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ABSTRACT

Climate change is increasing drought frequency and severity in Mediterranean viticulture, making drought-
resilient rootstocks essential for future vineyard sustainability. This study used the Microcosmo controlled field
simulator to compare six grapevine rootstock genotypes (161.49-C, Dog Ridge, cc114, cc125, cc136 and cc177)
under progressive water deficit monitored by soil-moisture sensors. Drought reduced gas exchange rates in all
genotypes, albeit with distinct patterns. Dog Ridge exhibited an initial sharp decline, while cc125, cc136 and
161.49-C displayed basal gas exchange maintenance. cc114 and cc177, on the other hand, exhibited linear de-
creases. Maximum PSII efficiency remained largely unaffected, whereas effective PSII efficiency and electron
transport rate decreased mainly under severe drought. Biochemical profiling revealed contrasting adaptive strate-
gies. Most genotypes increased superoxide dismutase, sucrose synthase and HSP70. cc125 showed the strongest
coordinated activation of antioxidant, metabolic and protein-protection responses. Aquaporin accumulation was
high in cc114 and cc136, but low in cc177, suggesting different hydraulic regulation strategies. Glucose and
fructose accumulation supported osmotic adjustment in cc125 and cc114. In contrast, Dog Ridge exhibited sugar
depletion, and cc136 failed to increase hexoses despite strong sucrose synthase induction. Markers of oxida-
tive status, including antioxidant power, phenolic compounds, flavonoids and malondialdehyde, revealed that
antioxidant activation does not necessarily prevent membrane lipid peroxidation. Overall, cc125 was the most
promising non-commercial genotype, demonstrating high water-use efficiency, sustained photosynthetic perfor-
mance, osmotic adjustment and strong stress-protein induction. cc114 exhibited a balanced response involving
hydraulic regulation, flavonoid accumulation and moderate oxidative damage. In contrast, cc136 exhibited
early photosynthetic activity but was susceptible to oxidative damage. These findings demonstrate that com-
bining physiological, metabolic, protein and oxidative markers is an effective way of identifying novel grapevine
rootstocks that are suited to Mediterranean viticulture in areas with limited water.

1. Introduction

to the sustainability of viticulture in Mediterranean regions (Sucu et al.,
2018; Ali et al., 2025).

The Mediterranean region is renowned for being one of the most
suitable areas for viticulture, primarily thanks to its climate. Its warm,
dry summers and cool, wet winters create ideal conditions for producing
high-quality wines (Keller, 2010; Rogiers et al., 2022). However, this
traditional advantage is under threat from the ongoing and accelerating
effects of climate change. The combination of rising global temperatures
and an increased frequency and intensity of extreme weather events,
such as heatwaves and prolonged droughts, poses a significant challenge
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One of the most critical consequences of climate change is the
alteration of temperature and precipitation patterns. Projections sug-
gest that regions suitable for viticulture may gradually shift towards
higher latitudes and altitudes, encompassing areas that were previously
deemed too cold for grape cultivation (Keller, 2010; Tomés et al., 2014;
Van Leeuwen et al., 2019; Jones et al., 2022). Meanwhile, the Mediter-
ranean region is experiencing increasingly severe water shortages due
to reduced rainfall and falling groundwater levels (Van Leeuwen et al.,

Received 30 January 2026; Received in revised form 23 May 2026; Accepted 22 June 2026

0304-4238/© 20XX


https://doi.org/10.1016/j.scienta.2026.114984
https://doi.org/10.1016/j.scienta.2026.114984
http://www.sciencedirect.com/science/journal/03044238
https://www.sciencedirect.com/journal/scientia-horticulturae
https://orcid.org/0000-0002-4511-3557
https://orcid.org/0009-0009-7537-2830
https://orcid.org/0000-0003-1589-9074
mailto:cai@unisi.it

S. Anichini et al.

2019). Although irrigation is often seen as a way of addressing water
scarcity, it is not a sustainable long-term solution due to problems such
as salinisation, aquifer depletion and competition for water resources
(Marusig and Tombesi, 2020). Furthermore, elevated temperatures can
affect the phenology of grapevines, accelerating developmental stages
and potentially altering the composition of the fruit. Changes in sugar
accumulation, acidity and aromatic profiles can significantly affect wine
quality, which has economic and cultural implications for regions where
viticulture is deeply rooted (Ali et al., 2025).

Vitis vinifera L. was selected for this study because it is a valuable
perennial crop cultivated in over 90 countries for wine production and
table grapes (Rius-Garcia, 2025). The Mediterranean region is partic-
ularly important, accounting for around 39% of the world’s vineyard
area, covering approximately 7.3 million hectares (Rius-Garcia, 2025).
However, in this area, viticulture is under threat from soil salinization
and drought, both of which are major causes of desertification (Cuena
Lombrana et al., 2022; Rius-Garcia, 2025). Drought stress significantly
impacts productivity and is estimated to cause annual crop yield losses
of 65-87% globally. Specifically, water deficit can significantly increase
the rate of flower abscission in sensitive cultivars, thereby reducing the
quality and yield of grapes (Scholasch and Rienth, 2019). As over 80% of
global vineyards utilize Vitis vinifera grafted onto rootstocks, it is crucial
to understand the physiological and molecular mechanisms of drought
resilience in order to develop sustainable viticultural strategies for arid
and semi-arid regions (Bianchi, 2023). The way in which grapevines
adapt to a lack of water is complex, involving a series of morpholog-
ical, physiological and biochemical adjustments (Jiao et al., 2023; Lin
et al., 2023; Marusig and Tombesi, 2020; Serra et al., 2014). Stomatal
closure is one of the earliest responses and plays a key role in reducing
water loss through transpiration. However, this mechanism also restricts
the diffusion of CO, into the leaf, which reduces photosynthetic activity
and growth (Jiao et al., 2023; Jones et al., 2022; Marusig and Tombesi,
2020; Zivcak et al., 2016). Intrinsic Water Use Efficiency (WUE;), which
is defined as the ratio of carbon dioxide assimilation to water transpired,
varies widely among genotypes. It is also strongly influenced by their
hydraulic behaviour, specifically whether they are isohydric or aniso-
hydric (Schultz and Stoll, 2010; Van Leeuwen et al., 2019). Isohydric
genotypes maintain relatively constant leaf water potential by regulat-
ing stomatal conductance. In contrast, anisohydric genotypes keep their
stomata open even under water-limited conditions (Cogato et al., 2022;
Jones et al., 2022).

Beyond these initial responses, grapevines activate molecular mecha-
nisms to cope with prolonged drought. Osmotic adjustment, achieved by
accumulating osmotically active compounds (osmolytes), is essential for
maintaining cell turgor and sustaining metabolic processes under water-
deficient conditions (Zivcak et al., 2016; Degu et al., 2019; Jones et al.,
2022; Lin et al., 2023). Sugars are among the most abundant osmolytes.
They help to maintain osmotic balance, protect cellular structures and
provide energy for growth and recovery from stress (Ozturk et al., 2021;
Zivcak et al., 2016). Drought stress triggers the production of reactive
oxygen species (ROS), which can damage cell membranes, proteins and
pigments if they are not effectively removed. Plants rely on antioxidant
defence systems to counteract oxidative stress, and those with stronger
antioxidant responses tend to be more tolerant of drought (Jiao et al.,
2023; Lin et al., 2023).

While these intrinsic mechanisms are fundamental, agronomic strate-
gies are equally important for mitigating the effects of drought. Grafting,
for instance, is a vital viticultural practice. Originally an ancient horti-
cultural technique, it was widely adopted in the 19th century to combat
phylloxera, a devastating root pest. Today, grafting remains indispens-
able for conferring resistance to soil pathogens, improving nutrient up-
take, and enhancing tolerance to abiotic stresses such as drought and
salinity (Jiao et al., 2023; Marguerit et al., 2012). A grafted vine consists
of two distinct genotypes: the scion, which determines the characteristics
of the fruit, and the rootstock, which influences water and nutrient ab-
sorption, vigour, and resilience to stress. Grapevine rootstocks mitigate

Scientia Horticulturae xxx (xxxx) 114984

the negative effects of water scarcity on scions by adapting morphologi-
cally, physiologically and molecularly. They enhance scion performance
by developing extensive, deep root systems that improve soil water
exploration and increase root-to-shoot hydraulic conductance (Dattola
et al., 2026; Marin et al., 2021). Experimental evidence shows that vig-
orous rootstocks, such as 1103 Paulsen or 140 Ruggeri, maintain higher
stomatal conductance and photosynthetic rates during drought condi-
tions by ensuring a consistent water supply to the leaves. This prevents
a rapid drop in leaf water potential (Romero et al., 2025; Prinsi et al.,
2021). Furthermore, rootstocks regulate scion responses through chemi-
cal signalling, primarily involving the synthesis of abscisic acid (ABA) in
the roots. Tolerant genotypes often exhibit reduced ABA accumulation,
delaying stomatal closure and sustaining carbon gain (Prinsi et al., 2021;
Labarga et al., 2023). At a molecular level, rootstocks influence the ex-
pression of aquaporin genes (VvPIPs and VVvTIPs) in the scion. These
genes modulate membrane water permeability and facilitate faster re-
covery after re-watering (Labarga et al., 2023; Galaz et al., 2024). Stud-
ies involving leaf water potential measurements, whole-canopy gas ex-
change monitoring and untargeted metabolomics have shown that toler-
ant rootstocks such as M4 accumulate protective secondary metabolites,
including stilbenes and folates, to counteract the oxidative stress caused
by a lack of water (Lucini et al., 2020; Corso et al., 2015). Transcrip-
tomic profiling confirms that rootstock genotype is critical in improving
vineyard resilience to drought (Bianchi et al., 2018; Flor et al., 2025).

Since altering the scion genotype can have a significant impact on
grape and wine quality, identifying new genotypes for use as rootstocks
is becoming increasingly important. Therefore, selecting new rootstocks
is a promising way to mitigate the effects of climate change on viticulture
(Marguerit et al., 2012; Sucu et al., 2018). Despite these advances, a crit-
ical knowledge gap remains. For this reason, it is important to increase
the number of rootstock genotypes and characterise their physiological
and biochemical responses to water stress, in order to develop adaptive
viticultural strategies.

The present study takes an integrated approach, combining pho-
tosynthesis analysis, sugar quantification and protein assays, in order
to screen the response of non-commercial grapevine genotypes to con-
trolled drought conditions. This includes physiological measurements,
such as gas exchange and water use efficiency; biochemical assessments,
such as sugar accumulation and stress-related proteins and oxidative
stress-related parameters, such as total antioxidant power, total phe-
nols, flavonoids and malondialdehyde (MDA). This work is characterised
by its use of the state-of-the-art 'Microcosmo' system, a fully controlled,
instrumented field simulator. This platform enables environmental vari-
ables to be manipulated precisely and plant performance to be moni-
tored continuously. This overcomes the limitations of field trials, where
environmental variability can obscure genotype-specific responses. The
study aims to identify rootstocks that can show superior physiological
plasticity under drought conditions. In combination with high-quality
productive scions, this will promote the long-term sustainability of
Mediterranean viticulture in the context of climate change.

2. Materials and methods
2.1. Grapevine genotypes

The experiment was carried out on six grapevine genotypes provided
by the Department of Agricultural and Environmental Sciences, Univer-
sity of Milan. These genotypes belong to a Vitis spp. core-collection of 70
genotypes, which represent the whole genetic diversity of a germplasm
collection of 232 rootstocks (Migliaro et al., 2019). These genotypes
were selected for their contrasting responses to drought, as identi-
fied in preliminary screening trials on the core-collection (Table 1).
The selected genotypes included two commercial rootstocks, namely
161.49-Couderc and Dog Ridge, displaying opposite putative drought
responses.
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Table 1
List of the commercial status and the genetic background of the six rootstock.
D Status Sex_cod_OIV Genetic Putative
background drought
response
161.49- commercial 4 Vitis riparia x Vitis Susceptible
C Berlandieri
Dog commercial 4 Vitis rupestris x Tolerance
Ridge Vitis candicans
ccll4 non- 1 Unknown Susceptible
commercial
ccl25 non- 4 Vitis labrusca Tolerance
commercial Muncy
ccl36 non- 1 41 B Millardet et Tolerance
commercial de Grasset x 31
Richter
ccl77 non- 1 Unknown Susceptible
commercial

2.2. Experimental design

Four individuals were used for each genotype. Young cuttings were
rooted at the University of Milan and then transferred to a controlled
environment (Microcosmo; FOS S.p.A., Genoa, Italy and ENEA, Rome,
Italy; https://pianogreen.com/microcosmo/) at the University of Siena.
The substrate consisted of predominantly clay soil collected from a Chi-
anti Classico farm (43.3496003943712, 11.501246996193618, Siena,
Italy); The physical and chemical properties of the soil are listed in
Table 2. A layer of universal potting soil was applied to the surface to
facilitate planting. Inside the Microcosmo, a photoperiod of 16/8 with
a red:blue light ratio of 3:1, a temperature of 25°C (9 am - 7 pm) and
20 °C (remaining hours) and a humidity of 60% were maintained. Soil
moisture was monitored using probes (TDSPSM02.015, Ageon, Cuneo,
Italy) and kept at 60% by irrigation throughout the control period. After
a 60-day acclimation period, drought stress was induced by withhold-
ing irrigation. The drought period was defined based on soil moisture
content rather than duration, with three moisture ranges identified: Ctrl
(control), pre-drought stress (PRE_DS, with moisture content between
40% and 50%), and DS (drought stress, with moisture content below
40%). After entering the DS phase, the stress period was divided into
four time points: DS_1, DS_4, DS_6 and DS_8, which corresponded to the
1st, 4th, 6th and 8th day of the DS phase, respectively. At both the CTRL
and DS_8 experimental phases, we harvested 12 fully expanded leaves
per genotype (3 leaves collected from each of 4 individual plants). To
ensure a representative composite sample and account for intra-plant
variability, these 12 leaves were pooled and ground to a fine powder in
liquid nitrogen. From this homogenized biological pool, aliquots were
taken for downstream analyses.

Table 2

The physical and chemical characteristics of the soil used to grow the
vines in the Microcosmo as provided by ISVEA (https://www.isvea.it,
Poggibonsi, Siena, Italy).

Parameter Value
Sand 42%

Silt 28%

Clay 30%
Coarse fragment 13%
Nitrogen 1.41 g/Kg
Organic matter 19.55g/Kg
Limestone 7%
Assimilable phosphorous 18 mg/kg
Exchangeable Potassium 155mg K/Kg
pH 8.1

Active limestone 1%

Cation exchange capacity 27.4 meq/100 g
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2.3. Leaf gas exchange and chlorophyll fluorescence

Net carbon assimilation (A) and stomatal conductance (g,,) parame-
ters were recorded by a portable LI-6800 gas exchange analyzer (LI-COR
Biosciences, Lincoln, NE, USA) equipped with an integrated chlorophyll
fluorescence chamber at all time-points. During the measurements, the
following conditions were set: 2 cm? chamber area, CO, at 400 ppm,
60% of relative humidity, block temperature at 25 °C, and photosyn-
thetic active radiation (PAR) at 1600 pmol m™? s™. Electron transport
rate (ETR) and effective efficiency of PSII (®PSII) were measured on
the same light-adapted leaves according to Gilbert et al. (2012). In ad-
dition, the maximum quantum yield of PSII (F,/F,) was measured in 4
dark-adapted leaves covered with aluminium foil for at least 30 min for
each genotype. Intrinsic Water Use Efficiency (pmol CO, mmol H,0™)
was derived from the ratio of A to g,. Measurements were taken from
five fully expanded leaves for each experimental group.

2.4. Protein extraction from grapevine leaves

Protein extraction was performed on CTRL and DS_8 leaf samples ac-
cording to the protocol of Wu et al. (2014), as modified in Parri et al.
(2024). Three samples of 0.3 g leaf powder ground in liquid nitrogen
were prepared for each experimental group. Proteins were precipitated
for 20 min at —20 °C with 1.8 mL cold 10% TCA/acetone solution con-
taining 10 mM DTT. After centrifugation at 15,000 x g for 5min at
4°C, the pellets were washed three times with 80% cold acetone, air
dried (~35-40 min), and resuspended in 0.8 mL SDS extraction buffer
(1% SDS, 0.15M Tris-HCl pH 8.8, 1 mM EDTA, 0.7 M sucrose, 1 mM
DTT) and protease inhibitors. Samples were kept at room temperature
for 1 h with gentle agitation. After centrifugation (15,000 x g, 10 min),
the supernatants were collected in new tubes and an equal volume of
Tris-buffered phenol (pH 7.8-8.0) was added, vortexed and centrifuged
(15,000 x g, 10 min, 4°C). The upper phenolic phase was collected,
mixed with 4 vol of 0.1 M ammonium acetate in methanol, vortexed
and stored at —20°C for 2 h. Proteins were pelleted by centrifuga-
tion (15,000 x g, 10 min, 4 °C), washed with 0.1 M ammonium acetate
in methanol and then with 80% acetone. After air drying the protein
pellets, they were resuspended in 120 pL Laemmli buffer.

2.5. Electrophoresis and western blot

Proteins were separated on polyacrylamide gels run on 12% TGX
Stain-Free FastCast gels (Bio-Rad, Hercules, CA). Unstained protein stan-
dard (Bio-Rad) was used as a molecular weight reference. Electrophore-
sis was performed at 200V for 35min in TGS buffer (25 mM Tris,
192mM glycine, 0.1% SDS). Gels were imaged using ChemiDoc MP
(Bio-Rad) with Stain-Free activation (UV exposure, 45s) to visualize
proteins without staining. Proteins were electrotransferred to nitrocel-
lulose membranes using the Trans-Blot Turbo system (Bio-Rad) (1.3 A,
25V, 5min). Membranes were blocked with EveryBlot Blocking Buffer
(Bio-Rad) for 5 min and washed twice in TBS 1X with 0.1% Tween-20.
The primary antibodies (anti-HSP70, AS081371; Cu/Zn SOD, AS184243;
PIP1, AS224816; and SUS1, AS152830; all from Agrisera AB, Vannis,
Sweden) were diluted in blocking buffer and incubated for one hour
with gentle rocking. After washing, the membranes were incubated with
goat anti-rabbit IgG StarBright Blue 700 secondary antibody (Bio-Rad,
diluted 1:2500) for 1 h. Protein transfer efficiency was confirmed by
Stain-Free blot imaging. A quantitative analysis was performed using
the total protein normalisation workflow in Image Lab (Bio-Rad). First,
the lanes were automatically detected, and manual adjustments were
made where necessary to ensure precise definition of the boundaries.
The total protein signal for each lane was then calculated by integrat-
ing the intensity of all proteins visualised in the Stain-Free image. The
normalisation factor for each sample was derived by dividing the total
protein signal for each lane by the signal for the reference lane (typi-
cally the control group) on the same gel. The intensity of each target
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immunoreactive protein band was then divided by its corresponding
lane-specific normalisation factor. This method was chosen over the use
of traditional housekeeping proteins in order to overcome issues related
to protein saturation and biological variability. This provides a more
accurate representation of relative protein content across all samples.

The graphs in the results section show the variation of the stressed
group compared to its respective control group. This is calculated as
follows: (DS — CTRL) / CTRL 100.

2.6. Sugar content analysis

For soluble sugar extraction, 0.2 g of leaf powder was dried at 70 °C
for 24 h to determine dry weight (DW) according to Parri et al. (2024).
1 mL of distilled water was added to each sample. The tissue was then
homogenised using a Mixer Mill MM 400 (Retsch GmbH, Haan, Ger-
many) for 2 min at 50 Hz, after which it was incubated at 60 °C for 10
min and treated with ultrasound for a further 15 min. After centrifuga-
tion at 16,000x g for 5 min, the supernatant was collected and the pellet
was subjected to a second extraction. The combined supernatants were
filtered (0.45 pm). High performance liquid chromatography was per-
formed by ISVEA (https://www.isvea.it/, Poggibonsi, Siena, Italy) ac-
cording to OIV-MA-AS311-03 protocol (https://www.oiv.it). Results are
expressed in mg/g DW as the mean + standard deviation of three repli-
cates. The graphs in the results section show the variation of the stressed
group compared to its respective control group. This is calculated as
follows: (DS — CTRL) / CTRL 100.

2.7. Determination of antioxidant capacity, total polyphenols and
flavonoids

To evaluate the antioxidant capacity, as well as the total polyphe-
nol and flavonoid content, the leaf powder was extracted using a 1:6
(w:v) solution of 70% acetone. All spectrophotometric measurements
were performed in triplicate. Total antioxidant capacity was determined
using the ferric reducing antioxidant power (FRAP) method (Benzie and
Strain, 1996). For each measurement, 204 uL of 300 mM acetate buffer
solution (pH 3.6), 20 uL of 10 mM TPTZ (2,4,6-tripyridyl-s-triazine) so-
lution, 20 uL of 20 mM ferric chloride solution, and 2 uL of the extract
(70% acetone for the blank) were mixed. The reaction mixture was
then incubated at 37°C for 1 h and the absorbance was recorded at
593 nm using a Multiscan SkyHigh Plate Reader (Thermo Fisher Scien-
tific, Waltham, MA, USA). The results were calculated against a ferrous
sulphate calibration curve and expressed as pmol Fe* equivalents per g
of fresh weight.

The total polyphenol content was determined using the Folin—Cio-
calteu colorimetric method (Singleton and Rossi, 1965). The reaction
mixture was prepared by adding 10 uL of the extract (70% acetone for
the blank), 230 pL of distilled water, 12.5 pL of Folin-Ciocalteu reagent
and 37.5 pL of a saturated sodium carbonate solution. The mixture was
then incubated at 37 °C for 30 min and the absorbance was measured
at 795 nm using a Multiscan SkyHigh Plate Reader (Thermo Fisher Sci-
entific, Waltham, MA, USA). Total polyphenol concentration was calcu-
lated from a gallic acid standard curve and expressed as milligrams of
gallic acid equivalents (GAE) per g of fresh weight.

Total flavonoid content was determined using the aluminium chlo-
ride colorimetric method (Smirnova and Pervykh, 1998). The reaction
mixture was prepared by adding 12.5 pL of the extract (70% acetone for
the blank), 75 pL of 95% ethanol, 5 pL of 10% aluminium chloride, 5 pL
of 9.8% potassium acetate and 152 pL of distilled water. The mixture
was then incubated at room temperature for 1 h and the absorbance was
measured at 415 nm using a Multiscan SkyHigh Plate Reader (Thermo
Fisher Scientific, Waltham, MA, USA). Total flavonoid concentration was
calculated using a quercetin standard curve and expressed as milligrams
of quercetin equivalents (QE) per g of fresh weight.
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2.8. Malondialdehyde content

The malondialdehyde (MDA) content was used to quantify the level
of lipid peroxidation in the leaves. 0.1 g of leaf powder was weighed
into a tube containing 1.5ml of 0.1% trichloroacetic acid (TCA). The
samples were then centrifuged at 10,000 g for 10 min at 4 °C. For the
positive control, 0.25 mL of the supernatant (0.1% TCA for blank) was
mixed with 1 mL of 20% TCA containing 0.5% (w/v) thiobarbituric acid.
For the negative control, the same supernatant (0.1% TCA for blank)
was mixed with 1 mL of 20% TCA alone. The samples were incubated
for 30 min at 95 °C, after which the extracts were immediately cooled
on ice and centrifuged at 10,000 g for 10 min at 4 °C. The absorbance
of the positive and negative control samples was measured at 600, 532
and 400 nm using an EnSpire microplate reader (PerkinElmer, Waltham,
MA, USA). MDA equivalents were calculated according to Hodges et al.
(1999) and normalised to fresh weight. The assay was conducted in three
technical replicates.

2.9. Statistical analysis

The normality of the distribution of the data on physiological mea-
surements and sugar quantification was assessed using the Shapiro-Wilk
test, and homoscedasticity was evaluated using Levene’s test. A 2-way
ANOVA was performed to assess the significant effects of genotype (G),
irrigation treatment (S) and their interactions (G x S). Where ANOVA
yielded a significant result (p < 0.05), a Tukey's HSD post hoc test was
performed to identify which groups differed significantly from each
other. All graphs were generated using the ggplot2 package in RStudio.

3. Results

The first part of the results section provides an overview of the
variability observed in physiological parameters under drought stress.
Table 3 reports the statistical significance of the main factors (“Geno-
type” and “Treatment”) and their interaction as assessed by ANOVA. All
parameters were significantly affected by “Genotype” and “Genotype x
Treatment”. Indeed, the factor “Treatment” affected all parameters ex-
cept F,/F,. Cc177 showed the lowest values in all physiological parame-
ters. Regarding the treatments, stomatal conductance decreased linearly
with an increase in stress, as did net carbon assimilation. The highest
water use efficiency values were reached at DS_4. Photosynthetic pa-
rameters (OPSII and ETR) remained steady until DS_4, after which they
decreased abruptly.

Overall, all rootstock genotypes exhibited a decline in stomatal con-
ductance from the control phase through to the stress phases (PRE_DS
to DS_8), as shown in Fig. 1A. This indicates that a water deficit reduces
stomatal conductance in all rootstocks. Dog Ridge is the only genotype
that exhibited an early and rapid decrease at the PRE_DS/DS_1 stage.
Other genotypes (e.g. 161.49-C, cc125, cc136) exhibited a linear de-
crease from the DS_1 stage, whereas cc114 and cc177 displayed a more
gradual decline throughout the stress period. Furthermore, cc114 at the
DS_6 stage exhibited partial indications of stomata opening.

Significant differences in net carbon assimilation were observed
among the various genotypes (Fig. 1B). Some genotypes (161.49-C, Dog
Ridge, cc125 and cc136) exhibited increased A values due to water
scarcity during the initial stress phases. cc125 and cc136, in particular,
showed an increase in this value up to DS_4; after this point, it decreased
in subsequent stages. Conversely, 161.49-C and Dog Ridge exhibited this
increase at DS_1, after which it fell rapidly. Genotypes such as cc114
and cc177 were more sensitive, showing an early decline in net carbon
assimilation from DS_1 onwards.

As can be seen in Fig. 1C, all genotypes showed a decline in WUE;
at DS_8, with cc177 experiencing the most significant decrease. During
the initial phase of the DS, differences emerged: Dog Ridge and cc125
showed an increase at DS_1, DS_4 and DS_6, respectively, while WUE;
remained stable in all other genotypes.
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Table 3

Summary of 2-way ANOVA and Tukey’s HSD test for the effects of “Genotype” (G), “Treatment” (S), and their interaction (G x S) on the following parameters:
stomatal conductance (gs,), net CO, assimilation (A), intrinsic water use efficiency (WUE;), the maximum quantum efficiency of PSII (F,/F,), quantum yield of
photosystem II (®PSII) and electron transport rate (ETR). Each value represents the mean of measurements taken on 5 fully expanded leaves + standard deviation.
Asterisks indicate levels of statistical significance according to ANOVA test (* p-value < 0.05, *** p-value < 0.001). Different letters denote significant differences
according to Tukey post-hoc test.

Zow A WUE; Fy/Fp ®PSII ETR
Genotype (G)
161.49-C 0.08 + 0.08 ab 4.72 + 4.37 ab 54.25 + 64.17 bc 0.75+0.02b 0.03+0.02b 23.82+14.53b
Dog Ridge 0.09+0.12a 4.23+3.43b 77.78 £ 65.41 ab 0.77 £0.01 a 0.03 + 0.01 ab 24.66 + 10.86 ab
ccll4 0.06 + 0.03 bed 4.21+2.88b 72.96 + 46.37 bc 0.76 + 0.02 ab 0.03 £ 0.01 ab 25.58 + 11.22 ab
ccl25 0.05 £ 0.04 cd 4.89+ 3.14 ab 119.67 £ 141.34 a 0.75+0.02b 0.03+0.02a 28.84+ 13.34a
ccl36 0.07 £ 0.05 abc 553+ 3.74a 73.67 £ 57.23 be 0.76 £ 0.02 ab 0.03 £ 0.02 ab 28.01 £+ 13.86 ab
ccl77 0.04£0.03d 297+220c 32,44+ 137.37 ¢ 0.76 £ 0.02 ab 0.02+0.01 ¢ 17.62+ 7.05¢
p-value < 0.001 *** < 0.001 *** < 0.001 *** 0.0113 * < 0.001 *** < 0.001 ***
Treatment (S)
CTRL 0.11+0.10a 5.27+1.68b 68.85+ 38.71 b 0.76 + 0.02 0.04 + 0.01 a 30.78 £9.58 a
PRE DS 0.10 £ 0.05 ab 6.79+1.32a 81.65+ 37.84b 0.76 = 0.02 0.04+0.01a 31.97+9.10a
DS_1 0.09+ 0.05b 6.96 £ 3.32a 88.07 £ 36.12b 0.76 £ 0.01 0.04£0.01a 30.84+9.63a
DS_4 0.04£0.02¢ 543+ 3.46 b 148.56 £ 101.14 a 0.76 £ 0.02 0.03£0.01a 28.68+9.54a
DS 6 0.03 £ 0.03 cd 223+ 1.64c 98.32+ 60.01 b 0.75 £ 0.02 0.02+0.01 b 19.83+7.71 b
DS_8 0.01+0.01d —0.15+0.38d —54.67 £ 122.55 ¢ 0.75 £ 0.02 0.01 +0.00 ¢ 6.43+4.20c¢
p-value < 0.001 *** < 0.001 *** < 0.001 *** 0.1149 < 0.001 *** < 0.001 ***
GxS
p-value < 0.001 *** < 0.001 *** < 0.001 *** 0.0132 * < 0.001 *** < 0.001 ***

No substantial differences in maximum PSII efficiency values
(Fig. 1D) were observed between the different genotypes under the
various sampling conditions. As shown in Fig. le, there were no
statistically significant differences, with values remaining consistently
at around 0.75, which suggests that PSII efficiency was adequately
maintained.

With regard to the values of PSII efficiency (Fig. 1E) and the elec-
tronic transport rate (Fig. 1F), 161.49-C exhibited an increase in these
parameters up to DS_1, after which they decreased rapidly. The cc125
and cc136 genotypes exhibited stable values up to DS_4, after which they
decreased in subsequent stages. The cc114 genotype only decreased ETR
and ®PSII at the PRE_DS stage, followed by a plateau until DS_8; there-
after, it decreased. The Dog Ridge and cc177 genotypes showed a slow
and steady decrease in ETR and ®PSII.

Fig. 2A shows blots relative to superoxide dismutase (SOD), sucrose
synthase (SuSy), the plasma membrane intrinsic protein (PIP1) subfam-
ily of aquaporins, and the heat shock protein (HSP70). Analysis of super-
oxide dismutase levels (Fig. 2B) revealed significant heterogeneity in the
oxidative stress response among the examined rootstock genotypes un-
der water deficit conditions. While most genotypes showed an increase
in SOD protein content, indicating an enhanced antioxidant defence,
the extent of this response varied considerably. The most pronounced
increase was observed in cc125, with a striking +272.1% increase rel-
ative to the control. Significant increases were also observed in Dog
Ridge (+146.9%), cc177 (+120.4%), cc114 (+83.4%) and 161.49-C
(+47.2%), indicating that these genotypes had activated different but
notable antioxidant pathways. In contrast, cc136 was the only genotype
to undergo a significant reduction in SOD content (—68.6%), suggesting
a weaker or differently regulated oxidative stress response mechanism.
Overall, these findings emphasise the substantial variation in antioxidant
capacity among different genotypes.

Analysis of sucrose synthase levels (Fig. 2C) revealed an upward
trend in all tested grapevine rootstock genotypes when exposed to
drought stress. This uniform increase suggests that SuSy-mediated car-
bohydrate metabolism is a broadly conserved response to water deficit.
Genotype cc125 displayed the strongest reaction again, with SuSy ac-
cumulation rising by 175% compared to the control. This indicates a
particularly robust adjustment of sucrose metabolism, while cc136 fol-
lowed with an increase of 126.6%. Significant, albeit more moderate,
increases were also observed in 161.49-C (63.6%), Dog Ridge (43.7%)
and cc114 (32.1%). In contrast, cc177 exhibited a modest increase of
only 12%.

Quantification of aquaporin proteins in leaf tissues (Fig. 2D) revealed
notable genotype-specific responses to drought stress. The highest lev-
els of PIP1 upregulation were measured in cc136 and cc114 (+72.8%
and +71%, respectively). Significant, albeit lower, increases were also
observed in 161.49-C (+ 38.7%) and cc125 (+ 24.2%). By contrast, Dog
Ridge exhibited only a slight increase of +8.1%. Interestingly, cc177
was the only genotype to experience a significant decrease in PIP1
content (—26.2%).

As shown in Fig. 2E, drought stress caused significant genotype-
dependent changes in HSP70 protein accumulation in leaf tissues. Geno-
type cc125 displayed the most substantial increase, with HSP70 levels
rising to 116.5% relative to the well-watered control. Cc114 also ex-
hibited a significant increase of 93.8%. By contrast, 161.49-C and Dog
Ridge showed modest increases of 13.6% and 6.7% respectively. Mean-
while, cc136 and cc177 experienced significant decreases of —30.6% and
—26.9% respectively.

Two-way ANOVA revealed that genotype, treatment and their in-
teraction significantly influenced both glucose and fructose content (p
value < 0.001). The analysis of leaf glucose levels (Fig. 3A) revealed
a genotype-dependent response to drought stress, largely mirroring the
trends observed for fructose (Fig. 3B). In most genotypes, water deficit
induced a significant accumulation of these sugars, consistent with the
role of hexoses in osmotic adjustment. The genotypes cc114 exhibited
the most robust response, achieving the highest variation in glucose and
fructose concentrations under drought stress (both + 64.3%), reaching
47 mg/g DW (Table 4). Significant sugars accumulation was also ob-
served in cc177, 161.49-C, and cc125, which showed the highest glucose
and fructose content under drought stress. Conversely, the cc136 geno-
type showed no significant difference between the control and stressed
samples, maintaining steady glucose and fructose levels in both condi-
tions. Contrary to the other genotypes, Dog Ridge exhibited a substantial
and significant decrease in glucose and fructose content, dropping from
approximately 48 mg/g DW of glucose in control to 32 mg/g DW under
stress and from 46 mg/g DW of fructose to 21 mg/g DW.

The total antioxidant content of grapevine genotypes (Fig. 4A) varied
significantly and showed a genotype-specific response to water deficit.
Among well-watered plants, cc136 had the highest antioxidant content,
followed by cc114; cc125 had the lowest level. Water deficit increased
antioxidant accumulation in several genotypes, although the magnitude
of the response differed substantially. The greatest relative increase was
observed in cc125 (+121.7%), followed by Dog Ridge (+40.9%) and
ccl114 (+14%). A slight increase was detected in cc177 (+ 3.4%), while
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antioxidant content decreased in 161-49.C (—8%) and cc136 (—17.3%)
under stressful conditions. Despite the significant relative increase ob-
served in cc125, its absolute antioxidant content under stress conditions
was lower than that measured in cc114 and cc136. Conversely, cc114
exhibited a high basal antioxidant content which increased further under
water deficit, resulting in the highest values under stress.

Total phenolic content (Fig. 4B) varied significantly between
grapevine genotypes and demonstrated a distinct genotype-dependent

response to water deficit. Under well-watered conditions, ccl14
exhibited the highest phenolic levels, while cc125 displayed the lowest
content. Water deficiency significantly increased phenolic accumulation
in some genotypes, notably cc125 (+152.6%) and cc136 (+110%).
However, despite the significant relative increase in cc125, its absolute
phenolic content remained lower than that of cc114 and cc136, the two
lines that maintained the highest levels overall. Cc136 exhibited high
basal levels and strong inducibility, while cc114 demonstrated stable
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Fig. 2. Relative changes in protein content in the leaves of six grapevine rootstock genotypes (161.49-C, Dog Ridge, cc114, cc125, cc136, and cc177) under drought
stress (DS). Values are expressed as a percentage of the water-stressed sample relative to the well-watered control (CTRL). The original blots are at the top (A),
and the graph below shows the relative protein changes after normalisation to the protein content in each lane. (B) Changes in superoxide dismutase (SOD) protein
content. (C) Relative variation of sucrose synthase (SuSy) protein content. (D) Relative variation of aquaporin (PIP1) protein content. (E) Changes in Heat Shock

Proteins (HSP70) content.

and consistently high phenolic content.

The total flavonoid content (Fig. 4C) varied among the grapevine
genotypes, showing a clear genotype-specific response to water deficit.
Under well-watered conditions, cc114 and cc136 exhibited the highest
flavonoid levels, whereas cc125 and Dog Ridge exhibited lower lev-
els. Under stress conditions, cc114 showed a substantial increase of
52%, reaching the highest overall values. By contrast, the flavonoid
content decreased markedly in 161-49.C and Dog Ridge, and remained
essentially unchanged in cc125, cc136 and cc177.

The MDA content (Fig. 5) increased consistently in response to wa-
ter deficit in all genotypes, indicating enhanced lipid peroxidation un-
der stress conditions, except for 161.49-C. Among well-watered plants,
ccl77 and cc114 exhibited the lowest MDA levels, while higher base-
line values were observed in all other genotypes. Under water deficit
Dog Ridge and cc136 showed a particularly strong responses. Although
ccl14 and ccl177 also showed increases, their absolute values remained
lower than those of the genotypes that were more severely affected.
The Cc125 value increased by 48%, reaching the highest recorded level
under drought stress.

4. Discussion

Water deficit triggers a highly coordinated cascade of physiologi-
cal, biochemical, and molecular responses in grapevines. Stomatal clo-
sure represents the first line of defence, limiting water loss while re-
stricting CO, assimilation and driving downstream metabolic rebalanc-
ing (Bianchi et al., 2023). This hydraulic adjustment promotes ROS
accumulation directly linking oxidative stress responses (Ismail et al.,
2025; Nazir et al., 2022). Concurrently, molecular chaperones including
HSP70 preserve protein and membrane integrity (Corso et al., 2015; Liu
et al., 2022). Osmotic adjustment through compatible solute accumula-
tion further stabilises cellular function, with SUSY activity connecting
carbon partitioning to root hydraulic maintenance via aquaporins (Kr-
ishankumar et al., 2025; Prinsi et al., 2018). These mechanisms form
an integrated network in which physiological plasticity is sustained
by coordinated biochemical and molecular reprogramming. Identify-
ing genotype-specific regulatory strategies represents a critical step to-
wards the selection of more resilient rootstocks suited to future climatic
conditions.
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Fig. 3. Glucose (A) and fructose (B) content in the leaves of six grapevine rootstock genotypes (161.49-C, Dog Ridge, cc114, cc125, cc136, and cc177) under control
(ctr]) and drought stress (ds) conditions. Each value represents the mean of three technical replicates from a biological pool + standard deviation. Percentages above
“ds” bars indicate the relative change compared to the respective control. Different letters denote significant differences according to Tukey post-hoc test (p < 0.05).

Water transport and carbon assimilation under drought stress

The findings concerning the physiological responses of six grapevine
rootstocks confirm that the genotype of the rootstock significantly in-
fluences the plant's strategy for coping with a progressive water deficit
(Bianchi et al., 2020), as can be seen in Table 3. From a physiological
perspective, three different macro-patterns can be observed: i) 161.49-
C, cc125 and cc136 showed an increase in gas exchange parameters and
photosynthetic performance during the initial stage of drought stress.
These genotypes had an anisohydric behaviour that suggests a capacity
for drought acclimation comparable to that observed in the M4 root-
stock, which is considered a drought tolerant-genotype (Merli et al.,
2016; Meggio et al., 2014). An increase in stomatal conductance has
already been observed in grapevines under moderate drought stress
(Gutiérrez-Gamboa et al., 2019) these genotypes are probably able to
maintain photosynthetic activity by preserving root integrity and func-
tionality more effectively (Prinsi et al., 2021). In addition, the WUEi
for the cc125 up to the DS_6 suggests an effective equilibrium between
the acquisition of carbon and the loss of water, which is a characteris-
tic that is often sought when selecting rootstocks for semi-arid regions
(Bianchi and Brancadoro, 2021); ii) cc114 and cc177 exhibited a slight
and consistent decrease in all parameters throughout the entire stress
period with a distinct recovery pattern at DS_6. Stomatal closure dur-
ing the stress indicates a strategy for avoiding drought (Meggio et al.,

2014). This behaviour is typical of genotypes that prioritise maintain-
ing steady leaf water potential by swiftly closing their stomata, even at
the cost of early reductions in carbon assimilation (Bianchi et al., 2020),
as it was found in susceptible commercial stocks, such as SO4, where
stomatal limitations quickly lead to a decrease in photosynthesis (Gal-
bignani et al., 2016; Koundouras et al., 2008); iii) Dog Ridge exhibits
an intermediate pattern: although the total conductance decreased ini-
tially, the steady photosynthetic efficiency resulted in the subsequent
maintenance of net carbon assimilation at DS_1. These photosynthetic
oscillations among the genotypes could not be explained by PSII impair-
ment, since maximum PSII efficiency remained stable at around 0.75.
This suggests that the structural integrity of the photosystem II reaction
centres has largely been maintained (Jiao et al., 2023) and that, while its
operating capacity can be impaired by non-stomatal factors or photoin-
hibition, the machinery remains intact (Galbignani et al., 2016; Meggio
et al., 2014).

Gas exchange in grapevines was demonstrated to be regulated not
only by ABA, but also by hydraulic conductivity from root to leaf, which
is widely allowed by PIP1 (Khadka et al., 2019; Marusig and Tombesi,
2020). Aquaporins PIP1 are essential membrane proteins that regulate
the hydraulic conductivity of cells by facilitating the movement of wa-
ter and small solutes across plasma and vacuolar membranes (Koc et al.,
2023; Maurel et al., 2015). Under drought conditions, modulating aqua-
porin expression is crucial for maintaining cellular turgor and managing
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Fig. 4. Total antioxidant power (A), total phenols (B) and flavonoids (C) content in the leaves of six grapevine rootstock genotypes (161.49-C, Dog Ridge, cc114,
cc125, cc136, and cc177) under control (ctrl) and drought stress (ds) conditions. Each value represents the mean of three technical replicates from a biological pool
+ standard deviation. Percentages above “ds” bars indicate the relative change compared to the respective control. Different letters denote significant differences

according to Tukey post-hoc test (p < 0.05).
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Fig. 5. MDA content in the leaves of six grapevine rootstock genotypes (161.49-C, Dog Ridge, cc114, cc125, cc136, and cc177) under control (ctrl) and drought
stress (ds) conditions. Each value represents the mean of three technical replicates from a biological pool + standard deviation. Percentages above “ds” bars indicate
the relative change compared to the respective control. Different letters denote significant differences according to Tukey post-hoc test (p < 0.05).

internal water distribution in grapevines (Pou et al., 2013; Sabir et al.,
2021). The significant upregulation observed in genotype cc136, cou-
pled with the maintenance of the basal gas exchange rate, suggests
anisohydric behaviour. This means that the plant maintains high water
channel activity, enabling water to flow into its tissues despite decreas-
ing soil water potential (Galaz et al., 2024; Labarga et al., 2023). Con-
versely, the downregulation of aquaporins in cc177 (-26.2%), confirms
the water conservation strategy suggested by its low stomatal conduc-
tance (Bianchi et al., 2023; Vandeleur et al., 2009). Ultimately, the in-
duction of PIP1 in genotypes such as 161.49-C, cc114, cc125 and cc136
demonstrates a high degree of biochemical plasticity. This enables these
rootstocks to thrive in arid environments by maintaining efficient wa-
ter transport systems (Savic et al., 2004; Yildirim et al., 2018). Another
important mechanism for managing water in grapevines is regulating
soluble sugars. These act as an osmotic driving force, keeping water in
leaf cells by reducing their inner water potential (Singh et al., 2015). Su-
crose synthase is a key enzyme in grapevine sugar metabolism, enabling
the reversible conversion of sucrose into fructose and UDP-glucose (Li
et al., 2024). Consistent upregulation of SuSy across all rootstock geno-
types under drought stress indicates a vital physiological adaptation
for managing carbon resource allocation and sugar signalling (Ye et al.,
2023; Li et al., 2024). The substantial increases in glucose and fructose
observed in all genotypes confirmed the accumulation of the necessary
hexoses for osmoprotection. However, in Dog Ridge and cc136, glucose
and fructose could be allocated to other structural functions (Amor et al.,
1995).

Finally, an imbalance in water management led to a deficiency of
water in the leaves, which caused protein denaturation and aggrega-
tion (Waters et al., 1996). The HSPs protein family consists of molecular
chaperones that stabilize proteins and membranes and refold proteins
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during environmental challenges such as drought, heat, and cold (Liu
et al., 2022; Venios et al., 2020). In this study, HSP70 content varied sig-
nificantly among grapevine rootstocks, highlighting distinct genotypic
defense strategies. Cc125 and cc114 exhibited substantial induction of
this protein (+116.5% and + 93.8%, respectively), indicating the active
protection of cellular structures typically associated with enhanced ca-
pacity to withstand stressful conditions tolerance (Ju et al., 2021; Savic
et al.,, 2004). In contrast, genotypes cc136 and cc177 showed signifi-
cant reductions in HSP70 content (—30.6% and —26.9%, respectively),
suggesting impaired or overloaded protein synthesis systems. This is a
common feature of sensitive varieties, where stress results in metabolic
inhibition (Azri et al., 2020; Guo et al., 2025). These findings demon-
strate that different grapevine rootstocks employ distinct biochemical
mechanisms to cope with water scarcity: some successfully upregulate
protective chaperones, while others experience a collapse in their stress
response machinery (Azri et al., 2020; Liu et al., 2022).

Oxidative stress responses and cellular protection mechanisms

Restricted gas exchange typically results in an imbalance between
light absorption and CO, fixation, which drives the accumulation of
reactive oxygen species. The accumulation of ROS leads to oxidative
stress, causing damage to vital cellular components, including lipid
membranes, via lipid peroxidation (Haider et al., 2017; Lin et al., 2023).
This can be measured by the content of malondialdehyde. Although MDA
is a standard indicator of lipid peroxidation and oxidative damage, it is
important to note that lipid peroxidation functions as both a damage
process and a component of stress signaling (Morales and Munné-Bosch,
2019). The only genotype that did not exhibit a significant difference
was 161.49-C. Its low level of membrane damage, as indicated by MDA
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content closely resembling that of the control, appears to result from the
strict regulation of ROS synthesis rather than from scavenging mecha-
nisms, given the absence of substantial increases in antioxidant defenses.
This aligns with physiological observations: maintaining basal gas ex-
change rates prevents ROS formation within thylakoid membranes, a
process typical of light stress. Increased MDA levels were observed in all
genotypes under drought stress, confirming that a water deficit induces
oxidative stress at the membrane level. However, specific antioxidant
and defensive response patterns could be identified. Nevertheless, these
failed to significantly reduce lipid peroxidation in leaf membranes. The
highest accumulation of MDA compared to the control group occurred
in Dog Ridge and cc136, suggesting that these genotypes experienced
significant lipid peroxidation despite showing two different biochemical
response strategies. While cc136 did not demonstrate increased antiox-
idant capacity or enzymatic antioxidant defences, Dog Ridge exhibited
significant SOD upregulation, which was probably insufficient to coun-
teract ROS production alone. SOD is considered the first line of defence
in the plant's antioxidant system, as it converts superoxide radicals into
hydrogen peroxide and oxygen (Carvalho et al., 2015; Ye et al., 2023).
For example, in cc177, the upregulation of this enzyme could be linked to
its relatively low MDA content, particularly given the absence of a non-
enzymatic antioxidant response. In addition, the highest increase in SOD
was recorded in cc125, which exhibited strong induction of total antioxi-
dant power and total phenolic compounds. This shows a high antioxidant
defence, resulting in an intermediate increase in MDA content compared
to the control. Cc114 also showed a similar variation in MDA, exhibiting
strong flavonoid accumulation and high basal antioxidant capacity.

5. Conclusion

Taking into account physiological parameters, the quantification of
stress-related proteins, soluble sugars, antioxidant metabolites, and MDA
content illustrates the drought adaptation mechanisms of the evalu-
ated grapevine rootstocks. The cc125 and cc114 genotypes exhibited a
favourable biochemical response, strongly inducing SOD, HSP70, SuSy,
soluble sugars, total antioxidant capacity, and phenolic compounds in or-
der to cope with oxidative stress. However, they exhibited different phys-
iological strategies, giving the former a better WUE;. On the other hand,
despite its conservative metabolism, 161.49-C is able to maintain low
lipid peroxidation and basal gas exchange, resulting in a good responsive
performance under drought stress. Although cc177 also maintained low
MDA levels and limited metabolic adjustment, this was associated with
reduced gas exchange. These findings suggest a conservative drought-
avoidance strategy rather than high functional tolerance. Finally, Dog
Ridge and cc136 exhibited relatively high photosynthetic activity. How-
ever, sugar depletion in the former and a reduction in SOD and HSP70
in the latter, coupled with elevated MDA levels in both, suggest an inef-
ficient integration of osmotic and antioxidant responses, rendering them
vulnerable to oxidative damage during prolonged drought.

Finally the observed physiological responses reflect short-term sur-
vival mechanisms that may not correlate with long-term biomass accu-
mulation. Consequently, classifying genotype plasticity requires caution
until supported by growth data and molecular profiling. While this study
provides a robust physiological framework, a key limitation is the lack
of agronomic validation. The next phase of this research program will
involve grafting trials to assess scion-rootstock compatibility and verify
whether the identified resilience traits persist in grafted combinations,
thereby determining their actual suitability for agricultural application.
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