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Abstract: Understanding the physiological basis underlying the water stress responses in grapevine
is becoming increasingly topical owing to the challenges that climate change will impose to grapevine
agriculture. Here we used cv. Pinot gris (clone H1), grafted on a series of tolerant (1103Paulsen;
P), sensitive (SO4) and recently selected (Georgikon28; G28, Georgikon121; G121, Zamor17; Z17)
rootstocks. Plants were either subjected to reduced water availability (WS) or maintained at pot
capacity (WW). Photosynthetic (light response curves), stomatal and in vivo gas exchange analysis
were carried out as well as dynamics of daily water use (WU), leaf area accumulation with affordable
RGB imaging pipelines and leaf water potential. Significant genotypic variation was recorded
between rootstocks for most of the traits analyzed under optimal conditions with P and SO4 showing
a more vigorous growth, higher CO2 assimilation rate, stomatal conductance and stomatal density
per unit of leaf area than G28, G121, Z17 (p < 0.001). Under WS, rootstocks induced different water
stress response in Pinot gris, with G28 and G121 showing a higher sensitivity of water use to reduced
water availability (WS) (p = 0.021) and no variation for midday leaf water potential until severe WS.
P, Z17 and to some extent SO4 induced a pronounced near-anisohydric response with a general WU
maintenance followed by reduction in leaf water potential even at high levels of soil water content.
In addition, G28 and G121 showed a less marked slope in the linear relationship between daily water
use and VPD (p = 0.008) suggesting elevated sensitivity of transpiration to evaporative demand. This
led to an insensitivity for total dry weight biomass of G28 and G121 under WS conditions (p < 0.001).
This work provides: (i) an in-depth analysis for a series of preferable traits under WS in Pinot gris;
(ii) a characterization of Pinot gris × rootstock interaction and a series of desirable traits under WS
induced by several rootstocks; (iii) the potential benefit for the use a series of affordable methods
(e.g., RGB imaging) to easily detect dynamic changes in biomass in grapevine and quickly phenotype
genotypes with superior responses under WS. In conclusion, the near-isohydric and conservative
behavior observed for G28 and G121 coupled with their low vigor suggest them as potential Pinot
gris rootstock candidates for sustaining grapevine productivity in shallow soils likely to develop
terminal stress conditions.

Keywords: Pinot gris; rootstocks; water deficit; isohydric; anisohydric

1. Introduction

Climate changes will increase the pressure to select new grape varieties with improved
characteristics to disadvantageous environmental conditions [1,2]. Although Vitis vinifera L.
is considered well adapted to warm and dry environments [3], extreme environmental con-
ditions can significantly reduce yield and quality of commercial varieties [4,5]. Grapevines
are generally grown as a scion grafted onto a rootstock and rootstock selection is considered
the most promising method for achieving higher levels of stress tolerance [2,6,7]. As a
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matter of fact, breeding tolerant scion without influencing quality characteristics has been
shown to be challenging [6,8]. Conversely, grapevine rootstocks have been previously
proposed to play an important role in adaptation to water deficit in several studies [2,9,10].
Intensive rootstock breeding programs began as a result of the invasion and spread of
grape phylloxera in Europe during the late 1800s leading to numerous successful rootstock
cultivars. Nowadays, choosing a rootstock is an important decision not only because
of the potential benefit that farmers expect (e.g., pest and pathogen resistance), but also
because establishing a vineyard is a long-term investment. Therefore, further advances on
the physiological basis of stress adaptation in different rootstocks genotypes and hybrids
are required.

Gas exchange maintenance [7], pronounced water-saving strategy [10], enhanced
osmotic adjustment [11] and deep root system [12] are some of the most important ex-
amples of rootstock-induced stress tolerance. The term drought tolerance, however, is
an intricate concept [13] and grapevine can thrive in several different macro areas with
different climatic conditions [3]. Indeed, drought is a combination of several stresses such
as low water availability, high evaporative demand and heat stress, and the magnitude
of stress damage is dependent on the phenological stage at which it appears suggesting
that different strategies are requested for distinct areas [13]. For instance, the same trait
(e.g., avoidance through early stomatal closure under water stress) can be beneficial for
particular environmental scenarios such as terminal severe stress by maintaining soil mois-
ture, but detrimental under mild stress conditions due to reduced photosynthesis and
increased heat stress sensitivity via limited leaf evaporative cooling [14]. Similarly, “risk
taking” genotypes that maximize water use can suffer severe stress conditions at the end of
the life cycle, although higher assimilates allocation to root growth might buffer terminal
stress conditions allowing higher deep-water uptake but only in the presence of deep
soil [14]. In addition, biomass accumulation intrinsically determines transpiration since
stomatal density and stomatal size along with the leaf area determine the total whole-plant
water-use [15] and low-vigor rootstocks have been suggested as “drought tolerant” fol-
lowing a more cautionary use of available water [16]. In grapevine, distinct classes of
stomatal responses to stress conditions have been hypothesized, with isohydric cultivars
maintaining a fairly constant leaf water potential while reducing stomatal conductance
whereas anisohydric ones have a generally low stomatal control and therefore pronounced
fluctuations in leaf water potential [17,18]. Recently, this classification have been ques-
tioned [19] and a physiological screening of up to 17 cultivars revealed (i) a continuum
in the iso-anisohydric response to stress in the genotypes analyzed and that (ii) the same
cultivar can express both strategies, depending on the stress intensity [20]. Since there is
evidence that the rootstock can strongly influence the scion response to stress as well as the
water use strategy of the scion [2,9,10], physiological characterizations of new rootstocks
with potential contrasting behavior and biomass under stress conditions is key to guide
breeders and farmers towards the best rootstock/scion choice.

Commercially available rootstocks have been extensively characterized for their stress
adaptation. A consistent stress sensitivity of the SO4 (Vitis berlandieri Planch. × Vitis riparia
Michx.) rootstock has been often proposed, while Paulsen1103 (Vitis berlandieri × Vitis
rupestris Scheele) is considered a more tolerant genotype to stresses [21,22]. For example,
Paulsen1103 induced higher stress tolerance than the 101-14 Mgt trough deep root prolifer-
ation during the warm and dry season followed by minimal stomatal regulation [23] in cv.
Merlot. However, in Frioni et al. [7], a conservative behavior was observed when Grechetto
gentile was grafted on the drought-tolerant rootstock M4 and 1103P. This suggest that
rootstock behavior could be influenced even by scion genotypes, and under either optimal
and sub-optimal environmental conditions [24]. In a recent study, however, 36 commer-
cially available rootstocks revealed a very narrow genetic diversity, suggesting the need
of enhancing the genetic array of species to produce material with improved resistance
to pests and tolerance to environmental stresses [25]. A series of hybrids rootstocks with
different parental background have been recently released and tested in agronomic trials
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for soil pH tolerance [26] and chlorosis. The Georgikon lineage is a group of rootstocks
[(Vitis berlandieri × Vitis riparia) × Vitis vinifera] that showed elevated tolerance to limestone,
therefore worth of further characterization under different stress conditions. Zamor 17
[(Vitis berlandieri × Vitis riparia) × Vitis rupestris], by having V. rupestris as a parent might
display significant degrees of water stress tolerance and early characterizations under
limestone conditions provided evidence of mild tolerance. Therefore, in this work we
phenotyped pot-grown Pinot gris (clone H1), an economically important cultivar with
scant literature on water stress response, grafted on five rootstocks (SO4, Paulsen1103,
Georgikon 28, Georgikon 121 and Zamor 17) under optimal and water stress conditions.
We hypothesized that the response of Pinot gris to water stress will be shaped when grafted
on the selected rootstocks characterized by a different genetic background. Therefore,
the main objectives were to (i) characterize water use behavior of Pinot gris under reduced
water availability, (ii) assess scion/rootstock interaction in Pinot gris, thus evaluating the
preferable rootstock under stress conditions and (iii) identify the physiological mechanisms
underlying the different responses induced by the rootstocks. We also provided for the
first time a dynamic leaf area accumulation assessment using affordable RGB pipelines [27]
as well as gravimetric evaluation of whole-plant water use, water status and gas exchange.

2. Materials and Methods
2.1. Plant Material and Experimental Design

The experiments were carried out inside a polytunnel at Fondazione Edmund Mach.
Rooted cuttings from plant nursery were potted in 9.3 L pots (Teraplast, Castelgomberto,
Italy) all containing the same amount of growing substrate (~3000 g of TerCompost Ex-
traQuality Professional, Tercomposti Spa, Calvisano, Italy—a mixture of peat, perlite and
pumice) on May 2020 and kept in a fully randomized design inside atemperature-controlled
greenhouse under natural light conditions. Plants were left in the greenhouse until early
July 2020 and fertilized on two occasions (27 May and 15 July 2020) with 5g of Fe EDTA per
pot (Valagro Ferrilene Trium, Valagro, Italy) and 10 g of an NPK fertilizer (Valagro Master
15 − 5 − 30 + 2, Valagro, Italy). The plant material consisted in Pinot gris (clone H1) scions
all grafted on either SO4, Paulsen1103 (P), Georgikon28 (G28), Georgikon121 (G121) or
Zamor17 (Z17) rootstocks (n = 25, 100 pots in total). In June, plants were pruned and one
primary shoot was maintained while keeping a secondary shoot with two vegetative buds.
In early June, pots containing plants with uniform growth were moved into a polytunnel
under natural environmental conditions and treated with fungicides (1 gr L−1 Syngenta
Switch, 0.5 mL L−1 Syngenta Topas 10EC, Syngenta, Basel, Switzerland and 1 mL L−1

of Vertimec EC, Syngenta, Basel, Switzerland). The experimental design consisted in a
split-plot design with Watering factor (well-watered, WW—water-stressed, WS) as a main
plot and Rootstock as sub-plot in n = 8 (80 pots in total). All the vines were watered to
saturation daily until stress application as described below. On July 10, aluminum foil
was placed on top of each pot and sealed around the pot to minimize soil evaporation.
A data logger (TinyTag) was placed inside the polytunnel and temperature and relative
humidity were recorded every 15 min. Vapor pressure deficit (VPD) was then derived from
the two variables.

2.2. Leaf Gas Exchange and Stomatal Characterization under Optimal Conditions

Between 13th and 17th of July, vines were subjected to a series of photosynthetic light
response curves and stomatal analysis. Light response curve (A/Q) were carried out in n
= 4 for all the rootstocks. A mid-canopy fully developed leaf was tagged in all the plants
and used for all the analysis. Leaves were placed in the leaf cuvette of an integrated open
gas exchange system Li-Cor 6400 (Li-Cor, Lincoln, NE, USA) equipped with an integrated
fluorescence leaf cuvette (LI-640040; Li-Cor, Lincoln, NE, USA).Leaves were adapted to
an incident light intensity (PPFD) of 2000 µmol m−2 s−1 prior to measurements with an
ambient CO2 concentration of 400 µmoL moL−1 and 25 ◦C leaf temperature. The VPD of
the air entering the gas exchange system was maintained between 1 and 1.5 kPa. PPFD was
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varied in a step-wise manner starting from the acclimation level (2000 µmol m−2 s−1). Light
levels were 2000, 1500, 1200, 1000, 800, 600, 500, 400, 300, 150, 75, 50 and 25 µmol m−2 s−1.
At each light level, once a new steady-state was reached, gas exchange data were logged.
Leaf CO2 assimilation (A), stomatal conductance (gs), sub-stomatal CO2 concentration (Ci)
and transpiration (E) were recorded.

Stomatal impressions were subsequently collected from mid-canopy fully expanded
leaves (n = 6). Nail polish was used to create an impression of the abaxial and adaxial
surfaces. Impressions were then placed on microscope slides and viewed with a light
microscope (20 × magnification). Stomatal density (SD) was carried out on three fields of
view per impression and standardized to mm2.

2.3. Treatment Application and Stress Conditions

The progressive soil drying treatment started on the 21st of July 2020 by removing
watering to the selected water stress pots (WS) and recorded as “days after treatment” 0
(DAT 0). Well-watered (WW) pots were maintained at ~4300 g (pot capacity according
to water retention curve carried out in soil-only pots) throughout the experiment. Pot
weight and watering (WW only) was carried out every morning between 7:00 and 8:00
and for each pot (n = 7–9) by using a balance (Ohaus defender 3000, Parsippany, NJ, USA).
At DAT14, WS pots were re-watered to WW conditions and recovery was maintained for
five days.

Water content in the pot was then expressed as the fraction of transpirable soil water
(FTSW) [28]. Total transpirable soil water (TTSW) was calculated as the difference between
the weight of the pot at 100% available water content and the average weight measured
when the transpiration of the plants was ~10% of the control plants (~1300 g). The FTSW
value for each DAT was then calculated as FTSW = (WTn − WTf)/TTSW, where WTn
represents the pot weight on a given DAT and WTf the pot weight of a stressed plant
showing ~10% of the transpiration of the control plants. Daily water use was calculated as
WU (mL) = pot weight DATn−pot weightDATn1.

2.4. Non-Destructive Estimation of Dynamic Leaf Area

The dynamic changes in leaf area during the experiment were assessed with an RGB
app and pipeline analysis as provided by [27]. After gravimetric assessments on DAT
1, 6, 8, 10, 13 and 17, pots (n = 6–9) were moved outside the polytunnel. A tripod was
used and placed on the same position and distance from the plant for each DAT. The
app Plant Screen Mobile (Institute of Plant Sciences, Forschungszentrum Juelich GmbH,
Juelich, Germany) was used to take RGB images and segmentation was carried out with
the RGB ratio filter. The projected leaf area (PLA, pixels) was recorded for each vine as
number of green pixels. A calibration curve between PLA (RGB imaging) and destructive
estimation of leaf area (cm2) was constructed by using an imaging software (Easy Leaf
Area, University of California, One Shields Avenue, Davis, CA, USA).

2.5. Gas Exchange and Chlorophyll Fluorescence

In vivo gas exchange measurements (n = 4–5) were carried out on DAT 0, 3, 6, 8, 10,
13 and 15. Analyses were done with a Li-Cor 6400 (Li-Cor, Lincoln, NE, USA) with an inte-
grated fluorescence leaf cuvette (LI-640040; Li-Cor) between 0900 and 1200 h. To minimize
potential leaf position and developmental age effects, all the gas exchange measurements
were taken on a tagged leaf of the mid-canopy in five randomly selected plants for each
treatment and rootstock. In the Li-Cor cuvette, all the parameters (leaf CO2 assimilation at
saturating light—A and stomatal conductance—gs) were collected at an ambient (CO2) of
400 µmol mol−1 and 25 ◦C block temperature. PPFD was maintained at 1500 µmol m−2 s−1

with a 10:90 blue:red light and a flow rate of 300 mol s−1. Intrinsic water-use efficiency was
calculated as iWUE = A/gs. Measurements of chlorophyll fluorescence were carried out on
the same leaves used for gas exchange via the field-portable pulse-modulated fluorimeter
Handy-PEA (Hansatech Instruments, Norfolk, UK) on DAT 8. Dark adaptation through
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leaf clip started at 7:00 and lasted for 45 minutes (n = 5). The same analysis was repeated
in the afternoon (15:00). Minimum fluorescence (Fo) and maximum fluorescence (Fm)
were recorded by ensuring a light-saturating pulse of 4000 µmol m−2 s−1. The maximum
quantum yield of photosystem II (Fv/Fm) was calculated as Fv/Fm = (Fm − Fo)/Fm.

2.6. Midday Leaf Water Potential

Leaf water status was monitored through analysis of midday leaf water potential
(LWP). Briefly, on DAT 3, 6, 8, 10, 13 and 15 leaves (n = 3) were sampled between 12:00
and 14:00 after gas exchange analysis, placed into a plastic bag and quickly positioned
inside a Scholander pressure chamber (Model 3000 Scholander Plant Water Status Console,
ICT International, Armidale, Australia). Readings of LWP were taken and expressed as
MPa. Data are shown for WS plants as differences (%) compared with the respective WW
replicate.

2.7. Shoot Destructive Analysis

On DAT 17 (7th August 2020), the above ground biomass of each vine was harvested
(n = 6–9). The material was then dried for 48 h at 80 ◦C and then weighed with a balance
(Ohaus defender 3000, Parsippany, NJ, USA) to get total biomass dry weight (DW, g). The
percentage of DW loss in WS plants was calculated as the % difference compared with
WW plants.

2.8. Statistical Analysis

All the analyses were carried out with Rstudio (R Core Team 2018) by using either the
stats, agricolae or ggplot2 packages. The response of WU (normalized between 0 and1) to
FTSW was characterized by a sigmoidal fitting:

WUnormalized =
WUmax

1 + e[
FTSW50 −FTSW

b ]
(1)

where FTSW is the soil water status, WUmax is the asymptote that represents a theoretical
maximum of WU, FTSW50 is the inflection point of the curve which represents the FTSW
value at which WU is half of WUmax and b represent the transition width of the function.
The slope of the fitted logistic curve was calculated as the first derivative of the function at
the inflection point and was taken as a measure of the maximum sensitivity of stomatal
closure. The rest of curve fitting (relathionship between WU and VPD) was carried out
through linear regression. All the estimated traits (WU, A/Q, stomatal density, PLA,
LWP, gas exchange traits and biomass) were subjected to two-way ANOVA and one-way
ANOVA depending on factor number. A three-way analysis was carried out for Fv/Fm
as temperature was included as factor. All data were check for normality and equality of
variance through visual assessment of distribution and residuals versus fitted values. When
appropriate, data were subjected to repeated measurements analysis. Means separation
(p < 0.05) was carried out via Fisher’s test.

3. Results
3.1. Environmental Conditions

The experiment was carried out under relatively stable summer conditions (Figure 1).
However, there were two days when temperature dropped significantly (DAT 4 and
DAT14-15), accompanied by a significant increase on average daily relative humidity and
subsequent reduction in VPD.
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had similar A values (~16.5–17 μmol m−2 s−1) accompanied by a generally high gs (~0.14 
mol m−2 s−1) while G28, G121 and Z17 showed consistent lower values. Similarly, higher 
SD was observed (p < 0.001) in P and SO4 compared with the other rootstocks (Figure 2E). 
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(D) transpiration rate (E) measured at of 400 μmol mol−1 ambient CO2 concentration, leaf temperature of 25 °C and VPD 
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between rootstocks according to one-way ANOVA. In (E), leaf stomatal density (SD) is shown (p < 0.001). Different letters 
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from ~1 to ~0.05 on average (Figure 3A) while very similar FTSW were recorded during 
the recovery period between WW and WS. Daily WU analysis revealed a distinct pattern 
in WW plants with a constant increase over the experimental period and a significant sen-
sitivity to changes in evaporative demand. In WS plants, a linear reduction in WU was 
observed (Figure 3B). 

Figure 1. Average daily environmental conditions during the experimental period (21 July 2020 until 7 August 2020) Red
background in the graphs represent stress application to WS pots while blue background represent the recovery period. (A)
Average air temperature, (B) average relative humidity and (C) average vapor pressure deficit (VPD). Values are means ±
standard error of the means.

3.2. Light Response Curves and Stomatal Density

Under optimal conditions, significant (p < 0.001) differences were recorded for A and
gs between rootstocks (Figure 2) and at different light conditions (p < 0.001) (Figure 2A–D).
Indeed, SO4 and P showed a higher A and gs than G28, G121 and Z17 and especially
at high light intensity. At saturating light conditions (2000 µmol m−2 s−1 PPFD), SO4
and P had similar A values (~16.5–17 µmol m−2 s−1) accompanied by a generally high gs
(~0.14 mol m−2 s−1) while G28, G121 and Z17 showed consistent lower values. Similarly,
higher SD was observed (p < 0.001) in P and SO4 compared with the other rootstocks
(Figure 2E).
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Figure 2. Light (PPFD) response curves for Pinot gris grafted on five rootsotcks measured under optimal environmental
conditions (n = 4). (A) CO2 assimilation rate (A), (B) stomatal conductance (gs), (C) sub-stomatal CO2 concentration (Ci), (D)
transpiration rate (E) measured at of 400 µmol mol−1 ambient CO2 concentration, leaf temperature of 25 ◦C and VPD of
between 1 and 1.5 kPa (values are means ± standard error of the means). Asterisks show significant differences (p < 0.05)
between rootstocks according to one-way ANOVA. In (E), leaf stomatal density (SD) is shown (p < 0.001). Different letters
represent significant differences according to Fisher’s test.

3.3. Water Use Behavior under Water Stress and Increasing VPD

Stress was applied over 14 days (DAT 0 to DAT 13) leading to a reduction in FTSW
from ~1 to ~0.05 on average (Figure 3A) while very similar FTSW were recorded during
the recovery period between WW and WS. Daily WU analysis revealed a distinct pattern
in WW plants with a constant increase over the experimental period and a significant
sensitivity to changes in evaporative demand. In WS plants, a linear reduction in WU was
observed (Figure 3B).
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Figure 3. (A) Average fraction of transpirable soil water (FTSW) for WW (blue dots) and WS (red dots) during the
experimental period. (B) Daily WU for WW (blue dots) and WS (red dots) during the experimental period. DAT represents
days after water stress application. Red background in the graphs represents stress application to WS pots while blue
background represents the recovery period. Data are means (n = 6–9) ± standard error of the means.

Normalized WU plotted against FTSW (r2 = 0.9 on average, Figure 4A–E) revealed a
significant genotypic variation among rootstocks for WU strategy under reduced water
availability. Stomatal sensitivity (slope of linear part of the curve) was higher in G28 and
G121 than the other genotypes tested with Z17 having the lowest slope (p = 0.021). Different
WU reductions were recorded under WS as well with G28 and P showing WU reduction at
lower FTSW levels (~0.75) than SO4, G121 and Z17 (~0.85 FTSW). The relationship between
daily WU under WW conditions and FTSW was well explained by linear regression
(r2 = 0.64 on average, Figure 3F–J) and for all the rootstocks, suggesting non-limiting
transpiration rates at least at the highest VPD recorded in this work (2.2 kPa on average).
However, the slope of this relationship was significantly higher in SO4, P and Z17 than
G28 and G121 (p = 0.008).
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3.4. Dynamic Leaf Area

The pipeline used in this work (Figure S1) provides an affordable tool to estimate
dynamic changes in vine leaf area. The relationship between non-destructive leaf area
(through RGB imaging) and destructive leaf area (through destructive approaches) was
best explained by a quadratic polynomial function (r2 = 0.86) (Figure S1). Under WW
conditions, P, SO4 and in particular Z17 yielded the most vigorous canopy (p < 0.001 for all
DAT, p = 0.027 for DAT1) while G28 and G121 showed lower PLA values (Figure 5). Under
WS, Z17 showed a high degree of sensitivity of leaf area accumulation to water decline
with a significant reduction in PLA since DAT 10 and compared with WW plants, while
SO4 ad P since DAT 13 only. However, this difference was not significant in P after the
recovery period. Conversely, no significant differences were observed for PLA between
WW and WS in G28 and G121.
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3.5. Leaf Water Potential

The dynamic change in leaf water potential (LWP) during developing stress showed a
significant effect of water limitation since DAT 3 (p < 0.001) (Figure 6). P was the rootstock
with earliest and most pronounced reduction under water stress and showed significant
differences between WS and WW in LWP since DAT 3. Similar responses were recorded
for Z17 since DAT 6. SO4 showed reduction for WS and compared with WW starting from
DAT 8 while G28 and G121 significantly reduced LWP at DAT 10 and 13 only. Indeed,
genotypic variation was recorded for LWP under stress on DAT 6 and DAT 13 (p = 0.002 and
p = 0.015 respectively). A complete recovery was observed at DAT 15 for all the genotypes.
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n = 3).

3.6. Gas Exchange and Chlorophyll Fluorescence

In vivo gas exchange measurements at saturating light and ambient CO2 concentration
confirmed the generally higher A and gs for P and SO4 although this difference was
significant on DAT 3 only (Figure 7). A consistently significant (p < 0.001, apart from DAT
0) effect of WS was recorded throughout the experiment. However, similar drop in gs of
WS and compared with WW was recorded for all the rootstocks, although the slope of the
reduction was slightly lower in P and Z17 than G28, G121 and Z17. Similarly, the same
trends were observed for A under WS. At DAT 15, full A and gs recovery did not occur
for any of the rootstocks (WS p < 0.001 for both traits). The A/gs ratio (iWUE) showed
an overall significant increase on DAT 13 only (p < 0.001), with G28 and G121 showing a
higher iWUE than P and SO4.

Chlorophyll fluorescence analyses were carried out on DAT 8 both in the morning
(average T 24 ◦C) and in the afternoon (average T 41 ◦C) (Figure 8). Fv/Fm was unaffected
in the morning with watering factor being non-significant following a two-way ANOVA
(p = 0.105; water, W, and rootstock, R, as factors) although Z17 had generally lower
values than the other genotypes (p < 0.001) for both WW and WS. In the afternoon, high
temperatures led to a significant PSII downregulation with both WW and WS plants
showing a significant reduction (R and W p < 0.001). The highest degrees of photoinhibition
compared with the WW plants were recorded in Z17, G121 and P.
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Figure 7. In vivo assessment of daily changes in CO2 assimilation rate (A), stomatal conductance (gs) and intrinsic water-use
efficiency (iWUE) of Pinot gris grafted on five rootstocks and subjected to well-watered (WW, blue dots) and water stress
(WS, red dots) conditions. Red background represents the length of stress application, blue background recovery. Two-way
ANOVA p-values are shown in the graphs for both A and gs and for each DAT. Asterisks denote significant differences
according to one-way ANOVA between WW and WS for each trait and rootstock. Data shown are means ± standard error
of the means (SEM, n = 4–5).



Agronomy 2021, 11, 75 11 of 15
Agronomy 2021, 11, x FOR PEER REVIEW 11 of 16 
 

 

 
Figure 8. Maximum quantum yield of photosystem II (PSII) in dark adapted samples (Fv/Fm) carried out in all the root-
stocks subjected to WW and WS (n = 5). Data were recorded in the morning (average T 24 °C) and repeated in the afternoon 
(average T 41 °C) hence simulating heat stress conditions. The p-values from three-way ANOVA are shown in the graph. 

3.7. Biomass Dry Weight 
Genotypic variation was observed under WW conditions between rootstocks for DW 

with P, SO4 and Z17 showing a more vigorous growth than G28 and G121 (p < 0.001) 
(Figure 9A). WS application for 14 days followed by a 5-day recovery period led to a sig-
nificant (p < 0.001) reduction in biomass DW in all the rootstocks. However, while the 
extent of reduction was around 50% on average in P, SO4 and Z17, a 20 to 40% decrease 
only was observed in G28 and G121 (Figure 9B).  

 
Figure 9. (A) Biomass above ground dry weight (DW) for the five rootstocks used in this work under well-watered (WW) 
and water-stress (WS) conditions (n = 6–9). The p-values from two-way ANOVA are shown in the graph. (B) Decrease in 
DW for WS expressed as % of WW plants. Different letters represent significant differences according to Fisher’s test (n = 
6–9). The p-value from one-way ANOVA is shown in the graph. 

4. Discussion 
4.1. Pinot gris Vigor and Physiological Traits Are Modulated by The Rootstock under Optimal 
Conditions 

Rootstocks are essentials in vine industry due to their capacity to adapt a particular 
cultivar to stress and deliver preferable traits to the scion [29]. In a recent study and in line 
with our work, while little variation was observed for berry chemistry when Chardonnay 
and Cabernet Sauvignon were grafted on 15 rootstocks, most of induced changes by root-
stock to scion were related to growth and physiological performances (e.g., yield and 
pruning weight) [30]. In Pinot gris, higher A and gs in SO4 and P at saturating and sub-
saturating light conditions were accompanied by a larger number of stomata per unit of 
leaf area. These genotypes therefore yielded a higher whole-plant transpiration in Pinot 
gris when compared with G28 and G121. Similarly, higher vigor was observed in SO4 and 

Figure 8. Maximum quantum yield of photosystem II (PSII) in dark adapted samples (Fv/Fm) carried out in all the
rootstocks subjected to WW and WS (n = 5). Data were recorded in the morning (average T 24 ◦C) and repeated in the
afternoon (average T 41 ◦C) hence simulating heat stress conditions. The p-values from three-way ANOVA are shown in
the graph.

3.7. Biomass Dry Weight

Genotypic variation was observed under WW conditions between rootstocks for DW
with P, SO4 and Z17 showing a more vigorous growth than G28 and G121 (p < 0.001)
(Figure 9A). WS application for 14 days followed by a 5-day recovery period led to a
significant (p < 0.001) reduction in biomass DW in all the rootstocks. However, while the
extent of reduction was around 50% on average in P, SO4 and Z17, a 20 to 40% decrease
only was observed in G28 and G121 (Figure 9B).
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and water-stress (WS) conditions (n = 6–9). The p-values from two-way ANOVA are shown in the graph. (B) Decrease
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4. Discussion
4.1. Pinot gris Vigor and Physiological Traits Are Modulated by The Rootstock under Optimal
Conditions

Rootstocks are essentials in vine industry due to their capacity to adapt a particular
cultivar to stress and deliver preferable traits to the scion [29]. In a recent study and in line
with our work, while little variation was observed for berry chemistry when Chardonnay
and Cabernet Sauvignon were grafted on 15 rootstocks, most of induced changes by
rootstock to scion were related to growth and physiological performances (e.g., yield and
pruning weight) [30]. In Pinot gris, higher A and gs in SO4 and P at saturating and sub-
saturating light conditions were accompanied by a larger number of stomata per unit of
leaf area. These genotypes therefore yielded a higher whole-plant transpiration in Pinot gris
when compared with G28 and G121. Similarly, higher vigor was observed in SO4 and P
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although Z17 showed the highest biomass DW and dynamic growth over the experimental
period. High vigor in vine has been considered often a preferable trait, mainly due to the
tight link between vigor and yield [30]. On the other hand, increasing reproductive and
vegetative growth often results in a higher management workload for pruning and leaf
thinning [31]. This study suggests that SO4, P and Z17 induced a high vigor, while G28
and G121 maintained lower leaf area in Pinot gris. By inducing lower vigor than P and
SO4, G28 and G121 might be desirable rootstocks for reducing vine management costs
in Pinot gris, although the direct effect on yield and grape composition should be further
explored. In addition, our approach used to screen leaf area accumulation provide an easy
and affordable method to quickly evaluate growth dynamics at early stages in pot vine
and rootstock and to assess scion × rootstock interaction and responses under different
environmental scenarios.

Serra et al. [2] showed that rootstock can affect stomata density and size (the deter-
minant of gs per unit area) in Pinotage grafted on 140 Ruggeri showing lower stomatal
density than 1103Paulsen. Similarly, P and to some extent SO4 had higher SD when com-
pared with G28, G121 and Z17. Although the mechanisms are still not fully elucidated, it
appears that different hydraulic conductivity may modulate daily plant water status and,
therefore, affect leaf (cell division) and stomatal development (strongly dependent on light
conditions and water availability) with larger hydraulic capacity associated with higher
stomatal density [32]. On the same note, the response of WU to VPD, although linear for
all the rootstocks, showed that G28 and G121 possess a more cautionary increase in WU at
high levels of VPD than P, SO4 and Z17. This water-saving behavior under high VPD has
been recently considered a preferable trait under drought condition [33] following sub-soil
water conservation and potentially linked to limited root hydraulic conductivity and low
involvement of aquaporins in water transport pathways [34]. Therefore, G28 and G121
induced a combination of water-saving behaviors in Pinot gris under optimal conditions
(combination of low gs at saturating light, low SD, low vigor and high sensitivity of WU
to increasing VPD) that can be advantageous when vine is relying on stored soil water
availability only. On the other hand, since high gs and transpiration are key factors to
overcome heat waves through enhancing leaf evaporative cooling and maintained photo-
synthesis [35,36], at least when soil water is fully available [36], low SD and gs might be
detrimental under high temperature conditions. High vigor rootstocks have been shown
to possess enhanced hydraulic conductivity partially owing to higher aquaporin activ-
ity [37] and high vigor vine have been shown to better perform than low vigor rootstocks
under high temperature conditions [37]. In our experiment, when water was not limiting,
no significant photoinhibition (lowered Fv/Fm, apart from Z17) was recorded between
genotypes, suggesting a low association between leaf transpiration and heat tolerance at
least in the environmental conditions applied in this work. Stomatal diurnal behavior
(e.g., degree of midday depression and dynamic response to environmental cues) [36] may
be largely involved in this discrepancy and can further explain some of the differences
between genotypes observed in this work.

4.2. Rootstocks Induced Different Water Stress Tolerance Response in Pinot gris

It is not surprising that the literature indicates evident discrepancy in the response of
vine to water stress as the same variety can behave as either iso- or anisohydric depending
on environmental conditions (e.g., [19,20]). In addition, the same scion grafted on different
rootstock can respond differently to environmental stresses [24] following a tight link
that involves a complex communication network among the two plant parts. Our work
suggests that the response of Pinot gris to water stress can be modulated by rootstock
grafting. The most evident effect is the significant variation found for the response of LWP
to soil dehydration with P and Z17 showing evident reduction in LWP while G28, G121
and to some extent SO4 maintained for a longer period a less negative value (Table S1).
Therefore, while P and Z17 would be classified as near-anisohydric, G28 and G121 will
fall into the isohydric class [17]. Whole plant transpiration confirms a higher stomatal
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sensitivity to water stress of G28 and G121, suggesting a pronounced stomatal control
induced by these rootstocks. Gas exchange analysis, however, only partially confirms this
trend with all rootstocks showing a significant degree of stomatal closure starting from
DAT 6–8, while higher iWUE was observed for G28 when compared to the other rootstocks
at DAT15 only. According to previous studies, the contrasting responses reported in this
work might indicate that the rootstock induces different ABA accumulation and stomatal
sensitivity to ABA [38], hydraulic signals [17], root aquaporins activity [37] and osmotic
adjustment capacity [11]. For instance, P implies a risk taking anisohydric strategy with
WU maintenance, early drops in LWP and high vigor consistent with previous work on
this rootstock [2] and potentially suggesting a high root exploration strategy as drought
avoidance. Indeed, rootstocks with higher inherent vigor seem to perform better than
low vigor rootstocks under water deficit conditions [39]. Although a tight correlation
between vigor and improved water uptake and transport [9] has been postulated, the
effect of vigor on the stress tolerance of the scion is still not clear [40]. On the contrary,
recent evidence indicates that the relationship between high vigor and stress resistance
may not be as tight as previously thought [41] and deserves further work. Under natural
field conditions, soil texture and depth influence root exploration capacity and might
explain contradictory results [41] with vigorous rootstocks unable to exploit deep rooting
when grown in shallow soils, thus limiting the possibility of transpiration maintenance
under elevated temperatures following limited water resources [21]. Isohydric responses,
such as the one displayed by G28 and G121, might confer significant advantages when
root proliferation is unfeasible (e.g., shallow soils) and, therefore, stored soil water might
become pivotal for plant performance. Hochberg et al. [42] also showed that Cabernet
Sauvignon, a cultivar with a pronounced conservative behavior, compensate for lower gs
by high rates of A and photorespiration thus enhancing iWUE and electron flow rates that
may play a role in photoinhibition avoidance under terminal stress conditions. We partially
confirm that isohydric behavior can be a desirable strategy in conditions of water stress
as lower reduction in total biomass was observed for conservative rootstocks. However,
caution must be taken in data interpretation as root growth in our settings was constrained
by pot size and could hence be limiting avoidance strategies through deep root exploitation
potentially implemented by P and Z17. Indeed, pot constraint can have a major effect on
biomass allocation, nutrient uptake and root confinement and pot size has been shown to be
a major determinant of biomass growth in crop plants grown in controlled environmental
conditions [43]. Therefore, further field experiments are required to confirm the findings of
this study.

5. Conclusions

Pinot gris grafted on different rootstocks shows substantial variation in water-saving
strategies. G28 and G121 showed a consistent lower slope of WU WU to increased evapo-
rative demand under well-watered conditions and further work should be focusing on the
role of hydraulics on rootstock sensitivity to VPD. The near-isohydric behavior coupled
with a less vigorous growth and lower steady state gs and stomatal density, led to a general
water-saving behavior in G28 and G121, thus, in turn, to an insensitivity of biomass to
WS. The significant variation in water responses of Pinot gris scion grafted on different
rootstocks found in this work highlights the importance of rootstock choice. The more
isohydric behavior imparted to the Pinot gris scion by G28 and G121 rootstocks compared
with Z17, P and, to a lower extent SO4, indicates that these newer rootstocks could be
advantageous under particular water-limited environments and areas characterized by
shallow soil. Our study provides useful indications regarding the effect of rootstock on
scion performance under water stress and suggests a series of different strategies that
might help optimizing rootstock × scion choice in Pinot gris.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-439
5/11/1/75/s1, Figure S1: Pipeline for RGB imaging and PLA estimation as well as relative correlation

https://www.mdpi.com/2073-4395/11/1/75/s1
https://www.mdpi.com/2073-4395/11/1/75/s1


Agronomy 2021, 11, 75 14 of 15

between PLA (non-destructive) and leaf area (destructive). Table S1: Summary of the physiological
responses of Pinot gris to WS when grafted on different rootstocks.
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