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ABSTRACT

Ribolla Gialla ¥itis vinifera L.) is an indigenouswhite grape variety cultivated in
northeastern lItaly, in Slovenia and on theidm Islands in Greece, where it is known as
Rebula and Bbola, respectively, and can be considered as one of the most promising for
producing highquality monovarietal sparkling wines. However, due to its neutral aromatic
potential, the manipulation of mé quality thus mainly depends on the application of
viticultural or oenological practicegor instance, cluster thinning is a commonly adopted
viticultural technique for selective removal of excessive clusters and allows calibrated vine
productivity with increased accumulation of metabolites in the fidibdulating ofwine
grapesyield will therefore activate the intrinsic changes basic berry composition
(including soluble solids, organic acids, pH phenolics and anthocyangssiiting from
thinning treatment, while also changing the rate of grape ripe@omgsequently, monitoring

the ripening of the grapes is important mainly to determine the ideadtaime. As this
study shows, different harvest times have a significant impact on chemical composition of
wines, which can lead to different sensory characteristigs. objective of this research
work wasthereforeto produce a comprehensive stuafydiscussed viticultural measuras

the production of monovariet&ibolla Gialla sparkling winédrom two different locations.

The position of vineyard site should not be neglected, as it is an integral part of the terroir,
that can be defined as an ecosystén a given place, including factors like climatic
conditions, cultivar and rootstock, geography and topography, as well as soil characteristics
like mineral nutrition and water supplifor this purpose, the muliargeted approach was
adopted, using dérent analytical techniques (G@S, UPLGMS, and FTIR) to investigate

the aromatic characteristics of the sparkling wines obtained, including their volatile organic
composition, lipid compounds, and the metébs of aromatic amino acids, which play a
key role in the organoleptiand sensory properties of wirkhe findings of thistudycould
provide asort ofguideline intended fowinegrowersand professional expertdesigned to
facilitate thedecisionabout the level of production, or to help outatmine the optimal
harvest time, by taking into account changing climatic conditions.
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1 ABOUT RIBOLLA GIALLA

The Vitis viniferaL. cv. Ribolla Gialla is an autochthonous white grape variety grown
most prominently in the northeastern Italy. According to the literature, the first mentions of
this ancient variety date back in BiQPeterlungeret al., 2004, with later recorded
ampelographic descriptions being made in 1f4drtovec, 1844) Records shows that in
1982, there were only 93 ha cultivated with Ribolla Gialla in Italy, but nowadays, this area
has increased to 1,159 ha, due to the strong demand for highly appreciated sparkling wine.
This is also the reason why this ey is consideredne of the economically relevant local
cultivars in Italian region Friuli Venezia Giul{&respan et al., 2020)

Figure 1: The cluster of Ribolla Giall@adopted from http://ribollagialla.org/

There is a considered amount of literature, investigating the genetic origin of Ribolla
Gialla and its genetic associations with Rebula and Robola, traditionally cultivated in
southwestern Slovenia and Kefalonia Island in Greece, respectidely.orenzis et al.,
2013. In addition, sympatricelationships with other cultivars (e.@ouais Blanc, Schiava
and Glera) have been studied previously, suggesting a common geographicéCoegpan
et al., 2020; Imazio et al., 2016; Rusjan et al., 20d@wever, only a small number of
studies feused on compositional characterization of grapes and wines produced from
Ribolla Gialla. Due to the low concentrations of graleeived aroma compounds, it is
classified by some authors among a neutral variétiBsa v | ar )eNamelyl basedan 0 1 1
total free monoterpene concentration, ¢mape cultivars can be divided intoeBrgeneral
groupings: neutral varieties with very low concentrations, aromatic cultivars idtmg/L
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of monoterpenes and Muscat types with more than 6 mg/L of free monotefpenetsal.,

2019; Mateo & Jiménez, 20R(Bince monoterpenes are mainly linked to sugar moieties in
the grape juice and wines without any olfactive activity, the acidic or enzymatic hydrolysis
of terpene glycosidesan occur when certain winemaking techniques are applied. One of
such is for example the use of skin contact of crushed grapes under controlled condition,
which allows the enhancement of both free and glycosided forms of volatile compounds,
derivingfromgr apes i n must and wiared. (2017, theiasithorsi n  t h
have investigated the effect of pomace maceration and whole berry maceration during
alcoholic fermentation, on the concentration of free volatile varietal and fermentative aroma
compounds from Ribolla Gialla. Similarli3, a v | a r(20E5)explaited the impact of the
freezing of pomace before pressing and the freezing of whayeg before pressing on free
aromatic compounds and sensory attributes. Another way to increase the complexity of
Ribolla Gialla wine and thus avoid a rather poor beverage bouquet is to perform a mixed
culture fermentation. A study of such an approachbeen conducted by Dashko et al.
(2015) where the fermentative performance of 1womventional yeast strains has been
comparedo the one ofSaccharomyces cerevisiddowever, none of the aforementioned
studies examined the influence of viticultural practices on the chemical composition of
Ribolla Gialla wines.

2 GRAPE BERRY DEVELOPMENT AND RIPENING

The fruit quality characteristiand quality attributes of grape juice and, subsequently,
wine, depend on physical and chemical composition of grape berries at harvest. Namely, as
berries ripen, they undergo a multitude of physical and chemical changes, although many
changes and processamportant to fruit quality also occur long before ripening begins
(Keller, 201Q. In general, berry development consists of two successive sigmoidal growth
periods, interrugd by a lag phase, as presented on thar&ig. Therefore, for ease of
description, the fruit development will be divided into three statgkiaceous phaB, lag
phasgll) and ripening (lII).

2.1 HERBACEOUS PHASE

The first stage (stage ) starts at bioand terminates after approximately sixty days.
During this stage, the berry fermed, and rapid cell division occurs, which causes an
exponential increase in berry size. The seeds embryos starting to be produced as well. The
accumulation of the principal solutes such as tartaric and malic acid arise mainly in skin and
flesh, respectivelywhere tartaric acid appears to accumulate during the initial sthlgesy
development, and malic acid accumulates just prior the verfigmedy, 2002)At the
same time, hydroxycinnamic asidresynthesized in grapes, which is involved in browning
reactions and is a precursor to volagileenols,and alsaanninsfrom both skins and seeds
are accumulatefConde et al., 2007; Kuhn et al., 2014)
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2.2 LAG PHASE

The lag transition stage (stage Il) is distinguished by a pause in berry growth, during
which however, seed embryos start to grow rapidly. The duration of this stageiis $pe
the cultivar and to the fluctuations of the temperat(®8esart & Sinclair, 1976)however its
end correspond to the end of the herbaceous phase of thi€tyade et al., 2007At the
start of the lag stage, berries have reddideast half of their final size. This stage is also
characterized by the beginning of the synthesis of anthocyanins, soluble flavonoid
compounds that provide color to red grape varieties. Consequently, this is the stage, where
the veraison takes placBloreover, the sucrose, originating from the leaves, reaches the
fruits through phloem followed by a hydrolytic process that forms glucose and fructose
(Robinson & Davies, 2000)he process of softening coincadeith the beginning of the
sugar accumulation, drthen continue to the ripening stage. Namely, softening occurs as a
consequence of reduced mesocarp cell turgor, due to the gradual disassembly of the
mesocarp cell wall&eller, 2010).

2.3 RIPENING PHASE

Following the 5 to 10 day lag, the third stage of development (stage lll) starts with
veraison and involves important morphological and physiological changes, such as
accelerated anthocyanin accumulation (in the colored grapes), enhanced accumulation of
sduble solids, decreased acidity, turgor reduction and berry enlargé®emano et al.,
2017) One of the compounds which content is significantly reduced during ripening stage
is malic acid.During this stage malic acid is exported from vacuole and so used for
respirdion, while sugars are instead imported in vacuoldss can be achieved via two
pathways: in cytosol where NADalic enzyme regulates the malic acid or malate
breakdown producing the pyruvate and @ in mitochondria, where a subsequent action
of makte dehydrogenase degrade malate into oxaloacetate, or, alternativelynalisD
enzyme oxidize the malate to pyruvé@onde et al., 2007)n addition, it has been found
that the metabolism of malic aaidn be correlated with the climate, as cool regions typically
produce grapes with higher concentration of malic acid, while the grapes grown in warmer
regions tend to have lower acidity. In contrast to the process of the malic acid breakdown,
the level oftartaric acid usually remains almost constant after vergSonde et al., 2007)

The postveraison period is characterized also by an intensive accumulation of hexoses
in the vacuoles of mesocarp celGonde et al., 2007At first, the production of sucrose
occurs in the mature grapevine leaves via the photosynthetic carbon assimilation and is
subsequently transported to the berries in the phloem.i§ fadlowed by a conversion of
sucrose into glucose and fructose, with studies reporting two possible pathways of
transformation. One pathway suggests that sucrose is transported into the vacuole where the
cleavage to fructose and glucose is caused bynaartase, or alternatively, the sucrose is
inverted by an invertase, present in the apoplast or in the cytoplasm and the resulting hexoses
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are transported into the vacuole by membrane hexose transpg&tdisson & Davies,

2000) Subsequently, the grape berries tend to accumulate the glucose and fructose steadily
during the course of stage lll, whereby the ratio of both hexoses is roughly 1:1 in the most
V. vinifera cultivars, while this ratio varies from 0.47 to 1.12 in wild@pe(Conde et al.,

2007; Kuhn et al.2014)
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Figure 2. Grape berry development and ripening process (adopted from Kennedy, 2002).

3 PRIMARY AND SECONDARY METABOLITES IN GRAPES

In addition to the plants primary metabolites that are involwedormal growth,
developmenand reproduction of plant species, the secondary metabolites are known to play
crucial role in physiological functions, such as adaptation to environmental conditions
(Lewinsohn et al., 2001)the enhancement of resistance to pests and disease related
microorganismgHarborne, 2001 )andthe determination of the quality of the food attributes
(Ali et al., 2010) Thus, in this section, the development of volatile organic compounds
(VOCs), lipids and metabolites of aromatic amino a¢ABA) in grapes is addressed, as
these groups of substawxwere studied in depth as a part of our studies. Nevertheless, the

10
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compounds derived from grape berries are important contributors to the sensory attributes
of wine.

3.1 VOLATILE ORGANIC COMPOUNDS

Grape berries contain hundreds of compounds that could @diecbntribute to the
aromatic profile of wine. In the pulp and skin of the berries are located the most important
grape aroma substances, such as monoterpeb@sotisoprenoids, benzenoid compounds
and polyfunctional sfilired compounds, present inthdree andoound form(Flamini &

Traldi, 2010) During alcoholic fermentation, these compounds can be subjected to minimal
or no transformation, thus reflecting a particularity of grape cultivareamghasizing the
quality and regional character of the wirj€®nde et al., 2007)

3.1.1 Monoterpenes

Monoterpenes@10 class of terpenes) are recognized as key odorants associated with
the varietal (or primary) aromas of certain white wines. Their contribution to the floral, rose
like, coriander, green, citrus and herbaceous aroma is often related with the aromatjc grapes
such as Muscat, Malvasia, Gewdrztraminer and Rieghtegnini & Traldi, 2010; Mateo &
Jiménez, 200)) although they are also present at low concentrations in sftapteed
varieties(Conde et al., 2007Among the free monoterpenes, the alcohols appear to be most
prevalentincluding lindool, geraniol, and nerol, together with the pyran and furan forms of
the linalool oxidegMateo & Jiménez, 2000Depending on climatic calitions and the
processing method ofrape juice, to this group of sgoundswe can include also
ci t r o nterpinkead hotrienbl, nerol oxide, myrcenol, the ocimenols and several other
oxides, aldehydes and hydrocarb@@ende et al., 2007However, in the most casdset
glycosidicaly conugated forms prevail over theonglycosyated forms of individual
monoterpenes and polyols, despite the fact that they do not make direct contribution to the
aroma of the grap@Mateo & Jiménez, 2000These can be hydragd into free forms by
acids or enzyme@Villiams et al., 198 As regards the acidic hydrolysis, it has been shown
to be strongly dependent on pH value, which can induce a molecular rearrangement of th
monoterpenol¢Maicas & Mateo, 2005)On the other hand, the enzymatic release of free
aromaticc o mpounds from natural glycoside precur
of wi ne ar oma and occur s | hr htawmm osid-da e 8 s i
ar abi n o s-d-apimssdase make tlfie cleavage of the terminal sugar and rhamnose,
arabinoe or api ose and -dglicesides are rekeasqedp suldseqonegtly b
liberation of monoterpenst a k es pl ac e -é&dlutosidasé@unataevah, 1983, a b
Mateo & Jiménez, 2000 Most previas studies have focused on investigating the
accumulation of monoterpenes in the final stage of grape ripening, where it was mainly
found that thdevels of monoterpenes increaig&ing grape ripenin@Dunlevy et al., 2000
However, more recent results have showed that the level of production of terpenes varies
from preveraison phase, through the lag phase and finally to thesvpasson pase(Kalua

11
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& Boss, 2009; Yue et al., 2020)hus, the total monoterpene content peaked in the first stage
of grape berry formation in the Cabernet Sauvignon and Shiraz v@ata & Boss, 2009;
Zhang et al., 2016while the maximum level of terpem&vas reached at the intermediate

ripe stage in Macabeo, Airén, Chardonnay, and FelRid@s grapegCoelho et al.2007;

Sawi et al., 2020) Consistent with the full ripeness of the grapes, the highest level of
monoterpenes was found in Pinot noir and Bimeijia vari€kasg & Qian,2006; Yang et

al., 2011). This suggest that the synthesis and accumulation of monoterpenes differ among
grape cultivars, however, they can be also affected by agronomic practices, climatic
conditions and water supp{Yueet al., 2020)

3.1.2 Norisoprenoids

The listed factors can influence the content of another group of chemical compounds,
important for the aromatic profile of the wiinenorisoprenoids. Thifamily of compounds
derivesfrom oxidative degradation of carotensif’40) andconsistsof 18, 15, 13, 11, 10,

9 and 8 carbonsamong which the £3-norisoprenoids have the greatest influence on the
aromatic profile in grape berries. In contrast to the monoterpenes, the free form3- of C
norisoprenoids are present in small amounts, thereforevolatile bound glycosylated
conjugatepredominate among thefwilliams et al, 1992) Despite large quantity @13
norisoprenoidsdenified in the grapes, a relatively small number of these proved to have a
high odor impact. These include compounds suclb-damascenonef-ionone, 1,1,6
trimethyt1,2-dihydronaphthalene (TDN)vitispiranes and actinidiols, which evoke rose
like, sweet, keosene, resinoiigucalyptuslike and woody notes in the wifBunlew et al.,
2009 Flamini & Traldi, 2010) The production of thesgpocarotenoids directly dependent

on the amount of therespective carotenoid precurséormedduring fruit development
However, althouglthe carotenoidare largely accumulated beéoveraison, the production

of the resultinghorisoprenoidsloes not peak until late in ripenigi§eller, 201Q. Moreover,
recent studies suggest that this trend varies betime@ndual compounds. Yuan and Qian
(2016) noticed that the increasing contentbeflamascenonel DN and vitispirane was in
accordance with carotenoid breakdown of lutéhcarotene, neochrome a and neoxanthin
during Pinot noir grape berry development, whereas the changds forn o n eionana d b
were not obviousln addition, norisoprenogtoncentration may be also affected by cluster
light exposure. Since the pweraisongrape berries are more photosynthetically active, the
sun exposure results in conversion of epoxyxanthophylideepoxidized xanthophyls
which are considered the putativeegursors of TDN and vitispirane (Figure 3). Greater
exposure to the sun thus leadshigherproportion of deepoxidized xanthophylJswvhich
consequently leads to the different yieldG#3-norisoprenoidsn the postveraisonstage
(Kwasniewski et al, 2010)

12
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Figure 3: The biotransformation of carotenoids td &norisoprenoids according to the Baumes e
2006; Yuan & Qian, 2016.

3.1.3 LIPOXYGENASE COMPOUNDS

Other volatile compounds formed in grape berries are also aliphatic substances, that
originate from fatty acid oxidation and amino acid degradatigha®@ ® alcohols and
aldehydes, derivcefrom membrane lipids, formed via the aerobic activity of lipoxygenase
(LOX) on polyunsaturated fatty aciqgPUFASs) (Oliveira et al, 2006) This pathway is
constituted of a series of enzymes that oxidize and cleave fatty acids to yield aldehydes, that
can be subsequently reduced to alcohols and estefifi@alevy et al., 2000 In order to
facilitate the production of €compounds, the free foswf| i n o | e-iinclenia acids U
are released from phospholipids, fatty aCyglA esters, diglycerides and triglycerides,hwit
acyl hydrolase. Released free fatty acids are then oxidized, forming hydroperoxides through
the action of the LOX. Once the hydroperoxides are formed, the hydroperoxide lyase
catalyzes the cleavage of fatty acid hydroperoxidesesulting in production fovolatile
hexanal, from hydroperoxide of linoleic acid, arig-3-hexenal andrans-2-hexenal from
hydr op e r-inalénid acid(®liveirdet al., 2006)lsomerase can inteonvert the two
hexenals and alcohol dgfrogenase can cataly the reversible reduction of aliphatic
aldehydes to alcohols.€., 1-hexanol,cis-3-hexenol andrans2-hexeno). In generalthe
C6 alcohols and aldehydes contribute to the herbaceous and green characters to grapes and
wine, while their associated acetate estersetimd trans-hex3-enoate have florand fruit

13
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aroma descriptor&lcohol acetyl transferase (AAT) catalyzége formation of acetate esters
through acetylCoA derivatives

Storage and
membrane lipids
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3 |
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Figure 4. Biosynthesis of lipid derived volatile compounds in grapes (adapted from Dunlevy et al.,

3.2 LIPID COMPOUNDS

Due to their biological functions, lipids are important constituents of plant cells and
animal cells. They are essential molecules, since they possess functions to constitute cellular
membranes in biological organisms that provide hydrophobic bardessparate cellular
compartments, serve as an optimal mix to facilitate transmembrane protein function, act as
a source of precursors for lipid second messengers during signaling, and provide the storage
and/or supplement of fuel for biological functiqilla Corte et al., 2015; Han, 2016; Kim,

2020) The plant membranes are composed mainly of lipids that possess a hydrophilic, polar
head attached to a glycerol backbone and a hydrophobic tail, cdnsidteo fatty acids.

The core building block of fatty acids is a hydrocarbon chain with a carboxy! gloQ®H)

located on its terminal end. Based on the chain length of fatty acids, they are classified as
shortchain (aliphatic tails of up to 5 or evércarbons), mediurahain (aliphatic tails ofi6

8 up to 1214 carbons), longhain (aliphatic tails of 3.8 up to 22 carbons), or very long

chain fatty acids (aliphatic tails longer than 22 carbon83zy. Moreover, the division of

14
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fatty acids can be addinally made according to the saturation of their aliphatic chains.
saturated fatty acids (SFA) all carboarbon linkagesreveal single bonds, while in
unsaturated fatty acids (UFA) some carbons are matched by one or moretlmdsien
particular @ae the basic building blocks of more complex lipdRes zczy Es ka &
2020)

The current classification determinates that the lipids can be classically divided in eight
categories: fatty acyls, glycerolipids, glycerophospholipids, rgmipids, sterol lipids,
prenol lipids, saccharolipids apolyketideqFigure 5. Moreover, each of these classes can
be additionally subdivided into distinct classes anddabsegFahy et al., 2009)Among
the main classes of lipids, glycerolipids, sphingolipids and sterols appear to be the most
important constituents of the plant membranes. Lipids are important organic compounds also

in the grapes where their concentration ranges from 0.15% to 0.24% on the fresh weigh basis

(Gallander & Peng, 1980}t is important to note that the lipid constitution is not evenly
distributed in grape berry, being of minor importance in skins and pulp, while a higher
concentration is present in the grape seeds. For instante,vimifera L. cv. Cabernet
Sauvignon grapes has been showthat phospholipids were predominant in skins, and
neutral lipidswere predominats seedswhile glucolipids, phospholipids and neutral lipids
(e.g., cholesteryl esters, triglycerides, and fatty daidse found in Condour grape skins

and pulp(Higgins & Peng1976; Miele et a].1993) Grape seed oil is additionally rich in
unsaturated fatty acids such as linoleic and oleic acid. Due to its antioxidant properties is
highly valuable for use in food, phaateutical and cosmetic industri&abir et al, 2012)

I n the grape ski n, -sttokterol, ataouming 8§9% yfttre dotake r o |
phyt osterol s. | t has b e e-sitosterbl degreaseds towards theh e
end of grape ripeninfl.e Furet al, 1994) In grape berries, the concentration of latgin

fatty acids appears to be predominant olierghorichain fatty acid¢SCFAs) whereupon

UFAs represent the major components of the total lipid fraction. The most abundant UFA is
linoleic acid (C18:2), followed by oleic acid (C18:1) and linolenic acid (C1@8&)ez
Navarro et al., 201%Bantos et al., 2011)
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Figure 5: Examples of lipid categories with respective representative structures (adopted from Fa
2011).

3.2.1 Oenological significarce of lipids

Grape lipids are essential important factors in oenology since they are considered
essential nutrients whose awadillity is capable of modulating the yeast metabolism and thus
affect the yeast alcoholic fermentation. They maintain the membrane build of yeast and
promote their growth, mainlWJFAs and sterols that increase the cell membrane fluidity
(PérezNavarro et al., 200)9Sterols also allow yeast cells to withstand the increasing ethanol
concentration during the alcohol fermentation, which decrease the risk of sluggish and stuck
fermentations(Tesniere, 2019)Moreover, it has been proved that in the presence of
ergosterol, the lag phase of the yeast growth was shortened. The compositionahwvafriati
lipids depends also on winemaking technology, which is of major importance in the case of
white and rosé winemaking, where short contact with the grape skins can represent lipids as
a limiting factor. However, the inability & cerevisiaecells toacquire complex lipids (i.e.

16
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phospholipids and glycerolipids) from the extracellular medium makes them highly
dependent on exogenous sources of fatty acids. Free fatty acids are therefore cleaved from
more complex lipid species through lipolytic activ{yer et al., 2002Tumanov et al.,

2015)

As it was previously descri bed, -linrolkrec oxi da
acid and linoleic acid viipoxygenasehydroperoxide lyase pathway, leads to forming the
C6 and @® alcohols and aldehydes such teans-2-hexenal,trans-2-nonenal anccis-2-
hexenol that are related with green and herbaceous odors in(Junet al. 2021)
Additionally, increasing free fatty acid§FAs) concentration through lipolysis of grape
juice lipids, such as oleic acid and linoleic acid, resulted in a decrease of the concentration
in the 3mercaptohexyl acetate, a volatile thiol that is responsilolthe distinctive tropical
fruit notes in Sauvignon Blanc win€$umanovet al, 2018) Conversely, the excessive
addition of linolenic acid in grape must leads to an increasemetliyl4-mercaptopentan
2-one and dnercaptohexai-ol content, thus enhancing tropical fruit no{@nu et al,
2014. High phytosterol concentration are resulting in low acetic acid content, which could
be related to variations in acet$bA requirement for lipid synthesis, which is likely low in
the presence of exogenous lipids such as phytosterols. In addition, phytosterol content had a
similar effect on the production of isobutanol and isoamyl alcohol. Impairment of the activity
of alcohol @etyltransferases (that convert higher alcohol molecules into the corresponding
esters) likely explained this resulkTF1 expression being repressed by lip{desniére,
2019) Finally, the phytosterol content appears to be positively correlated with the final ethyl
ester concentration: these volatile compounds being produced through lipid metabolism.
Rollero et al.(2015)observed that the formation of ethyl esters seems more dependent on
the availability of fatty acids, their precursors, than on the expression of (jerss
encoding acycoenzyme Aéthanol O transferases.

In addition to aroma, lipids play an important role also on other organoleptic properties
of wine. The foam of a sparkling wine is a key parameter of its quality, and the main
characteristic differentiating sparkling wines from the still wines. Foam preper
particularly foam height and foam stability, are significantly influenced by the chemical
composition of wine, which include lipids. Among these, the relationship between fatty acids
and foam properties is the most researched. Namely, the anfjhjpaiperties oSCFAs
where one part of the molecules has an affinity for the nonpolar media (air interface) and the
other part has an affinity for polar media such as water that is the main constituent of
beverages, makes lipids a good candidates forluautent in foaming of carbonated
beveragegKemp et al., 2010 The addition of octanoic and decanoic fatty acids to wines
had a negative effect on the foam stability time, but it positively influenced foam collar
height(Maujean et al., 1990However, in the study of Dussaud et(4P94) the authors
observed an adverse effect on bubble lifetime only when the alcohol concentration was
below 5% of ethanol whereas at higher alcohol levels (11.3% v/v) the foam behavior was
mainly govered by the ethanol. Additionally, linolenic acid and palmitic acid were,
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respectively, the best indicators of foam stability and foam height in base wines and
sparkling wines, respectively, both having a positive influgiMartinezLapuente et al.

2018; Pueyeet al, 1995) Moreover, certain studies have reported tiw only FFA have

a significant effect on wine foaming, but also their esterified forms. Thas/ork on Cava
sparkling wines, the free fatcids @, C10 and 12 resulted to be negatively correlated
with foamability, while the esters of hexanoic, octanoic and decanoic acids expressed a
positive association with foam formatidallart et al. 2002) It was also shown that
monoacylglycerols of palmiticral stearic acids and glycergthylene glycol fatty acid
derivatives were surface active compounds, preferentially partitioned by the sparkling wine
foam rather than the liquid phase, allowing the inference of their role as key components in
the promotionand stabilization of sparkling wine foaf@oelho et al. 2011; Martinez
Lapuente et al., 2018)

3.3 AROMATIC AMINO ACIDS AND THEIR METABOLITES

Nitrogencontaining compounds are important sources of nutrients for yeast during
alcohol fermentation, and the nitrogen content of grape must greatly impacts fermentation
rate (Keller, 2010. The majority (5090%) of the nitrogen is present in the form of free
amino acids, and theestis made up mostly of proteins, ammonjuamd nitrate. The
transport of nitrogenousompounds intderry occurs already befoveraison via xylem (in
the fom of glutamine and nitrate), but also after veraison thi&a phloem (mostly as
glutamine)throughout ripeningKeller, 2010. Enzymatic activity of aminotransferases in
the grape berry, converts glutamine into other amino acids. The most predominant amino
acids in musts are proline and arginine which together account f@0®®of the amino
acids in maturergpe berries, followed by valine and alan{Bell & Henschke, 2006

In addition to the predominant amino acids in the grape bepiienylalanine (PHE
L-tyrosine (TYR andL-tryptophan TRP) are also of particular importance, since they are
not only essential components of protein synthesis, but they also serve as precursor for a
wide range of secondary metabolites that are important for plant growth, aromatic properties
of wine as well asdr human nutrition and healtfizin & Galili, 2010) The listed amino
acids are also defined as aromatic amino acids (AAA). The AAA pathway consist of the
shikimate pathway, where chorismate plays a role of a common precursor compound, and
individual postchorismate pathwaykadng to the formation of PHE, TYRind TRP
(Maeda & Dudareva, 2012These pathways are foundbactera, fungi, plants, and some
protists but are absent in animals, therefore, the AAAs metabolism is vital for many
biological functions of higher importance also for human. For instahR® can be
metabolized to the neurotransmitter serotdi$&R) (Hikosaka, 201Q)the newohormone
melatonin(MEL) (Hikosaka, 201Q)and the sleep regulator tryptopli®lOL) (Feldstein et
al., 1970) TYR can be converted by lactic bacteria into another neurotransmitter tyramine
that can cause an increased heart rate and higher blood p(&stiee 2010.
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In wine, most of the amino acids do not exhibit a direct effect on the aromatic profile,
as their concentration is usuallyf 2L order of magnitude below the taste threshold
(Waterhouse et al.2016) However, proline and glutamate are amino acids, whose
concentrations are high enough to approach their threshold, andsatribd¢ime impart the
sweet and umami taste, respectiv@feller, 2010Q. However, the compounds that are
synthesized because of amino acid metabolism of yeastsigaificantly affect the
organoleptic properties of wine. Depending on the order in which they are consumed, the
sources of nitrogen in alcoholic fermentation are classified into three groups: lysine is
defined as pmaaturely consumed, PHEelongs to thealy consumed group, whileYR
andTRPbelong to the late consumed group of amino a@tisarezFernandez et al., 2019)

Via the Ehrlich catabolic pathway, the amino aciRP, PHE and TYR produce the
aramatic higher alcohols TQLphenylethanol, and tyros¢TYL), respectively. However,
excessive concentration of these higher alcohols can result in a strong, pungent smell and
taste, whereas lower levels contribute to the wines floaleayactefSwiegers et al2005)

In addition, TRP pathway in yeast also enabledi@ect transformation of the odorless
metabolites into flaveactive compounds, such as methyl mercaptan and indole via
tryptophanasé¢AlvarezFernandez et al., 2019dditionally, chemical reactions occurring
during the wine aging process can indirectly affect the aromatic profile of the wine. Namely,
TRP and its metabolites, especially kynurenine and in8edeetic acid (IAA) are
considered to be potential precursors of an aroamapound, 2aminoacetophenone (2

AAP), which occurs upon oxidative degradation of IAA. Consequently, the amount of 2
AAP in wine can be formed in wine after the suktion by ceoxidation of sulfite to sulfate
(Christoph et a].2000) A significant increase ofA AP may cause formati o
agingofff | avor 0 ( UTA) ,V.vpiferawhitenminasaandethisyphenamenon is
related with the development of a floor pohighe flavor(Engin, 2015)In addition, the IAA

is also known as hormone auxin, usually associated with growth during the early stages of
fruit development and later during the ripening. IAA concentrations have been claimed to
be low and relatiig constant throughout the berry developm@ymons et al., 2006Dn

the other nd,PHE andTYR catabolism during fermentation produces the aromatic ester
2-phenyl acetate (related to rose, honey and flowery odors), phenyl acepeQidigphenyl

acetic acid, phenyl pyruvate, apeOH-phenytpyruvate(Styger et al., 2001 Despite the

fact that aroma characters appear to be largely dependent on the yeast strain used during the
fermentation and winemaking techniques, the actual difference$RR and [AA
concentrations of musts and winase attributed more upon the soil type, and therefore the
terroir characteristicEngin, 2015; Maslov et al., 2009)ately, it has been demstrated

that the three amino acids and the metabolites related T&RfRenetabolism can be helpful

in the discrimination of monovarietal wingsrapitsas et al., 2020)

19



Gkrab D.
PhD Thesis: General introduction

4  VITICULTURAL PRACTICES AND SPARKLING WINE QUALITY

A plethora of factors such as variety, clone, planting density, pruning method, local
climate and soil type play an important role in achieving optimal fruit quality at harvest of
grapes destined for sparkling wine productidones et al., 20)4However, in contrast to
the considerable amount of literature, outlining the relationship between vineyard
management and still wine quality, nfuless has been researched in relation to sparkling
wines (PozeBaydn et al, 2004) This is of particular importance, since sparkling wine
production benefits from relatively low pH, high titratable aciqiih), and lowsoluble
sugars. These parameters are considered as the principal fruit quality criteria for determining
harvest date and knowledge of these parameters leads to implementation of vineyard
management strategies, which are essential for producingybajhy sparkling wine.

4.1 CLIMATE AND SOIL FACTORS

Vineyard location has been described as one of the key factors influencing the character
of sparkling wineqde la Pres®wens et a).1998) Thus, the sugar accumulation and its
composition can be strongly affected by environtrar terroir that can be defined as an
interactive cultivated ecosystem, in a given place, including climate, soil, water supply and
the vine(van Leeuwen, 2010)ncidences of adverse weather conditions during the growing
season can have disastrous results for the wine quality. For instantteegoessive rainfall
conditions prior the harvest, the vineyards can be exposed to the outbreaks of some
economically imprtant fungal diseasesiich as downy mildewP{asmopara viticoly ripe
rot (Colletotrichum gloeosporioidgswhite rot C. petrakii), black rot Guignardiabidwellii
f. muscadini), brown spotPseudocercospondatis (Lev)), and grey moldBotrytiscinereg
(Du et al., 2015)In a recent study on sparkling wines from eclohate Champagne region,
it has been observed that under premise of guaranteed grape health, delaying harvest can
improve base wine protein content and therefore the foamability of sparkling winesg despi
the increased risk of developing various fungal diseases, associatd®l aiterea(Liu et
al., 2018)

In addition to the precipitation, temperature is of paramount importance for the
synthesis and accumulation of the grape metabolites. During the twentieth century, the
global mean temperature increased by 0.89 °C, a phenomenon that led to a change in the
base climate f or -gréweg regionsl Thé impach afithis change en
viticulture is important reflecting the grapevine phenology, an increase in must alcoholic
potential, and a decrease in total acidity, less predictable size and quagpefyields,
earlier ripening of the grapes with associated color and aroma profile alternations, and
subsequently, the modification of wéihown wine sensory profiledrimia et al, 2018)

Under cool conditiongghotosynthesis, sugar production and groavdoften limited,while
in hot regions, temperatures regularly exceed the photosynthetic optimum during a large part
of the day. Moreover, thtransport of assimilates via phloem is inhibited by prolonged

20



Gkrab D.
PhD Thesis: General introduction

periods above 40 °C, probably due to temporary blockage of sieve plate pores by callose
(Keller, 201Q. However,studies have shown that sugar accumulation is influenced by
temperature in the first two phases of the berry development (stage | and 1), while during
the stage lll, the temperature has no major effect(@uitrose & Hale, 1971)Grape sugars
appear to accumulate most rapidly in the ambient temperature range fi@d 20,
whereby a sufficient soil moisture must be guaranteed and the residual nutritional factors are
not limiting (Keller, 201Q. It is generally considered that in warmer sparkling wines region
grapes destined for sparkling wines production need to be harvested earlier, in order to
ensure low pl and high acidityZoecklein, 2002 Moreover, temperatures also decrease
with latitude. For instance, in mountainous regidgasyot(1997)reported that temperature
decreases by 0.65 °C for every 100 m in altitude. Howeveworlaon changes in Prosecco
sparkling wine aroma profile at two different altitudeegesulted that the highest altitude

(380 m above sea level) was warmer than the lowest site (200 m above sea level)
(Alessandriniet al., 201). The higher site was also characterized by more abundant
concentration of monoterpenes, such as geraniol, geranic @sighydroxylinalool,
linalool, and ?hydroxy-geraniol, while the amount ofI3G-norisoprenoids was comparable

in both vineyard sites, with the most representative compoundsod}ionol, and
vomifoliol (Alessandrini et al., 2037

In addition to meteorological parameters, the soil tgpe its physical aspects, such as
depth and texture can greatly affect virigor and subsequently the development of the
fruits. In fact, the soil depth and clay fraction determine water supply and addatnas et
al., 2014, Tardaguila et.a2011) In the study, where several table wines wenesidered,
the results stwedthat the soil type can have a direct or indirect impact on berry growth,
sugar accumulation, and anthocyanin concentratmal, it was possible to distinguish
betweenMerlot, Cabernet Sauvignon, and Cabernet franc. However, soil type appeared to
be less important factor for total acidity and pH of the grape {(uaoeLeeuwen et al., 2004)

The same authors also came to the conclusion that the effect of soil on vine development
and berry composition cdme explained by their influence on water status, since an early
water deficit induced early shoot growth cessation and reduced berry size, which in turn led
to increased sugar concentration and accelerated ripening and synthesis of anthocyanins
(Cornelis van Leeuwen et al., 200&imilarly, Coelho et al(2009)studied the impact of

three type of soils (clagalcareous, sandy, and clayey) on the volatile profile of spgrklin
wines. The authors conclud#tht the wines mduced from claycalcareous and clayey soils
resulted richer in terms of total volatiles followed by the wines from sandy soil.
Monoterpenoids, sesquiterpenoids and3@orisoprenoids were expressed in greater
concentrations in wines from claalcareous soilCoelho et al., 2009)This could be due

to the letter capacity of water retention and volumetric wetness in clayey soils, compared to
sandy soils.
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4.2 VITICULTURAL AND VINEYARD MANAGEMENT PRACTICES

In order to modify fruit zone microclimates, such as sunlight exposure of the clusters,
fruit zone temperate, and fruit zone air circulation, the basal defoliation can be considered
as one of the most common viticulture management practices, used for improvement of wine
aromagWanget al., 2018)Wolf et al.(1986)applied this technique on Chardonnay wines
in New York, which led to increased amount of soluble solids and lowereemoation of
TA. Therefore, the basal removal can be widely used to advance the berry ripening,
especially in cool regions with high humidity and common rainfall, in order to increase the
sunlight exposure and cluster temperat{ifgoni et al., 2017)Moreover,Bubola et al.
(2019) demonstrated that hand leaf removal significantly increased the concentration of
varietal thiol3 s u |l f a n vy, ndnaerpeaned-damasdenone and esters, which directly
reflected in the more intense positive odor notes, such as fruity, floral, @nzhtria Istrian
Malvasia winesConversely, in New Zealand vineyards, the fruit zone leabvahreduced
TA, and the herbaceous/pyraziilee character, while the level of terpene aroma volatiles
increased in Sauvignon Blanc grape juices and wi@esth et al. 1988) Namely, varietal
aromas of wine mainly derive from grape and therefore are subjected to environmental
factors. Timing of basal defoliation also plays an important role inctimeentration of
varietal aromas in wine. Wang et €2018)have shown that preeraison defoliation can
i nduce an -damasceaesadhaloohas fvell as a reduoh in 3isobutyt2-
methoxypyrazineT he ripeness of the grapes is also related to this, as the grape maturity can
influence the production of aliphatic alcohols and esters, whieh considered as
fermentative aromas{i e x a npbdnyleth&nol, phenylehyl acetate, decanoic acid, and
ethyl octanoate(Wang, He, Pan, et al., 201&)n the other handnithe case of Pinot noir
grapesit was found out that early leaf removal may represent an alternative to veraison
application, especially because of some positidcations regarding color improvements
(Lemut et al., 2013)Moreover, flavonols were found to respond significantly to leaf
removal, while anthocyanins were affected to an intermediate €kwmut,et al, 2011)

The winegrowers often seek to maximize the crop level, which is concurrently adequate
to obtain the targeted grape compositma wine quality. In response to the general belief
that high crop loads can lead to inferior quality of grapes and (RWagnolds, 201Q)the
cluster thinning has become a widely used method to control the crop load of vine by simply
removing whole clusters after the beshave set to achieve desired ¢Baitan et al, 2018)

It is also performed to equilibrategnes with excessive crop level in comparison to its
vegetative capacity (such as in higlelding cultivars; e.g.Sangiovese, Montepulciano,
Trebbiano, etc.fFrioni et al., 2017; Kliewer & Dokoozlian, 2005)evertheless, several

studies have confirmed the positive impact of cluster thinning on grape and wine quality,
where the authors were focusing primarily on the concentration of soluble solids and
anthocyanin conterfGuidoni, et al.2002; King et al., 2015; Xi et al2018) In the case of
high-quality sparkihg wines as champagne, the yields are prescribed by the Appellation
d6oOrigine Contr'| ®e, which det er(donesetal., whet h
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2014. Similar measures are applied also for cava that is Spanish sparkling wine of high
quality with Protected Designation of Origin (PDO) produced by the Champenoise method
(IzquierdoLlopart & Saurina, 2019; PozBayon et al., 2004)However, it is not clear,
whether the lower yields of grapes, destined for the sparkling wine production actually leads
to higher quality, since thew crop level causes accelerated ripening of the grapes, and
decrease in titratable acidity with simultaneous increase in pH, leading to overripe fruit,
which is enhanced by the warm conditigdenes et al., 20)4Furthermore, the impact of
reduced crop level was extensively studied on colored grapevine varieties in correlation with
wine phenolic composition, while only a limited number spéidies were devoted on
exploring the impact of reduced yield on the aromatic composition of wines. Bubola et al.
(2020)have shown that restricting the yield in vineyard at the expense of obtaining better
quality of white wines led to the decrease of ethyl esters, presumably because of lower and
more adequate vine vigor. On the othand, crop level did not obtain a consistent effect on
monoterpenes, as wellasod¥h or i s o pr e n o kddnsascenonBalolaetaln g b
2020) Similarly, the amount of ethyl esters was higher in thinned samples in the study on
Syrah cultivar, contributing a fruity sensory properties in wine san{@lesdurso et al.,

2016) Particularly, ethyP-methylbutanoate and eth$tbutanoate dmanced the desired
strawberrylike aroma in Syrah wing€ondurso et al., 2016Among the primary aromas,

the monoterpenes and sesquiterpenes expressed higher amount in the samples after the
cluster thinning. In addition, the study on Riesling icewines grapes found them to be
responsie to cluster thinningBowen & Reynolds, 200)5However, certain studies reported

that cluster thinning hadlenited effect on the volatile composition of wines. The results of

a recent study on Pinot gris, Riesling, Cabernet franc, and Cabernet Sauvignon showed that
crop level had little impact on the sensory properties of these culfivara et al., 2017)

The fact that fruit removal is a costly exercise leads winegrowers to consider whether
the crop load reduction at veraison produces a significant increase in fruit and sparkling wine
quality to justify the cogtlones et al., 2014)he amount of crop load removal is also related
to this issue. Recommendations iha@npagne region are that removal of 30% of the fruit
will result in a less thaf.5% increase in potential alcohol, whereas removing from 30 to
50% could increase potential alcohol between 0.5 and (Jb%es et al., 2@). As it was
shown in malvasia samples, the wines obtained from low crop levelssqal higher amount
of certain G alcohols and volatile fatty acids, while the concentrations of esters were slightly
increased in samples with higher crop level. Mosgpwhigh cluster level vines were
considered more balanced in terms of the yield to shoot growth(Batimlaet al., 2020)

In another study, the authors compared the effect of cluster thinning versus berry thinning
that reduced grape yield per vine by around 40% versus 20%, respe@vaial., 2013;
Sivilotti et al., 2020) Cluster thinning thus led to wines with a significantly higher ethanol
content, increased anthocyanin and polysaccharhcentration, whilberry thinning led

to wines with significantly higher total polyphenol index, flavonol, anolanthocyanidin
andwith lowerTA (Gil et al., 2013)

23



AIM OF THE PhD PROJECT




Gkrab D.
PhD Thesis: Aim of the PhD project

Due to its limited area of cultivation in northeastern lItaly throughout the history, the
winemakers often blended Ribolla Gialla with other locatieties in the winemaking
processThis also stems from the fact that Ribolla Gialla has been mostly plamtatside
vinayards with limiting yield,but nowadays the growing area with Ribolla Gialla is
increasingwhich is evidenced by the fact that from 1982 until today, the area planted with
Ribolla Gialla has ioreased from 93 ha to 1,159 ha, due to thengtdemand for highly
appreciated sparkling winés a result, this variety has become one ofd@ébenomically
relevant local cultivars in Friuli Venezia Giulia regjomhich also meant an increase in
research interest in this varietyowever, to the bé®f our knowledge, no previous study
has examined the chemical composition of sparkling wines, produced from Ribolla Gialla
cv. On the other hand, only lmandul of studies werelealing with the improvement of
aromatic potential through various oenologipencesses imRibolla Gialla still winesbut
no previouswork contributed to the current understanding of the influences of climate
environmentand viticultural practices on fruit quality, and how this affabts quality of
sparkling wine. Thereforghe aim of this studywas to investigate how various viticultural
measuregffect the chemical composition of grapes and wines from Ribolla Gialla variety.

This was achieved by performing four sstindies discussinipe following main topics
eachpresented in a separate chapter:
x Chapter 1 chemcal caracterization of thirtthree commercial sparkling Ribolla
Gialla wines from different areas of Friuli Venezia Giulia region

x Chapter 2 analysis of the volatile, nevolatile and sensorprofile of sparkling
wines produced after the application of cluster thinning treatment in two vineyard
sitesand in three harvest seaspns

x Chapter 3 optimal harvest time decision for Ribolla Gialla sparkling wines, based
on chemical and sensory analysis;

x Chapter 4 monitoring of Ribolla Gialla grape ripening in different vintages and the
impact of cluster thinning on the quality of grapes.

Therefore, the aim of this work is tharacterize the chemical composition of graged
winesfrom Ribolla Gialla varietyafter the implementation of various viticultural measures.
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PREFACE

Ribolla Gialla Yitis viniferaL. cv.) is an autochthonous white grape variety, whose
production is limited mainly on the ar®etween Northeastern region in Italy (Friuli Venezia
Giulia) and western part of Slovenia (Brda). It is considered as one of the most economically
relevant local grapevine cultivars; therefore, its cultivation is constantly increasing and is
vastly usedor the production of sparkling wines. The increased interest of growers in the
production of wines from the Ribolla Gialla simultaneously led to increased research
activities related to this variety. As a result, a number of studies have focused omgxplor
its genetic origingCrespan et al., 2020e Lorenzis et al., 201Rusjan et al., 2010yvhile
the remaining studies were mostly concerned with addressing the improvement of the
aromatic potential of still wines, using different enological procedurBsa v | ar et al
Bav| ar e)tHoweler, none2odthese research worksotksy to the more complex
metabolic exploration of sparkling wines produced from the Ribolla Gialla variety. Thus,
the work presented in the Chapter 1 aimed to thoroughly investigate the chemical
composition of thirtythree Ribolla Gialla sparkling wines ofn different DOC
(Denominazione di Origine Controllata) districts of Friuli Venezia Giulia region. This
screening sought to determine the main characteristics of sampled wines, focusing on the
basic chemical composition parameters, with an emphasis omntargkted analysis of
volatile compounds, lipid content and the amount of aromatic amino acid metabolites present
in the samples. The sum of ,adlignificantly influences the development of positive or
negative organoleptic properties of wine.

It has bem previously reported that the wines produced from Ribolla Gialla are
characterized by a relatively high content of esters, which contribute to fruity odor, but they
lack grapederived aroma compounds. Similarly, the terpenes in the present study did not
appear to be particularly characterizing the aroma profile of sparkling wines, whereas the
presence of volatile esters ahdalamascenone proved to be the predominant. It has been
accepted that esters contribute to the fruity aroma of young wines, sincaré¢hmainly
enzymatically synthesized by yeast during the alcoholic fermentation. However, the amount
of certain esters increases during aging process and their content can be also modulated by
lactic acid bacteria during malolactic fermentati@mntalick etal., 2014) This process
occurs during aging of wines on the lees after second fermentation. Namely, sparkling wines
can be produced by different methods, whereby the base wine is left to undergo a second
alcoholic fermentation in bottles (Traditionakthod) with prolonged contact with the lees
or in stainless tanks (Charmat method) wherestielies aging tends to be as short as
possible. Although Ribolla Gialla is generally produced by the Charmat method with no
contact with the lees after the conta of secondary fermentation, the appearance of aging
esters and the altered ratio of malic acid and lactic acid possibly indicated the occurrence of
malolactic fermentation in some samples.
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Besidepolysaccharides, proteins and tartrates, the winesaleesonstituted also by
yeast cells, resulting from autolysis that takes place during fermentation of sparkling wine
and later on during the aging process. The autolytic activity of the yeast cells is manifested
in increased release of intracellular substs that exert a major impact on the sensory
characteristics of the wine. Lipids represent a wide class of compounds among these
substances, although an important part of lipids is also contributed by the solid tissues of the
grapes. Fatty acids compositi, for instance, is considered to be highly variable, depending
on the environmental factors as well as on the fermentation conditions, where they may be
present in free or bound form as a result of ethyl esterificéliesniere, 2010 Fatty acid
ethyl esters can therefore directly admite to the flavor of wine, while the ratio of saturated
and unsaturated free fatty aci6dhaklehwadsfamct s
alcohols. Moreover, together with the saturation degree, the length of the fatty acid chain
also influence the effervescence and persistence of foam, which are differential attributes
of sparkling wines and are therefore paramount in any assessment quality. Thus, the
predominant amount of saturated fatty acids over unsaturated in Ribolla Gialla sparkling
wines ould favor a more stable foam.

The metabolomianalysis of commercial sparkling wines from Ribolla Gialla was
completed with the adoption of targeted -MS based method for characterization of
aromatic amino acid metabolites. When present in low quantitiediosynthetic products
of tryptophan can have a positive effect on the aromatic properties of wine, while excessive
transformation of essential amino acids into higher alcohols via Ehrlich pathway is reflected
in pungent smell and taste. Additionalihe sulfonation of indoles can catalyze their
degradation and accelerates the formation-afm2noacetophenone, an aroma compound
that causes an atypical aging-@&vor in V. vinifera wines (Hoericke et al, 2002) A
significant amount of these precursor compounds was detected in Ribolla Gialla sparkling
wines, which could eventually lead to a deterioration of the aromatic profile during the aging
phase.

The lack of information on qualitative characteristics of sparkling wines from Ribolla
Gialla variety was therefore the main guide in the formation of this ahdjste findings of
the presented study could thus form the basis of any further investigation related to the
optimization of different practices in order to maximize the aromatic potential.
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