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Abstract

Among the numerous changes produced by global climate change, the increased frequency of heat waves
and droughts is of great concern to viticulture. These changes are threatening the continuity of vineyards in
certain regions and under the same crop management. This review has synthesised current knowledge on
the physiological, molecular, and hydraulic mechanisms that confer varying levels of drought and heat
tolerance in grapevine rootstocks. The widely known rootstocks 110R, 1103P, and 140Ru exhibit
contrasting isohydric or anisohydric behaviours, which affect stomatal regulation, water-use efficiency, and
hydraulic conductance. In recent decades, new rootstocks (M and RG) have been developed with the aim of
combining drought and heat tolerance with agronomic advantages. Plants with greater tolerance to water
stress have specific xylem anatomy and root morphology that permit them to maintain water uptake and
status. Regarding xylem vessels, vessel diameter and density influence water uptake and cavitation
vulnerability. These characteristics, as well as aquaporin activity and hormone levels (abscisic acid and
1-aminocyclopropane-1-carboxylic acid), are responsible for signalling stress responses and intermediating
recovery. Heat stress also affects photosynthesis, phenology, and berry composition, also making oxidative
damage. Plant active mechanisms such as the production of heat shock proteins and antioxidant systems
for decreasing these effects. Actually, a problem when choosing the best rootstock-scion is that many
studies describe individual processes, but few compare multiple rootstocks-scion under identical field
conditions or evaluate combined drought and heat scenarios. Future research should shed light on in-
depth questions regarding physiological, anatomical, and molecular mechanisms to identify genotypes
with greater stress tolerance and inform breeding programmes. Selecting the appropriate rootstock and
scion combination, along with vineyard management strategies, is key to maintaining grape production
and wine quality in a warmer climate.
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Introduction

Global climate change continues to increase temperatures and the frequency of extreme events
such as droughts, floods, and heat waves (IPCC, 2023). Climate analyses and forecasts indicate
that mid- and low-latitude areas will be affected by more severe droughts and more intense
temperature fluctuations, generating conditions that negatively impact crops, including
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grapevines. The changes that have occurred up to the present have affected the phenology,
physiology, yields, and fruit quality (Dominguez et al., 2024; Fraga et al., 2013; Gambetta et al., 2020).
Several crop management approaches mitigate these effects; however, the rapid pace of climate
change exceeds the capacity of current grapevine management practices (IPCC, 2023).
Moreover, these different crop management approaches have been shown to have limitations
primarily due to biological constraints. Among the longer-term options, genotype modification
(more tolerant cultivars and rootstocks), selection of new cultivars, and genetic improvement are
among the most efficient options (Chen et al., 2024; Serrano-Parra et al., 2024). The use of
rootstocks is a useful strategy to enhance tolerance to pests, salinity, soil types, and drought
(Serrano-Parra et al., 2024). However, various rootstocks have shown variable responses
depending on the grafted scion. Studies conducted with rootstocks 1103P and 101-14MGt
demonstrated that, under severe stress (20% of soil water capacity), 1103P activated a drought
evasion strategy by stomatal conductance reduction through increased abscisic acid (ABA) in the
roots. Meanwhile, 101-14MGt maintained greater photosynthesis, adopting a tolerance strategy
(Bianchi et al., 2023). Knowing the different mechanisms by which different rootstocks respond to
drought is essential for improved selection. However, no comprehensive synthesis currently
integrates xylem anatomy, aquaporin regulation, and rootstock genetics to explain drought
adaptation in Vitis. This review aims to synthesise current knowledge on grapevine rootstock
responses to drought and heat stress by integrating physiological, hydraulic, molecular, and
breeding knowledge with a focus on the mechanisms underlying drought and heat tolerance.

Advances in rootstock breeding

In recent decades, the breeding of grapevine rootstocks has intensified to address the effects of
climate change and soil pests. Three initiatives stand out for their international relevance: the M
series in Italy, the RG series in Spain, and the C series in Australia. The M series, developed by the
University of Milan in collaboration with local nursery growers, is the result of more than twenty
years of selection and has been evaluated at multiple sites across the Italian peninsula. Its objective
is to combine tolerance to water and heat stress with improvements in vigour and oenological
quality. Rootstocks 161-49C, 41-BMgt, and 420A Mgt modulate sugar accumulation and pH
during ripening, providing advantages under high-temperature conditions. In contrast, 140Ru
and 5-BB give rise to musts with higher pH and sugar content, which is a disadvantage for quality
wine production (Santesteban et al., 2023). Among the M series, M4 shows moderate vigour and
greater water-use efficiency, accelerating Cabernet Sauvignon ripening compared to 1103P (Corso
et al., 2016). The RG series, developed by the Vitis Navarra Nursery, has evaluated different
genotypes (RG2-RG9) in Syrah and Tempranillo for four years. Some rootstocks demonstrated a
good balance between yield and phenolic quality, while in water deficit conditions they did not
outperform commercial reference rootstocks (Marin et al., 2023). The C series, developed by
CSIRO (Australia), was designed to resist phylloxera and nematodes, as well as extreme heat and
drought conditions (Chen et al., 2024). C20 and C114 showed good performance under heat and
drought conditions (Clingeleffer et al., 2019).

Over the past few decades, advances in genomics and transcriptomics have transformed
rootstock selection and breeding strategies. Multiple crosses have enabled genome assemblies
from different Vitis species and cultivars targeting water and heat tolerance (Cantu et al., 2024). At
the population level, association studies and QTL analyses (GWAS/QTL mapping) have identified
genomic regions associated with root morphology, yield, and water stress tolerance-related traits,
facilitating the incorporation of markers into marker-assisted selection (MAS) programmes and
genomic prediction. Transcriptomics analyses (RNA-seq) have been used for its contributions to
the temporal and tissue-specific resolution required to elucidate molecular mechanisms (e.g.,
regulation of aquaporins, antioxidant pathways, and hormonal signalling networks (ABA/ET/JA))
in response to drought and high temperatures (Labarga et al., 2023). A comparative study of
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rootstocks and scions has shown that the rootstock genotype and phenotype can drive changes in
the roots and vascular tissue of the scion, such as the regulation of aquaporins and transcription
factors (Harris et al., 2023). In grapevine, editing protocols have been successfully implemented
(including DNA-free methods using ribonucleoprotein delivery) and have reported successful
edits that confer resistance to pathogens and allow for the modification of metabolic pathways and
stress responses. However, direct application to grapevine rootstocks remains limited (Cantu et al.,
2024; Najafi et al., 2022). Future research priorities include (1) characterising the performance of
diverse rootstocks under heat and drought conditions and expanding integrated databases and
(2) exploiting the genetic diversity of Vitis species by identifying favourable alleles for
incorporation into conventional marker-assisted breeding programmes.

Physiological mechanisms underlying tolerance

Plants have tolerance mechanisms that allow them to mitigate the effects of drought and heat. One
key strategy is the regulation of stomatal opening. In hot and dry climates, stomatal closure is vital
for preserving water in plant tissues and also prevents the formation of air bubbles (embolisms) in
the xylem that could block water transport from the soil throughout the plant (Alsina et al., 2011).
To date, the strategies used by rootstocks to tolerate thermal and water stress are not yet fully
known (de Souza et al., 2022).

Studies on the rootstocks 1103P and 101-14 Mgt, grafted with Cabernet Sauvignon, under
different levels of water deficit (80%, 50%, and 20% soil water content, SWC), demonstrated that
under severe water deficit, the rootstock genotype significantly influenced scion gas exchange. The
1103P rootstock displayed a drought-avoidance strategy, characterised by reduced stomatal
conductance and photosynthetic inhibition, associated with an increase in root ABA content,
which promoted stomatal closure in leaves. By contrast, 101-14 Mgt maintained relatively high
photosynthetic rates under the same conditions (Martin-StPaul et al, 2017; Padgett-Johnson
et al., 2000).

Other genotypes, however, show slight or no stomatal regulation, which can result in an
increased risk of dehydration or a marked reduction in plant growth (Zang et al., 2016). Based on
this behaviour, plants, and consequently rootstocks, can be classified as isohydric or anisohydric.
Rootstocks such as 110R exhibited isohydric behaviour, whereas 1103P and SO4 were typically
anisohydric. The latter allow greater variation in plant water status while keeping their stomata
open for longer periods under drought conditions, thereby showing a tolerance-type response to
water stress. Each strategy has advantages and disadvantages depending on the environment and
growing conditions.

Rootstocks influence not only vine water status but also yield, grape quality, and the vine’s
resilience under increasingly challenging climatic scenarios (Ollat et al., 2016). Comparing 140Ru,
RGS8, 110R, and SO4 grafted with Tempranillo, the highest values of net assimilation and gas
exchange were found in 140Ru. Under these conditions, it presented a lower negative water
potential.

The RG8 rootstock is classified as vigorous and exhibits high hydraulic conductivity, with Kjjan
values of 75 mmol H,O plant™! s™' MPa~! at a predawn water potential of —0.19 MPa and 21
mmol H,O plant™ s7! MPa~! at —0.33 MPa, together with high gas-exchange rates. In contrast,
the 110R rootstock showed lower net assimilation and stomatal conductance than the other
rootstocks, with Kpjan¢ values of 56 mmol H,O plant™ s7! MPa™! at a predawn water potential of
—0.20 MPa and 11 mmol H,O plant™ s7! MPa™! at —0.30 MPa. Nevertheless, net assimilation
rates remained relatively high, averaging 10.1 pmol CO, m™2 s~!. Finally, water-use efficiency is
used to classify rootstock drought tolerance and is related to stomatal behaviour, root
morphology, and hydraulic conductance (Buesa et al., 2023; Villalobos-Gonzalez et al., 2019;
Zuiiiga et al., 2018). With this information, it is possible to choose rootstocks according to water
availability.
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Root system morphology and hydraulics

Root system morphology regulates plant water status (Alonso-Forn et al., 2025; Hochberg et al.,
2016; Martin-StPaul ef al., 2017). The diameter and density of xylem vessels have been studied in 5
rootstocks: Fercal, RG4, 110R, 140Ru, and SO4. This study found important differences between
these rootstocks that could double the diameter and densities of vessels between different
rootstocks. Fercal presented diameters of 48 pm with densities of 55 vessels.mm™2, while RG4 with
79 pm and 40 vessels.mm™2, 110R 90 pm and 25 vessels.mm ™2, 140Ru 50 pm and 65 vessels.mm 2,
and SO4 58 um 75 vessels.mm ™2 (Ramsing et al., 2021). Based on these data, Fercal had 11.4% of
the total cross-sectional area occupied by vessels: RG4 9.94%, 110R 4.42%, 140Ru 16.59%, and
SO4 26.07%. There does not appear to be any relationship between this area and its drought
tolerance, as 140Ru and 110R are reported to have the highest tolerance. Rootstocks obtained from
crosses between Vitis berlandieri x NovoMexicana, V. riparia, V. riparia x V. berlandieri and
V. rupestris also showed statistically different xylem vessel diameters (40-64 pm), with densities
ranging from 45 to 80 vessels.mm™2 (Bauerle et al., 2011; Ramsing ef al., 2021). The characteristics
of xylem vessels determine hydraulic efficiency and resistance to embolism (De Herralde et al.,
2006; Pouzoulet et al., 2014; Sorek et al., 2021; Zambonini et al., 2024). Under drought conditions
or high-water demand, embolism can occur in xylem vessels, interrupting water flow to the rest of
the plant. While hydraulic efficiency is the capacity of xylem vessels to transport water from the
root to aerial organs in the soil-plant-atmosphere continuum along a water potential gradient
(Quintana-Pulido et al., 2018). This hydraulic efficiency depends on hydraulic conductance (Kh),
modulated by genotype and water regime, as well as by root morphology. Fine and dense roots
have been shown to promote better absorption under drought conditions by exploring larger soil
volumes. In addition, deep root systems increase access to water reserves. However, suberisation of
the endodermis and exodermis can limit hydraulic conductance under conditions of water deficit
(Alsina et al., 2011; Birouste et al., 2014). Water uptake at the cellular level is mediated by
aquaporins, thereby regulating this flow (Barrowclough et al., 2000).

Rootstock-scion interactions alter the scion’s hydraulic characteristics, such as the anatomy of
the xylem vessels (diameter, number, and density), which subsequently affects the scion’s
hydraulic conductivity and gas exchange. While these anatomical characteristics are expressed in
the scion’s xylem, they reflect the influence of the rootstock genotype through physiological and
anatomical modulation. For example, Santarosa et al. (2016) and Loupit and Cookson (2020)
demonstrated that rootstock-scion interactions modify the characteristics of the scion’s xylem
vessels (diameter, density, and total xylem area) in grafted grapevines, indicating that these
characteristics are observable in the scion but are conditioned by the rootstock genotype (Pérez-
Alvares et al., 2023; Zufferey et al., 2017). Additionally, comparative studies under water deficit
have shown rootstock-dependent differences in scion hydraulic conductivity correlated with
xylem anatomy and vessel frequency, implying that anatomical and functional hydraulic
differences measured in the scion originate from rootstock effects (de Souza et al., 2022).

Furthermore, comparative studies under water deficit conditions have shown that differences
in scion hydraulic conductivity (Kpetiole and whole-plant Kh) dependent on the rootstock correlate
with xylem anatomy and vascular frequency, implying that the anatomical and functional
hydraulic differences measured in the scion originate from rootstock effects. Comparisons of
hydraulic conductivity between rootstocks (1103P, 101-14Mgt, Kober 5BB, 3309C, and 1103P)
found that the 101-14Mgt rootstock had the highest hydraulic conductance. This has been
associated with its greater vigour. Greater water availability leads to greater biomass production if
all other factors are optimal. On the other hand, Kober 5BB or 3309C presented high petiolar Kh
values under mild water stress conditions (de Souza et al., 2022). The relationship between the
biomass produced by photosynthesis and the amount of water consumed is known as water-use
efficiency (WUE) (Bianchi et al., 2018; Bianchi et al., 2021). WUE is an indicator of the degree of
plant adaptation to water deficit. It generally increases under drought conditions (Pou et al., 2008);
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existing variations between rootstocks: 110R, M1, and M4 increase their WUE under limiting
conditions, while SO4 maintains lower values (Frioni et al., 2020; Miras-Avalos et al., 2021).

Under the same study conditions, 1103P showed a stem potential of —0.85 (MPa), net
assimilation 15 pmol CO,.m™2s™!, and WUEi 70 pmol CO,-mol H,O. Similar values were found
for SO4 at —0.84 MPa; 17 pmol CO,.m™2s7! and 69 pmol CO,-mol H,O. The least efficient
rootstocks were 140Ru, 110R, and RGS8, with values of 51.6 pmol CO,-mol H,O, 58.52 pmol
CO,-mol H,O and 50 pmol CO,-mol H,0, corresponding to a WUE and stem potential of —0.85;
—0.69; —0.57 MPa.

Studies conducted in Syrah and Sangiovese showed that low-vigour rootstocks increased water
efficiency (Edwards et al., 2022), while in Sangiovese, M4 improved both water efficiency and
grape quality under drought conditions (Frioni et al., 2020). Overall, these results confirm that
selecting rootstocks that enhance vineyard water-use efficiency represents a highly effective
strategy to mitigate the impacts of drought and heat waves in viticulture. Maintaining root
biomass under low water availability conditions permits plants to increase their water absorption
capacity, as is the case with the M4 rootstock. Contrarily, SO4 reduced root growth (Pérez-Alvarez
et al.,, 2023). The morphological and physiological characteristics of the roots become more
important when the vineyard is irrigated using drip irrigation. In the case of Riparia Gloire, it did
not modify root diameter, showing low root system plasticity (Bonarota et al., 2024).

Molecular mechanism

Aquaporins are transmembrane proteins that facilitate the transport of water and small solutes.
They are classified into several subfamilies, including plasma membrane intrinsic proteins (PIPs),
which can also transport H,O, and boron (Hove and Bhave, 2011; Priya et al., 2019). Another
family comprises tonoplast intrinsic proteins (TIPs). Five types have been identified in grapevines,
where they facilitate water movement between the cytosol and the vacuole and act as cytoplasmic
osmoregulators by facilitating the transport of small ions and solutes (Zwieniecki and Secchi,
2017). A third family present in grapevines is the nodulin 26-like intrinsic proteins (NIPs),
aquaglyceroporins, with seven types found in the plasma membrane.

Aquaporin expression varies depending on both the level of water stress and genotype.
In grapevines grafted onto 1102P, the aquaporins VvPIP and VvTip have been reported to be
upregulated, whereas they are downregulated in plants grafted onto 161-49C (Labarga et al,
2023). Overexpression of aquaporins in 1103P improved drought tolerance by enhancing water
uptake capacity under stress conditions (Galmés et al., 2007; Haider et al., 2017). Aquaporin
expression also plays an important role during post-drought recovery, VvTIP1 and VvTIP2;1
increased after rewatering following a drought stress (Galaz et al., 2024). Under severe and
prolonged water stress, aquaporin activation ensures continued water absorption, making the
rootstock more tolerant to drought, as is the case with 1103P (Galmés et al., 2007; Zarrouk
et al, 2016).

In addition, a positive correlation has been detected between VvTIP2;1 expression and stomatal
conductance under water stress conditions (Galaz et al, 2024), highlighting the role of TIP
aquaporins in regulating cellular osmoregulation. Table 1 shows the various types of aquaporins,
their location, general function, and their participation in regulation under water stress
conditions.

The aquaporins facilitate the movement of water and solutes from the vacuole to the cytoplasm
during periods of high-water demand or recovery from drought (Maurel et al., 2008; Vandeleur
et al., 2009). Besides water, these aquaporins can transport other polyalcohols such as mannitol
and myo-inositol that act as compatible solutes (Aubert et al., 1994). These osmolytes promote the
osmotic adjustment, allowing continued water absorption under drought conditions.
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Table 1. Classification, localisation, and physiological roles of aquaporins involved in water stress regulation

General
Aquaporin type localisation General function Regulation under water stress
PIPs (plasma membrane Plasma Water channels (some transport Variable regulation: expression
intrinsic proteins) membrane CO,, osmolytes, H,0,, boron, can decrease or increase. In
arsenic). They influence roots, expression may
hydraulic conductance and increase under WS, while in
gas exchange. shoots it may decrease. Some,
such as WPIP2;1 and
VWPIP2;2, are upregulated in
drought-tolerant rootstocks,
whereas they are
downregulated in others
(Moshelion et al. 2015;
Perrone et al. 2012; Vandeleur
et al. 2009).
TIPs (tonoplast intrinsic ~ Tonoplast Facilitate the movement of Variable regulation: expression
proteins) (vacuolar water and solutes between can decrease or increase.
membrane) the vacuole and the cytosol Significant downregulation
(compartmentalisation). occurs in non-tolerant plants,
Crucial for stress recovery and compromising recovery. In
maintenance of cell integrity. tolerant rootstocks
(e.g., 1103P), all WTIPs are
upregulated under WS. They
correlate positively with
stomatal conductance
(Gambetta et al., 2020; Guan
et al., 2025).
NIPs (nodulin 26-like Plasma Transport a wide range of small Variable regulation. Some
intrinsic proteins) membrane solutes such as ammonia, members may be water-
boron, silicon, arsenic, permeable, others not.
glycerol, O,, and H,0,. Low or Expression of VWNIP1;1 and
null water permeability in VWNIP1;2 is affected by
some cases. cytosolic acidification
(Tyerman et al., 2020).
SIPs (small Intrinsic Endoplasmic Transport water. VWSIP1 Expression of VvSIP1 showed

proteins) reticulum (ER) transports water at low
magnitudes and shows
impaired water transport

activity.

slight downregulation in ripe
berries under water stress in
one genotype, with an
opposite trend in another
(Guan et al., 2025).

Expression of VXIP2;2 was
significantly downregulated in
Vitis champinii leaves under
water stress (Sabir et al., 2021).

Plasma
membrane and
tonoplast/ER

XIPs (uncharacterised
intrinsic proteins)

Transport glycerol, H,0,,
arsenic, boron, heavy metals
(copper, nickel). Low or null
water permeability.

Rootstocks 1103P and 110R show a greater capacity for osmotic adjustment under drought
conditions, maintaining cellular integrity and the transpiration rate in isohydric cultivars.
Additionally, greater drought resistance leads to greater aquaporin expression in the meristematic
and root elongation zones, allowing for greater water uptake (Siefritz et al., 2002). Accordingly,
Cabernet Sauvignon grafted onto 1103P and 101-14 showed increased expression of aquaporins
VvPIP2;1 and VvPIP2;2, which has been associated with anisohydric behaviour (Galaz et al., 2024;
Sade et al., 2017; Zarrouk et al, 2016), maintaining their water balance compared to 161-49C
(Gambetta et al., 2020).

Aquaporin-mediated hydraulic regulation is closely linked to phytohormonal signalling.
Rootstocks indirectly regulated osmotic adjustment capacity through the coordinated control of
aquaporin expression and ABA balance. The interaction between rootstock-scion and drought
tolerance is further modulated by plant hormones such as ABA and ethylene precursor
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1-aminocyclopropane-1-carboxylic acid (ACC). Under drought conditions, increased ABA
induces stomatal closure and a decrease in hydraulic conductance (Tombesi et al., 2015). Plants
grafted onto 161-49C exhibit higher ABA concentrations in leaves under water stress compared to
those grafted onto 1103P, which presented lower amounts, but was accompanied by high levels of
the ethylene precursor, ACC (Fahad et al., 2015; Labarga et al., 2023; Salvi et al., 2021). In 1103P a
high ACC/ABA ratio has been associated with enhanced drought tolerance (Duan et al., 2021;
Karaca and Sabir, 2018).

Hydraulic properties, regulated by aquaporin activity, are influenced by ABA through both
direct and indirect effects. ABA accumulation in leaves under water stress compared to those
grafted onto 1103P, which exhibited lower ABA levels but higher ACC concentration (Fahad et al.,
2015; Galaz et al., 2024; Shatil et al., 2011). ABA also regulates several metabolic pathways, such as
stimulating the phenylpropanoid pathway in red grape cultivars (Deis et al., 2011; Martinez-
Liischer et al., 2025).

Rootstocks differ in their regulation of stomatal conductance and leaf water potential. For
instance, 110R regulates stomatal conductance to maintain a relatively constant leaf water
potential, prevents dehydration by controlling ABA synthesis, and exhibits isohydric behaviour
(Clingeleffer et al., 2019; Perez-Alvarez et al., 2023; Serra et al., 2013). In contrast, SO4 tends to
exhibit anisohydric behaviour under specific conditions, similar to 1103. The 1103P rootstock
stands out for maintaining its drought tolerance through the overexpression of aquaporins (VvPIP
and VvTIP) and changes in phytohormone concentrations (lower ABA under stress), while the
opposite occurs at 161-49C (Labarga et al., 2023).

Table 2 shows physiological mechanisms and characteristics that confer varying degrees of
drought tolerance. In addition to hydraulic and hormonal regulation, drought responses involve
the activation of transcription factors such as the MYB family, WRKY, NAC, and bHLH, which
are involved in the activation of stress response pathways. For example, VhMYB2 positively
regulates salinity and drought tolerance mechanisms, though VAWRKY44 enhances drought
tolerance. Epigenetic regulation also modulates gene expression under stress, as shown by altered
methylation of the VVNCEDI promoter, which affects its expression and contributes to stress
adaptation. The expression of VVNACI17 is modulated by changes in DNA methylation under
water deficit and is associated with various functions such as osmotic regulation, activation of the
antioxidant system, and increased flavonoid metabolism (Ju et al., 2020).

Heat tolerance

Extreme or prolonged heat affects net assimilation, transpiration, and respiration, impacting plant
growth and yield in ways that may be irreversible (Krishankumar et al, 2025). High temperatures
decrease net assimilation, and depending on the temperature, respiration can increase up to 38-
42°C and then begin to decline (Sharma et al., 2020). At temperatures above 45°C, thylakoid
membrane fluidity increases, and total chlorophyll content decreases, reflecting the damage
caused by high temperatures (Guo et al., 2025). In warm-climate agricultural regions, heat stress is
often associated with water stress. The reverse is also very common in these regions where drought
is a frequent situation (Hirayama et al., 2010). These high temperatures produce cellular damage
through the oxidation of proteins, lipids, and nucleic acids, affecting cellular function. These
oxidations are due to the reactive oxygen species produced as a result of high temperatures.
Naturally, there are defence mechanisms such as the activation of heat shock transcription factors
that produce protective proteins or chaperones (Chen et al., 2024). These proteins prevent protein
denaturation, thus allowing the plant to maintain its essential metabolism (Priya et al., 2019).
However, the molecular capacity to tolerate high temperatures depends on multiple factors, such
as genetics, temperature levels and periods, nutritional and water status, etc. Heat-tolerant Vitis
varieties such as Vitis davidii cv. Tangwei showed higher expression of a transcription factor
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Table 2. Shows the most recently studied rootstocks and their physiological mechanisms and characteristics that confer varying degrees of drought tolerance

Category Rootstocks

Physiological mechanisms and main characteristics

1103 Paulsen (1103P),
Ruggeri 140 (140Ru), 110R, M series (M1,
M3, M4), 44-53M, Ramsey

Highly drought-tolerant

Moderately drought-tolerant  SO4, 420A, 41B, 3309C, Dog Ridge, Fercal,
Kober 5BB, Richter 99, St. George,
Merbein 5489/5512

Drought-susceptible 101-14, Riparia Gloire, Schwarzmann

Serra et al. (2013), Gambetta et al. (2020),
Guan et al. (2025), Meggio et al. (2014)
Vandeleur et al. (2009)

- Deep and vigorous root systems.

- Higher aquaporin expression (e.g., VVPIP, V¥TIP
in 1103P).

- 110R confers isohydric behaviour and high water-
use efficiency (WUE).

- M4 maintains root integrity and shows high WUE.

- 1103P and 140Ru: high hydraulic conductance and
photosynthesis under full irrigation.

- Strict stomatal regulation in 110R.

- Lower stomatal and water potential regulation Hochberg et al. (2018), Lin et al. (2023),

(e.g., SO4).

Zhang et al. (2016
- Strategy: reduce vegetative growth to avoid stress. & ( )

- Significant biomass reduction under water deficit
(SO4).

- Performance varies according to soil-climatic
conditions: some (420A, SO4) perform better under
moderate stress.

Low tolerance to water deficit. Alsina et al. (2011), Zufferey et al. (2011)

- Strong reduction in biomass and photosynthesis.

Lower water-use efficiency.

Yildirimn et al. (2018), Alsina et al. (2011),
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(HSFBI) than Vitis vinifera (Chen et al., 2023). As a result of high temperatures, plants respond on
various physiological levels. One modification detected is the change in phenology. Increased
temperatures have led to earlier budburst, up to 16 days, and ripening, up to 24 days (Dominguez
et al., 2024; Martinez-Liischer et al., 2021; Venios et al., 2020). This situation produced the
ripening now coincides with the hottest period of the season, decoupling the synthesis of sugars
and phenolic compounds and reducing phenolic concentration, which affects wine quality (Deis
et al., 2012; Dominguez et al., 2024; Fraga et al, 2013; Sadras et al., 2012). Photosynthesis is
another physiological process that is very sensitive to high temperatures. Under high-temperature
conditions, net assimilation and efficiency are reduced. This is due to decreased enzymatic activity;
damage to photosystem II, protein denaturation, rubisco inactivation, and chlorophyll
degradation occur (Edwards et al., 2017; Greer, 2017; Greer, 2018). Through transpiration or
evaporative cooling, leaf temperature can be kept below maximum limits, favouring carbon
assimilation. This leads to increased water loss. Consequently, rootstocks with higher hydraulic
conductivity are better able to sustain transpiration, resulting in lower leaf temperatures and
mitigating the adverse effects of heat stress. On the other hand, plants can increase or decrease
stomatal density in response to temperature and CO,, affecting water-use efficiency (Bertolino
et al., 2019). Another cellular strategy is the accumulation of osmocompatible metabolites such as
sucrose, fructose, sorbitol, proline, and organic acids to decrease or maintain cellular osmotic
potential and, consequently, water potential, absorb water, and maintain cellular functions (Gouot
et al., 2019; Raza et al., 2019). Some of these signals are produced by ABA, whose concentrations
increase rapidly in response to heat and water stress, which enhances antioxidant enzymes and
regulates carbohydrate content and energy balance. Ethylene plays a modulatory role in heat stress
tolerance by enhancing the expression of VpERFI and VpERF2. These genes encode transcription
factors belonging to the ethylene response factor (ERF) family, which is involved in plant
responses to biotic and abiotic stresses (Li et al., 2021). VpERFI appears to be more involved in the
response to abiotic stress than other transcription factors, and it binds to DRE (Dehydration-
Responsive Element) in genes involved in dehydration tolerance (Sun et al, 2016). The
jasmonates, induced by high solar radiation and high temperatures and changes in the lipid
composition of the plasma membrane, initiate signalling by inducing the expression of heat
tolerance genes. Meanwhile, melatonin acts as a broad-spectrum antioxidant (Li et al., 2023),
improving thermotolerance by increasing the expression of HSPs (heat shock proteins) and the
accumulation of phenolic compounds. These proteins act as molecular chaperones, collaborating
in the correct folding of proteins, preventing the aggregation of denatured proteins under heat or
drought conditions, maintaining protein and membrane stability, and hormonal signalling (ABA
and ethylene oxide), thus generating tolerance to heat stress (Berka et al., 2022; Corso and Bonghi,
2014). Salicylic acid provides thermotolerance by reducing electrolyte escape, stabilising Ca**,
maintaining H-ATPase activity, Rubisco activity, and PSII functionality (Chai et al, 2019;
Gutierrez-Gamboa et al., 2019; Noronha et al., 2022; Raza et al., 2019). Rootstocks permit vines to
coordinate their response and recovery, maintaining shoot growth by modulating water uptake
and signalling various responses to the leaves. The M series rootstocks (M1, M3, and M4) exhibit
high tolerance to drought and heat. In particular, M3 is described as heat- and drought-tolerant,
and M4 is drought-tolerant.

The M4 rootstock, by improving drought tolerance, confers a greater capacity to maintain
water balance and stomatal conductance, allowing for improved photosynthetic performance even
at high temperatures (Meggio et al., 2014; Prinsi et al, 2018). The RG series rootstocks were
developed with the aim of creating rootstocks adapted to Mediterranean conditions characterised
by warm temperatures and prolonged drought events (Marin et al., 2022). RG8 maintained acidity
during ripening in warm areas, while RG10 delayed phenolic ripening, making it an excellent
choice under extremely hot conditions (Marin et al., 2023). The C series was developed to improve
tolerance to heat and water stress. The C20 and C114 rootstocks performed well in hot and dry
climates (Chen et al., 2024).
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Conclusion

The use of rootstocks represents a fundamental strategy for addressing the challenges posed by
climate change in viticulture. This review highlights that rootstocks differ markedly in their
capacity to tolerate drought and heat through distinct morphological, physiological, and
molecular mechanisms (Dal Santo et al., 2018). 1103 P rootstock exhibits enhanced drought
tolerance linked to high hydraulic conductivity, anisohydric behaviour under stress, and the
overexpression of aquaporins, whereas 110R shows a more isohydric strategy associated with
tighter stomatal regulation and ABA-mediated control for water status.

Future research should therefore prioritise an integrative approach that simultaneously assesses
root system traits, hydraulic conductivity, vessel anatomy, aquaporin expression, hormonal
signalling, and gas exchange responses in defined scion rootstock combinations. Studies
conducted under both well-watered conditions and controlled drought and high-temperature
scenarios (27-30°C) will be critical for clarifying the mechanism that confers resilience. Based on
this knowledge, genotypes can be selected for new crosses and the development of rootstocks with
greater tolerance to drought and extreme heat (Jiao et al., 2023), while maintaining yield and grape
quality. Different rootstocks can improve one or more responses to these stresses, marking
important differences between rootstocks. In this context, the diversity of available options - from
widely used rootstocks such as 110R, 1103P, and 140Ru to the newer M and RG series - offers a
valuable opportunity to enhance vineyard resilience. Strategic rootstock selection, supported by
mechanistic understanding, emerges as a key tool for sustainable viticulture under increasingly
water and heat-limited conditions.
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