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Abstract 

Knowledge of root hydraulic resistance will allow us to better understand water relations arising in the 

soil-plant-atmosphere continuum. These are the basis for better control of plant behaviour in the current 

environmental context that is more and more affected by global warming and problems related to 

increased drought frequency and duration. The objectives of this study were to determine how the 

growth of a cultivar changes in response to the drought tolerance of the rootstock used in Vitis grown 

in a semi-arid area and how the root hydraulic resistivity and root hydraulic conductivity change with 

increased transpiration when adopting a rootstock with a different drought tolerance.  

These experiments were carried out on intact plants of Gaglioppo grapevines grafted onto rootstocks 

of 779 P, a drought-tolerant American hybrid, and 420 A, a drought-susceptible American hybrid. 

Root hydraulic conductivity was significantly higher in the roots of 779 P than in the roots of 420 A. 

Stomatal conductance, net assimilation of CO2, leaf water potential, and relative water content were 

also higher in Gaglioppo grafted onto 779 P than that grafted onto 420 A. Leaf area, leaf dry weight, 

and specific leaf weight of Gaglioppo were also higher when grafted onto 779 P. Gaglioppo grapevine 

grafted onto 779 P showed superior growth and physiological performance. 

 

Abbreviations:  = Water potential difference; T= leaf transpiration   E0 = Transpiration into gas 

exchange chamber; E = E0 on root length basis; ΨSoil = Soil water potential; ΨLeaf = Leaf water potential; 

ΨRoot xylem = Root xylem water potential; gs = Stomatal conductance; Leaf Water Potential= ΨLEAF; 

LDW = Leaf Dry Weight; Lp = Root hydraulic conductance; Lp’= Root hydraulic conductivity; 

Offset= non-zero y intercept; PPFD = Photosynthetic Photon Flux Density; PIF (Pressure Induced 

Flow); R = Root hydraulic resistance;; R’= Root hydraulic resistivity; RWC = Relative Water Content; 

Soil Water potential =ΨSOIL; SLW = Specific Leaf Weight; Soil Water Content (SWC); SRL = Specific 

Root Lenght; THR =True Hydraulic Resistivity; TIF (Transpiration Induced Flow);  VPD = Vapour 

Pressure Deficit; WUE = Water Use Efficiency. 

 

Keywords: hydraulic resistivity, root, stomatal conductance, Vitis, 779 Paulsen, 420 A. 

 

Introduction 

In a grafted plant, metabolic functions are split between two genotypes. The root system of the 

rootstock ensures the provision of water and all minerals, whereas the shoot variety is responsible for 

carbohydrate synthesis. In Vitis, there are many rootstocks that are used in order to improve fertility 
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and development of plant and overcome vineyard problems related to soil characteristics, such as 

drought, excess water, or salinity.  

The responses of grapevine rootstock to drought (Meggio et al., 2014) are very important; an 

appropriate selection of rootstock for a given scion variety can improve transpiration efficiency and 

water use (Soar et al., 2006). Shoot xylem architecture is an important factor in limiting water supply 

versus demand in grapevines (Lovisolo and Schubert, 1998; Lovisolo et al., 2002), but studies have 

found that the root resistance to water flow through whole plants is greater when compared to other 

components of the plant (Kramer, 1983; Boyer, 1985; Tsuda and Tyree, 1997; Miyamoto et al., 2001; 

Mu et al., 2006). Indeed, root resistance can reach up to 90% of whole plant resistance (Hellkvist et 

al., 1974; Roberts, 1977; Rieger, 1989). This is probably the principal reason for the absorption lag 

compared to transpiration, which is a characteristic of plants even when adequately supplied with 

water. Root hydraulic resistance can be estimated using the Ohm’s law analogue (Elfving et al., 1972). 

Root hydraulic resistivity (R’; inverse of Root hydraulic conductivity = Lp’) is obtained when root 

hydraulic resistance (R; inverse of hydraulic conductance = Lp) is normalized to the adsorbent root 

length. 

Water passes through the root cortical cells before entering the xylem. R strongly depends on root 

anatomy and morphology (Steudle and Peterson, 1998; Rieger and Litvin, 1999; Steudle, 2000). The 

radial resistance is composed of three factors: the apoplastic components (cell wall, middle lamella, 

and intercellular air space), symplastic component (cell to cell), and transcellular path. 

The apoplastic flow is hampered by the existence of apoplastic barriers, such as the Casparian strip of 

the endodermis and the suberin lamella of the endodermis, exodermis, and periderm in woody species; 

(Esau, 1977; Peterson et al., 1993; Steudle et al., 1993; Peterson and Enstone, 1996; Rieger and Litvin, 

1999; Schreiber et al., 2005). The symplastic path is mediated by plasmodesmata which link adjacent 

cells so that a cytoplasmic continuum is formed. During the passage through the apoplast and symplast, 

no membranes are crossed, whereas on the transcellular path, two plasma membranes are crossed per 

cell layer. In the transcellular path, membrane permeability (cell hydraulic conductivity) plays an 

important role in water transport. The symplastic and transcellular flow components cannot be 

separated experimentally and are summarized as a cell‐to‐cell component of water flow.  

In the cell-to-cell pathway, R depends on intrinsic plasma membrane properties, plasmodesmata 

(Oparka and Prior, 1992; Roberts and Oparka, 2003), and/or the abundance and activity of aquaporins 

(Javot et al., 2003; Luu and Maurel, 2005; Gambetta et al., 2012; Steudle and Peterson, 1998; Steudle, 

2000; Maurel, 2007; Katsuhara et al., 2008; Kjellbom et al., 2008; Maurel et al., 2008; Knipfer and 

Fricke, 2010; Postaire et al., 2010).  

http://jxb.oxfordjournals.org/content/early/2011/03/25/jxb.err075.full#ref-25
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How root hydraulic resistance changes in grapevine rootstocks is an important question. Recently, 

some interesting work was performed in Vitis rootstock, but no one has yet reported how these 

parameters change during transpiration in intact plants. In previous studies, the root hydraulic 

conductance values were determined using the pressure-induced flow (PIF): the strumentation that use 

this method is the HPFM (de Herralde et al., 2006; Alsina et al., 2011; Romero et al., 2017). With this 

method, the measurement is performed on root systems after they are cut from whole plants, and the 

water flow in the root system is changed by application of external pressure. The less known system, 

transpiration-induced flow (TIF) (Rieger and Motisi, 1990; Motisi and Gullo; 2000) allows the use of 

intact plants. With this system, the flow in the plant is changed, thus altering the physiological 

transpiration of the canopy. However, in the literature, few studies have used this system, although it 

was more performing. 

Furthermore, the current increase in drought in the environment implies that the characterization of 

rootstocks for drought tolerance is important for future crop success. Therefore, for better management 

of future plantings, the pattern of hydraulic resistivity or hydraulic conductivity of each main rootstock 

in the soil-plant-atmosphere continuum must be known. 

In the present study, two related objectives have been pursued. The first experiment examined how the 

growth of a grapevine cultivar changes in response to rootstocks with different drought tolerance in a 

semi-arid area, such as the Mediterranean Basin. In the second experiment, we evaluated how root 

hydraulic resistivity and root hydraulic conductivity changed with increasing transpiration and how 

these two parameters changed between a drought-tolerant and drought-susceptible rootstock in intact 

plants.  

 

Materials and Methods 

Plant material  

Both experiments were carried out on the same plants. 

For each rootstock, 36 uniform cuttings (400 mm length, 6/8 mm diameter) taken from mother plants 

of 779 P (Vitis berlandieri × Vitis rupestris) and 420 A (Vitis berlandieri × Vitis riparia).were selected. 

The cuttings were obtained by pruning one-year-old branches. In general, 420 A rootstock confers a 

lower growth rate to the grafted grapevine cultivar and it is drought susceptible (Carbonneau, 1985). 

779 P rootstock is more drought resistant  (Ardenghi and Cauzzi, 2015) than 420 A and confers a higher 

growth rate to its scion. 

The cuttings were grafted with Gaglioppo (Vitis vinifera L.) an important autochthonous grapevine 

cultivar of southern Italy. The surface of the cutting was sterilized by immersion in a 10% NaOCl 

solution for 10 min and the cuttings were rooted in 10-litre pots. 
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The pot was filled with a previously pasteurized soil. Pasteurization consisted of gradually raising the 

soil temperature up to 90 °C over a period of 60 min in an electric unit and then gradually cooling it. 

This method, which is not as aggressive as autoclave-based sterilization, effectively devitalized 

mycorrhizal fungal propagules in the soil (McGonigle and Miller, 1996). The soil was loamy-clay with 

low active lime, a good level of nitrogen (1.5-2‰), a good level of phosphorus (60 ppm), a medium 

level of potassium (150 ppm), and a pH of 6.8. The absence of mycorrhizae spores in the substrate, 

was evaluated using the technique proposed by Jenkins (1964) and modified by Walker et al. (1982). 

At the end of the experiment, a final check to visualize the absence of mycorrhizae was performed. 

Portions of lateral roots were sampled and submitted to an optimized staining technique by acid 

fuchsine. In particular, the Phillips and Haymann’s technique (1970), modified by Torta et al. (2003), 

was used. The mycorrhization index (MI = % of stained tissue with respect to the hyaline portion on 

the length of the root) was established on three fragments of each sample, thus determining the average 

value. Finally, sectioned radical fragments (longitudinally and transversely) were mounted on a glass 

slide with a drop of lactophenol and observed with an optical microscope. 

Experimental design 

A randomized design with 3 blocks of twelve plants per graft combination (36 plants) was adopted for 

each rootstock. 

Plant care   

Each plant had two drippers installed with a flow rate of 2 L h-1. The soil water potential was measured 

using Watermark® probes. The probe was installed at half of the height of the pot, 15 cm from the 

substrate surface. This is an inexpensive, fast, and easy-to-use method that provided the opportunity 

for automatic recording with a Watermark® Monitor Datalogger. Plants were irrigated every 72 hours 

to keep the soil water potential (ψSoil) at “field capacity”. Because the volume of the pot was small, the 

added water rapidly dispersed inside the pot and was consumed by the entire root system. 

A tensiometric curve was generated according to the type of substrate used. Thus, it was possible to 

determine the water soil content by measuring the water potential. 

Plants were trained to have a lateral shoot under the graft point. Each shoot had ten fully expanded 

leaves. For each plant, the shoots were selected within 10 cm above the surface of the root-containing 

substrate. The leaves on those shoots were used to estimate the xylem water potential at the point of 

attachment of the lateral shoot to the main stem as according to Powell (1974). The other shoots were 

periodically removed. 

First experiment: Gas exchange measurements 

Gas exchange measurements were performed under optimal weather conditions (average CO2 partial 

pressure 38 Pa; saturated PPFD 1600 µmol m2 s-1) in mid-September 2 hours after irrigation when the 
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soil water potential was near 0, 72 hours after irrigation when the soil water potential was lower, and 

before water supply with irrigation. Leaf CO2, stomatal conductance (gs), water use efficiency (WUE), 

and transpiration were measured on 36 mature leaves from the exterior canopy position for each 

rootstock (4 leaves × 3 plants × 3 blocks). Measurements were made using a portable photosynthesis 

system (Li-Cor 6400 XT; LI-COR, Lincoln, Nebraska, USA). The measurements were carried out 

during a clear sunny summer day (between 11:00 and 13:00).  

The measurements of plant development used in this experiment (leaf area, leaf dry weight, fibrous 

root length, and fibrous root dry weight) were taken when the plants were destroyed at the end of the 

second experiment. Some measurements were also used for the second experiment (see below). 

Second experiment: Transpiration induced flow  

The root hydraulic resistance and resistivity were measured in September (at the end of first 

experiment) on three intact plants for rootstock using the TIF method: a semi-closed gas exchange 

system. This system was composed of a chamber (80 Liters), a control system of environmental 

parameters (VPD, CO2, Temperature, and PPFD), and a measurement system for water produced by 

transpiring leaves (Fig. 1).  

The change in environmental conditions was created by varying the VPD, CO2 concentration, and light 

intensity in the chamber. Light was provided by one 400-watt LED lamp. This lamp provided a max 

photosynthetic photon flux at the top of the canopy of at least 800 μmol s-1 m-2. Air temperature was 

kept at 25 °C (±0.2). Leaf temperature was lower than air temperature at a range of 2 to 3 °C. Chamber 

VPD was maintained within a range of -0.03 to +0.03 kPa of the set point depending on the desired 

level of transpiration (E0). In the chamber, the CO2 concentration can be changed within a range of 100 

μL L-1 to 1000 μL L-1 by injecting air with 4000 μL CO2/L. The setting of all these parameters in the 

chamber were kept stable by the control system. 

The plants of each rootstock were brought to the laboratory and watered during the night. The 

measurements were performed on the day after the following procedure. 

The canopy of each plant was enclosed in the gas exchange chamber. The pot and the lateral shoots 

(lead development at the base of the trunk) were left outside the chamber. Each pot was placed in a 

container with 10 mm of standing water in order to keep the water potential of the soil (ψSoil) close to 

zero. All fully developed leaves on the lateral shoots outside of the chamber were enclosed in parafilm 

and aluminium foil. This was done to stop transpiration and photosynthesis. As a consequence, the leaf 

xylem water potential came to equilibrium with the root xylem water potential (ΨRoot xylem) as reported 

by Powell (1974), Rieger (1989), Rieger and Motisi (1990), and Motisi and Gullo (2000). The 

transpiration of the plants (E0) in the gas exchange chamber was adjusted to the change in the 

environmental conditions. At the end of the experiment, the CO2 was increased to 3000 ppm, the 
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chamber was covered with a black towel, and the relative humidity was increased to 90%. Under these 

conditions, the absence of transpiration was detected by the instrumentation.  

For each new environmental condition, the measurements were performed when the plants reached a 

steady state; steady-state E0 was assumed when the difference between consecutive measurements at 

15- to 30-min intervals was < 10%.  

Some covered leaves on the shoot were detached and used to measure the water potential in a 

Schölander pressure chamber (Skye Instruments, Llandrindod Wells, UK).  

Steady-state  was assumed when sequential measurements at a 30-min interval differed by <0.05 

MPa. Both steady states (E0 and ) were attained within 1 h after changing the chamber to a new 

setting as reported by Rieger and Motisi (1990). 

At the end of the measurements, the plants were destroyed. For each plant, the root system was gently 

cleaned of soil under water and cut at the interface between the root system and shoot. The leaves were 

also measured using a Li-Cor 3100.  

Root and leaf dry mass was recorded after drying (Nobel and Huang 1992; Rieger, 1995) at constant 

mass at 70 °C. 

Root morphology and anatomy 

Fine (or fibrous) roots were measured using the methodology adopted by Himmelbauer et al. (2004) 

and Gambetta et al. (2012). The fine root length and diameter were determined using Win-RHIZO 

version 2003a (Régent Instruments, Quebec, Canada).  

The number of nodes (branching) per unit root length (m) was evaluated. Root surface area was 

calculated from diameter and assuming the root was a cylinder. 

For anatomy parameters, for each rootstock 72 cross-section (5 μm thick and 10-30 mm behind the 

root tip, as effected by Rieger and Litvin, 1999) were used for measurements of root diameter, 

endosermis diameter, and exdermis diameter. The width of the cortex was calculated as the difference 

between the radii of the root epidermis and the endodermis.  

Root hydraulic resistivity, root hydraulic conductivity 

Root resistivity (R’) was calculated as the slope of the plot of E vs . E is transpiration (E0) expressed 

in mmol H2O per root length as reported by Rieger and Litvin (1999), measured after destroying the 

plant.  is the difference in the water potential between the soil and root. R’ is in units of mmol-1 m-

1 s MPa, and its inverse (hydraulic conductivity) is Lp’, which is in units of mmol m-1 s-1 MPa-1. 

Because the water potential of the soil was maintained close to zero, ΔΨ is equal to Ψ of the wrapped 

leaves and then to ΨRoot xylem (see above). 

Root hydraulic resistance (R) and Root hydraulic conductance (Lp) were determined for each leaf’s 

maximum transpiration rate for each rootstock. 
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From the ratios of the root hydraulic resistance to the root fibrous length and the root hydraulic 

conductance to the root fibrous length, we obtained the root hydraulic resistivity and root hydraulic 

conductivity, respectively. 

For each plant, the slope of the linear regression between E and  was used to statistically differentiate 

the two rootstocks. The slope of the tangent curve of the polynomial regression between Lp and E was 

used to statistically differentiate the two rootstocks.  

Measure of transmembrane water movement and embolization 

The HPFM was used exclusively to measure the transmembrane water movement and intensity of 

xylem embolization. All measurements were based on a destructive method with a controlled tension–

pressure apparatus (Lovisolo et al., 2002) and taken in sequence on the same plant material, as 

described by Lovisolo et al. (2008) and also adopted by Traontini et al. (2013). The root system of each 

rootstock was separated from the soil using a low-pressure water flow. Then a cut was inflicted at the 

interface between the root and shoot. It was then placed in a tension–pressure chamber. In the first 

phase, the tension–pressure chamber was filled with water only. A negative pressure of −80 kPa was 

applied for 5 min through the sleeve. After 5 min, the flow at the apical end of the trunk was constant; 

the conductance was measured at steady state. In the second phase, the root was treated with a solution 

of 0.05 mM HgCl2 for 60 min (an additional 15-min wait allowed the system to stabilize) in order to 

inhibit mercury-sensitive aquaporins. The same pressure (−80 kPa) was applied for the same time (5 

min). The difference between the two measures of conductance defines the portion of conductance 

sustained by transmembrane water movement.  

The same pressure was applied for a further 5 min after a flushing of 100 kPa on the whole root in 

order to free the system from embolisms.  

The difference between this value and the previous one defines the conductance achievable by the 

system through the transmebrane pathway in the absence of embolisms. 

Statistical analysis 

Data are expressed as averages with their corresponding standard errors. The results were submitted to 

a one-way ANOVA and Tukey’s test using the statistical software package SPSS software (SPSS Inc, 

Cary; NC, USA)  

Results and discussion 

The TIF method adopted by Rieger and Motisi (1990) permitted the use of intact plants, thus avoiding 

problems associated with the commonly used HPFM, such as flow through unnatural paths (Koide, 

1985) and lack of root-shoot communication (Markhart and, 1990). 
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It is known that rootstock plays an important role in grapevine tolerance to water stress (Carbonneau, 

1985; Soar et al., 2006; Alsina et al., 2011; Marguerit et al., 2012; Meggio et al., 2014) and appropriate 

choice of rootstock for a given scion variety can improve transpiration efficiency and thus the water 

use (Soar et al., 2006).  

In the first experiment of the present study, Vitis rootstocks adopted have had an effect on vigour (Table 

1). The Gaglioppo with the 779 P rootstock (G/779 P) had a larger leaf area (1615.11 cm2 ±11.15) 

compared to those with the 420 A rootstock (G/420 A; 1355.25 cm2 ±12.21), which is 16% smaller. 

The leaf dry weight (LDW) of Gaglioppo was also different as function of rootstock (Table 1), and it 

was 32% higher in plants grafted onto 779 P compared to 420 A. In G/420 A plants, the value of the 

specific leaf weight (SLW; 4.02 mg.cm-2 ±0.03) was 21% lower compared to G/779 P rootstocks (4.88 

mg.cm-2 ±0.03; Table 1). Our results are consistent with those reported by Gambetta et al. (2012) for 

drought-tolerant and drought-susceptible rootstocks.  

No difference in stomatal conductance and RWC was observed between plants when the soil water 

potential was close to 0 (Table 3). However, under water constraints, the stomatal conductance (gs)  

and water status (leaf water potential, ΨLeaf, and Relative water content,RWC) of G/779 P were better 

than those of G/420 A. Indeed, 72 hours after watering, the gs, the RWC and ΨLeaf were 70%, 17% and 

0.19 MPa higher in G/779 P compared to G/420 A, respectively (Table 3). A stomatal closure is an 

early plant response to water deficit (Schroeder et al., 2001). Consequently, CO2 net assimilation was 

also higher in leaves of G/779 P compared to G/420 A (data not shown). 

Marguerit et al., (2012) reported that chemical signals sent by drying roots to the shoot regulate 

stomatal aperture; this remains a matter of debate, whereas several authors (Lovisolo et al., 2002; De 

Souza et al., 2003; Soar et al., 2006; Alsina et al., 2011; Serra et al., 2014) reported that the ABA 

synthesized by roots and its concentration is responsible for stomatal closure as long as soil and root 

tissue are dehydrated. During the second experiment in the chamber, the change in CO2 concentration 

(from 300 to 3000 μL L-1), VPD (from 2.5 to 1 kPa), and light (from 800 to 0 µmol m-2 s-1) led to a 

change in transpiration from 0 to 0.30 mmol H2O min-1 m-1. For each environmental setting, both (E0) 

and ΨLeaf xylem reached a steady state 90 min after the change in environmental conditions in the 

chamber. At the maximum value of E0, the 779 P rootstock exhibited a 64% higher root-hydraulic 

conductance (84.25 mmol m-1 s-1) compared to 420 A (51.5 mmol m-1 s-1) (Fig. 2). The higher vigour 

exerted on Gaglioppo by 779 P compared to 420 A in the first experiment, can be attributed to the 

higher hydraulic conductance of the root-system of this rootstock according to reports in the literature 

(Nardini et al., 2006; Solari et al., 2006; Clearwater et al., 2004; Lovisolo et al., 2007; Tramontini 

et al., 2013). 
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The change in root-system hydraulic conductance between two rootstocks can depend on the biomass 

of root-system (Lovisolo et al., 2007) and/or the root intrinsic hydraulic properties. For this reason, 

we have focused our attention on R’ together with root biomass.  

In both rootstocks, a different trend in transpiration was observed when the hydrostatic pressure 

gradient between the soil and xylem increased (tension in the xylem). Furthermore, in the relationship 

between Ψ and E (called the true hydraulic resistivity (THR) by Passioura and Munns; 1984), the slope 

was 6 times higher for 420 A (-1.17 rad) compared to 779 P (-0.187 rad); Fig. 3; Table 4.. For a 

transpiration value of 0.1 mmol H2O min-1 m-1, the ΨRoot xylem was 27% lower in 779 P (-0.22 MPa) 

compared to the 420 A rootstock ( -0.29 MPa).  

The measurement of E was equal to zero when CO2 was increased to 3000 ppm, the relative humidity 

was increased to 90%, and the chamber was covered with a towel. Under this condition, the relationship 

between Ψ (y axis) and E (x axis) showed that Ψ (y-intercept) was nonzero. This  

For both rootstocks, the substrate volume (pot conditions) was limited and water availability was the 

same. However, after 72 hours of water administration, the ψSoil and  SWC were lower in the pot with 

779 P rootstock than the pot with 420 A rootstock (Table 3). Therefore, the higher drought tolerance 

of 779 P could not be explained by its capacity to explore larger and deeper soil volumes. Indeed, no 

differences were observed between the two rootstocks for length, dry weight (Table 1), diameter, and 

other anatomical structures of fibrous roots as stele diameter and cortex width (Table 2), but differences 

were observed in root morphology with 779 P showing greater root branching (Table 1). 

The treatment with Hg significantly reduced the maximum hydraulic conductance (Fig. 5). Root 

hydraulic conductance was higher in 779 P than 420 A plants, both before and after Hg treatment. 

However, in 779 P rootstocks, the reduction was higher (-35%) whereas hydraulic conductance was 

not influenced by Hg treatment in 420 A rootstock (-12%) as observed by Tramontini et al., 2013 in 

drought-tolerant and drought-susceptible rootstocks. 

In the meristematic/elongation zone, it has been shown that Lp is higher and aquaporin activity reaches 

a peak in the root tip, whereas both are low in the secondary growth zone that coincides with the 

suberised epidermis (Zwieniecki et al., 2003; Alsina et al., 2011 Gambetta et al., 2012).  

Because of greater branching (Table 1) and a higher number of root tips in 779 P compared to 420 A, 

we hypothesize that the higher root hydraulic conductance in 779 P compared to 420 A can also be 

attributed to more root tips and aquaporins, as confirmed by observations on excised roots treated with 

Hg. Therefore, the higher aquaporin activity or greater abundance observed in 779 P facilitated xylem 

conduit refilling after drought conditions that produce embolisms in the xylem conduit. (Lovisolo et 

al., 2008; Vandeleur et al., 2009; Tramontini et al., 2013). 
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After eliminating embolisms (with flushing of 100 kPa, for 5 min) by using the same pressure (−80 

kPa) applied for the same length of time, the conductance increased 280% (68 mmol m-1 s-1) in the 420 

A rootstock and 190% in 779 P (105 mmol m-1 s-1). Therefore, in 779 P rootstocks, the hydraulic 

conductance is less influenced by embolisms than in 420 A (Fig. 4).  

Several authors found that higher conductance of the excised roots, higher cell-to-cell water transport, 

and higher tolerance to xylem cavitation processes (Tramontini et al., 2013; Lovisolo et al., 2008) were 

correlated with an intrinsic higher tolerance to water stress on rootstocks.  

The pattern of Lp depends both on THR and offset; it approaches zero in the absence of transpiration 

according to Rieger and Motisi (1990) and Motisi and Gullo (2000). During an increase in 

transpiration, the gradient of the Lp curve was significantly higher in 779 P rootstocks compared to 

420 A (Fig. 5). The slope of the tangent of the Lp curve for a transpiration rate of 0.1 mmol H2O min-

1 m-1, was significantly higher in 779 P rootstocks (1.09 rad) compared to 420 A(0.99 rad) (Fig. 5; 

Table 4). The Lp curve tends to flatten and to remain stable under higher transpiration rates, such as 

those approaching 0.2 mmol H2O min-1 m-1 (Fig 5) according to Rieger and Motisi (1990) and Motisi 

and Gullo (2000). However, Lp was significantly higher in 779 P rootstock compared to 420 A. 

 

Conclusion 

In this study, we performed an analysis to improve the knowledge on water relation and behaviour of 

grapevines, using an autochthonous cultivar, Gaglioppo, grafted onto rootstocks adopted in some areas 

of the Mediterranean basin. 

We monitored the change of water resistance and its inverse (Lp') in roots during transpiration using 

the TIF method. This method allowed for using intact plants and inducing flow in the plant from the 

roots to the leaves. 

The results of this study help us to better understand the behaviour of water within the root system of 

the 779 P and 420 A in the grafted scions. The rootstock which induces the greatest vigour is also the 

one most tolerant to the lower water availability of the soil. This is attributable to two factors that 

influence the root hydraulic conductivity: the lower value of the offset and the lower true water 

resistance (slope of E vs ψ in a linear regression) of 779 P rootstocks compared to 420 A. Because no 

difference was observed between length and anatomical parameters of the two rootstocks, the causes 

are to be found in the greater branching of the fibrous roots and in the greater number of tips in 

particular. These are the main factors that increase the Lp' because the tips are rich in aquaporins. 

Furthermore, it is very important to define these parameters in grapevine rootstocks and to analyse the 

effects on the vigour of grafted scions. 
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Future research should take into account the important abiotic parameters of the soil, such as the soil 

texture. 

These results make it possible to further characterize the two rootstocks by highlighting the strengths 

and weaknesses of each of them. Finally, these outcomes provide new information that is important for 

the optimal choice of rooting cuttings for new plantings and water management in the vineyard, 

especially when considering the actual climate. Climate change can be characterized by profound 

changes, such as an increase in temperature and drought as has happened in many areas of the 

Mediterranean basin. 
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Table 1 – Main biometric parameters of scion and rootstock in the grapevine tree of CV Gaglioppo 

grafted onto 420 A and 779 P. Data are reportsed as a mean ± standard error (n=72); 

For each column, different letters  indicate significant differences per p ≤ 0.05; n.s. not significant  

 

  

Rootstock             Leaf Area 

re             cm2 

LDW 

g 

SLW 

   mg.cm-2 

Root nodes 

(Branching) 

N°m-1 

Root length 

m 

Fibrous Root 

dry weight 

g 

       

          779 P  1615.11±11.15b 7.22±0.14b 4.88±0.03b  85.3±2.2b 118.23±20.07n.s 5.09±0.35n.s. 

       

          420 A 1355.25±12.21a 5.45±0.21a 4.02±0.03a 48.3 ±1.9a 128.44±26.11 5.12±0.31 
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Table 2 – Root anatomical characteristics in the two rootstocks of grapevine trees: 420 A and 

779 P. Data are reported as a mean ± standard error (n=144); 

For each , different letters  indicate significant differences per p ≤ 0.05; n.s. not significant  

Rootstock             Root diameter 

             m 

Stele diameter 

m 

 

Cortex width 

m2 

SRL 

m.g-1 

     

          779 P  650.11±11.15ns 260±0.14ns 380±0.03ns 21.37±2.2 ns 

   
 

 

          420 A 710±12.21 305±0.21 320±0.03 25.3±1.9 
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Table 3 – Soil water potential ( Soil), Soil water content (SWC), Stomatal conductance (gs), leaf 

water potential ( Leaf) and relative water content (RWC) in Gaglioppo grapevine cultivar grafted onto 

779 P and 420 A rootstocks. The measures were taken 2 hours and 72 hours after irrigation with 

exception of SWC that  were taken only 72 hours water administration.. Data are reported as means ± 

standard error (n = 36). 

 

Rootstock Time after 

irrigation 

(hours) 

 Soil 

centibar 

SWC 

g.g-1 

gs  

(mmol.m-2.s-1) 

 Leaf 

(MPa) 

RWC 

% 

       

Gaglioppo/420A      2 1.1±0.09a  254.18±10.25a -0.36a 96.9c 

Gaglioppo/779P      2 1.2±0.08a  235.21±8.2a -0.25a 96.4c 

Gaglioppo/420A     72 15±1.1b 0.31±0.4b 88.12±07.1c -0.88c 71.4a 

Gaglioppo/779P     72 22±1.2c 0.19±06a 125.06±7.8b -0.69b 86.3b 

For each column, different letters  indicate significant differences per p ≤ 0.05; n.s. not significant 
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Table 4 –Slope of regression of the relationship between E and T and slope of the tangent to the LP 

curve, calculated for a transpiration of 0.1 mmolH2O.min-1.m-1. Data are reported as means ± standard 

error (n = 36). 

 

Rootstocks Slope of "E vs ”linear 

regression 

(rad) 

Slope of the tangent 

to LP 

(rad) 

 

Gaglioppo/779 P -0.187±0.1 a 1.09±0.2b 

Gaglioppo/420 A -1.17±0.2 b 0.99±0.2a 

*Different letters indicate significant differences per p ≤ 0.05; n.s. not significant. 
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Figure Legends 

Fig. 1 TIF: semi-closed gas exchange system  

 

Fig 2 Root hydraulic conductance (E0= max transpiration) in 779 P and 420 A grapevine 

rootstock; (n= 12) 

 

Fig 3 Relationship between the root water potential () and transpiration (E) in 779 P and 

420 grapevine rootstock (each point is the mean of three measurements) 

n= 12) 

 

Fig.4. Hydraulic conductance measured on excised root of 779 P and 420 A during 3 

phases: depressurizing at -80 kPa, treating with Hg and depressurizing at -80 kPa, 

pressure flushing of +100 kPa on the Hg-treated roots and depressurinz again at -80 kPa 

(n=12) 

 

Fig 5 Relationship between the root hydraulic conductivity (Lp) and transpiration (E) in 

779 P  and 420 A grapevine rootstock; (each point is the mean of three measurements) 

n= 12) 

 

 

 

 

 

 

 

 

References 

Alsina, M.M., Smart, D.R., Bauerle, T.., De Herrald, F., Biel, C., Stockert, C., Negron, C., Save, R., 

2011. Seasonal changes of whole root system conductance by a drought-tolerant grape root system. J 

Exp Bot. 62 (1), 99–109. 

Ardenghi, N.M.G., Cauzzi, P., 2015. Alien grapes (Vitis, Vitaceae) in Sicily (Italy): novelties for the 

Sicilian and Mediterranean flora. Natural History Sciences 2(2):137-148 

DOI10.4081/nhs.2015.256 

Nicola M. G. ArdenghiNicola M. G. ArdenghiPaolo CauzziPaolo Cauzzi 

Boyer, J.S., 1985. Water transport. Ann Rev Plant. 36, 473-516. 

Carbonneau, A., 1985. The early selection of grapevine rootstocks for resistance to drought conditions. 

Am J Enol Viticult 36, 195-198. 

Clearwater, M.J., Lowe, R.G., Hofstee, B.J., Barclay, C., Mandemaker, A.J., Blattmann, P.,. 2004. 

Hydraulic conductance and rootstock effects in grafted vines of kiwifruit. J Exp Bot. 55, 1371–1382. 



 

22 

 

de Herralde, F., Alsina, M.M., Aranda, X., Savé, R., Biel, C., 2006. Effects of rootstock and irrigation 

regime on hydraulic architecture of Vitis vinifera L. cv. Tempranillo. Int J Vine Wine Sci 40 133–139. 

De Souza, C.R., Maroco, J.P., Dos Santos, T.P., Rodrigues, M.L., Lopes, C.M., Pereira, J.S., Chaves, 

M.M., 2003. Partial rootzone drying: regulation of stomatal aperture and carbon assimilation in field-

grown grapevines (Vitis vinifera cv. Moscatel). Funct Plant Biol. 30 (6), 653–662. 

Elfving, D.C., Kaufmann, M.R., Hall, A.E., 1972. Interpreting leaf water potential with a model of the 

soil–plant–atmosphere continuum. Physiol Plantarum 27, 161-168. 

Esau, K., 1977. Anatomy of Seed Plants, Ed 2. Wiley, New York - Google Scholar 

Gambetta, G.A., Manuck, C.M., Drucker, S.T., Shaghasi, T., Fort, K., Matthews, M.A., Walker, M.A. 

and McElrone, A,J., 2012. The relationship between root hydraulics and scion vigour across vitis 

rootstocks: what role do root aquaporins play? J Exp Bot. 63 (18), 6445–6455. 

Himmelbauer, M.L., 2004. Estimating length, average diameter and surface area of roots using two 

different Image analyses systems. Plant Soil. 260 (1), 111-120. 

Hellkvist, J., Richarda, G.P., Jarvis, P.G., 1974.Vertical gradients of water potential and tissue water 

relations of Sitka sprace trees measured with a pressure chamber. J Appl Ecol. 11, 637-67. 

Javot, H., Lauvergeat, V., Santoni, V., Martin-Laurent, F., Güçlü, J., Vinh, J., 2003. Role of a single 

aquaporin isoform in root water uptake. Plant Cel. 15, 509–522. 

Jenkins, W.R., 1964. A rapid centrifugal-flotation technique for separating nematodes from soil. Plant 

Dis Rep. 48, 692. 

Katsuhara, M., Hanba, Y., Shiratake, K., Maeshima, M., 2008. Expanding roles of plant aquaporins in 

plasma membranes and cell organelles. Funct Plant Biol. 35, 1-14. 

Kjellbom, P., Schjoerring, J.K., Jahn, T.P., 2008. The effects of the loss of TIP1;1 and TIP1;2 

aquaporins in Arabidopsis thaliana. Plant J. 56, 756-67. 

Knipfer, T., Fricke, W., 2010. Root pressure and a solute reflection coefficient close to unity exclude 

a purely apoplastic pathway of radial water transport in barley (Hordeum vulgare). New Phytol. 187, 

159-70. 

Koide, R.,1985. The nature and location of variable hydraulic resistance in Helianths annuus L. 

(sunflower). J. Expt. Bot. 36:1430-1440. 

Kramer, P.J., 1983. Water relations of plants. New York: Academic. 

Lovisolo, C., Schubert, A., 1998. Effects of water stress on vessel size and xylem hydraulic 

conductivity in Vitis vinifera L. J Exp Bot. 49 (321), 693–700. 

Lovisolo, C., Hartung, W., Schubert, A., 2002. Whole-plant hydraulic conductance and root-to-shoot 

flow of abscisic acid are independently affected by water stress in grapevines. Funct Plant Biol. 29 

(11), 1349-1356. 



 

23 

 

Lovisolo, C., Secchi, F., Nardini, A., Salleo, S., Buffa, R., Schubert, A., 2007. Expression of PIP1 and 

PIP2 aquaporins is enhanced in olive dwarf genotypes and is related to root and leaf hydraulic 

conductance. Physiol Plantarum. 130, 543–551. 

Lovisolo, C., Tramontini, S., Flexas, J., Schubert, A., 2008. Mercurial inhibition of root hydraulic 

conductance in Vitis spp. rootstocks under water stress. Environ Exp Bot. 63, 178–182. 

Luu, D.T., Maurel, C., 2005. Aquaporins in a challenging environment: molecular gears for adjusting 

plant water status. Plant Cell Environ. 28, 85-96. 

Marguerit, E., Brendel, O., Lebon, E., Van Leeuwen, C., Ollat, N., 2012. Rootstock control of scion 

transpiration and its acclimation to water deficit are controlled by different genes. New Phytol. 194, 

416–429. 

Markhart, A.H., B. Smit B., 1990. Measurement of root hydraulic conductance. HortSci  25:282-287. 

Maurel, C., 2007. Plant aquaporins: novel function sand regulation properties. FEBS Lett. 581, 2227–

2236. 

Maurel, C., Verdoucq, L., Luu, D.T., Santoni, V., 2008. Plant aquaporins: membrane channels with 

multiple integrated functions. Annu Rev Plant Bio.l 59, 595-624. 

McGonigle, T.P., Miller, M.H., 1996. Development of fungi below ground in association with plants 

growing in disturbed and undisturbed soils. Soil Biol Biochem.. 28, 263–269.  

Meggio, F., Prinsi,B., Negri, A.S., Di Lorenzo, G.S., Lucchini, G., Pitacco, P., Scienza, A., Cocucci, 

M., Espen, L., 2014. Biochemical and physiological responses of two grapevine rootstock genotypes 

to drought and salt treatments. Aust J Grape Wine R. 20 (2), 310–323. 

Miyamoto, N., Steudle, E., Hirasawa, T., Lafitte, R., 2001. Hydraulic conductivity of rice roots. J Exp 

Bot. 52, 1835–1846. 

Motisi, A, Gullo, G., 2000. Effect of soil texture on root hydraulic conductivity in Olea europaea L. 

cv “Nocellara del Belice” potted trees. Acta Hortic. 586, 503-06. 

Mu, Z., Zhang, S., Zhang, L., Liang, A. and Liang, Z., 2006. Hydraulic conductivity of whole root 

system is better than hydraulic conductivity of single root in correlation with the leaf water status of 

maize. Bot Stud. 47, 145–151. 

Nardini, A., Gasco, A., Raimondo, F., Gortan, E., Lo Gullo, M.A., Caruso, T., Salleo, S., 2006. Is 

rootstock-induced dwarfing in olive an effect of reduced plant hydraulic efficiency? Tree Physiol. 26, 

1137–1144. 

Nobel, P.S., Huang,B., 1992. Hydraulic and osmotic properties of spruce roots of for lateral roots of 

two desert succulents in response to soil. Int J Plant Sci. 153, S163–S170. 

Oparka, K.J., Prior, D.A.M., 1992. Direct evidence for pressure-generated closure of plasmodesmata. 

Plant. J 2, 741–750. 



 

24 

 

Passioura, J.B., Munns, R., 1984. Hydraulic resistance of plants. II. Effects of rooting medium, and 

time of day, in barley and lupin. Aust J Plant Physiol.  11, 341-50. 

Peterson, C.A., Murrmann, M., Steudle, E., 1993. Location of the major barriers to water and ion 

movement in young roots of Zea-mays L. Planta. 190, 127–136. 

Peterson, C.A., Enstone, D.E., 1996. Functions of passage cells in the endodermis and exodermis of 

roots. Physiol Plant. 97, 592–598. 

Phillips, J.M., Hayman, D.S., 1970. Improved procedures for clearing roots and staining parasitic and 

vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection. T Brit Mycol Soc. 55, 158-

61. 

Postaire, O., Tournaire-Roux, C., Grondin, A., Boursiac, Y., Morillon, R., Schäffner, A.R., Maurel, C., 

2010. A PIP1 aquaporin contributes to hydrostatic pressure-induced water transport in both the root 

and rosette of Arabidopsis. Plant Physiol.  152, 1418–30. 

Powell, D.,B.,B.,. 1974. Some effects of water stress in late spring on apple trees. J Hortic Sci. 49, 

257–72.  

Rieger, M., 1989. Pressure and transpiration induced flow methods for estimating hydraulic resistance 

in peach. Hortic Sci. 24, 648–50. 

Rieger, M., Motisi, A., 1990. Estimation of root hydraulic conductivity on intact peach and citrus 

rootstocks. Hortic Sci. 25, 1631-34. 

Rieger, M., 1995. Offsetting effects of reduced root hydraulic conductivity and osmotic adjustment 

following drought. Tree Physiol. 15, 379-385. 

Rieger, M., Litvin, P., 1999. Root system hydraulic conductivity in species with contrasting root 

anatomy. J Exp Bot. 50, 201-209.  

Roberts, J., 1977. The use of tree-cutting techniques in the study of the water relations of mature Pinus 

sylvestris L. J Exp Bot. 28, 751-67. 

Roberts, A.G., Oparka, K.J., 2003. Plasmodesmata and the control of symplastic transport. Plant Cell 

Environ. 26, 103–124. 

Romero, P., Botia, P., Keller, M., 2017. Hydraulics and gas exchange recover more rapidly from severe 

drough stress in small pot-grown grapevines than in field-grown okants. J Plant Physiol. 216, 58-73 

Schreiber, L., Franke, R., Hartmann, K.D., Ranathunge, K., Steudle, E., 2005. The chemical 

composition of suberin in apoplastic barriers affects radial hydraulic conductivity differently in the 

roots of rice (Oryza sativa L. cv. IR64) and corn (Zea mays L. cv. Helix). J Exp Bot. 56: 1427–1436 

Schroeder, J.I., Kwak, J.M., Allen, G.J., 2001. Guard cell abscisic acid signalling and engineering 

drought hardiness in plants. Nature. 410, 327-330. 



 

25 

 

Serra, I., Strever, A., Myburgh, P.A., Deloire, A., 2014. Review: the interaction between rootstocks 

and cultivars (Vitis vinifera L.) to enhance drought tolerance in grapevine. Aust J Grape Wine R. 20, 

1–14.  

Soar, C.J.; Dry, P.R.; Loveys, B.R. 2006. Scion photosynthesis and leaf gas exchange in Vitis vinifera 

L. cv. Shiraz: mediation of rootstock effects via xylem sap ABA. Aust J Grape Wine R. 12: 82-96.  

Solari, L.I., Johnson, S., Dejong, T.M., 2006. Hydraulic conductance characteristics of peach (Prunus 

persica) trees on different rootstocks are related to biomass production and distribution. Tree Physiol. 

26, 1343–1350. 

Steudle, E., Murrmann, M., Peterson, C.A., 1993. Transport of water and solutes across maize roots 

modified by puncturing the endodermis: further evidence for the composite transport model of the root. 

Plant Physiol. 103, 335–349. 

Steudle, E., Peterson, C.A., 1998. How does water get through roots? J  Exp Bot. 49, 775–88. 

Steudle, E., 2000. Water uptake by plant roots: an integration of views. Plant Soil. 226, 46-56. 

Tramontini, S., Vitali, M., Centioni, L., Schubert, A., Lovisolo, C., 2013. Rootstock control of scion 

response to water stress in grapevine. Environ Exp Bot. 93, 20-26.  

Tsuda, M., Tyree, M.T., 1997. Whole‐plant hydraulic resistance and vulnerability segmentation in Acer 

saccharinum. Tree Physiol. 17, 351–357. 

Torta, L., Mondello, V., Burruano, S., 2003. Valutazione delle caratteristiche morfo-anatomiche di 

alcune simbiosi micorriziche mediante tecniche colorimetriche usuali e innovative. Micologia Italiana. 

2, 53-59. 

Vandeleur, R.K., Mayo, G., Shelden, M.C., Gilliham, M., Kaiser, B.N., Tyerman, S.D., 2009. The role 

of plasma membrane intrinsic protein aquaporins in water transport through roots: diurnal and drought 

stress responses reveal different strategies between isohydric and anisohydric cultivars of grapevine. 

Plant Physiol. 149 (1), 445-460. 

Walker, C, Mize, C.W., McNabb, Jr., H.S., 1982. Populations of endogonaceous fungi at two locations 

in central Iowa. Can J Botan. 60(12), 2518-29. 

Zwieniecki, M., Thompson, M., Holbrook, N.M., 2003. Understanding the hydraulics of porous pipes: 

tradeoffs between water uptake and root length utilization. J Plant Growth Regul. 21, 315–323. 

 

 

 



 

26 

 

 


