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Background and Aims: Monoterpenes are key contributors to the aromatic profile of Moscato Bianco grapes and wines. In recent
years, producers in the Asti DOCG area (northwestern Italy) have reported a decline in grape aromatic intensity. This study aimed
to evaluate whether canopy management practices, basal leaf removal and cluster thinning, can modify bunch-zone microclimate
and influence monoterpene biosynthesis and accumulation in Moscato Bianco berries.

Methods and Results: Field trials were conducted over two growing seasons in two vineyards located at different altitudes: Arione
(higher altitude) and Vignaioli (lower altitude). Three treatments were applied: (a) basal leaf removal at post-berry set (BBCH
71-73), (b) basal leaf removal at veraison (BBCH 81-85) and (c) cluster thinning at veraison (BBCH 81-85). Grapes were collected
at two ripening stages corresponding to commercial harvests for Asti spumante (T1) and Moscato d’Asti (T2). Pulp and skin tissues
were analysed separately for free and bound monoterpenes using GC-MS, and the expression of terpene biosynthesis genes was
assessed via RT-qPCR. Microclimatic conditions around clusters were monitored using sensors recording temperature and light
intensity data. Leaf removal significantly altered bunch-zone irradiation, with moderate effects on temperature. Terpene synthase
(TPS) gene expression showed important treatment-dependent fluctuation. V¥TER expression was significantly reduced at T2
across vineyards and tissues. In Vignaioli, basal leaf removal and cluster thinning at veraison significantly increased monoterpene
accumulation, especially at T2 and most strongly in the glycosylated fraction. In Arione, treatment effects were less pronounced at
T1 and showed limited benefits at T2.

Conclusions: Cluster thinning and basal leaf removal at veraison may help preserve the characteristic aromatic profile of Moscato
Bianco grapes under variable and changing climatic conditions.

Significance of the Study: This study advances the refinement of canopy management practices for this aromatic variety, clarifies
how microclimate and source/sink ratio modulation affect monoterpene biosynthesis and related gene expression, and highlights
the importance of site-specific vineyard management.

Keywords: canopy management; free and glycosylated monoterpenes; grape pulp; grape skin; microclimate; volatile aroma
compounds (VOCs)
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1. Introduction

Moscato Bianco is a highly valued aromatic white-skinned
grape variety, primarily grown in the Asti DOCG
(Denominazione di Origine Controllata e Garantita) region
of Piedmont (northwestern Italy), which encompasses ap-
proximately 9900 ha [1]. The vineyards are situated in the
rolling hills of Langhe and Monferrato, where ideal meso-
climatic conditions, including cooler temperatures at alti-
tudes of 150-550m above sea level, help to preserve the
characteristic acidity and aromatic freshness of the grapes
[2]. Designated as a UNESCO World Heritage Site, in this
region two signature wines are produced: Asti spumante and
Moscato d’Asti. The former is a sparkling, fresh wine, while
the latter, made from grapes harvested at a more advanced
ripening stage, is sweeter and has a lower alcohol content
[1, 2]. Both wines are renowned for their fruity and floral
aromas, with vibrant notes of orange blossom, jasmine and
citrus, complemented by honey and spicy undertones [2].
These distinctive aromas are primarily attributed to terpe-
noids, particularly monoterpenoids, such as linalool, gera-
niol and nerol. These compounds are key contributors to the
signature flavour of Muscat grape cultivars [3]. Terpenes
exist in free forms, which directly contribute to the aroma,
and glycosylated forms, which act as precursors, are released
during fermentation, and can improve the wine’s overall
bouquet [4, 5]. Terpene synthesis depends on genetic and
environmental factors, including soil composition, altitude,
temperature, light exposure and agronomical practices [6].

In the last few years, grape growers and winemakers in
the Asti DOCG region have raised concerns regarding
a decline in these crucial aroma compounds, which threatens
the wine’s hallmark aromaticity and, consequently, the
reputation among consumers for its distinct quality. Strat-
egies that preserve or enhance aroma compounds are thus
urgently needed. Canopy management practices, such as
cluster thinning and basal leaf removal, are of particular
interest. These techniques, which alter the leaf:fruit ratio and
the microclimate of the canopy, are mainly applied to
preserve or modify the yield and berry composition, and
possibly reduce pathogen infections [7-11]. These practices
can also potentially modify the berry aroma profile, with
specific effects on monoterpene accumulation [12]. By re-
ducing the crop load, cluster thinning has been widely
studied for its effects on berry composition, particularly in
terms of sugars, acids and polyphenols [13-15]. The impact
of thinning on the aroma compounds has gained increasing
attention. For instance, increased monoterpene accumula-
tion was reported in grapes of Muscat Hamburg by cluster
thinning performed 2weeks after flowering [16]. Syrah
wines showed increased alcohols, esters and sesquiterpene
levels after the application of preveraison cluster thinning
[17]. In Cabernet Sauvignon, no effects on terpenes and
reduced alcohols, aldehydes, ketones and ester concentra-
tions following pea-sized cluster thinning in a warm, semi-
arid climate were observed [18], thus highlighting the in-
fluence of cultivar and climate on the effects of this practice.
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Basal leaf removal has been shown to alter the micro-
climate of the grapevine canopy by influencing the tem-
perature, humidity, light and water evaporation [19].
Different results have been reported in the literature,
highlighting that cultivar, climate and application timing
strongly modulate the effects of these canopy management
practices. For example, in Nebbiolo, basal leaf removal
applied at BBCH 81 had a greater effect on the accumulation
of free and glycosylated volatiles than at BBCH 71. In
Aleatico, basal leaf removal at BBCH 71 showed a lower
impact on volatile accumulation than that observed in
Nebbiolo that underwent the same treatment [20]. An early
basal leaf removal (BBCH 71) increased glycosylated
monoterpenes and Cl3-norisoprenoids in Xynisteri [21].
Basal leaf removal applied at about 20% veraison led to
greater norisoprenoid accumulation in Chardonnay com-
pared to Pinot Noir berries, with seasonal variations [22]. Li
et al. [23] found that, in Cabernet Sauvignon, basal leaf
removal applied 10 days before flowering and 35 days after
flowering enhanced some C6 compounds over a 3-year
experiment, with a higher induction of straight-chain al-
cohol accumulation in 2017 than in the 2018 and 2019
seasons. Such variability underscores the need for cultivar-
specific research. In Sauvignon Blanc, basal leaf removal at
veraison was found to increase the accumulation of free
monoterpenes, while leaf removal before veraison resulted in
a higher concentration of bound monoterpenes. In both
defoliation treatments, changes in the expression of terpene
biosynthesis genes were also observed [24].

Monoterpene biosynthesis begins with the in-
terconversion of dimethylallyl diphosphate (DMAPP) and
isopentenyl diphosphate (IPP) via two possible pathways:
the cytosolic mevalonic acid (MVA) and the plastidial
methylerythritol phosphate (MEP) pathways [25]. Within
the MEP pathway, VvDXS and VvHDR are thought to be key
rate-limiting enzymes. While VvDXSI is located within
a QTL associated with Muscat flavour [26], V¥vDXS3 ex-
pression has been shown to correlate strongly with mono-
terpene accumulation [27] and has been proposed as
a potential marker for monoterpene accumulation [25]. The
expression of the VvDXS3 gene appears to increase with
ripening [28] and to be responsive to viticultural practices,
such as cluster thinning [29]. VVHDR carries out the final
reaction, producing IPP and DMAPP. These intermediates
are then condensed by geranyl diphosphate synthase (GPPS)
to form geranyl pyrophosphate (GPP, 2E-geranyl di-
phosphate), the direct precursor of monoterpenes [30].
Subsequent modifications are mediated by the terpene
synthase (TPS) gene family members, which generate a wide
array of monoterpenes. Among these members, VvTER is
responsible for a-terpineol biosynthesis, a key volatile in
Moscato aroma, while VvLinNerl contributes to the for-
mation of linalool, a major marker of Moscato typicity
[30-32]. Most terpenes undergo glycosylation through the
action of glycosyltransferase (GT) genes, which catalyse the
attachment of a sugar moiety, enhancing terpene solubility,
stability and storage in the grape cells [33-35]. Two GTs,
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VvGT7 and VvGTI4, have been identified for their specific
involvement in the glycosylation of monoterpene alcohols,
such as linalool, geraniol and nerol, which are major aroma
precursors in Moscato grapes [32]. Other GTs, such as
VvGT1, GT3, GT5 and GT6, have been associated with the
glycosylation of flavonols and other flavonoids, and were
therefore not included in our gene expression analysis [36].
Nevertheless, given the complexity and redundancy of the
GT gene family in grapevine, additional members might
contribute to monoterpene glycosylation. While significant
progress has been made in understanding these pathways,
the regulation of these genes and their response to envi-
ronmental and developmental factors remain poorly un-
derstood. Such insights are crucial to refine viticultural
practices aimed at improving grape aroma.

This study aimed to address some of these critical gaps by
investigating the effects of cluster thinning and basal leaf
removal, performed at different phenological stages, on
monoterpene accumulation. The expression of terpene
biosynthesis-related genes was examined in the skin and
pulp tissues of Moscato Bianco grapes harvested at two
sequential ripening stages, the first (T1) for the production of
Asti spumante and the second (T2) for the production of
Moscato d’Asti wine.

2. Materials and Methods

2.1. Vineyards and Experimental Design. The trials were
conducted during the 2020 and 2021 growing seasons in two
vineyards located within the Asti DOCG production area.
The first site, Vignaioli Santo Stefano (belonging to the
Ceretto group), is located in Calosso (Asti, Italy) at an al-
titude of 285 m above sea level, with a 24% slope, west-facing
exposure and vine spacing of 250x80cm (44.7407°N,
8.2612°E). The second site, Arione, is situated in Mango
(Cuneo, Italy) at 412 m above sea level, with a 16% slope,
north-facing exposure and a vine spacing of 250 x 90 cm
(44.7015°N, 8.1698°E). Both vineyards adhere to the pro-
duction guidelines recognized by the European and national
system of organization and regulation of DOP (Protected
Designation of Origin). Vignaioli vineyard was selected
because it represents the average altitude where Moscato
Bianco grapes are grown within the Asti DOCG region,
while Arione vineyard represents higher altitude conditions.
A fully randomized block design was used, consisting of
three blocks per vineyard. Within each block, all treatments
(described below) were applied to entire rows of vines that
were randomly assigned to each treatment. No buffer rows
were included between treatments. At each sampling time,
the biological replicates were obtained by randomly col-
lecting clusters from six treated vines within each block,
resulting in a total of 18 vines sampled per treatment across
the three blocks.

Three different vineyard management protocols were
tested: basal leaf removal at postberry set (POST) (BBCH
71-73), basal leaf removal at veraison (VER) (BBCH

81-85) and cluster thinning at veraison (THIN) (BBCH
81-85), according to the extended BBCH scale for
grapevine phenological development [37]. The basal leaf
removal consisted of removing the leaves from the first 5
nodes, from the shoot base to the second cluster. The
lateral shoots were not removed. Cluster thinning was
carried out reducing the crop load by about 30%. Control
vines (CK) did not receive any thinning or basal leaf
removal treatment. Climatic conditions were monitored
using the values recorded by two weather stations of the
agrometeorological network of the Piedmont region, lo-
cated close to the experimental sites (Piedmont Agro-
meteorological Network, Piedmont Region). In detail,
climatic data for Vignaioli and Arione farms have been
obtained from the weather stations located in Calosso
(Asti, Italy; GPS coordinates: 44.7485°N, 8.2306°E) and
Mango (Cuneo, Italy; GPS coordinates: 44.7074°N,
8.1471°E), respectively. The data provided by the weather
stations were average, minimum and maximum temper-
ature, rainfall, vapour pressure deficit (VPD) and solar
radiation. From these data, the daily temperature delta
between max and min values (AT) and the water stress
(WS) ratio as the ratio (ETy— ET.)/ET, were calculated.

2.2. Sampling. Grapes were harvested when the average TSS
("Brix) reached the value of 21 +1 (T1, commercial harvest
for Asti spumante wine) and the value of 24 +1 (T2, com-
mercial harvest for Moscato d’Asti wine). As reported in
Table S1 (Supporting Information), the harvest dates were
the same for the different canopy manipulations, with the
exception of THIN treatment: in fact and as expected, the
THIN grapes reached the fixed TSS values about 1week
before the CK, POST and VER grapes in Arione (T1, 2020)
and Vignaioli (T1 and T2, 2021).

To collect berry samples homogenous in terms of rip-
ening stage, a flotation method was employed based on the
relationship between sugar content and density in NaCl
solutions. This method relies on the principle that grape
berries with higher sugar content have a higher density than
the salt solution and will sink in less concentrated salt so-
lutions, while those with lower sugar content will float. Ten
solutions (110-200 g/L, increments of 10 g/L) were prepared
in 2-L trays. A representative sample (400-500 berries) was
collected from different clusters to ensure they reflected the
vineyard’s maturity level, and a portable refractometer was
used to determine, on a few berries, the initial sugar con-
centration (Cx) for flotation. Berries were immersed in the
corresponding salt solution. Floating berries (lower density
and lower sugar) were washed, dried and transferred to the
next lower concentration (Cx—1), while sinking berries
(higher density and higher sugar) were collected and stored.
This iterative process continued until all berries were clas-
sified by density. A frequency histogram identified the most
representative maturity class, from which samples were
selected to standardize ripeness across treatments. Must
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density was correlated with salt solution concentration.
Homogeneous berries in terms of TSS (Table S1, Supporting
Information) have been collected, and, at each sampling
time, berries were manually dissected: the pulp was gently
and carefully removed from the skin using a sharp razor, the
seeds were discarded, and the isolated skin and pulp tissues
were immediately frozen in liquid nitrogen and stored at
—80°C until further analysis.

2.3. Microclimatic Parameters. Given the extreme impor-
tance of temperature and light in the biosynthesis of
volatile terpene compounds, during the two seasons, 2020
and 2021, specific sensors (Rossi Strumenti SRLS, Italy)
were installed to monitor microclimatic conditions.
Sensors were placed directly within the cluster zone. In
each vineyard, two canopy sides were monitored (north
and south). On each side, two thermocouples for tem-
perature measurement were installed on two different
bunches, for a total of four temperature sensors per
treatment in each of the two vineyards. The thermocou-
ples were positioned inside single berries, considering the
berries in the intermediate section of the bunch, one on
the outside (sun exposed) and one on the inside of the
bunches. Light intensity was monitored with silicon-based
global solar radiation sensors (400-1100 nm) placing one
sensor per canopy side (north and south), for a total of two
light sensors per treatment in each of the two farms. Light
sensors were oriented perpendicular to the row orienta-
tion. Sensors were installed on control rows and on rows
subjected to defoliation. No sensors were installed on
rows subjected to cluster thinning, as this treatment was
not expected to substantially alter light exposure or berry
temperature, assuming that the cluster thinning treatment
was comparable to the control in terms of microclimatic
conditions. Sensors recorded the temperature and irra-
diation level every 10 min starting, each year, from 9 July
(after fruit set) until the harvest date. Supporting
Figure S1 provides a visual example of the sensor in-
stallation and positioning within the canopy.

2.4. Volatile Organic Compound (VOC) Analysis

2.4.1. Sample Preparation. The skin and pulp tissues were
extracted separately. For the skin, 5mL of methanol was
added to 85 g of sample for each replicate. For the pulp, 0.5 g
of sodium metabisulfite was added to 15g sample for each
replicate. After 30 min, samples were homogenized using an
immersion blender (ULTRA-TURRAX; IKA, Staufen,
Germany). A pectolytic enzyme  (Ferrari  Bio-
tecnologie—Cytolase M102) was added to the extract fol-
lowing the procedure of Di Stefano [38], and, when two
phases were formed, the solution was centrifuged at
6000 rpm for 5 min. The supernatant was collected in a flask,
and the pellet was washed with an additional 10 mL of ul-
trapure water, before a further centrifugation. The super-
natant was added to the first one, and the volume was
adjusted to 100 mL by adding ultrapure water.
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2.4.2. Extraction of Free and Bound Aromatic Compounds.
A total of 200pL of 1-heptanol (40 ugmL™") as internal
standard was added to 10 mL of extract obtained during the
sample preparation. The solution was passed through
a cartridge C18 360 mg (Waters—Sep-Pak C18 Plus Short
Cartridge, 55-105 pm) previously activated by 4 mL meth-
anol and 5 mL of ultrapure water. After the sample had been
loaded, salts, sugars and additional polar compounds were
removed by washing the cartridge with 5mL of ultrapure
water. The fraction containing free compounds was re-
covered by elution with 10 mL of dichloromethane, dehy-
drated with sodium sulphate anhydrous and concentrated in
a small volume (500 uL) using a Vigreux column in a tem-
perature-controlled water bath at 70°C before analysis. A
second fraction containing glycoside compounds was re-
covered with 10 mL of methanol. The methanol solution was
evaporated to dryness under vacuum rotavapor at 40°C. The
residue was dissolved in 4 mL of a citrate-phosphate buffer
at pH 5, which was then added to 200 uL of a glycosidic
enzyme (Ferrari Biotecnologie—Cytolase M102) and kept at
40°C overnight. The solution was then added to 200 pL of 1-
heptanol and centrifuged, and the resulting solution was
passed through a cartridge C18 360 mg (Waters—Sep-Pak
C18 Plus Short Cartridge, 55-105 pm), previously activated
by 4mL of methanol and 5mL of ultrapure water. The
fraction containing the aglycones was then eluted with
10mL of dichloromethane, dehydrated with sodium sul-
phate anhydrous and concentrated to 500 uL again using
a Vigreux column in a temperature-controlled water bath at
70°C.

2.4.3. Analysis on Gas Chromatography-Mass Spectrometry
(GC-MS). Free and glycosylated terpenoid content was
quantified using GC-MS. A GC Agilent 7890 B and Agilent
7010, with split/splitless injector set at 230°C and a PAL RSI
85 autosampler, were used for the analyses. The GC oven
heating program was 40°C x 1 min, 60°C/min up to 60°C and
4°C/min up to 230°C. Source temperature was set at 230°C.
Volatiles were separated on a J&W DB WAX polyethylene
glycol column (30 m, 0.25 mm ID, 0.25 pm film; DBWAXetr
from Agilent Technologies, USA). Helium was used as
carrier gas with a constant flow rate of 1 mLmin~". Com-
pounds were identified based on their retention indices and
by comparing their mass spectra with entries in the National
Institute of Standards and Technology 2020 MS library using
the total ion chromatogram (TIC). Quantification was
performed using 1-heptanol as internal standard, as pre-
viously reported by published literature [39]. Due to the
limited availability of commercial standards for all target
compounds, a semiquantitative approach was applied. Re-
sults were calculated as the ratio of peak area of each
compound to that of the internal standard, assuming a re-
sponse factor of 1 and expressing the values as pg of 1-
heptanol equivalents/kg FW.

Monoterpene quantification was carried out on three
biological replicates (one per experimental block) for the
season 2020. However, for the season 2021 only two
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replicates have been analysed due to logistical constraints.
Despite this limitation, the 2021 data were included in the
final multivariate analysis and used to reinforce and validate
the trends observed analysing data from season 2020.

2.5. Total RNA Extraction and qRT-PCR Analysis. RNA was
extracted from 100 mg of ground tissue using the Spectrum
Plant Total RNA Kit (Sigma-Aldrich, Italy), following the
manufacturer’s protocol, which included DNA digestion
with the On-Column DNase I Digestion Set (Sigma-Aldrich,
Italy). RNA concentration and purity were assessed using
a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Italy), ensuring an absorbance ratio of 260/280 nm around
1.82 and 260/230 nm around 1.32.

Reverse transcription of RNA into ¢cDNA was per-
formed using the ReadyScript ¢cDNA Synthesis Mix
(Sigma-Aldrich, Italy). The relative expression of key
genes involved in terpenoid biosynthesis and metabolism
(VvDXS3, VvHDR, VvTER, VvLinNerl, VvGT7 and
VvGT14) was analysed through real-time quantitative
PCR (RT-qPCR). Although V¥DXSI is known to be as-
sociated with monoterpene accumulation in Muscat va-
rieties, this gene was not included in the present analysis
because the different primer pairs designed and tested
during the experiment did not meet the required am-
plification efficiency and specificity criteria during the
assay validation. VvActin was used as the housekeeping
gene. Gene expression analyses were conducted on
samples collected in both the 2020 and 2021 growing
seasons; however, only results from 2020 are presented
and discussed in detail, as for this season a complete set of
data for both gene expression and VOC analyses has been
produced. Data from 2021 season are included only in the
overall multivariate analysis performed including results
from both seasons.

All primers were synthesized by Sigma-Aldrich (Italy),
and their sequence is listed in Table S2 (Supporting In-
formation). RT-qPCR was conducted on three biological
replicates (one per block), with nontemplate controls
(NTCs) included as negative controls in each reaction.

The relative expression levels of individual genes were
calculated using the 2A-AACt method [40]. Expression
levels from the three biological replicates were normalized to
those of the control (CK) at time point T1.

2.6. Statistical Analyses. The analyses of gene expression,
VOCs and microclimatic parameters were performed using
R Version 4.0.1. Data normality was assessed using the
Shapiro-Wilk test. To verify the assumption of homogeneity
of variance, Levene’s test was applied. For the analysis of
gene expression and VOCs, normally distributed data were
evaluated using one-way analysis of variance (ANOVA)
(p<0.05), followed by a post hoc Dunnett test to compare
each treatment against the control. For non-normally dis-
tributed data, a Kruskal-Wallis one-way ANOVA was
performed, followed by Dunn’s test with significance levels
set at p < 0.05. The Bonferroni-Holm procedure was applied
to correct for multiple testing. For microclimatic

parameters, normally distributed data were analysed using
one-way ANOVA followed by a post hoc HSD test to explore
differences among all treatments. Principal component
analysis (PCA) was performed to investigate climatic data
measured on site (2 years and two vineyards) using JMP Pro
17.0 (JMP SAS, Drive Cary, NC, USA). Partial least squares-
discriminant analysis (PLS-DA) was performed using the
mixOmics package of R software [41] to classify treatments
and study their separation across vintages. A three-
component model was built for the season 2020, while for
the PLS-DA model built including data from both seasons
(2020 and 2021), two components were used. Considering
this latter PLS-DA model, each data point represents the
average value of three biological replicates (n=2 for 2021
VOC results only). This approach avoids potential bias
introduced by the limited availability of replicates regarding
VOC data recorded in 2021 season. For both models, the
number of variables contributing to each component was
optimized through repeated fivefold cross-validation, using
the Mahalanobis distance as the primary performance
metric. Treatments were used as response variables, while
VOCs, gene expression data and microclimatic parameters
were used as predictor variables. Plots were generated using
the R software package ‘ggplot2’. To determine the influence
of microclimatic data on skin and pulp glycosylated and free
terpene compounds, forward-stepwise multiple regressions
were calculated including data from both harvest times (T1
and T2). The independent variables used for the regressions
were minimum and maximum daily temperature (Tmin_G-
V, Tmin_V-H, Tmax_G-V and Tmax_G-H), the daily
temperature delta between max and min values (AT_G-
V - AT_V-H), the number of days with maximum tem-
perature above 35°C (n’D_over_35) and the mean daily
radiation (MeanRAD_G-V-MeanRAD_V-H). All these
parameters were separately calculated and included in the
analysis as before and after veraison (G-V and G-H). In these
abbreviations, G refers to the green growing stage of the
berries (BBCH 72-75), V to veraison (BBCH 81-85) and H
to harvest, indicating the time intervals over which the
variables were calculated. The selection of variables was
carried out based on F-to enter of 3, to avoid a nonsignificant
contribution of some variables in the regression.

3. Results
3.1. Climatic Parameters

3.1.1. Climatic Conditions Characterizing the Different
Vineyards and Seasons. To investigate the influence of
seasonal and vineyard-specific climatic conditions, we
conducted a PCA of the key climatic parameters recorded
over the two years (2020 and 2021) by the weather stations
installed close to the two vineyards (Arione and Vignaioli)
(Figure 1). Principal components (PC) 1 and PC2 described
82.3% of the total variation, discriminating the effects of
years and vineyards which were separated into the four
quadrants built on the first two PCs. The year 2020 was
mainly associated with a higher total rainfall and WS ratio
after veraison (TOTrain_V-H and WSratio_V-H,
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respectively) and a higher maximum daily temperature from
veraison to harvest (Tmax_V-H). The 2021 season was as-
sociated with higher total rainfall, daily mean radiation and
minimum daily temperature values before veraison
(TOTrain_G-V, RADmean_G-V and Tmin_G-V, re-
spectively). The vineyards also clustered separately in the
PCA. Arione was related to higher VPD values and daily
mean radiation, whereas Vignaioli was associated with
a higher maximum daily temperature and daily thermal
delta both before and after veraison (Figure 1).

3.1.2. Treatment Effects on the Microclimatic Parameters of
the Grape Clusters. To evaluate the impact of the applied
treatments on the microclimatic parameters of the grape
clusters, a set of sensors was installed in the two vineyards as
described in the Materials and Methods section. As pre-
viously specified, for the control (CK) and thinned (THIN)
samples, only one set of sensors per vineyard, installed on
the control vines, was employed, as cluster thinning does not
affect the microclimatic conditions of the clusters. Table 1
reports the mean values of irradiation, temperature and AT-
thermal (Tmax-Tmin) values recorded by the sensors for the
different samples in the considered vineyards and seasons.
The average temperature showed no significant differences
among treatments across vineyards (Arione and Vignaioli),
harvest dates (T1 and T2) and years (2020 and 2021). Ir-
radiation levels were notably influenced by the treatments.
In Vignaioli, POST and VER consistently exhibited the
highest average irradiation levels compared to THIN and
CK, regardless of the season or sampling time. In contrast,
Arione presented a more variable pattern. In 2020, the
highest irradiation values at both T1 and T2 were recorded
for POST, while VER values were comparable to those of CK
and THIN. However, in 2021 highest irradiation values were
recorded for VER, whereas the lowest values among all
treatments were recorded for POST. This discrepancy may
be attributed to the rapid lateral bud development induced
by POST treatment, which may have increased the canopy
shading over the grape clusters. Thermal delta also dem-
onstrated notable differences among treatments, except for
Vignaioli in 2020, where no significant variations were
observed. POST samples consistently showed the highest
thermal delta values across vineyards, seasons and sampling
times, with significant differences compared to CK and
THIN at both T1 and T2. These data indicate a strong and
consistent effect of POST treatment in modifying temper-
ature within the canopy microclimate. Conversely, VER only
resulted in a higher thermal delta than CK and THIN in
Arione in 2021. Regarding Tmax, POST generally showed the
highest maximum temperatures in Vignaioli in both years
and in Arione during 2020, with Tmax trends largely mir-
roring those of the thermal delta. However, in Arione in
2020, CK and THIN consistently had higher Tmax values at
both T1 and T2. Notably, the increase in irradiation observed
following VER and, to a lesser extent, POST treatments was
more pronounced in Vignaioli than in Arione, which sug-
gests a stronger treatment effect on light exposure in the
Vignaioli vineyard.

Australian Journal of Grape and Wine Research

3.2. Effects of Basal Leaf Removal and Cluster Thinning on
Monoterpene Biosynthesis and Accumulation.
Monoterpene biosynthesis and accumulation were in-
vestigated by analysing the expression level of six key genes
coding for enzymes regulating this specific pathway [30-32],
as well as quantifying a set of 30 monoterpenes. Two aro-
matic alcohols, which are biosynthesized via the shikimate
pathway, namely benzyl alcohol and 2-phenylethanol, were
also quantified. More specifically, linalool, a-terpineol, cit-
ronellol, nerol, geraniol, 3,7-dimethylocta-1,5-diene3,7-
(diol_I), 3,7-dimethylocta-1,7-diene-3,6- (diol_II) and 2, 6,7-
dihydro-7-hydroxylinalool (endiol) were assessed in both
their free and glycosylated forms, while hotrienol was
assessed only in its free form. The two aromatic alcohols and
the remaining terpene derivatives, specifically those with
hydroxyl functional groups, were assessed exclusively in
their glycosylated forms (Table S3, Supporting Information).
For both molecular and biochemical analyses, skin and pulp
tissues were analysed separately to gain a deeper un-
derstanding of the common and tissue-specific responses to
the treatments. Only two biological replicates were analysed
in terms of VOC profiles in 2021 due to technical problems.
Considering the overall set of collected samples and the data
analysis, and for the sake of clarity, the following section
focuses on the molecular and biochemical results obtained in
the 2020 season, where three biological replicates were
analysed; however, a comprehensive multivariate analysis,
along with a stepwise regression analysis incorporating data
from both seasons, is presented in the final section.

3.2.1. Expression of Key Genes Regulating Volatile Mono-
terpene Biosynthesis. The expression of the six key genes
(VvHDR, VvDXS3, VwLinNerl, VvTER, VvGT7 and
VvGTI14) previously identified as central regulators of the
monoterpene biosynthetic pathway was monitored in pulp
and skin samples collected from the Arione and Vignaioli
vineyards in 2020 (Figures 2 and 3). To focus on biologically
relevant changes, only genes showing significant differences
in the respective tissues are presented. VvLinNerl and
VVTER showed significant alterations in the skin samples
from both vineyards, while VvDXS3 and VvGTi4 showed
significant changes in Vignaioli and Arione, respectively
(Figure 2).

Considering skin tissue samples collected in Vignaioli
vineyard at T1, none of the analysed genes showed signif-
icant differences across treatments compared to control
grapes (Figure 2). In Arione at T, significant increases in
gene expression were observed. VYTER was upregulated in
the POST skin sample, while VvLinNerl showed higher
expression levels in the THIN berry skin. These data suggest
that in Arione, which is located at a higher altitude, terpene
biosynthesis-related genes started to react to the applied
treatments earlier in the season.

At T2, more pronounced differences were induced by the
treatments in skin tissue samples in both vineyards (Fig-
ure 2). In Vignaioli, V¥DXS3 was significantly down-
regulated by the THIN treatment, while a significant
increase in VvLinNerl expression was observed in the skin
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F1GURE 1: Principal component analysis (PCA) of key climatic parameters across two vineyards (Arione and Vignaioli) and 2 years.
(a) (scores plot) shows the separation of the vineyards and years based on the first two principal components (PC1 and PC2). (b) (loadings
plot) displays the climatic variables associated with each principal component. G refers to the first growing stage of the berries (BBCH
72-75), V to veraison (BBCH 81-85) and H to harvest. Legend: Tmin, Tmax, minimum and maximum daily temperature; AT, daily
temperature delta between max and min values; VPD, vapour pressure deficit; WSratio, water stress; MeanRAD, the mean daily radiation.
These parameters were separately calculated and included in the analysis as before and after veraison (G-V and G-H, where G refers to the
green growing stage of the berries, V to veraison and H to harvest, indicating the time intervals over which the variables were calculated).

TaBLE 1: Average values of temperature (°C), irradiation (w/m?), AT-thermal excursion (Tmax-Tmin; °C) and Tmax (°C) of the grape
clusters collected at Arione and Vignaioli vineyards during 2020 and 2021 seasons.

T1 T2
Season Treatment Irradiation Temperature AT-thermal Tmax Irradiation Temperature AT-thermal Tmax
(w/m?) (C) delta (°C) (w/m?) (C) delta (°C)

CK 789b 23.2 13.5b 36.8 77.7b 23.0 13.7b 37.00 a
2020 THIN 81.5b 234 13.6b 36.5 88.8b 23.0 13.5b 37.00 a
POST 106.4 a 23.7 149 a 35.7 105.7 a 23.5 150 a 35.4 ab

Arione VER 81.7b 24.4 149 a 34.9 82.1b 23.4 150 a 34.8b
CK/THIN 80.3b 22.9 13.3b 30.5b 82.7b 22.9 13.5b 30.7b

2021 POST 79.5b 23.3 16.0 a 332 a 78.5b 23.3 16.4 a 333 a

VER 94.1 a 23.0 13.3b 31.1b 949 a 22.9 13.9b 31.1b

CK/THIN 68.5 ¢ 24.5 17.0 36.8b 68.9 c 24.6 17.3 37.2b

2020 POST 106.4b 24.9 17.4 37.6b 103.2b 25.0 17.4 37.8b
VER 130.1 a 24.9 18.5 395a 1293 a 25.1 18.7 39.78 a
Vignaioli CK 69.0b 24.5 18.0b 36.0 ab 67.8b 24.4 18.4b 35.8 ab
2021 THIN 70.4b 24.8 17.6b 35.9 ab 69.0b 24.5 18.0b 36.0 ab

POST 121.7 a 24.9 193 a 374 a 122.0 a 24.8 19.7 a 372 a

VER 1255 a 244 17.1b 35.0b 1248 a 24.3 17.3b 34.7b

Note: Temperature and irradiation were recorded every 10 min using sensors installed on individual plants in the field. Data collection occurred from 09 July
2020 to 2021 until the harvest date (Table S1 Supporting Information). Treatments: CK, control; POST, basal leaf removal at post-berry set; VER, basal leaf
removal at veraison; THIN, cluster thinning at veraison. Different letters within columns indicate significant differences among treatments, calculated
separately for the two seasons (ANOVA, HSD post hoc test, p<0.05).

samples from both basal leaf removal treatments (POSTand ~ gene VV¥TER showed a significant reduction in expression
VER). VvLinNer] upregulation was also recorded in the skin ~ across all treatments at T2 in both vineyards (p <0.01 for
tissue of VER and THIN samples collected in Arione. The = VER; p<0.001 for THIN and POST), suggesting

85U8017 SUOWIWOD aAITea1D 8|qeal|dde sy Ag peusenob afe sajoiLe O ‘8sN JO SajnJ 1oy Akeiqiaulug 8|1/ UO (SUONIPUOD-pUe-SLUB)/WOoo A8 | 1M Aleiq 1[pul juo//Sdny) SUONIPUOD Pue SLUB | 84} &S *[9202/50/62] U0 Arlqiauljuo Ao|In ‘eIl eueIyo0 Ad TZ0e0s6/MBfe/SGTT 0T/I0p/W00 A 1M Aelq puljuoy/sdiy woly pepeojumod ‘T ‘920z ‘imBle



8
3.
=
2 g
I i x
w»
W
0.
>
3.
s
c
24 * =
* Z
@
]
a 0- i
1%
L)
2
= 20+
Q
~
154 =
s
K [e3|
10 =
Hk%
5.
o el e
1.54
1.0 g
: =
'S
0.51 '
0.0 : :
T1 . T2
Time
Treatment

. CK
B rost

B ver
B N

(a)

Australian Journal of Grape and Wine Research

1.5
1.0+ §
g
<
* w»
05 i z
0.0 -
1.51 *
"
1.0 §
|
B
=
0.51 =
=}
2
g
>%0.0-
L)
=
5 61
&
<
a1 5
[es]
*% ~
2.
T 'mAaFE
ol ] wix  BE
1.5
1.0
s
@
=t
i ' ' %
0.0+ . :
T1 T2

Time

(®)

FIGURE 2: Relative expression of VvDXS3, VvLinNerl, VvTER and VvGTI4 in the skin of Moscato Bianco grapes collected in Arione (a) and
Vignaioli (b) vineyards at T1 and T2 in 2020. Blue colour represents control (CK), green colour represents basal leaf removal at post-berry
set (POST), orange colour represents basal leaf removal at veraison (VER), and purple colour represents samples collected on vines subjected
to cluster thinning (THIN). Each bar represents the average of the expression level analysed in the three biological replicates, normalized to
the expression level of the control CK at T1. Bars indicate the standard error. Asterisks denote statistically significant differences between
control and canopy management treatment (p <0.05%, p <0.01**, p<0.001***), assessed using Dunnett’s test or Kruskal-Wallis and
Dunn’s post hoc test, depending on whether the assumptions for parametric or nonparametric tests were met.

a repression of this gene at T2 following canopy manage-
ment practices. In Arione samples only, VvGT14 showed
a significant decrease in expression in POST skin samples
at T2.

A stronger effect of the treatments was generally
recorded in pulp tissue samples collected in the Arione
vineyard (Figure 3), confirming the findings reported for
skin tissue. In the Arione vineyard, all the genes analysed
exhibited significant alterations in the expression patterns in
response to the applied treatments. In the pulp samples of

Vignaioli, only VvLinNerl, VvGT7 and VvGTI4 were sig-
nificantly affected by the treatments. At T1 only, VvLinNerl
showed significant upregulation in the VER samples. At T2,
VvLinNerl expression increased significantly in the THIN
samples. Considering genes involved in the glycosylation of
terpene compounds, namely VvGT7 and VvGTI4, their
expression level decreased at T2 in the POST and VER
samples for V¥GT7, and in the POST samples for VvGT14. At
T1 in the Arione pulp, V¥GT7 showed significantly lower
expression levels in the THIN sample, while V¥TER showed
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FIGURE 3: Relative expression of VvDXS3, VVHDR, VvLinNerl, VVTER, VvGT7 and VvGTI4 in the pulp of the Moscato Bianco grapes
collected in Arione (a) and Vignaioli (b) vineyards at T1 and T2 in 2020. The treatments CK (control), POST (basal leaf removal at post-berry
set), VER (basal leaf removal at veraison) and THIN (cluster thinning) are represented by the blue, green, orange and purple colours,
respectively. Each bar represents the average of the expression level analysed in the three biological replicates, normalized to the expression
level of the control CK at T1. Bars indicate the standard error. Asterisks denote statistically significant differences between control and
canopy management treatment (p < 0.05%, p <0.01**, p <0.001***) assessed using Dunnett’s test or Kruskal-Wallis and Dunn’s post hoc
test, depending on whether the assumptions for parametric or nonparametric tests were met.

no significant variations. Notably, V¥DXS3 exhibited in-  samples and V¥GTI4 in VER berries. At T2, in pulp tissue of
creased expression across all treatments, while VVHDR and ~ Arione samples, VvDXS3 and VvTER showed decreased
VvLinNerl genes were significantly upregulated in THIN  expression levels across all treatments. The gene VvLinNerl
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also showed a marked increase in POST samples collected in
the Arione vineyard, and all the other genes were not af-
fected by the different viticultural practices.

3.2.2. Accumulation Pattern of Terpene Compounds. To
better understand the physiological effects of the treat-
ments on monoterpene accumulation, monoterpene pro-
filing (including free and glycosylated compounds) was
performed on all samples, analysing skin and pulp tissues
separately. These molecules included oxide monoterpenes
(oxide_A, oxide_B, oxide_C and oxide_D), diol mono-
terpenes with two hydroxyl groups (diol_1 and diol_2),
alcohol monoterpenes with hydroxyl groups (-OH), such as
linalool, nerol, geraniol, a-terpineol, citronellol and
hotrienol, as well as hydroxy derivatives, which were only
found in their glycosylated form (hydroxycitronellol, 8-
hydroxydihydrolinalool, hydroxynerol, trans-8-hydrox-
ylinalool and hydroxygeraniol). Two benzenic compounds,
benzyl alcohol and 2-phenylethanol, were also included in
the analysis due to their high abundance and sensory
relevance, although they are not monoterpenes. Figures 4
and 5 illustrate the impact of each treatment on total
monoterpene concentrations, along with specific mono-
terpenes that showed statistically significant differences. A
more in-depth analysis of the effects of treatments on the
accumulation of the analysed monoterpenes in grape tis-
sues at Tl and T2 is provided in Figures S2 and S3
(Supporting Information).

In both vineyards and tissues, the total glycosylated
fraction of monoterpenes was more abundant than the
free fraction. Generally, the most abundant glycosylated
compounds identified in both vineyards and tissues were
the monoterpenes linalool, nerol, geraniol and oxide_A,
along with the aromatic alcohol benzyl alcohol, together
accounting for over 50% of the total volatile profile
(Figures S4 and S5, Supporting Information). In the free
fraction, linalool was the dominant monoterpene, con-
tributing approximately 35% of the total free mono-
terpenes. In both vineyards, nerol and geraniol were
almost absent in the pulp, contributing less than 2% to the
total aroma compounds (Figures S4 and S5, Supporting
Information).

Focusing on the effects of the applied treatments on the
canopy, in both vineyards and tissues, at T1 no significant
changes were observed in the accumulation of total
monoterpenes, either in their free or glycosylated forms. The
only exception was in the Vignaioli vineyard, where cluster
thinning (THIN) induced a significantly higher accumula-
tion of total glycosylated aroma compounds in the pulp
(Figure 4). At T2, no differences were observed in the skin of
Arione berries. In the pulp, there was a marked decrease in
the concentration of total both free and glycosylated aroma
compounds, across all treatments. The only exception was
for total glycosylated aroma compounds in THIN grapes,
where no significant differences were detected. In contrast,
in Vignaioli at T2 an increase in total aroma compound
accumulation was observed in both pulp and skin following
the treatments. This increase was significant in the pulp for
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total glycosylated compounds in THIN samples, and in the
skin for total glycosylated compounds in POST, VER and
THIN grapes. Additionally, a significant increase in total free
aroma compounds was recorded in the skin of THIN
samples (Figure 4).

Considering the individual monoterpene compounds, in
the skin of grapes collected in the Arione vineyard, at both
T1 and T2 (Figure 5(a), A), limited changes in monoterpene
accumulation, regardless of their form (free or glycosylated),
were observed in the comparison of different treatments. At
T1, a significantly higher accumulation of glycosylated ge-
raniol and free diol-2 was recorded in VER samples. Sig-
nificant decreases in glycosylated nerol and free a-terpineol
were recorded in THIN samples. A similar decrease was
observed for glycosylated a-terpineol in VER grapes.
However, at T2 only POST samples showed a significant
reduction in free citronellol.

In the skin tissue of the Vignaioli samples (Figure 5(a),
B), at T1 a significant increase in glycosylated citronellol
was registered for both POST and THIN grapes. Significant
decreases were also detected, as in the case of free geraniol
in both leaf removal treatments (POST and VER) and in
free nerol and free a-terpineol in samples from all treat-
ments. At T2, the applied treatments led to a significant
increase in glycosylated forms of several compounds, in-
cluding linalool, nerol, geraniol, oxides and diols. Glyco-
sylated linalool increased in THIN grapes, glycosylated
geraniol increased in POST and VER samples, glycosylated
nerol and diol-2 increased in all treatments, and glycosy-
lated oxides increased in VER and THIN grapes. Free
monoterpenes showed less consistent trends, though THIN
and VER occasionally showed higher levels of mono-
terpenes. Free citronellol decreased in POST and VER
samples, and a-terpineol also showed lower levels after
POST and THIN treatments.

In pulp tissue of berries collected in the Arione vineyard
(Figure 5(b), A), a significant increase was observed at T1 in
VER samples for glycosylated geraniol and nerol, and for the
free form of diol-2 in both VER and POST grapes. Glyco-
sylated linalool also showed higher concentrations in POST
samples. At T2, a marked decrease in the concentration of
both free and glycosylated monoterpenes was evident across
most of the treatments. Free linalool levels and glycosylated
oxides decreased in samples from all treatments. The only
observed increase at T2 in the Arione vineyard was that of
free diol-2 after VER and POST treatments.

In the pulp tissue of the Vignaioli samples (Figure 5(b),
B), at T1 no or a slight difference in the monoterpene profile
was observed in response to the applied treatments, with
only a significantly higher concentration of glycosylated
hydroxylated monoterpenes (gly_OH_VOCs) detected in
POST and THIN samples. At T2, THIN and VER grapes
showed a significant increase in glycosylated geraniol, while
glycosylated diol-2 increased only in VER samples. Free
geraniol and nerol concentrations also increased in the pulp
of THIN berries, in addition to free diol-2 in VER samples.
POST grapes showed no significant modifications at T2,
except for a slight, but significant, lower accumulation of free
a-terpineol.
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FIGURE 4: Bar plots representing the accumulation of total free and glycosylated monoterpenes in Moscato Bianco in skin and pulp of berries
collected in Arione and Vignaioli vineyards at the considered sampling times (T1, commercial harvest for Asti Spumante wine production,
and T2, commercial harvest for Moscato d’Asti wine production) in 2020. The treatments CK (control), POST (basal leaf removal at post-
berry set), VER (basal leaf removal at veraison) and THIN (cluster thinning) are represented by the blue, green, orange and purple colours,
respectively. Lighter colours were used to depict glycosylated aroma compounds, while darker and shinier colours were used for free aroma
compounds. Each value is the average of the three biological replicates, and bars represent the standard error. Asterisks denote statistically
significant differences in comparison with the control (p <0.05%, p <0.01**, p <0.001***), assessed using Dunnett’s test or Kruskal-Wallis

and Dunn’s post hoc test, depending on whether the assumptions for parametric or nonparametric tests were met.

3.3. Overall Analysis of the Two Vineyards Throughout the
Two-Season Experiment. The detailed analysis of individual
monoterpenes highlighted that the treatments applied had
specific and, sometimes, contrasting effects on the accu-
mulation of key aroma compounds in both vineyards and at
different sampling times. To gain a broader understanding of
how the accumulation of these compounds, microclimatic
factors and gene expression levels interact in shaping the
aromatic profile, multivariate statistical approaches were
applied by combining all the data from the two vineyards
produced in 2020 season only (Figure 6), as well as com-
bining the two harvesting seasons (Figure 7). A stepwise
regression analysis was also performed to better link mi-
croclimatic parameters to the observed accumulation pat-
terns of the analysed monoterpenes (Table 2).

3.3.1. Multivariate Analysis. Figure 6 presents the first
PLS-DA model produced including all the data

(microclimatic parameters, gene expression and volatile
profiling) collected during the 2020 season from both Arione
and Vignaioli vineyards. This model was created to explore
the overall differences and similarities among the applied
treatments across the two vineyards. The volatiles identified,
along with the expression levels of the selected key genes and
measured microclimatic parameters, were used as predictor
variables, while the treatments served as response variables.
Among the model components, we chose to report the biplot
built using components 1 and 3, which together explained
66% of the total variability. This combination was selected
because component 3, despite explaining slightly lower
variance than component 2, provides clearer discrimination
between CK and THIN groups and enhances the separation
between POST and VER treatments (see Figure S6 for the
biplot of components 1 and 2 in the Supporting
Informations).

The model revealed clear separation patterns along the
first and third components. Along the horizontal axis
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standard error. Asterisks denote statistically significant difference in comparison with the control (p <0.05%, p<0.01**, p <0.001***),
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(component 1), CK and THIN clustered on the right, while
VER and POST samples were grouped on the left. This
suggests that grape samples subjected to basal leaf removal
treatments (POST and VER) shared a greater similarity
within each other than the CK and THIN samples. Further
differentiation emerged along the vertical axis (component
3), where POST and VER samples appeared to be separated.
POST and VER samples clustered at the bottom and top of
the quadrants, respectively. This highlights the clear effects

of the two basal leaf removal protocols. The volatile accu-
mulation pattern of the grape samples from the VER
treatment appeared to be predominantly characterized by
higher concentrations of free oxides, diols and linalool.
This indicates that the basal leaf removal at veraison
strongly influenced the accumulation of these compounds.
In contrast, glycosylated monoterpenes were more closely
associated with the CK treatment. Microclimatic param-
eters also showed strong associations, as they were altered
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by the basal leaf removal treatments. For instance, pa-
rameters related to temperature—including maximum,
minimum, average and temperature delta—were closely
linked to the VER samples. In addition, the average irra-
diation showed a strong association with the POST sam-
ples, in alignment with the timing of the early leaf removal.
The gene VvLinNerl clustered with VER samples, in-
dicating a positive association with this group. In contrast,
VvHDR and VvGT7 were located within the THIN treat-
ment ellipse, indicating a closer relationship with the THIN
samples. The genes VVTER, VvGTI4 and VvDXS3 fell

within the VER quadrant but outside its confidence ellipse,
suggesting some variability in their expression relative to
this treatment. In addition, no clear clustering of skin and
pulp tissue was observed in the biplot of this model.
Overall, this analysis highlights the complex interplay
between the proposed viticultural practices, monoterpene
accumulation, microclimatic parameters and the expres-
sion level of the selected key genes involved in terpene
biosynthesis. The reliability of the model in distinguishing
the impact of the various treatments was confirmed by
a validation accuracy of 54.2%.
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TaBLE 2: Results of the stepwise regression analysis calculated for the free and glycosylated terpenes in the berry skin/pulp and the

microclimatic data.

Tissue Form Predictive variables B p-value (t-test) R2 RMSE p-value regression
Intercept 45.36 0.0066
Glycosylated Tmin_V-H —-47.52 0.0423 0.57 81.88 <0.001
AT_V-H 54.67 0.0173
Berry skin Intercept 117.21 0.0087
Tmax_V-H 32.58 0.0020
Free AT G-V 31.90 0.0005 0.69 31.79 <0.001
RADmean_V-H 21.64 0.0218
Intercept —-50.47 0.0020
Glycosylated AT_V-H 41.23 0.0081 0.29 129.99 0.001
Ber ul n" days_over_35°C -1.36 0.0447
Ty puip Intercept 31.49 0.0213
Free Tmax_V-H 16.53 0.0018 0.54 60.17 <0.001
RADmean_V-H 0.28 0.0118

Note: Legend: B, coefficient of the regression; Tmin, Tmax, minimum and maximum daily temperature; AT, daily temperature delta between max and min
values; #n°D_over_35 the number of days with maximum temperature above 35°C; MeanRAD the mean daily radiation. These parameters were separately
calculated and included in the analysis as before and after veraison (G-V and G-H, where G refers to the green growing stage of the berries, V to veraison and
H to harvest, indicating the time intervals over which the variables were calculated). The range of values of the independent variables was as follows: 47-225 ug
of 1-heptanol equivalents/kg FW (skin-free terpenes), 163-815pug of 1-heptanol equivalents/’kg FW (pulp-free terpenes), 133-897 ug of 1-heptanol
equivalents/kg FW (skin glycosylated terpenes) and 215-2144 pg of 1-heptanol equivalents/kg FW (pulp glycosylated terpenes).

To confirm the findings from the 2020 season, a more
complete analysis was performed by constructing a second
PLS-DA model which integrated data from both 2020 and
2021 (Figure 7). This enabled us to evaluate the consistency
and robustness of the treatment effects on the monoterpene
compounds, microclimatic parameters and gene expres-
sion across different years. As with the PLS-DA reported in
Figure 6, this second model was also subjected to rigorous
external cross-validation procedures and achieved a vali-
dation accuracy of 58.9%, which indicates its reliability in
distinguishing the impacts of the different treatments. A
consistent grouping pattern was observed, with CK and
THIN samples clustering together on the right side and
VER and POST samples on the left one. Although POST
and VER samples were not separated in distinct groups in
this combined model, the overall clustering supports the
consistency and robustness of treatment effects across
seasons.

A total of 52% of the dataset variability was explained
by the first two components of the model. Across com-
ponent 1, CK and THIN samples clustered on the right
side of the plot, while POST and VER grapes clustered on
the left. In addition, a clustering of the different tissue
types was observed along component 2, with pulp samples
clustering towards the top of the plot and skin samples
towards the bottom. The analysis highlighted specific
associations between treatments and monoterpene com-
pounds. Basal leaf removal treatments (POST and VER)
were closely linked to total free and glycosylated mono-
terpenes, free oxides, free linalool and several glycosylated
monoterpenes, including glycosylated linalool, geraniol,
nerol, diol-2, endiol, 2-phenylethanol and 8-OH-dihy-
drolinalool. However, CK and THIN samples appeared to
be associated with free nerol, geraniol, citronellol and
glycosylated oxides and diol-1, as well as with the ex-
pression level of all the analysed genes. Compared to

Figure 6, the microclimatic parameters showed diverse
clustering in this model. Average radiation (at both
harvest and veraison) was strongly associated with POST
and VER samples, along with average temperature and
delta temperature at veraison and harvest. The delta
temperature at harvest, minimum temperature at both
veraison and harvest and the number of days above 35°C
were more closely linked to CK and THIN grapes. This
combined-season analysis provided additional context to
the 2020 findings, allowing for a broader understanding of
the relationships among basal leaf removal and cluster
thinning treatments on the monoterpene profile, micro-
climatic parameters and gene expression.

3.3.2. Stepwise Regression Analysis: Impact of Microclimatic
Parameters on Glycosylated and Free Monoterpene Com-
pound Concentration. A stepwise regression analysis was used
to assess the impact of microclimatic parameters on the ac-
cumulation pattern of monoterpenes in skin and pulp tissues
(Table 2). The regression results showed that, considering skin
tissue, the minimum temperature and daily thermal delta were
the strongest predictors for glycosylated monoterpene accu-
mulation, whereas daily maximum temperature, daily thermal
delta and the daily mean radiation were the significant variables
predicting the accumulation of free compounds in the skin. In
pulp tissue, the microclimatic data showed weaker correlations
with the accumulation of monoterpenes. For pulp tissue, daily
thermal delta from veraison to harvest and the number of days
when the maximum temperature exceeded 35°C appeared as
significant explanatory variables for glycosylated monoterpene
accumulation in the multiple regression. For the prediction of
free pulp monoterpenes, daily maximum temperature from
veraison to harvest appeared as significant explanatory variable,
together with daily mean radiation calculated in the same
period.
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4. Discussion

This study describes the impact of viticultural practices,
namely basal leaf removal at postberry set and veraison, and
cluster thinning at veraison, on vineyard microclimatic
parameters and aroma compounds (monoterpenes) in
Moscato Bianco grapes. A strong modulation in the ex-
pression of genes involved in monoterpene biosynthesis,
along with their accumulation in Moscato Bianco grapes
cultivated under different environmental conditions, was
observed in both skin and pulp tissues. These findings could
provide an important contribution to improving the aroma
profile of Moscato d’Asti and Asti spumante wines. This is
particularly important as, in recent years, a significant loss of
aroma due to reduced terpene biosynthesis has been ob-
served by Moscato Bianco growers in the Asti DOCG cul-
tivation area. Canopy management trials were thus
conducted in two representative vineyards, which differ in
terms of environmental/climatic conditions.

As shown by the PCA in Figure 1, the Arione vineyard
was associated with higher VPD and mean radiation. In
contrast, the Vignaioli vineyard was characterized by greater
thermal variability and higher maximum temperatures.
Seasonal variability was also identified as a key factor, with
samples from different vintages showing distinct clustering
patterns in the PCA. This highlights the influence of year-
specific climatic conditions, such as temperature and rainfall
patterns, on the efficacy of the treatments. These differences
underscore the importance of considering climate variations
across different sites when tailoring viticultural practices for
specific wine styles, such as Moscato d’Asti and Asti
spumante.

The basal leaf removal treatments (VER and POST) were
associated with modifications in key microclimatic pa-
rameters, including average irradiation and thermal delta
(Table 1), which in turn may have contributed to the
grapevine responses observed. Although our study does not
demonstrate a direct causal link, these results are consistent
with previous research showing that light and temperature
conditions can influence the synthesis of VOCs and the
expression of related genes. These findings align with the
existing literature, which demonstrates how microclimatic
parameters, including light and temperature, are influenced
by leaf removal [42, 43]. For instance, Feng et al. [44]
demonstrated that 100% and 50% leaf removal (from the
base of each shoot to the node above the topmost cluster) in
Pinot noir at the pea-sized stage effectively altered the
percentage of ambient photosynthetically active radiation,
which was measured in the cluster zone at 10:00 AM and 2:
30 PM, over two consecutive years. Ani¢ et al. [45] also
reported that Merlot vines defoliated at berry set in the
Croatian hills received greater UV radiation compared to
control vines. These modifications in cluster/berry light
exposure significantly impact the synthesis of VOCs and the
expression of genes involved in their biosynthesis, as shown
in previous studies [46, 47]. Shading treatments in Muscat
grapes reduced the synthesis of certain volatiles, such as free
linalool, geraniol and nerol in the mesocarp. However, they
increased the concentration of glycosylated geraniol and
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nerol in both the mesocarp and the exocarp, thus indicating
that light conditions strongly affect the accumulation pattern
of these compounds [31]. A recently published paper [48]
reported that excluding light from 65days after anthesis
until harvest severely diminished total free monoterpenoid
accumulation in Riesling berries at harvest. Friedel et al. [36]
re-exposed bunches of Riesling grapes that had been initially
shaded at veraison; after 20 days of re-exposure, these grapes
showed a significant increase in free and glycosylated
monoterpenes compared to non-re-exposed grapes. The re-
exposed bunches still exhibited a lower concentration of free
and glycosylated monoterpenes compared to the controls
(nonshaded), and the expression of genes, such as
VvPNLinNerl and VvPNLinNer2, was higher in re-exposed
grapes compared to shaded ones, although their expression
level remained lower than in the control grapes.

In Vignaioli, basal leaf removal at veraison (VER) en-
hanced aroma compounds at T2 (harvest date for Moscato
d’Asti production). In Arione, the benefits linked to these
treatments were more evident at T1 (optimal harvest timing
for Asti Spumante; Figures 4 and 5, and Figures S2 and S3,
Supporting Information). The effect of the treatment was
stronger in Vignaioli than in Arione (Figures 4 and 5, and
Figures S2 and S3, Supporting Information). Leaf removal
therefore appears to be a promising strategy to positively
influence the aromatic profile of Moscato d’Asti and Asti
spumante, depending on the specific vineyard altitude. The
effectiveness of the treatments and the timing of the induced
effects in grapes depend on the specific microclimatic
conditions of each site (Figure 1). The VER treatment in-
duced a general increase in aroma compounds at T2 in
Vignaioli. The benefits of VER treatment in Arione at T1
were more evident for specific aroma compounds rather
than causing greater accumulation of monoterpenes (Fig-
ures 4 and 5, and Figures S2 and S3, Supporting
Information).

The more pronounced effects observed in Vignaioli may
be due to the synergy between increased light exposure and
thermal delta (Table 1), which promoted the synthesis of
glycosylated monoterpenes in both the skin and the pulp at
T2. Arione’s higher altitude and mean radiation (Figure 1
and Table 1) may have altered the response of the vines to
leaf removal. A few studies have explored the effects of
viticultural treatments in relation to different altitudes on
secondary metabolites. Berli et al. [49] highlighted different
responses in Merlot grapes at different altitudes, particularly
in the accumulation of secondary metabolites when treated
with different levels of UV-B radiation. Additionally, vari-
ations in aroma compound accumulation have been re-
ported within the same cultivar across different altitudes
[50-52].

Basal leaf removal at postberry set (POST) in both
vineyards, also with increased light exposure (Table 1), in-
duced inconsistent effects on monoterpene accumulation. It
promoted the accumulation of some VOCs and decreased
the level of others. To the best of our knowledge, only Kok
[53] has analysed the effects of leaf removal at postberry set
in Muscat grapes and reported no significant impact on total
monoterpene accumulation. Contradictory results have
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been described for other grape varieties, with some studies
reporting reduced accumulation of 3-isopropyl-2-methox-
ypyrazine in early stages of berry development in Sauvignon
blanc grapes and no significant differences between treat-
ments (defoliated and nondefoliated) at harvest when basal
leaf removal was applied at BBCH 73 [54]. Other studies
have reported no effects of leaf removal applied at prebloom
(~BBCH 57), bloom (BBCH 65) and postbloom (BBCH 75)
on monoterpene accumulation in Sauvignon Blanc and
Riesling grapes [55]. Positive effects have been described in
response to leaf removal at pea-sized stage (EL-31) in in-
creasing varietal thiol precursors in Malvasia [56]. This
inconsistency in results highlights the need for cultivar-
specific studies and analyses to identify the best canopy
management protocols aimed at increasing or preserving
specific compounds that define the aromatic profile of grapes
and wines.

Cluster thinning (THIN) in the Vignaioli vineyard
positively influenced the accumulation of total glycosylated
monoterpenes in both tissues at T2 and in pulp at T1, with
an increase in the total free fraction observed in the skin at
T2 (Figure 4). The pattern we observed can be explained by
several physiological mechanisms that have been widely
discussed in the literature, but which are still not fully
understood. On the one hand, cluster thinning reduces the
crop load, and on the other hand, it improves the leaf-to-
fruit ratio [57]. This alteration in the source-sink balance
plays a key role. It has long been assumed that a reduced
crop load enables the vine to channel more resour-
ces—such as carbohydrates, nutrients and water—towards
the remaining fruit [58]. This re-allocation not only in-
creases the total soluble solids/acidity ratio but also alters
the synthesis of secondary metabolites [59]. In fact, beyond
primary metabolism, sugars serve as essential precursors
for the biosynthesis of monoterpenes through the MEP
pathway [32, 60]. As reported by Hemmerlin et al. [61],
sugars produced during photosynthesis also play a key role
in promoting the synthesis of MEP-derived isoprenoid
compounds. Recent work by VanderWeide et al. [48]
challenges the assumption that monoterpenoid accumu-
lation is directly coupled to hexose accumulation. Their
study demonstrated that free monoterpenoid biosynthesis
in Riesling grapes is sensitive to light exposure and
uncoupled from grape hexose accumulation. They found
that light exclusion significantly reduced free mono-
terpenoid concentrations, while girdling (which restricted
the sugar accumulation) did not alter total free mono-
terpenoid levels. This suggests that while sugars may play
a role in early monoterpenoid biosynthesis, light exposure
is a more critical factor in regulating monoterpenoid ac-
cumulation during ripening. In our study, the heightened
carbohydrate availability early in the season in the THIN
samples could have facilitated the monoterpene synthesis at
T1. By T2, the difference in monoterpene accumulation
between THIN and CK was further increased. The findings
of VanderWeide et al. [48] suggest that this relationship
may not be universal and that environmental factors,
particularly light, play a more significant role in de-
termining monoterpenoid profiles.

17

In Arione, across both time points and tissues, the THIN
treatment appeared to have mostly negative effects on
monoterpene accumulation (Figures S2 and S3). At T2, all
the treatments applied in Arione resulted in a lower accu-
mulation of several monoterpene compounds compared to
the control samples, thus significantly affecting the total
content of both free and glycosylated aroma compounds in
the pulp (Figure 4). These negative effects underscore the
need for a careful consideration of vineyard-specific con-
ditions when implementing viticultural practices.

These differences align with previous research, which
suggests that grape berry responses to viticultural practices
are strongly influenced by environmental factors, such as
climate, season, site characteristics, row orientation, expo-
sure and canopy architecture [62-66]. Sivilotti et al. [67]
showed that leaf removal applied before flowering and after
flowering did not significantly influence the accumulation of
methoxypyrazines and thiol precursors in Sauvignon Blanc
grapes. They also observed that in cooler and rainy seasons,
under lower solar irradiation, the impact of leaf removal was
minimal, whereas during warmer years with increased light
and temperature, the response to the treatments appeared to
be stronger.

As observed with the variations in the accumulation of
aroma compounds, the treatments applied appeared to
distinctly ~modulate  the expression of terpene
biosynthesis-related genes, depending on the tissue type,
timing, season and vineyard site. A few studies have ex-
amined the differential expression of these genes in skin and
pulp tissues separately. The response of terpene-related
genes under different viticultural treatments and light
conditions has been reported in the scientific literature
[31, 37, 67]. Our findings suggest that VvLinNerl and VvTER
were the most responsive genes to both basal leaf removal
and cluster thinning treatments (Figures 2 and 3). This is
consistent with other studies investigating the effects of leaf
removal, light exposure and cluster thinning on VvLinNer
expression [29, 68] and other TPS genes [16]. The VVTER,
which has been previously identified as an a-terpineol
synthase [69-71], in our study showed consistent down-
regulation across vineyards, harvest dates and tissues. In
support of these findings, a-terpineol was generally detected
at lower concentrations in samples subjected to canopy
management treatments compared to the control (Figures 4
and 5, and Figures S2 and S3, Supporting Information).

The expression level of GT genes is often associated with
the accumulation of glycosylated aroma compounds
[20, 25, 72]. The selection of the GT genes analysed in this
study was based on previous studies that identified their
specific involvement in the glycosylation of monoterpene
alcohols in Moscato grapes [31]. Other GTs, such as VvGTI,
GT3, GT5 and GT6, have been associated with the glyco-
sylation of flavonols and other flavonoids, and were
therefore not included in our gene expression analysis [36].

Although an overall increase in glycosylated compounds
was observed after the treatments, especially in the Vignaioli
vineyard (Figure 4), a corresponding increase in the ex-
pression of the selected GTs was not detected (Figures 2 and
3). Some studies have reported that GTs are not affected by leaf
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removal at veraison [65]. Other works suggest that different
GT types respond differently to light, and their expression is
not directly correlated with the accumulation of glycosylated
monoterpenes. Friedel et al. [36] reported that VvGT7 tran-
script accumulation in Riesling was related to development
and response to light, while the expression of V¥GTI4 and
VvGT15 was not influenced by light. In the Muscat grape,
Jingxiangyu Zhang et al. [31] observed that the expression of
VvGTI4 was significantly promoted by sunlight exclusion
from 10 days before veraison to 20 days after maturity. Dif-
ferent studies highlight the complexity of the relationship
between the expression of the genes involved in terpene
biosynthesis and their accumulation, particularly in relation to
viticultural practices and berry development [65, 73, 74].
Overall, these findings suggest that further research is needed
to better understand the intricate interplay between gene
expression and terpene accumulation.

By employing a broader approach through the multi-
variate analysis of two different vineyards, two grape tissues
and 2years of experiments, we expanded the dataset and
obtained more robust and reliable insights (Figures 6 and 7).
This combined analysis strengthens the interpretation of
consistent treatment effects across seasons, despite the
presence of vintage-specific fluctuations. These analyses
show that, beyond the differences induced by vineyard lo-
cation, seasonal variation, harvest dates and tissue types, the
basal leaf removal treatments played a key role in increasing
the average irradiation levels of the clusters. This promoted
the accumulation of oxides and glycosylated monoterpenes,
such as linalool, nerol and geraniol, which significantly
contribute to the total aroma profile of Moscato Bianco
grapes (Figure 5 and Figure S3, Supporting Information).
The positive correlation between increased irradiation and
the defoliation treatments is further supported by the mi-
croclimatic data (Table 1). The stepwise regression analyses
(Table 2) revealed that mean radiation was positively cor-
related with free terpenes across both skin and pulp tissues,
rather than with glycosylated forms. These variations reflect
the complex interaction between microclimatic conditions,
grapevine physiology and viticultural practices, which can be
further explained by the influence of altitude-driven mi-
croclimatic factors on grapevine physiology during ripening.
Treatments, such as VER and THIN, demonstrated a sig-
nificant potential in increasing aroma compound accumu-
lation, particularly in Vignaioli, where microclimatic
conditions synergized with the treatments applied. The
inconsistent effects of POST basal leaf removal treatment,
along with the broadly negative impact of all the treatments
at T2 in Arione, highlight the need for further research to
optimize the timing and application of these practices,
particularly under different environmental conditions.
While the flotation method used to standardize berry
ripeness was effective in reducing variability across treat-
ments for research purposes, this approach may mask po-
tential treatment effects on ripening heterogeneity. Although
outside the scope of this study, future research should
consider assessing this aspect more directly to better un-
derstand the interplay between canopy management and
berry ripening dynamics.
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5. Conclusions

This study highlights the potential of canopy management
strategies, specifically cluster thinning and basal leaf re-
moval at veraison, to enhance the monoterpene profile of
Moscato Bianco grapes. By modifying the bunch micro-
climate, particularly through increased light exposure,
these practices showed the ability to enhance the accu-
mulation of free and glycosylated monoterpenes, although
their effectiveness varied depending on the vineyard site. In
the Vignaioli vineyard, basal leaf removal at veraison
(VER) and cluster thinning (THIN) increased the accu-
mulation of glycosylated monoterpenes, particularly at the
T2 harvest stage, which is crucial for Moscato d’Asti pro-
duction. In the higher altitude Arione vineyard, the effects
were less pronounced, with some treatments reducing
monoterpene accumulation. The differential response be-
tween the two vineyards emphasizes the importance of site-
specific management and the influence of local climatic
conditions on grape metabolism. These findings provide
additional information for viticulturists to fine-tune can-
opy management practices, particularly in the face of cli-
mate change, to mitigate the potential decline in aromatic
intensity in Moscato Bianco grapes.
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Table S1. Harvest dates of 2020 and 2021 in the Arione
and Vignaioli vineyards.

Table S2. List of primer sequences used for qPCR
analyses.

Table S3. Systematic name (free form), CAS and refer-
ence information of each detected volatile aroma compound.
The prefix ‘gly ’ denotes glycosylated forms, while un-
modified compound names correspond to the free form of
the compounds.

Figure S1. Positioning of temperature and light sensors
within the grape cluster.

Figure S2. Heatmap reporting the accumulation of free
and glycosylated monoterpenes in Moscato Bianco berry
skin at T1 (harvest for Asti spumante production) and T2
(harvest for Moscato d’Asti) in 2020. The left panel corre-
sponds to Arione vineyard while the right panel corresponds
to Vignaioli vineyard. The heatmap shows the z-score values
of each compound under the different treatments: CK
(control), POST (basal leaf removal at post berry set), VER
(basal leaf removal at veraison) and THIN (cluster thinning).
Negative z-scores (in red) indicate a decreased accumulation
of monoterpenes, while positive z-scores (in blue) indicate
an increase. Each value is the average of the three biological
replicates and the bars represent the standard error. As-
terisks denote statistical significance (p <0.05*, p <0.01*%,
Pp<0.001%"*), assessed using Dunnett’s test or Kruskal-
Wallis and Dunn’s post hoc test, depending on whether the
assumptions for parametric or non-parametric tests
were met.

Figure S3. Heatmap reporting the accumulation of free
and glycosylated monoterpenes in Moscato Bianco in berry
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pulp at T1 (harvest for Asti spumante production) and T2
(harvest for Moscato d’Asti) in 2020. The left panel corre-
sponds to Arione vineyard while the right panel corresponds
to Vignaioli vineyard. The heatmap shows the z-score values
of each compound under the different treatments: CK
(control), POST (basal leaf removal at post berry set), VER
(basal leaf removal at veraison), and THIN (cluster thin-
ning). Negative z-scores (in red) indicate a decreased ac-
cumulation of monoterpenes, while positive z-scores (in
blue) indicate an increase. Each value is the average of the
three biological replicates and bars represent the standard
error. Asterisks denote statistical significance (p <0.05%,
p<0.01"", p<0.001***), assessed using Dunnett’s test or
Kruskal-Wallis and Dunn’s post hoc test, depending on
whether the assumptions for parametric or non-parametric
tests were met.

Figure S4. Terpenes profile of free and glycosylated
compounds in skin and pulp of grapes harvested in Arione
vineyard, season 2020.

Figure S5. Terpenes profile of free and glycosylated
compounds in skin and pulp of grapes harvested in Vignaioli
vineyard, season 2020.

Figure S6. Biplot of PLS-DA model built for season 2020.
Vineyards (Arione and Vignaioli), grape berry tissues (skin
and pulp) and time points (T1 and T2) were considered
together. The model was created using the identified
monoterpenes, the gene expression levels and the micro-
climatic parameters as predictor variables, while treatments
(CK, POST, VER and THIN) were employed as response
variables. The treatments CK (control), POST (basal leaf
removal at post berry-set), VER (basal leaf removal at
veraison), and THIN (cluster thinning) are represented by
the blue, green, orange and purple colours, respectively. The
vineyards Arione and Vignaioli are represented by triangles
and squares, respectively. Empty shapes indicate skin tissue,
while filled shapes represent pulp tissue.
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