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A B S T R A C T

Understanding seasonal interactions among hydraulic, chemical and molecular signalling under water deficit is 
crucial for improving vineyard irrigation strategies under climate change and increasing water scarcity. We 
aimed to test how irrigation strategies and phenology affect the hydraulic adjustment mechanisms of eight field- 
grown grapevine varieties under different long-term irrigation regimes: Full-irrigated (100 % ETc), deficit- 
irrigation (50 % Full-irrigated), and non-irrigated. Leaf pre-dawn water potential, leaf hydraulic conductivity 
(Kleaf), stomatal conductance, aquaporin gene expression and hormone content, were assessed at four key 
phenological stages, from pea-size to post-harvest. Stomatal closure was the earliest water-stress response across 
genotypes, while hormonal balance differentiated responsive from non-responsive genotypes regarding chemical 
signalling. Kleaf was primarily driven by phenology, peaking at early stages and declining thereafter. Aquaporin 
gene expression was both genotype- and phenology-dependent, with high activity during early stages followed by 
progressive down-regulation, aligned with changes in stomatal conductance and Kleaf and reflecting each variety 
iso-/anisohydric behaviour. This pattern confirms the role of aquaporins in grapevine hydraulic adjustments and 
stomatal regulation under decreasing water potentials. Aquaporins and Kleaf showed positive responses to water 
availability at post-harvest, indicating differential watering benefits among genotypes. Our results emphasize the 
need for field-phenotyping studies to fine-tune water management strategies in viticulture.

1. Introduction

Grapevine (Vitis vinifera L.) is considered a drought-avoiding species 
(Zamorano et al., 2021), well-adapted to semi-arid Mediterranean cli
mates. However, recent climate changes have intensified drought im
pacts on yield and quality due to increased atmospheric demand and 
altered precipitation patterns (Chaves et al., 2002, 2010; Gambetta 
et al., 2020). Consequently, in drought-prone regions undergoing 

climatic uncertainty, deficit irrigation is becoming more prevalent in 
vineyards. This practice is contributing to the sustainability of the wine 
sector by overriding the negative effects of water stress and heat waves 
on yield and wine quality. However, optimizing irrigation is a prereq
uisite to balance productivity and quality (Zarrouk et al., 2016a), while 
reducing competition for the increasingly scarce natural resource that is 
water.

However, the implementation of irrigation should also consider the 
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post-harvest period, which is particularly important for fine root growth 
and the replenishment of carbohydrate reserves that will sustain the new 
vegetative growth in the subsequent growing season until the start of the 
following season’s photosynthesis activity (Holzapfel et al., 2006).

The high variability in responses among varieties under different 
levels of water availability should also be considered (Chaves et al., 
2010). Differences between grapevine varieties regarding stomatal 
closure are well documented and highlight that, in certain climatic sit
uations, some varieties tend to be more reactive to external factors, 
closing their stomata (isohydric), whilst others tend to be less reactive 
(anisohydric) (Chaves et al., 2010; Lovisolo et al., 2010; Costa et al., 
2012). A recent work by Jacinto et al. (2023) showed a wide dispersion 
of δ13C among 172 grapevine varieties in response to water deficits, 
indicating a high variability in stomatal regulation and water use effi
ciency among genotypes. Additionally, a study by Levin et al. (2020)
showed that the distinct stomatal responses of 17 grapevine genotypes 
depended on the severity of the imposed water stress, suggesting an 
adjustment of stomatal responses, such that they may operate as ani
sohydric at high water status and as isohydric at low water status. 
Carvalho et al. (2016) further demonstrated that grapevine varieties 
displayed differential physiological responses to combined heat, 
drought, and light stresses, with some varieties showing higher capacity 
for heat dissipation. It appears thus that the response mechanisms to 
water stress in grapevine are extremely intricate, and still need further 
research (Zarrouk et al., 2016a). On the other hand, extended drought 
periods late in the season, as experienced in recent years due to climate 
change, were reported to shorten the dormancy cycle in grapevine 
(Shellie et al., 2018). This suggests the importance of post-harvest irri
gation to ensure adequate storage of photoassimilates in woody peren
nial structures such as trunks and roots and, thus, the maintenance of 
crop production and the longevity of the plants.

Grapevine presents efficient water deficit adaptation mechanisms to 
transfer water from roots to growing shoots, involving effective stomatal 
control of transpiration (Chaves et al., 2010), xylem embolism avoid
ance system (Lovisolo et al., 2002; Vandeleur et al., 2009), hydraulic 
vulnerability segmentation (McElrone et al., 2021), as well as osmotic 
adjustment ability (Chaves et al., 2010; Labarga et al., 2023). An 
interplay between hydraulic and chemical signalling governs grapevine 
responses to water stress (Dayer et al., 2019), enabling an hydraulic 
adjustment in grapevine at the level of roots and leaves under water 
stress is well documented (Lovisolo et al., 2010; Xiong and Nadal, 2020). 
Studies by Tombesi et al. (2015) suggested that stomatal conductance 
(gs) is mostly regulated by hydraulic signals at the early phases of water 
stress, while abscisic acid (ABA) acts as a keeper of the long-term 
maintenance of stomatal closure under prolonged water stress. How
ever, in drought acclimated grapevines, several reports evidenced an 
absence of xylem embolism before stomatal closure and turgor loss point 
(Hochberg et al., 2017b; Skelton et al., 2017; Scoffoni et al., 2018), 
suggesting that grapevines close their stomata as a primary response 
before more drastic events can affect plant hydraulics and that other 
signalling (e.g., chemical, or/and molecular) regulate stomatal 
conductance decrease. Moreover, Pou et al. (2013) observed that leaf 
hydraulic conductivity (Kleaf) is also affected by air vapor pressure 
deficit (VPD), reinforcing the role of abiotic effects on this complex 
cascade mechanism. Altogether, an interplay between hydraulic and 
chemical signalling seems to govern grapevine’s responses to water 
stress more than a single control, either hydraulic or chemical (Dayer 
et al., 2019).

The key role of ABA as chemical signalling mediating stomatal 
regulation and photosynthetic assimilation is well documented in 
grapevine (reviewed by Lovisolo et al., 2010; Gambetta et al., 2020; 
Marusig and Tombesi, 2020). Nevertheless, several studies showed the 
low sensitivity of anisohydric varieties to ABA increase (Coupel-Ledru 
et al., 2017; Dayer et al., 2020). In this regard, it has been considered 
that isohydric stomatal control is driven by ABA, whereas anisohydric 
regulation is, at least initially, governed by water potential (Brodribb 

and McAdam, 2013; Tramontini et al., 2014).
On the other hand, auxins are suggested to be an important node in 

the crosstalk network among different hormones for water stress sig
nalling response (Wang et al., 2019; Marusig et al., 2020), while new 
insights showed the interplay of auxin response factors (ARFs) in plant 
water stress responses (Verma et al., 2022) with influence on ABA level 
(Korver et al., 2018). Besides, the increase of ABA biosynthesis was 
shown to negatively regulate the transport and biosynthesis of auxin, 
both at transcriptional and post-translation levels, in a crosstalk network 
under osmotic stress (Rowe et al., 2016). More recently, auxin signalling 
has been identified as miRNA targets and may regulate their expression 
under drought stress or ABA treatment (Liang et al., 2024). Although the 
specific role of auxins in grapevines subjected to water stress is not fully 
understood, they are involved in the complex network of hormonal and 
physiological responses that need to be considered alongside ABA.

During the processes of plants’ response to water stress, aquaporins 
(AQPs) are deeply involved in the non-vascular transport of water 
through inter- and intracellular pathways (Maurel et al., 2015) within 
the plant. Under water stress, they contribute to rapid and reversible 
regulation of cells hydraulic conductance in several organs by adjusting 
the membrane water permeability (Vandeleur et al., 2009; Pou et al., 
2013; Sabir et al., 2021), playing an essential role in the adaptation to 
water stress by maintaining water and ion homeostasis. Aquaporins are 
water channels responsible for the cell and organelle membrane regu
lation of the movement of water and small molecules, such as gases 
(CO2), solutes and other substances (Kaldenhoff and Fischer, 2006; 
Moshelion et al., 2015; Vitali et al., 2016; Opazo et al., 2020; Sabir et al., 
2021; Labarga et al., 2023). Functioning as plant water channels, 
without modifying the flux direction, AQPs can greatly increase the 
water movement across membranes (Vitali et al., 2016). They are clas
sified into five subfamilies, where the plasma membrane intrinsic pro
teins (PIPs) and the tonoplast intrinsic proteins (TIPs) are the most 
studied for their putative roles in leaf hydraulic dynamics and stomatal 
conductance in grapevine under water stress (Pou et al., 2013; Zarrouk 
et al., 2016b; Wong et al., 2018; Opazo et al., 2020; Labarga et al., 
2023). They are expressed in several plant tissues, and their expression 
and activity may be affected by environmental conditions (Lovisolo 
et al., 2010). Labarga et al. (2023) reported that, under water stress 
conditions, AQP expression is higher in roots than in leaves. Vandeleur 
et al. (2009) studied the expression of VvPIP1;1 and VvPIP2;2, the two 
PIP aquaporins with higher expression in roots, and observed that they 
are expressed regardless of cultivar and soil water. Besides this evidence, 
further studies are needed to unravel the connection between AQPs and 
the hydraulic conductance in plants and its effect on plant transpiration 
(Vitali et al., 2016; Opazo et al., 2020; Labarga et al., 2023).

Understanding the physiology of different grapevine varieties and 
studying their adaptability to extreme water deficit scenarios is para
mount in viticulture and oenology, as this knowledge allows wine
growers to select the varieties better suited to endure the foreseeable 
climate scenarios. To optimize deficit irrigation management and 
identify the most suitable genotypes, it is crucial to understand the 
physiological and molecular mechanisms governing water relations and 
movement at both the cellular/tissue level and across whole plants 
within different grapevine genotypes. In this context, the current study 
aims to investigate the effects of grapevine water status and phenology 
on stomatal and hydraulic adjustments, as well as the expression of 
aquaporins in leaves of eight grapevine genotypes, selected according to 
their iso- or anisohydric behaviour and growing under different levels of 
water availability.

2. Material and methods

2.1. Plant material and experimental site

The study was conducted in the 2021 growing season at a private 
Ampelographic Collection of Herdade do Esporão S.A., located in the 
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Alentejo region, Portugal (38.380098, − 7.560724). The region has a 
Mediterranean climate, characterized by hot and dry summers, classi
fied as ‘Csa’ under the Koppen-Geiger Climate Classification (IPMA, 
2021). The historical records from WorldClim 2.1 (Fick and Hijmans, 
2017) show an average annual temperature of 16.1 ◦C and an average 
annual precipitation of 572 mm. The 10-hectare commercial vineyard 
was planted in 2011, with vines grafted onto 1103 Paulsen rootstock, 
spaced 1.5 m x 3.0 m apart. The vineyard has a north-south orientation, 
with vines trained on a vertical shoot-positioned system, spur-pruned on 
a bilateral Royat cordon system. All vines were pruned evenly, with 
14–16 buds per vine.

The vineyard was drip-irrigated, with irrigation lines in the centre of 
the row, consisting of pressure-compensating 2.4 L h− 1 emitters spaced 
1 m apart. The inter-row was managed with resident and planted 
vegetation, mowed at the beginning of May and left on the ground as 
mulch. The soil in this area is classified as a Eutric Cambisol, with an 
ApBw1Bw2C profile; derived from granite and has a sand content of 
75–80 %. The soil depth is 0.9 m and the estimated total available water 
is 105 mm, based on field capacity and permanent wilting point mea
surements and calculated according to Ramos et al. (2016). The soil has 
a pH ranging from 7.0 to 7.6, low organic matter (1.15 %) content and 
high phosphorus (P2O5, 21 ppm) and potassium (K2O, 203 ppm) 
contents.

Since 2018, all varieties have been subjected to three irrigation 
treatments: full irrigation (FI, providing 100 % crop evapotranspiration 
(ETc)); deficit irrigation (DI, providing 50 % of FI); and non-irrigated 
(NI, rainfed). The FI treatment involved weekly irrigation (I), with the 
irrigation amount calculated as I = ETo x Kcb x 1.1, where ETo represents 
the reference evapotranspiration calculated for the week using the 
Penman–Monteith FAO 56 method (Allen et al., 1998) and Kcb is the 
estimated crop coefficient derived from the formula Kcb = 1.44 x NDVI - 
0.1 (Campos et al., 2010), where NDVI is the field average Normalized 
Difference Vegetation Index, measured along the season using Sentinel-2 
image data. The use of the factor of 1.1 accounts for soil water evapo
ration (Table 1).

The genotypes investigated in the present study were selected ac
cording to previously assessed berry juice and phloem sap δ13C differ
ences between FI and NI plants (Jacinto et al., 2023). The varieties 
Alicante Bouschet, Tinta Caiada and Trincadeira were selected for their 
high δ13C differences between FI and NI plants. Petit Verdot, was 
selected for its low δ13C differences between FI and NI plants. Castelão, 
Syrah, Touriga Nacional and Vinhão were chosen for their intermediate 
results.

Each variety is planted in a row consisting of approximately 110 
plants, divided by three irrigation treatments. For sampling purposes, 
the first and last five plants of each row were excluded. Additionally, 
buffer zones of five plants were established at the transition areas be
tween the treatments, and these plants were not used for measurements. 
Plant monitoring was done at four phenological stages: pea-size (PS, 
BBCH 75), veraison (VER, BBCH 83), full-maturation (FM, BBCH 89) 
and post-harvest (Post-H, BBCH 91).

Unless stated otherwise, all variables were monitored at the four 
phenological stages. Plant sampling/measurements were done in five 
plants per genotype and treatment, using at least two leaves per plant. 
Measurements/sampling were taken from leaves that were well-exposed 
to sunlight, healthy, fully expanded and photosynthetically active. 
Leaves were selected from the third to fifth node of one of the main 

central shoots of the plant.

2.2. Physiological parameters

2.2.1. Leaf water potential
Leaf water potential was monitored along the abovementioned 

phenological stages, by measuring predawn leaf water potentials (Ψpd, 
MPa), at 5 am, using a Scholander-type pressure chamber (Manofrigido, 
S.A., Lisboa, Portugal). Leaves were excised using sharp scissors and 
immediately sealed in a plastic bag containing a damp paper towel to 
prevent water loss and wrapped with aluminium foil to prevent tran
spiration before Ψpd determinations.

2.2.2. Stomatal conductance
Stomatal conductance (gs, mmol m− 2 s− 1) measurements were per

formed with a steady state Porometer (LI-1600, LI-COR Inc, Lincoln, NE, 
USA). Measurements were made on sunny, cloud-free days between 
11 am and 12 pm.

2.2.3. Hydraulic conductance
Hydraulic conductance (Kh, kg s− 1 MPa− 1) was calculated as the 

ratio between the flow through each segment and the corresponding 
hydrostatic pressure gradient was measured in whole petiole segments 
following Sperry et al. (1988), with a high precision flow meter, XYL’EM 
(Embolism Meter, Bronkhorst, Montigny-les-Cormeilles, France), as 
described in Zarrouk et al. (2016b).

2.3. Hormone extraction and analysis

Hormonal analysis was conducted at the veraison stage, as this 
phenophase corresponded to the seasonal peak values of various hy
draulic parameters in almost all varieties. Four varieties, Petit Verdot, 
Syrah, Touriga Nacional and Trincadeira, were chosen for their repre
sentative hydraulic behaviour, reflecting the diversity observed among 
the eight varieties studied. Grapevine leaves were carefully harvested at 
11 am and immediately frozen in liquid nitrogen to be transported to the 
lab. Leaf samplings were conducted at veraison and consisted of two 
leaves per grapevine, from ten plants per genotype and treatment. Three 
independent leaf subsamples were ground separately under liquid ni
trogen, with a mortar and pestle. The samples were then promptly 
frozen dried, lyophilized and sent for hormonal analysis quantification.

Plant hormones indoleacetic acid (IAA) and abscisic acid (ABA) were 
identified and quantified by ultra-high performance liquid chromatog
raphy–mass spectrometry (UHPLC-MS) using a Thermo Scientific™ Q 
Extractive™ Hybrid Quadrupole-Orbitrap mass spectrometer at Institute 
for Plant Molecular and Cell Biology (IBMCP) Spain, following the 
protocol by Benítez García et al. (2020). The hormones were quantified 
(ng g DW− 1) based on internal deuterated standards by construction of 
calibration curves.

2.4. Pigment quantification

Chlorophyll-a, chlorophyll-b, total anthocyanins, β-carotenes and 
carotenoids were extracted from three independent subsamples of 
frozen leaves. Leaf extracts (100 mg) were incubated in 1 mL of acetone 
mixed with Tris-HCl 100 mM buffer (pH 7.5) in a 80:20 (v: v) and then 
centrifuged at 12,000 g for 15 min. The supernatants were collected for 
quantification. Absorbance was measured at 537, 647, and 663 nm for 
chlorophylls, anthocyanins and carotenoids, and at 505 and 453 nm for 
β-carotenes. To obtain pigment concentrations, the equations described 
by Sims and Gamon (2002) were used for chlorophyll-a, chlorophyll-b, 
total anthocyanins and carotenoids, and for β-carotenes the equation 
described by Nagata and Yamashita (1992) was used. The values ob
tained were converted to mg g− 1 FW (Richardson et al., 2002).

Table 1 
Total irrigation amount applied in each irrigation treatment during the 
2021 growing season.

Irrigation treatment Irrigation depth (mm)

FI 246
DI 123
NI 0
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2.5. RNA extraction and cDNA synthesis

Grapevine leaves were carefully harvested from the five apical 
nodes, always at 11 am to avoid diurnal variation of AQPs gene 
expression (Shelden et al., 2017), immediately frozen in liquid nitrogen, 
and transported to the lab. Samples were kept at − 80 ◦C until process
ing. Three independent samples from at least five leaves were ground 
with a mortar and pestle, previously and continuously cooled with liquid 
nitrogen. Total RNA was extracted using the Spectrum™ Plant Total 
RNA kit (Sigma-Aldrich, St. Louis, MO, USA). Nucleic acid concentration 
was quantified spectrophotometrically using Take3 plate and the soft
ware Gen5 v1.09 in a Synergy HT (Bio-Tek Instruments, Winooski, VT, 
USA). The quality of the RNA extracted was evaluated through the ratios 
A260/A280 and A260/A230, and the RNA integrity was assessed through 
1.5 % agarose-gel electrophoresis under denaturing conditions.

RNA samples were treated with RQ1 RNase-Free DNase (Promega, 
Madison, WI). cDNA was synthetized from 1 µg of total RNA using oligo 
(dT)20 in a 20 µL reaction, with RevertAid Reverse Transcriptase 
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manu
facturer’s protocol. cDNA was tested to assess gDNA contamination in 
PCRs, using intron spanning primers that yield a 229 bp amplicon in 
cDNA and a 547 amplicon in gDNA. Amplicon sizes were compared in 
2 % agarose gels together with the molecular weight marker 1Kb+

(Thermo Fisher Scientific, Waltham, MA, USA), and no gDNA contam
ination was detected. cDNA was then stored at − 20 ◦C.

2.6. Real-time quantitative PCR

The expression of 10 aquaporins was assessed: VviPIP1;1, VviPIP1;2, 
VviPIP2;1, VviPIP2;2, VviTIP1;1, VviTIP2;1, VviTIP2;2, VviNIP2;1, Vvi
NIP6;1 and VviXIP1. The respective primers were obtained from previ
ous studies and their sequences, amplicon size, and respective references 
can be found in Table S1. Two genes were used as reference, Actin 2 
(ACT) and Vitis vinifera translation initiation factor 3 subunit G (TIF) (Coito 
et al., 2012). Real-time qPCR reactions were made in 96-well clear plates 
(Bio-Rad, Hercules, CA, USA), using CFX-connect Real Time PCR 
(Bio-Rad, Hercules, CA, USA) with three biological replicates x two 
technical replicates. 1 µL of cDNA diluted 50-fold, 0.5 µM of each spe
cific primer, and the Master MixSsoFast EVA Green (Bio-Rad, Hercules, 
CA, USA), according to the manufacturer’s recommendations. The total 
reaction volume of 20 µL was completed with Milli-Q Millipore Ultra
pure Water. Amplification of PCR products was monitored via interca
lation of the Eva-Green present in the master mix. The program applied 
was as follows: initial polymerase activation, 95 ◦C, 3 min, then 40 cy
cles at 94 ◦C for 10 s (denaturation), 60 ◦C for 20 s (annealing), and 72 ◦C 
for 15 s (extension), followed by a melting curve analysis to confirm the 
accurate amplification of target gene fragments and the absence of 
primer dimers. The PCR products were run on 2 % agarose gels to verify 
that there was only one amplicon of the expected size. PCRs with each 
primer pair were also performed in triplicate on samples lacking a cDNA 
template (no template controls). To generate a baseline-subtracted plot 
of the logarithmic increase in the fluorescence signal (ΔRn) versus the 
cycle number, baseline data were collected between cycles 5 and 17. All 
amplification plots were analysed with an Rn threshold of 0.2 at the 
beginning of the region of exponential amplification to obtain Cq 
(quantification cycle), and the data obtained were exported into an MS 
Excel workbook (Microsoft Inc., Albuquerque, New Mexico, USA) for 
analysis. Quantification of the relative gene expression was done with 
the ΔΔCq method and expressed as mean and standard error of three 
biological replicates and two technical replicates.

2.7. Statistical analysis

The experimental design consisted of a single factor analysis for each 
genotype, for which the factor was the irrigation treatment, with three 
levels: FI, DI, and NI. An exploratory and descriptive analysis was made 

of all physiological and molecular measurements, followed by a one-way 
ANOVA analysis in the cases where the response variable residuals were 
normally distributed, and a Kruskal-Wallis test if normality was not 
encountered. The differences between treatments of each physiological 
variable were calculated for each genotype. FI to DI, FI to NI, and DI to 
NI differences were tested through Student’s t-test for a significance 
level of a 0.05, with the exception of the cases when normality was not 
encountered, for which the FI to DI, FI to NI, and DI to NI differences 
were tested through a Dunn’s test, for a significance level of a = 0.05. All 
statistical analyses were made using R Statistical software version 4.3.1 
(R Core Team, 2022). Regarding the aquaporins gene expression values 
were transformed into log2 and tested through ANOVA in software R 
v4.2.3. When the p-value of the ANOVA was lower than 0.05, a Tukey 
test was performed, and statistically significant differences were 
accepted for a p-value lower than 0.05. GraphPad Prism 10 for Windows 
(GraphPad Software, San Diego, CA, USA) was used to create the heat
map for aquaporin’s gene expression data, and R Statistical software 
version 4.3.1 (R Core Team, 2022) was used for the other figures 
creation.

3. Results

3.1. Meteorological data

Total precipitation, air temperature and maximal VPD are shown in 
Fig. 1. Results point to mild mean temperatures (Tmean) along the 
growing season, with low total precipitation and moderate VPD. Over
all, meteorological conditions during the 2021 season could be consid
ered mild for the Alentejo Region, particularly concerning the incidence 
of high temperatures and heat waves (IPMA, 2025). Air temperatures 
were relatively low compared with those considered average for the 
region (Jacinto et al., 2023), with only 4 days with maximum temper
atures above 40 ◦C.VPD was high throughout the season, with peaks of 7 
kPa at the end of the maturation period (14/8/2021 and 15/8/2021, one 
week after FM sampling) (Table S2). Precipitation was almost absent 
during the growing period, but an abundant precipitation event 
(100 mm) occurred after harvest. This event substantially influenced 
Post-H soil moisture levels and was considered equivalent to a 
high-volume irrigation event, enabling a detailed analysis of grapevine 
recovery responses following post-harvest irrigation.

3.2. Grapevine water status

Predawn leaf water potentials (Ψpd) (Fig. 2) differed significantly 
among irrigation treatments at the four phenological stages in all ge
notypes. Grapevines subjected to FI experienced no stress conditions 
during the season, while plants subjected to DI suffered mild stress. In 
contrast, plants kept under NI showed signs of moderate stress, with Ψpd 
lower than − 0.6 MPa (Carbonneau, 1998; Deloire et al., 2004).

At the first sampling date, PS, the differences between FI and DI were 
only significant for Alicante Bouschet. In contrast, NI was significantly 
lower than DI and FI in all genotypes, except Petit Verdot, for which no 
differences among treatments were observed. At VER and FM, Ψpd 
decreased further in DI and NI, with significant differences between both 
water stress treatments. Nonetheless, differences between FI and DI 
were observed only in Alicante Bouschet and Syrah at VER and Tinta 
Caiada at FM (Fig. 2). In general, the lowest Ψpd values were found at 
FM, with some exceptions: e.g., in Alicante Bouschet and Tinta Caiada 
the lowest Ψpd values were observed in VER in NI.

After the abundant rainfall that occurred before the Post-H sampling, 
a general increase in Ψpd was observed for all genotypes and treatments. 
This event raised the soil water to field capacity and Ψpd to above 
− 0,05 MPa, regardless of the irrigation treatment and genotype.
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3.3. Stomatal conductance

Stomatal conductance (gs) values were highest at VER, regardless of 
the irrigation treatment (Fig. 3), for all genotypes except Touriga 

Nacional, which peaked at PS, and Petit Verdot, which peaked at FM. 
After VER, gs values decreased 1.5–2-fold in all genotypes except Petit 
Verdot and Tinta Caiada, that showed relatively stable gs values during 
the growing season. In general, FI and DI showed higher gs when 

Fig. 1. Meteorological data (1st May to 1st October 2021) obtained from an automatic weather station located near the experimental site. The solid lines represent 
daily average values of minimum (Tmin, light grey), mean (Tmean, black) and maximum (Tmax, dark grey) air temperatures (◦C). The light grey dashed line 
corresponds to daily maximum vapor pressure deficit (VPDmax, kPa). Blue bars correspond to daily total precipitation (Precip, mm). The dark blue arrows indicate 
the four sampling moments: Pea-size (PS, BBCH 75), Veraison (VER, BBCH 83), Full-maturation (FM, BBCH 89) and Post-harvest (Post-H, BBCH 91).

Fig. 2. Predawn leaf water potential (Ψpd, MPa) in Full-irrigated (FI), Deficit irrigated (DI) and Non-irrigated (NI) plants of the eight studied genotypes, Petit Verdot, 
Alicante Bouschet, Syrah, Vinhão, Touriga Nacional, Castelão, Trincadeira and Tinta Caiada, at the four phenological stages: Pea-size (PS), Veraison (VER), Full- 
maturation (FM) and Post-harvest (Post-H). Values are averages of five plants (measurements in two leaves per plant) and error bars indicate standard errors 
(n = 5). Different letters indicate significant differences between treatments according to Student’s t-test, for p < 0.05; n.s. indicates no significant differences be
tween treatments.
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Fig. 3. Stomatal conductance (gs, mmol m− 2 s− 1) in Full-irrigated (FI), Deficit irrigated (DI) and Non-irrigated (NI) plants of the eight studied genotypes, Petit 
Verdot, Alicante Bouschet, Syrah, Vinhão, Touriga Nacional, Castelão, Trincadeira and Tinta Caiada, at the four phenological stages: Pea-size (PS), Veraison (VER), 
Full-maturation (FM) and Post-harvest (Post-H). Values are averages of five plants (measurements in two leaves per plant) and error bars indicate standard errors 
(n = 5). Different letters indicate significant differences between treatments according to Student’s t-test, for p < 0.05; n.s. indicates no significant differences be
tween treatments.

Fig. 4. Hydraulic conductivity (Kleaf, kg s− 1 m− 1 MPa− 1) in Full-irrigated (FI), Deficit irrigated (DI) and Non-irrigated (NI) plants of the eight studied genotypes, Petit 
Verdot, Alicante Bouschet, Syrah, Vinhão, Touriga Nacional, Castelão, Trincadeira and Tinta Caiada, at four phenological stages: Pea-size (PS), Veraison (VER), Full- 
maturation (FM) and Post-harvest (Post-H). Values are averages of ten plants and error bars indicate standard errors (n = 10). Different letters indicate significant 
differences between treatments according to Student’s t-test, for p < 0.05; n.s. indicates no significant differences between treatments.

M. Damásio et al.                                                                                                                                                                                                                               Agricultural Water Management 318 (2025) 109708 

6 



compared to NI from PS to FM.
At PS, significant differences between FI and DI were only observed 

in Syrah, Castelão, and Trincadeira, while at VER only Castelão main
tained significantly lower gs values under DI conditions. At FM, differ
ences in gs among treatments were accentuated in almost all genotypes, 
with significantly higher values in FI, lowest in NI and intermediate in DI 
(exceptions: Alicante Bouschet, Syrah and Touriga Nacional).

Interestingly, the tendency of gs to decrease at the end of the growing 
season was maintained despite the significant rainfall event observed 
around Post-H. Nonetheless, differences among treatments were 
reduced, with NI plants showing gs values close to FI and DI in several 
genotypes (Fig. 3), indicating a likely recovery of water status after 
stress in non-irrigated plants.

3.4. Hydraulic conductance

Results showed that Kleaf is a function of grapevine genotype and 
phenology (Fig. 4). The highest Kleaf values were observed at PS and 
VER, significantly decreasing thereafter (circa 80 %) in all genotypes 
and irrigation treatments (Fig. 4). Significant differences among treat
ments were observed mostly at FM, in which NI showed the lowest Kleaf 
in Petit Verdot, Syrah, Castelão and Trincadeira. The highest Kleaf values 
were observed in Alicante Bouschet and Castelão at the early pheno
logical stages.

Interestingly, the abundant precipitation observed before Post-H led 
to statistically significant increases in Kleaf at Post-H (all genotypes and 
irrigation treatments), in all varieties except Touriga Nacional (Fig. 4), 
indicating a likely flux recovery due to late season increase in soil water 
availability. Nonetheless, no differences among treatments were 
observed.

3.5. Hormones: abscisic acid and auxin

Abscisic Acid ([ABA]) and the auxin Indoleacetic Acid ([IAA]) con
tents were measured at VER in leaves of four selected genotypes 
(Fig. 5A-B). The highest [ABA] was observed in Touriga Nacional and 
the lowest in Petit Verdot. [ABA] increased in water-stressed plants, 
particularly in NI, except for Touriga Nacional, where no significant 
differences were observed among treatments. Syrah was the only variety 
for which significant differences in [IAA] were observed between 
treatments, with a decrease in DI and NI, when compared to FI.

Interestingly, the [ABA]/[IAA] ratio showed two different trends 
among genotypes, a responsive trend in Syrah and Trincadeira, with an 
increase of [ABA]/[IAA] under water deficit conditions, and an unre
sponsive trend in Petit Verdot and Touriga Nacional, for which the 
[ABA]/[IAA] ratio suffered no changes (Fig. 5c).

3.6. Leaf pigments

Leaf pigments changed with genotype and phenology (Table S3). The 
highest chlorophyll-a values were observed at PS and the lowest at Post- 
H for almost all genotypes and irrigation treatments. The lowest chlo
rophyll-b values were also observed at Post-H for all genotypes and 
irrigation treatments. Petit Verdot presented relatively stable values of 
total anthocyanins, total carotenes and β-carotene during the growing 
cycle.

At PS, no significant differences were observed in chlorophyll and 
anthocyanin concentrations, but differences in β-carotene were 
observed between FI and NI in Vinhão, and between FI and DI in Trin
cadeira. At VER, Petit Verdot and Alicante Bouschet showed the highest 
chlorophyll-a and chlorophyll-b in DI, while no differences were 
observed between FI and NI. In contrast, Castelão showed the lowest 
chlorophyll (a and b) and carotenoid content in NI. This tendency was 
maintained at FM in Alicante Bouschet. However, in Castelão the ten
dency was reversed with the highest chlorophylls and carotenoids con
tent observed in NI. At Post-H, a general decrease in all pigments was 

observed in all genotypes, except Alicante Bouschet, in which a signif
icant increase in anthocyanins was observed in FI and DI.

Interestingly, Touriga Nacional did not show differences among 
irrigation treatments during the growth cycle. On the contrary, Alicante 
Bouschet was the genotype with more differences among irrigation 
treatments.

3.7. Aquaporin gene expression

Almost all studied AQPs were differentially expressed at PS and VER 
in all genotypes and water treatments (Fig. 6). In PS, there were two 

Fig. 5. Hormone concentration in leaves of four studied genotypes, Petit Ver
dot, Syrah, Touriga Nacional and Trincadeira, measured at Veraison (VER). A) 
Abscisic acid concentration ([ABA]); B) Indoleacetic acid concentration 
([IAA]); C) Abscisic acid to Auxin ratio ([ABA] / [IAA]). Values are averages of 
threesamples. Error bars indicate standard errors. Different letters indicate 
significant differences between treatments according to Duncan’s test, p < 0.05; 
n.s. indicates no significant differences between treatments.
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main trends of expression: the first, a general down-regulation or no 
changes of almost all AQPs, observed for Petit Verdot, Syrah, Vinhão, 
Trincadeira and Tinta Caiada; the second, an up-regulation, reported 
for, Alicante Bouschet, Touriga Nacional and Castelão.

A significant regulation by water stress was also observed at VER for 
all genotypes. In FM, several AQPs were down-regulated or not 
expressed in all genotypes except Syrah and Vinhão. In general, these 
two genotypes did not show significant changes in AQPs expression both 
at PS and FM (except VviPIP2;1 in Syrah; VviPIP1;1 and VviTIP2;2 in 
Vinhão NI).

Most AQPs were not expressed at Post-H, except for VviPIPs and 
VviNIPs in Alicante Bouschet, Syrah, Castelão and Trincadeira and Vvi
TIPs in Trincadeira and Tinta Caiada. Petit Verdot and Vinhão only 
showed expression of VviPIP1;1 in DI and VviPIP2;2 in DI and NI, 
respectively. Interestingly, in Castelão VviPIPs were only up-regulated in 
NI, while VviTIPs were up-regulated in both DI and NI.

4. Discussion

Vitis vinifera’s large genetic variability results in different water stress 

responses among varieties, which are reflected particularly in hydraulic 
patterns (stomatal conductance, hydraulic conductivity) and biochem
ical responses (hormonal, molecular) (Chaves et al., 1987, 2010; Flexas 
et al., 2010; Lovisolo et al., 2010; Hochberg et al., 2017b; Gambetta 
et al., 2020; Tamayo et al., 2023). The results of the current study 
contribute to improve knowledge on the physiological plasticity of eight 
red genotypes under different water status across key phenological 
stages, reinforcing the specificity of each variety’s unique behaviour. 
This information may be used for an appropriated establishment of 
irrigation management, specially under the coming conditions of 
climate change.

Even though the studied varieties were chosen based on their δ13C 
results (Jacinto et al., 2023), some varieties exhibited contrasting 
physiological responses in the present study. Considering that δ13C in 
plants provides an estimation of carbon fixation over the entire period 
during which the carbon was formed (Brugnoli and Farquhar, 2000; 
Taskos et al., 2020), our data suggests that the 3-year span may have 
induced a cumulative water stress effect response on water stressed 
grapevines. This behaviour could be related to a borderline status of 
some varieties (near-iso/near-anisohydric), more prone to shift from a 

Fig. 6. Relative gene expression of different aquaporins isoforms: VvPIP1;1, VvPIP1;2,VvPIP2;1, VvPIP2;2, VvTIP1;1, VvTIP2;1, VvTIP2;2, VvNIP2;1, VvNIP6;1 and 
VvXIP1 (log2(fold change)), in leaves of Full-irrigated (FI), Deficit irrigated (DI) and Non-irrigated (NI) plants of the eight studied varieties, Petit Verdot, Alicante 
Bouschet, Syrah, Vinhão, Touriga Nacional, Castelão, Trincadeira and Tinta Caiada, at the four phenological stages: Pea-size (PS), Veraison (VER), Full-maturation 
(FM) and Post-harvest (Post-H). Relative values for the treatments DI and NI are expressed in comparison to FI. A significant variation to the control (FI) was only 
considered when |log2(gene expression ratio)|> 2.
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status to another depending on the soil water availability threshold 
(Vandeleur et al., 2009). Additionally, it may also be related to the slow 
response behaviour to water stress of these varieties, exhibiting differ
ences only when exposed to long-term water shortages.

4.1. Irrigation strategy modulates stomatal behaviour

Decreases in grapevine stomatal conductance under long-term water 
stress have been reported by several authors (Winkel and Rambal, 1993; 
Tombesi et al., 2015; Pagay et al., 2016; Hochberg et al., 2017b; 
Lavoie-Lamoureux et al., 2017; Herrera et al., 2024). In the present 
study, all non-irrigated genotypes, except Castelão, maintained low and 
constant gs since the beginning of the growth season. These results 
confirm our first hypothesis of acclimation of some genotypes to 
non-irrigated conditions and the existence of a cumulative long-term 
water stress impact on stomatal behaviour, leading to a more water 
saving response. This could indicate a priming effect in these genotypes’ 
response to drought, enabling primed plants to use water more effi
ciently than non-primed ones (Tombesi et al., 2018; De Deus et al., 
2023). However, further biochemical validation is required to confirm 
the mechanisms underlying this enhanced water-use efficiency. The 
absence of such behaviour in Castelão confirms its tendency to be 
near-anisohydric under the Alentejo’s climatic conditions (Damásio 
et al., 2023). This is further confirmed by a decline in photosynthetic 
performance (lower leaf pigment concentration) of this genotype when 
subjected to rainfed conditions. However, it is worth noting that the 
consistent low gs observed in non-irrigated genotypes may also indicate 
a seasonal drought response when water potential declines later during 
the season.

The dynamic trend of stomatal aperture during the growing season, 
with the highest stomatal conductance at veraison, observed in our 
study in almost all genotypes independently of the irrigation regime, can 
be associated with the plant’s increased demand for carbon assimilation 
through photosynthesis to meet plant vegetative growth and support 
high carbon-demanding processes in berries, such as sugar and sec
ondary metabolite accumulation (Ollat and Gaudillère, 2000; Conde 
et al., 2007; Rienth et al., 2021).

Interestingly, while stomatal activity peaks at VER in almost all 
studied genotypes, Touriga Nacional apparently peaked at PS, which 
may suggest a physiological phenology anticipation of the growth pro
gram and of water requirements in favour of the berry.

Castelão showed similar gs in DI and NI at veraison, but closer Ψpd 
values between DI and FI, an indication of decoupling between stomatal 
aperture and plant water status, probably due to the high sensitivity of 
this variety to high VPD (values around 5,5 kPa at VER) when subjected 
to mild stress (De Deus et al., 2023). Previous studies indicate a relative 
insensitivity of grapevine stomata to VPD under well-watered conditions 
(Charrier et al., 2018; Dayer et al., 2020; Rogiers et al., 2012), but a high 
sensitivity when subjected to water stress.

The absence of differences in gs between irrigation treatments at FM 
could be explained by a shift in the growth program from expansion to 
reserve accumulation, which may imply a reduction in carbon fixation 
through tight control of stomatal aperture.

4.2. Phenology modulates the leaf hydraulic behaviour

The highest Kleaf observed at early development stages (PS and VER) 
and the abrupt drop thereafter, for all genotypes and in irrigation 
treatments, corroborates the need for high waterflow to maintain rapid 
vegetative growth rates during the early stages and the shift to carbo
hydrate storage at later stages (Flexas et al., 2002; Lovisolo et al., 2010). 
A recent review by Scoffoni et al. (2023) pinpoints the role of increasing 
cell wall lignification during the leaf maturation cycle in reducing Kleaf, 
as a protection mechanism against cavitation, (Zhang et al., 2016, 2022; 
Scoffoni et al., 2017; Albuquerque et al., 2020). In this sense, our results 
may suggest that cell wall lignification during leaf maturation in 

grapevine is part of the plant intrinsic cycle growth program since the 
Kleaf decrease was observed in all studied genotypes, independently of 
the irrigation treatment. The Kleaf decrease at this late stage is also 
accompanied by a reduction in gs independently of the water regime, 
suggesting that at later stages stomatal activity is mainly driven by hy
draulic conductance signalling due to a predetermined growth program 
than by chemical signalling.

Variations in Kleaf observed along the different phenological stages 
were mostly driven by the genetic background of the variety and 
phenological stage rather than by the irrigation treatment. Seasonal 
hydraulic plasticity was recently described by Sorek et al. (2021) and 
was suggested to be a predetermined growth strategy rather than just a 
response to seasonal environmental changes. In general, the irrigation 
treatments did not significantly influence Kleaf (except at FM), corrob
orating the findings by Sorek et al. (2021), who suggested that drought 
has a limited ability to shape grapevine hydraulics compared with 
developmental changes. It is possible that water stress may have affected 
xylem anatomical properties of petioles, as lower water availability has 
been related to decreased size of grapevine vessels (Lovisolo and Schu
bert,1998; Lovisolo et al., 2002; Munitz et al., 2018), but without 
affecting hydraulic conductivity. Our results are also in agreement with 
previous works showing no evidence of improved xylem resistance in 
grapevine leaves (Hochberg et al.,2017a) in plants acclimated to 
drought. The different flux values among genotypes likely depend on the 
more anisohydric behaviour of some genotypes, such as Alicante Bou
schet and Castelão. This is consistent with previous studies showing that 
anisohydric genotypes have a higher ability to maintain high Kleaf under 
water stress, compared to isohydric ones (Hochberg et al., 2017a). In 
this context, considering the significant stomatal closure in Alicante 
Bouschet, coupled with stable photosynthetic performance under stress, 
suggesting a more near-isohydric behaviour of this genotype, Kleaf re
sults reinforce the need for multi-parameter assessment for grapevine 
drought response and genotype classification.

In our study, the decrease in stomatal conductance in water-stressed 
grapevines at the early stages of development was not accompanied by a 
reduction in leaf hydraulic conductivity, suggesting the maintenance of 
Kleaf through sustained root hydraulic capacity, likely mediated by AQPs 
or/and by root anatomy traits. Lovisolo and Schubert (1998), (2006)
pointed out, root-to-shoot signalling involving ABA and hydraulic 
feedback that may modulate gs. In our case, this might explain why gs 
declined while Kleaf remained relatively unchanged. This compensation 
may enable water supply to the leaf to remain stable, even when gs 
decreases in response to hormonal signals and may indicate a predom
inance of root hydraulic adjustment over leaf hydraulics in controlling 
stomatal activity, as previously observed by Zarrouk et al. (2016a). This 
highlights the complexity of hydraulic mechanisms’ responses to 
drought in grapevine.

4.3. Hormonal role in hydraulic signalling: ABA versus auxins

Our study confirms that stomatal closure is the earliest grapevine 
response to water deficit of all studied genotypes as reported earlier in 
several species (Flexas et al., 2002; Lovisolo et al., 2010; Tombesi et al., 
2014). This rapid response is regulated by a complex network of sig
nalling hormonal pathways, in which the major and best-known player, 
abscisic acid (ABA), acts in concert with others, such as auxins 
(Nemhauser et al., 2006; Huang et al., 2008; Bharath et al., 2021). The 
balance between the two hormones may explain different stomatal 
plasticity among genotypes. The [ABA]/[IAA] ratio enables the identi
fication of two main behaviours upon water stress: genotypes responsive 
to water stress intensity (Syrah and Trincadeira) and genotypes that are 
non-responsive (Petit Verdot and Touriga Nacional). In responsive ge
notypes, [ABA] was linked to water stress intensity, with higher [ABA] 
observed in plants with more negative Ψpd (NI), indicating a likely 
chemical control of water potential. On the other hand, the significant 
decrease in Ψpd in NI of non-responsive genotypes (Touriga Nacional 
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and Petit Verdot) was not accompanied by an increase in [ABA] nor 
changes in the [ABA]/[IAA] ratio. This suggests the hydraulic involve
ment, i.e., water potential and/or hydraulic conductance, in these ge
notypes. In previous reports by Carvalho et al. (2016), Touriga Nacional 
stomatal closure was also independent of [ABA] and was related to 
protection from desiccation brought about by reactive oxygen species 
(ROS) signalling, namely through reduced glutathione. However, how 
the interaction between ABA and auxin integrates drought-induced ROS 
signals and ROS scavengers is not yet elucidated. In any case, the 
[ABA]/[IAA] ratio changes in grapevine genotypes under water stress 
may indicate differential oxidative responses among genotypes, which 
warrant further research. On the other hand, Dayer et al. (2020) attri
bute such a response to the down-regulation of several AQPs in the roots.

Overall, the present study indicates that the response of Petit Verdot 
and Touriga Nacional to water stress is primarily controlled by hydraulic 
mechanisms (stomatal regulation and water potential), but only beyond 
a certain stress threshold. Whether this response is dependent or not on 
hormonal signalling has been previously discussed in various species 
(Stoll et al., 2000; Romero et al., 2012; Brodribb and McAdam, 2013; 
Tramontini et al., 2014). This regulation has been linked to isohydric 
stomatal control, which is driven by ABA, whereas anisohydric regula
tion is, at least initially, governed by water potential as observed in the 
present study.

Our classification of Syrah as isohydric contrasts with previous 
statements dealing with the near-anisohydric behaviour of this variety 
(Schultz, 2003; Hochberg et al., 2013; Tramontini et al., 2014). Despite 
the controversy about the iso/anisohydric classification of grapevine 
genotypes (Villalobos-González et al., 2019; Gambetta et al., 2020), it is 
important to further discuss the divergence between our observations 
and other reports. Experiments reported by Schultz et al. (2003) were 
performed in southern France and southern Germany, with significant 
climatic differences from the Alentejo region in Portugal (characterized 
by significant high atmospheric demand during grapevine growing 
season, with diurnal VPD averages higher than 5 kPa in July and 
August). This higher VPD may have impacted the plastic adaptation of 
the Syrah clones cultivated in Portugal, inducing a higher control of its 
stomata. On the other hand, the studies by Hochberg et al. (2013) and 
Tramontini et al. (2014) were conducted using potted plants, which do 
not mimic field conditions, particularly in terms of the plant water re
lations (Passioura, 2006). In the field, plants have time and space to 
adapt to water stress, due to their high root volume and slow decrease in 
water potentials, being able to adjust their hydraulic properties as a 
function of soil dehydration and/or growth cycle (Sorek et al., 2021). In 
this regard, Zhang et al. (2022) illustrated the complex and variable 
responses of stomata to leaf-to-air VPD under high and low soil moisture, 
showing that even typically anisohydric genotypes may constrain gs 
during periods of extremely low Ψsoil and that the same individuals can 
switch from an isohydric-like behaviour when transpiration is low to an 
anisohydric-like behaviour (and vice versa). Noteworthy, while the tight 
stomatal control aligns with an isohydric response of Syrah, its ability to 
sustain photosynthetic activity suggests alternative drought tolerance 
mechanisms, warranting further investigation into ROS activity and 
antioxidant defences.

4.4. The role of aquaporins in the hydraulic balance

Previous studies have demonstrated that AQP gene expression is 
modulated by the circadian clock (Takase et al., 2010; Caldeira et al., 
2014; Shelden et al., 2017). In this study, we provide evidence that AQP 
gene expression is also finely regulated across the phenological stages of 
the plant cycle. Our results reveal that AQP gene expression in leaves is 
both genotype- and phenology-dependent, showing high activity during 
early developmental stages, followed by progressive down-regulation, 
or silencing during ripening and later stages. Interestingly, this dy
namic pattern of AQP expression aligns closely with stomatal conduc
tance (gs) and hydraulic conductivity (Kleaf) activities, reinforcing the 

hypothesis that aquaporins play a critical role in hydraulic adjustments 
in grapevine (Pou et al., 2013; Vitali et al., 2016; Wang et al., 2020; 
Sabir et al., 2021; Grunwald et al., 2022). These findings underscore the 
functional relationship between AQPs and the hydraulic responses 
necessary to meet the changing physiological demands of grapevines 
throughout their seasonal growth, paving the way for future research to 
unravel the precise roles of aquaporins in grapevine plasticity and their 
adaptive responses to environmental cues.

Two general main expression trends of AQPs were observed, giving 
rise to two distinct clusters depending on the up-regulation or down- 
regulation/no change of AQPs expression under DI and NI at the early 
stages of development. Interestingly, the genotypes classified in the up- 
regulated AQPs cluster show near-anisohydric behaviour while the ge
notypes in the down-regulated AQPs clusters are mainly near-isohydric. 
Previous studies have demonstrated that grapevine cultivars isohydric 
or anisohydric responses may be linked to aquaporin expression 
(Vandeleur et al., 2009). Also, studies by Shelden et al. (2017) showed 
greater AQP down-regulation in near-isohydric Grenache than in the 
near-anisohydric Chardonnay when subjected to water stress. AQPs 
have a role in the regulation of the opening and closure of stomata, by 
enabling plants to modify water permeability rapidly and reversibly 
(Chaumont and Tyerman, 2014) and their up-regulation could enable 
the maintenance of stomatal opening under continuous decrease of plant 
water potential, which is mainly characteristic of the anisohydric 
behaviour.

The most significant differences were observed in cell and vacuole 
membrane classes (PIPs and TIPs), but other aquaporins (NIP and XIP) 
also responded to water stress. This indicates the existence of intracel
lular regulatory mechanisms beyond those associated with membrane 
water flow facilitation, likely for the maintenance of cellular homeo
stasis and the metabolic functions of cell leaves, such as CO2 fixation 
(Sabir et al., 2021), mediation of H2O2 uptake (Noronha et al., 2016, 
2020), mineral element transport (Ma et al., 2004; Sabir et al., 2014, 
2020; Coskun et al., 2019), among others (Sabir et al., 2021).

A remarkable regulation of aquaporins (AQPs) was observed in 
Castelão prior to maximal stomatal conductance (e.g., in PS). Specif
ically, in this genotype, VviPIPs were up-regulated only in the most 
water-stressed plants (NI), while all VviTIPs were up-regulated in both DI 
and NI plants. Previous studies have reported that the water perme
ability of VviTIPs is higher than that of VviPIPs (Sabir et al., 2021). These 
findings suggest that the observed up-regulation of VviTIPs in Castelão is 
closely associated with maintaining cellular water permeability under 
water stress whilst the up-regulation of VviPIPs in NI plants may be 
linked to additional drought-induced mechanisms such as oxidative 
stress regulation (Bienert et al., 2006). TIPs expression was previously 
associated with the promotion of anisohydric behaviour in an isohydric 
transgenic tomato variety (Sade et al., 2008), which could suggest the 
role of VviTIPs in enabling the anisohydric behaviour of Castelão. Ani
sohydric genotypes are known to sustain high stomatal conductance and 
photosynthetic activity even under decreasing soil water potential. 
However, this strategy often incurs trade-offs, including reduced ATP 
production and the accumulation of oxidative metabolites (Carvalho 
et al., 2014). These traits align with our observations, as Castelão 
showed increased stomatal conductance at veraison in NI, a behaviour 
contrasting with most other genotypes, despite significant water 
depletion. Similarly, Touriga Nacional, another anisohydric genotype, 
showed a similar pattern of VviPIP and VviTIP regulation as Castelão in 
PS, except in VviPIP2;2. The two other genotypes classified as 
near-anisohydric, Alicante Bouschet and Petit Verdot, with less pro
nounced changes in AQP expression, also exhibited up-regulation of 
several AQPs at early stages. We hypothesize that at the beginning of the 
season (PS), the cellular hydraulic adjustment (via AQPs) in 
near-anisohydric varieties contributes to the maintenance of stomatal 
opening even under decreasing water status. This could be a strategy 
employed by these varieties to ensure adequate photosynthetic perfor
mance. In contrast, near-isohydric varieties either do not involve 
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aquaporins are (showing no change) or experience down-regulation of 
aquaporins because of lower water flux (leaf hydraulic conductance). 
Previous reports (Afzal et al., 2016) also indicate that under water stress 
conditions, aquaporins are not only responsible for minimizing water 
loss from plant tissues, but they also play a key role in facilitating CO2 
homeostasis. This upregulation of AQPs likely contributes to the ca
pacity of these genotypes to maintain cellular hydraulic homeostasis, 
which may support leaf hydraulic integrity and enable continued gas 
exchange under water-limited conditions. Altogether, our data suggests 
a distinct adaptive strategy within this group, which is marked by low 
AQP involvement in hydraulic regulation. Unlike Castelão and Touriga 
Nacional, Alicante Bouschet and Petit Verdot maintained relatively 
stable stomatal conductance (gs) across the season in non-irrigated 
plants. This stability likely, resulting from a long-term adaptation to 
water scarcity, reduces their reliance on AQPs for hydraulic regulation, 
reflecting structural and anatomical changes rather than being solely 
driven by short-term molecular signalling mechanisms, implying an 
alternative strategies for coping with water stress.

In near-isohydric genotypes, differential AQP regulation was also 
observed but the patterns were less consistent between DI and NI 
treatments. In general, VviPIPs and VviTIPs were down-regulated or 
unchanged at PS, corroborating previous works in Chasselas (Dayer 
et al., 2017). However, in several isohydric genotypes these AQPs were 
up-regulated at veraison. This variability underscores the complexity of 
AQP-mediated hydraulic responses, which are influenced by genotype, 
environmental conditions and stress threshold.

These findings suggest that AQPs are linked to the regulation or 
exacerbation of the iso/anisohydric strategy and may explain the dis
crepancies among reports in their classification in the literature. This 
supports previous studies suggesting the involvement of AQPs in the 
ability of grapevine genotypes to switch from a near-isohydric to a near- 
anisohydric behaviour (Vandeleur et al., 2009). The observed VviPIPs 
down-regulation at an early phenological stage together with [ABA] 
increase corroborate the hypothesis of Shatil-Cohen et al. (2011) that 
the inactivation of VviPIP AQPs is a result of increased ABA in xylem sap, 
exerting a feed-forward signal for stomata to close (Dayer et al., 2020). 
Our data pinpoints an activity decrease of AQPs after the onset of 
ripening (VER), where most AQPs were significantly down-regulated or 
inactivated at and after FM, independently of the genetic background of 
the variety or irrigation treatment. This decrease is concomitant with the 
significant drop in Kleaf and gs. Grapevine reduces leaf hydraulic con
ductivity after VER, likely to prioritize water transport to the developing 
fruit (Greenspan et al., 1994, 1996; Knipfer et al., 2015). Our results also 
indicate that, in grapevine, hydraulic control is growth-program related 
and may also be related to AQPs activities. In this regard, the majority of 
the AQPs were not expressed at Post-H, which may be related to the 
lower protein synthesis at this stage as a result of the beginning of leaf 
senescence at the end of the annual plant cycle (Ohtsuka et al., 2018), 
with a shift of energy focus from reproduction towards reserve accu
mulation in the perennial structures of the plant. During leaf maturation, 
osmolyte accumulation leads to a significant reduction of the turgor loss 
point, a known marker for stomatal closure (Herrera et al., 2022). This 
accumulation may be caused by a reduction in AQPs activity at Post-H, 
since one of the AQPs functions is the maintenance of cytosolic osmo
larity (Liu et al., 2006), which may be one of the explanations for the low 
gs maintenance.

4.5. Leaf hydraulic components are actively regulated at post-harvest in 
grapevine genotypes

At Post-H, the soil was at field capacity due to the intensive rainfall, 
reducing the pressure of water retention in the plant (circa 0,05 MPa in 
all genotypes and treatments). However, at the same time, gs reached its 
minimum in all genotypes, particularly in FI and DI, and AQPs activity 
almost ceased, with most genes showing minimum levels of expression, 
in most of the genotypes and treatments, indicating a delayed stomatal 

response to soil water availability and corroborating the loss of plasticity 
due to leaf ageing. Such a combination seems to be related to the 
absence of maintaining leaves and berries since the main physiological 
process occurring in the plant after harvest is the backflow of nutrients 
from leaves to the perennial structures. Interestingly, some VviNIPs 
isoforms and VviXIPs, mainly involved in mineral element transport 
(Wang et al., 2016; Sabir et al., 2021), were activated at Post-H, even 
up-regulated in some genotypes, independently of Kleaf recovery range.

The differential Kleaf increase among genotypes after the rain event 
suggests a differential benefit of late-season water availability among 
genotypes. Syrah and Alicante Bouschet had the highest Kleaf increase, 
along with a significant up-regulation of VviPIPs, suggesting the 
involvement of these AQPs in this hydraulic recovery, as previously 
observed by Pou et al. (2013). The up-regulation of AQPs at Post-H after 
rainfall could also be related to foliar water uptake as suggested by 
Vignesh and Palanisamy (2021). The involvement of PIP2;1 in diurnal 
water uptake in response to increasing air relative humidity was 
demonstrated in the desert tree T. ramosissima (Yan et al., 2015). 
However, despite the considerable recovery of Kleaf in Vinhão at Post-H, 
the identification of the cellular mechanisms involved was not possible 
to infer, due to the lack of AQPs expression.

5. Conclusions

The present study contributes to the understanding of physiological 
plasticity in eight grapevine varieties across the growing season and 
under different water status. We demonstrate that hydraulic adjustment 
mechanisms in grapevine are highly dynamic throughout the season, 
emphasizing the complexity of water regulation strategies. Stomatal 
closure was the earliest response to water stress in all genotypes while, 
hydraulic conductivity (Kleaf) was variety-specific, and primarily driven 
by phenology rather than water status. Early in the season, Kleaf supports 
high water flow to sustain intense vegetative growth, shifting with time 
to align with carbohydrate storage demands. Additionally, non-irrigated 
plants kept low and stable stomatal conductance (gs) from the beginning 
of the season, reinforcing their long-term acclimation to water-limited 
conditions and suggesting a cumulative impact of sustained water 
stress on stomatal behaviour. This could be related to a borderline status 
of some genotypes (near-iso/near-anisohydric), prone to shifts from one 
status to another, depending on the soil water availability threshold or/ 
and related to slow responses to water stress, thus only revealing dif
ferences when exposed to long-term water shortage. The balance be
tween [ABA] and [IAA] at veraison evidenced that some genotypes were 
responsive to water status levels, with high [ABA] associated with low 
Ψpd, suggesting a chemical control of water status, while others were 
irresponsive to water status levels, with decreases in gs and Ψpd being 
independent of [ABA]. Aquaporins played a crucial role in hydraulic 
adjustments, and their gene expression was tightly regulated by 
phenology and closely aligned with gs and Kleaf. This result identified 
two AQP expression trends in water-stressed plants at early develop
mental stages: a general up-regulation, indicative of near-anisohydric 
behaviour, and a down-regulation or stable expression, indicative of 
near-isohydric behaviour. The benefit of late-season water availability 
in some genotypes, highlighted by Kleaf and AQP expression, can have 
significant implications for post-harvest irrigation strategies. Overall, 
the highly dynamic interplay between AQP expression, stomatal 
conductance, hydraulic conductivity, and hormonal crosstalk in 
response to water stress underscores the need for further field pheno
typing studies covering the full duration of the growing season to refine 
water management strategies in viticulture.

CRediT authorship contribution statement

Olfa Zarrouk: Writing – review & editing, Writing – original draft, 
Supervision, Methodology, Investigation, Formal analysis, Data cura
tion, Conceptualization. Luísa C. Carvalho: Writing – review & editing, 

M. Damásio et al.                                                                                                                                                                                                                               Agricultural Water Management 318 (2025) 109708 

11 



Writing – original draft, Supervision, Methodology, Investigation, 
Funding acquisition, Formal analysis, Data curation, Conceptualization. 
João de Deus: Writing – review & editing, Investigation. Maria Vic
toria Alarcón: Writing – review & editing, Investigation, Data curation. 
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