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Abstract

In plants, proline acts as a compatible osmolyte with multiple stress-related functions,
contributing to cell turgor regulation and the dissipation of excess energy. In this study, the
use of a proline-rich yeast derivative (SYD) on pot-grown grapevines cv. Chardonnay was
tested as a priming strategy to enhance vine water status and water deficit tolerance. Well-
watered control vines were compared to those subjected to reduced irrigation at 80% of daily
evapotranspiration for 43 days, with and without foliar SYD applications. Additionally, a
group of vines received only 40% of daily evapotranspiration (ET) along with foliar SYD
applications. The soil moisture content clearly mirrored the three irrigation levels (full
water, 80% ET, and 40% ET). However, considering vines kept at 80%ET, SYD-treated vines
had a consistently higher midday leaf water potential than controls (+0.22 MPa on Day of
Year—DOY—214). SYD-treated vines kept at 80% ET and control vines at 100% ET exhibited
similar stomatal conductance and assimilation rates (0.24 vs. 0.25 mol m−2 s−1, and 14.9 vs.
15.3 µmol m−2 s−1 on average from all measurements), while control vines kept at 80% ET
lagged behind SYD-treated vines at 80% ET. On July 20th (DOY 201), in SYD-treated vines
kept at 80% ET, leaves accumulated nearly twice the proline concentration compared to
control vines receiving the same irrigation (17.7 vs. 10.6 µmol/g). Treated vines kept at
40% ET had stomatal conductance and leaf assimilation rates comparable to control vines
at 80% ET (0.17 vs. 0.20 mol m−2 s−1 and 11.7 vs. 11.5 µmol m−2 s−1 on average). At
harvest, the average yield of SYD-treated vines kept at 80% ET was similar to fully watered
control vines maintained at 100% ET (1.75 vs. 1.82 kg), but showed higher soluble solids
concentrations (20.9◦ Brix, vs. 19◦ Brix in fully watered control vines) and lower average
titratable acidity (6.62 g/L vs. 7.7 g/L in fully watered control vines), while no differences
were observed in the average titratable acidity between control vines kept at 80% ET and
SYD-treated vines kept at 40% ET (6.15 g/L). Proline-rich SYD increased endogenous
leaf proline levels and vine water status, also interacting with H2O2 accumulation, and
resulted in long-term better physiological functioning at comparable water availability.
The applications improved grapevine productive performance, effectively mitigating the
negative impacts of reduced irrigation.
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1. Introduction
Water stress is a major limiting factor in agriculture. Grapevine (Vitis vinifera L.),

one of the world’s most significant crops, is cultivated under both irrigated and rainfed
conditions, depending on water availability. In the current climate change scenario, the
wine industry faces increasing summer heat stress and water scarcity. In rainfed vineyards,
drought and high temperatures shorten the phenological stages of growth, impairing plant
growth, yield, and fruit composition, thereby reducing profitability [1,2]. Where water
is available, rising temperatures lead to increased crop evapotranspiration, necessitating
substantial irrigation volumes to support canopy growth and crop formation. In both
scenarios, growers are seeking new tools to enhance vine summer stress tolerance and
vineyard performance under reduced water availability [2].

Recent studies have investigated the role of biostimulants and foliar applications in
enhancing crop tolerance to abiotic stress [3–5] and the environmental impact of using such
formulations in agriculture [6]. Among these, specific yeast derivatives (SYD) have shown
promise in improving plant water status and canopy functionality. Del Zozzo et al. [7]
demonstrated that a proline-rich SYD enhanced leaf water status and reduced both leaf
hydrogen peroxide (H2O2) and grape sunburn. The proposed mechanism of action was
linked to a proline priming effect. Proline is a functional amino acid involved in plant water
stress tolerance and adaptation. The role of proline in plants under abiotic stress remains
debated. While some authors consider proline just a marker of environmental stress, others
highlight its role as a compatible osmolyte [8,9] and other studies propose proline as a key
factor in preventing energy excess through its role in scavenging reactive oxygen species
from the chloroplast [10–13]. For instance, Lehr et al. [14] reported that proline and its
related enzymes serve as markers of heat and water stress. They concluded that leaf proline
is the best proxy for combined heat and water stress among leaf metabolites, whereas
abscisic acid responds only to water availability. Ozden et al. [15] showed that exoge-
nous proline application significantly increased endogenous proline levels in grapevine
leaves and, when applied prior to oxidative stress, markedly reduced H2O2 accumulation.
Wei et al. [16] clarified the genes involved in grapevine leaf proline and catabolism in
relation to osmotic and oxidative stress and reported the day/night turnover of proline
already observed in other plants. In their extensive review, Szabados and Savouré [12]
propose that this turnover underlies one of the principal stress-related functions of proline
in leaves. During daylight, proline biosynthesis under stress regenerates NADP+, which
can act as an electron acceptor and thereby reduce singlet oxygen production. At night,
the reverse process takes place, with proline being reconverted to glutamate, but this
occurs in the absence of light-induced energy stress. In this context, the application of
formulations containing proline or promoting its accumulation is clearly gaining interest in
both rainfed and irrigated vineyards, where water is available but limited. Additionally,
their application cost is low, especially since it can be combined with pathogen control
sprays. Considering the ongoing increase in irrigation material costs and the projected
rise in water prices, the technical and economic advantages of their use are likely to grow
in the near future. Accordingly, this study aims to (a) assess the impact of a proline-rich
SYD formulation on the water status and physiological performance of potted grapevines
under varying irrigation regimes and (b) examine the effects on yield and fruit composition.
Our hypothesis was that proline priming could improve vine water status, prevent leaf
photoinhibition, and improve grapevine physiological performances at comparable applied
water levels. Our broad goal was to understand whether the application of proline-rich
SYD enables vines to sustain adequate physiological and productive traits with significantly
reduced irrigation requirements, due to a proline priming effect.
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2. Materials and Methods
2.1. Experimental Layout and Weather Conditions

The experiment took place in an outdoor area in Piacenza, Italy (45◦02′14.7′′ N
9◦43′41.3′′ E) in 2023, involving 16 three-year-old potted vines (Vitis vinifera L.) cv. Chardon-
nay grafted onto SO4 rootstock and trained to a cane-pruned (Guyot) trellis with vertical
shoot positioning (Supplementary Figure S1). These vines were potted in 2022 on a sub-
strate consisting of loamy soil (40%), river sand (40%), and peat (20%) in 35 L white pots
and were aligned in a NE-SW orientation. The first wire was set at 80 cm above the ground,
with the last wire positioned 1 m above the first. During winter pruning, 12 nodes per vine
were retained, with 10 on the cane and 2 on the spur. Fertilization was carried out with
7.1 g of N2, 2.3 g of P2O5, and 2.3 g of K2O per vine, through soil NPK fertilization on Day
of Year (DOY) 96, followed by two ammonium nitrate applications on DOY 110 and 131.
Trimming was performed twice during the season when shoots extended 10 cm beyond the
last wire. Standard pathogen control practices were implemented to prevent disease spread.
On DOY 145, the vines were randomly assigned to the following treatments (four vines per
treatment under a full randomization design):

i. Well-watered control vines (WW-C): These vines received full irrigation, equating to
100% of the daily evapotranspiration (ET), which averaged 5 L per vine per day, from
DOY 171 to DOY 214.

ii. Moderate irrigation reduction control vines (WS1-C): These vines were irrigated daily
at 80% ET, averaging 4 L per vine per day, from DOY 171 to DOY 214.

iii. Moderate irrigation reduction treated vines (WS1-T): These vines also received daily
irrigation at 80% ET, averaging 4 L per vine per day, from DOY 171 to DOY 214, and
were subjected to multiple foliar applications of a proline-rich SYD.

iv. Severe irrigation reduction treated vines (WS2-T): These vines were irrigated daily at
40% ET, averaging 2 L per vine per day, from DOY 171 to DOY 214, and were subjected
to multiple foliar applications of a proline-rich SYD.

Irrigation was managed by an automated system, ensuring the vines were well-
watered until DOY 170. Irrigation was then adjusted as described above from DOY 171,
corresponding to the phenological stage of groat-size berries (BBCH 73), until harvest
(BBCH 89) [17]. From DOY 171, daily 100% ET was weekly measured by weighing the
well-watered (WW) pots each Monday at 8:30 after irrigation, and again 24 h apart. In the
absence of a clear sky, measurements were postponed to the first sunny day. On a weekly
basis, 80% ET and 40% ET were calculated accordingly. Irrigation levels were established
based on the approach of Keller et al. [18], with ET reductions adjusted to pot conditions.
In their study, deficit irrigation of 70% crop evapotranspiration (Etc) and 25% ETc from fruit
set to harvest was tested under field conditions, compared to full irrigation at 100% ETc.
Considering the limited soil volume in pots, we deemed it appropriate to increase these
levels to 80% ET and 40% ET for WS1 and WS2, respectively.

The experimental design consisted of a single factor (treatment) with four levels, as
described above. Based on the existing literature, proline-rich SYD may enhance vine
water status even under similar levels of water availability. Therefore, our objective
was to compare WS1-C and WS1-T, with WS2-T included as an additional treatment,
to assess whether a further reduction in irrigation volume in treated vines could yield
effects comparable to WS1-C. Due to limitations in space in the phenotyping platform used
and the plant material being limited to 16 uniform vines, we had to make the decision
whether to keep a control treatment at 40% ET irrigation or use a WW-C as a benchmark
reference for fully irrigated vines. We opted for the second option, and therefore, a WS2
control treatment could not be included.
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Treated vines (T) received multiple foliar applications of LalVigne ProHydro, an
inactivated Saccharomyces cerevisiae yeast extract enriched with bacterial-derived proline [7].
The SYD was applied five times between the groat-sized and full-veraison phenological
stages (i.e., BBCH 73 to 81) [17] at the manufacturer-recommended dose of 3.3 g/L, as
detailed by Del Zozzo et al. [7]. The application dates were DOY 145, 156, 163, 177, and 191,
corresponding to 25 May; 5, 12, and 26 June; and 10 July, respectively.

The weather parameters, including rainfall and daily mean, maximum, and minimum
temperatures, were recorded by a weather station situated outdoors and analyzed from
1 April (DOY 91) to 30 October (DOY 304). The accumulated growing degree days (GDD)
for this period, using a base temperature of 10 ◦C, were calculated following the method
of Baskerville and Emin [19]. Soil moisture content was periodically measured on three
vines per treatment across seven dates between DOY 172 and DOY 214. Soil moisture
probes (EC-5, Meter Group Inc., Pullman, WA, USA) were positioned 5 cm from the bottom
of the pot, and data was collected using a pro-check reader (Meter Group Inc., Pullman,
WA, USA).

2.2. Leaf Gas Exchange Parameters and Vine Vegetative Growth

Leaf gas exchange parameters were assessed on a well-exposed mature leaf from
each vine, with four replicates per treatment, using an infra-red LCi-T pro analyzer (ADC
Bioscientific Ltd., Hoddesdon, Hertfordshire, UK) on seven occasions throughout the season
(22, 27 June; 5, 11, 20, 27 July; and 2 August, respectively). Leaves located between nodes
4 and 8 from the basal bud were selected to measure leaf net assimilation (AN), transpiration
(E), and stomatal conductance (gs). Measurements were conducted at 13:00 under saturating
light conditions, using a cuvette equipped with a narrow leaf chamber with an area of
5.80 cm2. The reference CO2 concentration was approximately 450 ppm, and the flow rate
was set to 200 mL/min. Intrinsic leaf water use efficiency (WUE) was calculated as the ratio
of leaf AN to leaf gs.

On the same seven dates, the HandyPea chlorophyll fluorescence system (Hansatech
Instruments Ltd., Norfolk, UK) was employed to measure the photosystem efficiency of
the same leaves. Leaf clips were attached an hour prior to the measurements to allow the
photosystem to adapt to dark conditions, facilitating the assessment of initial fluorescence
yield (Fo), variable fluorescence (Fv), and maximum fluorescence (Fm). The photosystem II
quantum yield, expressed as the ratio of variable to maximum fluorescence (Fv/Fm), was
automatically calculated by the instrument. Subsequently, the midday leaf water potential
(Ψ) was measured on the same leaves using a Sholander pressure chamber 3500 model
(Soilmoisture Corp., Santa Barbara, CA, USA).

Just before the leaves began to fall, all the leaves on one shoot per vine were detached
and sampled, with the primary and lateral leaves separated. The leaf area of these samples
was measured using a LI-3000A leaf area meter (Li-COR Biosciences, Lincoln, NE, USA).
The average surface area for both primary and lateral leaves was then calculated. After
the leaves had fallen, the nodes from the primary and lateral shoots on each vine were
counted. The leaf area of the vine’s main and lateral shoots was estimated by multiplying
the number of nodes by the average area of the main and lateral leaves, respectively.

2.3. Leaf Metabolites

On DOY 173 and 201, four leaves per treatment were sampled and immediately frozen
in liquid N2. The samples were stored at −80 ◦C, then individually washed with deionized
water to remove deposits, and ground into a fine powder using a mortar and pestle
under liquid N2. Proline was quantified following the method of Troll and Lindsley [20],
with minor modifications. A 0.05 g portion of the ground leaf sample was weighed and



Agronomy 2025, 15, 2759 5 of 19

suspended in 500 µL of an extraction solution composed of water and ethanol (30:70 v/v)
and homogenized using a vortex. Then, 500 µL of the homogenized extract was added
to an Eppendorf tube containing 1 mL of 1% ninhydrin (w/v) in a reaction mixture of
60% acetic acid and 20% ethanol [21] and centrifuged at 10,000 rpm for 5 min at 4 ◦C. The
resulting solution was placed in a hot water bath at 95 ◦C for 20 min and then subjected to
another centrifugation at 10,000 rpm for 1 min at 4 ◦C. Absorbance was measured at 520 nm
using a JascoV-530 spectrophotometer (Jasco analytical instruments, Easton, MD, USA).

Leaf H2O2 was measured according to Loreto and Velikova [22]. A measure of 0.05 g
of frozen leaf sample was mixed with 1 mL of 1% trichloroacetic acid (w/v) in an Eppendorf
tube and homogenized. After centrifugation at 10,000 rpm at 4 ◦C for 5 min, 0.75 mL of the
resulting supernatant was added to 0.75 mL phosphate buffer (pH 7) and 1.5 mL of 1 M
KI solution in a cuvette. Blank cuvettes were prepared to calibrate the spectrophotometer
with 1.5 mL of KI and 1.5 mL of phosphate-buffered solution. The absorbance was read
at 390 nm by means of a Jasco V-530 UV spectrophotometer (Jasco analytical instruments,
Easton, MD, USA).

2.4. Yield, Vine Balance, and Fruit Composition

The vines were harvested when the grape total soluble solid (TSS) concentrations
averaged 20◦ Brix across all treatments. At harvest, vine yield was measured, and the
number of bunches per vine was recorded, followed by bunch weight measurements.
Three representative bunches from each vine were sampled for fruit composition analysis.
Measurements included bunch weight, number of berries per bunch, berry mass, and rachis
length. Bunch compactness (g/cm) was calculated as the ratio of bunch weight to rachis
length. The leaf-to-fruit ratio was determined by dividing vine yield by the total leaf area
of the vine.

Berries were then crushed to produce juice. TSS concentration was measured using a
digital refractometer SMART-1 (Atago, Bellevue, WA, USA), and pH was assessed with a
pH-meter (pH 60 VioLab Giorgio Bornac, Capri, MO, Italy). Titratable acidity was measured
with an AT 1000 Potentiometer titrator (Hach Company, Loveland, CO, USA) by titrating
0.1 N NaOH to a pH of 8.2 as the endpoint, expressed as g/L tartaric acid equivalents.

2.5. Data Statistical Analysis

After verifying data homoscedasticity and performing Levene’s test, the data were sub-
jected to one-way ANOVA using SPSS v29.0.1.0 (IBM Corp., Armonk, NY, USA). Leaf AN

and gs data for WS1-C and WS1-T were analyzed using analysis of covariance (ANCOVA)
in the same software. Correlations were generated for all treatments using SigmaPlot
11 (Systat Software Inc., San Jose, CA, USA). Bootstrapping analyses were also performed
in SPSS.

3. Results
3.1. Weather Conditions

In 2023, the experimental site experienced its warmest period from 9 July (DOY 190) to
20 July (DOY 201) (Figure 1). During the phase when water supply was adjusted between
treatments (DOY 172-DOY 214), the average maximum (Tmax), minimum (Tmin), and
mean (Tmean) temperatures were 36.2 ◦C, 20.9 ◦C, and 28.1 ◦C, respectively, with Tmax
reaching its peak on DOY 191 at 41.2 ◦C. The GDD accumulated from 1 April (DOY 91)
to the end of the measurements was 1459, while from DOY 91 to 304, it was 2625. Total
rainfall between DOY 90 and 304 amounted to 283.2 mm, with 41% of it occurring between
DOY 127 and 141. During the period of modulated water supply, only two rainfall events
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were recorded on DOY 183 (17.4 mm) and DOY 208 (8.4 mm). On these two occasions,
irrigation was halted and resumed the following morning.
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Figure 1. Seasonal evolution of maximum (--), mean (—), and minimum (. . .. . .) temperatures, rainfall
(|), and the cumulative growing degree days (GDD, |) at the experimental location in 2023. DOY
represents the Day of Year. Gray arrow = start of water-stress imposition (BBCH 73, groat-sized
berries); black arrow = re-watering and harvest (BBCH 89, full ripening).

3.2. Soil Moisture and Leaf Water Status

WW-C vines showed a high average soil moisture content of 55% throughout the
experiment (Figure 2a). Though the WS1 vines (WS1-C and WS1-T) initially showed com-
parable moisture content to that of WW-C vines (ranging between 40 and 50% on DOY 178),
with the progression of the season, the effects of reduced irrigation in WS1-C and WS1-T
reduced the soil moisture to ~38–40% on DOY 201, with no difference between the two WS1
treatments. At the end of measurements on DOY 214, the WS1-T and WS1-C presented
similar moisture content of 33–36%, compared to the 48.6% presented by WW-C vines.
In WS2-T vines, soil moisture was consistently lower than with WS1 treatments (ranging
between 20 and 27%), and at harvest (on DOY 214), it achieved the lowest level (15.6%).

WW-C had a significantly higher midday leaf Ψ (ranging from −0.7 and −1.08 MPa)
than WS1-C during the entire experiment (Figure 2b). WS1-T vines showed better Ψ water
status than WS1-C. In detail, WS1-T exhibited a less negative midday leaf Ψ than WS1-C
Ψ on DOY 178 (+0.15 MPa), 186 (+0.14 MPa), 201 (+0.18 MPa), and 214 (+0.22 MPa), and
comparable to WW-C leaf Ψ on DOY 201. WS1-C and WS2-T had similar midday leaf Ψ
from DOY 201—DOY 214.
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Figure 2. Seasonal evolution of soil moisture (%; panel (a)) and mid-day leaf water potential (Ψ; panel
(b)) in grapevines cv. Chardonnay subjected to multiple applications of proline-rich specific yeast
derivatives (T) and control vines (C) in accordance with different irrigation levels from Day Of Year
(DOY) 171 (BBCH 71, groat-sized berries) to harvest (BBCH89, full ripening), based on measured
daily evapotranspiration (ET): WW = 100% ET; WS1 = 80% ET; WS2 = 40% ET. Asterisks indicate
significant difference between treatments within date per p < 0.05. Different letters indicate significant
difference between treatments within date per p = 0.05 (Tukey’s HSD test). Bars represent standard
errors (n = 4).
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3.3. Leaf Gas Exchanges and Photosystem Efficiency

On most of the dates examined, WW-C and WS1-T vines exhibited similar leaf AN

(Figure 3a). The only exceptions were on DOY 186 and 201, where WW-C showed a
significantly higher leaf AN than WS1-T, with increases of +2.35 and +2.27 µmol m−2 s−1,
respectively. WS2-T vines displayed leaf AN comparable to WS1-C and even surpassed
WS1-C at the experiment’s conclusion, with an increase of +3.52 µmol m−2 s−1. When data
for the entire period were pooled, the average leaf AN was 15.37 µmol m−2 s−1 for WW-C,
11.5 µmol m−2 s−1 for WS1-C, 14.94 µmol m−2 s−1 for WS1-T, and 11.72 µmol m−2 s−1 for
WS2-T. WW-C vines maintained the highest leaf E until DOY 186 (Figure 3b). Subsequently,
no significant and consistent differences were observed between the treatments, except on
DOY 201, when leaf E varied according to the applied water. For the period from DOY 186
to 214, the average leaf E was 5.24 mmol m−2 s−1 for WW-C, 5.07 mmol m−2 s−1 for WS1-C,
5.49 mmol m−2 s−1 for WS1-T, and 4.22 mmol m−2 s−1 for WS2-T. Initially, WS1-C showed
gs comparable to WS1-T (Figure 3c), but from DOY 192 until harvest, WS1-T vines exhibited
a significantly higher gs than WS1-C, with an average increase of +0.05 mol m−2 s−1 during
this period. WS2-T had a significantly lower leaf gs than WS1-C from DOY 178 to DOY
201, with an average decrease of −0.04 mol m−2 s−1, but from DOY 208 to harvest, no
differences were noted between the two treatments.

Table 1 reports the analysis of covariance for the effects of WS1-C and WS1-T treatments
on leaf A at varying the covariate gs. Results show a significant interaction between fixed
factor (treatments) and gs on AN., meaning that in WS1-T leaf, AN was assuming different
values at increasing gs, compared to what occurred in WS1-C. The correlation between
leaf AN and leaf gs was then fitted to different asymptotic models for the four treatments.
Figure 4 illustrates that WW-C and WS1-T exhibited higher leaf AN than WS1-C and WS2-T
when gs exceeded 0.20 mol m−2 s−1. Conversely, for gs values below 0.20 mol m−2 s−1,
WW-C and WS1-T displayed similar leaf AN, while WS1-C showed lower leaf AN compared
to the other treatments. Supplementary Table S1 reports the results of Pearson’s coefficient
between leaf AN and gs for the four treatments and the bootstrap simulation results.
Consequently, during the period from day 186 to 214, WS2-T demonstrated the highest
leaf WUE, averaging 100.6 µmol m−2 s−1/mol m−2 s−1 (Figure 5a). On days 186 and 208,
WS1-C had a significantly lower leaf WUE than WS1-T, with reductions of 26.18% and
18.83%, respectively. No differences in leaf Fv/Fm were observed until day 214 (Figure 5b).
On the final measurement date, WS1-C had a significantly lower Fv/Fm (0.667) compared
to the other treatments, which pooled at 0.770 for WW-C, WS1-T, and WS2-T.

Table 1. Analysis of covariance between leaf photosynthetic rates and stomatal conductance gs in
potted grapevines cv. Chardonnay subjected to multiple applications of proline-rich specific yeast
derivatives (T) and control vines (C) subjected to a daily irrigation of 80% their evapotranspiration.
DF = degree of freedom; SS = sum of squares.

Treatment DF Sig. 1 F SS

Corrected model 2 *** 27 385.415
Intercept 1 *** 27 837.709

Interaction
(treatmentx gs) 2 *** 27 385.415

1 *** indicate significant differences per p < 0.005.
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Figure 3. Seasonal evolution of leaf photosynthesis (leaf AN; panel (a)), leaf transpiration (leaf E;
panel (b)) and leaf stomatal conductance (leaf gs; panel (c)) in potted grapevines cv. Chardonnay
subjected to multiple applications of proline-rich specific yeast derivatives (T) and control vines (C)
according to different irrigation levels from Day Of Year (DOY) 171 (BBCH 71, groat-sized berries) to
harvest (BBCH 89, full ripening), based on measured daily evapotranspiration (ET): WW = 100% ET;
WS1 = 80% ET; WS2 = 40% ET. Asterisks indicate significant difference between treatments within
date per p < 0.05. Different letters indicate significant difference between treatments within date per
p = 0.05 (Tukey’s HSD test). Bars represent standard errors (n = 4).
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Figure 4. Correlation between leaf photosynthesis (Leaf AN) and leaf stomatal conductance (Leaf
gs) in potted grapevines cv. Chardonnay subjected to multiple applications of proline-rich specific
yeast derivatives (T) and control vines (C) according to different irrigation levels from day of year 171
(BBCH 71, groat-sized berries) to harvest (BBCH 89, full ripening), based on measured daily evapotran-
spiration (ET): WW = 100% ET; WS1 = 80% ET; WS2 = 40% ET. WW-C: f = 19.27*(1 − exp(−7.27*x)),
p < 0.05, R2 = 0.65; WS1-C: f = 16.25*(1 − exp(−7.06*x)), p < 0.05, R2 = 0.63; WS1-T:
f = 17.83*(1 − exp(−9.06*x)), p < 0.05, R2 = 0.62; WS2-T: f = 13.94*(1 − exp(−13.53*x)), p < 0.05,
R2 = 0.56.

3.4. Leaf Metabolites

On DOY 173, WS1-T and WS2-T leaves showed comparable proline concentrations
(7.54 and 7.38 µmol/g, respectively), while WS1-C and WW-C leaves had a significantly
lower proline concentration (4.74 and 3.99 µmol/g, respectively) (Figure 6a).

On DOY 201, WS2-T and WS1-T had the highest leaf proline concentrations (22.6 and
17.8 µmol/g, respectively), while WS1-C showed significantly lower leaf proline concentra-
tions (10.6 µmol/g) than the treated vines, yet higher than WW-C (+6.72 µmol/g).

On DOY 173, WS2-T and WW-C leaves showed higher leaf H2O2 concentrations
(0.76 and 0.74 µmol/g, respectively) than WS1-C (0.62 µmol/g), while WS1-T leaves had
the lowest H2O2 concentrations (0.56 µmol/g) (Figure 6b). On DOY 201, WS1-T and
WS2-T had similar leaf H2O2 concentrations (~0.78 µmol/g) that were comparable to the
unstressed WW-C vines (0.7 µmol/g). Conversely, WS1-C vines showed a dramatic increase
in leaf H2O2 accumulation to 1.06 µmol/g.
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Figure 5. Seasonal evolution of vine instantaneous WUE (AN/gs; panel (a)) and Fv/Fm (panel
(b)) in potted grapevines cv. Chardonnay subjected to multiple applications of proline-rich specific
yeast derivatives (T) and control vines (C) according to different irrigation levels from Day Of Year
(DOY) 171 (BBCH 71, groat-sized berries) to harvest (BBCH 89, full ripening), based on measured
daily evapotranspiration (ET): WW = 100% ET; WS1 = 80% ET; WS2 = 40% ET. Asterisks indicate
significant difference between treatments within date per p < 0.05. Bars represent standard errors
(n = 4). Different letters indicate significant difference between treatments within date per p = 0.05
(Tukey’s HSD test).
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Figure 6. Proline (a) and hydrogen peroxide (H2O2, b) concentrations in the leaf samples from
potted grapevines cv. Chardonnay subjected to multiple applications of proline-rich specific yeast
derivatives (T) and control vines (C) according to different irrigation levels from Day Of Year (DOY)
171 (BBCH 71, groat-sized berries) to harvest (BBCH 89, full ripening), based on measured daily
evapotranspiration (ET): WW = 100% ET; WS1 = 80% ET; WS2 = 40% ET. Different letters indicate
significant difference between treatments within date per p = 0.05 (Tukey’s HSD test). Bars represent
standard errors (n = 4).

3.5. Yield and Fruit Composition

Harvest took place on 2 August 2023 (DOY 214). The WW-C and WS1-T vines pro-
duced the highest yields (Table 2). Although WS2-T yielded less than WW-C and WS1-T,
the difference between WS1-C and WS2-T was not significant. No differences were ob-
served between treatments regarding bunch compactness, vine leaf area, and leaf-to-fruit
ratio. At harvest, WS2-T developed significantly higher grape total soluble solid (TSS)
concentrations than WW-C, with increases of +1.89 Brix and +2.06◦ Brix, respectively, while
WS1-C and WS1-T showed intermediate values (Table 3). Although the pH differences
among treatments were negligible, WW-C vines exhibited a significantly higher TA than
WS1-C and WS2-T (+1.62 g/L). WS1-T had an intermediate TA, slightly lower than WW-C.
The WS2-T vines demonstrated significantly higher TSS/TA than WW-C (+0.98), whereas
WS1-C and WS1-T showed slightly lower TSS/TA, with no significant difference from
WS2-T (−0.18 and −0.26, respectively).
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Table 2. Yield components, leaf area, and vine balance in potted grapevines cv. Chardonnay subjected
to multiple applications of proline-rich specific yeast derivatives (T) and control vines (C) according
to different irrigation levels based on measured daily evapotranspiration (ET): WW = 100% ET;
WS1 = 80% ET; WS2 = 40% ET.

Treatment Yield
(kg/Vine)

Cluster
Weight

(g)

Berry Weight
(g)

Cluster
Compactness

(g/cm)

Vine
Leaf Area

(m2)

Leaf Area/
Yield

(m2/kg)

WW-C 1.82 a 1 126.07 ab 1.62 a 10.99 2.58 1.44
WS1-C 1.54 ab 118.62 ab 1.40 ab 9.78 2.41 1.49
WS1-T 1.76 a 134.7 a 1.59 a 11.85 1.86 1.39
WS2-T 1.37 b 105 b 1.21 b 9.73 2.32 1.51

Sig. ** 2 * ** ns ns ns
1 Different letters indicate significant differences per p = 0.05 (Tukey’s HSD test); 2 *, ** indicate significant
differences per p < 0.05 and 0.01, respectively. ns = no difference.

Table 3. Fruit composition in potted grapevines cv. Chardonnay subjected to multiple applications of
proline-rich specific yeast derivatives (T) and control vines (C) according to different irrigation levels
based on measured daily evapotranspiration (ET): WW = 100% ET; WS1 = 80% ET; WS2 = 40% ET.

Treatment TSS
(Brix) pH TA

(g/L) TSS/TA

WW-C 19.00 b 1 3.15 7.77 a 2.45 b
WS1-C 19.89 ab 3.18 6.15 b 3.23 ab
WS1-T 20.89 ab 3.19 6.62 ab 3.16 ab
WS2-T 21.06 a 3.18 6.15 b 3.42 a

Sig. ** 2 ns ns *
1 Different letters indicate significant differences per p = 0.05 (Tukey’s HSD test); 2 *, ** indicate significant
differences per p < 0.05 and 0.01, respectively. ns = no difference.

4. Discussion
Despite receiving similar water amounts, WS1-T vines consistently showed higher

midday leaf Ψ than WS1-C (Figure 2b), in agreement with results from field-non-irrigated
vines [7]. Although the WS1-T vine leaf Ψ slightly lagged behind the WW-C leaf Ψ,
their leaf AN and leaf gs were comparable to WW-C throughout the measurement period
(Figure 3a,c), indicating that the observed difference in water status did not lead to signif-
icant differences in leaf AN and leaf gs. This trend was also evident under severe water
reduction (40% ET), with WS2-T vines showing comparable midday leaf Ψ and higher
AN and gs than moderately reduced irrigation control vines WS1-C (Figures 2b and 3a,c).
In short, independent from the amount of water applied, SYD application successfully
increased midday leaf Ψ by 0.1 to 0.3 MPa during the season, resulting in higher AN and gs.
This explains the findings observed in field conditions, in previous work [7]. Furthermore,
the WS2-T vines demonstrated the highest WUE, while WS1-C had a significantly lower
leaf WUE than WS1-T (Figure 5a) on most of the dates examined, suggesting that treated
vines maintained their leaf photosynthetic rates despite reduced stomatal conductance
under water-limiting conditions. Notably, the differences in WS1-T and WS1-C leaf Ψ
were consistently observed despite very similar soil moisture conditions (Figure 2b). This
suggests that the difference in plant water status was related to leaf traits. Although space
and plant material constraints prevented us from including a direct comparison between
control and treated vines under 40% ET irrigation (i.e., the WS2 level), our experimental
setup was the sole approach capable of fully assessing the potential of proline-rich SYD
application under progressively reduced water availability.
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Leaf Ψ is influenced by leaf morpho-anatomical features, vapor pressure deficit, and
soil water availability [23]. Therefore, shifting water potential by a few decimal points might
be only achieved through direct irrigation or environmental conditioning, or alternatively,
through long-term approaches such as soil management (e.g., mowing water-demanding
grasses or cover crops) [23]. Regarding leaf traits, solutes and osmolytes drive turgor
balance, the elasticity of membranes, and osmotic stress tolerance. Proline functions as a
compatible osmolyte and, when applied exogenously, can be absorbed by plant tissues and
translocated via both the xylem and phloem [12,24]. Notably, genetically modified plants
deficient in proline accumulation exhibit impaired stomatal regulation, reduced cell turgor
maintenance, and decreased tolerance to water and salt stress [25–27]. Conversely, exoge-
nous application of proline improves plant physiology and development under abiotic
stress by improving stomatal functioning, reducing oxidative stress, increasing osmotic
potential, and reducing turgor loss point [7,8,15]. In our experiment, SYD application signif-
icantly influenced leaf proline concentration at both sampling dates (Figure 6a). Specifically,
on DOY 173, leaf proline levels in WS1-T and WS2-T were already higher than those in
WS1-C. The difference became more pronounced by DOY 201, when proline concentrations
in WS1-T and WS2-T increased markedly to 17.76 and 22.61 µmol/g, respectively, while
WS1-C showed only a modest increase to 10.66 µmol/g. In our work, while soil water
concentration (Figure 2a) and VPD were uniform between plants, leaf proline changed
significantly, demonstrating that it plays an active role in regulating vine leaf water status.
Accordingly, proline-enriched SYD formulations can influence plant water balance by
modulating leaf biochemical composition and osmolyte profiles, inducing a priming effect
on water stress tolerance of WS1-T and WS2-T leaves, thus providing answers to the effects
previously observed in the field [7].

Two open questions remain: i. whether the observed enhancement in leaf functioning
was a direct effect of SYD application or an indirect consequence of improved vine water
status; ii. whether the leaf endogenous proline measured reflected the proline supplied
in the formulation or newly synthesized proline. Regarding the first point, while several
studies have reported that SYD enhances leaf photosynthetic rates across various crops [28],
improvements in leaf AN, gs, and WUE align with the higher leaf Ψ found in T vines.
However, if the improved leaf physiology is solely a result of enhanced leaf water status,
no significant changes would be expected in the relationship between AN and gs. In
contrast, Table 1 demonstrates that the two WS1 treatments significantly interact with
gs in determining leaf AN. This indicates that AN assumed different values at varying
gs in WS1-T, compared to WS1-T. Figure 4 also shows that WS1-T consistently exhibited
higher maximum AN values than WS1-C (first coefficient of the function) at saturating
gs levels. Even if this data can be considered preliminary and field correlations between
soil or leaf water potential and leaf AN, gs, and E are needed to provide a final picture
of gas exchanges relationships, the results suggest that the observed improvement in
leaf physiology cannot be attributed solely to better water status but rather indicates a
direct effect of SYD on enhancing leaf functional performance, particularly under non-
limiting conditions, alongside its action on vine water status. Indeed, several studies have
discussed the effects of yeast derivatives on plant physiological performance by increasing
chlorophyll concentrations, plant height, and the number of leaves [29–31]. Concerning the
second pending point, Del Zozzo et al. [7] showed that the proline concentration observed
after applying proline-rich SYD could not be attributed solely to the exogenous supply, as
the total amount detected was substantially higher. This indicates that proline-rich SYD
triggers endogenous proline biosynthesis. Indeed, it is well established that exogenous
proline can induce significant de novo endogenous proline production [8,16,32].
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Additionally, SYD may play a role in reducing oxidative stress, enhancing scavenging
activity, and preventing ROS formation. Although the Fv/Fm values were initially similar
across all vines at the onset of stress, the WS1-C vines concluded the experiment with
the lowest Fv/Fm levels (Figure 5b). The irreversible damage observed in WS1-C vines
(Supplementary Figure S2) towards the experiment’s end was absent in WS1-T and WS2-
T vines, which received only 40% of daily ET. Several studies highlight proline’s role
in scavenging reactive oxygen species from the chloroplast and generating NAD(P)+, a
terminal electron acceptor in the electron transport chain, which prevents the accumulation
of radicals and reactive oxygen species, thereby averting permanent photoinhibition of
leaf photosystems [33]. In this context, Figure 6 offers valuable insights. In WS1-T and
WS2-T vines, a marked increase in proline on DOY 201 coincided with reduced H2O2

accumulation. Conversely, WS1-C vines showed lower proline accumulation at the same
time point, during which significant H2O2 accumulation was already evident. Notably, a
decline in Fv/Fm in WS1-C leaves was observed only from DOY 208 onwards, likely due to
toxic ROS accumulation. In comparison, the ROS-scavenging effect of proline seems to have
prevented such damage in WS1-T despite lower water availability and comparable water
status. Overall, our data suggest that a profound metabolic shift occurs in SYD-treated
leaves, with three concurrent processes contributing to improved vine performance under
water stress: (i) enhanced water status resulting from better osmotic adjustment and turgor
maintenance, (ii) improved photosynthesis at comparable stomatal conductance levels,
and (iii) proline-related priming that increases the availability of reductive power (i.e., the
NADP+ pool), thereby promoting ROS scavenging and preventing photoinhibition.

The current literature on the application of SYD in grapevines primarily addresses
induced pathogen resistance, such as against downy mildew [34], and only a few papers
have described effects on yield components. Del Zozzo et al. [7] found that grapevines cv.
Barbera subjected to proline-rich SYD applications had a higher yield, due to a reduction
in sunburn-driven berry turgor loss. However, the effects of SYD on productivity under
abiotic stress have also been largely explored in other crops like cabbage, tomatoes, and
wheat [28,35]. In our study, the productive traits and fruit composition mirrored the
plant’s physiological performance, as the yield of WS1-T vines was comparable to that
of WW-C vines (Tables 2 and 3). Similarly, the yield of WS2-T was akin to that of WS1-C.
Notably, the grape TSS at harvest in WS1-T and WS2-T exceeded that of WW-C (Table 3).
These effects were closely linked to variations in berry growth, with both berry and bunch
size directly influencing yield. In our experiment, water modulation between treatments
commenced on DOY 171, when berries were at the groat-sized stage, and continued until
harvest. Consequently, both stress and treatment conditions impacted berry growth during
stage I (cell multiplication) and stage II (cell enlargement), as outlined by Coombe and
McCarthy [36]. While water availability in WS2-T affected berry size compared to WW-C,
this was not observed in WS1-T. Similarly, the difference in water availability between
WS1-C and WS2-T did not result in significant differences in berry size or yield. Our
data suggest that SYD enhanced leaf water status and carbon assimilation, effectively
compensating for variations in water availability. This likely facilitated adequate dry matter
accumulation in the berry during stage I of development, which is crucial for final berry
size and yield. The pending question is how much water can be saved using SYD foliar
application. Although field data will be needed to drive adequate conclusions, projecting
our study to a vineyard with a standard planting density of 3333 vines per hectare, we
applied a total of 860 m3 of irrigation water per hectare to the WW treatment, 690 m3 to
WS1, and approximately 350 m3 to WS2, based on the water used per vine. Additionally,
26 mm of rainfall, equivalent to 260 m3 of water per hectare, occurred during the same
period and was equally added to all treatments. The results suggest that SYD application
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allowed about 170 m3 of water per hectare to be saved, maintaining full physiological
performances (WS1 vs. WW irrigation levels), or 340 m3 per hectare, maintaining a partial
physiological functioning (WS2 vs. WS1 irrigation levels). Unfortunately, our limitations
in space and plant material made it impossible to directly compare WS2-T vines with a
control treatment maintained at 40% ET, and therefore, we cannot draw conclusions about
the photoinhibition or general physiological conditions that such a treatment would have
exhibited. However, despite such a limit, it is clear that the physiology of WS2-T vines is
aligned with that of WS1-C vines, while WS1-T vines performed similarly to WW-C vines.

In terms of fruit composition, various studies have employed different SYD formula-
tions, mainly on red grapes, leading to increased anthocyanins, stilbenes, lower pH, thicker
grape skins, and higher concentrations of volatiles, ultimately enhancing the quality of
grapes and wine [37–39]. Pastore et al. [38] reported that a S. cerevisiae-derived SYD in-
creased cv. Sangiovese grapes’ skin anthocyanins. In the same framework, Portu et al. [39]
also found an increase in grapes’ anthocyanins and phenolics after SYD application. Simi-
larly, Del Zozzo et al. [7] found a higher concentration of total anthocyanins and phenolics
in cv. Barbera grapes subjected to proline-rich SYD applications, suggesting that the effect
was related to a reduction in sunburn-driven degradation of anthocyanins. The only work
addressing the composition of white grapes reported that SYD application could increase
the presence of specific aromatic compounds [40]. Moving to trials on the application of
exogenous application of proline with no SYD formulation, Garde-Cerdan et al. [41,42]
found that proline effects were minimal compared to phenylalanine sprays. However, their
proline application protocol differed substantially from ours. In their study, proline was
applied only once at veraison, whereas we applied the proline-rich SYD multiple times
between fruit set and harvest. In our experiment, the effects on grapes appear to be primar-
ily a reflection of water status and overall physiological functioning; WS2-T vines showed
significantly higher TSS compared to WW-C, likely due to the reduced yield. Notably,
aside from TSS, no other differences in fruit composition were observed between WS1-T
and WW-C. While excessive sugar accumulation during summer stress can be problematic,
for white grapes, increased sugar levels without changes in TA can be beneficial. This
allows for an earlier harvest while achieving the same alcohol concentration but with higher
acidity, a significant advantage for white and sparkling wine production in the context of
climate change. No differences in fruit composition were noted when comparing WS2-T
and WS1-C.

5. Conclusions
Our study indicates that proline-rich SYD improves vine physiological and productive

performance at different water availability levels. Despite receiving 80% of the irrigation
water applied to WW vines, WS1-T vines exhibited comparable leaf water status, photosyn-
thetic gains, yield, and fruit composition to WW-C. Meanwhile, WS2-T vines demonstrated
broadly comparable physiology and fruit composition to WS1-C, despite a significant
reduction in yield components.

In our experiment, proline-rich SYD enabled a saving of 170 m3 of irrigation water
per hectare when transitioning from WW to WS1 conditions, or 340 m3 per hectare when
moving from WS1 to WS2 conditions, with negligible adverse effects compared to WS1-C
vines. While further studies are needed to confirm and validate these results in the field, the
fact that WS1-T and WS2-T vines performed physiologically on par with WW-C and WS1-C
vines, respectively, underscores the potential for the application of SYD formulations in
vineyards and for other crops under limited water availability.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy15122759/s1, Figure S1: Overview of experimental vines
with different irrigation treatments; Figure S2: On the left a WS1-C vine showing basal leaves
photoinhibitions, on the right a WS1-T vine exhibiting no symptoms. Table S1: Pearson coefficients
for the correlation between leaf photosynthesis and stomatal conductance, and results of bootstrap,
in potted grapevines cv. cv. Chardonnay subjected to multiple applications of proline rich specific
yeast derivates (T) and control vines (C) according to different irrigation levels based on measured
daily evapotranspiration (ET): WW = 100% ET; WS1 = 80% ET; WS2 = 40% ET.
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Abbreviations
The following abbreviations are used in this manuscript:

SYD Specific yeast derivative
WW Well-watered vines
WS1 Vines maintained at 80% ET irrigation
WS2 Vines maintained at 40% ET irrigation
C Untreated control
T Vines subjected to SYD foliar application
ROS Reactive oxygen species
DOY Day of Year
GDD Growing degree days
WUE Water use efficiency
TSS Total soluble solids
TA Titratable acidity
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