was higher in this variety, thus indicating that smaller stomatal 
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aperture was driving lower g and E.  Similar results have been reported earlier for not 

only daytime g and E across a range of VPDs, but night-time values were also lower 

in Grenache than in Semillon (Rogiers et al., 2009). 

 

Despite their divergent abilities to maintain water status, both Grenache and Semillon 

had elevated sucrose concentrations in the below-ground perennial components of the 

vine after a water deficit treatment. In Grenache, increased root sucrose 

concentrations occurred in unison with root starch solubilisation but this was not 

apparent in Semillon.  Alterations in soluble carbohydrates mimicking that of 

Grenache have been reported in other woody perennials. For instance, in apple, water 

stress resulted in a decline in root starch and increased sucrose concentrations (Wang 

et al., 1995); in poplar, starch-degrading enzyme activity and gene expression were 

induced in roots, and soluble sugar levels were higher than in well-watered plants 

(Regier et al., 2009). In cv Kyoho grapes exposed to water stress, changes in 

carbohydrates appeared to mainly involve interconversions, with sugars increasing at 

the expense of starch (Ndung'u et al., 1997). Similar to our other variety, Semillon, 

post-veraison water deficit in Shiraz resulted in an increase in soluble sugars of the 

vine trunk prior to budburst in the season following the water deficit (Petrie et al., 

2004), however there was little change in the starch concentration of this vine 

component. It appears that in Shiraz and Semillon the increase in soluble sugars is the 

result of increased C allocation to the perennial components, contrasting to the 

localised starch degradation exemplified in Grenache. 

 

Reserve mobilisation may act as a carbohydrate source to support the development of 

the reproductive structures during drought (Blum, 1998). However, since the grape 
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clusters were removed prior to the initiation of the experiment this was not a sink in 

our grapevines. Similarly, reserve mobilisation may supply building blocks for new 

root growth so that plants have a greater capacity to absorb water and minerals 

(Kozlowski & Pallardy, 2002).  We did not, however, observe new root growth in 

either variety as a result of the water stress possibly because the treatment was too 

sudden for root initiation (Van Zyl, 1984).  We suggest that in Grenache the starch 

reserves were degraded as an energy supply to maintain root metabolism as well as to 

increase root soluble sugar concentrations for osmoprotective purposes. Heightened 

sucrose concentrations and osmolality with declining soil moisture in both Grenache 

and Semillon point to augmented osmoprotection within the below-ground perennial 

components of these vines.  

 

Aside from osmoprotection, root soluble sugars may also have a role in embolism 

repair (Canny 1998; Salleo et al., 2009). The fairly tight inverse correlation between 

midday leaf water status and root sucrose concentrations in our vines may be 

indicative of a response mechanism aimed at increasing sugar concentrations in the 

xylem conduits. The osmotic movement of water into embolized vessels would then 

drive refilling and restore flow as well as leaf water status (Tyree et al., 1999; 

Améglio et al., 2004; Salleo et al., 2006).  In our study, a substantial increase in root 

sucrose concentrations occurred at a less negative midday Ψleaf for Grenache than 

Semillon. This may indicate that near-isohydric vines start to mobilise carbohydrates 

at less negative Ψleaf and this may possibly have implications on their ability for 

embolism repair. Starch depolymerisation in xylem parenchyma was closely linked to 

embolism repair in Laurus nobilis and it was hypothesised that the depolymerisation 

acts as a signal to drive phloem unloading and increase sugar concentrations in the 
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embolised conduits (Salleo et al., 2009). With the aid of high-resolution x-ray 

computed tomography, it was suggested that the ray parenchyma of grapevine stems 

may act as a potential pathway for solute transport from the phloem to xylem 

parenchyma that have pit connections to embolized vessels (Brodersen et al., 2010). 

Since grapevines store most of their starch in the ray parenchyma cells (Holzapfel et 

al., 2010), perhaps transport to xylem parenchyma of sugars derived from the ray 

parenchyma, rather than those derived from phloem, as in L. nobilis, drives embolism 

repair.  

 

After Grenache vines had received the water deficit treatment, shoot sucrose 

concentrations were higher than in well-watered vines.  Moreover, sucrose levels in 

Grenache shoots were twice that of Semillon after the water deficit. In some species 

leaf soluble solids concentration is maintained or increased during drought despite 

lower assimilation rates. This is brought about by augmented starch degradation in the 

leaves or inhibited starch synthesis (Quick et al., 1992; Arndt et al., 2001; Li & Li, 

2005). For instance, as Munns and Pearson (1974) have shown in stressed potato 

leaves, the proportion of carbon that is incorporated into starch was only a fraction of 

that incorporated into soluble carbohydrates, while in unstressed leaves the ratio was 

fairly even.  In contrast to Grenache, Semillon shoot sucrose concentrations were 

lower after the water deficit. The significant decline in Semillon shoot starch, sucrose 

and hexose concentrations with declining predawn Ψleaf were likely the direct result of 

reduced g and A in this treatment, as has been repeatedly reported across many species 

(Rodrigues et al., 1993; Shvaleva et al., 2006; Regier et al., 2009). Age also appears 

to be a factor in the ability for leaves to accumulate soluble sugars during drought, 

decreasing as leaves get older (David et al., 1998). Since no new leaves developed 
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during the water stress period in our study we may have obtained different results in 

Semillon if the water stress treatment had been applied earlier in the season while the 

canopy was being established.  

 

Not withstanding this, the different trends in shoot sucrose concentrations between 

Grenache and Semillon as a result of the water stress may have implications in the 

response of these two varieties to water stress. For instance, sucrose accumulation can 

lead to increased shoot osmolality. It was surprising, however, to find that shoot 

osmolality was not affected by water stress in either variety.  This can be explained, 

however, because osmolality takes into account not only sugars, but minerals and 

organic acids as well. For instance, in cv Rosaki grapevines, drought resulted in 

osmotic adjustment of leaves without increases in soluble carbohydrates (Rodrigues et 

al., 1993).  Rather than maintaining cellular turgor, the elevated sucrose 

concentrations in water stressed Grenache shoots may have been involved in the 

stabilisation of cellular membranes or macromolecules. The overall higher osmolality 

values for Semillon compared to Grenache were likely the by-product of lower leaf 

water status driven by high transpiration in this variety, rather than the active 

accumulation of osmoprotective compounds.  

 

Variety differences in the capacity of the root system to deliver adequate amounts of 

water to the canopy can have a significant impact on leaf water status (Vandeleur et 

al., 2009; Alsina et al., 2011). Because the shoot to root dry weight ratio was similar 

for Semillon and Grenache it is likely that canopy water demand relative to the root 

biomass was not different between these two varieties.  As soil moisture declined, 

together the roots and the leaves became more water stressed in both varieties. 
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However in Grenache, roots and leaves were equally water stressed over a range of 

soil moistures, while in Semillon, leaves were generally more water stressed than the 

roots with predawn Ψleaf more negative than Ψroot at any particular soil moisture. 

Because this discrepancy in root and leaf water status was maintained until dawn, it is 

likely that significant ongoing night-time transpiration in Semillon relative to 

Grenache (Rogiers et al., 2009) contributed to the lower Ψleaf values. The disparity in 

water status of these two main plant components in Semillon may also be the result of 

restricted conductance at some point between the roots and the leaves.  Such a 

restriction was found in Shiraz leaf petioles, where smaller diameters of the 

conducting vessels, relative to Grenache, were associated with anisohydric stomatal 

behaviour and reduced susceptibility to embolism in this variety (Schultz 2003). As 

such, the higher stomatal conductance of Semillon may be related to higher embolism 

resistance and further work along this line is warranted. 

 

Grenache and Semillon responded similarly to the water deficit treatment with 

increased ABA xylem sap concentrations within the petiole and these were negatively 

correlated to both root and leaf predawn Ψ. ABA interacts with the guard cell and 

results in stomatal closure (Israelsson et al., 2006) but despite similar rises in ABA 

concentrations stomatal conductance was not reduced to the same extent in Semillon 

as in Grenache. Factors such as pH can have a role in the distribution of ABA 

amongst the leaf components and may influence the delivery of ABA to the guard 

cells (Slovik & Hartung, 1992).  Similarly, messenger signals such as nitrate may 

interact with ABA to affect the guard cell (Wilkinson & Davies, 1997).  The 

correlation between root sucrose concentration and xylem sap ABA quantities is 

intriguing and leads us to question whether sucrose itself, or some metabolite derived 
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from it, interacts with ABA synthesis or transport from roots. The concept that sugars 

themselves can act as signalling molecules is fairly new (Rook et al., 2001; Rolland et 

al., 2002) but abiotic stresses such as drought can induce a number of plant defence 

and stress proteins that are co-regulated by sugars (Reinbothe et al., 1994). In co-

ordination with ABA, sucrose signalling may affect leaf stomatal conductance, but 

further work is required to substantiate this. 

 

An alternative explanation for the correlation between ABA and root sucrose 

concentrations is that ABA acts as a messenger to stimulate starch degradation. In 

rice, carbon remobilization from stems to filling grains is accelerated by drought and 

this has been attributed to elevated ABA (Yang et al., 2002). Similar responses have 

been observed in barley (Tietz et al., 1981).   In our study, however, there was no 

immediate reproductive advantage of starch degradation because the sugars remained 

in the perennial components.   Unlike annuals, it is imperative that perennials allocate 

adequate resources to existing structural biomass so that they can survive beyond the 

period of water stress. Considering that sugars can aid in embolism repair and 

osmoprotection, it is plausible that starch degradation is instigated by the same 

hormone that mediates other critical stress responses during drought. It must be 

emphasised, however, that our results are only correlative in nature. In order to test if 

ABA brings about the accumulation of root sugars or the reverse, if root sugar 

accumulation drives ABA production, further mechanistic studies are warranted. 

 

In summary, these results indicate that the differential ability of Grenache and 

Semillon to maintain water status under low soil moisture was not the result of 

differences in soluble sugar accumulation or osmolality in the below-ground tissues.  

Rather, the preserved plant water status in Grenache was likely related to the lower 
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stomatal conductance and transpiration rates of this variety. Leaf petiole xylem sap 

ABA concentrations was not dissimilar between the isohydric and anisohydric variety 

indicating that the level of response to a given amount of ABA is different between 

the varieties and that other related factors are affecting stomatal closure. The 

correlation of xylem sap ABA with root sucrose concentrations in both Grenache and 

Semillon is indicative of a signalling system that is somehow integrated with sugar 

accumulation in the roots.  
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Figure Legends 

 

Figure 1: Predawn and midday Ψleaf of Grenache and Semillon vines with declining 

soil moisture (n=5). Controlled environment chamber conditions prior to dawn were 

20°C and 65% RH while at midday they were 35°C and 35% RH. Bars associated to 

the values are ± SE. 

 

Figure 2: Leaf photosynthesis (A), stomatal conductance (g) and transpiration (E) of 

Grenache and Semillon vines in response to declining soil moisture over time. Three 

leaves of five vines per treatment were measured. Controlled environment chamber 

conditions were 35°C and 35% RH at the time of measurement. Bars associated to the 

values are ± SE. 

 

Figure 3: Starch and sucrose concentrations on a dry weight basis in roots, below-

ground trunk, lower trunk, mid-trunk, upper trunk and shoots of Grenache and 

Semillon vines at the termination of a 10-day well-watered or water deficit treatment 

(variety x irrigation treatment x vine component; P=0.76 for starch, P<0.01 for 

sucrose) (n=5). Bars associated to the values are ± SE. 

 

Figure 4: Glucose and fructose concentrations on a dry weight basis in roots, below-

ground trunk, lower trunk, mid-trunk, upper trunk and shoots of Grenache and 

Semillon vines at the termination of a 10-day well-watered or water deficit treatment 

(variety x irrigation treatment x vine component; P=0.45 for glucose and P=0.06 for 

fructose) (n=5). Bars associated to the values are ± SE. 
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Figure 5: Shoot hexose concentrations as a function of predawn Ψleaf of Semillon and 

Grenache vines at the termination of a 10-day well-watered or water deficit treatment 

(P<0.01, r
2
=0.47). 

 

Figure 6: Root sucrose concentration as a function of predawn Ψleaf (P<0.01, r
2
=0.35), 

midday Ψleaf and predawn Ψroot (P<0.01, r
2
=0.41) of Semillon and Grenache vines. 

There was a significant variety effect on the root sucrose regression with midday Ψleaf  

(P<0.01, r
2
=0.85 for Grenache and 0.86 for Semillon).  

 

Figure 7. Predawn Ψleaf as a function of predawn Ψroot of Semillon and Grenache vines 

(P<0.001, r
2
=0.75). 

 

Figure 8. Leaf xylem sap ABA concentrations as a function of predawn Ψleaf 

(P<0.001, r
2
=0.74) and predawn Ψroot of Semillon and Grenache vines (P<0.001, 

r
2
=0.83).  

 

Figure 9. Sucrose concentrations in the below-ground component of the trunk 

(P<0.001, r
2
=0.62) and the roots (P<0.001, r

2
=0.49) of Semillon and Grenache vines 

as a function of leaf xylem sap ABA concentrations. 

 

Figure 10. Root (P<0.01, r
2
=0.25) osmolality of Grenache and Semillon vines grown 

in a range (5 to 20%) of soil moistures.  There was no significant effect of variety on 

the root osmolality regression (P=0.09)  
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Table 1: Root, trunk and shoot dry weights as well as leaf electrolyte leakage, specific 

leaf weight and stomatal density of Grenache and Semillon vines after a well-watered 

or water deficit treatment (n=5). 

 Grenache Semillon P< 

 Well-

watered 

Water 

deficit 

Well-

watered 

Water 

deficit 

Variety Tmt 

 

Var x 

Tmt 

Root dry weight 

(g) 

82 ± 9 59 ± 5 61 ± 7 47 ± 4 0.05 0.01 ns 

Trunk dry 

weight (g) 

17 ± 3 20 ± 2 15 ± 2 12 

±0.3 

0.05 ns ns 

Shoot dry 

weight (g) 

30 ± 2 25 ± 2 21 ±2 19 ± 1 0.001 ns ns 

Shoot:root 

dry weight 

0.39 ± 

0.06 

0.44 ± 

0.06 

0.36 ± 

0.03 

0.40 ± 

0.02 

ns ns ns 

Shoot+trunk: 

root dry weight 

0.59 ± 

0.06 

0.71 ± 

0.08 

0.62 ± 

0.05 

0.58 ± 

0.04 

ns ns ns 

Shoot:trunk 

dry weight 

1.06 ± 

0.23 

1.26 ± 

0.16 

1.49 ± 

0.19 

1.49 ± 

0.08 

0.05 ns ns 

Leaf electrolyte 

leakage (%) 

10.5 ± 

0.6 

11.8 ± 

0.7 

10.0 ± 

0.8 

12.9 ± 

0.7 

ns 0.001 0.001 

Specific leaf 

weight 

(mg
 
dwt cm

-2
) 

4.12 ± 

0.15 

3.85 ± 

0.11 

3.84 ± 

1.8 

3.44 ± 

0.08 

0.05 0.001 ns 

Stomatal density 

(mm
-2

) 

225 ± 7 - 137 ± 1 - 0.001 - - 

 

 

 

 

 

 

 


