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Abstract: Climate change with rising temperatures and the unpredictability of rainy events during
ripening leads to tough challenges for the winemakers in preserving the quality of white grape
varieties. Grape quality is a complex concept that mainly refers to berry chemical composition,
including secondary metabolites such as aroma compounds that in white berries play a key role in
the identity of the wine. Terpenes, thiols, C13-norisoprenoids, methoxypyrazines, and nonterpenic
alcohols are the most important aroma compounds in white grapes and several of them can be
found as free volatiles or bound as glycoconjugate molecules. Agronomic practices in vineyards,
such as biostimulant application, irrigation, defoliation, training systems, foliar fertilization, and
bunch thinning, can have a positive effect on their concentration. This review aims to highlight the
aromatic characteristics of the most utilized white grape cultivars and focus on agronomic techniques
in the vineyard to enhance, implement, and intensify their aromatic characteristics. The purpose
of this review paper is therefore to investigate the state of the art regarding the exaltation of aroma
in white grapes in the scientific literature through sustainable agronomic techniques, but further
future investigations are considered necessary given the uncertainty concerning some mechanisms
of biosynthesis and their correlation with such agronomic practices.
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1. Introduction

The aroma is one of the most important factors in determining wine quality, identity,
and character [1]. Volatile organic compounds are essential to wine quality, determining
their aroma and varietal characteristics; the type and quantity of compounds depend on
the cultivar, cultivation methods, weather, the situation and soil of the vineyard, state of
plant health, and wine-making practices [2]. Many authors studied the influence of grape
aroma on wine quality [3–12].

Wine’s aroma consists of one thousand compounds [13] and its diversity ranges in
concentration from a few ng L−1 to several mg L−1 [14]. Wine flavor can be subdivided
in four classes: varietal aroma (typical of white or red grape variety), pre-fermentative
aroma (originated during the initial pressed grapes evolution and processing), fermentative
aroma (generated by yeast and bacteria during alcoholic and malolactic fermentations),
and post-fermentative aroma (developed by transformations that occurred during aging in
wood and the wine bottle, and conservation) [15].

Varietal aroma compounds are the greatest contributors to the overall aroma [16].
Varietal and pre-fermentative aromas are substantially influenced by the grape cultivar,
berry maturity, microclimatic conditions, viticultural techniques, and soil management [17].

Nevertheless, throughout the years, the conditions for berry ripening are not the same
and hence the grapes’ quality is different; in fact, deficiencies are usually expressed in
unfavorable final aroma compounds and unappealing color and flavor [18].
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In the climate change context, temperatures will presumably rise between 0.3 ◦C and
1.7 ◦C during the next 15 years [19]. Weather conditions throughout the seasons have a
greater influence on grapevine development and berry composition compared to the past.
High temperatures influence the enzymatic activity of primary or secondary metabolism
and gene expression, affecting berry ripening and wine flavor characteristics [20]. Currently,
temperatures are already increasing and the grapevine physiology is modifying [21]. These
changes exert a profound shift in organic acid and sugar balance (primary metabolism)
and in aromatic and phenolic berry compounds (secondary metabolism), and, finally, in
the resulting wine composition [22,23].

It is in this context that proper agronomic management together with the introduction
of innovative and sustainable techniques assume great importance [24–26]. The present
review paper examines multiple agronomic and canopy management techniques aimed at
improving the aromatic quality of some of the most important aromatic white grape vari-
eties grown all over the world. This work also calls for a greater involvement of researchers
in biochemical investigations essential to better understand the various mechanisms of
synthesis of aromatic compounds in the perspective of climate change.

2. White Grape Aroma Compounds

White wine is a complex mixture where the flavor and aroma compounds have multi-
ple origins [2]. It is possible to divide the aromatic compounds into the following classes:
thiols, terpenes, methoxypyrazines, norisoprenoids, C6 alcohols, and aldehydes [27].

• Volatile thiols (or mercaptans) are sulfur compounds that are found in grapes in a
bound form; they originate from fatty acids and are normally bound with glutathione
or cysteine. Thiols are released during wine fermentation, by the enzyme carbon-
sulfur lyase (C-S), from certain yeast strains [28,29]. However, the quantification
of their natural precursors in must is important in the determination of the grapes’
aromatic potential. Synthesis of 4-mercapto-4-methylpentan-2-one precursors, S-4-
(4-methylpentan-2-one)-L-cysteine and S-4-(4-methylpentan-2-one)-glutathione, was
reported as natural and deuterated compounds; accurate quantification of such aroma
precursors at trace levels in grapes was achieved by the SIDA (stable isotope dilution
assay) that involves labeled analogs. Therefore, the authors demonstrated the affilia-
tion between certain thiols precursors and thiols release; they synthesized deuterated
precursors and looked at their corresponding deuterated thiols in the wines. [30].

• Terpenes (or isoprenoids) are present in the grape berries in free and bound (glyco-
sylated) forms [31]. They are frequently conjugated to arabinose, glucose, apiose,
and rhamnose [32]. During winemaking, bound terpenes can be released by gly-
cosidase enzymes produced by grapes, bacteria, and yeast, thereby increasing the
volatile terpenoid composition. Several wine yeast strains were described as signif-
icant producers of extracellular enzymes that are characterized by predominantly
β-glucosidase activity [33]. Terpenes are natural hydrocarbon products constructed
from connected isoprene units (isopentyl diphosphate—IPP) each containing five
carbons. They derive from a rearrangement that involves carbocation intermedi-
ates, of acyclic precursors by terpene synthase/cyclase enzymes. Diterpenes (20 car-
bons) are synthesized from geranylgeranyl diphosphate (GGPP), while sesquiterpenes
(15 carbons) from farnesyl diphosphate (FPP), and monoterpenes (10 carbons) from
geranyl diphosphate (GPP) [34]. Briefly, the first pathway for the biosynthesis of
terpenes is the mevalonic acid pathway (MVA) that starts with the acetyl-CoA located
in the cytosol. The second is the methylerythritol phosphate pathway (MEP) that
starts in plastids with the pyruvate and gliceraldeide-3-phosphate [35,36].

• Methoxypyrazines (MPs) such as 2-methoxy-3-isobutylpyrazine (IBMP) and 2-isopropyl-
3-methoxypyrazine (IPMP) are volatile, grape-derived aroma compounds that give
herbaceous characters to the wine [37]. Methoxypyrazines are formed by the catabolism
of secondary amino acids, such as valine, glutamate, and methionine present in the
grape [38]. However, the full pathway leading to the production of MPs has not yet
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been clarified, and there is evidence that the final step implicates the methylation of
nonvolatile hydroxypyrazine (HP) precursors [39].

• Norisoprenoids originate from the carotenoid biodegradation; firstly, there is the
enzymatic conversion to the aroma precursor, and finally the acid-catalyzed con-
version to the aroma-active compounds [40]. The most important norisoprenoids
for wine flavor are actinidol, β-ionone, β-damascenone, vitispirane, 1,1,6-trimethyl-
1,2-dihydronaphthalene (TDN), 4-(2,3,6-trimethylphenyl)buta-1,3-diene (TPB), and
2,2,6-trimethylcyclohexanone (TCH) [41]. Leaves seem to be an important source of
reserve for glycosylated C13-norisopreinods, but no evidence has been found that
there is a translocation from the leaf to the berry [42].

• The products (C6 and C9 aldehydes and alcohols) of the lipoxygenase pathway (LOXs)
are described as having a leafy green, herbaceous aroma [43]. Several C6 compounds
are glycosylated, such as many volatile elements found in grapes [44].

3. Cultivars

The aromatic element of white wine is a crucial component of its sensory quality; such
quality is focused on the perception of aromatic nuances of varying intensity and complexity
that can contribute to the recognition of a typical or sensory identity (typicality) [45].

The primary consequence of global warming and increase in average temperature
during grape harvest is that the herbaceous vegetal notes of white wines are limited. For
instance, 2-methoxy-3-isobutylpyrazine (IBMP) levels in white wines are lower when
the temperature is excessively high during the growing season [46,47]. Instead, some
C13-norisoprenoid derivatives are higher whenever grapes are more exposed to light. In
particular, TDN (1,1,6-trimethyl-1,2-dihydronaphtalene; notes of kerosene), a compound
found in Riesling wines and synthesized during aging from nonvolatile precursors, is
higher in grapes ripened in warmer microclimates [48]. In contrast, ß-damascenone con-
centrations, which contribute to fruity notes in white wines, are lower in conditions of
increased exposure to light and higher temperatures [49].

All this makes the cultivation and management of white grapes very delicate. It is
therefore necessary that the winemaker, following climate change, implement a series
of strategies aimed at preserving and enhancing the aromatic potential of white grape
varieties to optimize the harvest.

3.1. Sauvignon Blanc

Vitis vinifera L. cv. Sauvignon blanc is one of the traditional varieties of the Sancerre
and Sauternes regions (France) and is also planted extensively in several other wine-
producing regions of the world such as New Zealand and South Africa [50]. Wines
made from this cultivar have a distinctive aroma [51]. Many authors describe the typical
aroma of Sauvignon blanc wine as herbaceous, tomato leaf, vegetative, grassy, gooseberry,
grapefruit, green pepper, asparagus, capsicum, and passion fruit [52–54]. These wines
tend to be acidic or crisp to the tasting on the palate and are subdivided into two groups,
“tropical” (grapefruit, gooseberry, and passion fruit) and “green” (tomato leaf, vegetative,
green pepper, grassy, herbaceous, asparagus, and capsicum) [55]. In Sauvignon blanc
wines, some volatile sulfur compounds, called volatile thiols, can contribute to positive
fragrances such as passion fruit, tropical, and guava-like scents, [56]. The volatile thiols
are thiol compounds with additional functional groups such as alcohols, ketones, and
esters [57].

As shown in Table 1, the most important volatile thiols are 4-mercapto-4-methylpentan-
2-one (4MMP), 4-mercapto-4-methylpentan-2-ol (4MMPOH), 3-mercaptohexan-1-ol (3MH),
and 3-mercapto-hexylacetate (3MHA) [58].
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Table 1. Volatile thiols contributing to Sauvignon blanc’s aroma.

Thiol Abbreviation
Olfactory

Description
Perception

Threshold (ng/L)

Range in Wines
Repored in

Literature (ng/L)
Bibliography

4-mercapto-4-
methylpentan-2-one 4MMP passionfruit and

boxtree 0.8 4–40 [59]

4-mercapto-4-
methylpentan-2-ol 4MMPOH citrus zest 55 90 [58]

3-mercaptohexan-1-ol 3MH gooseberry and
guava 50–100 26–18,000 [59–61]

3-mercapto-hexylacetate 3MHA grapefruit and
boxtree 2.5–4.2 0–2500 [59,60]

3-mercapto-3-methylbutan-
l-ol 3MMB cooked leeks 1300 - [62]

The free thiols and their acetate are practically absent from musts, while they are liber-
ated by the yeasts during fermentation from cysteine conjugate and glutathione conjugate
precursors. In fact, 4MMP and 3MH are released during fermentation from glutathiony-
lated precursors [S-3-(hexan-1-ol)-glutathione (Glut-3MH) and S-4-(4-methylpentan-2-
one)-glutathione (Glut-4MMP)] and cysteinylated precursors [S-3-(hexan-1-ol)-l-cysteine
(Cys-3MH) and S-4-(4-methylpentan-2-one)-l-cysteine (Cys-4MMP)] [63].

For example, S-3-(hexan-1-ol)-l-cysteine (Cys-3MH), S-3-(hexan-1-ol)-glutathione (G3MH),
3-S-glutathionylhexan-1-ol (GSH-3MH), and (E)-2-Hexenal are considered direct precursors
of 3MH [64].

Further volatile compounds are important to the flavors of Sauvignon blanc wines,
such as the methoxypyrazines and certain C6 alcohols cis-hexen-1-ol and trans-hexen-
1-ol, which can impart grassy, capsicum, and leafy aromas to the wines [65–67]. Three
methoxypyrazine compounds have been identified in Sauvignon blanc, namely 2-isobutyl-
3-methoxypyrazine (IBMP, bell peppers), 2-sec-butyl-3-methoxypyrazine (SBMP, vegetal
flavor), and 2-isopropyl-3-methoxypyrazine (IPMP, herbaceous flavor) [68].

3.2. Muscat

Muscat is an aromatic variety containing a specific amount of terpene compounds [69].
Muscat wines are distinguished by typical floral aromas that mostly originate from the
berries. Monoterpenols, such as nerol, linalool, geraniol, citronellol, and α-terpineol,
contribute greatly to the characteristic flavor of the Muscat grape varieties [70,71]. The
compounds responsible for varietal aroma are predominantly in the skins [72]; fifteen
monoterpenes were actually identified in the berries’ skin, including monoterpene alcohols,
aldehydes, and oxides [73]. Gas chromatography–mass spectrometry (GC–MS) was used
to identify 32-free and 23-bound compounds in Muscat of Bornova grapes: terpenes were
the principal compounds in free and bound fractions; linalool and trans-linalool oxide
pyran were the principal compounds in the free fraction. Nerol, geranic acid, and geraniol
in the bound fraction were the most abundant terpenes in this type of must [74].

Aroma compounds in the grape are both in the free and glycosylated forms; however,
only the free forms contribute directly to the aroma profile of these wines [75]. In addition,
volatile compounds formed during alcoholic fermentation also contribute to the aroma
profile of wines, and these include short-chain fatty acids (C6, C8, and C10) and their ethyl
esters, higher alcohols, and their acetate esters [76]. During the alcoholic fermentation, the
most relevant volatile compounds are acetaldehyde, hexanoic acid, 3-methyl-1-butanol,
2-methyl-1-butanol, 2-methyl-1-propanol, 1-propanol, methanol, isobutyric acid, ethyl
octanoate, ethyl acetate, isoamyl acetate, ethyl 4-hydroxybutyrate, diethyl succinate, and
octanoic acid [69,77].

Another class of volatile compounds, C6 compounds, are derived from the lipoxyge-
nase (LOX) pathway, and they are important for herbaceous characters [78].
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3.3. Gewürztraminer

Gewürztraminer is an aromatic grape cultivar, widely grown in cooler wine-producing
European regions such as Germany and northern France [79].

Maximizing the development of spicy and floral aromatic characteristics during
maturation and ripening is an important objective for vintners. Terpenic components
are the main contributors to the typical flavor of this cultivar; they are synthesized in
the grapes, extracted into the must during crushing and pressing, and transferred to
wine during fermentation and stabilization phases [80]. Terpenes are present as free
volatiles and as sugar-bound precursors [81]. Monoterpenes (C10) and sesqui- (C15) are
formed in plastids, via the cytosolic mevalonate-dependent metabolic pathway (MVA)
and the mevalonate-independent 1-deoxy-d-xylulose 5-phosphate/2-C-methyl-d-erythritol
4-phosphate biosynthesis pathway (DOXP/MEP) [82,83]. The presence of monoterpene
glycosides by hydrolytic cleavage of the glycosidic bond was confirmed, identifying both
acyclic monoterpene alcohols, such as linalool, nerol, and geraniol, and monocyclic terpenes
such as α-terpineol as released aglycones [84]. Twenty-four terpene aglycones and twenty-
one monoterpene alcohols were found in hydrolysates of Gewürztraminer berry’s exocarp.
More than 80% of all terpene aglycones detected were attributed to six monoterpenols:
linalool, nerol, α-terpineol, geraniol, dihydrocarveol, and β-citronellol [82].

3.4. Riesling

Several white varieties are distinguished by their terpenes level:

- Muscat/floral cultivars: high free monoterpene content;
- Non-Muscat aromatic cultivars—medium-free monoterpenes content;
- Neutral cultivars, where monoterpenes do not appear to influence wine aroma [85].

Riesling can be placed in the intermediate level between neutral cultivars and Mus-
cat [86].

The major compounds responsible for Riesling wine varietal character are monoter-
penes (such as linalool; floral aroma) and carbon-13 norisoprenoids (especially 1,1,6-
trimethyl-1,2-dihydronaphthalene; kerosene aroma) [87]. It is worth noting that in this cv.
a large number of volatile phenols exist as glycosides [88].

The aroma compounds found in Riesling grapes are carbon-13 (C13) norisoprenoids (β-
damascenone, 1,1,6-trimethyl-1,2-dihydronaphthalene—TDN, and vitispirane), monoterpenes
(α-terpineol, linalool oxide), and phenolics (eugenol, 4-vinylguaiacol, and vanillin) [89].

3.5. Chardonnay

Chardonnay is one of the most important white cultivars grown in all parts of the
world; it is the most widely planted white cultivar in both Australia and California, and
the second most planted in France [90]. The aroma models of Californian Chardonnay
wines were evaluated using multivariate statistical procedures to investigate the sensory
significance of odor-active compounds after chromatography/olfactometry; partial least
squares regression (PLSR) analysis was used to find the relevant combinations of odor-
active compounds. Eighty-one aroma compounds were found as odor active in nineteen
Californian Chardonnay wines; PLSR revealed that the ”fruity” terms were related to
2-phenylethyl acetate, linalool, and 3-methylbutyl acetate [91,92].

Glycosidic precursors are a diverse group of odorless compounds identified in many
grapes and reputed to be the most important group responsible for some of the varietal
attributes of wines, such as Chardonnay [93].

Although Chardonnay is an international aromatic cultivar, in Burgundy-specific
clones of Chardonnay are used to produce wines differing by their aromatic profile; clone
76 is considered as neutral and clone 809 as aromatic [94].

In Chardonnay grapes, there are several differences based on terroir. In Spanish wines,
3-mercaptohexan-1-ol can be considered unimportant to Chardonnay and 4-mercapto-4-
methylpentan-2-one and 3-mercaptohexyl acetate were correlated to the fruity aroma, box
hedge, and tropical fruit character [59]. In contrast, in Australian Chardonnay wines, both 4-
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mercapto-4-methylpentan-2-one and 3-mercaptohexyl acetate were below the sensory thresh-
old, while 3-mercaptohexan-1-ol was generally well above [95]. However, for Spanish and
Australian wines, benzyl mercaptan (BM) was present at a sensorily important level [59,95].
BM is considered to be a contributor to smoky, struck match or struck flint characters in white
wine, and in a sensory addition study [96], an addition even as low as 0.7 ng/L gave a burnt,
toasty, and empyreumatic aroma.

3.6. Ribolla Gialla

The Vitis vinifera L. cv. Ribolla Gialla (famous for its robust berries and plain sensory
profile) is an autochthonous white grape variety cultivated in northeastern Italy, parts of
Croatia, and southwest Slovenia [97].

Aroma compounds found in the Ribolla Gialla cultivar were 2-methyl propanol, ethyl
acetate, 3-methyl butanol, 2-phenyl ethanol, 2-phenylethyl acetate, ethyl octanoate, ethyl
butanoate, ethyl hexanoate, ethyl decanoate, and isoamyl acetate [98].

3.7. Malvasia

Istrian Malvasia is a grapevine variety from the north Adriatic area, mainly grown
in the regions of Istria (Croatia), Friuli (Italy), and Primorska (Slovenia) [99]. Aroma
compounds found in the Istrian Malvasia wines were 2-phenyl ethanol, 3-methyl butanol,
ethyl octanoate, ethyl acetate, ethyl butanoate, ethyl hexanoate, ethyl decanoate, linalool,
isoamyl acetate, and α-terpineol [98].

3.8. Pinot Gris

The major compounds responsible for Pinot gris varietal character include monoter-
penes. All of the monoterpene isomers: S-(−)-limonene, R-(+)-limonene, (2R,4S)-(+)-cis-
rose oxide, (2S,4R)-(−)-cis-rose oxide, (2R,4R)-(−)-trans-rose oxide, (2S,4S)-(+)-trans-rose
oxide, (2R,5R)-(+)-trans-linalool oxide, (2R,5S)-(−)-cis-linalool oxide, (2S,5S)-(−)-trans-
linalool oxide, (2S,5R)-(+)-cis-linalool oxide, R-(−)-linalool, S-(+)-linalool, S-(−)-α-terpineol,
R-(+)-α-terpineol, and R-(+)-β-citronellol were identified and quantified in Pinot Gris wines
by using mass spectrometry (HS-SPME−MDGC−MS) [100].

4. Agronomic Practices

Agronomic practices such as irrigation, defoliation, foliar fertilization, canopy-training
systems, spraying of biostimulants, and bunch thinning can have a great impact on primary
and secondary metabolism [101,102]. Under different environmental conditions, choosing
the most effective multidisciplinary approach such as agricultural practices, cultivar, and
rootstock can optimize the plant’s performance during their entire life cycle and the
relationships between phytochemicals compounds (such as glycine betaine, melatonin,
proline, polyamines, γ-aminobutyric acid, organic acids, sugars, amino acids, aromas, and
phenolic compounds) [103].

4.1. Irrigation

Climate change has a significant impact on rainfall cycles, modifying the vegetative
season with the occurrence of droughts or flooding that in turn influence agricultural yields
and crop quality in all geographic areas of the world [104,105]. Irrigation is needed to
stabilize yield while maintaining white grapes’ quality [106]. The intensity and timing of
water deficits or irrigations influence the extent of alterations occurring in berry metabolism
and therefore in wine aroma and flavor [107,108].

Des Gachons [109] showed that grape aroma potential was highest in Sauvignon
blanc vines under mild water deficit (predawn leaf water potential ΨPD −0.22 MPa) and
moderate nitrogen supply, while severe water deficit stress seemed to limit S-Cysteine
conjugate precursors. Other scientific works also demonstrated the benefits of irrigation
(0 < ΨPD < −0.45 MPa) on precursor thiols (3-S-cysteinylhexan-1-ol, Cys-3MH, and 3-
S-glutathionylhexan-1-ol, GSH-3MH) [110,111]. The aroma of Sauvignon blanc at three
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different locations in Italy (Veneto, Tuscany, and Apulia) under irrigation was monitored.
The irrigation treatment improved the quality of must (linalool, α-terpineol, monoterpenes,
methoxypyrazine, and norisoprenoids contents) [112].

In northwest Italy, the effects of irrigation on the volatile aroma profile of Muscat
blanc grapes was also investigated; free linalool and geraniol concentrations were higher
in the standard irrigated plants (pre-dawn water potential levels above −0.2 MPa) than
in the drought regime, with 78% more free linalool and 73% more free geraniol than the
plants subjected to drought [113].

In Gewürztraminer grapevines, decreasing duration of water stress increased free
volatile terpenes (FVT) at harvest, and potentially volatile terpenes (PVT) [114]. Regulated
deficit irrigation (RDI), a viticultural practice utilized to improve the concentration of
secondary metabolites [115,116], applied after veraison, increased the concentration at
harvest of key free terpenes for Gewürztraminer grapes, such as geraniol and citronel-
lol [117]. Water deficit can therefore increase the concentration of terpenes in grapes, via
the upregulation of genes of the methylerythritol phosphate pathway (MEP), such as
hydroxy-3-methylbut-2-enyl diphosphate reductase and terpene synthases [118].

These findings encourage research and development of climate change adaptation
measures, namely the implementation of balance irrigation systems.

4.2. Biostimulant Application

Biostimulants foliar application on vines has become an interesting strategy to improve
grape quality and prevent plant diseases on the grapevine (including resistance inducers or
elicitors) [119,120]. These products include a wide variety of formulations, such as protein
hydrolysates, fulvic and humic acids (or other N-containing compounds), seaweed extracts
and botanicals, inorganic compounds, biotic and abiotic elicitors, and beneficial bacteria
and fungi, which are able to trigger an innate immune response, leading to the synthesis of
secondary metabolites in vines [121,122].

Recent work showed that a low-dose nitrogen biostimulant (foliar phenylalanine
application) can improve the synthesis of esters and benzenoids, and decrease the concen-
trations of terpenoids and C6 compounds; however, its effects on C13 norisoprenoids in
must were not clear. The highest dose of phenylalanine increased the content of all except
for the C6 compounds [123].

Although the effects of methyl jasmonate on grape amino acid contents are not com-
pletely known [124], some data suggest that methyl jasmonate (elicitor biostimulant)
promotes activation of terpene metabolism by increasing geranylgeranyl diphosphate
synthase, the enzyme that provides the building blocks for terpenes [125].

The effects of foliar oak wood extract applications to Chardonnay grapevines on berry
glycosidic aroma precursors were studied [92]; after the foliar applications, alcohols, C6
compounds, phenols, terpenes, and C13-norisoprenoids showed an increase. Moreover,
the majority of the compounds coming from the oak extracts were assimilated and stored,
in their glycosidic forms, in the berries.

In another study, the response of Riesling grape variety by spraying three different
concentrations of humic acid extracted from vermicompost (30, 40, and 50 mL·L−1) onto
leaves was investigated. As a result, it was observed that there was a general increase in
fruit quality and aroma in vines [126].

4.3. Foliar or Soil Fertilization

Vine nutrition is an important factor for wine quality and plays an essential role in
the winery [127]; a nutritional deficiency of the vine manifests itself for multiple reasons
and negatively affects the aromatic profile of a wine, for example, due to slow or blocked
fermentation [128]. Foliar treatments are applied mostly in the case when small fertilization
corrections are necessary and they are preferred to soil applications when the topsoil is
very dry or with decreased root activity [129].
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A grapevine’s nutrition can be affected by various factors, as reported in
Figure 1 [130–135].
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In particular, grapevine nitrogen status can affect vine vigor and grapes; nitrogen
(N) fertilization can increase the berry’s N content [129,136]. There is growing interest
in the analysis of individual amino acids in must owing to their important role such as
precursors to aromas released during fermentation [137]. A relationship between wine
aroma composition and must amino acids has been described [138,139]. In fact, isobutyl,
isoamyl, and phenylethyl alcohols are derived, respectively, from isoleucine, leucine, and
valine; in addition, phenylalanine, threonine, and aspartic acid are the amino acids that
most influence the fermentation process [138].

A recent research studying the effect of irrigation and N fertilization, showed that
combined soil and foliar nitrogen application on Chardonnay vines, achieved greater
increases in amino acid and total concentration of glycosylated precursors [140].

Choné et al. (2006) showed that in Sauvignon blanc, an unlimited nitrogen supply
to the vine is a primary factor for a balanced varietal aroma expression; vine nitrogen
status increased S-cysteine conjugate precursors, glutathione, and phenolic content in the
berries [141]. Moreover, another study showed that vine nitrogen fertilization influenced
the Sauvignon blanc vine physiology and the composition of the grapes, enhancing their
aroma expression (higher content of nonvolatile and volatile thiols) [142].
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Urea applied foliarly to Sauvignon blanc grapevines increased the concentration of
amino acids in musts involved in the biosynthesis of precursor thiols [143].

On the other hand, another work investigated the effectiveness of nontoxic calcium
phosphate nanoparticles (Ca3(PO4)2·nH2O) doped with urea (U-ACP) as a nitrogen source
for grapevine fertilization, and found that the volatile profile of Pinot gris berries (alkyl- and
benzyl- alcohols, aldehydes, ketones, and carboxylic acids) was not significantly affected
by the treatments. The following tree fertilization treatments were compared: commercial
granular fertilization (45 kg N ha−1), U-ACP applied in fertigation (36 kg N ha−1), and
foliar application of U-ACP (36 kg N ha−1) [144].

4.4. Cluster Thinning

The proper balance of reproductive and vegetative growth is fundamental for optimal
fruit ripening. In a vineyard, a higher yield per vine may delay ripening, which might
result in lower quality of the berries [145]. For this reason, cluster thinning, which promptly
removes the reproductive sink, is a standard agronomic practice to prevent overcropping
and enhance grape quality used in viticulture [146]; therefore, it can be concluded that
canopy management techniques have favorable effects on grapevine growth and grape
composition [147].

Several studies showed that cluster thinning helped to improve the terpene concentra-
tions; linalool, the most abundant and active odorant related to Muscat flavor, accumulated
in 28.6% and 20.2% higher concentrations from cluster thinning compared to control and
girdling at maturity, respectively [148]. In fact, in most cases, change in terpene concen-
tration of berries through cluster thinning was associated with favorable modifications
in flavor or aroma characteristics [149]. Another study examined the accumulation of
monoterpenes during fruit maturation on a specific group of Chardonnay clones called
Chardonnay Musqué, after five different phenological stages of cluster thinning; the results
showed that thinning treatments increased monoterpene concentration of Chardonnay
Musqué berries [150].

The effects of cluster thinning time at different stages (pre-veraison and post-veraison)
of berry development on grape quality and yield components of cv. Sauvignon blanc
grapevines were investigated; cluster thinning at various stages of berry development
increased monoterpenes [151]. Other research showed that herbaceous aroma scores had a
positive correlation with increased pruning weight (cv. Sauvignon blanc) [152].

The effect of 20% cluster thinning on Ribolla Gialla sparkling wine aroma, on lipid
compounds, and aromatic amino acid metabolites composition was studied for three sea-
sons in the Friuli Venezia Giulia region of Italy. The thinning of the grape clusters showed
a minimal positive effect on the volatile composition, resulting in higher concentration
of varietal aroma compounds (citronellol, linalool, and β-myrcene). A similar result was
obtained for the C13-norisoprenoid group of substances. In addition, the effect of cluster
thinning produced the increase in metabolites associated with aromatic amino acids [153].

4.5. Leaf Removal

A balance between the photosynthetically active leaves and production is an important
factor to obtain wines of higher quality [154]. The intensity and composition of sunlight
are two of the most important parameters that influence the microclimate of bunches,
together with the effects of temperature [155]. In vineyards, leaf removal at the level
of the clusters changes the microclimate in the area around the grapes and therefore
also berries’ composition [156]. Defoliation directly affects the leaf/fruit ratio, which,
depending on the phenological stage in which it is conducted, can produce a different
effect on the maturation of the fruit [157]. Many authors examined the influence of light
intensity and/or composition of the bunch zone on aroma molecules, focusing on the main
aroma molecules: free aroma volatiles, glycosylated aroma precursors, C13-norisoprenoids,
methoxypyrazines, and terpenes [158,159].
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The technique of leaf removal (removal of five basal leaves from each shoot at verai-
son) showed the greatest effects on must and wine composition in cv. Riesling italico and
Traminer; increasing light exposure increased the flavonoid content of grapes. Nontreated
grapes of all cultivars had, for the most part, the lowest levels of hydroxybenzoic acid,
catechin, epicatechin, and flavor [160]. Sun-exposed bunches (cv. Riesling) showed an
increase in C13-norisoprenoid concentration in berries and wine. β-damascenone con-
centration did not change between nontreated and defoliated plants, but an increase of
1,1,6-trimethyl-1,2-dihydronaphthalene (TDN) was observed in the defoliated vines [161].
Other research on Riesling showed that bound and free aroma compounds such as linalool,
geraniol, hexen-1-ol, α-terpineol, and β-damascenone were positively affected by higher
sunlight exposure of berries [89].

In the Isonzo region (Friuli, Italy), the influence of cluster-zone leaf removal, ap-
plied after berry set, was evaluated on Sauvignon blanc grapevines; the increased sun-
light cluster exposure decreased 2-methoxy-3-isobutylpyrazine (IBMP) and 3-isopro-pyl-
2-methoxypyrazine (IPMP) concentrations in early stages of berry development, while
at harvest, although light plays a role in the degradation of berry methoxypyrazines, no
significant differences between defoliated and nondefoliated grapes were observed [162].

Moreover, leaf removal conducted two weeks before veraison, at veraison, and two
weeks after veraison, at two different levels (half basic, 50%; full basic, 100%) increased the
concentrations of most free- and bound-form monoterpenes in Sauvignon blanc grapes;
the concentrations of total (free + bound) monoterpenes in grapes were significantly
higher in plants treated two weeks before veraison-50% (1226.68 µg L−1) and veraison-50%
(1255.54 µg L−1) compared to the control (1160.22 µg L−1) [163].

The sun-exposed berries and the berries naturally shaded under foliage were stud-
ied in cv. Muscat. Due to the increased amounts of hexanal and E-2-hexenal, the total
amounts of C6 compounds were greater in the berries of shaded bunches; bunch shad-
ing did not modify the levels of nonterpenic alcohols, but the total amounts of terpenols
(nerol, linalool, geraniol and geranic acid) were lower in the shaded berries than in the
sun-exposed berries [164]. The cluster temperature could explain these differences [165]:
modification of the red/far-red ratio can modify the phytochrome activity that regulates the
3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase) involved in monoter-
penes biosynthesis (natural shading decreased the red/far-red ratio) [166,167].

Enhancement of Istrian Malvasia wine aroma and higher hydroxycinnamate com-
position were obtained by hand (HLR) and mechanical leaf removal (MLR), compared
with untreated control (UC) [168]; precursors of varietal thiols 3-S-glutathionylhexan-1-ol
(G3SH) (HLR 9.5 ng kg−1; MLR 10.6 ng kg−1; UC 7.0 ng kg−1), 3-S-cysteinylhexan-1-
ol (Cys3SH) (HLR 0.5 ng kg−1; MLR 0.6 ng kg−1; UC 0.3 ng kg−1), 4-S-glutathionyl-4-
methylpentan-2-one (G4MSP) (HLR 16.4 ng kg−1; MLR 17.6 ng kg−1; UC 11.8 ng kg−1),
4-S-cysteinyl-4-methylpentan-2-one (Cys4MSP) (HLR 28.5 ng kg−1; MLR 27 ng kg−1; UC
22.4 ng kg−1) in berries and hydroxycinnamic acids and their esters in wine were higher in
defoliated-treated vines [169].

4.6. Shading Nets

Shading net applications over the canopy reduce the photosynthetic photon flux on the
leaf surface, and the temperature both of the canopy [170] and the fruit by up to 7 ◦C [171],
and thus, could delay berry ripening. It is demonstrated that sun exposure influences the
aromatic composition of grapes [172]. Excessive exposure to sunlight and high berry tem-
peratures reduce the content of methoxpyrazines [173]. However, the glycosidically bound
monoterpenes and polyols (potentially volatile terpenes) in Gewürztraminer grapes [165]
and the norisoprenoid concentrations in Riesling [161] grapes were maintained at the
highest levels in exposed berries during ripening and were considerably higher than in the
partially and completely shaded fruit at harvest.



Agronomy 2021, 11, 2027 11 of 19

In Sauvignon blanc, partial shading of the canopy (50%) increased iso-butyl
methoxypyrazine concentration compared with full sun exposure (4.57 and 1.94 ng/L,
respectively) [174].

Different treatments, on Chardonnay vines, using shading nets, were evaluated vis-
à-vis an untreated test with no defoliation and shading. Five different treatments were
examined: a comparative test without defoliation and shading (ND), a test with total
defoliation (east and west side) (TD), and three different systems adopting shading nets
applied along the bunch zone. Two of the shaded treatments were defoliated as for TD and
covered with one layer of shading net (TD1L) or two layers of shading net (TD2L), while a
third treatment was covered by only one layer of shading net but not defoliated (ND1L).
Significant results were only seen for Quercetin-3-glucoside, Kaempferol-3-glucuronide,
Isorhamnetin-3-glucoside, and Kampferol-3-Glucoside, for which the highest values were
recorded for the TD-FD treatment compared to ND1L-FD. Shaded treatments (TD1L, TD2L,
and ND1L) led to the highest values in terms of cinnamic acid concentration, while ND1L
led to a lower level of flavonols. No significant differences were observed for stilbenes,
while a higher level of total thiols was shown for the TD2L treatment compared to ND and
TD1L. This was determined by differences identified for S-glutathionylated precursor of
3-Sulfanylhexan-1-ol (GSH-3MH) [175].

The concentrations of free and bound terpenol in shaded Chilean Muscat berries,
however, were so low that the characteristic Muscat aroma was lost, which resulted in
poor-quality musts [176].

Leaf shading can be a useful strategy to deal with global warming in viticulture [177,178],
as it could slow the ripening process and favor the accumulation of herbaceous compounds
in grapes;, nevertheless, it is a practice to be applied with caution.

Generally, the treatment tested was able to moderate the effects of excessive radiation
and temperature on fruit, without affecting the physiology, and enhancing fruit composi-
tion. This result will be particularly relevant in areas in which the effects of climate change
increase mean temperatures during the growing season.

4.7. Kaolin

The kaolin sunscreen works by reducing leaf temperature by an average of about 4 ◦C
and up to 6 ◦C while maintaining a high photosynthetic activity, thus avoiding photoinhi-
bition phenomena and physiological damage such as chlorotic/necrotic leaves, sunburn
damage, and dehydrated berries [179]. It was shown that kaolin applications to grapevines
significantly reduced berry surface temperatures by 0.7 and 1.5 ◦C without negatively
affecting berry physicochemical parameters at harvest [170]. Kaolin application on overex-
posed clusters reduces sunburn and influences the grape composition of Sauvignon blanc
with the increase of bound secondary grape metabolites [171]. These increases represent, in
part, an increase in the pool of potential aroma and flavor components, and may indicate
an enhanced potential for high-quality wines [180]. Recent studies have shown different
results on kaolin’s impacts on grapevine aroma. The accumulation of volatile phenol glyco-
conjugates in smoke-exposed grapes (smoke taint can be found in wines made from grapes
exposed to smoke from bushfires after a drought) was monitored following grapevine
exposure to smoke, with different glycoconjugate profiles observed. Foliar application of
kaolin reduced the concentration of volatile phenol glycoconjugates in smoke-exposed
fruit, but efficacy depended on the rate of application and extent of coverage (Sauvignon
blanc and Chardonnay) [181]. In view of the results, the exogenous foliar application of
kaolin, an inert mineral that reflects radiation, has been shown to be an effective short-term
climate change mitigation strategy for vineyards.

5. Conclusions

Due to climate change and rising temperatures, winemakers are increasingly forced to
find winning strategies so as not to jeopardize the quality of white grapes in the vineyard.
In a genotype-dependent way, several agronomic practices can positively influence primary



Agronomy 2021, 11, 2027 12 of 19

and secondary metabolite concentrations in the berries. In white wines, the aroma, origi-
nating from different chemical and biochemical compounds, plays a key role in the identity
of the product. It is the task of the winemaker to enhance the synthesis of these molecules
through different approaches in the vineyard and in the cellar. However, currently, given
the increasingly high and sophisticated demand from consumers for a healthy and high
quality product, the choices to increase the aromatic quality of white wines will have to
be oriented toward sustainable agronomic management practices. Agronomic techniques
such as defoliation, balancing of the sink/source ratio, thinning of bunches, foliar and soil
fertilization have all proved to be excellent sustainable strategies to increase the aromatic
potential of white grapes. Above all, however, with a view toward climate change, the fol-
lowing agronomic practices are considered valid aids to not deplete aromatic compounds:
balanced irrigation, shading nets, and the application of kaolin and/or biostimulants. Nev-
ertheless, in most studies, the data were only reported in terms of metabolite concentrations
with no discussion about dynamics in the berries’ growth, so physiological mechanisms,
plant/agronomic technical interactions, and synthesis mechanisms still require further
study and investigation. Moreover, if these viticultural strategies were to be used together,
their cumulative effect could lead to a more pronounced improvement in grape ripening
and aroma.
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