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ARTICLE INFO ABSTRACT

Handling Editor - J.E. Ferndndez Achieving more environmentally sustainable vineyards, particularly regarding efficient water use, is paramount
in semi-arid grape-growing regions. Rootstocks may be a possible strategy to address these challenges, but
require a comprehensive evaluation of their effect on the scion, including ecophysiological traits. The objectives
of this study were 1) to characterize the physiological response of Tempranillo cultivar grafted onto five com-
mercial (1103 P, 110 R, 140Ru, 420 A, and SO4), and seven recently bred (RG2, RG3, RG4, RG6, RG7, RG8 and
RG9) rootstocks and 2) to elucidate the relationships between agronomic and physiological traits conferred by
grapevine rootstocks. This was carried out over three seasons (2018-2020) in a typical Mediterranean vineyard
by determining water relations, leaf gas exchange, carbon isotope ratios and vegetative development and yield
components. The results highlighted the different behaviour of ‘Tempranillo’ vines due to the rootstock effects on
vine water status, photosynthetic performance, hydraulic conductance, vegetative growth and yield parameters.
Overall, rootstocks inducing vigour and yield in the scion, such as 140Ru and RG8, showed higher leaf gas
exchange rates and hydraulic conductance at the whole-plant level due to less negative water potentials, sug-
gesting a higher water uptake and transport capacity than RG2, RG7 and RG9. The RG rootstocks showed a very
wide range of ecophysiological responses, but only RG8 outperformed compared to the most widely used
commercial rootstocks. Moreover, this response was modulated by the season and the block soil type, suggesting
the importance of rootstock selection according to the edaphoclimatic conditions. Therefore, this study high-
lights the high potential of rootstocks to adapt to water scarcity by improving crop water productivity in
vineyards and provides physiological insights for future studies and breeding programmes.
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effects can be summarized as yield reduction and increased berry sugar
concentrations, reduced must acidity and secondary metabolite con-

1. Introduction

Grapevine (Vitis vinifera L.) is widespread throughout the world,
particularly in semiarid areas such as the Mediterranean basin. It is a
crop traditionally grown under rainfed and deficit irrigation conditions.
Therefore, in the context of climate change, viticulture is particularly
vulnerable to the predicted increase in the frequency and intensity of
droughts and heat waves, mainly because of their implications on vine
performance and grape quality (Fraga et al., 2016; Guiot and Cramer,
2016; Sadras et al., 2017; van Leeuwen and Destrac-Irvine, 2017). These

centrations, which may affect wine alcohol content, pH, colour and
aroma (Medrano et al., 2003; Mira de Orduna A, 2010; Rienth et al.,
2021).

To address with these challenges, vineyard irrigation has been
steadily increasing as a way to overcome severe drought and heat stress
and to ensure more regular and predictable yields and adequate grape
ripening (van Leeuwen et al., 2009; Flexas et al., 2010). However, the
availability of water resources in semi-arid environments hinders the
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sustainability of this practice, even if it is deficit irrigation (Fereres and
Soriano, 2007; Romero et al., 2022). In this sense, there are field prac-
tices that allow increasing the efficiency of water use in the vineyard in a
sustainable way, such as the use of drought-adapted plant material,
appropriate canopy and soil management practices, etc. (Medrano et al.,
2015a; Costa et al., 2016; Buesa et al., 2022a; Ramirez-Cuesta et al.,
2023). Sustainable agronomic practices aim to improve the ratio be-
tween the biomass obtained and the total amount of water transpired by
the plant, defined as water use efficiency (WUE) (Flexas et al., 2010).
This can lead to higher crop water productivity (WP.), defined as
marketable yield per total amount of water used (Rodrigues and Pereira,
2009). In this regard, the large genetic diversity within Vitis vinifera has
been shown to be an important tool for adaptation to climate change by
means of improving WUE (Bota et al., 2001, 2016; Lavoie-Lamoureux
et al., 2017; Romero et al., 2018). Furthermore, this large variability
in WUE and WP, has recently been found within cultivars (Tortosa et al.,
2016; Buesa et al., 2021).

Rootstocks have the ability to influence the performance of the scion,
mainly by modifying vine vigour, crop load and grape ripening, but also
by influencing its tolerance to environmental conditions, especially soil
moisture (Marguerit et al., 2012; Tramontini et al., 2013; Rossdeutsch
et al., 2016; Edwards et al., 2022; Marin et al., 2019, 2022a; Vilanova
et al., 2021). In European viticulture, grafting is almost mandatory due
to phylloxera (Daktulosphaira vitifoliae), an insect that feeds on the roots
of Vitis vinifera cultivars and causes the vines to die. European cultivars
must therefore be grafted onto American Vitis species or American
interspecific hybrids of Vitis species that confer resistance or tolerance to
phylloxera infection (May, 1994). Most conventional rootstocks are
hybrids of three species: V. riparia, V. rupestris and V. berlandieri (Keller
etal., 2010). In this regard, Riaz et al. (2019) showed that existing grape
rootstocks are closely related to each other and have a narrow genetic
background (Wang et al., 2023). Despite this narrow genetic diversity,
there seems to be room for improvement in their breeding, as the effects
of current rootstocks produce a highly variable range of scion responses
(McCarthy et al., 1997; Keller et al., 2012; Romero et al., 2018; Marin
et al., 2020; Peiro et al., 2020). Rootstocks determine rooting ability,
water and nutrient uptake capacity, and thus the tolerance to abiotic
factors such as temperature, pH, drought, flooding and salinity, etc.
(Medrano et al., 2015).

Therefore, in a context of climate change more prone to water deficit,
a possible strategy to achieve sustainable vineyards could be the
breeding of new rootstocks with greater water use efficiency and
balanced grape ripening (Merli et al., 2016; Marin et al., 2022a;
Villalobos-Soublett et al., 2022; Rahmani et al., 2023). However, root-
stock breeding programmes are very time consuming. Most of the
rootstocks used today were bred a century ago, focusing on resistance to
pests and viruses rather than in the adaptation to abiotic stresses (Ollat
et al.,, 2016; Marin et al., 2021). Currently, many public and private
efforts are underway to provide the market with a sufficient range of
rootstocks adapted to different environmental conditions and produc-
tion objectives. This is the case of the rootstock breeding programmes
developed in recent decades by the INRA in France (Fercal, Gravesac,
Nemadex AB), the Univertisty of Geisenheim in Germany (SO4, 5C, 5BB,
125AA and Borner), the University of Milan in Italy (M and G series), the
University of Pannonia in Hungary (Georgikon series), the CSIRO in
Australia (Merbein series) and the USDA in the USA (Kingfisher,
Matador, Minotaur). More recently, the RG series has been developed by
the “Vitis Navarra” nursery in Spain by crossing two of the most suc-
cessful rootstocks for Mediterranean climates and soils: Richer 110,
which has good drought tolerance, and 41B, which performs very well in
calcareous soils. These hybrids have recently been agronomically eval-
uated by Marin et al. (2022a) in comparison with their parents when
grafted with Tempranillo and Syrah cultivars. It is worth noting that the
RG rootstocks showed a very wide range of performance compared to
their parents in terms of yield, pruning mass and grape composition,
with the RG8 being outstanding for inducing high vigour and yield and a
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good balance between acidity and sugars.

The choice of the most appropriate rootstock is a key decision for the
vineyard adaptation to the challenges of climate change. To this end, a
comprehensive knowledge of the physiological traits that rootstocks
confer on the scion, leading to an increase in WUE and WPy, is required
(Alsina et al., 2011; Ollat et al., 2016; Labarga et al., 2023). Particular
attention should be paid to the mechanisms involved in the regulation of
vine water status, as this is the primary parameter affected by water
deficit (Simonneau et al., 2017). Achieving improvements in resource
use depends, among other factors, on root extraction capacity. This in
turn depends on the volume of soil explored by the roots and/or on the
adjustment of the hydraulic conductivity of the root system by
increasing the root surface area (de Herralde et al., 2006; Alsina et al.,
2011; Gambetta et al., 2012, 2020). It should be noted that vine re-
sponses cannot be fully explained in terms of soil water and nutrient
availability alone. It is also necessary to consider the plant’s ability to
uptake and transport them, which can be improved by using an appro-
priate rootstock (Zhang et al., 2016; Verslype et al., 2023). A more
vigorous root system could provide greater access to water and nutri-
ents. However, it is also important to consider the root response to soil
water deficit, as this will ultimately determine the ability to withstand
periods of resource scarcity (Marguerit et al., 2012; Pérez-Alvarez et al.,
2023). In this sense, the ability to regulate transpiration is strongly
determined by the rootstock, which influences stomatal conductance
through hydraulic and chemical mechanisms (Tombesi et al., 2015;
Lavoie-Lamoureux et al., 2017). It is recognized that the rootstock ge-
notype can have a greater influence on stomatal conductance and vigour
than the grapevine cultivar itself (Koundouras et al., 2008;
Lavoie-Lamoureux et al., 2017; Merli et al., 2016). Thus, rootstocks that
confer an anisohydric behaviour, explained by the high stomatal
conductance rates and reduced water potential, may be of interest as
long as there is the possibility to apply emergency irrigation if the soil
water deficit is too severe (Pou et al., 2012). Otherwise, a more isohydric
behaviour may be more appropriate, as a tighter stomatal regulation
would lead to lower vigour and therefore improve the vineyard’s resil-
ience to climate change (Alsina et al., 2007; Pou et al., 2008; Romero
et al., 2018; Edwards et al., 2022). We hypothesized that iso- and ani-
sohydric behaviour could be regulated by rootstock capacity for water
uptake and transport (hydraulic conductance).

This work aimed to characterize the ecophysiological response of
Tempranillo cultivar grafted onto twelve rootstocks, five conventional
and seven recently bred, over three seasons and under a wide range of
water status. Specifically, we studied 1) the effect of grapevine root-
stocks on water relations, leaf gas exchange parameters, hydraulic
conductance, nutritional status and crop water productivity, and 2)
analysed the relationship between these ecophysiological traits and the
agronomic performance of the scion. To our knowledge, this is the first
field trial to assess the drought tolerance mechanisms conferred by so
many grapevine rootstocks, integrating stomatal and hydraulic regula-
tion, thus allowing discussion of the range of iso/anisohydric behaviours
they induce in the scion.

2. Material and methods
2.1. Location and vineyard management

The experiment was carried out during three consecutive seasons
(2018-2020) in an experimental vineyard located in Miranda de Arga
(42°27°50.6"N 1°48°10.6"W, altitude 308 m, Navarra, Spain). The
vineyard was planted in 2011 with Vitis vinifera L. cv. Tempranillo
grafted onto 12 rootstocks.

The vines were pruned to 5 two-shoot spurs per vine on a unilateral
‘cordon de Royat’ and trained on a vertical north-south trellis system.
Plant spacing was 3 m between rows and 1 m between plants (3333
vines-ha™1), and the field was drip irrigated by two 4 L-h™! pressure
compensated emitters (AZUD PRO, AZUD, Spain) placed 0.5 m along a
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single drip line suspended under the vines. Canopy management con-
sisted of manual shoot thinning before bloom and no shoot trimming.
Soil management consisted of maintaining and mowing a permanent
spontaneous cover in the inter-row, while the crop-line was kept free of
vegetation with herbicide over a 1 m width. ‘Tempranillo’ budburst in
this area usually occurs at the end of March, bloom in June, veraison in
mid-August and harvest at the end of September.

2.2. Environmental conditions and vineyard management

Before planting, soil samples were taken with an auger from the
surface soil (0-20 cm) at three points in the vineyard area. The soil
samples were combined together, homogenized and sent to Agrolab
facilities (Mutilva Baja, Navarra, Spain) for analysis. The soil at the site
was classified as a Quaternary sedimentary soil with a sandy loam
texture with the presence of pebbles, highly calcareous (CaCO3 =
40.7%), with 8% of active lime and a pH-H50 (1:2.5) of 8.6. The organic
matter content was about 2%. The soil had a low salinity (0.4 dsm™h
and a medium cation exchange capacity (12.35 cmol(+)-kg™!). The
assimilable potassium and magnesium contents were 3.72 and 2.54 cmol
(Jr)-kg’1 (30.1% and 20.6% of CEC), respectively. This may lead to
deficiencies in Mg uptake due to antagonism with the high K content in
the soil (Stockdale et al., 2013). The plot has a slope of 1.8%, with a
gradient of surface stoniness decreasing from top to bottom.

The climate of the area is Continental-Mediterranean, with an
average rainfall of 400-500 mm per year. During the experimental
seasons, total precipitation was 545, 414 and 475 mm in 2018, 2019 and
2020, respectively. The seasonal reference evapotranspiration (ET,) was
1115, 1255 and 1040 mm, respectively. Climatic data were obtained
from the Agroclimatic Information Service of Navarre (SIAR, Spain),
located in Miranda de Arga (Supplementary Figure 1). Fertigation was
applied from July to September, four times in 2018 and five times in
2019 and 2020, accounting for approximately 36 and 48 mm, respec-
tively. All rootstocks were equally irrigated and fertigated with
approximately 30, 20, and 60 kg~ha’1 of N, P,0s, and K50, respectively.
Pest control and disease control was carried out by ‘Vitis Navarra’. These
included preventive treatments with copper- and sulphur-based
compounds.

2.3. Experimental design and treatments

The experimental design of the plot followed a completely random-
ized experimental design with two blocks. Block 1 was placed at the
bottom and block 2 at the top of the plot. Within each block, each
treatment consisted of 10 vines grafted on the same rootstock located in
a single row. Only the 8 vines in the middle were monitored, as the
plants at either end of the row were considered as buffers.

Five commercial rootstocks and seven recently bred rootstocks were
evaluated: Paulsen 1103 (1103P), Richter 110 (110R), Ruggeri 140
(140Ru), 420A Millardet et de Grasset (420A), Sélection Oppenheim 4
(SO4), and newly bred hybrids, which are referred to as the RG series
(RG2, RG3, RG4, RG6, RG7, RG8 and RGY). The breeding programme of
the RG series was fully described in Marin et al. (2022a) and a brief
description of the pedigree and breeding information of the 12 root-
stocks is provided in Table 1. The genetic background of the rootstocks
was confirmed through 25 SSR markers as detailed in Marin et al.
(2022a).

2.4. Field measurements

The ecophysiological evaluation was carried out in Block 1 during
the 2018-2020 seasons. In addition, in the 2020 season (third season),
vines from the Block 2 were used for an additional analysis of the soil
effect on rootstock-scion performance. This was because of the differ-
ences observed in vine vigour between the blocks. For vine performance
determinations, the yield components and pruning mass of the 8
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Table 1

Full name, abbreviation and genetic background of the rootstocks (Riaz et al.
2019) used in the present study with Tempranillo in the 2018, 2019, and 2020
seasons in Miranda de Arga, Navarra, Spain.

Rootstock Abbreviation  Genetic background
Paulsen 1103 1103P V. berlandieri cv. Rességuier 2 x V. rupestris
cv. du Lot
Richter 110 110R V. berlandieri cv. Boutin B x V. rupestris cv.
du Lot
Ruggeri 140 140Ru V. berlandieri cv. Boutin B x V. rupestris cv.
du Lot
420A Millardet et de 420A V. berlandieri x V. riparia
Grasset
Selection Oppenheim SO4 V. berlandieri cv. Rességuier 2 x V. riparia
n°4 G. de M.
RG2, RG3, RG4, RG6, RG series 41 B MGt (V. vinifera x V. berlandieri,
RG7, RG8, RG9 clone V14D) x 110R (V. rupestris x

V. berlandieri, clone 1D)

experimental vines of each block were weighted together. For the
physiological determinations, only 6 of the vines were selected for
uniformity of development among the 8 middle vines. These 6 vines
were considered as individual replicates and were identified with tape
on the trunk and measured throughout the experiment. To compensate
for the effect of the time of day on genotype responses, the de-
terminations were made in two measurement cycles. In addition, the
order of measurements was varied on the different dates. De-
terminations of water relations, gas exchange and hydraulic conduc-
tance were performed on day of the year (DOY) 255 in 2018; 199 and
240 in 2019; and in 205 and 240 in 2020. Between late August and early
September of each season, vine nutritional status, vegetative growth and
yield components, as well as grape carbon isotope ratios were assessed.

2.4.1. Water relations

Vine water potential was determined using a pressure chamber
(model 600, PMS Instruments Company, Albany, OR, USA). Stem water
potential (Wsem) Was measured on one healthy leaf per replicate (Sup-
plementary Table 1) that had been placed 1 h before the measurement in
zip-lock bags covered with a metallized high-density polyethylene
reflective film (SonocoRF, Sonoco Products Co., Hartsville, South Car-
olina, USA) at mid-morning (9:30-11:00 solar time). In addition, leaf
water potential at pre-dawn (3:00-5:00 solar time) was measured in
leaves (Wpp) also on one healthy leaf per replicate (Supplementary
Table 1).

2.4.2. Leaf gas exchange

Leaf gas exchange rates (Ay, net photosynthesis, gs, stomatal
conductance and E, transpiration) were measured in 1 fully sun-exposed
(PAR > 1500 pymol-m~2.s~!) mature leaf per replicate (Supplementary
Table 1) using an infrared open gas exchange analyser system (Li-
6400xt, Li-cor Inc., Lincoln, Nebraska, USA). The CO, concentration
inside the 6 cm? chamber was 400 pmol COy-mol ! air, and the air flow
was 500 pmol (air)-min~'. All measurements were made between 8:30
and 11:30 solar time, the same date as for Wgen,. Intrinsic water use
efficiency (WUE;) was calculated as the ratio of Ay to gs (Bota et al.,
2001).

2.4.3. Hydraulic conductance

In 2020, the hydraulic conductance from root to stem (Kyoot-stem) Was
estimated using the equation proposed by Tsuda and Tyree (2000) and
adapted by Romero et al. (2010), which is based on a hydraulic analogue
of Ohm’s law. Briefly, it consists in calculating the hydraulic conduc-
tance between the root and the stem as the quotient of the maximum leaf
transpiration rate and the difference in water potential between the soil
and the stem (Wgem). The soil water potential was assumed to be in
equilibrium with the Wpp. In addition, the hydraulic conductance was
scaled to the whole-plant level (Kjan) by extrapolating leaf
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transpiration (E) to the total leaf area of the vine (Nardini and Salleo,
2000; Lovisolo et al., 2002):

Eplant

Kplant = ————————
pran (Ypd — Wstem)

Whole-plant transpiration (Epjan) was calculated by extrapolating
the E to the total leaf area of the vine, which was estimated using allo-
metric relationships (see Section 2.4.5).

2.4.4. Vine nutritional status

The nutritional status of the vines was determined by analysing the
petiole tissue in each experimental season (2018, 2019 and 2020). Three
leaves were taken from each replicate and mixed and grinded to make a
single sample per genotype and block combination (Supplementary
Table 1). All samples were washed with distilled water, dried in an oven
at 65 °C for 48 h and ground. Cations were analysed in an inductively
coupled plasma spectrometer (iCAP series 6500, Thermo Fisher Scien-
tific, Franklin, MA, USA) after digestion with HNO3-HClO4 (2:1). Anions
were analysed by ion chromatography (850 professional IC, Metrohm,
Herisau, Switzerland). Total N concentration was determined using an
elemental analyser (LECO TruSpec Micro Series, St. Joseph, MI, USA).

2.4.5. Vegetative growth and yield components

Vegetative parameters and yield components were determined for
each experimental vine and season. At the end of the season, the trunk
perimeter was measured with a tape measure and the trunk section was
then calculated. During ripening, the number of shoots per vine were
counted and the diameter of each shoot was measured. The total shoot
cross-sectional area per replicate was then calculated. The total leaf area
per vine (LA) was estimated using the allometric relationship between
shoot basal diameter and shoot leaf area reported by Santesteban et al.
(2010). In winter, the pruning mass was recorded in the field using a
manual weighing scale.

At harvest, grape yield was determined by weighing all the clusters
produced in all the experimental vines in each block (Supplementary
Table 1). Cluster mass was calculated as the quotient of grape yield and
number of clusters. Berry mass was determined in a 200-berry sample
per genotype and block combination. In addition, the LA-to-yield ratio
was estimated. Crop water productivity (WP.) was estimated as the ratio
between grape yield (fresh weight) and the amount of total amount of
water received through rainfall and irrigation during the growing season
(from 1st April to 31st August).

2.4.6. Carbon isotope ratios

Carbon isotope ratios (6*3C) were determined from samples of 50
berries per genotype, randomly collected at harvest in the 2018 and
2019 seasons (Supplementary Table 1). Determinations of 513C were
performed in centrifuged must using an elemental analyser (NC2500,
Carlo Erba Reagents, Rodano, Italy) coupled to an isotopic mass spec-
trometer (Thermoquest Delta Plus, ThermoFinnigan, Bremen, Ger-
many). The carbon isotope ratio was expressed as s1%C = [(Rs—Rb)/Rb]
x 1000, where Rs is the 13C/*2C ratio of the sample and Rb is the
13¢/12C of the PDB (Pee Dee Belemnite) standard (0.0112372).

2.5. Statistical analysis

First, the data were checked for normality (p < 0.05) and if the data
set was not normal, a logarithmic transformation of the original data
was used. Second, the combined effect of rootstock (R), date and year (Y)
was analysed by generalised linear mixed model (GLMM) using
restricted maximum likelihood (REML), considering selected vines as a
random factor in addition to the fixed factors (R, Y and R x Y). Thirdly,
analysis of variance (ANOVA; p < 0.05) was used to evaluate the effects
of rootstock (R) and block (B) and their interaction on all variables.
When a significant interaction between the main factors was detected,
one-way ANOVAs were performed. Fourthly, the g«—Wgem regressions
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obtained specifically for each genotype were compared by a two-way
analysis of covariance (ANCOVA; p < 0.05) (Tortosa et al., 2019).
GLMM, ANOVA, ANCOVA and post hoc tests (Duncan) were performed
using the Statgraphics Centurion XVI package (version 16.0.07) (Stat-
graphics Technologies, The Plains, VA, USA), and regressions were ob-
tained using SigmaPlot (version 11.0) (Systat Software, San Jose, CA,
USA). Finally, a Principal Component Analysis (PCA) including physi-
ological and agronomic variables was performed to investigate the
relationship between the rootstock responses to water availability using
a multivariate approach. Hierarchical clustering on principal compo-
nents (HCPC) was performed to establish clusters of rootstocks with
similar behaviour (HCPC from FactoMineR (Lé et al., 2008)). The data
were standardized within each parameter and year prior to PCA and the
HCPC. PCA and HCPC were performed with version 3.6.1 (R Studio:
Integrated Development for R., Boston, MA, USA) for Windows.

3. Results and discussion
3.1. Environmental conditions and vineyard management

The meteorological conditions at the experimental site from January
to September are shown in Supplementary Figure 1. Rainfall was 438,
243 and 363 mm in 2018, 2019 and 2020, respectively (Supplementary
Figure 1A). These amounts of rainwater, compared to the 38-48 mm
applied by irrigation, highlight the importance of soil water holding
capacity in making it potentially available to the crop (Buesa et al.,
2022a). The reference evapotranspiration (ET,) from January to
September was 982, 1129 and 938 mm, respectively (Supplementary
Figure 1B). The highest ET, was recorded in June and July of 2019,
resulting in higher ET, values in that year. The mean temperature over
the years ranged from 13.4° to 13.6°C. The 2020 season was warmer
than the previous two, with mean temperature in February and May of
2020 being more than 4 °C higher than the same months in 2018
(Supplementary Figure 1A). On the other hand, soil temperatures
mainly differed between years mainly in summer, when the soil tem-
perature for 2018 was about 2 °C higher than the mean summer soil
temperature recorded for 2019 and 2020 (Supplementary Figure 1B).

3.2. Rootstock and year interactions on vine physiology

The water status and gas exchange parameters recorded in ‘Tem-
pranillo’ grapevines grafted onto 12 different rootstocks are presented
as seasonal averages, since there was no significant interaction between
rootstock and date within each year for these parameters (Table 2).
Nevertheless, rootstock genotype and year showed a significant inter-
action for most of the parameters measured in Block 1, suggesting that
the response of rootstock genotype was modulated by environmental
conditions. Nevertheless, the effect of the genotype explained 13% of the
variance in these traits (Table 2), while year explained 5% and the
interaction of both factors 7%. Likewise, Migicovsky et al. (2021), in a
similar scion-rootstock experiment, also found an interactive effect of
rootstock genotype and season on the growth-related phenotypic traits
of ‘Cabernet Sauvignon’ and ‘Chardonnay’ over five years of study,
which they explained it by the rainfall in the dormant season. This could
also explain the differences in our study, where vine water status and gas
exchange parameters were enhanced in 2018, when rainfall was higher
in the dormant season (Supplementary Figure 1A).

3.2.1. Vine water relations

The lowest seasonal stem water potential (Wster) values (more
negative) were reported for some of the RG rootstocks (Table 2). For
instance, RG6 showed the lowest average values in 2018 and 2019
(—1.11 and —1.02 MPa, respectively) and intermediate values in 2020
(—0.75 MPa). On the contrary, 140Ru and RG8 were the rootstocks that
more consistently showed the highest Wy, (less negative values) over
the seasons, followed by 110R and 420A. It should be noted that the



1. Buesa et al.

Table 2
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Seasonal values of stem water potential (Wstem), stomatal conductance (gs), net photosynthesis (AN) and intrinsic water use efficiency (WUEi) of ‘Tempranillo’
grapevines grafted onto 12 rootstocks measured early-mid morning in block 1 across three seasons and in block 2 in 2020 in Miranda de Arga, Navarra, Spain.

Block Year Rootstock Yiem (Mpa) gs (mol COym2s) Ay (pmol CO,-m2s) WUE; (pmol CO,-mol H,0)

Block 1 2018 1103P -0.87 + 0.04 b 0.201 + 0.021 ab 12.1 + 0.6 be 73.9 + 4.0 efg
110R -0.70 + 0.04 c 0.262 + 0.021 bed 14.7 + 0.6 d 66.8 + 4.0 def
140Ru -0.56 + 0.04 d 0.316 + 0.019 de 17.4 + 0.6 e 40.0 + 3.7 a
420A -0.72 + 0.04 c 0.290 + 0.018 cde 15.0 + 0.5 d 63.9 + 3.4 cde
RG2 -0.92 + 0.04 b 0.183 + 0.018 a 11.0 + 0.5 ab 80.6 + 3.4 g
RG3 -0.93 + 0.04 b 0.249 + 0.021 be 14.8 + 0.6 d 55.0 + 4.0 be
RG4 -1.06 + 0.04 a 0.227 + 0.019 abc 14.8 + 0.6 d 57.7 + 3.7 cd
RG6 -1.11 + 0.04 a 0.207 + 0.021 ab 14.5 + 0.6 d 71.6 + 4.0 efg
RG7 -0.69 + 0.03 c 0.272 + 0.016 cde 10.2 + 0.5 a 76.5 + 3.0 fg
RG8 -0.86 + 0.04 b 0.327 + 0.021 e 17.3 + 0.6 e 45.1 + 4.0 ab
RG9 -0.76 + 0.04 c 0.277 + 0.021 cde 10.9 + 0.6 ab 79.3 + 4.0 g
S04 -0.88 + 0.04 b 0.262 + 0.019 bed 13.3 + 0.6 cd 69.3 + 3.7 defg
cv 19% 18% 17% 20%

2019 1103P -0.86 + 0.04 be 0.232 + 0.015 ab 15.6 + 0.5 abc 68.7 + 2.6 de
110R -0.70 + 0.06 de 0.314 + 0.015 de 18.2 + 0.5 de 58.8 + 2.6 abc
140Ru -0.55 + 0.05 e 0.354 + 0.017 ef 19.3 + 0.6 e 55.4 + 2.9 ab
420A -0.67 + 0.05 e 0.317 + 0.017 de 19.3 + 0.6 e 62.4 + 2.9 bed
RG2 -0.83 + 0.05 cd 0.203 + 0.017 a 14.3 + 0.6 a 73.1 + 2.9 ef
RG3 -1.00 + 0.05 ab 0.259 + 0.017 be 17.4 + 0.6 cd 68.5 + 2.9 de
RG4 -0.97 + 0.05 abc 0.244 + 0.016 abc 16.2 + 0.6 be 67.2 + 2.8 cde
RG6 -1.02 + 0.05 a 0.218 + 0.017 ab 16.7 + 0.6 bed 79.2 + 2.9 f
RG7 -0.87 + 0.05 be 0.258 + 0.017 be 15.2 + 0.6 ab 60.7 + 2.9 bed
RG8 -0.62 + 0.05 e 0.394 + 0.017 f 20.1 + 0.6 e 51.3 + 2.9 a
RG9 -0.87 + 0.05 be 0.255 + 0.016 be 15.2 + 0.6 ab 61.3 + 2.7 bed
S04 -0.87 + 0.05 be 0.286 + 0.017 cd 19.3 + 0.6 e 69.1 + 2.9 de
cv 19% 21% 11% 12%

2020 1103P -0.79 + 0.03 be 0.288 + 0.018 be 18.4 + 0.7 be 66.9 + 2.5 cd
110R -0.68 + 0.03 de 0.384 + 0.021 d 18.8 + 0.8 be 50.3 + 2.9 a
140Ru -0.59 + 0.03 e 0.344 + 0.021 cd 20.3 + 0.8 c 59.5 + 2.9 be
420A -0.71 + 0.03 cd 0.337 + 0.021 cd 17.5 + 0.8 b 56.3 + 2.9 ab
RG2 -0.92 + 0.03 a 0.225 + 0.021 a 12.4 + 0.8 a 56.4 + 2.9 ab
RG3 -0.84 + 0.03 ab 0.321 + 0.021 cd 17.3 + 0.8 b 55.8 + 2.9 ab
RG4 -0.79 + 0.03 be 0.326 + 0.018 cd 17.3 + 0.7 b 53.5 + 2.5 ab
RG6 -0.75 + 0.03 bed 0.361 + 0.021 18.4 + 0.8 be 52.0 + 2.9 ab
RG7 -0.77 + 0.03 bed 0.215 + 0.021 a 12.6 + 0.8 a 60.5 + 2.9 bed
RG8 -0.61 + 0.03 e 0.352 + 0.021 d 18.6 + 0.8 be 54.0 + 2.9 ab
RG9 -0.78 + 0.03 bed 0.238 + 0.021 ab 13.9 + 0.8 a 60.4 + 2.9 bed
S04 -0.77 + 0.03 bed 0.285 + 0.021 be 18.8 + 0.8 be 68.6 + 2.9 d
cv 13% 18% 15% 10%

Significance of effects R w5 (17%) **k (15%) **%(9%) *H%(9%)
Year * (1%) **% (5%) *x% (12%) ns (1%)
R*Y ** (8%) ** (9%) ns (3%) * (9%)

Block 2 2020 1103P -1.00 + 0.03 bed 0.160 + 0.012 ef 10.1 + 0.8 bed 81.2 + 3.6 b
110R -0.89 + 0.03 fg 0.130 + 0.012 bede 10.1 + 0.8 bed 96.4 + 3.4 c
140Ru -1.05 + 0.03 be 0.115 + 0.012 abed 7.9 + 0.8 ab 79.9 + 3.6 b
420A -0.91 + 0.03 efg 0.154 + 0.013 def 11.1 + 0.8 d 76.1 + 3.6 ab
RG2 -0.96 + 0.03 cdeg 0.113 + 0.012 abc 8.3 + 0.8 abc 87.1 + 3.6 be
RG3 -1.08 + 0.03 b 0.098 + 0.012 ab 7.7 + 0.8 ab 83.3 + 3.4 b
RG4 -1.17 + 0.03 a 0.144 + 0.012 cdef 10.7 + 0.8 cd 84.3 + 3.6 b
RG6 -1.01 + 0.03 bed 0.160 + 0.012 ef 10.5 + 0.8 cd 77.5 + 3.4 b
RG7 -0.84 + 0.03 g 0.137 + 0.012 bede 10.0 + 0.8 bed 84.9 + 3.4 b
RG8 -1.01 + 0.03 bed 0.140 + 0.012 cde 9.7 + 0.8 bed 82.7 + 3.4 b
RG9 -0.99 + 0.03 bede 0.090 + 0.012 a 6.9 + 0.8 a 80.1 + 3.4 b
S04 -0.95 + 0.03 def 0.182 + 0.012 f 11.2 + 0.8 d 66.9 + 3.4 a
cv 9% 20% 15% 9%

Significance of effects R * (8%) ** (7%) ** (7%) ns (2%)
Block ok (25%) % (47%) **% (40%) % (34%)
R*B * (6%) ** (5%) * (4%) ** (8%)

Data are averages and standard errors of six vines at one date in 2018 and at two dates in 2019 and 2020. Within each column, season and block, different letters
indicate significant differences (Duncan test; p>>0.05) and CV the coefficient of variation. *, **, *** and ns indicate significant differences at the 0.05, 0.01, 0.001 levels
of probability and non-significant, respectively. Within each factor, the percentage of explained variance is indicated between brackets.

coefficient of variation (CV) of Wgter, found among the rootstocks ranged
from 13% to 19% over the years and that, in general, the RG rootstocks
showed on average 0.13 MPa more negative Wgen values than the
commercial ones (Table 2).

3.2.2. Leaf gas exchange parameters

Stomatal conductance (g;) in Block 1 showed significant differences
among the rootstocks, with CV ranging from 18% to 21% over the sea-
sons (Table 2). Overall, the RG2, RG3, RG4 and RG6 showed lower g;

compared to that of 140Ru, but also compared to RG8 rootstock, with
some exceptions found in 2020. RG2 stood out for having the lowest g
values, ranging from 0.183 to 0.225 mol COo-m~2.5~! over the seasons.
On the contrary, the g for 140Ru and RG8 ranged between 0.316 and
0.354 mol COpm 2%s™' and 0.327 and 0.394 mol COym 257},
respectively. These values referred to a mild or absence of water stress,
which was defined for a range of g from 0.150 to 0.400 mol
COz-rn’2~s’1 (Flexas et al., 2002; Cifre et al., 2005). This was the
threshold around which most rootstocks ranged on average over the
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seasons (Table 2), with a few exceptions in the RG genotypes. However,
this does not detract from the fact that the range of g at some point in
the season reflected moderate-to-severe stress, with g5 values between
0.05 and 0.15 and < 0.05 mol COy-m ™~ 2s™%, respectively (Fig. 1A).

Plant water status is closely related to carbon assimilation rates and
WUE;, as previously reported (Chaves et al., 2010; Pou et al., 2008;
Zuniga et al., 2018; Villalobos-Gonzalez et al., 2019). Thus, our results
showed that the rootstocks inducing higher gs in the scion had the
highest values of Ay (i.e., 140Ru, RG8, 110R, and SO4) (Table 2).
Conversely, the lowest values of Ay were recorded on the RG2, RG7 and
RG9 rootstocks. According to previous studies, the limited photosyn-
thetic performance could be triggered by passive (hydraulic signals) or
active (upregulation of abscisic acid) signals (Pou et al., 2008; Tombesi
et al., 2015). Accordingly, the review conducted by Marin et al. (2020)
showed that traditional rootstocks can significantly affect scion g5 and
leaf Ay under water deficit conditions. Moreover, new rootstocks such as
M4 have been reported to perform better under moderate-to-severe
water deficit compared to rootstocks with low tolerance to water
deficit (i.e. SO4 or 101-14 Millardet et De Grasset) (Meggio et al., 2014;
Merli et al., 2016) and with the drought tolerant rootstock 1103P (Frioni
et al., 2020).

The WUE; values tended to be higher in the RG rootstocks, with the
exception of RG8 and, in some seasons RG3, RG4 and RG6 (Table 2). Itis
well known that vines with lower water availability (i.e. less irrigation)
exhibit higher WUE; values (Bota et al., 2001; Torres et al., 2021).
Therefore, our results suggest that some RG rootstocks increased WUE;
by impairing both vine water status and gas exchange rates.

3.2.3. Stomatal conductance response to stem water potential

The wide range of water stress experienced by all rootstocks allowed
studying stomatal responses by using the relationship between stomatal
conductance g; and W (Bota et al.,, 2016). As expected, the rela-
tionship between Wy.m and gs was highly significant across seasons
(Fig. 1A), as well as within each rootstock (Fig. 1B), with the sole
exception of RG7. It is well known that low values of Wy, are associated
with reduced g, because vines subjected to mild to moderate water
deficit close their stomata as an early response to water deficit in order
to reduce water loss and consequently carbon assimilation (Chaves
et al., 2003; Medrano et al., 2003). However, as indicated by the low
value of the Pearson’s coefficient of this regression (Fig. 1A), water
potential regulation was not tightly linked to stomatal control. This
leaves room to discuss the effect of the rootstock in modulating stomatal
behaviour (see following section) (Lovisolo et al., 2010; Tramontini
et al., 2013).
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3.3. Rootstock and Block interactions on vine physiology

3.3.1. Vine water relations and leaf gas exchange parameters

Differences in vine vigour were observed between the field blocks
(Supplementary Table 2). This was related to the water holding capacity
of the soil between the blocks, as evidenced by the large differences in
Wpp (in DOY 205 in 2020, Block 1 showed on average —0.23 + 0.01 MPa
while Block 2 showed —0.46 + 0.01 MPa), a proxy for the matric po-
tential of the soil. Therefore, during the 2020 season, an additional study
of the block was carried out on the water relations and the gas exchange
parameters of the ‘Tempranillo’ vines grafted onto the 12 rootstocks
(Tables 2 and 3). The results showed a significant interaction between
block and rootstock genotype for most of the parameters measured,
except for the Wpp. Overall, all the rootstocks showed lower Wpp, Ystem
and leaf gas exchange rates in the Block 2 than in the Block 1 (Tables 2
and 3). This indicates that the vines in Block 2 suffered higher water
deficit (moderate water stress) than those in Block 1 (mild water stress).
Block explained 22% of the variance in Wpp, while genotype explained
only 2% (Table 2). This was likely due to the lower water holding ca-
pacity of the soil in Block 2 compared to Block 1 (i.e. greater presence of
pebbles and shallower soil). Within each block, the CV of Wtem, ¥pp, gs»
and Ay were fairly similar, with some RG rootstocks showing the lowest
values, but some differences were recorded between blocks (Tables 2
and 3). On the other hand, the 140Ru, 110R and RG8 rootstocks per-
formed better in the Block 1, whereas, in the Block 2, the best photo-
synthetic performance was recorded for 420A and SO4 rootstocks. This
interactive effect was also observed in the WUE;, where 110R showed
the highest and lowest values in the Block 2 and Block 1, respectively,
while the opposite behaviour was recorded for SO4 (Table 2).

It is well known that the structure and development of grapevine root
system depends on both environmental and genetic factors (Marin et al.,
2020). In this regard, Renouf et al. (2010) showed that the potential
quality of a soil can be improved by the correct choice of rootstock, but
in soils with lower potential quality, the rootstock genotype cannot
compensate for the loss of grapevine performance, since root distribu-
tion is mainly determined by soil properties, while the rootstock mod-
ifies root density and root activity (Smart et al., 2006; Keller, 2010;
Alsina et al., 2011).

The gradient between Wgem and Wpp showed that the highest dif-
ference was recorded in RG2, while 140Ru and RG8 had the lowest
difference (Table 3). These results, together with the higher slopes of the
relationship between g5 and Wger, for 140Ru and RG8 (Fig. 1B), sug-
gested a better stomatal regulation compared to RG2.

Genotype E: " Vitem

y a r2 p-value
1103P 0.61 0.43 bc 0.58 <0.0001
110R 0.61 0.47 c-e 0.41 <0.0001
140Ru 0.59 0.43 de 0.70 <0.0001
420A 0.59 0.42 b-e 0.58 0.0004
RG2 0.35 0.20 b-d 0.47 0.004

RG3 0.48 0.25 a 0.29 0.0008
RG4 0.53 0.29 a 0.49 <0.0001

RG6 0.50 0.27 a 0.28 0.0011

RG7 0.23 0.05 e 0.01 0.5759
RGS8 0.59 0.37 b-d 0.55 <0.0001

RG9S 0.31 0.13 b-e 0.11 0.0447

SO4 0.47 0.27 b 0.23 0.0037

“y” indicates the intercept, “a” the slope of the regression; “r*” the correlation
coefficients and “p-values” the significance of the regressions according to the two-way
analysis of covariance (ANCOVA). Different letters indicate significant differences
between regressions (p<0.05).

Fig. 1. General relationship between stomatal conductance (gs) and stem water potential (Ws.n) in ‘Tempranillo’ grapevines grafted onto 12 rootstocks across the
2018-2020 seasons (A) and the individual linear regression equation for each rootstock (B).
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Table 3
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Predawn water potential (¥pp), gradient between Wser, and Wpp, root-to-shoot hydraulic conductance (Kroot-stem) and whole plant hydraulic conductance (Kyjane) of
‘Tempranillo’ grapevines grafted onto 12 rootstocks per block, and their interaction across 2020 season in Miranda de Arga, Navarra, Spain.

Block Rootstock  Wpp (Mpa) AW¥pp - Ygem (MPa) Kroot-stemt (mmol HyO0-m™2.s1.MPa™) Kplant (mmol H,0-plant™.s".MPa™)

Block 1 1103P -0.21 + 0.02 ab 0.58 + 0.03 c 15.1 + 1.2 cd 52.6 + 5.7 cde
110R -0.21 + 0.02 0.47 + 0.03 ab 16.1 + 1.2 de 58.7 + 6.1 def
140Ru -0.15 + 0.02 c 0.44 + 0.03 a 19.2 + 1.3 e 68.8 + 6.1 ef
420A -0.21 + 0.02 ab 0.49 + 0.03 abc 14.4 + 1.3 cd 60.9 + 6.4 def
RG2 -0.21 + 0.02 ab 0.70 + 0.03 d 8.6 + 1.2 ab 16.9 + 5.7 a
RG3 -0.26 + 0.02 a 0.58 + 0.03 c 12.8 + 1.2 cd 43.4 + 5.7 cd
RG4 -0.23 + 0.02 ab 0.56 + 0.03 be 16.2 + 1.2 de 63.7 + 5.7 ef
RG6 -0.19 + 0.02 be 0.57 + 0.03 be 13.0 + 1.2 cd 43.1 + 5.7 cd
RG7 -0.20 + 0.02 be 0.57 + 0.03 be 7.5 + 1.2 a 19.5 + 5.7 ab
RGS8 -0.19 + 0.02 be 0.41 + 0.03 a 19.4 + 1.2 e 73.9 + 5.7 f
RG9 -0.23 + 0.02 ab 0.55 + 0.03 be 11.9 + 1.2 be 35.6 + 5.7 be
S04 -0.21 + 0.02 ab 0.56 + 0.03 be 13.7 + 1.2 cd 56.2 + 5.7 def
Ccv 12% 14% 26% 37%

Block 2 1103P -0.39 + 0.02 a 0.61 + 0.03 abc 11.2 + 0.8 d 29.0 + 2.8 e
110R -0.31 + 0.02 d 0.58 + 0.03 ab 6.2 + 0.8 a 11.1 + 2.8 ab
140Ru -0.37 + 0.02 abc 0.67 + 0.03 bed 8.3 + 0.8 abc 24.0 + 2.8 de
420A -0.32 + 0.02 cd 0.59 + 0.03 abc 8.0 + 0.9 abc 18.5 + 2.9 bed
RG2 -0.31 + 0.02 d 0.65 + 0.03 abed 8.4 + 0.8 abc 6.6 + 2.9 a
RG3 -0.32 + 0.02 cd 0.75 + 0.03 de 7.0 + 0.8 ab 9.9 + 2.8 ab
RG4 -0.38 + 0.02 ab 0.79 + 0.03 e 7.7 + 0.8 abc 17.7 + 2.8 bed
RG6 -0.32 + 0.02 d 0.69 + 0.03 cd 9.1 + 0.8 bed 22.1 + 2.8 cde
RG7 -0.28 + 0.02 d 0.56 + 0.03 a 8.1 + 0.8 abc 139 + 2.8 abc
RGS8 -0.33 + 0.02 bed 0.68 + 0.03 bed 9.9 + 0.8 cd 21.3 + 2.8 cde
RG9 -0.34 + 0.02 abed 0.65 + 0.03 abed 7.9 + 0.8 abc 10.6 + 2.8 ab
S04 -0.31 + 0.02 d 0.63 + 0.03 abc 11.6 + 0.8 d 27.5 + 2.8 e
(4% 10% 11% 19% 41%

Significance of effects R ns (2%) * (12%) % (11%) **% (19%)

Block xxx (22%) (14%) % (19%) (38%)
R*B ns (3%) ** (10%) ** (9%) (8%)

Data are averages and standard errors of six plants per rootstock and block in two dates across the season. Within each column and block, different letters indicate

significant differences (Duncan test; p>0.05) and CV the coefficient of variation.

>

, *** and ns indicate significant differences at the 0.05, 0.01, 0.001 levels of

probability and non-significant, respectively. Within each factor, the percentage of explained variance is indicated between brackets.

3.3.2. Hydraulic conductance

Our results confirmed that under a mild soil water deficit (i.e. ¥pp >
—0.4 MPa), the rootstock genotype plays an important role in the hy-
draulic conductance of the vines (Table 3) (Labarga et al., 2023). In the
Kioot-stem, the CV among rootstocks was 26% and 19% in Block 1 and 2,
respectively, while in the Kpane was 37% and 41%, respectively. It is
noteworthy that both hydraulic conductances were in good agreement
with each other, despite the fact that the K;oot.stem calculation does not
take into account the leaf area of the vine, in contrast to the Kpjant. This
indicates the importance of the hydraulic conductance for the vegetative
vigour of the scion. Thus, RG2 and RG7, which had low vigour, g and
Ay, also had low Kigot.stem and Kpjan,, Whereas the invigorating RG8 and
140Ru tended to have the highest values of the hydraulic conductances
(Table 3 and Supplementary Table 2). The latter, as indicated above,
stood out for their good stomatal regulation. Overall, the lower Kypot-stem
and Kpjan; observed in the RG than in the commercial rootstocks has been
reported to indicate a lower water supply to the shoots, explained by a
lower water status (Romero et al., 2010a; de Souza et al., 2022).
Nevertheless, the significant interaction between rootstock and block for
these hydraulic parameters highlights the importance of the soil in
modulating the effect of the rootstock genotype on the physiological
response.

3.4. Rootstock genotype effects on vegetative parameters and yield
components

3.4.1. Vegetative growth

The effect of the rootstock genotype on the vegetative development
and the yield components across seasons showed a range of variation
similar to that of gas exchange parameters between rootstocks (Tables 2
and 4). The mean values of total leaf area (LA) for all the seasons ranged
from 1.7 to 4.1 m?/vine, with 140Ru, 110 R and RG8 being the root-
stocks with the highest vigour and RG2, RG3 and RG9 the lowest

(Table 4). The CV of LA among rootstocks accounted for 21%. Consistent
differences among rootstocks were found in the pruning mass (CV of
39%) and shoots section (CV of 17%), but also trunk section (CV of
25%). Rootstock genotype had a strong effect on vine vigour, with
pruning mass ranging from 1.2 (140Ru) to 0.2 kg-vine_1 (RG2), and the
sum of shoot cross-sectional areas ranging from 436 to 918 mm?.
However, no significant effect was found on the number of shoots per
vine. This is, to some extent, an expected result, since in a spur pruned
unilateral cordon, pruners usually attempt to maintain equal the number
of spurs per vine, regardless of the vigour of the vine. It is remarkable
that the differences in vegetative development among rootstocks in LA,
pruning mass and shoots section do not seem to be exclusive to the three
experimental seasons, as the trunk section already showed a cumulative
effect on the vigour of the vines in the first season (data not shown).

3.4.2. Yield components

Among the yield components recorded over the three seasons,
rootstock genotype strongly influenced the number of clusters per vine
(CV of 23%), the cluster mass (CV of 31%) and the yield (CV of 42%)
(Table 4), but not berry mass (data not shown). Thus, the RG2 rootstock
led to a decrease in the number of clusters per vine, and also to the
lowest cluster mass and consequently to the lowest yield. This rootstock
induced a very poor vine performance in this scion, as already reported
by Marin et al. (2022a), although these authors did not report such a
strong effect when grafted on Syrah. This fact could be a direct conse-
quence of variability in the scion x rootstock interaction, but a certain
degree of incompatibility between RG2 and Tempranillo cannot be
discarded (Tedesco et al., 2022). On the other hand, RG8, RG3, and
especially, 140Ru were the rootstocks that increased the yield compo-
nents. Overall, the other RG rootstocks consistently showed a reduction
in both vegetative development and yield components compared to the
commercial rootstocks. The rootstock can indeed influence bud fertility
(Guilpart et al., 2014), which usually shows a positive relationship with
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Table 4

Mean values of vine performance parameters of ‘Tempranillo’ grapevines grafted onto 12 rootstocks grown in block 1 at Miranda de Arga, Navarra, Spain, in the 2018, 2019, and 2020 seasons.
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the invigorating effect of the rootstock (Romero et al., 2018; Marin et al.,
2019). The contrasting response of RG2 and RG8 to the other RG root-
stocks is notable as the parentals are the same. Therefore, given the
general response of some of the RG rootstocks, the hybridization carried
out did not improve the performance of the ‘Tempranillo’ scion in
comparison with the most widely used commercial rootstocks. Never-
theless, the significant differences in the vegetative and reproductive
growth of the vines among the rootstocks did not have a significant ef-
fect on the vine equilibrium indexes, since no differences were found in
the LA-to-yield ratio, except for RG2 (Table 4).

WP,, was also influenced by the rootstock genotype (Table 4). The
RG2 rootstock showed the lowest WP, values, whereas 140Ru resulted
in the highest. Overall, the commercial rootstocks along with RG3 and
RG8 tended to have a higher WP, than the other RG rootstocks. Some
grapevine genotypes can show very low WUE; but relatively high yield,
as that WP, can be decoupled from the WUE; in grapevine (Tomads et al.,
2012; Merli et al., 2015; Medrano et al., 2015b; Tortosa et al., 2020;
Buesa et al., 2021). Therefore, biomass was explained by the net carbon
assimilation (Ay) of the leaves rather than its efficiency (An/gs = WUE;).

3.5. Vine nutritional status

In order to assess whether if differences among rootstocks in vine
performance and physiology could be explained by differences in vine
nutritional status, petiole analysis of macronutrients (N, P, K and Mg)
and micronutrients (Fe, and Mn) were conducted during ripening stage
(Supplementary Table 3). The results showed that the petiole nutrient
concentrations were adequate for this cultivar and growing area (Gar-
cia-Escudero et al., 2013; Romero et al., 2010b). Even for Mg, where an
antagonism with the high soil K levels would be expected (Stockdale
et al., 2013), no deficiencies were found. In addition, little difference
was observed among the rootstocks, except for a higher concentration of
N in RG9, RG7 and RG2 compared to 110R and a higher content of K in
RG8 compared to RG9. The effect of rootstock genotype on N content has
been reported by several authors (Fisarakis et al., 2004; Kose et al.,
2016; Somkuwar et al., 2015; Williams and Smith, 1991; Wooldridge
et al., 2010: Bianchi et al., 2018), although this is not always confirmed
(Angyal et al., 2002; Bavaresco et al., 1993). The K increment has been
identified as a mechanism to enhance tolerance to water stress (Bianchi
et al., 2018). In contrast, Bianchi et al. (2020) found a significant effect
of the genotype of a new “G series” of Vitis hybrids on the petiole content
of N, K, Ca, Mg, Na, Mn and Cu.

These results suggest that rootstock genotype hardly modulates the
petiole nutrient content of Tempranillo cultivar and therefore does not
explain the different behaviour found among rootstocks in terms of vine
physiology and performance.

3.6. Relationship between ecophysiological traits and agronomic
performance

A correlation matrix between pairs of physiological and vine per-
formance variables was performed, and linear relationships were shown
(Supplementary Figure 2). Vine water status, gas exchange parameters
and vegetative and reproductive growth parameters were positively
correlated, but WUE; was negatively correlated with all parameters. It is
worth noting that all relationships are statistically significant, with
mean Pearson’s coefficients between physiological and agronomic pa-
rameters greater than 0.50. These relationships confirm that the timing
of the physiological measurements was representative of the seasons.
This was also supported by the relationship between 5'C and WUE;
depicted in Fig. 2. The measurement of the berry juice §'3C is recognised
as a good indicator of the seasonal water deficit (Gaudillere et al., 2002;
Santesteban et al., 2015). In this regard, it is worth noting the wide
range of variation observed in the §!C values due to the rootstock effect.
In our trial, the WUE; and the berry must 8'3C also showed a highly
significant linear relationship, as reported by previous researchers in
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Fig. 2. Relationships between carbon isotope discrimination (8'3C) measured
at harvest and mean intrinsic water use efficiency (WUE;) in a ‘Tempranillo’
vineyard grafted onto 12 rootstocks across the 2018 and 2019 seasons in
Miranda de Arga, Navarra, Spain.

studies with Tempranillo, Grenache and Cabernet Sauvignon cultivars
(Bchir et al., 2016; Torres et al., 2021; Buesa et al., 2022b). These results
also highlighted that, despite the interaction between rootstock and
season, all physiological parameters were strongly related to vine per-
formance, resulting in good indicators of the WP..

Closer examination of the relationships between grapevine WP, and
vine water status (gs and Wsiem) for the full dataset (Fig. 3A, B) showed
that Wgem explained vine yield responses to a lesser extent than gs. On
the other hand, WP, and WUE; showed a negative relationship across
seasons (Fig. 3C). This implies that, despite improvements in net carbon
assimilation efficiency at the leaf level, rootstocks that were able to
maintain higher photosynthetic rates were more efficient in terms of
grape yield (Merli et al., 2016; Romero et al., 2018). This could be
explained by a greater capacity to uptake and transport water from the
soil to the plant, since most yielding rootstocks were also the most
vigorous. Indeed, when K increased by 10 mmol H,O
plant’l-s’l-MPa’l, WP, increased by 1.1 Kg~m’3 (Fig. 4B). Therefore,
rootstocks maintaining a better water status induced a high performance
of the scion, and thus a higher transpiration potential (Fig. 3). In any
case, it should be noted that a less vigorous rootstock is not necessarily
less efficient in the use of resources, but in some circumstances, it may
simply use resources at a different pace (Simonneau et al., 2017). In this
case, water and nutrient resources may remain available in the soil for
later stages of the season or for future seasons.

We aimed to know how the vigour-inducing rootstocks could main-
tain better water status and photosynthetic rates than the low vigour-
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Fig. 4. Relationships between plant hydraulic conductance (Kpan) and (A)
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inducers. Fig. 4A shows the significant linear relationship between
Kplant and gs, suggesting that the differences among rootstocks in vine
water status are presumably related to hydraulic signalling (Tombesi
et al.,, 2015). This result confirms that the rootstock genotype affects
vine growth through shifts in vine hydraulic traits (de Herralde et al.,
2006). Similarly, the Kpyjan: showed a linear positive and strong rela-
tionship with the WP, (Fig. 4B). Therefore, the large differences found in
Kplant among rootstocks are shown to be key to vine performance.
Further studies are needed to elucidate the causes of these remarkable
differences in Kpjan. They could arise from differences in soil exploration
capacity, root morphology, vascular anatomy, root osmotic adjustment,
water uptake dynamics, or even in the affinity with the scion cultivar
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Fig. 3. Relationships between physiological variables (A; stem water potential (Wstem), B; stomatal conductance (g;) and C; intrinsic water use efficiency (WUE;)) and
crop water productivity (WP,) across 2018-20 seasons in a ‘Tempranillo’ vineyard grafted onto 12 rootstocks in Miranda de Arga, Navarra, Spain.
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and/or graft quality (Southey and Archer, 1988; Santarosa et al., 2016;
Shtein et al., 2017; Gautier et al., 2018; Yildirim et al., 2018; de Souza
etal., 2022; Marin et al., 2022b; Tedesco et al., 2022). It should be noted
that the determination of root characteristics and dynamics remains a
major technical challenge (Marin et al., 2021).

Furthermore, the hydraulic conductances estimated in this study
(Kplant and Kioot.stem) revealed significant correlations with the slope of
gs-Pstem regression (Fig. 5). This is noteworthy because higher absolute
slopes indicate greater stomatal sensitivity of the genotype to vine water
status (Bota et al., 2016). Thus, a regression slope greater than 0.25
tends towards an isohydric behaviour, stronger “water savers”, which
showed higher values of hydraulic conductance than those with a more
anisohydric behaviour (gs-Wstem regression slope below 0.25) (Fig. 1B).
Therefore, rootstocks that conferred a higher Kpjane also induced a more
isohydric behaviour in the scion. This implies that those with a better
scion performance may have a greater capacity to uptake and transport
water by keeping W values higher, but with a high stomatal closure
regulation of the scion when they decrease it. This would confirm that
iso/anisohydric behaviour is an adaptive response to the environment
that can be regulated by the rootstock (Hochberg et al., 2018; Gambetta
et al., 2020). In fact, vines can even exhibit iso/anisohydric behaviour
depending on the intensity of the water deficit (Levin et al., 2020). In
this sense, it would be expected that rootstocks with higher Kpjay rates
under moderate stress conditions would have larger xylem vessels and
therefore might be more vulnerable to embolism (Simonneau et al.,
2017; Plavcova et al., 2019). This, in turn could lead to isohydric-like
behaviour under more severe water deficit conditions (Lamarque
et al., 2023).

On the other hand, chemical signals, i.e. abscisic acid (ABA), are also
known to play a key role in the regulation of the stomatal responses
(Soar et al., 2006; Pou et al., 2008; Rogiers et al., 2012). Indeed, Labarga
et al. (2023) recently reported a negative exponential correlation be-
tween leaf ABA content and hydraulic conductance of Tempranillo vines
grafted onto 1103P, 110R and 161-49 Couderc. Nevertheless, hydraulic
mechanisms play a dominant role in the stomatal regulation under soil
water deficit compared to chemical signalling (Rodrigues et al., 2008;
Tombesi et al., 2015). In our trial, the increase in hydraulic conductance
seems to be related both to the ability to keep the difference between
Ystem and Wpp small (Table 3) and thus to maintain higher g rates for a
given Wgem (Fig. 1B). Nevertheless, whether it is hydraulics that drives
gas exchange or vice versa remains a matter of debate (Meinzer et al.,
2009; Flexas et al., 2018).

Contrary to our results, Pou et al. (2012) reported in Grenache and
Syrah onto 110R and Chardonnay onto 1103P that the isohydric or
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near-isohydric behaviour did not perform better than the anisohydric
behaviour under similar water stress levels as in our experiment. These
authors explained their findings by the strong adjustment of gs associ-
ated with the isohydric behaviour, which was mediated by a reduction
in leaf hydraulic conductance. Other studies have drawn similar con-
clusions regarding isohydric and anisohydric behaviour in grapevine
cultivars, indicating that anisohydric behaviour leads to high g; and
WUE; regardless of vine water status (Poni et al., 2014; Tombesi et al.,
2014). However, beyond a certain threshold of soil water deficit, ani-
sohydric behaviour may not remain favourable, as reported for Syrah
and Chardonnay (Alsina et al., 2007). In any case, these conclusions
were obtained by comparing cultivars and not by assessing the capacity
of the rootstock to transport water to the scion. In this sense, Pou et al.
(2008) reported that the fine regulation of the 110R rootstock resulted in
very high WUE;.

3.7. Overall evaluation of rootstock effects on water behaviour and
clustering

3.7.1. Principal component analysis

PCA analysis was conducted to determine general trends between
rootstocks over the seasons with the full data set (Supplementary
Figure 3). PC1 accounted for 68.8% of the total variance, while PC2
accounted for 8.8%. The distribution of rootstock genotypes in PC1 was
mainly explained by differences in vegetative and reproductive growth
and WUE;, while the separation in PC2 was explained by vine water
status, photosynthetic performance and shoot number (Supplementary
Figure 3A). In addition, the year was mainly separated by PC2 (Sup-
plementary Figure 3B). However, there was no clear difference between
years, consistent with the interactive effect of rootstock x year on
ecophysiology (Table 2).

In order to establish similar behaviour among rootstock genotypes, a
further PCA was conducted with the means of all the seasons after
removing highly correlated variables (Fig. 6). The first two principal
components (PC1 and PC2) explained 66.2% and 12.0% of the total
variance, respectively (Fig. 6A). PCl mainly reflects the expected
behaviour of a scion, i.e., a positive relationship between growth, yield
and water availability, which at the same time is negatively related to
5'3C and WUE;. In this component, 140Ru, RG8 stand out as inducers of
high yield and vegetative development, while RG2 and, to a much lesser
extent, RG7 and RG9 confer lower development and productivity and
higher WUE;. At this point, PC2 shows that although Yster, and Wpp are
positively correlated on axis 1, they are strongly opposed on axis 2.
Thus, the rootstocks with the highest score for PC2 (RG4 and RG6)
would be expected to have higher W.em values for a given Wpp, whereas
the rootstocks with the lowest (RG8, 140Ru and 110R) would behave in
the opposite way, suggesting a high capacity for water uptake and
transport. These behaviours were indeed confirmed by the estimation of
hydraulic conductance, with RG8, 140Ru and 110R showing higher
values compared to RG6 and RG4 (Table 3).

3.7.2. Hierarchical clustering

To improve the visualisation and understanding of the relationships
between genotypes, HCPC was performed on the first three PCs. The
results were plotted in a phylogenetic tree (Fig. 6B), which showed a
clear differentiation between rootstock genotypes was revealed. Six
clusters were identified; the first cluster was composed of 110R and
420A rootstocks, the second cluster included RG8 and 140Ru, RG3 and
1103P belonged to the third cluster, RG4, RG6 and SO4 clustered
together in the fourth, the fifth consisted of RG2, and finally, the sixth
cluster included RG7 and RG9. Broadly speaking, this cluster analysis
summarises the similar behaviour of some of the RG genotypes, with the
exception of RG8, which has a very similar agronomic (Table 4) and
physiological behaviour to 140Ru (Fig. 1B and Tables 2 and 3). These
results show that the traditional breeding of rootstocks through common
parentals can generate highly contrasted progeny, as already reported
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the experimental years of 2018, 2019, and 2020 and phylogenetic tree resulting from the hierarchical clustering performed on the first three components of the PCA.

Different colours indicate belonging to a different cluster.

for the RG series by Marin et al. (2022a). These authors observed that RG
genotypes, when grafted with Tempranillo and Syrah cultivars, strongly
affected vine vigour, yield and berry quality parameters. Under mild soil
water deficit conditions, most of the RG rootstocks reduced vine per-
formance in both cultivars compared to their parents, except for RG8
(Marin et al., 2022a). The RG genotypes that induce low vigour in the
scion might become more interesting under more restrictive scenarios
due to their greater tolerance to water stress (Zhang et al., 2016). That is,
rootstocks that improve vine performance under mild water stress may
not be the most resilient during the longer and more severe water deficit
periods predicted for the future (Doll, 2002). In this sense, rootstocks
that induce low vigour in the scion, such as RG2, RG6, RG7 and RG9,
increased WUE; and would also reduce vine evapotranspiration
(Edwards et al., 2022; Pérez-Alvarez et al., 2023). This in turn could help
to conserve potentially available soil water in more demanding sce-
narios (Zhang et al., 2016; Bonada et al., 2018). In our trial, the root-
stocks with the highest hydraulic conductance were those with the most
isohydric stomatal behaviour ("water savers"), due to their likely higher
hydraulic vulnerability (Fig. 5) (Lamarque et al., 2023). These concerns,
together with the explanation for the large differences in hydraulic
conductance between rootstocks, will need to be addressed in the future
(Lovisolo et al., 2016; Zhang et al., 2016). Similarly, the interaction
between rootstock and scion needs to be considered (Serra et al., 2014;
Santarosa et al., 2016; Clingeleffer et al., 2019).

4. Conclusions

In the current climate change scenario, new grapevine rootstocks
may be a possible strategy to improve the vineyard response to soil
water deficit. Our results show a wide range of intrinsic water use effi-
ciency, carbon isotope ratios and crop water productivity in the Tem-
pranillo cultivar when grafted onto different rootstock genotypes.
Rootstocks strongly influenced water relations and leaf gas exchange,
with up to fourfold differences in whole-plant hydraulic conductance
among rootstocks. Furthermore, this study revealed a coordination be-
tween hydraulic conductance and iso/anisohydric behaviour, identi-
fying rootstocks such as RG2, RG7 and RG9, which conferred an
anisohydric behaviour and low Kpjan: to the scion, and other rootstocks
such as RG8 or 140Ru, which conferred the opposite. Overall, the RG
rootstocks showed a reduction in the vine performance of the ‘Tem-
pranillo’ scion compared to the most widely used commercial root-
stocks, with the notable exception of RG8, as reported by Marin et al.
(2022a) in their agronomic evaluation of the RG series rootstocks.
Furthermore, our results showed a strong positive relationship between
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ecophysiological responses and vine performance, suggesting that the
rootstock water uptake and transport capacity determine scion vigour
and crop water productivity. Our work also highlighted the importance
of seasonal conditions and soil type in modulating vine response,
implying that a rootstock may be better suited to one environment or
another. Therefore, this study highlighted the high potential of root-
stocks to adapt to the challenges of viticulture by improving vineyard
performance and providing physiological insights for future studies and
breeding programmes.
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